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Summary. — The Lulin GEB program, using the Lulin One-meter Telescope
(LOT) in Taiwan started in July 2003. Its scientific aims are to discover optical
counterparts of XRFs and short and long GHBs, then to quickly observe them in
multiple bands. Thirteen follow-up observations were provided by LOT between
July 2003 and Feb. 2005. One host galaxy was found at GRE 031203, Two optical
afterglows were detected for GREB 040924 and GREB 041006. In addition, the optical
observations of GREB 031203 and a discussion of the non-detection of the optical
afterglow of GRB 031203 are also reported in this article.

PACS 85.55.C8 — Ground-based ultraviolet, optical and infrared telescopes.
PACS 98.70.R2 — ~y-ray sources; y-ray bursts.
PACS 01.20.Cc — Conference proceedings.

1. Introduction

A parallel effort based on the Kiso GRB optical observation system [1,2], was started
in July 2003 using the Lulin One-meter Telescope (LOT) at Talwan. The scientific
alms of our Lulin GRB program are: 1) to discover optical counterparts of XRFs, and
short- and long-duration GRBs; 2} to perform multi-band observations that will unlock
the temporal and spectral evolution of the corresponding optical afterglows. The Lulin
observatory is located in Nantou County, Taiwan, at 120°52'25"F, 23°28°07"N, on a
2862-m high peak. The sky background levels in the IV BV RI bands are: 7 = 21.5;
B =220,V =21.3 R = 209; ] = 19.5 mag arcsec™ 2, respectively. From statistical

(*) Paper presented at the “4th Workshop on Gamma-Ray Burst in the Afterglow Era”, Rome,
October 18-22, 2004,
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TAEBLE 1. — Basic characteristics of LOT with PI13008 and APS CCD

Filter PI1300B CCD APB CCD
Zero point® Color term Extinction  Zero point Color term Extinetion
B 22.3440.02 0.1954+0.015 0.194+0.02  21.994+0.03 0.035+0.005 0.284+0.02
v 22.68+0.02 —0.058+£0.017 0114001  21.97+0.02 0.069+£0.004 0.20+£0.02
R 2266+0.01 —0.049+£0.021 009001 2187002 0.113+4£0.007  0.15+£0.02
I 21.994+0.04 0.040+0.029 0.06+0.01 21.27+0.03 0.043+0.005 0.12+0.02

*Units: Zero point (mag), Color term (mag), Extinction (mag/airmass)

measurements at Lulin site, it was found that the typical accumulative observation time
is 1700 hours per vear and the typical seeing is 1.5 arcsec. The LOT is a Cassegrain
telescope (f/8) with an ACE filter system and a main CCD camera— PI1300B (1340 =
1300, F.O.V.~ 11.5" = 11.2") as well as a spare CCD camera—Ap8 (1k = 1k, F.OV. ~
10.6"x 10.6"). Table I shows the characteristics of LOT with AP8 and PI1300B CCD [3].

Due to the fact that there are only a very few telescopes for GRE follow-up ohserva-
tions in East Asia, and that the observational range can reach up to Dec. —40 degree,
Lulin enjoys a unique position for GRE study. The fast PI1300B read out time that
allows amall cadence multi-band time series photometry is another distinct advantage.
Due to the nature of GRBs detection, the Lulin GRE project is included as a part of the
Target of Opportunity (TOO) program. We have developed two approaches to search for
GRB optical afterglows, according to the dimensions of the burst error hox provided by
such satellites as HETE-2, INTEGRAL, and SWIFT. First, if the error range is larger
than the FOV of the LOT, we can dither the field and search for the optical counterpart
in the B or i band. Second, if the error range i1s smaller than the FOV, we can quickly
locate the counterpart and monitor the temporal variation of the brightness of the optical
afterglow in several wavelengths.

Dhuring the analysis procedure, the positions and coordinates of the detected objects in
our images are compared with the USNO stellar coordinates. These physical coordinates
are then transformed to equatorial coordinates using the WCS (World Coordinate Sys-
tem). After this, our images compared with D552 images, to look for likely candidates.

2

Summary of observed events

Between July 2003 and Feb. 2005 (table II), thirteen follow-up observations were
provided by LOT. We could provide upper limits to the magnitude for ten events. Two
optical afterglows were detected for GRB 040924 and GREB 041006 and the host galaxy
of GRB 031203 was identified. We will focus on the GREB 031203 case in the following.

GREB 031203 was detected by the IBIS instrument on INTEGRAL on December 3,
2003 at 22:01:28 UT as a single peaked burst with a duration of 30s [4]. Newton-XMM
detected two sources named S1 and S2 within the INTEGRAL error circle. The brightest
source S1, which faded throughout the ohservation period, was interpreted to be the
afterglow [5]. Its position colncided with that of a fading radio source [6].

A new source was detected by Lulin I-band observations [7]; see fig. 1. Bloom et al. [3]
have pointed out that this new source could either be a galaxy in the foreground or the
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TaABLE 11. — Log of Lulin GREB follow-up observations.

T35

GRE Delay time Triggered Limit mag,. Results Publications
(hr) Spacecraft (3]

GRB 030523 3.3 HETE-2 R~ 19 Upper limit GCN 2360
GRB 031026 6.0 HETE-2 R~121 Upper limit GCN 2436
GREB 031203 19.6 INTEGRAL I~ 20 Host Galaxy GCN 2470
GRB 031220 5.0 HETE-2 R~20 Upper limit GCN 2494
GRB 040422 0.6 INTEGRAL R~20 Upper limit GCN 2577
GRB 040016 16.3 HETE-2 I~ 20 Upper limit GCN 2721
GREB 040024 2.3 HETE-2 — or GCN 2744
GREB 041006 9.0 HETE-2 — oT GCN 2785
GRB 041211 3.4 HETE-2 R~20 Upper limit GCN 25840
GRB 041219 9.6 SWIFT R~21 Upper limit GCN 2891
GRB 050123 5.5 HETE-2 I~ 19 Upper limit GCN 2071
GRE 050124 4.4 SWIFT R~20 Upper limit GCN 2976
GRE 050215B 13.1 SWIFT vV~ 19 Upper limit GCN 3030
I~ 20 Upper limit GCN 3030

host of GRE 031203, A radio afterglow was detected at the same position. From spectro-
scople observations, Prochaska et al. [9] found this to be an active star-forming galaxy,
with = = 0.105 and that should be the host galaxy of GRB 031203, designated HG 031203.

The LOT follow-up observations in combination with other I-band data [10-12], indi-
cated that the source did not show variability in terms of its brightness (fig. 2). Thus, the
optical source detected was the host galaxy, HG 031203, and no variable source brighter
than [ = 20.0 was found during our observations. The astrometry of the GREB 031203
field was corrected by matching with stars in the USNO A2 catalog. This resulted in
the following astrometric position of HG 031203: R.A. = 08P02™30°.177 + 0.175 arcsee,
Dec. = —39°51'03".960 + 0.164 arcsec (J2000.0). It is important to note that optical
and spectroscopic observations made by several groups have revealed that SN 2003lw
was assoclated with GRE 031203, It had a brightness peak between 26 and 34 days after
the gamma-ray burst [10-13].

In order to explore the reason behind the absence of optical afterglow, we have an-
alyzed the X-ray Newton-XMM afterglow data. Using the power law plus absorption
model, we found that the best fit of the photon index is 1.8 £ 0.1 (x? = 14.07 with
22 dof) with Ny = 7.73 £ 0.04 % 10*Y em =2 for the energy between 0.6 keV to 10keV.
Our results are consistent with those found by Watson et al. [14]. Assuming no break
in the lightcurve, the spectral flux distribution follows F, o v—?(3 = 0.8 £0.1) and the

Fig. 1. — LOT I-band image of X M M-Source: 51 and 52. By comparing this with the DSS
I-band image, we found a source near S1.
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Fig. 2. — Lightcurve of HG 031203 at the I-band. The solid line shows the magnitude of the
host galaxy (I = 19.21).

extrapolation of the X-ray flux to the optical range yields [ = 20.65 and R = 21.13, at
0.26 days after the burst.

In comparison with the value of Ny = 7.73 + 0.04 » 10! em—2, the neutral hydro-
gen column density along the line-of-sight to GRB 031203, is on the order of Ny =
6.21 » 10*! em~? within the Galaxy [15]. This means that most of the extinction of the
optical emission of this gamma-ray burst should have come from the Galactic interstellar
medium. This effect alone is enough to reduce the optical brightness by 2 magnitudes
from 20.65 to about 22.65 at the J-band [15]. This might explain why GRB 031203 shows
no optical afterglow.

2
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* Partially based on observations obtained with INTEGRAL, an
ESA project with instruments and science data centre funded by
ESA member states (especially the PI countries: Denmark, France,
Germany, Italy, Switzerland, Spain, Czech Republic and Poland), and
with the participation of Russia and the USA . Partially based on obser-
vations by the Whole Earth Blazar Telescope (WEBT); for questions
regarding the availability of the data from the WEBT campaign, please
contact Massime Villata (villata@to.astro.it). Partially based
on observations with the 100-m telescope of the MPIfR (Max-
Planck-Institut fiir Radioastronomie) in Effelsberg, Germany.
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L. Ostorero et al.: Testing the Inverse-Compton catastrophe scenario in 85 0716+71 3

Ahstract. The BL Lacertae abject 55 0716471 was the target of a multifrequency observing campaign during the period October
2003-May 2004. The observations, organized under the framewark of the European Network for the Investigation of Galactic
nuclei through Multifrequency Analysis (ENIGMA) together with a campaign by the Whole Earth Blazar Telescope (WEBT).
involved a pointing by the soft-y—ray satellite INTEGRAL, optical, near-infrared, sub-millimeter, millimeter and radio monitor-
ing, as well as Very Long Baseline Array (VLBA) monitoring. We here report on the results of the core campaign, carried out in
the period November 06-20, 2003 simultaneously with the INTEGRAL observation. Its aim was the search for broadband sig-

natures of inverse-Compton (IC) catastrophes possibly occurring in the source. 55 0716471 was very bright at radio frequencies
and 1n a rather faint optical state (R = 14.17 — 13.64) during the INTEGRAL pomtmg: significant inter-day and low intra-day
variability was recorded in the radio regime, while typical fast vanability features were abserved in the optical band. No obvious
correlation was found between the radio and optical emission. The source was not detected by INTEGRAL, neither by the X-ray
monitor JEM-X nor by the gamma-ray imager [SGRI, but upper limits to the source emission in the 3-200 keV energy band were
estimated. A brightness temperature T, > 2.1 x 10™ K (violating the IC limit) was inferred from the variability observed in the
radio regime, but no corresponding signatures of IC avalanches were recorded at higher energies.

1. Introduction

The phenomenon of mtra-day vanability (IDV. Wagner &
Witzel 1993) has been a long-standing problem since its dis-
covery in the late 1960s (see e.g. Racine et al. 1970; Witzel
et al. 1986; Heeschen et al. 1987). The occurrence of IDV
appears to he more common in flat-spectrum extragalac-
tic sources dominated by a very compact core in Very
Long Baseline Interferometry (VLBI) maps (Quirrenbach
et al. 1992, 2000). With recent Very Long Baseline Array
(VLBA) measurements, Kovalev et al. (2003) showed that
IDV sources typically exhibit a higher compactness and
core-flominance on sub-milliaresecond scales than non-IDV
anes; they also found that a higher amplitude of intraday
variations characterizes sources with a higher flux density
in an unresolved VLBA component, and that the most vari-
able sources tend to have the most compact structure.

Rapid variations in flux may be caused by mechanisms in-
trinsic to the source. In this case, causality arguments would
imply that the variability originates from very compact re-
gions of the AGN, thus characterized by high photon densi-
ties and brightness temperatures. In sources of incoherent syn-
chrotron radiation, very high photon densities would lead to
catastrophic cooling via mverse-Compton (IC) scattering of
the synchrotron radiation by the high-energy electrons, with
a production of high-energy radiation much higher than ob-
served (Hovle et al. 1966). Kellermann & Pauliny-Toth (1969)
showed that the onset of catastrophic radiation losses, occur-
ring when the photon energy density m the emission region
exceeds the energy density of the magnetic field, limits the
maximum observed brightness temperature to the so-called ‘IC
limit' T, < 102 K (see also Readhead 1994). They also no-
ticed, however, that this limit may be significantly exceeded
under non-stationary conditions. Evidence of severe violations
of the IC limit was reported for many compact IDV radio
sources (see e.g. Quirrenbach et al. 1989; Wagner & Witzel
1995; Kedziora-Chudczer et al. 1997), although no mforma-
tion about corresponding IC-scattered emission is available for
any of them.

Alternatively, propagation effects, like variations of the ab-
sorption along the line of sight, deflection of the light i the
potential well of foreground stars (mucrolensing: Chang &
Refsdal 1979), and, in the radio regime, interstellar scintillation
(ISS; Rickett 1990; Rickett et al. 1993), are possible extrinsic-

source mechanisms which have been invoked to explam IDV.
On the one hand, microlensing was shown to be an unlikely
explanation of the rapid vanability in the best-studied IDV
sources, due to the frequency of the flaring activity, the sta-
tistical asymmetry of the light curves, the short time scales of
vapiability, and the non-zero lag measured between optical and
radio variations (see Wagner 1992 and references therein). On
the other hand, ISS 1s not expected to play a major role at mil-
limeter and sub-millimeter wavelengths, the transition between
weak and strong scintillation regimes occurring in the centime-
ter domain (Rickett et al. 1993).

In order to reconcile intrinsic variations with the theoreti-
cal limit, different explanations, like beaming of the emission
due to bulk relatvistic motion (Rees 1967), coherent radiation
mechanisms (Baker et al. 1988; Benford 1992; Lesch & Pohl
1992), propagation of a shock in an underlying, stable relativis-
tic jet (Qian et al. 1991). were proposed. Neither the broad-
band nature of the spectral energy distribution (SED) observed
i IDV sources (see e.g. Quirrenbach et al. 1989; Wagner et
al. 1993, 1996) nor the VLBI observations strongly support
any of them, leaving the alternative explanation that the IC
limit might actually be violated and inverse-Compton catas-
trophes occur during transient periods (Kellermann & Pauliny-
Toth1969; Slysh 1992). In this paper, this hypothesis 15 ex-
plored for a prototypical source, 53 0716+71.

This source 15 one of the brightest and best-studied BL
Lacertae abjects in the sky. It was one of the prime targets
for mvestigating the mechanism responsible for IDV, and the
first source in which simultaneous variations in the radio and
optical bands, indicating a possible mtrinsic ongin of the ob-
served IDV, were reported (Wagner et al. 1990; Quirrenbach et
al. 1991). Moreaver, it exhibited IDV during all the past optical
studies and almost all the radio campaigns carried out during
the last two decades (Heeschen etal. 1987; Wagner et al. 1990,
1996; Ghisellini et al. 1997; Sagar et al. 1999; Quirrenbach et
al. 2000: Villata et al. 2000; Nesc1 etal. 2002; Kraus etal. 2003;
Raiteri et al. 2003). The IDV duty cycle of the source (the frac-
tion of time 1 which the object 1s variable) derived from these
studies 15 ~ 90%.

Deep maps of the source obtained with the Very Large
Array (VLA) show a core-halo structure on the arcsecond
scale. VLBI observations over more than 20 years at centimeter
wavelengths reveal a very compact source, with evidence of a
core-dominated jet structure extending several tens of milliarc-

12



4 L. Ostorero et al.: Testing the Inverse-Compton catastrophe scenario in 55 0716+71

seconds to the North (Eckart et al. 1986, 1987; Witzel et al.
1988; Polatidis et al. 1993; Jorstad et al. 2001). The milliare-
second jet 1s misaligned with respect to the VLA jet by ~ 73°

(Britzen et al. 2003; see also Eckart et al. 1987).

Controversial scenarios, involving a wide range of proper
motions (0.05—1.2 mas/year). were proposed for the kinematics
of the $3 0716471 jet components, the more recent ones point-
ing towards apparent velocities which are atvpically fast for BL
Lac objects (see Bach et al. 2005a, and references therein).

The redshaft of the source 1s still unknown. although the
starlike appearance and the absence of any signature of a
host galaxy m deep images had set a lower limit of z = 0.3
(Quirrenbach et al. 1991; Stickel et al. 1993; Wagner et al.
1996). Mare recently, Sharufatti et al. (2005) suggested a
higher lower limit of z > 0.52. The exact brightness tempera-
ture of the source can therefore not be determined: lower limats
up to T, ~ 107 K were inferred from radio IDV at 5 GHz
(Quirrenbach et al. 1991; Wagner et al. 1996). whereas a limit
of Ty,.=0 = 1.85 x 101 K was estimated from the constraints
on the core size derived through interferometric measurements
performed m August 2003 with the Very Long Baseline Array
(VLBA) at 15 GHz (Kovalev et al. 2005). This source 1s hence
an 1deal target for the investigation of radiative signatures of IC
catastrophes.

55 0716471 has been detected at GeV energies with a steep
y-ray spectrum (Hartman et al. 1999). but the soft-y—ray part of
its spectral energy distribution 1s poorly known: only upper lim-
its to the emission provided by OSSE (McNaron-Brown et al.
1993) and COMPTEL (Schonfelder et al. 2000) are available

i1 the literature.

Synchrotron-self-Compton (S5C) emission models, which
can reproduce the GeV y-ray emission of the source (see e g.
Ghisellini et al. 1997), predict the SED peak to occur in the
MeV-GeV domain. A recent reanalysis of the COMPTEL data
(Collmar 2005) resulted in a source detection in the 3—10 MeV
energy range, which is consistent with this scenario. The above
S5C modelling involves a wide range of Lorentz factors of the
radiating particles. up to ¥ ~ 10°. in order to explain the high-
energy component of the spectrum.

In a Compton catastrophe, the main role is expected to be
played by electrons responsible for the bulk of the radio enus-
sion in the GHz regime, where the violations of the IC limit
have been observed. Assuming an observed peak frequency
of the radio spectrum of a few GHz, and a magnetic field
B = 107%/§ pG (8 being the Doppler factor of the emitting
region), the above electrons would be characterized by Lorentz
factors not greater than a few times 10%. First-order IC scat-
tering by these particles would generate bursts of radiation at
~ 10**-10% Hz. which might blend with the synchrotron radi-
ation produced by the high-energy tail of the same distribution
of particles. The dominant loss-term would be second-order IC
scattering (see e g Kellermann & Paulmy-Toth 1969: Bloom &
Marscher 1996), also responsible for the onset of the catastro-
phe. and would boost photons into the 1018 - 102" Hz frequency
range. Flares of IC-scattered radiation should therefore be ob-
served 1n this energy range whenever the Compton lumit 1s vi-
olated. The efficient cooling associated with a Compton catas-

trophe would then rapidly restore the actual brightness temper-
ature of the source.

The advent of the soft-y—ray INTEGRAL satellite offers an
unprecedented chance of investigating this effect.

A multifrequency campaign mvelving an INTEGRAL
pointing of the source and simultaneous radio, millimeter, sub-
millimeter, near-infrared. and optical photometric monitoring,
as well as VLBA observations, was organized and carried out
during November 2003. For the first time, constraints on the
brightness temperature and on the IC emuission of the source
were tested simultaneously against each other.

The first results of the ground-based observing campaign
are presented m Sect. 2 of this paper; the INTEGRAL observa-
tions are described in Sect. 3; the simultaneous spectral energy
distribution of the source 1s presented in Sect. 4; in Sect. 5 we
discuss our results and draw conclusions.

2. Ground-based multifrequency observations

The multiwavelength observations, orgamized under the
framework of the ENIGMA! collaboration together with a
WEBT’ campaign were scheduled for the period November
06-20, 2003 (hereafter referred to as core campaign) to pro-
vide the low-energy counterpart of the INTEGRAL observa-
tion of 55 0716471, Since the source underwent an unprece-
dented outburst phase at radio and millimeter frequencies dur-
mg September—October 2003, the campaign was started ear-
lier. When the core campaign began on November 06 (JD =
2452949 5). 53 0716+71 was still brighter than in all past stud-
ies in the radio and millimeter domain. A rather faint optical
state (R ~ 14.17 — 13.64) characterized the source in this band
for the whole duration of the INTEGRAL pointing. During the
last two days of the core campaign the source entered a bright-
ening phase, and the ground-based monitoring was continued.
We here present the results of the core campaign in terms
of radio light curves at 32 and 37 GHz, and an optical R-band
light curve. Flux variation ranges at other radio, millimeter and
sub-millimeter frequencies are included i the simultaneous
SED presented 1n Sect. 4; the corresponding light curves will
be discussed m Agudo et al. (2003) and Fuhrmann et al. (i
prep.). The ground-based observing facilities whose contribu-
tion to the core campaign 1s presented in this paper are listed m

Table 1.

2.1 Radio data
2.1.1. Observations, data reduction and calibration

The radio observations of 85 0716471 at 32 GHz were per-
formed duning JD = 2452954 889-2452961.251 with the 100-
m radio telescope n Effelsberg. The measurements were car-
ried out using repeated scans, each of them consisting of 4-8
cross-scans in azimuth and elevation, resulting in typical single

: http://www.lsw.uni-heidelberg.de/projects/enigma,
! http://www.to.astro.it/blazars/webt/
(see e.g. Mattox et al. 1998; Villata et al. 2004, Raiteri et al. 2005, and
references therein)
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Table 1. List of the ground-based observing facilities whose contribution to the core campaign 1s presented in this paper in the form of
light curves andfor flux vartation ranges in the SED. a: Radio, millimeter and submillimeter antennas, listed in ascending order of the lowest
observing frequency. b: Optical telescopes, listed in order of longitude, and their contribution to the core campaign in terms of R-band useful
data (and observing nights). The offsets indicate the corrections applied to the data sets in order to eliminate instrumental inconsistencies (when

a range is given, different offsets were used in different nights).

a. Radio, millimeter and sub-millimeter observatories

Observatory Location Telescope diameter Observing frequencies
(telescope) (m) (GHz)
Westerbork The Netherlands 14 %25 1.302,1.67
UMRAO Michigan, USA 26 48,880,145
Effelsberg Germany 100 4851045, 320
Metsahovi Finland 13.7 222,368
IRAM Spain 30 §6.0,230.0
HHT-SMTO Arizona, USA 10 3450
JAC (JCMT) Hawaii 15 350.0. 664.0

b. Optical observatories
Observatory Location Telescope diameter  R-band data Offsets

(cm) (nights)

Lulin Taiwan 100 153 (7 0.
Mt. Maidanak Uzbekistan 130 2(1) 0.
Abastuman Georgia 70 655 (6) [-0.03:0]
Crimean Ukraine 70 3(2) +0.03
Tuorla Finland 103 102 (2) [+0.01;+0.02]
MonteBoo Czech Republic 62 59(2) [+0.05:+0.07]
Pemgia Italy 40 T4 0.
Heidelberg Germany 70 333 (8) [+0.03;+0.06]
Michael Adrian Germany 120 o0 (4 +0.03
Torino Italy 105 19 (3) -0.02
Hoher List Germany 106 41(2) +0.14
Calar Alto Spain 220 374 (3) [+0.01:+0.02]
Rogue de los Muchachos (KVA)  Spain 35 58(5) -0.01
Rogue de los Muchachos (WHT)  Spain 420 751 (1) 0.
Bell Kentucky, USA 60 (1) 0.
St. Louds Missouri, USA 16 i(h 0.
Kitt Peak (WIYN) Arizona, USA a0 21(6) 0.
Coyote Hill California. USA 28 73 (1) 0.
University of Victoria Canada 50 102 (1) 0.

flux-density exposure times of 120-480 s. The antenna tem-
perature on the source was measured through the averaged
pointing-corrected amplitude of the Gaussian-shaped cross-
scans and with the standard data reduction software of the 100-
m telescope. Regular measurements of the system temperature
were used to determine the time-dependent fluctuation of the
atmospheric opacity, which was used to correct the measured
antenna temperature for each scan. Several non-vanable sec-
ondary calibrators (within 10°-20° of 55 0716+71) were ob-
served with the same sampling of the target source, in order
to ensure an accurate calibration of the residual gain fluctua-
tions, mainly due to atmospheric effects. The total flux density
scale was fixed using the standard primary calibrators (e.g. 3C
286, 3C 295, NGC 7027). whose fluxes are grven in Baars et
al. (1977 and Ott et al. (1994). Further details on the observing
method and data reduction scheme can be found in Kraus et al.
(2003} and references therein.

The measurements at 37 GHz were obtained in the period
JD = 2452951.878-2452962.838 with the 13.7-m diameter
radome-enclosed antenna of the Metsahovi Radio Observatory.
The 37-GHz recerver 15 a dual horn, Dicke-switched recerver
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with a HEMT preamplifier, and it is operated at room tem-
perature. On-on observations were performed, alternating the
source and the sky i each feed horn, and adopting typical in-
tegration times of 1200-1400 s. The source DR 21 was used as
primary flux calibrator, whereas 3C 84 was used as secondary
calibrator. Errors on the calibrated fluxes were computed by
taking both the contribution of the measurement rms and the
uncertainty on the absolute calibration into account. More de-
tails about the Metsahovi observing system and data reduction
can be found in Terasranta et al. (1998) and references therein.

2.1.2. The light curves

Fig. la shows a superposition of the 32 GHz (black symbaols)
and 37 GHz (grev symbols) radio light curves. In spite of the
different measurement accuracy and scatter which characterize
the two data sets, a rise of the source flux over the observing
period, with some shorter-term fluctuations supenimposed, 1s
clearly visible at both wavelengths.
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Fig. 1. Radio-optical light curve of S5 0716+71 during the core campaign. Panel a: 32 GHz radio light curve, and 37 GHz radio light curve
scaled to the 32 GHz one (scaling factor: < Fizeaz/ Fires ==0.89). Panel b: R-band optical light curve. The shaded strip indicates the period
of the INTEGRAL pointing. The two radio light curves, consistent with each other, exhibit significant inter-day variability but low-amplitude
IDV. The optrcal light curve displays a weekly modulation of the emission with typical IDV features superimposed.

A vanability test was performed on the two data sets by
checking their consistency with a constant flux level at 0.1%
sigmficance level: the test yielded a negative result, meaning
that the light curves clearly exhibit variability.

The overall increase of the brightness was approximated by
a linear slope: the 32-GHz data can be represented by a linear
increase of the flux of 41% in 6.4 days, whereas the 37-GHz
data can be described by a flux rise of 39% m 10.7 days (see
Table 2a).

A consistency check of the two light curves was per-
formed for the period in which they overlap, namely JD =
2452954 8§78-2452958 962 . In this period, the data at 32 and
37 GHz were characterized by a sampling of ~ 12 and ~ 15
data-points per day, and average flux uncertainties of 4 6% and
5.0%, respectively. The difference in scatter of the two data
trains 1s reflected in the fractional root-mean-square variability
amplitude F,, (Vaughan et al. 2003, and references therein),
which 15 9.1% at 32 GHz and 13.9% at 37 GHz. However,
a Kolmogorov-Smimov test showed that the differences be-
tween the 32-GHz and the 37-GHz data (rescaled to the 32-
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GHz frequency) are normally distributed at 93% sigmificance
level, confirming that the measurement errors can well account
for the discrepancies between the two curves. The light curves
are hence consistent with each other.

The penod of overlap of the two light curves covers the
mter-day flux variation recorded in the source during the core
campaign: the rise i flux 15 consistent at both frequencies with
the linear increase of 35% m 4.1 days which best fits the 32-
GHz data (see Table 2b).

A search for faster variations was then performed in both
light curves for the whole core-campaign period, during which
the sampling of each light curve is such that it 1s easy to identify
subsets of data separated in time by gaps of ~ 8 hours.

At 32 GHz, four subsets of light curve can be fitted by a lin-
ear trend, whose slope is significantly variable. The result of the
vanability test (made by assuming the slope equal to zera)
and the best-fit value of the slope are reported, for each subset,
m Table 2c. Seven subsets of data at 37 GHz can also be ap-
proximated by linear slopes (see Tahle 2c), with the excep-
tion of seven measurements during JD = 2452952, 2452954,
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Table 2. Results of the linear fits to the radio light curves at 32 and
37 GHz over different periods during the core-campaign (see text for
details). Col 1: time interval relevant to the fit; Col. 2: observing fre-
gquency [and size of the time bin applied to the light curve mn order to
make the linear fit acceptable at 5% significance level]: Col. 3: linear
slope; Col. 4: reduced y° of the fit; Cal. 5: Fit significance.

Time interval v (GHz) Slope "(:EM Sign.
(JD-2452000.00)  [bin (h)] (Ty/d) (%)
a
054.880-061.251 32 +0.19+£0.01  1.00 4753
951.878-962.838 37[124] +012+003 138 19.04
b
954 878-958.062 32 +025+0.02 096 5530
37 31 +035+015 122 2271
C
054 880056391 32 0. 121 1897
32 +0.08£0.06 117 2408
056.004-057.068 32 0. 086 6150
32 +0.35+0.13 038 09850
058.372-950.711 32 0. 036 909.67
32 —0.01+0.09 038 09945
260.614-961.251 32 0. 0.60 77358
32 +0.48+0.28 028 09636
951.878-952.437 37 0. 319 039
37 0.42+027 226 161
054782955419 37 0. 1.13 3226
31 -0.24+£0.22 112 3346
955.743-956.310 37 0. 049 9296
37 0.42+027 033 0837
056.080-957.423 37 0. 1.67 996
31 -0.10+0.37 188 6.87
057.000-958.938 37 0. 209 116
37 0.05+017 224 0.79
962.010-962.428 37 0. 223 173
37 -1.86+0.57 109 3632
062.720-962.830 37 0. 223 630
37 6.75+238 027 B451
d
052.213-952.803 37 +2.61+033 358 4652
054286-954080 37 -2.14+£030 232 232
056.225-956.428 37 +8.86+1.21 288 347

and 2452956 (see Tahle 2d). The most extreme deviation was
the one recorded dunng JD = 2452956 (which yielded a flux
difference of ~ 4o 1 the distribution discussed above), corre-
sponding to a linear increase of the flux of 42% m 0.12 days.
The other two strong deviations can be described by linear flux
variations of 33% 1 0.41 days and 20% m 0.12 days. respec-
tively.

The reliability of the observations can be best estimated by
comparing the measurements taken simultaneously with differ-
ent telescopes (see e.g. Witzel et al., 1992, for a comparison
of the 5-GHz observations of 53 0716+71 performed at the
same fime with the VLA and the Effelsberg telescope 1 May
1989). Therefore, although a careful analysis of the 37-GHz
data showed that the measurements characterized by extreme
deviations were not affected by any obvious systematic effect,
the lack of any counterpart at other radio frequencies did not
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allow us to consider the lower limits to the brightness tempera-
tures inferred from those variations (up to Ty, ~ 1.5 x 107 K)
as a reliable constraint on the variability brightness temperature
of the source.

2.2 Optical data

2.2.1. Observations

Table 1b (cols. 1-4) shows names and locations of the nineteen
observatories which contributed to the core campaign with R-
band optical data, together with the sizes of the telescopes used
and the amount of useful observations provided.

The optical observers were recommended to perform in-
tranight observations of S5 0716471 and of the field reference
stars nos. 1 to 8 whose finding chart and standard magnitudes
are given in Villata et al. (1998). The choice of the exposure
tumes was left to the observers, who found the optimal compro-
mise between high accuracy and good time sampling.

The core-campaign period was characterized by un-
favourable weather conditions in most of the observing sites.
However, the high declination of the source, the long northern
mights, and the large number of telescopes mvolved allowed a
considerable overlap among observations carned out with tele-
scopes located at very different longitudes. This led to unprece-
dented dense monitoring of the source over such a long period:
2849 useful observations were performed m ~ 15 days, with an
average rate of ~ 8 frames per hour.

2.2 2. Data reduction, calibration and assembling

Ten out of nineteen data sets (44% of the collected data)
were homogeneously analysed with aperture photometry on
de-biased and flat-fielded frames. The remaining data sets were
analysed with different procedures by the observers them-
selves.

The instrumental magnitudes were then processed m order
to obtain the standard magnitudes of S5 0716471 and the rel-
evant errors. Due to the variety of characteristics of the tele-
scopes and detectors mvolved, as well as of the collected pho-
tometric results, not all the reference stars suggested to the ab-
servers were available for the calibration. Moreover, becanse
the source was faimnt during most of the core campaign. the long
exposure times required often caused the saturation of refer-
ence stars 1 and 2. In order to achieve a homogeneous data cal-
ibration and minimize the instrumental offsets, we defined our
calibration sequence of reference stars common to most of the
data sets and free of saturation, 1.e. stars 3, 5 and 6. The uncer-
tainty on the S5 0716471 calibrated magnitudes was esti-
mated, for each subset of data taken during the same night
and under comparable observing conditions, as follows: the
twa stars of the calibration sequence closest in magnitude
to the source were selected, and their magnitude difference
calculated. For each frame, the deviation of this gquantity
with respect to its mean was found. The error was taken as
the larger of this deviation and the standard deviation of
the difference over the night.



Binning (over time intervals from 3 to 20 minutes) was ap-
plied to intranight data trains affected by noise and/or low ac-
curacy due to either non-optimal sky conditions or too short
integration times.

The calibrated light curves relevant to the wvarious tele-
scopes were then assembled according to the procedure de-
scribed in Villata et al. (2002). Instrumental offsets were com-
puted, night by night, whenever this was allowed by the tem-
poral overlap between two data sets, 1. e. when one of the two
datasets had at least two data points belonging to the time 1n-
terval covered by the second data set. Each offset was defined
as the mean magnitude difference of the overlapping parts of
the two light curves, the difference being computed between
pairs of data points separated in time by no more than 5 min-
utes (see Table 1b, col. 3). The data sets were then corrected
by the above offsets. Data subsets characterized by both lower
accuracy and worse time sampling were finally discarded when
higher-accuracy and better-sampled data trains were available
in the same time interval Data points affected by errors greater
than 0.05 mag were not included in the final light curve, unless
no other data were available within 10 minutes. The average
accuracy of the final light curve 1s of arder ~ 1%.

223 The light curve

The R-band core-campaign light curve 1s displayed m Fig. 1b.
Fluxes were derived from magnitudes using the absolute cal-
ibrations of Bessel (1979), and dereddened with the extinc-
tion laws of Cardelli et al. (1989), under the assumption of a
Galactic extinction Ag = 0.132 mag (provided by NED: from
Schlegel et al. 1998).

This light curve 1s characterized by a mean gap of 20 mimn-

utes through the whole core-campaign period, and of about 14
minutes during the INTEGERAL observation.

The source displayed remarkable variability during the
core campaign: the overall peak-to-peak R-band vanation was
AFp = 12.1 mly (AR = 1.07 mag). and the fractional root
mean square variability amplitude F = 23.3%.

A weekly modulation of the emission with intra-day fea-
tures superimposed characterized the relatively faint state of the
source before JD = 2452963 .0: during this period the source
brightness vaned between 7.2 and 124 mly (R = 1417 -
13.538), the mean flux was < Fg >= 9.5 mly (< R = 13.87),
and F.; = 10.6%. After JD = 2452963 .0, a brightness rise
of 7.8 mJy (AR = 0.57 mag) occurred in 257 hours, and the
source reached 19.2 mJy (R = 13.10 mag), the highest level
recorded during the core-campaign period.

The IDV features do not generally show well-defined
shapes, suggesting that there might be blending between suc-
cessive flares. Their linear parts (in magnitude scale), lasting up
to ~ 3.5 hours, display rising and declining rates not faster than
13% per hour. These variation rates are comparable with the
steepest slopes reported by Wagner et al. (1996) (~ 10% h—1)
and also with the slopes found by Villata et al. (2000) (12%

h™"). Lower intra-day variations, on comparable time scales,
were reported by Ghisellini et al. (1997), Sagar et al. (1999)
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and Nesci etal (2002). Detailed temporal and spectral analysis
of the optical variability will be given in forthcoming papers.

3. INTEGRAL observations and data analysis

INTEGRAL (Winkler et al. 2003) observed S5 0716+71 from
2003 November 10th, 11:20:04 UT to 2003 November 17th.
09:09:31 UT. for a total amount of ~ 339 ks.

The observations were strongly affected by the biggest ever
recorded solar flare (classified as X28), which occurred on
November 04, 2003. Because of this event, SPI (Vedrenne et al.
2003) underwent annealing treatment during revolutions 132—
136 and was not operational for most of the granted observ-
ing time. Of the two detectors of JEM-X (Lund et al. 2003).
only JEM-X 2 was used, while JEM-X 1 was switched off.
IBIS/ISGRI (Ubertini et al. 2004; Lebrun et al. 2003) and
IBIS/PICSIT (Ubertim et al. 2004; D1 Cocco et al. 2003) were
both operational.

The INTEGRAL data were analysed by means of the
INTEGRAL Offline Scientific Analysis (OSA) software,
whose algorithms are described in Westergaard et al. (2003)
for JEM-X and Goldwurm et al. (2003) for IBIS. Version 4.2
of the OSA software was used for the analysis of the IBIS
data, whereas the improved OSA 5.0 was necessary for the
JEM-X data analysis. The PICsIT data could not be analysed
due to the failure of the OSA software pipeline.

3.1. JEM-X

The JEM-X observation 1s split into 145 different science win-
dows with an average exposure of ~ 3 ks each. The OSA soft-
ware was used to look for sources within an offset angle of 537
to avoid spurtous detections. S5 0716+71 was not detected m
any of the single science windows, neither in the 3-35 keV band
nor in any sub-band. There was also no other detected source
in the field of view.

We combined the images from all the mdividual science
windows into a mosaic (corresponding to a total effective expo-
sure of ~ 381 ksec) with the varmesaic routine of the FTOOL
package; however, the source remamed undetected.

We estimated an upper limit to the flux of S5 0716+71
by means of the statistical variance of the mosaic intensity
at the position of the source. The 3 upper-limit intensity
{cts cm —s ~1)_ with & heing the sgquare root of the variance,
was multiplied by the ratio of the flux of the Crab Nebula in
the JEM-X band (Toor & Seward 1974; Nergaard et al. 1994)
and the JEM-X 1intensity obtained from a mosaic image of the
Crab. Assuming for S3 0716+71 the spectrum of the Crab (I =
2.1 £ 0.03; see Toor & Seward 1974), we obtained a 3o flux
upper limit of Fi_zz ey = 6.12 x 10-1* erg cm =2 -1 (see
Table 3a), whach is lower than the upper linut dertved by Pian
et al. (2003) from a shorter (189 ks) observation performed in
Apnl 2004.

3.2. IBIS/ISGRI

The ISGRI instrument data set consists of 130 science win-
dows, corresponding to a total effective exposure of 362 ksec.
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Table 3. Results of the INTEGRAL analysts: JEM-X and IBIS/ISGRI
Jor upper limits to the flux of S5 0716+71 during November 10-17,
2003.

a. JEM-X

Energy Intensity Photon Flux

range (keV) (1077 cts/cm®/s)  index T*  (107'% erglem?/s)
3=-35 < 5.89 2.1 < 6.12

b. IBIS/ISGRI

Energy Count rate** Photon Flux

range (keV) (ctsfs) index T* (107" ergfem?/s)
15-40 < 0.176 16-21 <134- <14l
40 - 100 < 0.160 16-21 <L70-= <172
100 — 200 < 0.140 16-21 <558- <573

* Photon index adopted to derive the flux from the count rate, under
the assumption that F(E) e £1T
** Count rate errors are lor uncertainties

The standard energy binming was used for the image decon-
volution, and the mdmvidual frames were accumulated into a
co-added mosaic image. Several sources, mncluding Mrk 3 and
Mik 6, were reported as significant detections by the OSA soft-
ware.

55 0716471 was not detected by the source locator at 3¢
significance in any energy bin of the mosaic image. However,
the source was detected at significance greater than 1o 1n at
least one energy bin between 13 and 200 keV in 34% of the in-
drvidual science windows. The reliability of these detections
was checked by extracting, from each science window, the
count rate at the sky position of 53 0716471 and i 12 back-
ground regions located within 1° of the source. A two-sample
Kolmogorov-Smirnov test showed that the resulting distribu-
tions of source and background count rates in each sub-band
were consistent with them being drawn from the same parent
distribution at the 3% significance level, confirming the non-
detection of $3 0716471 at science-window level alsa.

In order to estimate an upper limit to the source flux in
the ISGRI energy band, we extracted, for each sub-band, the
value of the statistical variance of the count rate at the po-
sition of the source from the mosaic’ of all the science win-
dows. The corresponding standard deviation (0 :t¢) was
multiplied by the HWHM of the distribution of the signif-
icances of the mosaic () to take systematic errors into
account (A. Goldwurm, priv. comm.). The 3 upper limits
(0" = Ctar * Ooyse) to the count rate derived with this proce-
dure are shown in Table 3h.

The ahove-mentioned result was crosschecked by esti-
mating, for each energy sub-hand, the standard deviation
Fotae from the statistical variances of all the science windaws
(A. Goldwurm, priv. comm.). The flux and variance at the

3 Note that the parameter responsible for the pixel spreading
in the mosaic creation was not activated in our ISGRI analysis
(OBSI_PixSpread=0), in order to obtain a better estimate of the
variance of the mosaic (A. Goldwurm, priv. comm.)
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nominal pesition of the source were extracted from each
science window. The mean of these fluxes was then com-
puted by weighing it with the inverses of the corresponding
variances. The error on the mean flux, representing .y,
was found to have the same value as in the case of the mo-
saic, thus vielding eguivalent upper limits.

The count-rate upper limits dertved with these methods
were converted mto fluxes through XSPEC by using the re-
sults of the spectral analysis of three BeppoSAX observations
(Giommi et al. 1999; Tagliaferri et al. 2003) above ~ 2 keV,
where the source spectrum can be well represented by a power
law (I’ = 1.6 — 1.96). In addition, the Crab Nebula spectrum
(I' = 2.1) was also considered, for consistency with the as-
sumption made for the computation of the JEM-X flux. By
varving the assumed photon mdex in the range ' = 1.6 - 2.1,
we obtained the 3o flux upper limits given in Table 3h.

A companson of this result with the ISGRI flux of
535 0716471 derived by Pian et al. (2003) in the 30-60 keV
range from their ~ 30% shorter observation (256 ksec) of
April 2004 was performed by computing the flux in the same
energy bin, under the assumption of a spectral index equal to
that of the Crab Nebula. The upper limit obtamned 1n this way
was Fig_sn kev = 1.06 x 10711 erg em™ 57!, a factor of ~ 3
below their detection.

4. The spectral energy distribution (SED)

The broadband monitorng carried out during the INTEGRAL
pointing (see Table 1 for a list of the ground-based observing
facilities) allowed us to assemble, for the first time, the SED of
S5 0716471 with truly simultaneous data spanning more than
10 decades of frequency and characterized by an exceptional
energy sampling.

The flux vanation ranges at radio-to-optical frequencies
recorded during the INTEGRAL pointing period (see Sect. 2),
as well as the upper limits estimated from the non-detection of
the source by INTEGRAL (see Sect. 3) are plotted with dark
diamonds, and are superposed on the historical data or variation
ranges. drawn with grey symbols®.

The low-energy part of the SED, which 15 commonly in-
terpreted as due to synchrotron emission, shows the unprece-
dented brightness of the source in the radio-millimeter en-
ergy range and the moderate emussion recorded at optical fre-
quencies. The synchrotron peak (representing the most relevant
output of the synchrotron component) is likely to be located
around 10%° — 10" Hz.

During the core campaign, the synchrotron spectrum of 53
0716+71 was mverted (@ > 0, with F, o v¥) m the radio-
millimeter wavelength domain, with a turnover frequency
close to 90 GHz (see Agudo et al. 2005). The spectral in-
dex of the partially opague part of the spectrum was de-
rived from the simultaneous radio measurements at 5 and
32 GHz (considerably bhelow the turnover) performed on
JD=2452955 and JD=2452961 with the Effelsherg 100-m

4 Previous studies of the SED of 85 0716+71 can be found in
Wagner et al. (1996), Glisellini et al. (1997), Glommi et al. (1990,
Ostorero et al. {2001), and Tagliaferri et al. (2003).



10 L. Ostorero et al.: Testing the Inverse-Compton catastrophe scenario 1n S5 0716+71

~10E =

: ! ;

o _nf #* E
¥ = 3
B c : =
o E E
5 -rp ! F
(- ¢ ]
= E $ =
¥ -1 ' E
= ] §

_14;— L —;

10 1B
log v [Hz]

Fig. 2. Spectral energy distribution (SED) of 55 0716+ 71: dark diamonds represent data simultaneous with the INTEGRAL pointing, and
grey symbols represent historical data; variation ranges are indicated by vertical bars. Simultaneous data are from this work: they show the
exceptionally bright state of the source in the radio-to-submillimeter domain, the moderate level of the optical emission and the upper limits
to the hard-X-ray brightness. Historical data are from: RATAN-600, at the wavelengths of 1.38, 2.7, 3.9, 7.7, 13 and 31 cm (Ostorero et al.,
in prep.); Kithr et al. (1981), Waltman et al. (1981), Eckart et al. {1982), Perley (1982), Perley et al. (1982), Lawrence et al. (1985), Saikia et
al. (1987), Impey & Nevgebauer (1988), Kithr & Schmidt (1990), Hales et al. (1991}, Krichbaum et al. (1993), Gear et al. (1994, Hales et
al. (1995), Dounglas et al. (1996), Rengelink et al. (1997), Zhang et al. (1997), Riley et al. (1999), Cohen et al. (2002), Rarter1 et al. (2003)
and references therein, at other radio-to-optical frequencies; Pian & Treves (1993), & Ghisellini et al. (1997) in the UV band; Biermann et
al. (1992), Comastri et al. (1997), Kubo et al. (1998), Giommi et al. {1999), Tagliaferr1 et al. (2003), & Pian et al. (2005) 1n the X-rav band;
MecNaron-Brown et al. (1995), Hartman et al. {1999, & Cellmar (2005) in the gamma-ray energy range.

radio telescope (see Fuhrmann et al., in prep.) Its value 84 GHz energy range (@s_g4 = —0.10) and in the 14-50
is #z_33 = +0.3 on JD=2452955, and @z_3; = +0.5 on GHz band (245 = —0.35) (Wagner et al. 1996). The long-
JD=24521961: as the millimeter-flux raised towards the end term behaviour of the radio spectral mndices indicates spectra
of the observing period, the radio spectrum became more on average inverted in the 4 8-14.5 GHz band (o 43_5 = 0.72;
inverted. ag_125 = 0.16) duning 1985-1992 (Wagner et al. 1996). as well
As usually found in compact radio sources, the spectrum at  as in the 5.0-15.0 GHz band (as_15 = 0.19) during 1978-2002
frequencies lower than the turnover was not rising as fast as  (C. Raiten, priv. comm.), where also a flatter-when-brighter
the opticall}r thick spectrum of a ho1nogeneoug l;pheﬁca]_ syn- trend and a weak correlation between spectral ﬂartening and
chrotron source (F, o v*). Such behaviour is traditionally in-  ejection of a new component were recognized by Raiteri et al.
terpreted as the result of a superposition of spectra charac- (2003) and Bach et al. (2005a), respectively. However. no truly
terized by different synchrotron self-absorption (SSA) fre-  simultaneous spectral information on the source spectrum from
guencies, which might be produced either by a finite num- radio up to millimeter frequencies was available to date.
ber of homogeneous components (Kellermann & Pauliny- The moderate level of the optical emission recorded dur-
Tath 1969) or by an inhomogeneous source with gradi- ing the bright radio state confirms the absence of correlation,
ents in the magnetic field and particle density (Condon &  at zero time lag, between major optical and radio events in the

Dressel 1973; de Bruyn 1976; Marscher 1977). source, as already noticed by Raiter: et al. (2003) from the in-
The variability observed in the radio-millimeter energy  spection of the historical (1978-2002) radio-optical light curve.
range, of which we showed an example 1n the 32 and 37 GHz As far as the high-energy part of the SED 1s concerned,

light curves presented in Sect. 2.1, hence occurred m a regime  the upper limits provided by JEM-X (see Sect. 3.1) and by
in which S5A processes might have played an importantrole.  IBIS/ISGRI (see Sect. 3.2) m the two lower-energy bins are

The IDV study carried out durmng the fainter radio-to- consistent with the levels recorded by ASCA (Kubo et al
optical state of the source of February 1990 (Wagner et al. 1998) and BeppoSAX (Giommui et al. 1999; Tagliaferr et al.
1990; Quirrenbach et al. 1991), reported a vanable radio spec-  2003) during past observations, and mdicate that the source was
trum which was on average optically thin both i the 50— fainter than during the INTEGRAL observation of Aprl 2004
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(Pian et al. 2003), represented in Fig. 2 by the grey triangle at
~ 41.4 keV (~ 10* Hz). The two higher-energy IBIS/ISGRI
upper limits are comparable with the limits derived from the
OSSE observations (McNaron-Brown et al. 1993).

5. Discussion and conclusions

The known ligh duty cycle of 85 0716471 was confirmed
by the intensive simultaneous radio-to-optical momtoring per-
formed during the core campaign. The source was vanable in
both the radio and optical bands, although the amplitude of IDV
recorded 1n the radio regime was significantly lower than in
previous studies.

Under the assumption of a stationary radio emission,
and considering a Gaussian brightness distribution for the
variahle source region, if the event which triggers the flux
fluctuations propagates isotrapically through the source,
the flux variability observed in the radio band allows one to
estimate the brightness temperature of the source through the
relation:

T, = 847 x 10* F, (1

Ady |’

fy(1 4+ 2)?

where F, 1s the flux density in Jy, A 1s the wavelength i em, #,
in years is a function of the mean flux and the flux variation in
the considered time interval according to the relation

< F, = At
— )
I" AF, (1+z) @

(Wagner et al. 1996; see also Jones et al. 1974), = 1s the source
redshift. and &7 1s the luminosity distance of the source i Mpc,
given by

e(l+2)
Hy

7

{ [+ 1+ ) =72 +2)Q)] 24 (3)
0

(Carroll et al. 1992) in the case of a A-dominated universe
(s = 0.7, &y = 0.3, &y = 0; see Spergel et al. 2003).
Assuming Hp=72 km sec™! Mpe™! (Freedman 2001) and a
redshift z > 0.3, the source luminosity distance would be
greater than 1510 Mpc. The brightness temperature derrved
from the overall increase of the source flux recorded at 32
and 37 GHz during the period of overlap of the two-frequency
measurements (Af = 4.1 days) 15 hence determined to be
> (21201 x 101* K. if the observed flux variations are
not affected by any propagation effects. Higher lower limits
ta the hrightness temperature can be derived under less-
conservative assumptions: a uniform distribution of the
source brightness, and/or an anisotropic propagation of the
perturbation which causes the variability would yvield val-
ues up ta Ty, > (1.2+0.1)x 103 K. Moreover, a redshift limit
z > 0.52 would increase Ty, by a factor of ~ 3. In any case,
our brightness temperature exceeds the IC limit of ~ 10> K
by at least two orders of magnitude.

If relativistic boosting of the radiation 1s the explanation of
this excessive value, Doppler factors § 2 (T;,/1022 KOV3(1 +

20

z) 2 8 would be required in order to lower the intrinsic bright-
ness temperature of the source below the theoretical limit”.

A recent analysis of the historical data set of VLBI images
of 53 0716+71 at several frequencies performed by Bach et
al. (2005a) showed that Doppler factors ~ 20-30 are consis-
tent with the proper motion of the jet components. These val-
ues, which rule out slower kinematic scenarios of the source
jet presented previously (Witzel et al 1988:; Gabuzda et al.
1998), could largely account for the above brightness temper-
ature, provided that the source region responsible for the ob-
served flux variability had the same kinematic properties as the
VLBI jet components.

The source flux evolution recorded in the centimeter—
millimeter domain was always dommated by that of a core
of size =0.1 mas. Confirmation of this evidence was recently
provided by the 15-GHz VLBA measurements during August
2003 (Kovalev et al. 2003) and by the analysis of space-VLBI
(VSOP) observations performed in 2000 (Bach et al. 2005b).
The ohserved variability hence originates from either the
sub-parsec jet or regions at the base of the jet itself.

If the variabilityv comes from one or more jet compo-
nents moving according to the kinematics described by Bach
et al. (2005a), and characterized by inverted or flat radio spec-
tra (possibly becoming steeper as the components move away
from the core). the brightness temperature would exceed the
IC limit only apparently. The non-detection of the source by
INTEGERAL might hence easily be the consequence of the non-
occurrence of any Compton catastrophe in the source. This sce-
nario would also enable us to reconcile the excessive VLBA
brightness temperature of Ty .= > 1.85 x 10%° K derived by
Kovalev et al. (2003) with a value lower than the IC limit, as-
suming a Doppler factor § 2 (Tp/10* K) (1 + 2) 2 24 (note
that the VLBA bnightness temperature scales by /(1 + z)).

On the other hand, if the variable core emission is af-
fected by a Doppler enhancement different from that of the re-
solved VLBI jet components, the IC-limit violation would be
real for Doppler factors & 5 8. In this case, Compton catas-
trophes would have occurred in the source: the high-energy
non-detection would hence provide a constraint for any
maodel of the source emission taking second-order Compton
scattering (e.g. Bloom & Marscher 1996), and hence the
possibility of Compton catastrophes, into account.

Some alternative explanations for the excessive brightness
temperature take propagation effects into account. The cor-
relation between optical brightness and radio spectral in-
dex, as well as the simultaneous change of variahility time-
scale observed during the February 1990 campaign (Wagner et
al. 1990; Quirrenbach et al. 1991; Wagner et al. 1996), have
been among the strongest arguments agaimnst the extrinsic ori-
gin of radio IDV in 55 0716471 1n the past decade. However,
the radio and optical mtra-day variability observed during our

* A more accurate value of the IC limit, and a consequent better
estimate of the Doppler factor denived from the brightness tempera-
ture, would require the knowledge of the characteristics of the intrinsic
spectrum of the source, like the synchrotron upper cutoff frequency,
the self-absorption frequency, the radio spectral index. etc. (see e.g.
Kellermann & Pauliny-Toth 1969; Blandford 1990; Readhead 1994).
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campaign, when the source was in a brighter radio-to-optical
state and had an inverted spectrum up to millimeter frequen-
cies, do not appear to be obviously correlated. This might be
the consequence of optical-depth effects (which can modify
the shape and amplitude of flares) on a radio emission in-
trinsically correlated with the optical one; alternatively, the
recorded radio and optical radiation might have come from
non-cospatial components characterized by different sizes.
In absence of correlated radio-optical variations. the possi-
bility of a contribution of IS5 to the observed radio variability
cannot be completely ruled out. implying that the brightness
temperature inferred from variability 1s not representative of
the photon density of the source; m particular, the violation of
the IC limit would again be only apparent in an ISS-doiven varn-
ability scenario.

It 1s very unlikely that this vanability can be explamed by
scintillation alone. In fact, ISS 1s not a very efficient mecha-
nism in the 32-37 GHz (8-9 mm) regime, to which our bright-
ness temperature refers. Moreover, the simultaneous observa-
tions at 86 GHz (3 mm), where the ISS is less efficient than
at 32-37 GHz, showed that ISS can definitely be ruled out in
the explanation of the observed (comparable) variability and of
the corresponding excessive brightness temperatures (Agudo
et al. 2005). Therefore, if ISS contributed to the observed 32-
37 GHz flux evolution. in all likelihood it was not the dominant
variability mechanism.

In conclusion, violations of the brightness temperature IC
limit were mferred from the radio variability observed at 32-
37 GHz. If the recorded radio emission is either intrinsic and
beamed with Doppler factors & £ 8. or strongly affected by
IS5, the violation of the IC limit would be apparent, easily
justifying the non-detection of the source by INTEGRAL in
the X—y-ray regime. Intrinsic flux variations affected by lower
beaming effects would instead imply a real violation of the the-
oretical limit; in this case, the non-detection of correspond-
ing y-ray avalanches would provide a strong constraint
for the modelling of the Compton-catastrophe scenario in
this source. At any rate, our unprecedented simultaneous
broad-band measurements will help to define the param-
eter space of the current SSC emission models in detailed
studies of the multifrequency emission of 55 0716+71.
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Abstract. We present follow-up observations of pulsating sdB stars as part of our efforts to
resolve the pulsation specira for use in asteroselsmological analyses. This paper reports on
our overall efforts, but specifically on our results for the pulsating sdB stars PG 16124563

and EC 05217-3914.

Key words. 5tars: pulsaing — Stars: asteroseismology — Individual: PG1613+45363 -

Individual: EC05217-3914

1. Introduction

The scientific goal of this observational study
15 to resolve the pulsation structure of pulsat-
mg =dB stars by combining limited amounts
of data from larger telescopes with data from
smaller (~0.5 m) telescopes. This combination
allows us a long timebase sufficient to resolve
closely spaced pulsations and the increased
signal-to-noise of the larger telescopes allows
us to detect pulsations with low amplitudes. To
date we have observed 14 different sdB pul-
sators over 23 separate campaigns. Though the
majority of our data 15 from Baker, MDM., and

Send affprint requests fo: M.D. Reed
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McDonald cbservatories, we routinely partic-
ipate in multisite collaborations, including the
Whele Earth Telescope.

2. EC 05217-3914

EC 05217-3914 (hereafter EC 05217) was ob-
served as a 2-site campaign during a Whole
Earth Telescope run. 59 hours of observations
were obtamned in November 1999 from the
CTIO 1.5 m and SAAO 1.9 m telescopes. Koen
et al. (1999) detected 3 frequencies in their dis-
covery data, while we detect 6, possibly 8. The
Fourter transform (FT) 15 shown in Fig. 1 and
frequencies detected are given in Table 1.
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Table 1. Pericds, frequencies, and amplitndes
for EC 05127. Formal least-squares errors are
in parentheses. Periods marked with a © may
be caused by amplitude variability in a nearby
frequency. Periods marked with a + are near
those detected in the discovery data.

Peniod Frequency Amplitude
(s) {uHz) (mma)
208.455(0.00%) 4797190.11)  0.33(13)
209.274(0.006) 4778.41(0.13)  0.72(15)
213.964(0.005)7 45.'3 68(0.12)  0.98(13)
214.023(0.003)= 72.39(0.08)  1.45(15)
216.012(0.001 )= -145;9 36(0.03)  3.88(17)
216.146(0.005)"  4626.48(0.11)  1.15(17T)
217.629(0.001)%  4504.96(0.03)  2.79(13)
221.980{0.007) 4504.90(0.14)  0.69(15)

!l Mmfﬁfdtﬁfm
LTILRL

thﬁi* Mj ‘““Lw Ah’fﬁ"k‘lﬁfd..l-ﬂ.r Jliih A

h“ 1;.?“].#'%@' u.l"!‘ll"t 'I M ':'"J:"I'MHJ*'JH I'Ll"-"'l-""

Prega .ﬂl-.:

Fig.1. FT of EC 05217 data. Window 1s inset and
bottom panel shows residuals.

3. PG 1618+563

PG 16184363 (hereafter PG 1618) was ob-
served from 5 observatories (Baker, MDM,
MeDonald, Lulin, and Suhora) over a 45 day
period m 2005, Silvotti et al. (2000) de-
tected 2 frequencies in their discovery data
while we clearly resolve 4 mdividual frequen-
cies. Figure 2 shows shows an FT of the
oniginal data (window function i1s inset) and
prewhitened data (arrows indicate frequencies
removed) with the frequencies provided in
Table 2

283

Table 2. Same as Table 1 for PG 1615,

Period Freguency Amplimde
(s) (uHz) (mma)
2857 ) {2 2 - .
139.0571(0.0008)%  7191. "*EI:I:I 04)  2.04(0.09)
143.9200(0.0011)%  6947.87(0.05) 222(0.10)
143.9759(0.0014) 6945.6000.07)  1.64(0.10)

Wv*wMMm

Tl

Fig.2. FT of PG 1618 data. Window 1s mset and
bottom panel shows residuals.
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OPTICAL AFTERGLOW OBSERVATIONS OF THE UNUSUAL SHORT-DURATION GAMMA-RAY BURST GRB 040924
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ABSTRACT
The 1 m telescope at Lulin Observatory and the 0.76 m Katzman Automatic Imaging Telescope at Lick Observatory
were used to observe the optical afterglow of the short-duration (1.2-1.5 s) gamma-ray burst GRB 040924 This object
has a soft high-energy spectrum, thus making it an exceptional case, perhaps actually belenging to the short-duration
tail of the long-duration GRBs. Our data, combined with other reported measurements, show that the early R-band
light curve can be described by two power laws with mdex o = —0.7 (at r = 16—530 munutes) and « = —1.06 (at
later times). The rather small difference m the spectral indices can be explained more easily by an afterglow model

invoking a cooling break than by one with a jet break.

Subject heading: gamma rays: bursts

1. INTRODUCTION

Gamma-ray bursts (GEBs) are among the most powerful
explosions in the universe. It 1s generally believed that the
mmpulsively injected fireball results from core collapse m a
massive star (Woosley 1993; MacFadyen & Woosley 1999) or
from the merging of either two neutron stars or a neutron star
and a black hole (e.g., Ruffert et al. 1997; Popham =t al. 1999;
Narayan et al. 1992, 2001; Rosswog & Davies 2002; Lee &
Ramirez-Ruiz 2002). After the explosion, the relatrvistic ejecta
collide with the ambient interstellar medium (ISM), causing X-
ray, optical, and radio enussion. These so-called afterglows thus
carry important information on the injection mechanism. the
configuration of the (possibly collimated) fireball, and the sur-
rounding environment (e.g., Mészaros 2002).

Two kinds of GRBs have been defined according to whether
their gamma-ray enussion has duration longer or shorter than
2 5. Although their frequency distributions overlap. that of the
short-duration GRBs peaks at 0.3 s, while that of the long-
duration GRBs peaks at 3040 s (Kouveliotou et al 1993} In
addition, the duration is weakly correlated with the spectral
hardness ratio at high energies: short GRBs tend to be harder
and long GRBs tend to be softer (Kouveliotou et al. 1993).

The optical afterglows of short GRBs were elusive until the
detection (Femimore et al. 2004) of GRB 040924 by the High
Energy Transient Explorer 2 (HETE-2) on 2004 September 24 at
11:52:11 (UT dates are used throughout this Letter). Tlus event
lasted about 1.2 s and was X-ray—rich according to the HETE-?
flux in the 7-30 and 30400 keV bands. The Konus experiment
on the Wind satellite also detected this event with 1.5 s duration
m the 20-300 keV band (Golenetskii ef al. 2004). Since the high-
energy spectrum of GRB 040924 15 soft (Femmore et al. 2004),
the object nught actually be near the short-duration end of the
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long GRBs. A detailed study of the associated optical afterglow
could provide further mformation on whether this 15 mdeed the
case, thus probing the nature of GEBs m the boundary region.

About + = 16 minutes after the burst, Fox (2004) detected
the corresponding optical afterglow with an R-band magnitude
of ~18. This was shortly followed by Li et al. (2004), who
reported R = 18.3 mag at 26 minutes after the burst. From then
on, a number of observatones jowned i the follow-up obser-
vations (Fynbo et al. 2004; Hu et al. 2004; Khamitov et al.
2004a; Terada et al. 2004). Radio observations failed to detect
the afterglow at + = 12.54 hr and t = 5.79 days (Frail & Sod-
erberg 2004; van de Horst et al. 2004a, 2004b). Spectral mea-
surements by the Very Large Telescope of a galaxv located at
the position of the optical afterglow mdicated a redshift of
z = 0.839 for this event (Wisrsema et al. 2004).

2. OBSERVATIONS AND DATA ANATYSIS

Upon recerving the burst alert message from HETE-2 and
the opfical position reported by Fox & Moon (2004), multiband
(Johnson B and V. Bessell R and I) follow-up observations of
GRB 040924 with the Lulin One-meter Telescope (LOT; in
Tarwan) were immitiated according to the previously approved
Target-of-Opportunity procedure (Huang et al. 2005; Urata et
al. 2005). Photometnic images were obtamed with the PI1300B
CCD camera (1300 x 1340 pixels. ~11' x 11’ field of view:
Kinoshata et al. 2003) during the interval 14.31-20.89 on Sep-
tember 24 (1e, 2.4-9.0 hr after the burst). Unfortunately, the
earliest observations (r< 3.1 hr) were not successful because
of poor weather and short exposure times. These problems also
affected all of the B and [ data, and many of the I"and R images
as well. Nevertheless, our observations reveal unusual early-
time evolution of the afterglow brightness, as discussed below.

A standard routine including bias subtraction and flat-fielding
corrections with appropriate calibration data was emploved to
process the data using IRAF ® The afterglow was clearly seen
in the F-band and R-band images (Fig. 1). The position of the
afterglow (12000.0) is o = 276%22352, & = +16°6'48"82
(+0723 in each coordinate). Next, the DAOPHOT package
(Stetson 1987) was used to perform aperture photometry of
the GRB field by choosing 10 field stars for differential pho-
tometry. The LOT data were combined with median filtering

* IRAF is distributed by the National Optical Astronomy Observatory, which
iz operated by AURA. Inc.. under cooperative agreement with the NSE.
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a photometric mght. The difference between the two flux cal-
ibrations is within 0.04 mag. The magnitudes derived for the
R and F observations are summanized m Table 1.

In addition to the LOT data, we have also included two early
measurements from the 0.76 m Katzman Automatic Imaging
Telescope (KAIT: Li et al. 2003b) at Lick Observatory at
t = 043 and 1.06 hr The KAIT data were taken without filters,
but the transformation of the unfiltered magmtude to R can be
determined from the I — R colors of the GRB field stars and of
the optical afterglow (Li et al. 2003a, 2003b). The calibration
of the GEB 040924 field 15 adopted from Henden (2004), and
the value 77— R = 0.57 mag of the afterglow is taken from
LOT data at 0.292 days after the burst. KAIT observed the GRB
at low air mass (1.26-14). and the local standard stars have
V' — R colors (0.39-0 85 mag) similar to that of the GRB. More-
over, from three photometric nights we found that the coefficient
for the second-order extinction is only 0.04: thus, the errors
caused by second-order extinction of GRB 040924 are small and
are mcluded 1 the overall uncertamties of the KAIT data.

Decdlination

3. RESULTS

The light curve of GRB 040924 1n Figure 2 1s a combination
of the early observations reported by Fox (2004) at 0.012 and
0.033 days after the burst, the work reported here, and the mea-
surements by Khamutov et al. (2004b, 2004c) at r = 0.37, 0.62,
and 1.536 davs, Fymbo et al. (2004) at + = 0.73 days, and Silvey
et al. (2004) around r = 0.9 days. To put all of the data onto
a consistent magmitude scale, we recalibrated the above-men-
tioned published data by using the Henden (2004) standard
stars for the GRB 040924 field. The data of Fox (2004) were
calibrated by Guide Star Catalog (GSC; ver. 2.2)° stars with
F-emulsion magnitude, which corresponds closely to the R-
band magnitude; the GSC stars are 0.11 mag brighter than the
Henden standard stars i the average of our images. Smce two
reference stars are provided by Khamitov et al. (2004b, 2004¢)
and Fynbo et al. (2004), we measured these stars from LOT
R-band combined images and obtained the average magnitudes
and rms errors; the results were then used to recalibrate the
reported afterglow magnitudes.

The time evolution of the light curve can be expressed in

Declination

2:06:20.0 18.0 16.0
Right ascension

26.0 24.0 220

Fig. 1. —R-tand and I~band images of GRB 040924 taken with LOT. The
location of the afterglow is indicated by a circle in each image.

to improve the signal-to-noise ratio. For the photometry, the
aperture diameter was set to 4 tumes the FWHM of the objects.
The magnitude error was estimated as o, = ;h + cr.fﬁ, where
oy 15 the photometric error of the afterglow estimated from
the DAOPHOT output, and o,,, 15 the systematic calibration
error estimated by comparing the instrumental magnitudes of

the 10 field stars. Besides the calibration data obtained by the » The GSC 2.2 s a magaitude-selected subset of GSC I, an allsky catalog

USNOFS 1.0 m telescope (Henden 2004), we used the mea-
surements of four Landolt (1992) standard-star fields (SA 92,
PG 23314053, SA 95, and PG 2317+046) taken by LOT on

based on 1" resolution scans of the photographic sky survey plates, at two
epochs and three bandpasses, from the Palomar and UK Schmidt telescopes
{http:/fwww-gsss.stseledu/zse/gse2/GSC2home hitm).

TABLE 1
Los or GRB 040924 Opricar AFTERGLOW DBSERVATIONS
Mean Delay  Exposure

UT Date Start Time (dayz) () Magnitude Site

I Filter
2004 Sep 24 ... 18:52:37 0.296 00 =3 2201 £013  LOT
19:46:02 0.333 00 =3 2205016 LOT
20:24:54 0.360 w0 =3 2218 +x013 LOT

R Filter
2004 Sep 24 ... 12:18:21 0018 120 = 1 1844 + 005 EKAIT*
12:55:21 0.044 120 = 1 1931 £ 015 EKAIT*
15:00:35 0.140 600 = 2 2071 £ 013 LOT
18:34:37 0.284 00 =3 2139 +x015 LOT
19:28.57 0.321 00 =3 2147+ 015 LOT
20:07:48 0.348 00 =3 2147 £ 014 LOT
20:42:17 0372 00 =3 21539 £ 017 LOT
2004 Sep 25 ... 08:33:00 0873 300 = 3 =2247 EAIT*

* KATT measwrements were unfiltered but transformed to R (Li et al. 2003a, 20030).
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Fig. 2—T7"band and R-band light curves based on cur (LOT and KAIT)
cbservations and the recalibrated data points of Fox (2004), Fynbe et al. (2004).
Khamitov et al. (2004b, 2004¢), and Silvey et al. (2004). The lines represent
the power-law madels [FIf) o< 1] fitted to the data pownts. Solid line: R-band
a = —0.7 at early times (based on the first three observations). Dashed line:
Late-time R-band best fit of & = —1.06 + 0.03 starting from the third ob-
servation. Dofted line: I-band best fit of « = —0.87 + 0,02 from LOT and
Silvey et al. (2004).

terms of a power law with F(r) o< t*, where ¢ 15 the time after
the burst and « 15 the index. We find o = —0.87 = 0.02
(x*v = 0.06 for v = 2) for the very sparse F-band data
(only three closely spaced LOT observations and one later
observation from Silvey et al. 2004). Simlarly, we denive
a=—099 + 002 (x¥v =208 for v = 12) from all 14
available R-band observations. These two values of o fall
within the range of long GRBs (x = —0.62 to —2.3). so the
afterglow of GRB 040924 1s consistent with the standard model
of cosmic-ray electrons accelerated by the internal and external
shocks of the expanding fireball (Meészaros 2002), as m the
case of typical long-duration GRBs.

Upon closer scrutiny, the first three R-band observations (at
t = 16-30 minutes) indicate o = —0.7, consistent with the
conclusion of Fox (2004), while the subsequent data (starting
from the third R-band observation) give a somewhat steeper
value of & = —1.06 = 0.03 (with x*/v = 1.09 for » = 10).
(Essentially the same late-time result, « = —1.06 = 0.02, 1s
found when we use only our own LOT and KAIT data, together
with the Silvey et al. [2004] observation at + = 0.91 days.)
The data thus suggest the presence of a nuld break, the sig-
nificance of which 1s discussed below.

Finally, our LOT observations of GRB 040924 at ¢ =
7.10 hr mdicate a color mndex of V= R = 0.57 = 0.18 mag,
corrected for foreground reddening of E(B — ) = 0.038 mag
(Schlegel et al. 1998). We have also calculated the color of
observations by Silvey et al. (2004) at + = 0.91 days (22.1 hr)
tobe F— R = 0.35 = 0.10 mag, corrected for foreground red-
dening. While these two values are consistent with the color
of typical long GRBs (FF— R = 040 + 0.13 mag: Simon et
al. 2001), they also may suggest the interesting possibility of
a color change during the time evolution of this afterglow.
However, the color change 1s only margimnally significant, given
the uncertainties. Future GRB afterglow measurements should
shed new light on this tantalizing behavior.

4. DISCUSSION

The brightness variations of the optical afterglows of GRBs
potentially vield important mformation on the expansion of the

OPTICAL AFTERGLOW OBSERVATIONS OF GRB 040924
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ejecta. For example, breaks m the hight-curve power laws at
several hours to several days after the bursts have been observed
m a number of GRBs. This effect 1s generally believed to be
associated with the evolution as a collimated jet (Rhoads 1999).
In the case of GRB 040924, because of the small vanation from
a = —0.7 to —1.06 around r = 50 munutes, the break is not
well constramed. On the other hand, this small break could be
mdicative of some interesting physical process. Note that the am-
plitude of the break (Ao = «, — o here o) and o, are the power
law mdices before and after the break, respectively) 1s mdependent
of extmction under the assumption of no color change. In the case
of GRB 040924, from o; = —07 and «; = —1.06 we find
A = —0.36. According to theoretical work (Rhoads 1999),
Ax = —3/4 for a collimated jet with a fixed angle, and Aa =
e /3 — 1 = =123 for a sideways-expanding jet in the framework
of a constant ambient density model. It 15 clear that the amplitude
of the break mn GRB 040924 1s much smaller than values expected
of jet expansion with power-law mdices much steeper after the
break. The interpretation of a jet break for GRB 040924 is thus
uncertain. Next we will explore an alternative possible explanation.

Panaitescu & Kumar (2000) pointed out that a light-curve break
could also be caused by the spectral cooling frequency moving
through the optical band. This property mmght be used as a di-
agnostic tool to differentiate among different possible scenarios
of GRB afterglow formation. In the standard GRB afterglow
model, it is vsually assumed that the synchrotron emission ob-
served m optical bands ongmates from the expansion of a blast
wave of constant energy into an ISM of constant density. However,
there 1s increasing evidence that some GRBs have massive-star
progenitors. Consequently, the corresponding relativistic blast
waves should actually be expanding mto the stellar wind of the
progenitor stars with a density variation of p oc 77 (Dai & Lu 1998:
Meészaros et al. 1998; Panaitescu et al. 1998). Zhang & Meészaros
(2004) listed the broadband optical spectra of the synchrotron ra-
dhation from a power-law distribution of energetic electrons with a
spectral mdex p accelerated by the blast wave; accordingly, we can
obtamn the values of p before and after the cooling break.

As shown in Table 2, the ISM model provides the only
possible fit (for p> 2) to the GRB 040924 observations that
satisfies the requirement that p should remam nearly the same
(p=193-208) as the spectrum evolves from n, < to
¥y = . Note that within the framework of the ISM model,
p =233 for y, < and p = 2.00 for », > if the corre-
sponding light curve can be characterized by a single power-
law index (o« = —0.99 + 0.02).

Another interesting estimate can be made concerning the
relation between the cooling-break frequency v, the break time
fay: (in umts of days), the redshift z. the magnetic energy e;.
the kinetic energy E:, (in units of 107 ergs). and the density

i1, of the ISM. According to Granot & Sari (2002),
v, = 6.37(p — 046)10%e7 17 (1 + 2) Mz g ES} fd“1
0y

Now, with fy,,, = 0.035, 1, = 47 x 10" Hz in the R band,
z = 0.859, p = 2.08. and the assumptions that E;; = 1.48 and
iy = 1 em™, we find e; = 0.16. This value is consistent with the
normal assumption of a magnetic energy fraction of e = 0.1,
although slightly larger For the case of a single power-law
mdex (o = —0.99 + 0.02), e < 0.01, which 15 much smaller
than the normal value. Our analysis thus suggests that the ob-
served light curve of GRB 040924 could be the result of the
spectral cooling frequency moving through the optical band.
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TABLE 2
ELecTroN SPECTRAL INDEX (p) CALCULATED FROM THE MEASURED SPECTRAL INDEX (o)
p=2 lap=l
FrequENcY* Relation® P Relation® e P
ISM model:
Vg S Ve . p=1—4af3 193 241 p=-2-103 -193 -—-121
Vg = Ve oo, p=23—da/3 160 208 p=-2- 163 1.73 3.65
Wind model:
126 174 p=-6- 8u -0.4 248
16 208 p=-8- 8« -24 0.48
0.7 106 p=—06—4da -32 —1.76
0.7 106 p=—6- 4« -32 —-1.76

* The frequency at which the spectrum breaks due to synclrotron cooling is »,, whereas the

typical visible-light frequency is »,,.

* The GRB afterglow model relation of Zhang & Mészaros (2004).
* The electron spectral index calculated from oy = —0.70 and o, = —1.06.
* The GEB afterglow model relation of Dai & Cheng (2001).

In other words, the apparent break in GRB 040924 might not
be a jet break but rather a cooling break.

5. CONCLUSION

The 1.2-1.5 s duration of GRB 040924, although formally mn
the domain of short GRBs, overlaps the short end of long GRBs.
Moreover, 1t has a soft lugh-energy spectrum, characteristic of
long GRBs. Our optical afterglow observations show that the
temporal evolution, power-law index. and " — R color of GRB
040924 are also consistent with those of well-observed long
GEBs. The signature of a low-amplitude break in the light curve,
as suggested by our present data, can be explained by the af-
terglow model mvoking a cooling break at early times. However,
note that the jet break usually occurs 1-2 days after the burst,
and that there are few observations of GRB 040924 at ¢ = 1 days.
Thus, we cannot exclude the possibility that the true jet break
occurred outside the range of our observations.

Due to the general lack of information on the optical after-
glows of short GRBs, we cannot compare our observations of

GRB 040924 to this class of objects. The Swift satellite, with
higher gamma-ray sensitivity and more accurate localization
than previous missions, will provide more opportunities to un-
derstand the properties of typical short GRBs and of GRBs
near the boundary between short and long GRBs.
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Deep Impact: Observations from a Worldwide
Earth-Based Campaign
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On 4 July 2005, many observatories around the world and in space observed the
collision of Deep Impact with comet 9P/Tempel 1 or its aftermath. This was an
unprecedented coordinated observational campaign. These data show that (i) there
was new material after impact that was compositionally different from that seen
before impact; (i) the ratio of dust mass to gas mass in the ejecta was much larger
than before impact; (iii) the new activity did not last more than a few days, and by
9 July the comet’s behavior was indistinguishable from its pre-impact behavior;
and (iv) there were interesting transient phenomena that may be correlated with

cratering physics.

The Deep Impact mission was designed so that
much of the mission-critical science would be
done from Earth-based telescopes. These facili-
ties would observe the comet before, during,
and after impact to follow the evolution of the
comet in wavelength regimes and time scales
inaccessible to the spacecraft. Observations
began in 1997 to characterize the nucleus of
comet 9P/Tempel | for mission planning and
to establish a baseline of normal behavior
against which impact-induced changes could
be assessed (/, 2). From 1997 through 2004,
observations on 229 nights were obtained from
14 telescopes at nine observatories. In 2005,
since the comet came out of solar conjunction,
the worldwide collaboration has involved
more than 550 whole or partial nights of

www.sciencemag.org  SCIENCE

observation using 73 Earth-based telescopes at
35 observatories (Fig. 1), plus many (Earth-
orbital and Sun-orbital) space-based facilines.

Here we give an overview of the scientific
conclusions and collective observations from the
Earth-based campaign (3). As seen from Earth,
the Deep Impact event did not create a new pe-
riod of sustained cometary activity, and in many
ways the artificial impact looked very much like a
natural outburst. There were some observable
changes after impact in the chemistry of the
observed dust and gas as well as in the physical
properties of the dust, which may suggest that the
matenal beneath the surface was different in
composition from the surface materials.

Ejecta cloud. The ejecta cloud was first
resolved ~20 min after impact by Earth-
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orbiting telescopes at visible and ultraviolet
wavelengths. Later, ground-based telescopes
worldwide imaged the southwesterd y-expanding
cloud of dust and gas in the visible and infrared
(IR) wavelength regime (A = 03 0 13 pm)
Generally, the visble and near-IR wavelengths
(0.3 w 2.5 pm) achieved the best spatial res-
olution and sensitivity; that is, most observa-
tions were sampling the reflected sunlight from
dust in the cloud, with some contribution from
the gas in emission bands (<0.6 um).

About | hour after impact, the ejecta was
semicircular and extended across position
angles 145% to 325°. The ejecta cloud had a
nonuniform light distribution. During the
first 20 hours after impact, the time series
of images showed the leading edge of the
dust cloud expanding outward at a projected
speed of ~200 + 20 m/s (although varying
with azimuth). The southward orientation of
the gjecta indicates that the impact occurred
below the orbital plane of the comet.

From 6 July 2005 (all dates are UT) onward,
the expanding dust cloud increasingly changed
shape because of the push of solar radiation
pressure, forcing the particles into the tail (ie,
antisolar) direction at a position angle of 110°.
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Fig. 1. Map of Earth, showing the locations of observatories collaborating in the coordinated campaign (red dots). World map credit: NASA,

The maximum projected distance in the sun-
ward direction was 30,000 km, achieved on
7 July (Fig. 2). Together, the projected speed
and projected distance imply that a typical dust
grain experienced a ratio of radiation pressure o
gravity of ~0.3.

The size-sorting of the dust grins by radi-
ation pressure led to color changes in the ejec-
ta cloud. Bluer colors on the tailward side of

the plume suggested that submicrometer dust
grains—which are more sensitive to radiation
pressure and less efficient in reflecting red and
IR light—were pushed out first. By 9 July, the
dust cloud dispersed and had faded below the
detection limit of many imaging instraments
(Fig. 2).

By assuming a dust albedo and a “typical”
grain size (0.5 pm), the flux of the impact

gjecta can be converted nto a total dust mass.
On the order of ~ [0 kg of dust were liberated,
equivalent to ~10 hours of normal (pre-
impact) dust production.

Coma structures. For the 6 months before
impact, the dust coma showed a broad fan to the
southeast and other narrow jetlike radial
features at various azimuths. Because they did
not vary with the rotation of the nucleus, these
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Fig. 2. Sequence of processed post-impact R band images of the dust coma of 9P/Tempel 1
acquired from the Mordic Optical Telescope. Morth is up and east is left. Dates are UT; the first
image was taken ~16 hours after impact, and succeeding images were taken around the same
time of day on the following nights. The width of each panel is ~120,000 km at the comet. Each
image has been divided by a pre-impact 3 July image to accentuate structure in the coma. The

evolution of the ejecta cloud is dearly seen.

features are interpreted as a fan coma emanating
from localized sources on the nucleus, with the
observer point of view being outside the
emission cone (4, 3). Neither the number of
jets and fans nor their orientations changed
during the impact period. In particular, no new
long-lived jet or fan has been identified as
being from the newly excavated crater.

Fluctuations that were observed in the
intensity of some coma structures are possibly
related to the impact event itself but could
also be due to natral varations in activity. A
southwesterly jetlike feature seen one-half rota-
tion period after impact was observed to be
brighter than it had been before impact. This
could have been caused by gas production from
the ejecta dust grains themselves. By just one
full rotation period after impact (41 hours), the
coma morphology had refumed to its pre-impact
state, which suggests that the impact site was
by this time beginning to cease its activity.

Gas production. The gas species com-
monly monitored at visible wavelengths in com-
etary comae—CN, C,, Cy, NH,, and CH—were
observed in 9P/Tempel 1 before and after
impact. During the first 2 days after impact,
observations showed the intensity of the spe-
cies” emission bands increasing by a factor of
~1.5to 5. An example of the increase in CN as
seen through spectroscopy 1s shown in Fig. 3.
Photometry was also used by some groups (6).
The abundance ratios among the common spe-
cies stayed at pre-impact levels (5). In particular,
the C,-to-CN abundance ratio of ~0.8 classifies
9P/ Tempel | as a “typical” comet (7), as it was
before impact. Gas production was back to i
pre-impact level by 9 July.

In the near-IR, species not directly detect-
able before impact—H,0, C,H, CH,OH,
C,H,, and HCN—appeared after impact (8).

www.sciencemagorg  SCIENCE  VOL 310

The abundance ratios among these species
were consistent with those of typical Oort
cloud comets (8), although 9P/ Tempel | is a
Jupiter-family comet There have been rela-
tively few studies of these species among
members of the Jupiter family.

Measurements of the CN (0-0) band in
the visible spectma revealed isotopic abun-
dances of carbon and nitrogen: The 2C/MC
ratio was close to the solar value (which is
89), and the "N/¥N mtio was half that of
Earth’s value (which is 272). Hence, comet
9P/Tempel | shows the same low nitrogen
1sotopic ratio that was recently detected in
other Jupiter-family comets (¥).

In addition to near-IR detections of water,
other groups monitored the submillimeter tran-
sitions of H,0 and the near-ultraviolet ransi-
tions of OH. For example, spacecraft observing
the 557-GHz transition of water reported a 20%
increase in the hours after impact. However, the
natural variations in water production that were
seen before impact could account for this. On
the other hand, there was also a factor of 3
increase in OH production. The reconciliation
of these data awaits further analysis.

Several species were monitored from
eround-based mdio telescopes. HCN at 88.6
and 2659 GHz and CH,OH at 145 GHz were
detected for only a few days after impact; the
production rates later returned to or fell below
pre-impact levels. The abundance ratios of HCN
and CH,OH relative to water were similar to
those observed in other comets. Post-impact
upper limits to production rates were derived
for CO, C8, H,CO, and H,S; pre-impact upper
limits were obtained for OH, CH,OH, and
HCN. All radio detections and upper limits with
space-based and ground-based telescopes indi-
cated very litdle effect on molecular gas produc-
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tion as a result of the impact, whereas somew hat
larger effects were noticeable in H-, C-, and N-
bearing molecules and in the dust detectable in
the visible and near-IR. wavelength region. A
possible explanation for this different behavior
could be gas released from the ejected cometary
dust as a consequence of dust fragmentation due
to the sublimation of intergrain ices.

Wide-angle imaging in narrowband filters
tuned to the fluorescence of H,0% and CO*
in visible wavelengths was performed. The
observations did not reveal any signatures of
substantial ion production that could be at-
tributed to the impact.

X-ray observatons (0.1 to 1.0 keV) were
performed at impact time and afterward. Comets
produce x-rays by charge-exchange reactions
between the solar wind’s highly ionized minor
ion population and the neutral cometary gas
species (/f). A ~3(0%% increase in the X-my
counts, lasting for about | day, was seen by
Earth-orbiting x-ray telescopes after impact.
This is interpreted as due to excursions in the
comet’s gas production rate for a collisionally
thin charge-exchange system.

Dust properties. Mid-IR observations
can be used to constrain fundamental proper-
ties of cometary dust, and 9P/ Tempel | was
no exception, at least after impact. Because
of the comet’s faintness, pre-impact mid-IR
spectra (A= 8 to 13 pm) obtained from the
ground were essentially flat and featureless.
Space-based observations gave better signal
but yielded a similar pre-impact picture. The
grains were generally large (=1 pm) and the
8- to 13-pm emission band was very weak,
consistent with previous apparitions (1 f).

Immediately after impact, a short barlike
structure extending ~ 1 arc sec at a position
angle of ~225° was seen from ground-based
mid-IR imaging. Over the next several hours,
the mid-IR flux of the central coma bright-
ened by a factor of ~2 (Fig. 4). Note that the
increase in total dust flux (compared to the
apparently more modest increase in gas flux)
implies that the ratio of dust mass to gas
mass in the gjecta was not the same as that
seen before impact. This was a dusty impact.

Ground-based mid-IR spectroscopy revealed
a subsiantial growth in the 8 to 13-um silicate
emission feature after impact. The strength of that
emission band suggests an emission dominated
by submicrometer (0.5 to | pm) dust grains. The
small size of the grains is consistent with the re-
ports from the spacecraft imaging (/2). The
composition, as derived from modeling the shape
of the emission band, is a mix of amorphous
olivine and pyroxene, amorphous carbon (which
conirols the dust temperature ), crystalline fos-
terite, and clino- and orthopyroxene (13, 14). In
particular, the resonance peak seenat 11.2 umis
indicative of Mg-rich crystalline olivine. Indeed,
the degree of crystallinity in the dust grains was
substantially higher in the impact ejecta relative
to pre-impact measurements. Organic refractory
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material was not needed to model the emission
band. The shape of the post-impact silicate
feature is strikingly similar to the spectm of
active, long-period comets, especially Hale-
Bopp. The silicate emission band persisted for
about 20 to 26 hours after impact; after that time,
the spectral features had disappeared and the
comet had retumed to its pre-impact mid-IR flux.

Space-based mid-IR observations were per-
formed in phase with the mtation perod 10
ensure that the comet was sampled at similar
states of activity. Moreover, in the wavelength
segments that are inaccessible from the ground
(5to8 um, 13 to 18 pm, and =25 pum), the space-
based data filled in the gaps. Imaging at & = 16
um at the time of mpact may have revealed
thermal emission from the hot impact plume,
albeit with a spatial resolution that was poorer
than that of the ground-based telescopes by a
factor of 5 to 10. Spectroscopic coverage of the
entire 3- to 40-um region afier impact revealed
compositional and grain temperature information
similar to what was seen on the ground. The 9- o
37-um region showed evidence of crysialline
pyroxene in addition to the olivine seen from the
ground. Spectral features due to H,0, CO,, and
carbonaceous material were also seen (/35).

Polarization of the dust coma was mon-
itored by several groups. Before impact, po-
larization in visible wavelengths was measured
to be 7.0 + 0.5%. After impact, some varia-
tion of polarization with wavelength (0.65 w0
0.9 pum) and also with distance from the nucleus
was seen, suggesting a change in grain size,
porosity, or composition.

Photometric behavior. The transient pho-
tometric behavior of the comet’s inner coma in
the first 15 to 30 min after impact was recorded
by many groups. For a small aperture of radius
~1 arc sec, the comet brightened by about 2.3
mag in the visible wavelengths. Note that the
nucleus had a magnitude of ~17 in standard
Cousins R band at the time of impact.

Subtle changes in the light curve can be
linked to post-impact phenomena on the comet’s
surface. A typical light curve with high temporal
resolution is shown in Fig. 5. In the first few
minutes, there were three distinet rates of
brightening. From impact to ~1 min after, the
comet brightened sharply. Then, for the next 6
min, the brightening rate was more gradual.
However, at ~7 min after impact, the bright-
ening rate increased again, although not as
steeply as at first. This mte remained constant
for the next 10 to 15 min, at which point the
comet’s flux began to level off. In the smallest
apertures (radius = | arc sec), the flux then began
to decrease again ~45 min after impact.

This three-sloped light curve as seen in Fig. 5
could be directly linked to the formation of the
impact craer, its evolution, and the evolution of
the outzassing from it. The falloff in brightness
by the first few hours after impact is related to a
decrease in the level of activity from the new
crater. However, the effect is also partly due w

the gecta moving beyond the edze of the
photometric aperture; the peak of the light curve
depends strongly on aperture size. Light curves
from larger apertures displayed later times of
peak brightness; moreover, the comet did not
stay at its peak brightness for very long,
regardless of aperture. This means that the
outgassing from the crater, although much less
fecund relative to its activity immediately after
impact, had not completely ceased If it had,
light curves with large apertures would show a
flat peak flux lasting for the length of time
needed for the dust to move out of the aperfure.

No group reported seeing an unambig-
uous, short-duration (<1 s) flash at the exact
moment of impact, despite the impact site
being visible from EFarth. This is likely due
to the low contrast of the flash versus the rest
of the light from the inner coma as seen in
maost Earth-based telescopes.

Natural outbursts. The comet was ob-
served to have a series of natural outbursts in
addition to the one induced by Deep Impact

These outbursts were identifiable above the
comet’s nomnal, gradual brightening as it ap-
proached perihelion. The brightness of the
comet's dust coma varied with heliocentric
distance r as ¥~ until early May and dropped
thereafter. The first identified outburst occurred
on 23 and 24 February (/6) as the comet
brightened by ~40%.

Morphological analysis of an outburst was
camied out from visible-wavelength images
obtained on 14 June. The outburst showed an
arc of material extending over position angles
of 215% to 45°. At the peak of the outburst,
the comet’s brightness was higher than that in
previous dates by ~ 350 to 60%. This outburst
was also seen by the Deep Impact spacecraft
itself. Observations by multiple telescopes
allowed a projected velocity of the dust from
the outburst to be calculated: ~200 m/s. Note
that this is similar to the speed of the Deep
Impact ejecta.

After this discovery, more intense photo-
metric monitoring was initiated, and a series

ETT | TTTT | ERE | H T T T 'i'l'l T | TTTT | TT T | H
4000 i preimpact : 05:55 : 06:06 : 2000
2000 - = -+ 2000
w000 |- 06:17 o 06:33 T 06:49 1 4000
2000 — ° b - 2000
o 0 _L 1 ' o | ! 0
- S T ore T o737 ]
§ 4000 = B  Eal | 4000
8 o r — |
N I - mE .
£ 2000 — - H 2000
£ [ - -
g sk h 5
4000
2000
0
Wl AT FRETI

3860

3880 3860

3880 3860 3880

Wavelength

Fig. 3. Spectra (normalized to 1 air mass and 15 min exposure time) of the CN Av =0
emission band (§v = 0) on 4 July 2005. Data were obtained with the Keck | telescope. The plot
shows that the intensity of the CN lines increased by more than a factor of 5 from the pre-impact
level to the peak post-impact level (UT 0721, ~1.5 hours after impact). The emission then begins to
decrease; the ejecta must have filled the slit, and the decrease represents the dilution of the gas by
expansion. This is consistent with a gas outflow velodty of ~1.1 km/s.
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of ontbursts occurred approximately every 8
days. On 22 June, there was another outburst
and the dust coma morphology was similar
to the one on 14 June. On 29 June, mid-IR
and x-ray observations revealed another
outhurst.

On 2 July, another outburst was reported
by the spacecraft and by several observers.
This was the only event for which a sub-
millimeter continuum defection was ob-
tained; no such detection was reported for
the impact event itself. An outburst that was
seen by ground-based radio observations of

OH occurred on 6 July. Further outbursts
were reported on & July (in x-rays) and 9
July (in visible wavelengths).

This series of pre- and post-impact natu-
ral outbursts bears strong resemblance to the
one induced by the impact itself. The proj-
ected expansion velocity of the dust cloud
has been ~200 m/s for every outburst. The
coma morphologies induced by both the
natural outbursis and the impaci-induced
one have been very similar. Specifically,
the shape of the gjecta cloud and the gjecta
opening angles (~180°) behave similarly,

Fig. 4. Synoptic pre-
sentation of photomet- L
rically calibrated mid-IR -
fluxes as measured with
the European Southemn
Observatory's 3.6-m
telescope. Aperture size
was 2500 km at the
comet Data were ob-
tained from 2 days be-
fore impact to 7 days
after impact. The scat-
ter in the data is due to
the "noise” introduced
by the normal comet
activity. This is consist-
ent with observations 5 L o duly 2/3
done in February and L
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expanding until the radiation pressure starts
to dominate the structure.

Summary. The ground-based observing
campaign brought together a collaboration of
unprecedented size and scope for support of a
spacecraft mission. We had worldwide in-
temational cooperation, which was critical for
addressing fundamental questions revealed by
the Deep Impact experiment. Data analysis
continues, but several conclusions can be made.

We now have adequate observations to
understand the detailed composition of dust in a
Jupiter-family comet. Furthermore, this dust
comes from deeper subsurface layers than
normal, so it 15 less processed than the cometary
dust we nomnally see. The dust to gas mtio in the
gjecta was larger than what was measured before
impact, which suggests that the volatile content
of the nucleus’s material is depleted even several
meters below the surface.

The consensus from the observing cam-
paign was that the impact was an impulsive
event. A large amount of material was
gjected into the coma in a very short time
and took no more than 5 days to dissipate,
but the amount of material emitted from the
impact site was relatively small. Although
we cannot conclusively state that the impact
did not create a new source, we can conclude
that any new source must be small when
compared to the sources that already existed
on the nucleus.
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ABSTRACT

Context. The radio quasar 3C 454.3 underwent an exceptional optical outburst lasting more than 1 year and culminating in
spring 2005. The maximum brightness detected was [ = 12.0, which should represent the most luminous quasar state ever
observed (Mg ~ —31.4).

Aims. In order to follow the emission behaviour of the source in detail, a huge multiwavelength campaign was organized by the
Whole Earth Blazar Telescope (WEBT).

Methods. Continuous optical, near-IR, and radio monitoring was performed in several bands. Moreover, ToQ pointings by the
Chandra and INTEGRAL satellites provided information at high energies in May 2005.

Results. The colour-index behaviour {(generally redder-when-brighter) during the outburst suggests the presence of a luminous
accretion disc. The historical radio and optical light curves reveal a sort of anti-correlation. Up to about 2001.0 only moderate
variability characterized the optical regime, while prominent and long-standing radio outbursts are visible at the various radio
frequencies, with higher-frequency variations leading the lower-frequency ones. After that date, the optical activity increases and
the radio flux becomes less variable. This suggests that the two corresponding jet emitting regions are separated and misaligned,
with the inner optical one acquiring a smaller viewing angle during the 2004-2005 outburst. A huge mm outburst has followed
the optical one, peaking in June—July. In the meantime the high-frequency (37-43 GHz) radio flux started to increase and
reached a maximum at the end of our observing period {end of September). VLBA observations at 43 GHz during the summer
strictly confirm the brightening of the radio core and show an increasing polarization. An exceptionally bright X-ray state
was detected in May, thus correlating with the rising mm flux and suggesting an inverse-Compton nature of the hard X-ray
spectrum.

Conclusions. A further multifrequency monitoring effort is needed to follow the next phases of this unprecedented event.

Key words. galaxies: active — galaxies: quasars: general — galaxies: quasars: individual: 3C 454.3 — galaxies: jets

1. Introduction galactic nuclei. The dominant non-thermal emission of
blazars is ascribed to a plasma jet oriented at a small
angle to the line of sight, so that the radiation is rela-

tivistically beamed. The broad-band spectral energy dis-

The fat-spectrum and highly polarized radio quasar 3C
454.3 at z = 0.859 belongs to the blazar class of active

Send offprint requests to: M. Villata

* For questions regarding the availability of the data
presented in this paper, please contact Massimo Villata
(villata@to.astro.it).

tribution (SED) of blazars shows two components: the
lower-energy one is attributed to synchrotron radiation by
relativistic electrons, while the higher-energy one is com-
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Fig. 1. Optical (top) and radio (bottom) light curves from 1966 to the end of September 2005; the yellow strip indicates the
period of the 2004-2005 WEBT campaign, while grey vertical lines show the times of the satellite pointings (see Fig. 4). Bottom
panel: black points indicate the 8 GHz light curve (1489 data points); red, green, and blue curves represent the cubic spline
interpolations through the 30-day binned light curves at 5, 14.5, and 37 GHz, respectively; blue points are sparse 37 GHz data.
Top panel: besides the R-band light curve (2709 data points), the radio hardness ratios Hy; ¢ (blue line) and Hy, 5,5 (green
line} are plotted as 18 — H; the light blue shading highlights where Hyr g is harder than average.

monly thought to be due to inverse-Compton scattering
of soft photons by the same relativistic electrons. In ad-
dition to these two components, quasars can also show a
“big blue bump” in the UV band, which is interpreted as
the signature of the thermal dise feeding the supermassive
black hole. This component is mostly visible when the syn-
chrotron emission is faint (see e.g. Pian et al. 1999). One
of the main features of blazars is their strong emission
variability at all wavelengths, from the radio band to -
ray energies, on time scales ranging from a few minutes to
several vears.

2. The WEBT campaign

The historical optical light curve of 3C 454.3 starts from
~ 1900 and in the radio bands the source has been
monitored since the 1960s. Figure 1 shows the optical
(top) and radio (bottom) light curves over the last ~ 40
vears, The historical radio data are from the University of
Michigan Radio Astronomy Observatory (UMRAQO) and
the Metsdhovi Radio Observatory (Terdsranta et al. 2005,
references therein, and unpublished data), while data from
the Crimean (RT-22), MDSCC (PARTNeR), Medicina,
Noto, and SAQ RAS (RATAN-600) Observatories as well
as data from the VLA/VLBA Polarization Calibration
Database! contribute to the most recent part of the light
curves. In the figure the radio data are represented as black
points (8 GHz), red line {cubic spline through the 30-day
binned 5 GHz data), green line (the same for 14.5 GHz),

! http://uwu.vla.nrac.edu/astro/calib/polar/.

while blue points/spline indicate the 37 GHz fluxes (in-
cluding also 36 GHz data). The radio light curves show
prominent, long-lasting outbursts, with higher-frequency
variations leading the lower-frequency ones, as typically
found in many blazars,

On the other side, the optical light curve shows two
very different phases. Until ~ 2001.0 only moderate vari-
ability is observed, in the range B ~ 15-17 (an exception
being the higher activity shown in ~ 1940-1935, when R
reached ~ 14; see Angione 1968). From 2001 the ampli-
tude of variations started to increase. On May 9.36, 2005
{at the start of the current observing season) the source
was observed at R = 12.0°, thus triggering a multifre-
quency campaign by the Whole Earth Blazar Telescope
(WEBT)®. In order to have information on both the ris-
ing and decreasing phases of the outburst, data were col-
lected from June 2004 to the end of September 2003.
In total, 5584 UUBV RI observations from 18 telescopes?

* This outburst peak should represent the most luminous
quasar state ever observed: Mg ~ —31.4 (Hy = 70 km s*
Mpe !, Qar = 0.3, Qa = 0.7), comparable only with the 3C
279 putburst of 1937 (Mg ~ —31.2). For comparison, the
bright but nearby quasar 3C 273 has “only” Mp ~ —26.4,
while the most luminous quasars of the 5SDS5S and of the
z = 4 sample of Vignali et al. (2003) reach Mg ~ —29.1 and
Mg ~ —30.2, respectively.

* http://www.to.astro.it/blazars/webt/; see e.g. Villata
et al. (2004b); Raiteri et al. {2005).

1 Kvoto, Osaka Kyoiku, Lulin, Mt. Maidanak, Abastumani,
Crimean, MonteBoo, Catania, Armenzano, Michael Adrian,
Torino, Sabadell, Teide (BRT), Roque de los Muchachos (KVA
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Fig. 2. Time evolution of the B — R colour index (top) during the WEBT campaign compared with the R-band light curve
(bottom); orange points in the light curve highlight the R data used to derive the B — I indices; the red curve is a cubic spline
interpolation through the 43 GHz light curve, arbitrarily scaled to fit the figure; the light blue strips indicate the epochs of the
INTEGRAL (left) and Chandra (right) pointings, while the light green and red ones refer to spectra shown in Fig. 4; the red

triangles mark the VLBA epochs of Fig. 3.

were performed in this period; moreover, JHK data were
taken at Campo Imperatore, Calar Alto, and Roque de
los Muchachos (NOT). Radio data from 1 to 43 GHz
were acquired at several antennas, mentioned above. In
the top panel of Fig. 1 the R-band light curve from the
WEBT campaign is displayed as blue dots (see also Fig.
2): it is composed of 1502 points. In particular, 1146 data
were taken in 143.59 days, from May 9.36 to September
20.95, 2005, during the outburst decreasing phase, with a
mean time separation of 3.0 hours, and only 4 gaps longer
than 36 hours (2-4 days). Previous data are shown as red
points; they come from literature (including the recent pa-
per by Fuhrmann et al. 2006) as well as from some WEBT
observatories. Here we present some results of this cam-
paign; a more detailed study is deferred to a forthcoming
paper.

By looking at Fig. 1 no evident correlation appears
between the optical and radio events. In particular, a low
radio state characterizes the 2004-2005 optical outburst
as well as the previous optical activity, while the past
strong radio outbursts do not show any optical counter-
part. Even the hardness ratio between the 37 GHz and
8 GHz splines (Haq/s = Fiz/Fg, plotted in the top panel
as 18 — Hyr g, blue line) does not show correlation with
the optical, as instead found by Villata et al. (2004a) for
BL Lac. Only during the WEBT campaign one can see
a correlation: a fast rise of Hyr /& to its maximum value
{1.43), delayed by several months with respect to the rise
of the optical outburst. This growth of Hyqpg is essen-

and Liverpool), Foggy Bottom, Kitt Peak (MDM]), and San
Pedro Martir Observatories.
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tially due to the increase of the 37 GHz flux visible in the
bottom panel. The 43 GHz light curve, not plotted there
(but in Fig. 2, see below), strictly confirms this trend.
In the top panel Hyy ;5 s also plotted (green line) for
comparison. In general, its trend mimics fairly well that
of Hyr /8, with some delay and reduced variability ampli-
tude. In particular, just a slight increase can be seen in
2005. The 22 GHz flux and the corresponding Hay gy dis-
play an intermediate trend, as expected. In conclusion, the
general lack of correlation between the radio and optical
behaviour suggests that the corresponding emitting parts
of the jet are misaligned. It seems that before 2001 the
radio part was more alipned with the line of sight and the
radio variability was thus enhanced by Doppler effects.
On the contrary, in the last 5 years the optical radiation
would dominate the scenario due to a smaller viewing an-
gle of the corresponding emitting region. Thus the flux in-
crease we are seeing at the high radio frequencies should
be produced close to the optical region. The outburst will
probably propagate further out, towards lower-frequency
emitting regions. However, we cannot foresee whether it
will be visible, since this depends on the jet curvature. A
confirmation of the above general picture comes from the
source behaviour in the mm bands, where a strong out-
burst was observed to peak in June—July 2005 (Krichbaum
& Ungerechts, private communication).

The time evolution of the B — R colour index during
the optical outburst is shown in Fig. 2 (top panel), com-
pared with the R-band light curve (bottom panel). Orange
dots in the latter panel highlight the E-band points used
to derive the B — R colour indices. In general, a “redder
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Fig. 3. VLBA maps at 43 GHz.

when brighter” trend can be recognized. Since 3C 454.3
is a quasar, this can be interpreted as due to the contri-
bution given by the thermal emission from the accretion
dise, which mainly affects the bluer region of the optical
spectrum. However, there seems to be a kind of “satura-
tion” effect in the B — R trend: in the hrightest part of the
outburst (R £ 14) the trend is not visible any more. Most
likely, this is due to the dominance of the non-thermal
jet emission, which would display its usual “bluer when
brighter” hehaviour, thus balancing the opposite trend.

The 43 GHz flux-density spline is shown in the bottom
panel for comparison, arhitrarily scaled to fit the figure
(the range is ~ 4-13 Jv). It peaks in September 2005, i.e.
2-3 months after the mm outburst, which seems to have
a similar delay with respect to the optical event.

3. VLBA observations

Figure 3 shows three recent VLBA maps at 43 GHz com-
pared with an older map dated April 2001°. The plot is

® Multiepoch and multifrequency VLBA monitoring of 3C
454.3 (with polarization) was performed between May and
December 2005 (Savolainen et al., in preparation).
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Table 1. Results of VLBA observations of 3C 454.3 at 43 GHe.

Epoch Total Int. (mJv) Polarized Int. (mJy)
April 14, 2001 1710 13
June 25, 2005 6560 74
July 16, 2005 6290 103
August 28, 2005 10200 200
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constructed with both total and polarized intensity, nor-
malized to the peak values achieved at epoch August 2005
(Sior = 9.62 Jy/beam, Spq = 0.162 Jy/beam). The total
intensity is shown by contours from (0.15% up to 76.8%
of the August 2005 peak value, increasing by a factor of
2. The sticks show the electric vector and their length is
proportional to the local polarized intensity. There is a sig-
nificant increase in both total and polarized intensity of
the VLBI core compared with the values in April 2001 (see
also Table 1), thus confirming the expectation that the 43
GHz rising flux in 2005 seen in Fig. 2 come from the VLBI
core. The three VLBA epochs are indicated in Fig. 2 as
red triangles. Since the VLBI core of 3C 454.3 at 43 GHz
used to have very low polarization compared to the west-
ern feature at (.7 mas from the core, a strong increase of
the core polarization along with the total flux suggests a
new component emerging from the core. However, as dis-
cussed in the previous section, the emerging feature will
be more or less visible depending on the jet bending.

4. Chandra observation

3C 454.3 was observed by Chandra on May 19.7-21.0,
2005 with the HRC-LETG instrumental configuration.
The Chandra pointing was performed as part of a To()
program on blazars in outburst, and lasted 112 ks. We
used version 3.3 of the CIAO software to reduce and
analyse the data. We extracted source and background
spectra from the standard HRC-LETG bow-tie regions,
and then grouped the source spectrum to contain at
least 20 counts per channel. We used the fitting-package
Sherpa to fit the background-subtracted source spectrum
in the range ~ 0.2-8 keV. Here we report the result
of the continuum spectral analysis, while the study of
narrow absorption features due to possible intervening
Warm-Hot Intergalactic Medium filaments is deferred to
a forthcoming paper (Nicastro et al., in preparation).
The 0.2-8 keV spectrum is well described ('X?'f{l.t‘.l.f. =
1817/2368) by a rather flat power law, with photon index
' = 1.477 £ 0.017, absorbed by a large column density
N = (1340 £0.05) x 10! em=2, exceeding by more than
a factor of 2 the Galactic value. We measured de-absorbed
fluxes of Fyo_o = (5.5 £0.2) x 107 erg em = 57! and
Fy_g =(84£0.2) x 10~ erg em—2 s~1.

5. Spectral energy distribution and conclusions

In Fig. 4 we show the broad-band SED of the source.
The small black crosses in the radio—optical range indicate
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archival data taken from NED. In the X-ray band we plot-
ted data from old observations by ROSAT in November
1991 (Sambruna 1997) and in May 1992 (Prieto 1996), as
well as data from a BeppoSAX observation in June 2000,
and data from a pile-up affected Chandra observation in
November 2002 (Marshall et al. 2005).

During the brightest phases of the optical outburst,
in May 2005, there were other observations by high-
energy satellites (RXTE, Swift, INTEGRAL) besides the
Chandra one presented in the previous section. The To()
INTEGRAL ohservation was performed on May 15.8-
18.4. In Fig. 4 we show the corresponding 3-200 keV spec-
trum (Pian et al., submitted to AL A). The Chandra spec-
trum of May 19.7-21.01s also plotted, together with radio,
near-IR, and optical data from the WEBT in the period
of the two pointings (blue symbols). Since in this period
the optical brightness varied by AR = (1.9, we plot two
UBVRIJHK spectra representative of a high and a low
state. No significant variation in the spectral slope is seen
between the two states, despite their different brightness
levels, in apreement with the rather stable colour index
found in this period (see Fig. 2, light blue strips). The
contemporaneous radio data follow a power law from 1 to
22 GHz, which then breaks due to the just started rise of
the 37 and 43 GHz fluxes (see Figs. 1 and 2). The grey
vertical strips in Fig. 4 show the historical variation range
of the radio and R-band data collected for this paper (and
partly displayed in Figs. 1 and 2). For the mm bands an
arbitrary range from 3 to 30-40 Jy has been adopted, to
mimie the strong recent outburst. One month after the
May satellite pointings, around June 21.0, the reddest ob-
served optical state 1s achieved (light green line in Fig. 2).

% http://www.asdc.asi.it/bepposax/.
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The corresponding near-IR-optical spectrum is displayed
in Fig. 4 with green symbols: it is indeed very steep, cross-
ing the lower May spectrum around the H band, and prob-
ably going to connect with the highest parts of the mm
strips, since we should be close to the mm outburst peak.
Also the 37-43 GHz flux has increased (see also Figs. 1
and 2), while no appreciable variation is seen at lower fre-
quencies. In late September, at the foot of the outburst,
the bluest optical state of 2005 is found (light red strip
in Fig. 2). The corresponding (red) spectrum in Fig. 4 is
the average on 5 days (September 23.0-28.0) of intensive
UBVRIJTHK monitoring: the thermal component seems
to strongly affect the spectrum. At this time also the 22
GHz flux starts to increase and the radio spectral break
shifts down, while the top of the outhburst is achieved at
37-43 GHz (see also Figs. 1 and 2).

The main feature of the plotted SEDs is the strong
variability of the optical-IR (and mm) and X-ray fluxes.
In Fig. 1 vertical grey lines indicate the times of the X-ray
pointings. The X-ray flux seems to correlate neither with
radio flux (always rather low), nor with the optical level
(in 2002 it was brighter than during the previous point-
ings, but the X-ray flux was lower), nor with the radio
hardness (higher during the ROSAT pointings and inter-
mediate during the others). It seems instead to correlate
with the mm flux, since a big mm outburst was close to its
peak during the May X-ray observations. This is expected,
due to the probable inverse-Compton nature of the hard
X-ray spectrum.

In conclusion, this unprecedented quasar optical out-
burst led an as well unprecedented mm outburst {accom-
panied by an exceptionally bright X-ray state) by 2-3
months, and, 2-3 months later, it has fully propagated
also to the high radio frequencies. All this has been hap-
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pening in the VLBI radio core. We cannot foresee whether
and when further propagation will be visible at lower fre-
quencies and outside the radio core, due to a probable
jet bending. In any case, a further multifrequency mon-
itoring effort is needed to follow the next phases of this
exceptional event.
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ABSTRACT

We carried out photometric observations of asteroids with comet-like orbit. These asteroids are thought
to be dormant comet, and provide opportunity to reveal properties of bare cometary nuclei which are
difficult to be observed by comae contamination due to the cometary activities. A near-Earth asteroid
2005 UD was discovered by Catalina Sky Survey in October 2005, Orbital parameters of this asteroid is
similar to those of (3200) Phaethon. (3200) Phaethon has comet-like orbit, and thought to be a parent
body of meteor shower. Orbital similarity of these asteroids may suggest that 2005 UD is a fragment of
(3200) Phaethon. To test this hypothesis, we carried out photometric observations of 2005 UD. Results
of multi-color photometry shows bluish surface of 2005 UD which is consistent with the surface of (3200)

Phaethon. We also report the lighteurve of 2005 UD.

1.

The Apollo-type near-Earth asteroid (3200) Phaethon
(= 1983 TB) was discovered by the InfraRed Astronom-
ical Satellite (IRAS) in October 1983 (Green & Kowal
1983). Although, the appearance of (3200) Phaethon 1s
asteroidal, the orbit is highly eccentric as ¢ = (.89 like
those of comets. In addition, (3200) Phaethon is thought
to be the parent body of Geminid meteor stream (Whip-
ple 1983, Gustafson 1989, Williams & Wu 1993). (3200)
Phaethon is likely a dormant cometary nucleus which
cometary activity is sporadic or an extinet cometary nu-
cleus which activity is no more seen. Many attempts
are made to detect faint coma of this object (Cochran
& Barker 1984, Chamberlin et al. 1996, Hsieh & Jewitt
2005). No cometary activity is observed.

On 22 October 2005, an Apollo-type near-Earth as-
teroid was discovered by Catalina Sky Survey, and the
temporal designation of 2005 UD was given to this object
(MeNaught et al. 2005). Ohtsuka et al. (2005) suggested
2005 UD is likely a parent body of the daytime Sextan-
tids meteor stream based on the orbital stmilarity. Fur-
thermore, they pointed out the possihility that 20056 UD
15 a member of Geminid stream complex and a fragment
of (3200) Phaethon. Ohtsuka et al. (2006) performed
numerical integrations of (3200) Phaethon and 2005 UD
hoth forward and backward using Kustaanheimo-Stiefel
regularized equation of motion (Arakida & Fukushima
2000, Arakida & Fukushima 2001). Results of the nu-
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merical integrations shows similar behaviors between or-
bital evolutions of (3200) Phaethon and 2005 UD with
the shift of about 4,600 years. This supports the idea
that 2005 UD is a km-sized fragment of (3200) Phaethon.

We have carried out the observational studies of the
Apollo-type near-Earth asteroid 2005 UD. The aim of
our observations is to check the hypothesis that 2005 UD
is a fragment of (3200) Phaethon which is supported by
dynamical study. We briefly introduce our observations
in Section 2, give the data analysis procedures and report
results of the ohservations in Section 3, and summarize
in Section 4.

2. Observation
The photometric observations of 2005 UD was carried
out at Lulin Observatory of the Institute of Astron-
omy, National Central University in Taiwan. The Lulin
Ohbservatory is located at the peak of Mount Lulin
(120°52'25"E, 23°28'7"N, H = 2862-m) at the central
region of Taiwan. We used 1-m telescope (F/8) and a
CCD camera to obtan imaging data. The pixel scale of
this system is 0.516 arcsec per pixel, and this is spatially
well sampled under the typical seeing size of FWHM ~
1.5 arcsec. The resultant field-ofview is 11.5 » 11.2
arcmin. The details of the instrument is reported by
Kinoshita et al. (2005).

The data was acquired on six nights from 31 Octo-
ber to 5 November 2005, At the time of ohservations,



the heliocentric distance of the object ranged from 1.36
to 1.42 AU, and the geocentric distance of the ohject
ranged from 0.51 to 0.62 AU. Non-sidereal tracking was
used for imaging of 2005 UD. We used BVRI filters to
measure the surface colors of 2005 UD. To aveid the ro-
tational effect, observations were done in the R-B-R-V-
R-I-R sequence. This sequence of observation secures at
least the rotatiomal lightcurve when the sky condition
is unstable. The exposure time was set to 180 sec for
R-band, and 300 sec for other bands. When the sky is
photometric, standards from the list provided by Landolt
(1992) and observed along the night. Photometric stan-
dard stars are carefully selected to cover wide ranges of
alrmass and colors for accurate correction of atmospheric
and instrumental signatures.

3. Analysis and Results

The dark subtracting and flatflelding were applied in the
standard manner using image analysis software package
NOAQ IRAF. Then, plate constants were refined by WC-
STools (Mink 2002) for astrometric measurements. Re-
fined orbital elements were calculated by Nakano (2005)
including our measurements. Those elements are re-
ported by Otsuka et al. (2006).

The differential photometry was performed using R-
band images. We applied Lomb's algorithm (Press et al.
1992) to relative magnitudes of 2005 UD to extract the
periodicity. The Lomb periodogram os 20056 UD is shown
in Figure 1. The periodogram exhibits the maximum at
the period of 2.615 hour. Figure 2 is the phase curve
assuming the periodicity of 2.615 hour. Considering the
lightcurve 1s due to the irregular shape of the asteroid,
the double of the obtained periodicity 5.230 hour is the
actual rotational period. The lower limit of the axis ratio
is caleulated from the amplitude of the lighteurve, if we
assume the variability comes from elongated shape of
the object. The amplitude of the lighteurve is (.42 mag
which tmply the lower limit of axis ratio of 10%44™ ~. 1.5,

The multi-color photometry was performed. The
transformation coefficients were estimated using the
"photeal” package of NOAO TRAF. We defined trans-
formation equatons as

Bia = Binst+Z—-kpX +Cg(B-V), (1)
Vaad = Vint+2Zv —kvX +Cv(B-V), (2)
Rad = Rina+Zp—kpX +Cr(V-R), (3)
Iéa = ITins +Z1 =k X +Cr(V -1), (4)

where B, Vetd, Hatd, Larq are the standard magnitudes,
Binsty Vinst, Hinst, Iinee are the instrumental magni-
tudes, Zp, Zyv, Zp, Z1 are zero point maguitudes, by,
ki, k. kG are the first-order extinetion coefficlents, Cg,

Ve Wps g : 18, &g,
Cv, Cg, Ot are the color terms, and X 1s the airmass.
The second-order extinction coefficients are found to be

small from our previous observations, and are neglected
for this study. Obtained transformation coefficients are
summarized in Table 1. The surface colors of 2005 UD
are B—V =0.78+004and V — R =0.354+0.03. These
values are plotted in Figure 3 as well as typical colors of
major subclasses of asteroids. (3200) Phaethon 1s known
to be B-type asteroid which exhibits bluish surface color.
Previous measurement of B —V = 0.34 1s reporeted for
(3200) Phaethon (Skiff et al. 1996). Our measurements
of colors of 2005 D are in good agreement with color of
(3200) Phaethon.

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

03/Nov/2005 04/Nov/2005 05/Nov/2005
Zp 422772003 2285001 2283+£0.01
kg 0.16 +0.02 0.18 +0.01 0.17 £0.01
Cg 4+012+£001 +4015+0.01 +0.1440.01
Zy  423.08£003 23.14£001 23.11+£0.01
kv 0.08 +0.02 0.10+0.01 0.00 +0.01
Cy —0.09+001 —-007+0.01 —0.06=+0.01
Zp  +23.04£003 23.09£0.01 23.05£0.01
kp 0.06 +0.02 0.07 +0.01 0.08 £0.01
Crg  —013+£002 0114001 —0.08£0.01
Zr  42237£0.03 2238+£0.01 22.36+0.02
ky 0.06 +0.02 0.04 +0.01 0.03 £0.01
Cr 4002+0.01 +0.04+0.01 +0.044+0.01

4. Summary

2005 D is suggested to be associated with daytime Sex-
tandid meteor stream and to be a fragment of (3200)
Phaethon. We performed photometric observations of
2006 UD using 1-m telescope at Lulin Ohservatory in
Taiwan to test this hypothesis. Results of multi-color
photometry showed bluish surface of 2005 TUD which is
consistent with (3200) Phasthon, and support the hy-
pothesis that 2005 UD is a km-sized fragment of (3200)
Phaethon. The time-resolved photometry in R-band
showed rotational period of 5.230 hour. The lower limit
of the axis ratio a/b ~ 1.5 is estimated from the ampli-
tude of the lighteurve.
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Photo-polarimetry of unusual asteroid 1992 UY4 with LOT+PICO

Yusuke Sato (Hokkaido Univ.), Daisuke Kinoshita (NCU),
Hiroyuki Maehara (Univ. of Tokyo) Naoyuki Awajiya, (Tokyo Gakugei Univ.)
Reiko Furusho (Waseda Univ.), Hideyo Kawakita,(Kyoto Sangyo Univ.)
and Munetaka Ueno,(Univ. of Tokyo),

Introduction
Asteroids are considered primordial bodies in the solar system.

We know classify asteroids into several taxonomic types for considering their matter,
If we know some value of asteroids from observations.

We often search their color, albedo, Polarization, light curve, and spectrums etc.

Especially, if we can get linear polarization degree variation with phase angle from
photopolarimetric observation, we can decide asteroid's albedo, size and type. Those
information are very important things for understanding asteroids.

Therefore, we want to observe many asteroids to study for the solar system formation.
But, so far, we understood relatively larger asteroids.

However, small asteroids (a few kilometers or below in diameter) are not understood
well now. We think that we need to study about small asteroids for understanding the
solar system very well.

Observation

We observed asteroid 1992 UY4 with LOT + PICO
(Polarimetric Imager for Comet [Ikeda et al.
submitting] )+AP8 CCD at Lulin observatory,
from 31 July 2005 to 3 August 2005. It was close
to the Earth last early August.

This asteroid’s phase angle (Sun-asteroid-Earth
angle) varies so large during short time and it’s
very useful for determining such asteroid’s
physical parameters. Its V-band magnitude was
12.3 at that time.

We used i1-band filter and we observed several g1 This is PICO + APS CCD image.

polarimetric  standard stars. We  used  Acteroid was center of circle.

non-sidereal tracking.
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Data reduction

Data reduction is accomplished through initial processing to photometry with IRAF.
We used APPHOT package. That aperture parameter is 4, annulus is 8, dannulus is 10.
And we used our polarimetric degree calculator that we refer Kawabata et al. (1999).

Results

We obtained polarization degree varies from -0.65% to -0.46% , when phaseangle varies

from 6.5 degree to 12.8degree during our observations.

Discuss and conclusions
We succeed to observe asteroid LOT + PICO + APS. o S8 L
According to our results, we do not consider the object | .

to be M-Type and C-type. We show right figure, our oy o _-". &

results plotted near zero point at that phase angle. Our | _of #.*3 .

results suggest that the asteroid is S-type or V-type. If ¢ B .

the asteroid i1s S-type, It is appropriate that main belt L 3 -

a ’ " - .
S-type asteroids are inner belt more than all of main I L 3 i IR N
belt. L3 ) ;,:"_"
-'.. "F.t‘:-'.
We think that analyze other results of 1992UY4, (light _ b

curve, polarization curve, etc) we can obtain varied S

things. Fig2? General value of asteroids
Phaseangle vs. polarization degree
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Abstract. Results of first CCD photometry during the recent deep light decline, and high-resolution spectroscopy, are presented
for DY Persei. The spectra show variable blueshifted features in the sodium D lines. The C1 lines are strong whereas neutron-
capture elements are not enhanced. The isotopic '*CN(2,0) lines relative to **CN are of similar strength with those for the
carbon star U Hya. All these confirm the RCB nature of DY Per and the existence of ejected clouds. At least two clouds are
revealed at —197.3 and —143.0 km s™!. A star was detected about 074 to the west and 2’5 to the north from DY Per. This

anonymous companion, with observed colour indices (B— V) =

0.68 and (V — R) = 1.1, may be a foreground star.
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1. Introduction

The prototype of R Coronae Borealis (RCB) stars was observed
for the first ime more than 200 years ago. However, after two
centuries of investigations many aspects of the R CrB phe-
nomenon remain mysterious (for a general review, see Clayton
1996). The atmospheres of RCB stars are extremely hydrogen-
deficient but rich in carbon and nitrogen (Asplund et al. 2000,
and references therein). RCBs seem to be of low mass yet high
luminosity. At irregular intervals they manufacture thick dust
clouds which can completely obscure the photosphere of the
star. During these dust formation episodes the brightness of the
star can decrease by 5 to 8 mag in a few weeks and character-
istic emission lines are seen in the spectrum. Recently several
bright, very large circumstellar dust clouds were detected in
RCB variable RY Sgr (de Laverny & Mékarnia 2004). These
enigmatic stars seem to be born-again giants, formed either
through a final He-shell flash in post-AGB stars or through a
merger of two white dwarfs. No RCB star is known to be a
binary.

DY Per (CGCS 372) was suspected to be an RCB star based
on the photometry by Alksnis (1994). Subsequent photometric
monitoring revealed a number of sudden light declines typi-
cal for RCB variables superimposed on the 792-day cycle of
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long-period light variations { Alksnis et al. 2002). However, the
temperature of this star is much lower than average for other
RCB stars. Moreover, the luminosity of DY Per was suspected
to be lower than usually for RCBs. Keenan & Barnbaum (1997)
estimated Ty =~ 3500 K using the standard criteria of spec-
tral classification and a giant luminosity. DY Per was classified
as R8 (Hardorp et al. 1973), C4,5 (Yamashita 1975), C5.4p
(Dean 1976) or C-Hd4.5 C;6 (Keenan & Barnbaum [997).
Alcock et al. (2001) revealed four stars similar to the Galactic
variable DY Per among eight RCBs discovered in the Large
Magellanic Cloud (LMC). They found for RCBs in the LMC
arange of absolute magnitudes My from —2.5 to —5 mag and
a temperature — My relationship. The warm RCBs are brighter
than the cool one. Therefore DY Per remains an intriguing ob-
ject with unknown evolutionary status. Here we present the first
results of CCD photometry during the recent deep light decline
(see Alksnis 2004), and some results of high-resolution spec-
troscopy for this unique star.

2. Observations and data reduction

The imaging photometry of DY Per was taken with the Lulin
I-m telescope (LOT), equipped with a Princeton Instruments
Pl 1300B CCD camera. The /8 optics of the telescope
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gives 0 516 per pixel and an FOV about 11” on the focal plane.
DY Per was monitored in the V band from early October 2004
through late January 2005, for which differential photometry is
available. Typical seeing was about 2”. On several nights, in
particular on 11 November 2004 for which the sky conditions
were good, a complete set of BVRI data were acquired and
calibrations of standard stars and extinction were performed.
Exposure times ranged from 20 s in the [ and R bands, 90 s
in the V band, to 300 s in the B band. The Landolt stan-
dards, SA92 #245, 248, 249, and 250, were used for flux cal-
ibration, with a typical internal photometric accuracy better
than ~0.01 mag. Images were processed by standard proce-
dures of bias and dark subtraction and flat fielding with the
IRAF package.

High-resolution spectra for DY Per and the comparison
star UT Hya were obtained with the coudé échelle spectrometer
MAESTRO fed by the 2 m telescope at the Observatory on the
Terskol Peak in Northern Caucasus equipped with a CCD de-
tector (Musaev et al. 1999) with a resolving power of ~45 000,
A fotal exposure time of 7200 s was made for DY Per
on 18 November 2002. The spectrum covered from 3600
to 10200 A in 85 wavelength bands overlapping shortward
of H,. Each region spanned from 50 to 140 A. Because of
the energy distribution in carbon stars the SN ratio shortward
of 4800 A is very low. In addition, for comparison purposes
one high-resolution spectrum of similar resolution was adopted
from Barnbaum (1994) to reveal possible changes in spectra
between two seasons of observations. The reduction of spectra
was performed with the standard DECH20T routines.

3. Analysis
3.1. Photometry

Images observed on 11 November 2004 during the deep light
decline revealed a nearby star about 0’4 to the west and 2”5
to the north from DY Per. Figure 1 shows the images in the B
and [ bands. Individual fluxes of DY Per and the anonymous
star were measured using the IRAF/DAOPHOT for PSF pho-
tometry. The carbon star DY Per is much redder than the
companion so a clear separation is seen toward shorter wave-
lengths. The magnitudes for DY Per itself were found to be
mg ~ 17.89 mag, my ~ 15.68 mag, and mg ~ 13.89 mag, re-
spectively. The anonymous star had mp ~ 17.48 mag, my ~
16.80 mag, and mp ~ 15.66 mag, respectively. At longer wave-
lengths, DY Per outshines the companion. In the / band, the
pair could no longer be resolved, and the combined flux, pre-
dominantly from DY Per, was m; ~ 11.85 mag.

The anonymous star, judging from its observed colours in-
dices (B— V) =0.68 and (V — R) = 1.1, is likely a foreground
star so not physically related to DY Per. With no prior knowl-
edge of the existence of the anonymous star, previous pho-
tometric measurements of DY Per, in particular toward short
wavelengths, conceivably could have been influenced.

For the photometry obtained on other nights only the com-
bined fluxes of DY Per and its companion were estimated (see
Table 1). DY Per appeared to have brightened between mid-
November and mid-December of 2004.
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Fig.1. The star field around DY Per (marked) in the B (left)
and I (right) bands observed with the Lulin 1-m telescope. An anony-
mous star is seen to the north of DY Per.

Table 1. The combined visual magnitude of DY Per and the nearby
star.

Date D Vv
mag
2004 Oct. 4 24532825 1548
28 ies 1526
Nowv. 1 oS 1528
7 iles 1534
11 3205 1535
Dec. 17 565 1483
2005 Jan. 21 39L5 l4ed
24 3045 1455
29 3995 1446

3.2. Radial velocity

The radial velocity (RV) for DY Per was measured from
the high-resolution MAESTRO spectrum (JD 2452 597.5) us-
ing about 30 relatively clean and symmetric atomic absorp-
tion lines selected over the whole spectral region. In addition
about 60 uncontaminated CN lines were selected for RV mea-
surements. No significant difference was found in the velocity
derived from atomic or molecular lines. The heliocentric cor-
rection was calculated to be =0.5 kms™". Thus the mean he-
liocentric stellar RV, was found to be —43.7 km s~ with a
standard deviation of the mean value of 0.4 km s~

Radial velocity for DY Per using the same (common)
lines was estimated also in the spectrum observed at Lick
Observatory (JD2448141.5), RVy = —47.2 km s~!, which
is close to that (—46.8) obtained by Barnbaum (1992) using
the cross correlation technique against the template of a stan-
dard carbon star. The difference between the stellar radial ve-
locities derived for two seasons seems to be significant. We
note that Dean (1976) reported RV, = -39 + 5 kms™" us-
ing medium-resolution spectra. The change could be the re-
sult of pulsations in this SRb variable. Barnbaum (1992) us-
ing cross-correlation analysis found the mean radial velocity
to vary about 3 kms! for SR and Lb variable carbon stars.
Spectroscopic monitoring, preferably with simultaneous pho-
tometric measurements, is highly desirable to clarify the nature
of RV variations in DY Per.
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Fig.2. The observed spectra of DY Per (C4.35.6) around the
Na1DI12 lines for two different seasons, November 2002 (solid line)
and September 1990 (dotted line: Keenan & Barnbaum 1997), both
near light maxima. Also shown are the spectra for a typical carbon
star U Hya (C6,5) and the standard star Arcturus (K 1.5 ). All spec-
tra have been shifted in wavelengths to correct for the stellar radial
velocities. The resolved five NaT components are indicated by ticks.

The resulting rectified spectrum for the region around
Na1DI12 lines along with those for the typical carbon star
U Hya (C6,5) is presented in Fig. 2; also shown is the spec-
trum for the standard K 1.5 giant Arcturus (Hinkle et al. 2000).
Although the spectrum of DY Per is very crowded the spec-
tral features seen in both spectra (seasons) are almost iden-
tical. Some discrepancies in the relative intensities seem fto
be mainly due to uncertainties in the continuum definition.
However, significant changes are seen in the sodium lines.
At least five components are resolved in each of the spectra.
Averaged DI and D2 velocities of these components on 2002
(phase 0.77yand 1990 (phase 0.15) are (-197.3,-143.0,-57.0,
-36.7, —12.8) km s7! and (-214.4, -157.8, —-56.8, —-36.6,
—10.4) km 57!, respectively. The phases are calculated using
Max =2438521+792E (Alksnis 1994). Each measured radial
velocity refers to the line core, and for an individual line is
accurate to about 1.5 kms~". It is evident that the two most
blueshifted components display changes both in the radial ve-
locity and the shape, thus lending support to the assertion
(see Keenan & Barnbaum 1997) that the most blueshifted
component would be formed in the cloud of dust and gas
ejected by DY Per. However, the interstellar origin of the
component at —157.8 km s~! was overruled due to signifi-
cant changes in the profile and velocity. Thus at least two
clouds ejected by star are detected. Three components near the
stellar velocity of DY Per seem to be non-variable so origi-
nate from the photosphere and interstellar medium. The exis-
tence of ever-changing thick dust clouds near the surface of
the RCB star UW Centauri was discovered by Clayton et al.
(1999). De Laverny & Mékarnia (2004) reported the first di-
rect detection of heterogeneities in the circumstellar envelope
of the RCB variable RY Sgr. Thus our spectroscopy support the
RCB nature of DY Per.
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Fig. 3. The observed spectra around the Ba line at 4934 A where
contamination by molecular lines is relatively low. It is seen that bar-

ium is not enhanced in the atmosphere of DY Per. The strong C1 line
at 4932 A is marked.

3.3. Chemical peculiarities

The usge of traditional method to calculate atmospheric param-
eters and abundances for DY Per is not possible mainly due to
the lack of reliable atmospheric models. Asplund et al. (1997)
calculated hydrogen-deficient model atmospheres for typical
RCB stars only with effective temperatures higher than 5000 K.
Here a few results of qualitative analysis are provided those
based mainly on comparison of our high-resolution spectra
for DY Per (C4.5,6), U Hya (C 6,3) and the standard K 1.5 gi-
ant Arcturus. In the red spectral region the influence of the
nearby star should be negligible, because the spectrum of
DY Per was observed near the maximum of light and the com-
panion is much hotter than DY Per itself.

An inspection of the high-resolution spectra of DY Per rel-
ative to the normal carbon star U Hya ([Fe] = 0.0, [s/Fe] =
+1 dex, '2C/C =35; see Abia et al. 2002) shows that a large
number of strong C; and CN lines dominate over all the
analyzed spectrum, blending significantly with the atomic ab-
sorption lines. However, a limited number of relatively uncon-
taminated atomic lines were selected to check chemical pecu-
liarities revealed for typical RCBs. Our analysis shows that
the lines of the iron-peak elements are of similar strength or
slightly deficient while features due to the atomic carbon are
enhanced (see, for example, Fig. 3), in agreement with that
for typical RCB stars. The equivalent widths of strong C1 line
at 4932 A in the spectra of DY Per and U Hya are EW =~ 500
and 280 mA, respectively. The shape of the spectrum of carbon
star determine mainly the absolute abundances of CNO ele-
ments and the C/O ratio. The extremely complicated spectrum
of DY Per (due to carbon bearing molecules) in comparison
with that for the carbon star U Hya support high C/O value
for DY Per. However, it is evident that neutron-capture ele-
ments are not enhanced. For example, the barium line at 4934 A
in the spectrum of DY Per is relatively weak (EW = 400 mA;
see Fig. 3) in comparison with that for U Hya (EW = | AJ,
confirming nearly solar barium abundance. Notice that typi-
cal RCB stars show weak hydrogen and strong C(N) lines;
the s-process elements usually are mildly enhanced (Asplund
et al. 1997). Relative intensities of spectral features due to
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Fig. 4. The spectra of DY Per and U Hya in the spectral region
from 7965 to 7977 A. The isotopic 13CN(2, 09 lines (dashed line) rel-
ative to 2CN (dotted line) are of similar strength with those for the
carbon star U Hya with 12C,I”C. =35
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Fig. 5. The observed spectra around the H, line. The laboratory wave-
length of H, line is marked by the dotted line. The small dip in the
spectra of DY Per and U Hya could be the core of H,. In this case
hydrogen deficiency in the atmosphere of DY Per is doubtful.

isotopic molecules were inspected using the C; Swan system
band heads near 4740 A and some lines of CN red system (2,0}
at 7975 A. It is evident that the isotopic *CN lines relative
to 12CN are of similar strength with those for the carbon star
U Hya (see Fig. 4). The discrepancy with some previous es-
timations seems to be due to neglected blends in the used
low-resolution spectra. Unfortunately, the regions around H,
(Fig. 5) and Hg lines are too crowded to clarify the level of
hydrogen deficiency in the atmosphere of DY Per even in the
high-resolution spectrum. An inspection of another lines of the
Balmer series was not possible due to very low SN ratio in the
blue region of high-resolution spectrum.

4, Discussion and conclusions

1. An inspection of the high-resolution spectrum of DY Per
observed near the light maximum relative to the normal
carbon star U Hya shows that neutron-capture elements
are not enhanced while the features due fo atomic carbon
are strong, in agreement with that for typical RCB stars.
The metallicity was found to be nearly solar. The isotopic
3CN lines are not enhanced in the spectrum of DY Per rela-
tive to '2CN. Unfortunately the spectral regions around H,
and Hg are very crowded to clarify the level of hydrogen
deficiency in the atmosphere of DY Per.
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2. A significant changes are seen in the profiles of sodium
D lines between two seasons of observations. At least five
components are resolved. Averaged D1 and D2 heliocen-
fric velocities of these components on 2002 (phase 0.77)
and 1990 (phase 0.15) are (-197.3, —143.0, -537.0,
-36.7, —12.8) kms~! and (-214.4, —157.8, —56.8, -36.6,
—10.4) kms™!, respectively. Thus two the most blueshifted
components display changes both in the radial velocity
and shape while three components near the stellar velocity
of DY Per seems to be non-variable. The blueshifted com-
ponents apparently are formed in the clouds of gas and dust
ejected by DY Per. The rest revealed components originate
in the stellar atmosphere and interstellar medium.

3. Aclose nearby star was detected about 25 from DY Per us-
ing CCD images during the recent deep light decline. The
carbon star DY Per itself is much redder than the compan-
o1 so a clear separation is seen in the B band. At longer
wavelengths DY Per starts to outshines the companion. The
presence of such companion was not revealed during more
than 10 years of the photometric monitoring, however, it
was supposed by Alksnis (1994) to inferpret the variations
of the observed colour indices. This anonymous compan-
1on, with observed colour indices (B — V) = 0.68 and
(V= R)= 1.1, may be a foreground star.
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Photometric variability studies on brown dwarfs
Soumen Mondal, Wen-Ping Chen
Graduate Institute of Astronomy, National Central University

We propose to use CCD R and I bands photometric observations to study brown dwarfs for
atmospheric variability. We will observe a sequence of L dwarfs to probe their hour scale variability
because of their atmospheric clouds or dust that is expected by some models for these objects. Our new
observational results would constrain the physical parameters of the dynamics of the very cool

atmospheres.

Large-scale imaging surveys (e.g., 2 Micron All Sky Survey (2MASS), Deep Near-Infrared Survey of
the southern sky (DENIS) and Sloan Digital Sky Survey (SDSS) ) have resulted in a major revolution
in cool star research. From these surveys we have witnessed an avalanche of brown dwarf, pushing
stellar temperature below 1000 K. These discoveries have required the definition of two new spectral
classes, L and T dwarfs (Kirkpatrick et al. 1999, APJ, 519, 802), the major additions to the widely
accepted MK system.

Efforts are still underway the new detection of brown dwarfs from these surveys. Second phase is the
understanding of their structure, origin and evolution. One means of probing the atmospheric structure
of brown dwarfs has focused on the presence, or lack of photometric variability, which may be tied to
circumstellar warm dust clouds properties or magnetic activity (Enoch et al. 2003, AJ, 126, 1006). If
any exists, it is unclear on what timescale such variability would occur, or how large a fractional
variability amplitude to expect. But limited observational efforts on variability studies have been given
idea of such expectations. For example, two L1 dwarfs show a R-band non-periodic variability of
amplitude ranging from 0.01 to 0.02 mag (Sengupta et al. 2005, APJ, 619, L183). Another example, a
young brown dwarf, S Ori 45 show variability of 34 to 81 millimag at I and J band filters at period of
2.5-3.0 hr (Zapatero Osorio et al. 2003, A&A, 408, 2003).

For photometric observations of brown dwarfs we will use the Lulin 1m Telescope (LOT) and optical
CCD camera. A few target lists of brown dwarfs in the spectral type of L dwarfs are assembled in the
below list from the published data considering their  brightness and good observability from the
Lulin observatory during November-December 2005. There is no published R and I band mag for
many of those sources, the approximate mag in I-band is calculated from their color-spectral type
relation and given in the list. The differential photometric light curves with an accuracy of 20 to 30
millimag will allow us to investigate photometric variability and periodicity on those selected

observable samples.

The observational efforts on variability will provide much insight on their atmospheric activity and
possible mechanisms (e.g. presence of dust clouds, rotation, binarity and magnetic activity etc), and

constrain the atmospheric models of low mass dwarfs. Such considerations drive searches for more
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variability measurements, in order to more characterize their atmospheres.

We observed eight brown dwarfs of spectral type early L in R and I bands during Nov 29 - Dec 4 2005
using CCD photometer on LOT. Data analysis is in progress. From these observations, we will look for
short-period (over few hours scale) variation, which might be related to rapid evolution of atmospheric
features (either clouds or magnetic spot), or the orbital motion of companion at separation of few
stellar radii. Our observations might help us better understanding of their variability, e.g. if it is periodic
then may be due to orbital motion of a close companion, and if non-periodic then due to atmospheric

features.
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Two Comets were Observed in 2005
Zhong-Yi Lin
Graduate Institute of Astronomy, National Central University

C/2004 Q2 ( Machholz)
On Aug. 27, 2004 the well-known comet hunter Donald Machholz discovered his 10th comet, again
visually, with his 15 cm (6 inch) reflector. In mid-December it will start to move rapidly northward,
predicted to reach 4-5 mag at the beginning of January 2005, mainly due to the proximity to earth
(0.35 A.U.)on Jan. 7 2005. We apply the proposal to observe this comet during the perigee passage
and perihelion passage with the narrow-banded filters ( C2, NH2, RC, BC).

Figure 1: Images produced by “divide”” method. (Left: Dec. 5, 2005, Right: Dec. 15, 2005, 10°’FOV)

In Figure 1, Twisted jets were clearly detected using the “divide” method in the C2 images, that are
clearly not present in the continuum images. To get the clearly coma structures in comet images, the
azimuthally average coma intensity profile would be used and applied to continuum image and all C2
images available ( before continuum subtraction ). In Figure 2, a examples for the jets are shown in C2
images. On Jan 24 and 25, a possible disconnetion of one jet from the comet nucleus was observed. In
Figure 3, On one night, a clear change in position angle of the jets could be observed. Nevertheless, the

dataset appears to be not sufficient to derive the position of the comets rotational axis.

Figure 2: Coma jet structures. Left: C, image (Dec 24, 2004 , 4' fov  Figure 3: A clear change in position angle of the jets. ( Jan 24, 2005.
Right: C, image (Jan 25, 2005. 4.5' fov) 4.5' fov)
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9P/Tempel 1

The periodic comet 9P/Tempel 1 with an orbital period of
5.5 years and a perihelion distance of 1.5 AU will be the
target of the Deep Impact mission of NASA. A 370-kg
projectile will be fired at its nucleus on July 4, 2005, with
the purpose of creating an artificial impact crater with the
size of a football field.( Figure 4: the flight system of Deep
Impact Mission ) It is expected that a burst of gas and dust
will be ejected from the surface and interior thus leading to
an increase of the coma brightness by several magnitude to
m ~ 6. The impact of the Deep Space Probe projectile on
July 4 was awaited with much anticipation. The experiment
was successful and very interesting results were recorded.
However, observers on Earth were widely disappointed,

because the impact did not result in any significant

HGA with 2Z-axis gimbal

Flyby Sl 7.5 e
Spacecralt solar
- array

HRI

- Figure 4 : Flight System

brightening of the overall brightness of the coma. Many observers did not even see the comet at all at

the time of impact, because at that time it had grown very diffuse at low altitude. Those who were

lucky to observe the comet at impact time reported an increase of the degree of condensation and the

appearance of a short-lived inner coma. Very few observers with large amateur instruments noticed and

documented a brightness increase of the very center by about 1-2 mag within the first hours after

impact.

Using the same method reduces the data of 9P/Tempel 1, we found the dust expanding after DI time.

( Figure 5.) Unfortunately, there are only a few images for Lulin observatory by testing 40cm telescope

although the weather

condition is good for

9P/Tempel 1, 40cm telescope, N
Lulin, 5.53 July, 2005, 2min exp. W
r=1.506, A= 0.901 E

observation. On that time, I
was in Xinglong Observatory
Beijing but the weather was
bad for comparison with
Lulin Taiwan! In conclusion,
we just have a few images
during the DI time and we
detail

information form  these

can’t get more

images_ Right: BAO 80cm. )
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Age and Distance Determination of the Open Cluster NGC 1857
Wen-Shan Hsiao & W. P. Chen
Graduate Institute of Astronomy, National Central University

NGC 1857 is a poorly studied open cluster located at the anti-Galactic center direction. One
early-type star has been previously recognized to have Balmer emission lines. In our study of Herbig
Ae/Be stars, i.e., intermediate-mass pre-main sequence (PMS) stars in open clusters, we identified
another early-type emission-line star in NGC 1857. Earlier studies of NGC 1857 suggest an age (> 1
Gyr) too old to host such young member stars. This prompted us to conduct a detailed investigation of
this star cluster. Our data consist of 2MASS, imaging photometry with the LOT, and optical
spectroscopy of the BAO 2 m.

In March, 2005, Chin-Wei Chen took UBV images of NGC 1857. We used a combination of
IRAF and IDL to process the data. We found that the U-band images of the LOT show noticeable
“halo” structure around bright stars, rendering inferior photometric accuracy. We compared our U
magnitudes of the bright stars in NGC 1857 with those published by Mermilliod (1987), and found
systematically higher fluxes in our data. We henceforth rescaled our photometry for the subsequent

analysis.
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Fig. 1: Comparison between our photometric data (from left to right, for V, B, and
U bands) and the published values. In each case the diagonal dashed line
represents the equality between our photometry and that of Memilliod (1987). The
offset values are V~0.21 mag, B~0.14 mag, and U~0.27 mag, respectively.

The (U-B) versus (B-V) color-color diagram is shown in Figure 2.  The reddening of the cluster,
determined from the early-type members, is estimated to be ~0.45 mag. The dereddened
color-magnitude diagram is then compared with the theoretical evolutionary tracks by Girardi et al.
(2000), shown in Figure 3. The age of NGC 1857 is determined to be between 10** and 10** years,
with a distance of ~5.2 kpc. NGC 1857 is, therefore, a distant open cluster of an intermediate age, for
which all massive members should have already evolved off the main sequence. Hence those bright
and red sources in the color-magnitude diagram are likely giant members, and the two emission-line
stars cannot be PMS sources. In November 2005, deeper images were taken with the LOT.  Spectra

taken at BAO in December 2005 confirmed the classification of giant stars in this cluster.
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Furthermore, we find the two emission-line stars to be classical Be stars. Our data provide a clue to the
evolutionary status of this peculiar class of objects. A paper is being drafted and we will report these
results in the 2006 CPS meeting.

s

t-8

s
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Fig. 2: Color-color diagram of NGC 1857. The red lines represent unreddened
ZAMS (solid) and giant (dotted) loci. The blue lines represent those with a
reddening of E(B-V) = 0.45 mag.
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Fig. 3: Color-magnitude diagram of NGC 1857, with the
isochrone overlaid. The red symbols represent photometric
members.
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Report on Galactic High Latitude Open Cluster Study 2006
Chin-Wei Chen
Graduate Institute of Astronomy, National Central University

I totally got 25 nights in 2005, but returned 7/25-29 when I was in Europe for an international

conference this summer. For the remaining 20 nights, none of them are clear enough to get photometric

data on open clusters. Even so, I still took some galaxy images to make pseudo-color images for the
2007 calendar as Fig.1-4.

Fig.1 M65 Fig.2 M74

Fig.3 M81 Fig.4 M82

Instead of my own run, Wen-Shan Hsiao and Fong-Yi Huang observed 12 open clusters under clear
sky in another run. These clusters are NGC305, NGC7193, Dol-Dzim 1, NGC 6980, NGC 7801,
White 1, NGC 1891, Be 50, Dol-Dzim 9, es0485-20, IC1590 and NGC7833. Fig. 5 is the reduced
V-band image of NGC 7193 with 3 sec exposure time. Fig .6 is the color-color diagram and color
magnitude of NGC 7193. This cluster may not be a bona fide open cluster but just a density

enhancement of field stars. Data of other clusters are being processed and the data reduction will be
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finished before the end of Jan 2006.

sec exposure time

Fig.5 reduced V-band image of NGC 7193 with 3
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Fig.6 left) Color-color diagram of NGC 7193.  The red curve is the
theoretical track of zero-age main-sequence stars.
right) Color-magnitude diagram of NGC 7193.  The uniformly
distributed stars may imply that this is only the projected
effect of field stars rather than a real open cluster.
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TAOS at Lulin in 2005

S. K. King®(4 = %), C. Alcock®, T. Axelrod’, F. B. Bianco™, Y. I. Byun®, Y. H. Chang" (58 X %),
W. P. Chen’(F# * &), K. H. Cook®, R. Dave’, J. Giammarco®, T. Lee® (% + ), M. Lehner™,
J. Lissauelh, S. Marshalli, S. Mondalf, I.de PaterJ, R. Porratak, J. Ricel, M. E. Schwambd,

A. Wang® (2 1=7), S. Y. Wang® (2 #:3), C. Y. Wen® (;§. £ 4%) and Z. W. Zhang' (36 %7 &)

*Institute of Astronomy & Astrophysics Preparatory Office, Academia Sinica, Nankang, Taiwan, ROC

®Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA
“Steward Observatory, University of Arizona, AZ, USA

4Department of Physics & Astronomy, University of Pennsylvania, PA, USA
¢ Department of Astronomy, Yonsei University, Korea

Institute of Astronomy, National Central University, Chung-Li, Taiwan, ROC
Institute of Geophysics & Planetary Physics, Lawrence Livermore National Laboratory, CA, USA
"NASA Ames Research Center, Mountain View, CA, USA

iStanford Linear Accelerator Center, Stanford, CA, USA

i Department of Astronomy, University of California, Berkeley, CA, USA
Department of Physics, University of California, Berkeley, CA, USA
'Department of Statistics, University of California, Berkeley, CA, USA

TAOS started taking simultaneous long zipper data regularly since the winter of 2004. There are some

hardware improvement and software upgrading every now and then. Here is a summary of some major

activities and progresses at Lulin site in 2005.

L.
2.

Real-time tracking using zipper image is available since July.

Simultaneous long zipper data from two or three telescopes were analyzed using aperture
photometry. The hold time was usually 0.25 s. The length of the long zipper of each observed
field varied from 20 minutes (before April 20), 30 minutes (till June), to 1.5 hours (since July).
The list of analyzed fields in Table-1 is provided by Z. W. Zhang. Some observed fields in
January, February and October might be missing. Some fields were observed several (n) times per
night (labeled as “*n”). A telescope might be down during an observation. A long zipper could be
stopped due to system crash or twilight (not shown in the table). Some preliminary light curves

are available at taos.asiaa.sinica.edu.tw/~kiwi.

TAOS C mirror was re-polished and (temporarily) re-coated in Korea in June. It was installed on
site in August. However, the edge (about 1-2 cm) of this mirror seems have poorer optical quality.
A temporary mask might help.

One arm of TAOS D lid was broken and fixed in September. TAOS B lid was replaced because of
leakage in heavy rain.

The A/D circuit of TAOS B camera (800-106) lost one bit in its dynamic range. The TAOS C
camera (800-111) was used as a replacement.

A status report “Status of the TAOS Project and a Simulator for TNO Occultation” will be
published in Advances in Geosciences 2005 (Volume 3: Planetary Science), World Scientific Pub.
Co., Singapore, 2006.
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2005 Analyzed Fields TAOS 30-Jul 121, 138 AB
54.62.71. 74, 82. 83, 97, 102, LTl 8 101 B
15-Feb 117.118.137. 165 |ABD s —
Y. 146, 147, 150 B0 1-Aug | 121(+2), 124, 151, 138(B) |AB
4-Apr | 81,90,113, 117,119,120 |ABD 2Aug | 12102),124,138, 151  |AB
05, 98, 108, 117, 120, 146, 7-Aug 28,124 AB
7-Apr 90(AD) ABD 29-Aug 126 AB
t1-apr | MO 1111 116151 app 9-Sep 129 AB
19-Apr 147, 148, 151(+2) ABD 11-Sep 30, 126, 134, 138 AB
20-Apr 151 ABD 13-Sep 51,124, 129, 138 AB
apr | 5505 14;78,&138), 3162, [app 14-Sep 28,30, 126, 134 A
SN IR X /AT pee 15-Sep 30,53, 121,130, 138 |A
p 148(AB). 151(AB*3) 16-Sep | 28,121,124,130, 134 |A
30-Apr 147, 151 ABD 28-Sep 33 AB
1-May 107, 147, 148, 151(*3)  |ABD 29-Sep 136 AB
4-May 147, 148 ABD 30-Sep 68, 134 AB
16-May 147, 148, 151(*4) ABD 4-Oct 68, 123, 134 AB
21-May 14 ABD 6-Oct 50 ABD
] 107, 147, 143(*2), 151(*2). 23-Nov 130, 162 AD
26-May 93(A) ABD 24-Nov 18 ABD
30-Jun 28(A), 28(AB) 25-Nov 23,49, 52, 57, 62 AB
1-Jul 28, 121(2) A 26-Nov 53, 60, 162 AB
4-Jul 121(+2), 147, 151 A P .50, 15 B
S-Jul | 121(%2), 151(3), 138(B)  |AB 28-Nov 19,48.54,130, 160 |AB
6-Jul 28, 138, 151 AB 29-Nov | 43,60, 126, 18(AB), 69(A) |ABD
O-Jul 28, 2I0D, 151 |AB -Dec 20,39,52,137  |ABD
10-Jul 121, 151 AB 2-Dec 38,68,125,160  |ABD
11-Jul 147, 151 AB 9-Dec 71, 137, 162(AB) ABD
13-Jul 147, 151 AB 15-Dec 126. 57(AB) ABD
16-Jul 150, 151¢*3) AB 17-Dec 130, 51(AB) ABD
24-Jul 121, 28 AB 22-Dec 23 AB
25-Jul 121(A), 121(AB) 23-Dec 18, 61, 82, 160 ABD
26-Jul 28 AB 25-Dec 71,74 ABD

Table 1. Summary of TAOS long zipper data (analyzed) in 2005. (summarized by Z. W. Zhang)
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Low-latitude ELF-whistlers observed in Taiwan
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[1] Detections of ELF whistler-like events at a low latitude
location are reported. Events with frequencies between 60
and 100 Hz were recorded by the ELF station at the Lulin
Observatory in Taiwan from August 26, 2003 to July 13,
2004. The most distinguished feature for these events is the
frequency descent in the frequency-time spectrograms,
resembling terrestrial whistlers. Other notable features
include (a) a long event duration averaging up to two
minutes, (b) a daytime diurnal maximum occurring around
10 am, (¢) a dominant magnetic field polarization in the
north-south direction with strength of a few to tens of pT,
and (d) no detection of vertical electric fields. Similar events
were only reported twice for the past thirty years: one at an
auroral latitude site in Alaska and the other at a mid-latitude
site in California. Possible source mechanisms including
magnetosheath lion roars and lightning-generated whistlers
are discussed. Citation: Wang, Y.-C., K. Wang, H.-T. Su, and
R.-R. Hsu (2005), Low-latitude ELF-whistlers observed in
Taiwan, Geophys. Res. Let., 32, LO8102, doi:10.1029%
2005GL02241 2.

1. Introduction

[2] Observations of lightning-generated whistlers by sat-
ellites and ground stations showed that the detected fre-
quency for terrestrial whistlers ranges from about 2 kHz to
10 kHz, with peak occurrence around 5 kHz [Helliwell,
1965]. Based on the data acquired in this type of studies,
Heacock [1974] and Sentman and Ehring [1994] reported
detections of whistler-like events at much lower frequencies
between 60 to 200 Hz in the ELF band. Heacock’s measure-
ments were made in Alaska (65°N, 256°E, geomagnetic) at
high latitude. These events were detected to possess a
frequency range similar to lion roars observed in the
magnetosheath [Smith et al, 1967, 1969], but their spectral
forms are quite different [Heacock, 1974]. Sentman and
Ehring’s measurements were made in California (34.4°N,
117.7°W) at mid-latitude. They called these events ELF-
whistlers and remarked that the most probable interpretation
would be whistler-mode waves of magnetosheath lion roars
entering into the ionosphere. Both studies ruled out light-
ning-generated whistlers as a source because the observed

Copyright 2005 by the American Geophysical Union.
0094-8276/05/2005GL0O22412505.00
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dispersions cannot be accounted for under normal plasma
environmental conditions.

[3] In this paper, we report the first low-latitude obser-
vations of ELF-whistler events at Lulin Observatory in
Taiwan. These events are similar to those observed previ-
ously at high and middle latitudes by Heacock [1974] and
Sentman and Ehring [1994].

2. Instruments and Observations

[4] In this study, both electric and magnetic ELF
antennas were used. The ELF magnetic field antenna
(EMI-BF4) was located at Lulin Observatory (23.47°N,
120.87°E; 2862 m) in the Yu-Shan National Park, Tai-
wan. This site was built far away from residential and
industrial regions to reduce background noises. The
antenna is in operation since August, 2003. The range
of receiving frequency is from | Hz to 200 Hz and
notch-filtered at both 60 Hz and 120 Hz The response of
the receiver drops below 10% for signals with frequencies
higher than 100 Hz. The signals were sampled by a 16-
bit A/D converter at a rate of 400 Hz. Both north-south
(H) and east-west (D) components of magnetic fields on
the horizontal plane were measured.

[5] The 60-meter long wire ELF electric field antenna
was constructed at National Cheng Kung University
(23.00°N, 120.22°E, 32 m) about 100 km south of Lulin.
The preamplifier has a gain of 100 and 50 dB notch filters at
60 and 120 Hz. The system receives electric fields at the
same [requency range as the magnetic ELF system by using
the same signal condition and notch filtering module. The
electric ELF antenna only measured fields in the local
vertical direction, same as that of Sentman and Ehring
[1994].

[6] Whistler-like events were recorded between 26 Au-
gust 2003 and 13 July 2004. Figure | shows examples of
events in the frequency-time (f-f) spectrograms that were
assembled from the recorded signals. The H and D compo-
nents of magnetic fields are plotted on the top and the
bottom panels, respectively. The color bar on the right
represents the scale of intensity in dB. On these spectro-
grams, two background features should be noted: periodi-
cally-occurring horizontal signals with stronger intensities
at lower frequencies (<40 Hz) are from Schumann reso-
nances; vertical fine, enhanced signals covering almost all
frequencies often come from global lightning. In Figures la
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(a) A type-1 ELF-whistler, (b) a type-1 ELF-whistler containing two traces of signals between 60— 100 Hz and

150180 Hz, (¢) a type-1I ELF-whistler, (d) a multi-trace type-II ELF-whistler, (e) a type-IIl ELF-whistler, and () a multi-
trace type-II ELF-whistler. A short curvy trace at onset distinguishes the type-Il ELF-whistler from the type-l. There are no
discernible signals 1n the magnetic east-west direction (ELF D) for the events depicted in Figures la, 1b, le and 1L

and b, the brightest-colored event traces resemble conven-
tional lightning-generated “whistlers™ patterns: descendent
requencies with increasing time. In addition to the classical
or the type-1 ELF “whistlers™, other types of patterns were
also found. Figures 1c and |d demonstrate the type-Il ELF-
whistlers, which basically are “type-I whistlers™ but with a
short curvy ftrace at onset. This type of events were also
appeared in the spectrograms of Heacock [1974] and
Sentman and Ehring [1994] but were not specifically
indicated therein. Figures le and 1f illustrate the type-III

ELF whistlers with signal traces like the silhouettes of

“mountains™, with an ascending trace, a crest, and a

descending trace. There are cases of these three types of

events but containing two or more signal traces as shown in
Figures 1b, 1d and I In all, 296 such events around 60 to
100 Hz were detected during the observation period.
Among them, 135 events are classified as “type-I" ELF-
whistlers, 125 are “type-II"°, and 36 are “type-II1".

[7] In addition to events between 60 and 100 Hz, there
were also single-trace events with frequencies ranging from
30 to 40 Hz. This type of low-frequency events were also
reported by Heacock [1974]. Since our data contains only
23 of these low-frequency events, therefore, the following
analysis 1s based on the 296 events occurred between 60 and

100 Hz. Their frequencies, durations, fields, occurrence
times are analyzed.

3. Data Analysis

[¢] Inour ELF events, the average lower cutofl frequency
15 62 Hz, and the upper cutofl frequency 1s 94 Hz. Whereas
for Heacock [1974] and Sentman and Ehring [1994], their
observed frequencies reached up to 200 Hz. Since our
instruments are less responsive above 100 Hz, the existence
of signals with frequencies extending up to 200 Hz cannot
be excluded. A comparison chart for the key results from
Heacock [1974), Sentman and Ehring [1994], and this paper
can be found in Table 1.

[o] Time durations for these detected events range from
40 seconds to 5 minutes. The average duration is
124 seconds, longer than those in previous studies which
were around 40 s to 1.5 muinutes. For comparison, the
duration of whistlers observed on Earth typically lasts a
few seconds. All dispersions shown in these signals exhibit
no echoes, same as previous two reports. There are 69 events
exhibiting multi-trace, approximately 23% of the total
events. These multi-trace events can also be found in the
work by Heacock [1974].

Table 1. Comparisons of ELF-Whistlers Observations at Different Locations

Data Source Heacock [1974] Senmnan and Ehring [1994] This Work
Geographic Location auroral latimde 65°N midlatitude 34°N low latitude 23.5°N (A = 18°N)
Frequency 40-200 Hz 60180 Hz 60— 100 Hz
Duration 40 5~1.5 mins 40 5-1.5 mins 40 5—5 mins
Dispersion no echoes no echoes no echoes
Local Time daytime maximum daytime maximum daytime maximum
Amplitude a few pT 1-20 pT Hz '? afewpTto 70 pT
Magnetic Field E-W E-W N-§

Vertical Electric Field No measurement Null Null
Caorrelation with Ap anticorrelated insufficient samples not ohvious
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Figure 2. Events occurrence vs. local time. Note that all
events occurred between 6 am to 8 pm.

[10] All296 events possess the H component of magnetic
fields, and 137 events also possess a weak D component.
Therefore, the observed signals have linear polarizations
dominated by north-south directions. Previous observations
in Alaska and California showed linear polarization in E-W
direction, probably due to variations of local geomagnetic
field directions. As to electric fields, no distinguishable
signals in the local vertical direction were detected for these
events. This is similar to features observed by Sentman and
Ehring [1994] in which the vertical electric fields weren’t
detected either.

[1] Figures 2, 3, and 4 show the statistical graphs for
these events. The relation between event occurrences time
vs. local time is plotted in Figure 2. Please note that all
events occurred between 6 am to 8 pm, consistent with
previous observations in which occurrences were detected
only at local daytime. The peak occurrence happened at
around 9 to 10 am, about 3 hours earlier than previous
observations. There is also a very clear night to dawn gap,
the same as that of Heacock [1974] and Sentman and
Ehring [1994]. There are also another two distinguished
peaks occurring at local time around 2--3 pm and 6-7 pm,
which were not reported in previous studies.

[12] Figure 3 shows the relation between occurrence and
A, index. Sentman and Ehring [1994] mentioned that there
was no strong correlation on the base of fewer observations.
However, Heacock [1974] showed anti-correlations be-
tween A, index and occurrences. Most events occurred at
quiet (Ap < 29) and minor storm times (29 < A, < 50}, Only
one event oceurred at major storm time with A, = 70, but it
has the same features as signals detected at other times.
Figure 4 shows event durations vs. A, index. The upper
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ab - : 1
w ) ]
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& 4+ == . -
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Figure 3. Occurrences vs. Ap Index.
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limit of event durations tends to decrease at greater value of
Ap, which is a feature not reported in previous studies.

[13] Please note that even though we categorize these
events into three patterns, their statistical characteristics
such as frequency range, occurrence time, correlation with
A, index, durations are fundamentally similar. There is no
unigque or distinctive feature can be found for any of these
patterns.

4. Discussions

[14] Striking similarities between our observed ELF
events and those recorded in previous studies on frequency
ranges, daytime occurrences, wave field strengths, linear
polarizations, long durations, and signal patterns on jf-
spectrograms have suggested that they should have been
generated from the same source mechanism. Whistler-mode
waves were believed to be the most possible wave modes.
Two probable source mechanisms, magnetosheath lion roars
and lightning-generated whistlers, are discussed.

[15] Magnetosheath lion roars were found to have fre-
quencies below 120 Hz, field strengths of ~0.1 nT and
signal duration of ~ s [Smith et al., 1967, 1969 Smith and
Tewrutani, 1976; Tsurutani et al., 1982; Zhang et al., 1998;
Baumjohann et al., 1999]. Basing on frequency ranges and
dayside occurrence of the observed ELF-whistlers, Sentman
and Ehring [1994] suggested they were induced by lion
roars that entered the Earth-ionosphere waveguide.

[16] However, the lion roar emission is incoherent and
contains a band of frequencies, whereas the ELF-whistlers
observed on the ground are very narrow-banded and coher-
ent. It is unclear that how magnetosheath lion roars could be
converted into the ELF-whistlers. Furthermore Smith and
Trurutani [1976] had shown that the percentage of occur-
rences for lion roars increases as storm index Kp increases.
In our data, the correlation between occurrence percentages
of ELF-whistlers and Kp are not as evident as that in the
lion roars studied. All these imply that if lion roars are
indeed the source, some unknown processes may need to be
considered.

[17] Previous studies had guestioned how lightning-gen-
erated whistlers could generate ELF events with such a long
durations and dispersions. The average dispersion D of
Lulin events is 5500 sec Hz'”, whereas the dispersion for
lightning whistlers observed on Earth ranges from 12 to
400 sec Hz'? [Helliwell, 1965). To metamorphose the

400 T T T T

300F

Duration (s}
%]
[=1
o

1003 H E
= :
U E 1 1 1 1
0 20 40 60 B0 100
Ap Index

Figure 4. Event duration vs. A index.
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lightning-generated whistlers into the observed ELF-whis-
tlers, a long propagation path is required for the dispersion
to accumulate. Here we examine a mechanism which was
suggested to generate the very-long-dispersion whistlers
(D > 26000 sec Hz'"?) observed near Neptune by Voyager
2 [Gurnett et al., 1990]. The constraint of total path / needed
to produce the ELF-whistlers can be estimated basing on
field-aligned propagation [Gurnett et al., 1990]:

12
I= EcJ;—D_

o

Where f; is electron cyclotron frequency, f, is plasma
frequency, and ¢ 1s the light speed. They are all assumed to
be constant.

[18] The magnetic L-shell for our station is 1.09 derived
from IGRF field model with Earth radius (R.) 6371 km. The
geomagnetic latitude and longitude are 16.76% and 192.73°%,
respectively. The field line length § corresponds to L= 1.09
can be estimated from § = R (2.76L — 2) [Volland, 1984] to
be 1.0084R. The field line completely sinks in the iono-
sphere so that the electron density 15 assumed to be 107/em’.
Using f. derived from the weakest field strength of 0.300
Grauss to the strongest field strength of 0.446 Gauss at this
field line, ! is deduced to range from 166 R, to 202 R,
corresponding to 83 to 101 times of the back-and-forth
bounce motion along the field line. However in this prop-
agation pathway, highly-dispersed ELF-whistler echoes are
expected in f~f spectrograms. The observed ELF events at
Lulin, contain no echoes, and hence are not likely to be
formed from whistlers bouncing along the same field line.

[19] Alternatively, the ELF-whistlers may be generated
from non-ducted whistlers propagated from other longitudes
with azimuthal crossing as suggested by Guwmett et al
[1990]. The whistlers propagate in a zigzag fashion reach-
ing required path length [, accumulating dispersion via
repetitively-integrated electron densities. However, besides
needing to perform a large numbers of hops in the plasma-
sphere that was never observed, it is not clear how these
whistlers could re-enter the Earth-ionosphere waveguide;
because they are very obligue and cannot be easily trapped
in a duct. Hence, for the lightning-generated whistlers to
undergo the mode conversion into the observed ELF-whis-
tlers, some exotic processes may be needed for them to
happen.

[20] Heacock [1974] indicated a reason that these events
were only detected in Alaska probably was due to low
latitudes of other sites. Nevertheless, this type of events was
detected at a lower latitude site in California, and now was
observed in Taiwan as well. Recently, similar ELF emis-

sions were also detected at Antarctica during January of

2004 [Kim et al, 2004]. Therefore, the low frequency and
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long dispersed ELF-whistlers maybe widely distribute
across the globe. As for the source mechanisms, magneto-
sheath lion roars, field line bouncing and non-ducted
whistlers all have great deficits and likely are not the
sources of the ELF-whistlers. Further study has been taken
to elucidate the multi-ion effects of the ionosphere on the
whistlers, and the potential role of the multi-ion plasma in
converting lightning-generated whistlers into the observed
ELF-whistlers. We hope that the work reported here could
invoke the interest of other ELF researchers and contribute
their effort in resolving the mysterious ELF-whistlers, after
thirty years since their first detection.
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LELIS at Lu-Lin

LELIS : Lu-Lin Emission Line Imaging Survey

W.-H. Sun (*5&#7), B.-W. Wang (= ¥%%), C.-C. Liu (%”Jif‘,ﬁr)
Y.-W. Cheng (§1]'] %), H.-H. Ma (FL2°#), H.-Y. Mong (5¢ 4.2

We have established a narrow-band, wide-field imaging system to survey the northern sky in 3
major emission lines, H. . [OIII] » and [SII], at the Lu-Lin Observatory since 2004. This survey will
provide a comprehensive database for various studies of Interstellar Medium (ISM), such as
supernova remnants (SNRs), planetary nebulae (PNe), star formation regions (SFRs), and HII
regions.

In the year of 2005, we have replaced the FLI CCD cameras with the more reliable
ST-10XME CCDs which, when combined with the new 400mm/F2.8 camera lens, give a field of
view of 3 x 2 square degrees. To carry out a systematic calibration, we carried out observing runs
using the 2.16m telescope at the Xinglong station of the National Astronomy Observatory near
Beijing in March and September, 2005, to obtain spectra of a sample of PNe and white dwarfs, in
order to obtain standards for both line and continuum observations.

In the preliminary phase, we have obtained 3-color images for a number of emission nebulae,
such as the Rosette, and the head portion of the Orion constellation. As to the flat-fielding, we have
accumulated both twilight and night sky flats. To remove the large-scale gradient of the sky
brightness, we have carried out a self-consistent division. Since the filed of view is less than the
previous setting of 7.2 by 7.2 square degree, the large scale inhomogeneity is not severe. In
addition to the ISM studies, we have also obtained 3-color images of the nearby large galaxies,
such as M31. Attached please find the images of M31 and North America Nebula in various
wavebands.
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Lulin Observatory - Temperature 2004
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Lulin Observatory Wind Speed 2005
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Lulin Observatory Rain 2003
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Lulin Observatory Rain 2005
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IANCU/LOT Observing Time 2005A (January - June)

No. Project PI

01 [Time-resolved photometry for superhumpers Alfred Chen

02 |Astroseismology of extreme horizontal branch stars ChinWei Chen
03 |Supernovae Search and Follow-up Observations Wing-Huen Ip
04 [UBYV photometry on galactic open clusters ChinWei Chen
05 |Search for Exoplanets and variable stars in the Open Cluster Hu Juei-Hwa

06 [Extreme Trojans David Jewitt

07 |Asteroseismology of the pulsating DA white dwarf EC 14012-1446 Kaushar Sanchawala
08 [Studies and Observations of X-ray Binaries Yi Chou

09 |~ ENHIAD 19§ 52 Yi Chou

10 |Halpha survey of nearby and Seyfert galaxies Sebastien Muller
11 [BVRI Photometric Study of (832) Karin Wing-Huen Ip
12 |Observations of Deep Impact Comet 9P/Templel Zhong-Yi Lin
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13 |Target of Opportinuity of GRBs and XRFs follow-up Observation Kui-Yun Huang
14 |Ground based observation of asteroid sample Daisuke Kinoshita
15 |The Origin and Evolution of Bipolar type planetary nebula—Abell 14 Chih-Hao Hsia
16 |Search for Exoplanets Following Microlensing Alerts Lee, Chien-Hsiu
17 |Calibration Program 4: P11300B and Focal Reducer Kinoshita Daisuke
18 |Rotational Lightcurve of Centaurs Kinoshita Daisuke
19 |The multi-wavelength observation of planetary nebulae Trung Hua
IANCU/LOT Observing Time 2005B (July - December)
No. Project PI
1 |World-Wide monitoring campaign of the sdB star BA09 [Y 54
ST T Bt b
3 The photometry of selected eight open clusters with differential age, [FI59A
distant, and poor known.
4  [H-alpha and [SII] imaging of Triggered Star Formation in Per OB1 s Eﬁl [
association
5  |Ground based observation of asteroid sample return mission target PEfC-E
6  |Photometry and Dynamics Study of Selected Open Clusters ﬁ%\ﬁﬁﬂ
7 Search for Exoplanets Following Microlensing Alerts. ZhliE
8 Imaging Polarimetry of Comet 9P/Tempel 1 at Lulin Observatory: FURUSHO Reiko
Ground-based Observation for NASA Deep Impact Mission
9  |Observations of ‘unusual”’ comet 9P/Templel after Deep Imapct time  [FFRIS
10 |Photometric variability studies on brown dwarfs Soumen Mondal
11 |UBV photometry on galactic open clusters with poor age and distance ]@f‘ﬁ%&
determination: Formation and evolution of high galactic latitude open
clusters
12 |Search for Active Main-Belt Asteroids Hsieh Hong-Li
13 B S FuE
14 |The Origin and Evolution of Bipolar type planetary nebula — Abell 14 E,l A5
15 |LOT-MOA Microlensing Project # ﬂ\*lﬁ
16 |H-alpha and [SII] Mosaic Imaging of L1551 eI
17 |Rotation Periods and Surface Color Measurements of Large EKBOs | # ;J\*E
18 |The Ha Survey of bright galaxies in the Coma Cluster HEN
19 |Calibration Program 5: Apogee U42 and Focal Reducer Daisuke
20 [Multi-Color and Time-Resolved Photometric Observation of Damocloid [Daisuke
2004 YH 32
21  |Atest of star formation theories in galaxies from near-infrared and Ho | % ﬂ\*ﬁ
imaging
22 |Supernovae Search and Follow-up Observations H oA
23 |Photo-polarimetry of unusual asteroid 1992 UY4 SATO
24 |Target of Opportunity of GRBs and XRFs follow-up observation PRE
25 |Galactic structure from apparent luminosity function F"J HIp
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