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Abstract

We report comet-like activity on the outer main-belt asteroid 2005 XR3, discovered by the Lulin One-meter
Telescope in early 2021 April. A series of follow-up observations were triggered to characterize the morphology
and brightness variation of 2005 XR3,. Long-term photometric data of the 2020 perihelion return reveal a 2 mag
fading in 120 days, starting 20 days postperihelion, attributed to decreased cometary activity. Even though no
variation indicative of the rotational period can be found in our data, we infer an a/b axial ratio of 1.32, given that
the lower limit of rotational amplitude is 0.3 mag. A visible spectrum and broadband color support that 2005 XR 3,
has a reflectance feature similar to a BR-type Centaur object. The syndyne and synchrone simulations reveal a low-
speed dust ejecta consisting of millimeter-sized dust grains released shortly after the perihelion passage. We
demonstrate that 2005 XR 3, has a short dynamical lifetime of 0.12 Myr, with <5% of it in the near-Earth space.
Due to the strong gravitational influence from Jupiter and Saturn, the asteroid has followed a random walk orbital
migrating process. We also find that since 1550 CE, the perihelion distance of 2005 XR 3, has gradually decreased
from 2.8 to 2.0 au, likely due to the Kozai-Lidov effect, which potentially reactivated the dormant nucleus. All
these dynamical properties support a cometary origin for 2005 XR3, rather than an ice-rich main-belt object
kicked out from a stable orbit, although current observational evidence has yet to confirm repeating cometary
activities.

Unified Astronomy Thesaurus concepts: Asteroid dynamics (2210); Comet dust tails (2312); Optical astronomy
(1776); Broad band photometry (184)

Supporting material: data behind figure, machine-readable table

1. Introduction the main asteroid belt. They are dynamically stable over
billions of years (Franklin et al. 2004) and are believed to be
the remnants of planet migration (Lykawka & Horner 2010;
Emery et al. 2015). In addition, the C/P/D surface reflectance
feature (DeMeo & Carry 2014) can be attributed to organic-rich
material with limited thermal exposing history ever since they
were formed primordially or migrated from the outer solar
system. Even though they are currently locked by a resonance,
Di Sisto et al. (2005, 2019) pointed out that a small fraction of
Hildas can be kicked out to chaotic orbits and become asteroids
in cometary orbits (ACOs) if they temporarily remain inactive
or comets if solar radiation can trigger the sublimation process
when approaching the Sun. The ACO population consists of
different kinds of dynamically unstable objects including
dormant comets, near-Earth objects, and escaped main-belt
objects. Consequently, ACOs provide an opportunity to study
the physical properties of cometary nuclei, which are usually
hidden by the coma.

Understanding the mechanisms of material transportation
during the formative years of the solar system is crucial to
studying the origins of life and the distribution of water on
terrestrial planets. The D/H ratio of all comets spans a broad
range from similar to Earth’s water to multiple times higher,
whereas the meteoritic record suggests that the D/H ratio of
asteroids is more similar (Altwegg et al. 2015). The “wet”
asteroids in the outer main asteroid belt may be another
potential candidate (Kelley et al. 2023).

The Hilda family of asteroids and Jupiter Trojans, both of
which are tightly controlled by Jupiter’s 3:2 and 1:1 mean-
motion resonance (MMR), respectively, are among the most
prevalent asteroid populations found within the outer reaches of

2 NASA Postdoctoral Program Fellow.

Original content from this work may be used under the terms PR . . . . .
of the Creative Commons Attribution 4.0 licence. Any further Grav1t§1t10na_1 pertur_batlop by Juplter is the major driver for
distribution of this work must maintain attribution to the author(s) and the title transporting minor objects inward from the outer solar system
of the work, journal citation and DOL or vice versa. Numerical simulation indicates that during the
1
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inward orbital transferring process, some periodic comets may
be shortly locked by 1:1, 3:2, or high-order orbital resonance of
Jupiter not more than a thousand years (Belbruno &
Marsden 1997; Koon et al. 2002; Horner & Evans 2006) and
even become a temporary satellite capture (Howell et al. 2001;
Emel’yanenko 2012) if it is suddenly trapped by the
gravitational field of Jupiter. The quasi-Hilda comets (Kre-
sak 1979; Toth 2006; Ohtsuka et al. 2008) are the most
populated subgroup of Jupiter-family comets (JFCs) tempora-
rily captured by the 3:2 Hilda resonance.

The Tisserand parameter is an invariant quantity to assess the
gravitational perturbation in a restricted three-body system. It is
an indicator of objects in high-eccentricity planet-crossing
orbits in which the gravitational perturbation of the planet
strongly reduces dynamical stability. In the inner solar system,
the Tisserand parameter respective to Jupiter (7;) provides a
dynamical view that implicates the possible origin of the
bodies. Objects with Ty between 2 and 3 and 7; < 2 indicate
they originate from the Kuiper Belt and the Oort Cloud,
respectively, whereas objects in the main asteroid belt have T}
> 3, revealing that they are primordially formed (Vaghi 1973;
Levison 1996). This dynamical feature is commonly used to
identify objects with cometary origins in the main asteroid belt
and the near-Earth population. However, Hsieh & Haghighi-
pour (2016) noticed that 7y =3 is not a clear boundary to
separate asteroids and comets. During the 2Myr orbital
integration period, some objects with 3.0 < 7;< 3.1 have
spent 30% of the time on the opposite side of the 75 =3.05
boundary, given an indistinct range to identify the origin of the
objects.

Consequently, Tancredi (2014) proposed a rigorous selection
criterion for the cometary-originated bodies considering the
Tisserand parameter (77), minimum orbital intersection distance
(MOID), and MMR respective to Jupiter. In addition, Gil-
Hutton & Garcifa-Migani (2016) employed a numerical
approach to identify 11 potential quasi-Hildas of cometary
origin. They performed a 50,000 yr simulation of their previous
orbits and used the results to select the candidates. Recently,
several ACOs have been reidentified as comets with the
improvement of large telescopes and wide-field surveys, such
as 212P/2000 YN;y (Cheng & Ip 2013), 282P/2003 BM;g,
(Chandler et al. 2022), and 362P /2008 GOyg (Garcia-Migani &
Gil-Hutton 2018; Borysenko et al. 2019; Kokhirova et al.
2021). It is interesting to have detailed observations for
understanding the origin, orbital evolution, and driver of their
resurgent activities.

The asteroid 2005 XR 3, (hereafter XR3,) is located in the
outer main asteroid belt with a highly eccentric orbit
(a=3.763au, e=0432, i=1447°, Q=538 au,
Ty =2.868) close to the 13:8 high-order MMR of Jupiter.
Even though XR;3, is a Jupiter crosser (Q > Qj), the high-
inclination orbit makes the current MOID of Jupiter as large as
0.704 au. Following the selection criterion by Tancredi (2014),
XR3; essentially belongs to the ACO-Jupiter family, as it is a
Jupiter crosser with a Tisserand parameter 7; between 2 and 3.
It has a diameter of 3.4 km assuming an albedo of 4% for a
typical D-type object, which we derived from the broadband
color. It was discovered in 2005 December by the Spacewatch
project at Kitt Peak with an asteroidal appearance. There have
been limited astrometric and photometric reports since the
discovery in 2005 because of the unfavorable observing
conditions in the 2006 and 2013 apparitions. According to

Cheng et al.

the reports in the Minor Planet Center, all observations were
conducted with a true anomaly v greater than 80°
(r,>2.83au), and no evidence of cometary activity was
observed. In this paper, we use both observational evidence and
dynamical simulations to characterize the coma morphology,
activity, and possible origin of XR;3,. We present our
photometry, spectroscopic observations, and data-mining
results in Section 2. Orbital evolution and dust dynamics are
presented in Sections 3 and 4. We discuss the implications in
Section 5 and conclude in Section 6.

2. Observation

Comet-like activity in XR;3;, was first detected in an
observation obtained with the Lulin One-meter Telescope
(LOT) in Taiwan (Cheng et al. 2021). Subsequently, we
conducted a series of target-of-opportunity (ToO) observations
in both imaging and spectroscopy with the Hale Telescope at
Palomar Observatory, Keck I, and LOT and also analyzed
archive images from several sky survey projects collected by
the Canadian Astronomy Data Centre (CADC) online service'
(Gwyn et al. 2012). This platform allowed us to search the
archives of the Zwicky Transient Facility (ZTF; Smith et al.
2014), the Subaru Hyper Suprime-Cam (Subaru HSC;
Miyazaki et al. 2018), and the Dark Energy Camera (DECam)
mounted on the Blanco telescope at the Cerro Tololo Inter-
American Observatory (Flaugher et al. 2015). Given the
nonsidereal motion of XR;3,, we used the 2D trail fitting
method (Veres et al. 2012; Fraser et al. 2016) to optimize the
shape of the photometric aperture that can minimize the
photometric uncertainty in these survey observations. We
briefly introduce the instrumental setup and analytic method in
the following section and summarize the observing result.
Table 1 lists the observing log of the images we analyzed,
except for the ZTF observations, whose observing trajectories
are shown in the bottom panel of Figure 4 and can be found in
the full version of the table.

2.1. Optical Observation
2.1.1. LOT

The LOT is a I m Trebur Cassegrain Telescope (F/8)
equipped with a SOPHIA 2048B 2k x 2k CCD camera
manufactured by Princeton Instruments. The pixel scale of
0”768 under the bin 2 readout mode is suitable for the average
seeing condition of 1”3 at the Lulin Observatory. To perform
the broadband color measurement, standard Johnson BVRI
filters are used. The photometric calibration was conducted
using the Pan-STARRS DVO catalog (psI _pv3 _20170110;
Magnier et al. 2020), with filter transformation coefficients by
Tonry et al. (2012). We evaluated the zero-point magnitude of
individual frames by cross-matching the measured flux of
numerous field stars and their brightness recorded in the DVO
catalog. The absolute brightness of our target can be derived
through the zero-point and the total flux. We adopted this
method to analyze the observing images obtained by the
Palomar 200 inch Hale Telescope (P200), Keck I, and Blanco
introduced in the following sections. Stacked R-band images
are shown in Figure 1. We requested 2 nights of ToO
observations including a 3 hr consecutive R-band observation
to confirm the comet-like feature of XR 3, and try to derive the

13 https:/ /www.cadc-ceda.hia-iha.nre-cnre.ge.ca/en/ssois/
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Abstract

Multiband light curves of two RR Lyrae variables in Segue II and Ursa Major II ultrafaint dwarf galaxies were
collected from near simultaneous observations using the Lulin One-meter Telescope in Vgri bands. Together with
Gaia G-band light curves, we determined photometric metallicities using empirical relations involving pulsation
period and Fourier parameter as dependent parameters. We demonstrated that the RR Lyrae photometric metallicity
can be determined accurately when these empirical relations were employed at multiple wavelengths, which can
potentially improve the distance determination based on RR Lyrae stars. The photometric metallicities based on
our approach were found to be —2.27 +0.13 dex and —1.87 £ 0.16 dex for the RR Lyrae in Segue II and Ursa
Major II UFD, respectively, with corresponding distance moduli of 17.69 £ 0.15 mag and 17.58 £ 0.15 mag, in
agreement with previous literature determinations. This approach of photometric metallicity of RR Lyrae based on
multiband optical light curves will be particularly relevant for distance measurements in the era of the Vera C

Rubin’s Legacy Survey of Space and Time.

Unified Astronomy Thesaurus concepts: Stellar distance (1595); Metallicity (1031); Dwarf galaxies (416); RR

Lyrae variable stars (1410)

Supporting material: machine-readable tables

1. Introduction

The old-population pulsating stars RR Lyrae are well-known
distance indicators because they exhibit an absolute V-band
magnitude-metallicity relation and well-defined period—luminosity
(-metallicity) relations in other filters (for a review, see
Bhardwaj 2020). In most cases, the metallicity of RR Lyrae,
parameterized as [Fe/H], needs to be known a priori to apply these
relations. The best [Fe/H] measurements are based on (high-
resolution) spectroscopic observations. However, such observa-
tions could be time consuming and are only limited to relatively
bright RR Lyrae in the milky Way. Alternatively, [Fe/H] can be
obtained using the light-curve information, as shown in the
seminar paper by Jurcsik & Kovacs (1996). The [Fe/H] measured
using this approach, known as photometric metallicity, is expected
to be widely applied to the distant RR Lyrae discovered from the
multiband time-domain sky surveys, especially the Vera C. Rubin
Observatory’s Legacy Survey of Space and Time (LSST; Ivezi¢
et al. 2019), because only few spectrographs on large-aperture
telescopes, or perhaps none, can be used to collect high-resolution
spectra of very distant RR Lyrae stars.

In the past, RR Lyrae photometric metallicities were
typically obtained using light-curve structure information in a
single filter. On the other hand, empirical relations that use the
light-curve information to estimate [Fe/H]have been derived
in several filters, ranging from optical V filter to infrared WISE
filters (some examples can be found in Section 2). Higher-
precision photometric metallicity can be achieved by averaging
out the [Fe/H] obtained from several such relations in the same
or different filters mitigating possible systematic effects. In this

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

work, we demonstrate this is indeed the case based on the
multiband observations of two ab-type (i.e., fundamental-
mode) RR Lyrae discovered in the ultrafaint dwarf galaxies
SEGUE II (Boettcher et al. 2013) and Ursa Major II (hereafter
UMall; Dall’Ora et al. 2012). These near-simultaneous time-
series observations were carried out using the Lulin One-meter
Telescope (LOT),? a general-purpose Cassegrain reflector
located at the Lulin Observatory in central Taiwan. The
collected data allow us to obtain the photometric metallicities
for these two RR Lyrae based on the homogeneous light-curve
data at multiple wavelengths.

Section 2 presents multiband light curves collected from
LOT, together with archival Gaia light curves, for these two RR
Lyrae. Based on these multiband light curves, we obtained their
photometric metallicity in Section 3. A by-product of our work
is the derivation of distance moduli to these dwarf galaxies,
which will be discussed in Section 4. The conclusions of our
work is presented in Section 5. Throughout this work, these
two RR Lyrae will be referred as SEGUE II-V1 and UMall-V1,
respectively.

2. Multiband Light Curves

Time-series observations of SEGUE II-V1 and UMall-V1
were carried out with LOT in 12 and 18 nights, respectively,
between 2019 November 14 and 2020 April 15. The Princeton
Instruments SOPHIA 2048B back-illuminated CCD was
mounted on LOT during these observations, providing a
FOV of 13/ 2 x 13" 2 (with a pixel scale of 07386 pixel ') on
the CCD images. A sequence of Vgri exposures, with identical

3 We note that Vivas et al. (2020) discovered three additional RR Lyrae
associated with UMall. However, these three RR Lyrae were located outside
the field of view (FOV) for LOT. In contrast, no additional RR Lyrae were
found for SEGUE II (Vivas et al. 2020).
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Abstract

Virgo III is a newly discovered ultra-faint-dwarf (UFD) candidate, and finding RR Lyrae associated with this
galaxy is important to constrain its distance. In this work, we present a search of RR Lyrae in the vicinity of Virgo
III based on the time-series r-band images taken from the Lulin One-meter Telescope (LOT). We have identified
three RR Lyrae from our LOT data, including two fundamental mode (ab-type) and a first-overtone (c-type) RR
Lyrae. Assuming these three RR Lyrae are members of Virgo III, we derived the distance to this UFD as
154 £ 25 kpc, fully consistent with the independent measurements given in the literature. We have also revisited
the relation between absolute V-band magnitude (My) and the number of RR Lyrae (of all types, Nggy.) found in
local galaxies, demonstrating that the M,~Ngg relation is better described with the specific RR Lyrae frequency.

Unified Astronomy Thesaurus concepts: RR Lyrae variable stars (1410); Dwarf galaxies (416)

1. Introduction

Finding RR Lyrae in dwarf galaxies, especially the ultrafaint
dwarfs (UFDs; for a recent review, see Simon 2019), is
particularly interesting (Sesar et al. 2014; Baker & Willman
2015). This is because RR Lyrae are well-known standard
candles, therefore distances measured from RR Lyrae can be
used to constrain the properties of their host UFD. Recently,
Homma et al. (2023) reported the discovery of Virgo III as a
candidate UFD. Based on the empirical relation derived in
Martinez-Vazquez et al. (2019), and using the integrated V-
band absolute magnitude (My) given in (Homma et al. 2023;
with My = —2.69°0% mag), the “expected” number of RR
Lyrae (Nggp) in Virgo IIT is 1 &+ 1. Bootes II and Willman 1
have My = —2.9 mag and —2.5 mag, respectively, bracketing
Virgo III. Yet Bootes II has one RR Lyrae and Willman 1 has
none (Tau et al. 2024). Therefore, Virgo III could have (at
least) one RR Lyrae or none, and it is useful to search and
identify these variables in Virgo III

In this work, we present our search for potential RR Lyrae in
the vicinity of Virgo III using the Lulin One-meter Telescope
(LOT), located at the central Taiwan. We first describe our
time-series observations carried out at LOT, as well as the
image reduction and photometric calibration, in Section 2. We
then create a set of simulated light curves to evaluate the
feasibility of detecting RR Lyrae based on the characteristics of
our LOT observations, and search for potential RR Lyrae using
the calibrated light curves in Sections 3 and 4, respectively. In
Section 5 we present our detected RR Lyrae, and revisit the
My~Nggy. relation in Section 6. We concluded our work in
Section 7.

2. LOT Observations, Reduction, and Calibration

LOT is a F/8 Cassegrain reflector, and it was equipped with
the Andor iKon-L 936 CCD imager during our queued
observations. As a result, the LOT images have a pixel scale

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

of 0.345" pixel ! and a field of view (FOV) of 11.8’ x 11.8.
Note that the half-light radius for Virgo I is r, = 1’ (Homma
et al. 2023), therefore the FOV of LOT can cover the entire
galaxy. Given the expected faintness of the RR Lyrae (r~
21.5 mag), we only observed Virgo III using the r-band filter
commercially available from Astrodon, with exposure time of
1200 s (except the first two nights in 2023, when the exposure
time was set to 900 s). A log of our time-series observations is
given in Table 1.

All of the collected images were bias subtracted and dark
subtracted using the master-bias and master-dark frames
acquired from the same night, followed by flat fielding using
either dome flat or twilight flat images. Astrometric calibration
on the reduced images were done using the SCAMP
(Bertin 2006) software. For photometric calibration, we
selected ~20 reference stars from the Pan-STARRS1 (PS1)
photometric catalog (Chambers et al. 2016; Flewelling et al.
2020). Criteria for selecting the PS1 reference stars (whenever
applicable) were same as in Ngeow (2022) and Ngeow &
Bhardwaj (2024), and hence will not be repeated here. The r-
band maggnitudes and colors of the PS1 reference stars, 5! and
(g — N, respectively, were then used to iteratively fit the
regression in the following form:

rPSl _ rins[r =ZP + C(g _ r)PSl. (1)

The instrumental magnitudes of the reference stars, r™ on
each images, were based on the point-spread-function (PSF)
photometry measured from using the Source-Extractor
(Bertin & Arnouts 1996) and PSFEx (Bertin 2011) package.
After solving Equation (1), the detected sources in each images
were calibrated to the PS1 AB magnitude system. We then
fitted a low-order polynomial to the calibrated r versus o, plot,
and estimated the 5o limiting magnitude from the fitted
polynomial (these fitted polynomials would be used in the
light-curve simulations as described in Section 3). They are
listed in the last column of Table 1, and most of the images can
reach to a nominal depth of r~23 mag. We have also
estimated the expected photometric error at r=21.5 mag,
which has a median of ~0.05 mag.
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ABSTRACT

Context. The BL Lac object 3C 371 was observed by the Transiting Exoplanet Survey Satellite (TESS) for approximately a year, between July
2019 and July 2020, with an unmatched two-minute imaging cadence. In parallel, the Whole Earth Blazar Telescope (WEBT) Collaboration
organized an extensive observing campaign, providing three years of continuous optical monitoring between 2018 and 2020. These datasets allow
for a thorough investigation of the variability of the source.

Aims. The goal of this study is to evaluate the optical variability of 3C 371. Taking advantage of the remarkable cadence of TESS data, we aim to
characterize the intra-day variability (IDV) displayed by the source and identify its shortest variability timescale. With this estimate, constraints on
the size of the emitting region and black hole mass can be calculated. Moreover, WEBT data are used to investigate long-term variability (LTV),
including in terms of the spectral behavior of the source and the polarization variability. Based on the derived characteristics, we aim to extract
information on the origin of the variability on different timescales.

Methods. We evaluated the variability of 3C 371 by applying the variability amplitude tool, which quantifies variability of the emission. Moreover,
we employed common tools, such as ANOVA (ANalysis Of VAariance) tests, wavelet and power spectral density (PSD) analyses to characterize
the shortest variability timescales present in the emission and the underlying noise affecting the data. We evaluated the short- and long-term color
behavior to understand its spectral behavior. The polarized emission was analyzed, studying its variability and possible rotation patterns of the
electric vector position angle (EVPA). Flux distributions of the IDV and LTV were also studied with the aim being to link the flux variations to
turbulent and/or accretion-disk-related processes.

Results. Our ANOVA and wavelet analyses reveal several entangled variability timescales. We observe a clear increase in the variability amplitude
with increasing width of the time intervals evaluated. We are also able to resolve significant variations on timescales of as little as ~0.5 h. The PSD
analysis reveals a red-noise spectrum with a break at IDV timescales. The spectral analysis shows a mild bluer-when-brighter (BWB) trend on long
timescales. On short timescales, mixed BWB, achromatic and redder-when-brighter signatures can be observed. The polarized emission shows an
interesting slow EVPA rotation during the flaring period, where a simple stochastic model can be excluded as the origin with a 30~ significance.
The flux distributions show a preference for a Gaussian model for the IDV, and suggest it may be linked to turbulent processes, while the LTV is
better represented by a log-normal distribution and may have a disk-related origin.

Key words. galaxies: active — BL Lacertae objects: general — BL Lacertae objects: individual: 3C 371 — galaxies: jets — galaxies: nuclei

1. Introduction energy bump is produced by synchrotron radiation of the elec-
trons moving under the influence of the magnetic field of the
jet (see e.g., Konigl 1981). The high-energy bump is commonly

modeled through inverse Compton (IC) scattering of low-energy

Blazars, a subtype of radio-loud active galactic nuclei (AGN),
develop relativistic jets that are closely aligned with the line of

sight, which leads to a relativistic boosting of their emission.
They can be divided into BL Lacertae (BL Lac) objects and
flat-spectrum radio quasars (FSRQs) depending on the proper-
ties of their optical spectrum (Urry & Padovani 1995). BL Lacs
typically present an (almost) featureless optical spectrum, while
FSRQs show broad emission lines with an equivalent width
[EW| > 5 A in their rest frame (Stickel et al. 1991). Their broad-
band emission is mainly non thermal, is associated to the rela-
tivistic jet, and can extend from radio frequencies up to y-ray
energies. Their spectral energy distribution (SED) shows a typi-
cal double-bump structure (see e.g., Abdo et al. 2010). The low-

photons with the same population of relativistic electrons, that
is, within the leptonic interpretation. This can happen with the
same low-energy photons of the synchrotron radiation through
synchrotron self-Compton scattering (SSC; see Maraschi et al.
1992), or with low-energy photons from outside the jet — if there
is an external injection of photons — through external Compton
scattering (EC; see Dermer & Schlickeiser 1993). While this is
the commonly adopted explanation, hadronic models have also
been used in recent years (see e.g., Cerruti et al. 2015).
Variability is a key signature of the blazar emission. This
variability is present in their broadband emission, manifesting on
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Table 2. WEBT observatories supporting the observing campaign of 3C 371 in the optical BVRI bands.

Observatory Country  Telescope size (cm) Band N  Symbol Color
Abastumani Georgia 70 R 253 <o Dark green
Crimean Crimea 70 BVRI 377 X Magenta
Hans Haffner Germany 50 VR 16 o Red
Lulin Taiwan 40 R 371 X Blue
Roque (NOT) Spain 260 BVRI 29 + Green
Rozhen Bulgaria 200 BVRI 12 O Red
Rozhen Bulgaria 50/70 BVRI 91 <o Orange
San Pedro Martir @  Mexico 84 R 28 o Black
St. Petersburg @ Russia 40 BVRI 198 + Orange
Teide (IAC80) Spain 80 BVRI 119 * Green
Teide (STELLA-I)  Spain 120 R 84 + Violet
Tijarafe Spain 40 R 466 * Red
Vidojevica ® Serbia 60 BVRI 18 A Black
West Mountain UsS 91 Vv 112 A Magenta

Notes. The telescope size is reported (cm), together with the total number of observations provided, and the symbols and colors used in the
light-curve plots. Telescopes with polarimetric instrumentation available. ¥’ Astronomical Station Vidojevica.

- . .
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Fig. 2. Finding chart obtained from the PanSTARRS-1 (PS1)
Image Cutout Service (http://pslimages.stsci.edu/cgi-bin/
pslcutouts)in r band. The field of view is 8 X8 arcmin. Stars 1-5 rep-
resent the photometric sequence of Xilouris et al. (2006) recalibrated by
us (see Table 3).

Sect. 2.2, we calculated the intrinsic polarization degree as

Pobs [%]

N
_ Fhou

Fiotal

Pie [%] =

)

where Pj; and P, correspond to the intrinsic and observed
polarization fractions, Fioy is the total brightness of the source
and Fhoy is the contribution of the host galaxy. This intrinsic
polarization degree is also represented in Fig. 4. We note that no
bias correction was applied here to the polarization to account
for the difference between the Rice and Gaussian distributions,
as discussed by Blinov et al. (2021). Further discussion and anal-
ysis of the behavior of the polarization degree and EVPA of
3C 371 during this period is presented in Sect. 6.
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Table 3. Standard BVRI magnitudes (and their uncertainties) of the ref-
erence stars in the field of view of 3C 371 (see Fig. 2).

Star B % R 1

1 14.97 (0.03) 14.25(0.02) 13.79 (0.03) 13.41 (0.01)
2 15.16 (0.02) 14.61 (0.03) 14.25(0.04) 13.94 (0.01)
3 16.05 (0.05) 15.49 (0.04) 15.13 (0.04) 14.81 (0.02)
4 16.70 (0.05) 16.00 (0.05) 15.54 (0.05) 15.14 (0.02)
5 15.88 (0.02) 15.15(0.03) 14.69 (0.03) 14.28 (0.01)

Table 4. Contribution of the host galaxy to the total observed flux in the
different optical bands.

Band Aer [A] Observed contained Dereddened contained

flux [mJy] flux [mJy]
1 7980 4.260 4.465
R 6410 2.901 3.106
\%4 5450 1.958 2.133
B 4380 0.815 0.912

3. Intra-day variability

Several blazars in the past have shown signatures of IDV (see
e.g., Wagner & Witzel 1995; Villata et al. 2002; Raiteri et al.
2008, 2021a,b; Gupta et al. 2008; Gaur et al. 2015). In particular
for 3C 371, Xilouris et al. (2006) have investigated the presence
of IDV features in this source. Here, we take advantage of the
extended temporal coverage provided by the TESS satellite for
3C 371 with a 2 min cadence to evaluate the possible IDV present
in this BL Lac object. For this analysis we use the R-band cal-
ibrated light curve after Galactic extinction correction and host
galaxy subtraction.

3.1. Variability amplitude and timescales

Several episodes of noticeable IDV in the R-band emission of
3C371 are observed over the period monitored by TESS in
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Figure 2. SN 2022xkq light curves from DLT40 (stars), Las Cumbres Observatory (circles), SLT (side-up hexagons), Swift (pentagons), Swope (plus signs), and TJO
(vertex-up hexagons). NIR photometry from NTT, NOT, and CAHA is also included (quadrilaterals). Main figure: light curves with offsets in absolute and extinction-
corrected apparent magnitudes. Swift observations are plotted as nondetections when the measurement error is >3o0. Inset: zoom-in of the DLT40 light curve
immediately before and after discovery without offsets. The DLT40 discovery is marked by the red star, and the last nondetection by ATLAS is marked by the yellow-
orange cross. Epochs of optical (blue) and infrared (red) spectra are displayed as lines along the upper x-axis. Phase is relative to the time of By, (MJD 59879.03).

(The data used to create this figure are available.)

53 days. Additionally, multiband BVgri photometry was taken
at the Prompt5 telescope at a cadence of ~6 observations per
day until maximum light and ~2 per day for the next 40 days.
The BVgri light curves were created using aperture photometry
and calibrating to the APASS (BVgri) catalog.

Further UBVgri photometry of SN 2022xkq was obtained
using the Sinistro cameras on Las Cumbres Observatory’s
robotic 1 m telescopes (Brown et al. 2013), located at the
Siding Spring Observatory, the South African Astronomical
Observatory, and the Cerro Tololo Inter-American Observatory
as part of the Global Supernova Project (GSP) collaboration.
The photometric data from Las Cumbres Observatory were
reduced using 1cogtsnpipe (Valenti et al. 2016), a PyRAF-
based image reduction pipeline. 1lcogtsnpipe utilizes a low-
order polynomial fit and a standard point-spread function (PSF)
fitting technique to remove the background and calculate
instrumental magnitudes. Apparent magnitudes were calibrated
to the APASS (BVgri) catalog and a Landolt (U) standard field
that was observed on 2022 November 24 alongside observa-
tions of SN 2022xkq.

We also include BV photometry obtained with the 0.8 m
Telescopi Joan Oré (TJO) at the Montsec Observatory.
Instrumental magnitudes were measured using AutoPhOT
(Brennan & Fraser 2022) and calibrated to BV APASS tabulated
magnitudes.

We also collect images with the 0.4 m Ritchey—Chrétien
Super Light Telescope (SLT) at the Lulin Observatory, Taiwan,
as part of the Kinder project (Chen et al. 2021), and we use
Photutils (Bradley et al. 2022) to perform aperture photometry
on the images.

Additionally, we include photometric observations in gri
bands taken with the Swope 1 m optical telescope at Las
Campanas Observatory, Chile, taken as part of the Swope
Supernova Survey. All Swope photometry was processed using
biases and flat fields in the same instrumental configuration as
described in Kilpatrick et al. (2018), using the photpipe
imaging and photometry package (Rest et al. 2005), including
bias subtraction, flat-fielding, image stitching, and photometric
calibration. Observations were calibrated using standard sources
from the Pan-STARRS DRI catalog (Flewelling et al. 2020).
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Multi-year characterisation of the broad-band emission
from the intermittent extreme BL Lac 1ES 2344+514
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ABSTRACT

Aims. The BL Lac 1ES 23444514 is known for temporary extreme properties characterised by a shift of the synchrotron spectral energy distribution
(SED) peak energy Vyynch, above 1 keV. While those extreme states have only been observed during high flux levels thus far, additional multi-year
observing campaigns are required to achieve a coherent picture. Here, we report the longest investigation of the source from radio to very high
energy (VHE) performed so far, focussing on a systematic characterisation of the intermittent extreme states.

Methods. We organised a monitoring campaign covering a 3-year period from 2019 to 2021. More than ten instruments participated in the observations
in order to cover the emission from radio to VHE. In particular, sensitive X-ray measurements by XMM-Newton, NuSTAR, and AstroSat took place
simultaneously with multi-hour MAGIC observations, providing an unprecedented constraint of the two SED components for this blazar.

Results. While our results confirm that 1ES 2344+514 typically exhibits vgy,enp > 1keV during elevated flux periods, we also find periods where
the extreme state coincides with low flux activity. A strong spectral variability thus happens in the quiescent state, and is likely caused by an
increase in the electron acceleration efficiency without a change in the electron injection luminosity. On the other hand, we also report a strong
X-ray flare (among the brightest for 1ES 2344+514) without a significant shift of vy, p. During this particular flare, the X-ray spectrum is among
the softest of the campaign. It unveils complexity in the spectral evolution, where the common harder-when-brighter trend observed in BL Lacs
is violated. By combining Swift-XRT and Swift-UVOT measurements during a low and hard X-ray state, we find an excess of the UV flux with
respect to an extrapolation of the X-ray spectrum to lower energies. This UV excess implies that at least two regions significantly contribute to the
infrared/optical/ultraviolet/X-ray emission. Using the simultaneous MAGIC, XMM-Newton, NuSTAR, and AstroSat observations, we argue that
a region possibly associated with the 10 GHz radio core may explain such an excess. Finally, we investigate a VHE flare, showing an absence
of simultaneous variability in the 0.3-2keV band. Using time-dependent leptonic modelling, we show that this behaviour, in contradiction to
single-zone scenarios, can instead be explained by a two-component model.

Key words. radiation mechanisms: non-thermal — galaxies: active — BL Lacertae objects: individual: 1ES 2344+514
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(MJD 59458). The data were acquired by the Kungliga Vetenskap-
sakademien (KVA; 35cm primary mirror diameter) telescope
and Joan Oré Telescope (TJO; 80 cm primary mirror diameter).
The KVA is located on the island of La Palma, in Spain, at the
Roque de los Muchachos Observatory, while the TJO telescope is
placed at the Montsec Astronomical Observatory, also in Spain.
Datareduction is performed following the differential photometry
method described by Nilsson et al. (2018) with an aperture radius
of 7.5”. The contributions of the host galaxy and nearby compan-
ions are subtracted from the observed fluxes, and we apply a cor-
rection for the Galactic extinction.

Additional R-band observations were performed by the
Whole Earth Blazar Telescope’ (WEBT; e.g. Villata et al.
2007; Raiteri et al. 2017) consortium. The observations were
made within the GLAST-AGILE Support Program (GASP; e.g.
Villata et al. 2009), which provides mainly optical, but also
radio and near-IR support to blazar observations by gamma-ray
satellites. Optical data for this paper are taken at the Abastu-
mani, Athens, Crimean'?, Haleakala, Lulin, McDonald, Perkins,
Rozhen, Skinakas, St. Petersburg, Teide, Tijarafe, and Vidoje-
vica Observatories. The R-band flux densities of the source are
corrected for a quantity accounting for the contribution by the
host galaxy and nearby companions, the Galactic extinction, and
intercalibration among the different datasets. For the latter, we
use the data by the Tuorla blazar monitoring programme as a
reference.

Finally, we also make use of R-band observations from
the 0.76 m Katzman Automatic Imaging Telescope (KAIT;
Filippenko et al. 2001) at Lick Observatory on Mt. Hamilton,
CA, USA. The data are first reduced adopting the custom
pipeline presented by Ganeshalingam et al. (2010). Then, the
photometry is carried out using a 9-pixel aperture (correspond-
ing to 7.2”). Several nearby stars are chosen from the Pan-
STARRS1'! catalogue for calibration, and their magnitudes are
transformed into the Landolt (1983, 1990) system using the
empirical prescription presented by Tonry et al. (2012), Eq. (6).
Data from KAIT are corrected for Galactic extinction, and the
contribution of the host galaxy (plus nearby companions) is sub-
tracted with the procedure described above.

2.10. OVRO

The radio observations were performed by the Owens Valley
Radio Observatory (OVRO) 40 m telescope within the blazar
monitoring programme (Richards et al. 2011). OVRO employs
an off-axis dual-beam optics and a cryogenic pseudo-correlation
receiver with a 15 GHz centre frequency and 3 GHz bandwidth.
The calibration is done using a temperature-stable diode noise
source in order to remove receiver gain drifts. Finally, the flux-
density scale is derived from observations of 3C 286 assuming a
value of 3.44 Jy at 15.0 GHz from Baars et al. (1977). The flux-
density scale has a systematic uncertainty of ~5%, which is not
included in the error bars of data points shown later. More details
about the OVRO data reduction and calibration are provided by
Richards et al. (2011).

° http://www.oato.inaf.it/blazars/webt/

10 While the Crimean Astrophysical Observatory became Ukrainian
at the time of Ukrainian independence in 1991, the AZT-8 telescope
located there continued to be operated jointly by the Crimean Observa-
tory and by the St. Petersburg group.

' http://archive.stsci.edu/panstarrs/search.php

3. Multi-wavelength light curves

In Fig. 1 the multi-wavelength light curves between December
23, 2018 (MJD 58475) and January 21, 2022 (MJD 59600) are
displayed from radio to VHE. In the top panel, the MAGIC
fluxes above 300 GeV are plotted with daily binning (dark mark-
ers) and yearly binning (pink markers). The horizontal grey
dashed line depicts 4% of the Crab Nebula flux, which is a good
approximation of the quiescent state of 1ES 2344+514 at VHE.
It corresponds to the average flux level reported by Allen et al.
(2017) between 2008 and 2015 when no VHE flaring activity
was detected. A VHE flare is observed in August 2019 and is
highlighted with a vertical blue dashed line. This flare is stud-
ied in greater detail in Sects. 3.1 and 6.3. During the rest of the
campaign, no strong flare is detected at VHE. The 2020 average
flux above 300 GeV is (3.5+0.4)% of the Crab Nebula, in agree-
ment with the quiescent state. For 2021, the average flux drops to
(1.9 = 0.6)% of that of the Crab Nebula and is one of the lowest
states measured for 1ES 2344+514.

In the second panel from the top, the Fermi-LAT fluxes in
the 0.3—-300 GeV band are shown with monthly binning in dark-
yellow markers. Throughout the campaign the monthly fluxes
fluctuate around the quiescent state of the source. The compar-
ison of the 2019-2021 emission with the long-term behaviour
can be seen in Fig. A.1, which presents a Fermi-LAT light curve
starting from 2008. Close to the VHE flare in August 2019,
the monthly emission shows little variability. However, a 2-days
binned light curve simultaneous with the flare (maroon markers
in Fig. 1) indicates a clear flux increase on shorter timescale (see
also Sect. 3.1).

In the X-ray, the Swift-XRT fluxes in the 0.3-2keV and
2—-10keV bands are binned observation-wise (with a typi-
cal exposure time around 1-2ks) and show variability on
a daily timescale. The 2-10keV flux varies around 1 X
1071"-2 x 107" ergcm™2 57!, which is the typical dynamical
range for 1ES2344+514 in quiescent activity (Acciari et al.
2011; Aleksi¢ et al. 2013). Nonetheless, a bright flare in the
0.3-2keV band is visible on October 5, 2019 (MJD 58761),
while the 2—-10keV flux remains at the quiescent state. This par-
ticular night appears as an outlier with respect to the other nights
and is discussed in more detail in Sect. 4.1.

The two long X-ray exposures accompanying the multi-hour
MAGIC observations are highlighted in Fig. 1 with vertical
orange and maroon dashed lines. The first one, labelled as deep
exposure 1 (on July 23, 2020), includes simultaneous XMM-
Newton and NuSTAR pointings, and the second one, labelled as
deep exposure 2 (on August 6, 2021) comprises simultaneous
XMM-Newton and AstroSat pointings (see Table 1). The XMM-
Newton and NuSTAR fluxes are plotted in pink and cyan colours,
respectively. During these two epochs the VHE flux source is
low: about 4% of the Crab Nebula for the deep exposure 1 epoch
and about 2% of the Crab Nebula regarding deep exposure 2.

The organisation of multiband long exposures represents the
only possibility to search for flux variations down to sub-hour
scales, being the timescale over which blazars are known to vary.
Such investigations are also essential to provide constraints on the
source dimension based on causality arguments. Our data reveal
no strong variability at VHE nor in the X-ray during both deep
exposure 1 and deep exposure 2 epochs. The MAGIC fluxes are
fully consistent with a constant behaviour, while the X-ray emis-
sion (in XMM-Newton, NuSTAR, or AstroSat data) varies at the
level of 10% only. Nonetheless, we exploit these observations to
achieve a precise spectral characterisation of the low activity of
the source, which is studied in detail in Sects. 4.1 and 5.
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Abstract

We present high-cadence ultraviolet through near-infrared observations of the Type Ia supernova (SN Ia) 2023bee at
D =32 £ 3 Mpc, finding excess flux in the first days after explosion, particularly in our 10 minutes cadence TESS
light curve and Swift UV data. Compared to a few other normal SNe Ia with early excess flux, the excess flux in
SN 2023bee is redder in the UV and less luminous. We present optical spectra of SN 2023bee, including two spectra
during the period where the flux excess is dominant. At this time, the spectra are similar to those of other SNe Ia but
with weaker Sill, C1I, and CallI absorption lines, perhaps because the excess flux creates a stronger continuum. We
compare the data to several theoretical models on the origin of early excess flux in SNe Ia. Interaction with either the
companion star or close-in circumstellar material is expected to produce a faster evolution than observed. Radioactive
material in the outer layers of the ejecta, either from double detonation explosion or from a 3ONj clump near the
surface, cannot fully reproduce the evolution either, likely due to the sensitivity of early UV observable to the
treatment of the outer part of ejecta in simulation. We conclude that no current model can adequately explain the full
set of observations. We find that a relatively large fraction of nearby, bright SNe Ia with high-cadence observations
have some amount of excess flux within a few days of explosion. Considering potential asymmetric emission, the
physical cause of this excess flux may be ubiquitous in normal SNe Ia.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Type Ia supernovae (1728)
Supporting material: data behind figures

1. Introduction

Type Ia supernovae (SNe Ia) are traditionally believed to be
the thermonucelar explosion of a white dwarf (WD) star. Their
o ) standardizeable light curves at optical wavelengths (e.g.,
Original content from this work may be used under the terms Phillips 1993) serve as the foundation for measurements of

5v of the Creative Commons Attribution 4.0 licence. Any further K R . 3
distribution of this work must maintain attribution to the author(s) and the title the acceleratmg universe (Rles.s et al. 1998; Perlmutt?r et a.l'
of the work, journal citation and DOL 1999) and, therefore, for the entire ACDM model. Despite their

24 ISEF & De Gunzburg Fellowship.
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provides an extraordinary light curve with 10 minutes cadence,
although there is a ~2 day gap around the time of first light
during which the images are heavily polluted by scattered light.
The complete spectroscopic and photometric coverage makes
SN 2023bee one of the best-observed SNela at early times,
enabling a detailed study of the excess flux and its implication
for progenitor properties. Hosseinzadeh et al. (2023a) presents
a different set of data, including an early spectral time series
and radio observations. In Section 2, we present the acquisition
and reduction of our data. In Section 3, we analyze the early
photometry and spectra. We present the model fits and discuss
the implications in Section 4. The conclusions are presented in
Section 5.

2. Observations and Data Reduction

SN 2023bee was discovered by the Distance Less Than
40 Mpc survey (DLT40; Yang et al. 2017; Tartaglia et al. 2018)
on 2023 February 1 17:59:54.816 (MJD 59976.75) in the clear
band with an apparent magnitude of 17.26+0.04 mag
(Andrews et al. 2023). SN 2023bee occurred at coordinates
a=08"56m11%63, 6§ = —03°19'327 06 (J2000.0) and was
spectroscopically classified as an SNIa by Hosseinzadeh
et al. (2023b). SN 2023bee is located at a distance of 93797
from the center of its host galaxy NGC 2708, which is an
intermediate spiral galaxy at z =0.0067 £ 0.0005, and distance
modulus ;o =32.5+0.2 mag (Pisano et al. 2002). Given the
large separation between SN 2023bee and its host, the host
extinction is likely to be negligible. Throughout this paper, we
use the Milky Way extinction of E(B — V)yw = 0.0145 from
the extinction map described in Schlafly & Finkbeiner (2011).

2.1. Photometry

TESS observed the rise of 2023bee during Sector 61, in
CCD 1 of camera 1. TESS features a broadband filter that
covers the r, i, z, and y bands with a wavelen%th range of
5802.57 to 11171.45 A. We create a 90 x 90 pixel” target pixel
file, centered on 2023bee, from the calibrated TICA (Faus-
naugh et al. 2020) full frame images with TESScut. The target
pixel file was reduced with the standard TESSreduce
pipeline, which accounts for the image alignment, the scattered
light background, and image artifacts to produce differenced
images. We then conduct a secondary background subtraction
by subtracting the median counts of each column from each
pixel in that column, for every differenced image.

The baseline flux is estimated by the median value between
MID 59969.2 and 59974 when the background is stable, and
no SN flux is present. Between MJD 59974.5 and 59976.3, the
TESS measurements are significantly compromised by scat-
tered light in the background and thus are excluded from
further analysis. The complete TESS light curve along with
details of the method and criteria we used to determine the
compromised MJD range are described in Appendix.

We calibrate the TESS counts of SN 2023bee to physical AB
magnitudes with the spectrum taken on MJD 59977.56 (see
Section 2.2). This spectrum is first calibrated using the Las
Cumbres Observatory (LCO) g, r, and i measurements taken at
the same night. Then, we calculate a synthetic TESS
magnitude, which we compare to the instrumental magnitude
of the TESS measurement at the same time to compute the
zero-point. For this process, we use the pyphot package
(Fouesneau 2022) and the bandpasses available from the

Wang et al.

SN 2023bec &« —

DECam griz
2023 March 1

Figure 1. DECam composite griz image stamp of SN 2023bee and its host
NGC 2708 taken on 2023 March 1 UT, ~10 days after peak. The location of
SN 2023bee is marked by white tick marks in the upper left corner.

Spanish Virtual Observatory (Rodrigo et al. 2012; Rodrigo &
Solano 2020). We find the zero-point of TESS to be
ZPTESS = 26.16 +0.02 mag.

We also observed SN 2023bee in griz with DECam at the
CTIO 4 m Blanco telescope (DePoy et al. 2008; Flaugher et al.
2015) and the PanSTARRSI (PS1) telescope (Chambers et al.
2016) as part of the Young Supernova Experiment (Jones et al.
2021; Aleo et al. 2023). Standard reductions for the DECam
and PS1 images are performed by the NOIRLab community
pipeline (Valdes et al. 2014) and the PS1 image Image
Processing Pipeline, respectively (Magnier et al. 2020a, 2020b,
2020c; Waters et al. 2020). These images are then taken as
input to the photpipe pipeline (Rest et al. 2005, 2014),
which redetermines the zero-points by comparing DoPHOT
point-spread function (PSF) photometry from each image to the
Pan-STARRS Data Release 1 (DR1) catalog (Flewelling et al.
2020), convolves and subtracts a template image from the
survey image, and performs forced photometry on the resulting
difference images to create SN light curves. Figure 1 shows a
DECam griz color image taken on 2023 March 1 UT.

We observed SN 2023bee with the LCO 1m telescope
network in uBVgriz bands, the 1m telescope at Lulin
Observatory using the Lulin Compact Imager, and with the
Thacher 0.7 m telescope in Ojai, CA from 2023 February 2 to
March 11 in the griz bands (Swift et al. 2022). Using the
photpipe imaging and reduction pipeline (Rest et al.
2005, 2014), we performed bad-pixel masking, reprojecting
the data to a common pixel scale and pointing center using
SWarp (Bertin 2010), photometry with DoPhot (Schechter
et al. 1993), and photometric calibration using the Pan-
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Abstract

Fast X-ray Transients (FXTs) are extragalactic bursts of soft X-rays first identified 210 yr ago. Since then, nearly
40 events have been discovered, although almost all of these have been recovered from archival Chandra and
XMM-Newton data. To date, optical sky surveys and follow-up searches have not revealed any multiwavelength
counterparts. The Einstein Probe, launched in 2024 January, has started surveying the sky in the soft X-ray regime
(0.5-4 keV) and will rapidly increase the sample of FXTs discovered in real time. Here we report the first discovery
of both an optical and radio counterpart to a distant FXT, the fourth source publicly released by the Einstein Probe.
We discovered a fast-fading optical transient within the 3’ localization radius of EP240315a with the all-sky
optical survey ATLAS, and our follow-up Gemini spectrum provides a redshift, z =4.859 & 0.002. Furthermore,
we uncovered a radio counterpart in the S band (3.0 GHz) with the MeerKAT radio interferometer. The optical
(rest-frame UV) and radio luminosities indicate that the FXT most likely originates from either a long gamma-ray
burst or a relativistic tidal disruption event. This may be a fortuitous early mission detection by the Einstein Probe
or may signpost a mode of discovery for high-redshift, high-energy transients through soft X-ray surveys,
combined with locating multiwavelength counterparts.

Unified Astronomy Thesaurus concepts: Transient sources (1851); Relativistic jets (1390); High energy
astrophysics (739); X-ray transient sources (1852); Optical identification (1167); Radio interferometry (1346)

1. Introduction curve, followed by a sharp drop, consistent with model
predictions for a rapidly spinning magnetar remnant. On the
other hand, XRT 000519 showed precursor X-ray emission
4000 and 8000 s before the main flare (Jonker et al. 2013), the
timescale of which agrees with the expected orbital timescale of
a white dwarf (WD) spiraling toward an intermediate-mass
black hole on an eccentric orbit (MacLeod et al. 2016). Glennie

In the past decade, a few tens of fast X-ray transients (FXTs)
have been discovered with Chandra, XMM-Newton, and
eROSITA (see, e.g., Jonker et al. 2013; Glennie et al. 2015;
Bauer et al. 2017; Alp & Larsson 2020; Quirola-Vasquez et al.
2022, 2023). These bursts are soft (0.3—10 keV) and exhibit a

Widﬁ range of time§ca1§s, lasting. from ~ 10" to 10“‘ s, with a et al. (2015) found two FXTs in archival Chandra data and
variety of qstrophy51f:al interpretations having been invoked to reported an infrared (IR) Galactic counterpart at a distance of
explain their properties. 80 pc for one of them (XRT 120830). They interpret this FXT

Events such as CDF-S XT2 (Xue et al. 2019), XRT 210423 to be consistent with an M dwarf superflare, but the other had
(Ai & Zhang 2021; Eappachen et al. 2023), and CDF-S XT1 no detected counterpart.

(Sarin et al. 2021) have been interpreted as resulting from a Alp & Larsson (2020) reported 12 FXTs from XMM-

binary neutron star (BNS) merger. CDF-SXT2 and Newton, and from inference of potential hosts they interpret the

XRT 210423 both showed a clear plateau in the X-ray light FXTs as emission from shock breakout (SBO) in Wolf—Rayet

stars within a dense circumstellar medium or (favored in two

T3 These authors contributed equally to this work. cases) red supergiant progenitors. Eappachen et al._ (2024)

showed that seven of these have plausible host galaxies with

spectroscopic redshifts 0.098 <z < 0.645, with one being a

Original content from this work may be used under the terms . .
of the Creative Commons Attribution 4.0 licence. Any further likely Galactlc. flare . star. Tjhey Proposed that one FXT
distribution of this work must maintain attribution to the author(s) and the title (XRT 110621) is consistent with being a supernova SBO, but
of the work, journal citation and DOL the spectroscopic redshifts of the others showed that their peak
1
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X-ray luminosities were above that deemed feasible for
supernova SBOs. Soderberg et al. (2008) report an X-ray
detection that they associate with the SBO from SN 2008D, at a
distance of 27 Mpc (see also Chevalier & Fransson 2008;
Mazzali et al. 2008; Modjaz et al. 2009). Eappachen et al.
(2024) also searched for contemporaneous optical counterparts
in the Pan-STARRS and Asteroid Terrestrial-impact Last Alert
System (ATLAS) wide-field surveys but found none. The
detection limits range in depth (from m,, ~ 22 to m, ~ 18.4; AB
mag), and the delay between the bursts and the observations
ranges from 1 to 170 days. The most stringent limit on any
contemporaneous optical emission remains the serendipitous
observation of the location of CDF-S XT 1 with the Very Large
Telescope just 80 minutes after the burst (Bauer et al. 2017).
With this observation, no associated optical counterpart—or
host galaxy—was detected, down to a limiting R-band
magnitude mg > 25.7 AB mag.

The discovery and rapid follow-up of FXTs are expected to
accelerate since the launch of the Einstein Probe (EP; Yuan
et al. 2022) on 2024 January 9. With its instantaneous wide
field of view of 3600 deg?, the mission is designed to survey
the available night-time sky several times per day in the soft
X-ray regime (0.5-4keV) and to follow up detected
transients. During its commissioning phase, it has already
proven to be a valuable discovery instrument, with four new
X-ray transient sources reported by mid-March. The first,
EPW 20240219aa (Zhang et al. 2024b), has had no multi-
wavelength counterpart identified, but an association with a
subthreshold Fermi Gamma-ray Burst Monitor (GBM)
detection has been made (Zhang et al. 2024a; Fletcher et al.
2024), suggesting that it may be a GRB event. The following
two EP transients released are almost certainly Galactic.
EPW 20240305aa (Liu et al. 2024b) has been well localized
by Swift/XRT (Liu et al. 2024a) and is coincident with a Gaia
DR3 star (late A type or early F type; Monageng et al. 2024),
with radio emission observed by the Australian Telescope
Compact Array (ATCA; An et al. 2024). EP 240309a was
detected as a highly variable X-ray source (previously
detected by XMM-Newton, Swift, and eROSITA; Ling
et al. 2024) and has been confirmed as a cataclysmic variable
(CV) with an orbital period of 3.76 hr (Buckley et al. 2024;
Rodriguez & Kulkarni 2024).

The fourth bright transient source publicly released by the
EP mission, EP240315a, was detected on 2024 March 15
20:10:44 UTC (Tp =MID 60384.84079) by the wide-field
X-ray telescope (Zhang et al. 2024c). The EP team reported
that the event lasted 1600's, with a peak flux fx ~3 x 107°
ergs 'ecm 2 in the 0.5-4keV band. No previously known
X-ray sources were identified in the 3’ localization radius,
making it a candidate extragalactic FXT.

In this Letter, we report the discovery of the optical and radio
transient associated with EP 240315a, the first time multi-
wavelength counterparts of a “distant” (D 2 100 Mpc) extra-
galactic FXT have been recorded. Throughout this Letter we
assume ACDM cosmology with a Hubble constant
Hy=677kms 'Mpc™', Q,,=0309, and €, =0.691
(Planck Collaboration et al. 2016). We also assume a line-of-
sight Milky Way extinction of E(B— V)=0.042 AB mag,
which corresponds to Ay=0.130 AB mag (Schlafly &
Finkbeiner 2011).

Gillanders et al.

2. Multiwavelength Counterpart Discovery and Follow-Up
2.1. Discovery of the Optical Counterpart with ATLAS

ATLAS (Tonry et al. 2018b) is a quadruple 0.5 m telescope
system, operating a wide-field all-sky survey. ATLAS
continually surveys the sky, typically four times in 24 hr when
all four units are operating normally, and we promptly process
the data to search for extragalactic transients (Smith et al.
2020). During its normal survey operations, ATLAS observed
the localization region of EP240315a at MJD 60384.894,"
corresponding to T + 1.28 hr (note that the first of the four 30 s
exposures was obtained at MJD 60384.88673, or Tj + 1.10 hr).
Recall that T} is the time of the detection from the EP (MJD
60384.84079; Zhang et al. 2024c).

Observations were performed by the Sutherland unit in South
Africa, with 4 x 30 s exposures obtained using the cyan, or c,
filter (analogous to the Pan-STARRS/Sloan Digital Sky Survey
g + r filters). During automated image processing (outlined by
Smith et al. 2020), the observations were reduced and calibrated
photometrically and astrometrically with the reference catalog
RefCat2 (Tonry et al. 2018a), and a reference image was
subtracted. We registered the optical transient AT 2024eju
(ATLAS24dsx) with sky coordinates of R.A. =+ 141.64763,
decl. = —9.53401 (9"26™35%43, —9°32/02”4) and an observed
magnitude m. = 19.38 £ 0.08 AB mag on the Transient Name
Server (Tonry et al. 2024). With no detection of the source in
ATLAS images 1.75 days before, no historical variability, and a
0!8 spatial separation, we reported this as a plausible counterpart
to EP240315a (Srivastav et al. 2024b).

In Figure 1, we present the nightly stacked (4 x 30 s) target
and difference images from ATLAS for the detection epoch
and the neighboring epochs immediately pre- and post-
detection. The presence of the transient on MJD 60384.894 is
unmistakable, with no evidence for AT 2024eju in the most
recent previous observation (indicating no preexisting transient
activity) and no evidence in the subsequent observation
(indicating its rapid fade). Figure 1 visually highlights how
rapidly AT 2024eju rose and subsequently faded.

2.2. Optical Photometric Follow-Up

After the initial discovery with ATLAS, we triggered rapid
multiband follow-up imaging observations with the Pan-
STARRS telescopes, the Liverpool Telescope, and the Lulin
Observatory. All three observatories were triggered and on-
source within 24-36 hr.

We used the 40cm SLT located at Lulin Observatory,
Taiwan, to obtain r-band images of the field of EP 240315a as
part of the Kinder project (Chen et al. 2021). The initial
observation with SLT began at MIJD60385.673, or
To+ 0.832 days. We successfully recovered AT 2024eju in
the images, albeit with a marginal detection (Chen et al.
2024a), indicating a fast fade within the first 24 hr of the FXT
discovery. Subsequently, we conducted continuous observa-
tions of AT 2024eju using both SLT and the Lulin One-meter
Telescope (LOT) with i-band imaging. We employed the
Kinder pipeline (Yang et al. 2021) to conduct point-spread
function (PSF) photometry for AT 2024eju without template
subtraction. The derived magnitudes and 20 upper limits were

14 Here (and for all other optical imaging observations) we quote the epoch of
observation as the midpoint of the exposure.
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Abstract

We present ultraviolet/optical /near-infrared observations and modeling of Type II supernovae (SNe II) whose
early t1me (6t <2 days) spectra show transient, narrow emission lines from shock ionization of confined
(r < 10" cm) circumstellar material (CSM). The observed electron- scattering broadened line profiles (i.e., [In-like)
of HI, He I/11, C 1V, and N 1II/IV/V from the CSM persist on a characteristic timescale (#,) that marks a transition
to a lower-density CSM and the emergence of Doppler-broadened features from the fast-moving SN ejecta. Our
sample, the largest to date, consists of 39 SNe with early time IIn-like features in addition to 35 “comparison” SNe
with no evidence of early time IIn-like features, all with ultraviolet observations. The total sample includes 50
unpublished objects with a total of 474 previously unpublished spectra and 50 multiband light curves, collected

38 LSST-DA Catalyst Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOIL
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days to a week after first light, and the explosion proceeds to
evolve photometrically and spectroscopically as a standard
RSG explosion—a light-curve plateau or linear (in magnitudes)
decline where hydrogen recombination mitigates the release of
stored radiative energy, and the photospheric spectra are
dominated by P Cygni profiles formed from H, He, and Fe-
group elements in the SN ejecta.

2.2. Photometric Observations

All gold-, silver-, and comparison-sample objects were
observed during their evolution with UVOT (Roming et al.
2005) on board the Neil Gehrels Swift Observatory (Gehrels
et al. 2004). We performed aperture photometry with a 5"
region radius with uvotsource within HEAsoft v6.26,!
following the standard guidelines from Brown et al. (2014).*?
In order to remove contamination from the host galaxy, we
employed images acquired at ¢ > 1 yr, assuming that the SN
contribution is negligible at this phase. This is supported by
visual inspection in which we found no flux at the SN location.
We subtracted the measured count rate at the location of the SN
from the count rates in the SN images and corrected for point-
spread-function (PSF) losses following the prescriptions of
Brown et al. (2014). We also note that the w2 filter has a known
red leak (Brown et al. 2010), which could impact postpeak
observations when the SN is significantly cooler.

For the total sample, optical/NIR photometry was obtained
from a variety of collaborations and telescopes. Pan-STARRS
telescope (PS1/2; Kaiser et al. 2002; Chambers et al. 2017)
imaging in the grizy bands was obtained through YSE (Jones
et al. 2021). Data storage/visualization and follow-up coordi-
nation was done through the YSE-PZ web broker (Coulter et al.
2022, 2023). The YSE photometric pipeline is based on
photpipe (Rest et al. 2005), which relies on calibrations
from Magnier et al. (2020) and Waters et al. (2020). Each
image template was taken from stacked PS1 exposures, with
most of the input data from the PS1 37 survey. All images and
templates were resampled and astrometrically aligned to match
a skycell in the PS1 sky tessellation. An image zero-point is
determined by comparing PSF photometry of the stars to
updated stellar catalogs of PS1 observations (Flewelling et al.
2020). The PS1 templates are convolved with a three-Gaussian
kernel to match the PSF of the nightly images, and the
convolved templates are subtracted from the nightly images
with HOTPANTS (Becker 2015). Finally, a flux-weighted
centroid is found for the position of the SN in each image, and
PSF photometry is performed using “forced photometry”: the
centroid of the PSF is forced to be at the SN position. The
nightly zero-point is applied to the photometry to determine the
brightness of the SN for that epoch.

We obtained uUBVgriz imaging with the Las Cumbres
Observatory (LCO) 1 m telescopes through the Global Super-
nova Project (GSP) and YSE. After downloading the BANZAI-
reduced images from the LCO data archive (McCully et al.
2018), we used photpipe (Rest et al. 2005) to perform
DoPhot PSF photometry (Schechter et al. 1993). All
photometry was calibrated using PS1 stellar catalogs described
above with additional transformations to the SDSS u band
derived from Finkbeiner et al. (2016). For additional details on
our reductions, see Kilpatrick & Foley (2018). We also

1 We used the calibration database (CALDB) version 20201008.
42 https://github.com/gterreran /Swift_host_subtraction
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obtained photometry using a 0.7 m Thai Robotic Telescope at
Sierra Remote Observatories and the 1 m Nickel telescope at
Lick Observatory in the BVRI bands. Images are bias
subtracted and field flattened. Absolute photometry is obtained
using stars in the 10’ x 10’ field of view. We also observed
objects with the Lulin 1 m telescope in griz bands and the
Swope 1 m telescope in uBVgri. Standard calibrations for bias
and flat-fielding were performed on the images using IRAF,
and we reduced the calibrated frames in photpipe using the
methods described above for the LCO images.

Sample objects were also observed with ATLAS, a twin
0.5 m telescope system installed on Haleakala and Maunaloa in
the Hawai’ian islands that robotically surveys the sky in cyan
(c) and orange (o) filters (Tonry et al. 2018a). The survey
images are processed as described by Tonry et al. (2018a) and
photometrically and astrometrically calibrated immediately
(using the RefCat2 catalog; Tonry et al. 2018b). Template
generation, image-subtraction procedures, and identification of
transient objects are described by Smith et al. (2020). PSF
photometry is carried out on the difference images, and all
detections more significant than 50 are recorded and go
through an automatic validation process that removes spurious
objects (Smith et al. 2020). Photometry on the difference
images (both forced and nonforced) is obtained from an
automated PSF fitting as documented by Tonry et al. (2018a).
The photometry presented here is derived from the weighted
averages of the nightly individual 30 s exposures, carried out
with forced photometry at the position of each SN. In addition
to our observations, we include gri-band photometry from ZTF
(Bellm et al. 2019; Graham et al. 2019) forced-photometry
service (Masci et al. 2019).

In Figure 2, we present new Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015) light curves of
SNe 2019nvm and 2021dbg, reduced using the TESSreduce
package (Ridden-Harper et al. 2021), compared to the
previously published TESS light curve of SN 2020fqv
(Tinyanont et al. 2022). These observations have been binned
to a 6 hr cadence and are able to constrain the uncertainty in the
time of first light to a few hours. To our knowledge,
SN 2021dbg represents the first SN II with IIn-like features to
have a complete TESS light curve.

For all SNe, the Milky Way (MW) V-band extinction and
color excess along the SN line of sight are inferred using a
standard Fitzpatrick (1999) reddening law (Ry=3.1). In
addition to the MW color excess, we estimate the contribution
of host-galaxy extinction in the local SN environment using
Na1D absorption lines for all gold-, silver-, and comparison-
sample objects. To determine if NaID is detected, we fit the
continuum in a region around the transition based on the
spectral resolution and calculate the residuals between the
continuum fit and the spectral data. We then integrate the
residual flux and confirm that it is greater than or equal to 3
times the residual flux uncertainty in order to claim a
“detection.” We calculate the NaID equivalent width (EW)
and use A = (0.78 + 0.15) mag x (EWyup/A) from
Stritzinger et al. (2018) to convert these EWs to an intrinsic
host-galaxy E(B — V), also using the Fitzpatrick (1999)
reddening law. A visualization of this method is shown in
Figure A2 in the Appendix. For nondetections, we calculate an
upper limit on the EW and host reddening using the fitted
continuum flux. We present a detailed discussion of the host-
extinction uncertainties in Appendix A. We do not apply
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ABSTRACT

Variability can be the pathway to understanding the physical processes in astrophysical jets. However, the high-cadence observations required to
test particle acceleration models are still missing. Here we report on the first attempt to produce continuous, >24 hour polarization light curves
of blazars using telescopes distributed across the globe, following the rotation of the Earth, to avoid the rising Sun. Our campaign involved 16
telescopes in Asia, Europe, and North America. We observed BL Lacertae and CGRaBS J0211+1051 for a combined 685 telescope hours. We find
large variations in the polarization degree and angle for both sources on sub-hour timescales as well as a ~180° rotation of the polarization angle in
CGRaBS J0211+1051 in less than two days. We compared our high-cadence observations to particle-in-cell magnetic reconnection and turbulent
plasma simulations. We find that although the state-of-the-art simulation frameworks can produce a large fraction of the polarization properties,
they do not account for the entirety of the observed polarization behavior in blazar jets.

Key words. radiation mechanisms: non-thermal — techniques: polarimetric — galaxies: active — BL Lacertae objects: general —

galaxies: jets

1. Introduction

Blazars are active galactic nuclei with powerful jets oriented
within a few degrees of the line of sight of an observer on
Earth (Blandford et al. 2019; Hovatta & Lindfors 2019). They
show a plethora of exciting behavior, but are most notable for
their broadband emission from radio to y-rays (e.g., Ajello et al.
2020), extreme variability down to minute timescales (e.g.,
Ackermann et al. 2016), highly polarized emission, with a polar-
ization degree that can exceed 45% (e.g., Shao et al. 2019), and
highly relativistic jets (Lister et al. 2021; Weaver et al. 2022).
The origin of the extreme, diverse variability in different wave-
lengths is not fully understood but holds the keys to understand-
ing the physical processes in astrophysical jets. A few models
have now been proposed to explain the observed variability
patterns. They include shocks in jets (Marscher & Gear 1985),
jets in jets (Giannios et al. 2009), turbulence (Marscher 2014;
Webb & Sanz 2023), magnetic reconnection (Hosking & Sironi
2020; Zhang et al. 2020), shock-shock collisions (Liodakis et al.
2020), kink instabilities (Zhang et al. 2017), Doppler factor vari-
ations (Raiteri et al. 2017b,a), and others. A great deal of effort
has been made to characterize the jet’s variability on diverse
timescales. The recent introduction of datasets from exoplanet

* Corresponding authors; 1iodakis@ia. forth.gr

satellites like Kepler and the Transiting Exoplanets Survey Satel-
lite (TESS) (Sasada et al. 2017; Weaver et al. 2020; Raiteri et al.
2021) has given us an additional unique view of blazar variabil-
ity. However, despite all these efforts, we still lack a consensus
on the mechanisms that drive variability in blazar jets.
Polarization can also be used to probe the physical pro-
cesses that govern the jets. This is because different models often
predict different polarization properties (e.g., Marscher 2014;
Zhang et al. 2014; Peirson & Romani 2018, 2019; Tavecchio
2021). Moreover, blazars show a peculiar polarization behavior
that often takes place in the form of rotations of the polariza-
tion angle (e.g., Marscher et al. 2008, 2010; Blinov et al. 2015,
2016a). Polarization studies of blazars have been limited by the
cadence of the observations, the lack of dedicated experiments
(see Kiehlmann et al. 2021 for a discussion), and, until recently,
the limited wavelength coverage, as most studies had been in
the optical. The recent launch of the Imaging X-ray Polarime-
try Explorer (IXPE; Weisskopf et al. 2022) has opened new
avenues to studying the high-energy Universe. The first obser-
vations of blazars suggest that particle acceleration in jets takes
place in shocks, with the emission becoming energy-stratified
owing to particle cooling (Liodakis et al. 2022; Di Gesu et al.
2022; Kouch et al. 2024). More interestingly, IXPE has already
managed to detect the first X-ray polarization angle rotation
in Mrk 421 (Di Gesu et al. 2023; Kim et al. 2024) in a blind
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survey. Mrk 421 showed a >360° rotation with a rate of
80-90° d~!. This would suggest that large variations in the polar-
ization angle can take place within a single observing night (see
also MAGIC Collaboration 2018) and are missed in the opti-
cal because of the 180° ambiguity of the polarization angle and
our inability to monitor a blazar from one location continuously.
Uninterrupted observations have only been achieved in a lim-
ited number of campaigns (e.g., Bhatta et al. 2016; Weaver et al.
2020).

Here we aim to combine the power of variability and polar-
ization by producing continuous light curves from ground-based
observations. This was achieved by combining multiple tele-
scopes across the world using the rotation of the Earth. Differ-
ent telescopes have often been combined for blazar studies (e.g.,
Raiteri & Villata 2021) and other purposes (e.g., Brown et al.
2013). Here we focus on polarimetry and probing shorter
variability timescales by producing continuous, uninterrupted,
longer than 24-hour time series that we can use to test parti-
cle acceleration models. In Sect. 2 we describe the telescopes
used in this work and our observing strategy, and in Sect. 3 we
discuss our analysis procedures. In Sect. 4 we present the final
time series and examine their variability properties. In Sect. 5 we
test different models of particle acceleration, and in Sect. 6 we
discuss our findings. We focus on linear polarization, which we
refer to as “polarization” throughout the paper for simplicity.

2. Telescopes and observing strategy

Our campaign, which we dubbed the NOn-stop Polarization
Experiment (NOPE), consisted of 16 telescopes across the world
with a combined 685 telescope hours over seven nights. Those
telescopes/observatories are, the Aryabhatta Research Institute
of Observational Sciences (ARIES), the Calar Alto Observa-
tory, the Crimean Observatory, T60 at the Haleakala Observatory
(Piirola et al. 2014, 2020), the Kanata telescope (Uemura et al.
2017), the Liverpool Telescope (Steele et al. 2004), LX-200
(Larionov et al. 2008), Lulin Observatory, the Nordic Optical
Telescope (Hovatta et al. 2016; Nilsson et al. 2018), the Perkins
Telescope Observatory (PTO; Jorstad et al. 2010), the Observa-
torio Astronémico Nacional at San Pedro Martir (OAN-SPM),
the Zeiss-1000/MAGIC at the Special Astrophysical Obser-
vatory of RAS (Afanasiev et al. 2023; Komarov et al. 2020),
Sierra Nevada Observatory, RoboPol at the Skinakas Observa-
tory (Ramaprakash et al. 2019), and the University of Leicester
Observatory (Wiersema et al. 2023). NOPE was scheduled for
the dark time of 2—-8 November 2021. The volcano eruption in La
Palma prevented us from acquiring data from the Liverpool Tele-
scope and the Nordic Optical Telescope. Weather related reasons
prevented the use of the telescope at the University of Leicester
Observatory as well. Additional telescope hours were lost due to
weather in different locations; however, all remaining telescopes
provided a reasonable amount of data.

To probe fast variability timescales, we selected the most
variable sources found from the four years of monitoring in
the RoboPol sample (Blinov et al. 2021) that were visible for
at least half the night from most locations. Since rotations of
the polarization has been shown to be connected to y-ray activ-
ity (Blinov et al. 2018), we monitored the y-ray light curves of
all the objects in the sample (Baldini et al. 2021; Abdollahi et al.
2023) as well as for other flaring sources using alert brokers (e.g.,
Astronomer’s telegram').

' https://wuw. astronomerstelegram.org/
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3. Optical polarization observations
3.1. Observations and data reduction

At the time of the scheduled observations, there were no out-
bursts or elevated activity reported; hence, we opted to observe
BL Lacertae (BL Lac), which was in a prolonged outburst
that had lasted a few months (Raiteri et al. 2023) and CGRaBS
JO211+1051 (hereafter JO211) that was in a historically low
brightness and low polarization degree period (Blinov et al.
2021). BL Lac is typically a low synchrotron peaked blazar
(i.e., synchrotron peak frequency <10'* Hz, Ajello et al. 2020;
Middei et al. 2023), but turns into an intermediate peaked source
during flares (i.e., synchrotron peak frequency 10 < Veyn <
10" Hz; e.g., Peirson et al. 2023). JO211 is an intermediate
peaked blazar (Peirson et al. 2022). BL Lac was observed for
the first half of each night while JO211 for the second half.
The observations were performed in the R band. The data were
analyzed using either standard analysis procedures or exist-
ing pipelines at individual observatories (e.g., King et al. 2014;
Panopoulou et al. 2015; Nilsson et al. 2018). All the polarimet-
ric measurements were performed with a 5 aperture radius.
We preselected several polarized (HD 204827 and BD +59.389)
and unpolarized (BD+32.3739, BD +28.4211, HD 212311,
HD 14069, and G191B2B) standard stars, commonly used by
blazar monitoring program like the Steward Observatory? and
RoboPol (Blinov et al. 2023), to be used by all the observatories.
Since we are interested in the polarization variability, we did not
apply any correction to the polarization degree from the dilu-
tion of the host-galaxy, which, at the selected aperture, should
be negligible (e.g., Meisner & Romani 2010).

For both sources we are able to achieve a median cadence
of five minutes. The shortest interval between observations was
zero, and the longest, which occurred toward the end of our cam-
paign, was roughly nine hours for BL Lac and twelve hours for
JO211.

3.2. Data post-processing

Systematic shifts. Once all the data were collected, small
systematic shifts on the order of <0.1™*% and <0.5% were
applied to the brightness and polarization degree, respectively, to
align overlapping observations. Those shifts originate from the
different efficiency in the instruments, instrumental setup, see-
ing, and minor differences in the analysis pipelines.

Data binning. We averaged data points in bins of 30 min
duration. These bins were interactively identified® using the
method described in Kiehlmann (2015, Sect. 2.1.2). In the
selected bins, we calculated the mean value of ¢ and u. Even
though the variability in the bins is below the noise level, we
expected some intrinsic variability. Therefore, we did not use the
uncertainty-weighted mean, which is based on the assumption
that all measurements are estimates of the same intrinsic value.
To derive realistic uncertainties for the average ¢ and u, we cal-
culated (i) the mean of the corresponding uncertainties and (ii)
the standard deviation of g and u in the bin, and we used the
larger value of the two. We then calculated the corresponding p
and y using Eq. (1),

p=AP+uty= lalrctan(z)
v , > )
q

2 http://james.as.arizona.edu/~psmith/SPOL/polstds.
html

3 We use the smart_binning function from https://github.com/
skiehl/timeseriestools.
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Abstract

We present UV-optical-near-infrared observations and modeling of supernova (SN) 2024ggi, a type II supernova
(SN II) located in NGC 3621 at 7.2 Mpc. Early-time (“flash”) spectroscopy of SN 2024ggi within 4-0.8 days of
discovery shows emission lines of HI, Hel, C 11, and N III with a narrow core and broad, symmetric wings (i.e.,
“IIn-like”) arising from the photoionized, optically thick, unshocked circumstellar material (CSM) that surrounded
the progenitor star at shock breakout (SBO). By the next spectral epoch at +1.5 days, SN 2024ggi showed a rise in
ionization as emission lines of Hell, CIv, N1V/V, and OV became visible. This phenomenon is temporally
consistent with a blueward shift in the UV-optical colors, both likely the result of SBO in an extended, dense
CSM. The IIn-like features in SN 2024ggi persist on a timescale of #;, = 3.8 £ 1.6 days, at which time a reduction
in CSM density allows the detection of Doppler-broadened features from the fastest SN material. SN 2024ggi has
peak UV-optical absolute magnitudes of M, = —18.7 mag and M, = —18.1 mag, respectively, that are consistent
with the known population of CSM-interacting SNe II. Comparison of SN 2024ggi with a grid of radiation
hydrodynamics and non-local thermodynamlc equlllbrlum radiative-transfer simulations sug%ests a progenitor
mass-loss rate of M = 10~ M, yr (vwf 50 km s™ ) confined to a distance of r <5 x 10'* cm. Assuming a
wind velocity of v,, =50 km s™ ', the progenitor star underwent an enhanced mass-loss episode in the last ~3 yr
before explosion.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Type II supernovae (1731);
Circumstellar matter (241); Radiative transfer (1335); Ultraviolet astronomy (1736)

1. Introduction (CSM) that borders the RSG prior to explosion. In addition to

. . light travel effects during SBO (Waxman & Katz 2017;
Shock breakout (SBO) from a red supergiant (RSG) star is ) o
characterized by an optical depth of 7= ¢/vg,, where c is the Goldberg et al. 2022), the SBO signal can be significantly

speed of light and vy, is the shock velocity. Consequently, the Zigacﬁcedasgseeltzggztzﬁatr)ysgl;ag;eS(félﬁzvzfigggdﬁ 2:11[?/ 2%811:/[
location and timescaI.e of SBO photop escape s high_ly Dessar}t] et al. 2017; Haynie‘ & Piro 2021). Once the shock has,
dependent on the density and extent of circumstellar material “broken out,” the associated burst of high-energy radiation will
“flash ionize” the surrounding medium—observationally this
manifests as a hot supernova (SN) continuum riddled with
recombination lines from ionized CSM. However, to overcome

Original content from this work may be used under the terms L. . . PR
of the Creative Commons Attribution 4.0 licence. Any further the recombination timescale of the flash ionized CSM

7—10 -3
distribution of this work must maintain attribution to the author(s) and the title (Frec X 1{ fe ~ h107ur s to giays for n=10 cm and
of the work, journal citation and DOL p~10""-100"" g ecm ~ at r<2 R,, where R, is the

2l NSF Graduate Research Fellow.
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Figure 1. Left: multicolor light curve of SN 2024ggi (circles) with respect to time since first light (MJD 60410.80 =+ 0.34) from the Swift, ATLAS, LCO, TRT, REM,
T80s, and Lulin telescopes. Observed photometry is presented in the AB magnitude system and has been corrected for host-galaxy and Milky Way (MW) extinction.
CMFGEN mlem?2 and rlw6a model light curves are shown as solid and dashed lines, respectively. Right: early-time, reddening-corrected W2 — V color plot for
SN 2024ggi (magenta stars) and SN 2023ixf (cyan stars) with respect to gold- and silver-sample objects (red, yellow, and blue lines) and comparison-sample objects
(black dashed lines; Jacobson-Galdn et al. 2024). SN 2024ggi shows a blueward shift in color within the first ~1 day since first light that is consistent with a rise in

temperature and ionization (e.g., Figure 2).

field of view. We also observed SN 2024ggi with the Lulin 1 m
telescope in the griz bands. Standard calibrations for bias and
flat-fielding were performed on the images using IRAF, and we
reduced the calibrated frames in photpipe using the same
methods described above for the LCO images.

We also observed SN 2024ggi in the grizH bands with the
Rapid Eye Mount (REM; Antonelli et al. 2003) telescope
located in La Silla, Chile. REM is equipped with two cameras,
which can observe simultaneously the same field of view
(10’ x 10’) in the optical and NIR. Single images have been
initially corrected for dark and flat frames observed each night.
Then, images obtained with the same setup have been stacked
and finally corrected for cosmic rays, all using a dedicated
pipeline written in Python. Magnitudes were measured with
aperture photometry, with a variable aperture size according to
the seeing of the night, and calibrated against selected field
stars from the Skymapper DR4 (Onken et al. 2024) that also
have Two Micron All-Sky Survey JHK-band photometry. We
also obtained ugriz imaging of SN 2024ggi with the 0.8 m
T80S telescope at Cerro Tololo Inter-American Observatory,
Chile. These were processed using the S-PLUS Transient
Extension Program pipeline (Santos et al. 2024), including
nonlinearity to recover detections of SN 2024ggi close to the
saturation level. Additionally, we include o-band photometry
by ATLAS that was downloaded from the forced photometry
server (Tonry et al. 2018; Smith et al. 2020; Shingles et al.
2021). The complete multicolor light curve of SN 2024ggi is
presented in Figure 1.

The MW V-band extinction and color excess along the SN
line of sight is Ay=0.22 mag and E(B—V)=0.07 mag
(Schlegel et al. 1998; Schlafly & Finkbeiner 2011), respectively,
which we correct for using a standard Fitzpatrick (1999)
reddening law (Ry = 3.1). In addition to the MW color excess,
we estimate the contribution of galaxy extinction in the local SN
environment. Using a high-resolution Kast spectrum of
SN2024ggi at ét=5.5 days, we calculate NaID2 and DI
equivalent widths (EWs) of 0.18 and 0.13 A, respectively;
these values are confirmed in a follow-up high-resolution
Gemini spectrum at 6r=9.2 days. We use AP = (078 £
0.15) mag x (EWnap/A) from Stritzinger et al. (2018) to
convert these EWs to an intrinsic host-galaxy E(B — V') and find
a host-galaxy extinction of E(B — V)0 = 0.084 + 0.018 mag,
also corrected for using the Fitzpatrick (1999) reddening law.

2.2. Spectroscopic Observations

SN 2024ggi was observed with Shane/Kast (Miller & Stone
1993) and the Goodman spectrograph (Clemens et al. 2004) at
the Southern Astrophysical Research (SOAR) telescope
between 6t =1.5-9.3 days. For all of these spectroscopic
observations, standard CCD processing and spectrum extrac-
tion were accomplished with IRAF.?* The data were extracted
using the optimal algorithm of Horne (1986). Low-order
polynomial fits to calibration-lamp spectra were used to

24 https://github.com/msiebert] /UCSC_spectral_pipeline
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Abstract

We present the photometric and spectroscopic evolution of SN 20220oqm, a nearby multipeaked hydrogen- and
helium-weak calcium-rich transient (CaRT). SN 2022oqm was detected 13.1 kpc from its host galaxy, the face-on
spiral galaxy NGC 5875. Extensive spectroscopic coverage reveals an early hot (7' > 40,000 K) continuum and
carbon features observed ~1 day after discovery, SN Ic-like photospheric-phase spectra, and strong forbidden
calcium emission starting 38 days after discovery. SN 2022oqm has a relatively high peak luminosity
(Mp = —17 mag) for CaRTs, making it an outlier in the population. We determine that three power sources are
necessary to explain the light curve (LC), with each corresponding to a distinct peak. The first peak is powered by
an expanding blackbody with a power-law luminosity, suggesting shock cooling by circumstellar material (CSM).
Subsequent LC evolution is powered by a double radioactive decay model, consistent with two sources of photons
diffusing through optically thick ejecta. From the LC, we derive an ejecta mass and “°Ni mass of ~0.6 M., and
~0.09 M. Spectroscopic modeling ~0.6 M, of ejecta, and with well-mixed Fe-peak elements throughout. We
discuss several physical origins for SN 20220qm and find either a surprisingly massive white dwarf progenitor or a

° ISEF International Fellowship.
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Table 1
SN 20220qm and NGC 5875 (Host Galaxy) Properties
Parameter Value References
R.A. 15"09™m08321 )
Decl. +52°32/05” 14 2)
Redshift 0.012 4)
Distance Modulus 33.575 “4)
Milky Way E[B — V] 0.016 3
Explosion Time MID = 59770-59771 This Work
2022 Jul 10-11
Time of Peak 1 MIJID = 59771 This Work
2022 Jul 11
Time of Peak 2 MID = 59775 This Work
2022 Jul 13-17
Time of Peak 3 MID = 59785 This Work
2022 Jul 18-25
Host R.A. +15"09™135 16 1)
Host decl. 52°317427 40 (1)
Host-SN Offset 50”6 (13.1 kpc) This Work

References. (1) Abazajian et al. (2005); (2) Sollerman et al. (2022); (3)
Schlafly & Finkbeiner (2011); (4) van Driel et al. (2016).

broader CaRT population. In Section 7, we explore possible
progenitor scenarios of SN 2022oqm. We discuss our results in
Section 8 and conclude in Section 9. We assume a standard
ACDM cosmology throughout (Hy=67.8 km s Mpc ',
02,=0.31, Q) = 0.69; Planck Collaboration et al. 2016).

2. Observations

SN 20220gm was reported to the Transient Name Server with
a discovery date of 2022 July 11 04:33 UT (MJD = 59771.69)
and the last nondetection a day earlier on 2022 July 10 06:14 UT
(MJD =59770.75) by Sollerman et al. (2022), and initially
classified as a SN I (Zimmerman et al. 2022). Immediately after
detection, a clear shock-like UV excess had become apparent,
and the community began to follow the evolution of
SN 20220gm. After discovery, SN 2022oqm was next classified
as an SN Ic (D. Perley et al. 2022; Leadbeater 2022), and finally
as an SN Ic-pec (Fulton et al. 2022). Its observed properties are
summarized in Table 1. SN 20220gm was found offset by 50”6
(13.1kpc) from the center of NGC 5875, an extended spiral
galaxy at 53.5+ 1 Mpc (Tully et al. 2013).

2.1. Photometry

A log of all photometry presented in this article is provided
in Table 7.

2.1.1. Pan-STARRS

SN 20220gm was observed with the Pan-STARRS telescope
(PS1/2; Kaiser et al. 2002; Chambers et al. 2017) on 2022
September 8 in rz bands through the Young Supernova
Experiment (YSE; Jones et al. 2021). Data storage/visualization
and follow-up coordination was done through the YSE-PZ Target
and Observation Manager (Coulter et al. 2022, 2023). The YSE
photometric pipeline is based on photpipe (Rest et al. 2005),
which relies on calibrations from Magnier et al. (2020) and
Waters et al. (2020). Each image template was taken from stacked
PS1 exposures, with most of the input data from the PS1 37
survey. All images and templates were resampled and astrome-
trically aligned to match a skycell in the PS1 sky tessellation. An

Yadavalli et al.

image zero point is determined by comparing point-spread-
function (PSF) photometry of the stars to updated stellar catalogs
of PS1 observations (Flewelling et al. 2020). The PS1 templates
are convolved with a three-Gaussian kernel to match the PSF of
the nightly images, and the convolved templates are subtracted
from the nightly images with HOTPANTS (Becker 2015). Finally,
a flux-weighted centroid is found for the position of the SN in
each image and PSF photometry is performed using “forced
photometry”: the centroid of the PSF is forced to be at the SN
position. The nightly zero point is applied to the photometry to
determine the brightness of the SN for that epoch.

2.1.2. Las Cumbres Observatory Global Supernova Experiment

The Las Cumbres Observatory (LCO) triggered observations
through the Global Supernova Experiment on SN 2022oqm
within two weeks prior to the peak. Observations were
conducted by the Sinistro 1 m telescopes from Las Cumbres
Observatory. Data were recorded in the B, g, V, r, and i bands
covering 11 days prepeak and 52 days postpeak. We reduced
the photometry in house using the lcogtsnpipe® infra-
structure (Valenti et al. 2016), which uses the PSF fitting
procedure to extract target magnitudes. We calibrated photo-
metry in the B and V bands using Vega magnitudes in the
Landolt catalog (Landolt 1992). We calibrated photometry in
the g, r, and i bands to AB magnitudes using the Sloan Digital
Sky Survey (SDSS) catalog (Smith et al. 2002).

2.1.3. Thacher, Lulin, LCO, Nickel

We observed SN 2022oqm with the Thacher 0.7 m telescope
(Swift et al. 2022) in griz bands from 2022 July 12 to September
9, with the Lulin 1 m telescope in griz bands from 2022 August
9 to 30, and with the LCO 1 m telescopes and Sinistro imagers in
ugri bands from 2022 August 2 to 10. All images were reduced
in photpipe (Rest et al. 2005) with bias, flat, and dark frames
obtained in the same instrumental configuration as our science
images. We regridded each frame to a common pixel scale and
field center with SWarp (Bertin 2010) and performed point-
spread function photometry with a custom version of DoPhot
(Schechter et al. 1993). All photometry was calibrated using
standard stars from the PS1 37 DR2 catalog (Flewelling et al.
2020) observed in the same field as SN 2022oqm. We subtracted
pre-explosion griz template images from PS1 using hotpants
(Becker 2015) and performed forced photometry at the site of
SN 20220oqm in the subtracted images, which is the final
photometry presented here.

2.1.4. Konkoly, Baja Observatories

Photometric observations of SN 2022oqm were collected
from Piszkesteto Station of Konkoly Observatory and from
Baja Observatory of University of Szeged, Hungary. Both sites
are equipped with a robotic 0.8 m Ritchey—Chretien—Nasmyth
telescope, manufactured by ASA AstroSysteme GmbH,
Austria. Photometry was performed by applying a back-
illuminated, liquid-cooled, 2048 x 2048 FLI ProLine PL230
CCD camera through Johnson B, V, and Sloan g/, r/, i’ and 7’
bands. Ima%e reductions were done by custom-made IRAF’!
and £itsh” scripts. Photometry of the SN was calibrated via

30 https://github.com/LCOGT /Icogtsnpipe
31 https:/ /iraf-community.github.io /
3 https:/ /fitsh.net/
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ABSTRACT

Context. Blazars are beamed active galactic nuclei (AGNs) known for their strong multi-wavelength variability on timescales ranging from years
down to minutes. Many different models have been proposed to explain this variability.

Aims. We aim to investigate the suitability of the twisting jet model presented in previous works to explain the multi-wavelength behaviour of BL
Lacertae, the prototype of one of the blazar classes. According to this model, the jet is inhomogeneous, curved, and twisting, and the long-term
variability is due to changes in the Doppler factor due to variations in the orientation of the jet-emitting regions.

Methods. We analysed optical data of the source obtained during monitoring campaigns organised by the Whole Earth Blazar Telescope (WEBT)
in 2019-2022, together with radio data from the WEBT and other teams, and y-ray data from the Fermi satellite. In this period, BL Lacertae
underwent an extraordinary activity phase, reaching its historical optical and y-ray brightness maxima.

Results. The application of the twisting jet model to the source light curves allows us to infer the wiggling motion of the optical, radio, and y-ray
jet-emitting regions. The optical-radio correlation shows that the changes in the radio viewing angle follow those in the optical viewing angle by
about 120 days, and it suggests that the jet is composed of plasma filaments, which is in agreement with some radio high-resolution observations
of other sources. The y-ray emitting region is found to be co-spatial with the optical one, and the analysis of the y-optical correlation is consistent
with both the geometric interpretation and a synchrotron self-Compton (SSC) origin of the high-energy photons.

Conclusions. We propose a geometric scenario where the jet is made up of a pair of emitting plasma filaments in a sort of double-helix curved
rotating structure, whose wiggling motion produces changes in the Doppler beaming and can thus explain the observed multi-wavelength long-term
variability.

Key words. galaxies: active — BL Lacertae objects: general — BL Lacertae objects: individual: BL Lacertae — galaxies: jets

1. Introduction Many scenarios have been proposed to explain the unpre-
dictable blazar variability. They can be categorised into two
main classes. The first class involves intrinsic energetic pro-
cesses occurring inside the jet, such as shock waves propagating
in the jet (e.g. Marscher & Gear 1985), magnetic reconnec-
tion (e.g. Sironi et al. 2015; Petropoulou et al. 2018; Bodo et al.
2021), and turbulence (e.g. Marscher 2014). The second class
involves changes in beaming due to geometric mechanisms,
such as orbital motion in a binary black hole system (e.g.
* Corresponding author; claudia.raiteri@inaf.it Lehto & Valtonen 1996; Villata et al. 1998) or jet precession

Blazars are peculiar active galactic nuclei (AGNs) that are char-
acterised by a relativistic jet pointing at a small angle with
respect to the line of sight. This results in Doppler beaming
of the emitted radiation, with consequent flux enhancement and
shortening of the variability timescales; blazars thus appear as
strongly variable objects at all wavelengths on a variety of
timescales.
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Appendix A: Optical and radio datasets

Table A.1. Details on the 43 optical datasets contributing to this paper.

Dataset Country  Diameter (cm) Symbol Colour N
Abastumani Georgia 70 < dark green 2942
Abbey Ridge Canada 35 > orange 56
Aoyama Gakuin Japan 35 O cyan 61
ARIES India 104 O blue 15
ARIES India 130 O green 28
Athens® Greece 40 < cyan 2268
Beli Brezi Bulgaria 20 * blue 148
Belogradchik Bulgaria 60 + cyan 94
Burke-Gaftney Canada 61 > dark green 345
Calar Alto Spain 220 + yellow 2
Catania (Arena) Italy 20 X cyan 147
Catania (GAC) Italy 25 A cyan 171
Catania (SLN) Italy 91 A magenta 230
Connecticut US 51 * black 458
Crimean (AP7p) Crimea 70 o magenta 326
Crimean (ST-7) Crimea 70 + magenta 51
Crimean (ST-7; pol) Crimea 70 X magenta 1662
Felizzano Italy 20 * magenta 14
GiaGa Italy 36 * black 37
Haleakala (LCO”) usS 40 + blue 68
Hans Haftner Germany 50 o red 1142
Hypatia Italy 25 < red 4991
Kitt Peak (SARA) [N 90 < violet 63
Kottamia Egypt 188 A black 23
Lowell (LDT) UsS 430 O magenta 16
Lulin (SLT) Taiwan 40 X blue 1754
McDonald (LCO?) us 40 A blue 96
Montarrenti Italy 53 o dark green 120
Monte San Lorenzo Italy 53 o green 165
Mt. Maidanak Uzbekistan 60 % green 1492
New Mexico Skies usS 43 O green 1
Osaka Kyoiku Japan 51 O orange 2061
Perkins” usS 180 o blue 1101
Pulkovo Russia 65 X cyan 23
Roque (JKT) Spain 100 o green 139
Roque (NOT; e2v) Spain 256 + green 46
Rozhen Bulgaria 200 O red 131
Rozhen Bulgaria 50/70 & orange 184
SAI Crimean Crimea 60 o orange 455
San Pedro Martir Mexico 84 o black 539
Seveso ITtaly 30 + violet 226
Siena Italy 30 < blue 2389
Sierra Nevada Spain 90 * black 413
Sirio Italy 25 o dark green 2
Skinakas Greece 130 X black 617
Skinakas (Robopol) Greece 130 < black 5
St. Petersburg Russia 40 + orange 1073
Stocker USA 61 < black 91
Svetloe Russia 40 X black 5
Teide (IAC80) Spain 80 * green 224
Teide (LCO?) Spain 40 + black 98
Teide (STELLA-I) Spain 100 + violet 20
Tijarafe Spain 40 * red 4241
Vidojevica® Serbia 140 O black 257
Vidojevica® Serbia 60 A black 129
West Mountain Us 91 A magenta 985
Wild Boar Italy 24 A green 634

Notes. ¢ University of Athens Observatory (UOAO); » Las Cumbres Observatory global telescope network; ¢ Astronomical Station Vidojevica
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Abstract

This study demonstrates an innovative approach of using a full-band chromatic all-sky imager, routinely operational for monitoring
sky conditions at Lulin observatory (23.5°N, 120.9°E, 12.5° N magnetic latitude), Taiwan, to investigate equatorial plasma bubbles
(EPBs). Distinct north-south aligned EPB depletions are identified by decomposing the color-scale images to respective red (centered
at 630 nm) and green (520 nm) channels, where blue channel (470 nm) helps for background suppression. The intense EPBs, drifting
eastwards at 60-100 m/s velocity, are also associated with reduced total electron content (TEC) values; increased ROTI (rate of TEC
index); remarkable range spread-F; and prominent fluctuations in Doppler frequency shifts as well as FORMOSAT-7/COSMIC-2 elec-
tron density/S4 scintillation profiles. The results show that a full-band chromatic imager offers a cost-effective alternative to investigate
the EPBs usually detected in OI 630.0 and 557.7 nm airglow emissions.

© 2023 COSPAR. Published by Elsevier B.V. All rights reserved.

Keywords: Airglow; All-sky Imager; TEC; ROTI; Doppler shift; FORMOSAT-7/COSMIC; Equatorial plasma bubble

1. Introduction

All-sky imaging of airglow depletions with 630.0 nm and
557.7 nm narrowband interference filters has been widely
employed to study equatorial plasma bubbles (EPBs) asso-
ciated with Equatorial Spread-F (ESF) irregularities
(Weber et al., 1978; Mendillo and Baumgardner, 1982;
Taylor et al., 1997; Fagundes et al., 1997, 1999; Sahai
et al., 2000; Kelley et al., 2002; Makela et al., 2004, 2010;
Makela, 2006; Mendillo et al., 2005; Rajesh et al., 2007,
Liu et al., 2011; Shiokawa et al., 2015; Fukushima et al.,

E-mail address: jylin@jupiter.ss.ncu.edu.tw (J.-Y. Liu)

https://doi.org/10.1016/j.asr.2023.09.013

0273-1177/© 2023 COSPAR. Published by Elsevier B.V. All rights reserved.

2015; Okoh et al., 2017; Ghodpage et al., 2021; Wrasse
et al., 2021). The irregularities are generated at the mag-
netic equator when suitable conditions exist at the F-
region bottom-side in the post-sunset period and manifest
themselves as dark bands of intensity depletions in the air-
glow images taken from equatorial or low-latitude stations
(Weber et al., 1978; Mendillo et al., 2005). The depletions
are aligned along magnetic field lines, and usually drift
eastward with the ambient plasma velocity (Mendillo and
Baumgardner, 1982; Sinha et al., 2001; Martinis et al.,
2003; Pimenta et al., 2003; Sarudin et al., 2020). The
regions corresponding to the depleted airglow intensity
also exhibit reduced total electron content (TEC) values,
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Taxonamic Classification and Orbital Dynamics of
Near-Earth Asteroids
Abstract

Yuli CHENG

Graduate Institute of Astronomy, National Central University

We aim to classify the dataset of Lulin photometry observations from 2010 to the present.
Prior to this study, we utilized Principle Component Analysis and applied a color-color
index to catalog near-Earth Asteroids (NEAs). However, distinguishing between the rel-
ative reflectance of S-type and Q-type NEAs proved challenging due to the similarity in
their color values. To enhance the accuracy of our predictions, we incorporated machine
learning techniques. We employed several algorithms, including decision trees, random

forests, logistic regression, support vector machines, and neural networks.
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GLAST-AGILE Support Program (GASP) project

Tsai, An-Li & Chen, Weng-Ping

This project

Blazars are known as one type of AGNs with strong relativistic jets. They have rapid and
large-amplitude flux variability from radio to -ray with time-scales from hours to years.

The Whole Earth Blazar Telescope (WEBT) has been organizing the GLAST-AGILE
Support Program (GASP) to become the WEBT-GASP consortium which the WEBT-GASP
consortium provides data at optical, near-infrared, and radio with high-temporal-density
monitoring of blazars to be compared with the UV and X-ray data from Swift, and the
~-ray data from the AGILE and GLAST satellites. The aim is to understand the connection
among emissions at different frequencies and to derive information on the emitting jet.

Our NCU Lulin 45 ¢cm Telescope, a member of the WEBT-GASP consortium, has been
a part of the project for years, and will continue to contribute to. After obtain data, we will
calibrate the Lulin data and provide image and photometric data for further studies.

Lulin observations in 2024

In 2024, Lulin SLT 40 cm telescope observed 26 blazars. The number of total fits files
obtained by SLT in 2024 is 4842. The number of fits observed and the ratio of available data
for each target are listed in Table 1.

The scheduled days for GASP observation is 320. Only 194 days have executed the
observation, and 126 days have not executed the observation due to bad weather condition.
The observation rate is about 60.6%. The number of days observable and the ratio of
available days are listed in Table 2.

The total on-source time (not including BIAS, DARK, FLAT) of GASP project in 2024
is 242.1 hours, and that in each month are listed in Table 3.
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Lulin Annual Report 2024 GASP project

Table 1 Number of fits files obtained by the SLT in 2024

Target Number of fits obtained
3C273 116
3C279 87
3C345 155
3C371 228
3C454-3 235
3C66A 293
4C29-45 160
4C38-41 163
4C51-37 172
4C71-07 236
AO0235+16 245
CTA102 237
DA406 151
ES2344+4-514 279
L-Lacertae 255
Mkn421 165
Mkn501 154
0J248 146
0J287 130
0J49 151
ON231 148
PKS1510-08 102
PKS0735+17 190
PKS2155-304 165
S4 0954465 196
S5 0716+71 271
Total 4842
2
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Table 2 Days observable and not observable at the SLT in 2024

Month  Days scheduled Days observable Days not observable ratio of available days

2024-01 29 22 7 75.9%
2024-02 26 20 6 76.9%
2024-03 28 20 8 71.4%
2024-04 26 13 13 50.0%
2024-05 29 9 20 31.0%
2024-06 25 8 17 32.0%
2024-07 28 22 6 78.6%
2024-08 30 20 10 66.7%
2024-09 23 15 8 65.2%
2024-10 21 9 13 42.9%
2024-11 27 19 8 70.4%
2024-12 28 18 10 64.3%
Total 320 194 126 60.6%

Table 3 On-source time (not including BIAS, DARK, FLAT) of GASP targets in each
month in 2024 from the SLT

Month ~ Number of fits On-source time (hours)

2024-01 532 26.6
2024-02 047 27.35
2024-03 507 25.9
2024-04 235 25.35
2024-05 184 9.2
2024-06 61 3.05
2024-07 733 6.65
2024-08 620 31.0
2024-09 444 22.2
2024-10 243 19.5
2024-11 440 22.0
2024-12 296 14.8
Total 4842 242.1
3
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Paper published in 2024

e Raiteri, C. M., Villata, M., Carnerero, M. L., et al. (including Chen, Wen-Ping and
Tsai, A.-L.), “A wiggling filamentary jet at the origin of the blazar multi-wavelength
behaviour”, A&A, Vol.692, id. A48 (2024)

e Otero-Santos, J., Raiteri, C. M., Acosta-Pulido, J. A., et al. (including Chen, Wen-
Ping and Tsai, A.-L.), “Optical variability of the blazar 3C 371: From minute to
year timescales”, A&A, Vol.686, id.A228 (2024)

e MAGIC Collaboration, Abe, H., Abe, S., et al. (including Chen, Wen-Ping and
Tsai, A.-L.), “Multi-year characterisation of the broad-band emission from the inter-
mittent extreme BL Lac 1ES 2344+514", A&A, Vol.682, id.A114 (2024)
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YOUNG SUPERNOVA EXPERIMENT

Yen-Chen Pan

Graduate Institute of Astronomy, National Central University

1. Abstract

Transient surveys are now consistently finding transients within hours of explosion. These obser-
vations provide rare opportunities to investigate the explosion and progenitor system, and probe the
circumstellar environment surrounding the SN. Interaction with a potential companion star is also
visible in the first hours. We have started an international collaboration to detect extremely young
explosions since 2019. Using a novel technique to combine our data with public data, we will clearly
identify interesting targets as they rise, detecting transients within hours of explosion. The Lulin ob-
servatory is part of the collaboration and plays a critical role in constraining the properties of these
young transients. Here I will briefly describe the program and report the current status.

2. Description of the Program

Early observations of transients place unique constraints on their progenitor systems and explo-
sion mechanisms. To increase the number of transients detected within hours of explosion, we are
starting a new survey, the Young Supernova Experiment (YSE). YSE is the collaboration between
DARK (University of Copenhagen), UC Santa Cruz, University of Illinois, University of Toronto,
and Northwestern University. YSE will survey ~ 1000 deg? of equatorial sky on a 3-day cadence (in
griz) using the Pan-STARRS (PS) telescopes. We will also shadow other public transient surveys,
such as ASASSN, ATLAS and ZTF, which can improve our detection and selection of SNe within
hours of explosion. Because of different observatory longitudes, there will be a lag of a few hours
between the public survey and PS observations. During this time, some transients will explode and
rise to a point of being detectable, and more will be barely detectable in the public surveys and rise
considerably in a few hours. When PS detects a new transient, we will immediately query these
public surveys to determine if the transient is young. With the expected cadence of PS observations,
our detected transients will be 3 days old at most, and we expect to discover ~2 transients within
hours of explosion per month.

We ask for Lulin ToO observations to obtain the multi-color photometry of YSE transients, and to
watch the objects quickly develop. Being another few hours lag from the PS telescope, the location
of Lulin observatory will be critical to constrain the extremely young transients discovered by YSE.
Any young transients detected by PS telescope can be monitored by Lulin within hours, which will
greatly reduce the cadence of our photometric observations. This is crucial given the light-curve
evolution is expected to be dramatic within the first few days after explosion. The early Lulin
observations will play an important role in catching this fast evolution and provide better constrain
on the transient age.

3. Program Status and List of Publications

Currently the YSE is still active, and we have observed ~200 transients for this program since 2020
with LOT. Many of these events are extremely interesting. Several papers have been published
within our collaboration using the LOT data (see below for a list of publications).

1. Yadavalli et al., “SN 2022ogqm: A Bright and Multipeaked Calcium-rich Transient”, 2025,
Apl, 972, 194
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2. Jacobson-Galan et al., “SN 2024ggi in NGC 3621: Rising Ionization in a Nearby, Circumstellar-
material-interacting Type II Supernova”, 2025, ApJ, 972, 177

3. Wang et al., “Flight of the Bumblebee: the Early Excess Flux of Type Ia Supernova 2023bee
Revealed by TESS, Swift, and Young Supernova Experiment Observations”, 2024, ApJ, 962, 17

4. Kilpatrick et al., “Type II-P supernova progenitor star initial masses and SN 2020jfo: direct
detection, light-curve properties, nebular spectroscopy, and local environment”, 2023, ApJ, 524, 2

5. Jacobson-Galan et al., “SN 2023ixf in Messier 101: Photo-ionization of Dense, Close-in Cir-
cumstellar Material in a Nearby Type II Supernova”, 2023, ApJ, 954, 2

6. Karthik et al., “SN 2022ogm: A Bright and Multi-peaked Calcium-rich Transient”, accepted
for publication in ApJ

7. Davis et al., “SN 2022ann: A type Icn supernova from a dwarf galaxy that reveals helium in
its circumstellar environment”, 2023, MNRAS, 523, 2

8. Tinyanont et al., “Supernova 2020wnt: An Atypical Superluminous Supernova with a Hidden
Central Engine”, 2023, ApJ, 951, 34

9. Dimitriadis et al., “A Super-Chandrasekhar Supernova Caused bythe Merger of Carbon/Oxygen
White Dwarf Stars”, 2022, ApJ, 927, 78

10. Hosseinzadeh et al., “Weak Mass Loss from the Red Supergiant Progenitor of the Type II
SN 2021yja”, 2022, ApJ, 935, 31

11. Jacobson-Galan et al., “Final Moments I: Precursor Emission, Envelope Inflation, and En-
hanced Mass loss Preceding the Luminous Type II Supernova 2020tlf”, 2021, ApJ, 924, 15

12. Jencson et al., “AT2019qyl in NGC300: Early Outflow Collisions for a Very Fast Nova in a
Symbiotic Binary”, 2021, ApJ, 920, 127
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Kinder (kilonova finder) project

PI: Ting-Wan Chen (NCU)

Collbrators: S. Yang (HNAS), A. Aryan, C.-C. Ngeow, Y. J. Yang, Y.-H. Lee, A.
Sankar. K, W.-J. Hou, H.-Y. Hsiao, M.-H. Lee, Y.-C. Pan, C.-H. Lai, C.-S. Lin, H.-C.
Lin, J.-K. Guo (all NCU), A. K. H. Kong (NTHU), J. Gillanders (Oxford), S. J. Smartt
(Oxford/QUB), L. L. Fan, Z. N. Wang, G. H. Sun (all HNAS), H.-W. Lin (UMich), H. F.
Stevance, S. Srivastav, L. Rhodes (all Oxford), M. Nicholl, M. Fulton, T. Moore, K. W.
Smith, C. Angus, A. Aamer (all QUB), A. Schultz and M. Huber (both IfA, Hawaii).

Project overview:

Kinder (kilonova finder) project is a volume-limited survey aiming to find a kilonova
through a complete search for nearby transients found in optical surveys. This is
independent of gravitational wave (GW) detections, and is therefore named "without
GW triggers". The current GW detectors are only online for certain periods of time
because the instruments require upgrades and examination. The LIGO-Virgo O4 run
observes continuing until 1 April 2025 15:00 UTC. Maintenance/commissioning
break from 1 April 2025 at 15:00 UTC to 4 June 2025 at 15:00 UTC. Hence, finding
kilonovae without GW triggers is a crucial strategy for the completion of a kilonova
rate estimate.

We use 40cm-SLT with @', r, and i filters to follow up targets occurring in the local
Universe within 100 Mpc of the Asteroid Terrestrial-impact Last Alert System
(ATLAS) and take 1-3 epochs of observations to fill any remaining parts of the light
curves in order to track their photometric evolution within a daily cadence. For those
objects that are rapidly declining in optical bands (and slowly fading or re-brightening
in near-infrared bands), as is the unique feature of kilonovae, we then issue circular
alerts to attract the attention of the community. We take a spectroscopic classification
through collaborations with the advanced (extended) Public ESO Spectroscopic
Survey of Transient Objects (ePESSTO+) and the Electromagnetic Counterparts of
Gravitational Wave sources at the Very Large Telescope (ENGRAVE) projects, in
which we have access to all data and use those facilities for observations. In
addition, because Lulin has a unique geographical location, we can first observe and
quickly follow kilonova candidates or other fast-evolving transients found by the
Panoramic Survey Telescope and Rapid Response System (PanSTARRS) and
ATLAS in Hawaii within the night.

Kinder applications to the Einstein Probe Fast X-ray transients:

The Einstein Probe satellite successfully launched in January 2024, has been
dedicated to advancing time-domain high-energy (X-ray) astrophysics. We
systematically use the 40cm-SLT and 1m-LOT telescopes at Lulin Observatory to
search for optical counterparts to FXTs detected by the Einstein Probe. In an initial
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sample of 42 FXTs, 11 events have shown strong evidence of association with
gamma-ray bursts, five of the optical counterparts were firstly identified with Lulin
Observations (e.g. Chen et al. 2024, GCN #35938). Additionally, events EP240315a
and EP240801a exhibit characteristics consistent with jetted tidal disruption events
(e.g. Gillanders et al. 2024). The study concludes that a significant fraction of FXTs
detected by the Einstein Probe are likely connected to gamma-ray bursts or
associated with relativistic jets. By leveraging the observing facilities at Lulin
Observatory, the project aims to address some of the most recent mysteries in
astronomy and astrophysics. Dr. Amar Aryan, a postdoctoral researcher at our
GREAT lab is leading this study and LOT R09 research project: Optical Follow-up of
the Einstein Probe Discovered Fast X-ray Transients (ToO).

Results:

In the year 2024, we did not find any kilonova. We have reported 45 GCN Circulars
and submitted two first-authored papers (one got accepted and one published in
2025) and two co-authored papers.

A notable example is SN 2024ggi, one of the most nearby Type |l SNe, discovered in
NGC 3621 (6.6 Mpc) just a few hours after its explosion. We obtained the early
observations of SN 2024ggi with Lulin Observatory using the 40cm SLT telescope,
revealed a rapid 3.3-magnitude rise within 13.7 hours and a notable blueward colour
evolution, while flash spectroscopy detected high-ionisation features. The detailed
light curve modelling then constrained key parameters, suggesting an explosion
energy of approximately 2x10%" erg, a mass-loss rate of around 10° Mg/yr
(assuming a 10 km/s wind), and a confined CSM radius of about 6x10™ cm (implying
a CSM mass of roughly 0.4 My). These findings offer concrete insights into the
shock breakout process and the immediate interaction between the ejecta and
circumstellar material.

We discovered the second optical counterpart (AT 2024gsa) to a fast X-ray transient
(EP 240414a) from Einstein Probe using the Lulin one-meter telescope LOT (see
figure 2). Located 27 kpc from its host at z = 0.4018, AT 2024gsa’s light curve shows
an initial decay, a rapid rebrightening (reaching Mr = —21 within 2 rest-frame days),
and a later peak (Mi = —19 at 216 days) consistent with a supernova emergence.
Power-law fits indicate that the decays match GRB afterglow models, with refreshed
shocks likely causing the rebrightening. These findings suggest high-redshift FXTs
are predominantly linked to gamma-ray bursts, setting them apart from
lower-redshift, lower-luminosity FXTs.

41




Progress Report

Kinder (kilonova finder) project

- _5 * *

2 o R b N B * % uvw2—18

o *’f'* L * &

ol 0 . uvm?2 —15

‘*, * *  uyvwl-—12
+ o
® ® o o o .

[} 5 %4

© *

3 u=-9 ’;A*. ® ® © & o o o

'C 10} b-6 * % *ow

- B I T T T

£ Vs % P . . . . .

m15r ¢ . . - v v v W2

< L4

= 20 e @ oreee e se 0 e e

5 o+4 : [ 4 PO . . . .
1

E 25l 248 o - L] - [ ] y+10

S *  Swift ® Pan-STARRS1

2_ B r+12 e SLT m  Citizen science

30 * ATLAS

2 0 2 4 6 8 10 12 14 16 18

Observed phase since explosion (days)

Figure 1. Multi-wavelength light curves of SN 2024ggi. Figure is taken from Chen et

al. 2024.
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Figure 2. LOT discovery image of AT 2024gsa, along with follow-up images obtained
with Pan-STARRs1 (PS1) and Gemini. Also shown (bottom right) is an

archival image of the field from the Dark Energy Survey Camera (DECam). Figure is
taken from Srivastav & Chen & Gillanders et al. 2025.
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Taiwan’s participation in the ExoClock Project

Yen-Hsing (Julius) Lin (UCSD)

1. Introduction

Accurate ephemerides are important for all exoplanet sciences, particularly for
planning large transmission spectroscopy surveys using telescopes like HST, JWST,
and the upcoming Ariel Space Telescope. To enable efficient observation scheduling
for Ariel, the ExoClock Project was established to maintain and refine ephemerides
for over 450 transiting exoplanets through a global network of amateur and

professional astronomers (Kokori et al. 2023).

Since 2021, the Taiwan Astronomical Observation Collaboration Platform
(TOP)! has been contributing to the ExoClock Project with partners from university
(e.g., NTHU), high schools (e.g., KMSH, TCFSH), museums (e.g., Taipei
Astronomical Museum), and private observatories across Taiwan. As of March 2025,
over 160 observations have been accepted by the ExoClock Project. However, urban
light pollution and telescope aperture limitations prevent observations of some

challenging planets with shallow transit depths and faint host stars.

TOP ExoClock Observations (2025-03-10, 167 obs.)

Bl University
mmm High School
B Private
B Museum

160 |
140 -
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Figure 1. TOP ExoClock accumulated number of observations. Credit: Yen-Hsing Lin.

To this end, we applied for Lulin LOT time in the 2024B, 2024C, and 2025A
semesters to observe challenging ExoClock targets requiring telescope apertures

larger than 20 inches.

1 TOP Offical website: https://nthuobs.phys.nthu.edu.tw/top
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2. LOT observations

Over three semesters, we conducted six successful observations, with five submitted
and accepted by ExoClock. Notably, the transit mid-times of three systems (K2-405b,
NGTS-9b, K2-19b) showed significant deviations (> 20 minutes) from literature
values, highlighting the importance of continuous monitoring. ExoClock has
designated K2-405b and NGTS-9b as ALERT targets, encouraging further follow-up

observations to refine their ephemerides.
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Figure 2. The transit light curve (left column) and the O-C diagram (right column) of
the three highlighted transit events. For more details on how to read these diagrams,
please refers to ExoClock’s website.

These observations, along with the upcoming observations in 2025A, will be
summarized, analyzed by the ExoClock team, and published in an academic journal

within the next few years.
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Taiwan Meteor Detector System (TMDS) comprises five stations located in different areas around
Taiwan. Each station employes at least two video cameras in two different directions to observe
meteors. The scientific objectives are to study the physical and chemical properties of meteoroids,
the modifications of the meteoroid properties during their flight in the solar system, and to constrain
the physical and chemical properties of their parent body. Two D-Criteria metrics for parent body
association were used. The radiant drift seems to be occurring in each meteor shower, but the average
value of radiant is consistent with the IMO’s. No outbursts were found from TMDS, especially in
Perseids which had an outburst reported in 2021, probably due to the observational bias and bad
weather. The D-criterion for each meteor shower might not be comparable to each other, implying
the dispersion of the orbital elements, the radiants, and the nominal orbit of the parent comet. The
orbital evolution analysis of the parent sources has to be investigated in more detail, especially for

some long-period comets (e.q. C/1917 F1 Mellish) whose orbital parameters are inaccurate.

1 Introduction

The annual meteor showers can provide information
about regular meteor shower returns and possible activ-
ity that visual observers may detect and verify. More-
over, the magnitude distribution of the meteors directly
translates into the population index or mass distribu-
tion index of the meteoroids which can give information
as to how massive and frequent the particles strike the
atmosphere. The large particles ranging from 0.1 mm
to 1 cm could cause serious damage to the spacecraft.
Additionally, the mass index can constrain models and
test physical theories about the meteoroid complex in
the Solar system (Wiegert et al., 2009).

Taiwan Meteor Detector System (TMDS) was reestab-
lished in 2016. In the beginning, the data collection rate
was very low due to few cameras and stations. The data
acquired after 2018 was dramatically increasing because
of the increasing number of cameras and stations and
the coverage of the field of view. By 2023 the TMDS has
eighteen cameras distributed at five different locations
in Taiwan. Four of them added a diffraction grating for
spectroscopy in order to study meteoroid composition.
(Lin et al., 2020) has presented the preliminary results
of the initial TMDS, especially in the Geminid meteor
shower. According to increasing data sets, the statis-
tical analysis of each meteor shower can be addressed
in this paper. Except for the statistical analysis, the
population and mass indices, and mass distribution are
added and discussed in Lin et al. (submitted).

2 Observations and Methodology

In comparison to (Lin et al., 2020), the instrumenta-
tion is similar but one more direction and station were
added. All station employees utilize Watec 902H2 Ulti-
mate with a 1/3” Lens, producing a field of view from
52 to 66 degrees. From 2018 to August 2023, succes-
sive operations of the TDMS have registered about one
hundred forty thousand meteor trails, in which about
thirty-two thousand pairs were recorded from more than
two stations. In total, more than ten thousand indi-
vidually measured orbits are identified. Among them,
about 75% were identified as meteoroids belonging to
the sporadic meteor shower. In this paper, we high-
light the meteor showers that their parents had asso-
ciated with comets or asteroids. The radiant, magni-
tude, and velocity distributions and orbital similarity
functions (Dg and Dx) are present. Orbital similarity
functions defined in the space of Keplerian coordinates
are commonly used to find the origin of meteor streams
and to investigate the common origin of two or more as-
teroids. The Dgy was the first D-criterion introduced
by Southworth and Hawkins in 1963. (Jopek, 1993)
proposed a new similarity function, the Dy criterion,
which is the hybrid form of Dgy. Afterward, Dx in-
troduced by (Rudawska, 2015) is a method combining
an orbital similarity function with a geocentric similar-
ity. It means that the geocentric parameters of the two
meteors including the solar longitudes, right ascensions,
declination, and geocentric velocities have been added
for the estimation of the D-criterion. More details con-
cerning their origins can be found in the cited papers.
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3 Results

3.1 Quadrantids

The Quadrantid meteor shower is one of the strongest
and most consistent showers of the year. The Quad-
rantids are produced when Earth passes through the
debris or ice and dust left behind by asteroid (196256)
2003 EH1, which is likely an extinct comet (Jenniskens,
2004). It is active (and visible) between Dec. 28 and
Jan. 12. The orbital similarity lies apparently some-
how beyond the mean orbit. Figure 1 illustrates the
radiant, magnitudes, velocity distribution, as well as
the D-criterion of Dy and Dx. The 90% cutoff value
of Dy and Dx are 0.36 and 0.42, respectively. The
body underwent a series of close approaches to Jupiter
in past centuries, the last one in October 1972 (~ 0.28
AU), possibly making the orbital changes of 2003 EH1.

3.2 Lyrids

The Lyrid meteor shower is caused by the long trail of
comet C/1861 G1 (Thatcher) which was found in 1861
and takes roughly 415 years to go around the sun once
((Beech & Nikolova, 2004) and reference in). The last
time Thatcher approached to pass around the sun was
in 1861, and its next passage will not be until 2283. At
the present epoch, the Lyrids typically achieve a mod-
est maximum zenithal hourly rate (ZHR) of 10 meteors
per hour (Kronk, 1988). However, a brief outburst of
100 meteors an hour has been recorded for the Lyrids.
The last Lyrid outburst was in 1982 when 75 meteors
per hour were recorded by observers in Florida. Figure
2 shows the radiant, magnitudes, velocity distribution,
as well as the D-criterion of Dy and Dx. Similar to the
Quadrantids, the 90% cutoff values of Dy and Dy are
0.14 and 0.41. It seems to be consistent orbits between
Lyrids and comet Thatcher but somehow incomparable,
probably due to the long period comet with a period in
the range 250 to 10,000 years. In this case, the dust is
not dispersed too much along the orbit for us to recog-
nize the shower (Jenniskens, 2006).

3.3 Perseids

The Perseid meteor shower is one of the most prolific
showers of the year, producing rich, bright streaks. This
strong shower occurs when Earth passes through the de-
bris trail from the comet 109P/Swift-Tuttle, whose nu-
cleus is 26 km wide and swings by Earth every 133 years.
The Perseids are active from mid-July until late August
and peak around Aug. 13, 2023. Figure 3 displays the
radiant, magnitudes, velocity distribution, and the D-
criterion of Dy and Dx. The Dy and Dx distribution
is similar to a positively skewed distribution.

3.4 Draconids

The Draconid meteor shower shows typical ZHR of 10
and noticeable outbursts of activity in recent years.

Some dramatic outbursts in the past have been ad-
dressed ((Egal et al., 2019)). The Draconids are caused
by Earth passing through debris, left behind by the
comet 21P/Giacobini-Zinner. Unfortunately, we did
not find any data related to this meteor shower.

3.5 eta-Aquariids and Orionids

The eta-Aquariids and Orionids are an annual meteor
shower caused by tiny particles of debris from the most
famous of all comets, 1P/Halley. The eta-Aquariids in
early May and the Orionids in late October. The eta-
Aqu are usually two to three times stronger than the
Orionids. On the contrary, the total numbers in Ori-
onids display two times more than the usual activity
level, probably due to unexpected outbursts or seasonal
showers occurring every April. Figure 4 and 5 show the
radiant, magnitudes, velocity distribution, as well as
the D-criterion of Dy and Dx. The Dy and Dx are
consistent with each other (The 90% cutoff value of D g
and Dx 0.26 and 0.48 for eta-Aqu and 0.32 and 0.47 for
ORI).

3.6 Taurids

The Taurid meteor shower is an annual meteor shower
and is composed of two main branches: the Northern
Taurids and the Southern Taurids. The source of these
two showers is from Encke Complex which consists of
comet 2P /Encke and several asteroids and meteor show-
ers and was created from a large object that broke up
about 20,000 years ago (Clube and Napier, 1984). The
asteroid named 2004 TG10 and the comet Encke are
believed to be the main sources of the Northern and
Southern Tauids, respectively. The Southern Taurids
tend to be most active around mid-October and the
Northern Taurids tend to be most active in the first
half of November. Figure 6 and 7 illustrate the radi-
ant, magnitudes, velocity distribution, as well as the D-
criterion of Dy and Dx. The D-criterion of NTA seems
to be in agreement but for STA is inconsistent, indicat-
ing that most of them might come from other potential
sources (e.g. asteroids 2005 UR and 2005 TF50).

3.7 Leonids

The Leonid meteor shower occurs when Earth sails thro-
ugh a trail of particles released from the periodic comet
55P /Tempel-Tuttle. Usually, the Leonids offer clear-
sky meteor rates of about 10 to 15 shooting stars per
hour. They are active between Nov. 3 and Dec. 2 and
will peak on Nov. 17-18. Figure 8 shows the radiant,
magnitudes, velocity distribution, and the D-criterion
of Dy and Dx. The orbit similarity gives a wide range
distribution and the 90% cutoff value of Dy and Dy
are 0.44 and 0.54, respectively.

3.8 Monocerotids

The possible genetic connection between the comet and
the December Monocerotids was studied by (Fox and
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Figure 1 — Quadrantid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all observed
years. (d). Top-panel is Dx and bottom-panel is Dg.
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Figure 2 — Lyrid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all observed
years. (d). Top-panel is Dx and bottom-panel is Dg.
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Figure 4 — eta-Aquariid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all
observed years. (d). Top-panel is Dx and bottom-panel is Dg.
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Figure 5 — Orionid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all observed
years. (d). Top-panel is Dx and bottom-panel is Dg.
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Figure 6 — Northern Taurid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all
observed years. (d). Top-panel is Dx and bottom-panel is Dg.
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Figure 7 — Southern Taurid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all
observed years. (d). Top-panel is Dx and bottom-panel is Dy.
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Figure 8 — Leonid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all observed
years. (d). Top-panel is Dx and bottom-panel is Dg.
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Figure 9 — Monocerotid meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all
observed years. (d). Top-panel is Dx and bottom-panel is Dg.
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Figure 10 — Geminid meteor shower. (a) Red-square is IMO’s value, and blue-square is the mean value of all observed
years. (d). top-panel is Dy, and bottom-panel is Dy.
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Figure 11 — Ursids meteor shower. (a) Red-square is the IMO’s value, and blue-square is the mean value of all observed
years. (d). Top-panel is Dx and bottom-panel is Dy.
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Williams (1985)). The source is the Comet C/1917 F1
(Mellish) which was discovered in 1917. This bright
comet is on ~ 145 years orbit and isn’t back till around
2062. Figure 9 illustrates the radiant, magnitudes, ve-
locity distribution, as well as the D-criterion of Dy and
Dx. The D-criterion with 90% cutoff value of Dy and
Dx are 0.19 and 0.34 which gives the consistent orbits
with the comet C/1917 F1.

3.9 Geminids

The Geminid meteor shower occurs between November
19 to December 24 and usually the peak is on the nights
of December 13 and 14. The debris comes from the as-
teroid 3200 Phaethon, but the activity of Phaethon can
not explain the total mass estimated from ground-based
observations (Lin et al., 2020). (Jewitt & Hsieh, 2006)
suggested that the mass loss of the Geminid stream
may arise from the Phaethon-Geminid complex (PGC)
which is comprised of near-Earth asteroid (3200) Pha-
ethon, the Geminid meteoroid stream, and possibly a
few other near-Earth asteroids and meteoroid streams
(Ohtsuka et al., 2006). Similar to the Encke complex,
the PGC is presumably the product of the disintegra-
tion of a precursor object but the mechanism behind
the disintegration, and when these objects are produced
are both unknown. Figure 10 shows the radiant, mag-
nitudes, velocity distribution, as well as the D-criterion
of Dy and Dx. As a result of selection with Dy j 0.20,
96.4% similarity is found between the meteor and its
parent body (3200) Phaethon’s orbit.

3.10 Ursids

The Ursid meteor shower is active around the winter sol-
stice. The meteors are generally a fairly sparse display,
producing approximately five meteors per hour. The
Ursids are associated with Comet 8P/Tuttle, which is
a short-period comet that follows a 13.61-year elliptical
orbit around the Sun. Figure 11 illustrates the radi-
ant, magnitudes, velocity distribution, as well as the D-
criterion of Dy and Dx. Because of the data limit, the
orbital similarity lies apparently far beyond the mean
orbit.

4 Conclusions

1. The radiant drift seems to be occurring in each
meteor shower, but the average value is consistent
to the IMO’s.

2. No outbursts were found from TMDS, especially
in Perseids which had an outburst report in 2021,
probably due to the observational bias and bad
weather.

3. The D-criterion for each meteor shower might not
be comparable to each other, implying the dis-
persion of the orbital elements, the radiants, and
the nominal orbit of the parent comet. The or-
bital evolution analysis of the parent sources has

to be investigated in more detail, especially for
some long-period comets (e.g. C/1917 F1 Mel-
lish) whose orbital parameters are inaccurate.
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Lulin-ASIA A Telescope for Transients and Education (LATTE)
Wei-Hao Wang (ASIAA)

LATTE is a project funded by Academia Sinica Institute of Astronomy and Astrophysics
(ASTAA). It was commissioned in May of 2022. After about 1.5 years of testing and continuous
upgrade, in 2024, LATTE officially joined NCU’s open call for proposals together with the LOT
and SLT. LATTE is now equipped with the observational tools that are familiar to NCU’s Lulin
observing staff, so the staff can easily conduct observations using LATTE. Through NCU’s open
call for proposals, LATTE supported a simultaneous monitoring campaign of young stellar ob-
jects with LOT (2025A-R04), where a initial sensitivity test on LATTE was successfully made
in Dec 2024, and the official observations were made in early 2025. In trimesters 2024 A, B, and
C, in total, LATTE supported four on-site educational observations that were applied through
the open call. Outside the official call for proposals of NCU, LATTE also unofficially supported
observational classes from NTHU both with on-site usage at Lulin and remote operation from
NTHU’s campus.

In late 2023, the filter systems on LATTE switched from the traditional Johnson-Cousins
filters with bell-shaped transmission curves, to a modified Johnson-Cousins system with square-
shaped transmission curves (1). The sharp edges of the transmission curves greatly help to
suppress ghost reflections from bright stars. The >90% transmission throughout the passbands
greatly improves the photon throughput. This new system works smoothly throughout 2024.
Unfortunately, because of the limited amount of filter slots, currently we only have U, B, V,
and R filters mounted on LATTE. There are plenty of data taken with this filter system in
2024 especially in B, V, and R filters in LATTE’s archive. Such data can be available upon re-
quest, to help potential users to for evaluations on the limiting magnitudes and the color terms.

Outside the astronomical science and education, LATTE continues to support a collabora-
tion project between Taiwan Space Agency (TASA) and ASTAA. This is to conduct feasibility
studies of optical space situational awareness (SSA) programs for Taiwan. We used LATTE
to observe known satellites in orbits to better understand the limits of such observations. We
tested how well we can re-construct the satellite orbits. We also evaluated how likely we can
use a similar system to discover unknown objects that may possess threats to our satellites.
Eventually, this should help TASA to design an optical observational station dedicated to SSA.
An invited talk on this project was given by a LATTE member during the 2024 International
Workshop on Satellite Constellations and Formation Flying (IWSCFF, Dec 2024, Kaohsiung),
in a session jointed with Taiwan International Assembly of Space Science, Technology, and

Industry (TASTI).
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Figure 1: LATTE’s current filter system, a modified Johnson-Cousins U, B, V, R, and
I system produced by Chroma Technology Corp. The B, V, and R filters are always
mounted on LATTE. Currently (early 2025) U are also mounted. While I am not, I can
be swapped with U upon request from scientific users. (Figure adapted from Chroma’s
website.)

Robotic Imager For Transients (RIFT)
32 # (NCKU)

RIFT is the abbreviation of Robotic Imagers For Transients, which is the first robotic
astronomical observatory dedicated to the study of multi-messenger transients in Taiwan. Dif-
ferent from LOT, RIFT is designed to be a quick-response and wide-field system. With the fully
robotic control, RIFT can carry out prompt follow-up observations of transients in minutes.
Last year, RIFT focused on observing compact binary millisecond pulsars, and we aimed to mea-
sure the masses of the neutron stars in the systems through the data. Besides, we used RIFT to
monitor some candidate optical counterparts to, e.g., X-ray transients and gravitational-wave
sources.
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Initial results from the observations of the Lunar
Impact Flashes by the TULIP project

Z.-Y. Lin, "% Y.-P. Lai,2 W.-H. Ip,! P-C. Chung,® H.-C. Lin,"

1Institute of Astronomy, National Central University, Taoyuan City 320317, Taiwan
2Department of Physics, National Central University, Taoyuan City 320317, Taiwan

3Department of Space Scinece & Engineering, National Central University, Taoyuan City 320317, Taiwan

ABSTRACT

Ground-based observations have detected light flashes produced by
meteoroids impacting the night side of the Moon. In December 2017 and 2018,
we participated for the first time in the monitoring campaign of lunar impact
flashes by using two small telescopes at the Lulin observatory during the
Geminid meteor storms. In 2022, we reconstructed the observational system
to begin long-term operation. Until April 2024, 7 lunar flash events were
observed, three of which are associated with meteor showers (Leonids and
Geminids). The ratio of luminous energy emitted in the flashes with respect to
the kinetic energy of the impactors from the Geminid stream in 2018 was

derived to be 2.9+0.2 x 103 from which the physical properties of meteoroids
and craters can be estimated. The masses of the meteoroids range between
20 g and 1.4 kg, and their respective sizes in diameter are between 2 and 6
cm, depending on the assumed density of the projectile and target, as well as
impact velocity.

1 Introduction

Lunar exploration has always been at the forefront of space research and
planetary science, starting with the Apollo program. The Chang’e lunar
program of China and NASA’s Artemis project once again have cast the
unmanned and manned missions to the Moon into the limelight. Many
scientific and technical problems have emerged to prepare for permanent
human habitats and in situ resource utilization on the Moon. One of the
essential objectives is to investigate the meteoroid environment near the
Earth-Moon system. Although meteoroids have never been definitively proven
to have destroyed a spacecraft, there have been several in-flight anomalies
attributed to meteoroid impacts, including the loss of the Olympus satellite to

BR 1
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control system failure induced by a Perseid shower meteor impact (Meteoroid
Environment Office, MEO). Understanding meteoroid fluxes and the associated
risk of meteoroids impacting spacecraft traveling in and beyond Earth’s orbit
is, therefore, essential. With ground-based telescopes, objects that range from
tens of meters in size to kilometer-sized have been frequently found and
observed from all-sky survey projects. Optical monitoring observations can
detect meteoroids from the ten-centimeter to meter size. The radar-detected
system and spacecraft dust experiments can identify meteoroids with sizes as
small as 100 um (1 wug). This leaves a knowledge gap in the size-frequency

distribution of small interplanetary objects in the range of micrometer to a few
cm in size as far as ground-based observations are concerned. Fortunately,
these observations can be made from the lunar surface flash. The idea of
monitoring impact events using photomultipliers was already introduced at the
beginning of the 1990s when it was modeled that impact flash events on the
lunar surface can be recorded using modest telescopes (Melosh et al. (1993)).
However, it was not until 2000 that the first impact flash was recorded
successfully (Ortiz et al. (1999)). Since then, routine monitoring has been
carried out with an automatic system at the NASA Marshall Space Flight
Center (MSFC), 2005-2014), ESA NELIOTA (2017-2023), and other
observatories worldwide (Brown et al. (2002), Madiedo et al. (2018),
Yanagisawa et al. (2006)). According to Suggs et al. (2014), the MSFC found a
total of 240 impacts; on average, there was a flash every two hours of
observation, with dramatically higher rates during meteor showers. During the
Gemini meteor showers in 2017 and 2018, coordinated observations were
made between the Lulin Observatory and Electro-Communications and Nihon
University in Japan were made(Yanagisawa et al. (2021)). After that, the system
was not used until 2023, when it was included in the Taiwan University Lunar

Investigation Project (TULIP). This paper summarizes the results of the first two
years (2023-2024) of the TULIP project and includes the repose of those of
2017 and 2018. Consistent observational practices and careful photometric
calibration yield a dataset of 11 impact flashes. The monitoring technique,
photometric calibration, and data selection are described. The calculation of
impact kinetic energy, its association with meteor showers, and the calculation
of impacter mass are discussed.
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2 Instruments and Observations

In 2018, a pair of 20 cm and 15 cm telescopes were used for the Geminids
Lulnar impact campaign, and detailed information on the observational
instruments can be found in Yanagisawa et al. (2021). In 2022, we upgraded
the system and placed them in one of the domes of the TAOS project
remaining on the Lulin Observatory (Zhang et al. (2008), latitude: 23.4694 °N,
120.8726°E, 2862m above sea level). The observational system includes an
RC12 (30 cm) telescope and a C8 (20 cm) telescope mounted together on the
equatorial center balance mount, CME120 (see Figure 1). In early 2024, we
upgraded the mounting system from CME120 to ME1 in order to improve the
tracking. GPS time synchronized with the computer is used to stamp the time
information on every video frame with an accuracy of 0.01s.

The software used to control the camera and record the video output to the
hard drive was custom SharpCap software. We applied 2 x 2 binning and a
maximum of 20 frames per second (fps) for the 30 cm telescope in late 2023
and 15 fps for the 20 cm telescope, respectively. Notice that the fps of each
telescope could be changed according to weather and sky conditions. Due to
a tracking issue of the mount in 2023, the video record was taken every six
minutes. The total observational time after more than a year was extremely
low, the main reason being the limited observational condition due to the
surrounding trees near the TAOS dome, especially in the late quarter. As a
consequence of the lack of data in the second half of the night, the impact
events on the eastern hemisphere of the Moon would not be registered.
Another adverse factor is the unstable weather, especially thunderstorms,
which are most likely to occur during the summer months. Thus, we have
obtained only ~ 12 hours of data with 15 nights from May 2022 to August
2023, and only one event has been confirmed as a lunar impact flash. Figure 2
shows the identified flashes recorded by both telescopes at 14:31:51 UT on
February 27, 2023, with a 52%-illuminated waxing crescent Moon. Fortunately,
the weather starting in November 2023 was getting better night by night, and
therefore the total observation time increased significantly. Until the rainy
season in late spring in 2024, we obtained 65.3 hours within 38 nights from
late November 2023 to mid-April 2024. In total, seven impact flashes with
magnitudes ranging between 5.8 and 9.3 in I-band magnitude were identified.
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Figure 1. Robotic Lulin Lunar Impact Flashes Telescope was installed at one of the TAOS Domes.

Figure 2. First detection on Feb. 27, 2023 on the Lulin observatory. The top image is obtained by
20cm telescope and the bottom one is taken from 30cm telescope.
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3 Conclusions

In this work, the dual telescope system is used to monitor lunar impact flashes
at the Lulin Observatory, and its initial results are reported. A pilot project was
conducted in 2018 during the Geminid meteor shower in cooperation with
another observation system in Japan (Yanagisawa et al. (2021)). Starting in
2023, the upgraded Lulin lunar impact flash system has been included in the
TULIP project for lunar science. Observations in 2023 and 2024 detected 7
events, three of which were classified as associated with Geminid and Leonid
meteor showers. The observational data of the 2018 Geminid impact events
allow us to estimate the luminosity efficiency to be 2.9+0.2 x 10-3 which falls
within the range of 5 x 10-4 and 1.8 x 10-3 from previous observations with
an average value of 1.5 x 10-3. Our calculations suggest that the diameters of
the craters produced by the impact events observed at Lulin are generally on
the order of a few meters. With the optical monitoring system and the data
processing and analysis pipeline in place, we are ready to carry out routine
observations. In addition, we will attempt to organize an observational network
in Taiwan and nearby Asia-Pacific regions to increase data volume and time
coverage. In addition to achieving a deeper understanding of the meteoroid
complex in the vicinity of the Earth-Moon system, the gardening effect of
meteoroid impacts is important for the formation and evolution of the lunar
regolith as described in Speyerer et al. (2016). Furthermore, ground-based
observations of lunar impact flashes can contribute to the study of the lunar
crust and interior via seismometers developed on the lunar surface as
envisaged for the Lunar Geophysical Network mission of NASA, and the
Chang’e 7 mission of CNSA.
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AR E A g Rk 4 (ALl Sky Airglow Imager)
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Progress Report
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The Astronomer’s Telegram

1.

2.

A new silhouette edge-on protoplanetary disk in M20 (Trifid Nebula)?, Wang W.-H., The
Astronomer’s Telegram, No. 16707

Kinder optical observations of the X-ray brightening blazar NVSS J004348+342626, Lee
M.-H., Aryan A., Yang Y. J., et al., The Astronomer’s Telegram, No. 16726

General Coordinates Network

1.

10.

11.

12.

13.

14.

X-ray transient EP240315a: Kinder follow-up observations for AT 2024eju with Lulin
observatory, Chen T.-W., Yang S., Lee M.-H., et al., GRB Coordinates Network, Circular
Service, No. 35938

. X-ray transient EP240331a: Kinder optical upper limits, Chen T.-W., Yang S., Smartt

S., et al., GRB Coordinates Network, Circular Service, No. 36011

. GRB/FXT 240402B: Kinder optical counterpart candidate, Yang S., Chen T.-W., Hsiao

H.-Y., et al., GRB Coordinates Network, Circular Service, No. 36027

GRB 240411B: Kinder observations with Lulin observatory, Aryan A., Chen T.-W., Lin
C.-S., et al., GRB Coordinates Network, Circular Service, No. 36077

EP240414a: Kinder optical counterpart candidate possibly associated with the galaxy
SDSS J124601.99-094309.3, Aryan A., Yang S., Chen T.-W., et al., GRB Coordinates
Network, Circular Service, No. 36094

GRB 240415A: Earliest optical followup with the Kinder observations, Aryan A., Chen
T.-W., Hou W.-J., et al., GRB Coordinates Network, Circular Service, No. 36132

EP240416a: Kinder optical counterpart candidate, Chen T.-W., Aryan A., Yang S., et
al., GRB Coordinates Network, Circular Service, No. 36139

EP240506a: Optical upper limit with Kinder observations, Aryan A., Yang S., Chen
T.-W., et al., GRB Coordinates Network, Circular Service, No. 36408

. EP240703a: Kinder optical follow-up observations, Aryan A., Yang S., Chen T.-W., et

al., GRB Coordinates Network, Circular Service, No. 36819

EP240703c: Kinder optical follow-up and Swift XRT observations, Yang Y. J., Aryan A.,
Yang S., et al., GRB Coordinates Network, Circular Service, No. 36823

EP240708a: Optical upper limits with Kinder observations, Lai C.-H., Aryan A., Chen
T.-W., et al., GRB Coordinates Network, Circular Service, No. 36839

GRB240713A: Optical upper limit with Kinder observations, Sankar. K A., Aryan A.,
Yang Y. J., et al., GRB Coordinates Network, Circular Service, No. 36857

EP240801a: Kinder follow-up observations of the candidate counterpart, Aryan A., Kong
A. K. H., Hsiao H.-Y., et al., GRB Coordinates Network, Circular Service, No. 37002

EP240802a: Time coincidence with GRB 240802A and optical upper limits with Kinder
observations, Aryan A., Chen T.-W., Yang S., et al., GRB Coordinates Network, Circular
Service, No. 37021
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. EP240802a: Kinder optical, SWIFT-UVOT, and SWIFT-XRT upper limits 6 days after
the WXT detection, Yang Y. J., Aryan A., Chen T.-W., et al., GRB Coordinates Network,
Circular Service, No. 37178

EP240918a: Optical upper limits with Kinder observations, Kong A. K. H., Aryan A.,
Chen T.-W., et al., GRB Coordinates Network, Circular Service, No. 37545

EP240919a: Optical upper limit with Kinder observations, Aryan A., Kong A. K. H.,
Yang Y. J., et al., GRB Coordinates Network, Circular Service, No. 37575

EP240918b and EP240918c: Optical upper limits with Kinder observations, Lai C.-H.,
Aryan A., Kong A. K. H., et al., GRB Coordinates Network, Circular Service, No. 37577

EP241021a: Optical upper limits with Kinder observations, Yang S., Aryan A., Chen
T.-W., et al., GRB Coordinates Network, Circular Service, No. 37843

EP241107a: Kinder optical follow-up observations, Kong A. K. H., Aryan A., Chen T.-
W., et al., GRB Coordinates Network, Circular Service, No. 38131

EP241115a/GRB 241115D: Optical upper limits with Kinder observations, Fan L. L.,
Aryan A., Chen T.-W., et al., GRB Coordinates Network, Circular Service, No. 38254

EP241119a: Optical upper limits with Kinder observations, Aryan A., Chen T.-W., Hou
W.-J., et al., GRB Coordinates Network, Circular Service, No. 38290

LIGO/Virgo/KAGRA S241125n: Kinder optical upper limit in the BAT error region,
Chen T.-W., Brennan S. J., Ronchini S., et al., GRB Coordinates Network, Circular
Service, No. 38314

EP241125a: Optical upper limit with Kinder observations, Lai C.-H., Aryan A., Chen
T.-W., et al., GRB Coordinates Network, Circular Service, No. 38319

EP241126a: Optical Upper limits with Kinder observations, Lai C.-H., Aryan A., Chen
T.-W., et al., GRB Coordinates Network, Circular Service, No. 38344

EP241201a: Kinder optical counterpart candidate, Lee M.-H., Yang S., Aryan A., et al.,
GRB Coordinates Network, Circular Service, No. 38418

EP241202b: Kinder optical counterpart candidate, Ngeow C.-C., Yang S., Aryan A., et
al., GRB Coordinates Network, Circular Service, No. 38433

EP241208a: Optical upper limit with Kinder observations, Wang Z. N., Yang S., Aryan
A., et al., GRB Coordinates Network, Circular Service, No. 38520

EP241217a: Kinder optical follow-up observations, Fan L. L., Aryan A., Chen T.-W., et
al., GRB Coordinates Network, Circular Service, No. 38592

Transient Name Server AstroNote

1

2

. Kinder follow-up observations of AT 2024ggi (ATLAS24fsk), Chen T. W., K A. S., Yang
S., et al., Transient Name Server AstroNote 2024-102

. Kinder follow-up observations of AT 2024qfm (ZTF24aaxhxhf), Lai C. H., Aryan A,
Yang S., et al., Transient Name Server AstroNote 2024-208
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3. Kinder follow-up observations of SN 2024advj (ZTF24abxpkhb), Chen T. W., Fulton M.,
Smartt S. J., et al., Transient Name Server AstroNote 2024-367

4. Kinder follow-up observations of AT 2024aecx (ATLAS24rkq), Chen T. W., Yang S.,
Stevance H. F., et al., Transient Name Server AstroNote 2024-372

67


https://www.wis-tns.org/astronotes/astronote/2024-367
https://www.wis-tns.org/astronotes/astronote/2024-372

68



> 2}
FEFL
RAkx 2 2- k¥4 (LOT) Bmplprgsnit
RARE = Qé 2002 &£ 9 % LF’“&‘;F AR iESL o p 2003 # RtR- F Figs (LOT) g

S0 W kA G AELRIPE R BTG B BE P R FRBIET o 2 1 BB 2003
I 2024 & ¥ QZﬁWmﬁfﬁ&i?f%’#@LUTﬁEiﬁﬁﬂ%&ﬁéL%O¢ﬁ°

brend

145 2003 1 2024 £ 0T 350 BPIPEE (LR 2) > HR- #da i BEPIE 40T

o BEERBIE (10-12 7 ) A FHIEE - P FErL > £ &Y EPFEE R E P
g o

o WEERE (1-3 7 )8R §F AR LRFFHEPE A GRAZTHE -

.&iﬁ@q? (4_6}3):;']49%&@}&?955“68%}1]*‘5&%‘1 ﬁrsa:k;r;p if,‘
AR -

o IABBIE (T-9 " ) ABXHRAFE A FR A -1 EFFLE R F
VEPIFEREF DS .

200.00

180.00

160.00

140.00 -

120,00 -+

Hours

100,00 -

80.00 -

60.00

4000 -+

2000 -+

0.00 4

Month ®m [ H5(2003~2024) m2024

Figure 2: LOT * T 35pp|pF st | (2003-2024)

69



RS Rk 25— ¥4 (LOT) pLipl pFdic szt

BI3%kE 7 LOT Fr & Bipl s pidic » 2024 # shid puiplprdic ) 5 1,315 ) pF > o fF & T30E
(1,450 -] F) 5 % 150 -] BF o 1935 BI27 3 IR 2024 & 10 * cpip] pF dicdie 2003-2024 & th
10" TH2E 218990 e LR B RFG 2024 £5 = Beh e HERH
He LR 2B ERA BRh 10 P H o AP EE ot 100 231270 0 4
LR ERE PRRINOTIE ERZEY R FER] - F > 2024 £ 10 * SR
HP AN FERY T Tob s BAETE 436" RATLSHa S EPIEERL (@
2024 FH5 P P AL 60 P g B pER R o FEHE Y X AT E e 7R
®ED5 86T R P BGR MO E TS .

2000

1800

1600

1400

1200

Hours

1000

800

600

400

200

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Year

Figure 3: LOT @Lip|pF#ic st B (2003-2024)

70



- b (LOT) jipl o i

P
jnd

Rtk 2

ol EE d 0g Ll cWH LM e BEHFL ¢ 9 ¥ 1000,

c0 YT oW el o b v T 6000 riba o MO EH Ld Ty o BB YW ATk THd o FED U v UBEE L X F 600C ¢

ot fHSOF ¥ $oF ot ¢ oBeroay

VO'OSHT | 8T'89T  LT'I9T €0°G9T  9L°G6  8%'g8 I8TOT 0L'C9  LT€8 TS€0T LVP'GET GI'CET G9Y'8GT | oSy
9¢°CTIET | EV'8PT  9T°LGT 6704 €v'6L  T0LL SL9ET 998 GT'6F  LV'06 ¥PI'9CT LV'89T 9L'CLI ¥c0c
¢eCovT | 90°94T  GP°0Te  TC9L  6£98  8L€S LC'TOT #9779  G¥'CL LV'8ET €9°¢0C TLTV6T 9TTEL €c0¢
VCV6ET | €LF8T  ¢6'TLT  LLTPPT G919  ¢676  L99PT  G9FF  809C T1°9¢T L6°9¢T ¢6°0cT G6'T7V1 ¢a0¢
V¢09ST | ®20c  9'6¢T  1¢cel CV9lT  SO'TL 706 ]¢l 9T°L8  P¥L'GCT 8R'GI9T  LE'L6T 8L'LCTC 1¢0¢
786091 | ¥¥#'GclT  G9'G8T C8'E€I9T  8C'C8 €84 GC0T 6°LET  G€'88  GL'8 G¢'TIcl T'I6T  ¥'Vec 0c0¢
6T°T€ST | 9A8T 6¢°00C GL'E€6T GV 'LET  T'8G G¢'LL 64999 76  9€¥Cl Vel GEOET €961 610¢
G¢'cerl | GO'0LT  ST'SPT CQOCPI SP'¢6 9608 G908  GE€'0L  L06T LGl L'GLl 2799 7011 810¢
06¢corT | L'9ST G9Pel  ®LST  ¢'®CT 6661 G¢'S0T  T'9L qa'ye 698 796 €'G60T  4¥°091 LT0¢
29°9¢CT | LCE6T GR'TLT  ¢Ccvl  GRCY 19 g6°¢cl  SOPIT G098 6°C8 8'CL gc'09 VaL 9102
G8°G6¥T | ¢ 19T S0°L6T ¥'GPT  GC'¢6 |7 QV'L8 6971 ¢79 4! T'IIT G99 T€T G9G9'88T G10¢C
68°GGGT | €LET  ST'99T ¢€¢€¢ec 6EVET 60T  S9VIT  L'EE ¥'ce  G6'GeT  L'8L 8'60T ¢9°69¢ V10¢
£€9°6¢6¢T GL 1961 LG'TIc 6¢L0T ¢'cl G088  ¥I'08 ¢O'TVy €869 9¢PeT 96°¢8T TT'¥GI €10¢
V91T | TL°Tel  1I8'¢€6  19¥Ic GELIT  L'GE 7'90T  GT°G¢ 12 GL'ce  €VeST 8819  CVETl ¢10g
0¢°69TT | GC'STT  CL8  G6°9¢T 106 6°L6 GL'IS Q19 99¢  GV'IST  6'GL 8¢cl 8°06 110¢
GE'8GYT | G9°69T €9°¢9T R®6ET  G6°60T €86 g8'66 G¢'9¢ G098 8'GL ¢ I8T  9°00T 6'90¢ 0T0¢C
¢GCLyT | 8691  ®GLT  9°GLT 10 189 992 QLTS8 TL91 QTL  GLIOPT  L'G9T CS'Vee 600¢
Q'QLYT | AT'TTIC G9°CST SE€I6T  86S  G6'RTT  ¥'88 L€ Gc'86 G248 G9'8¢T  GC'8II 6.1 8002
¢6°GeVT | 60°T9C SS°09T €9°CLT 9969 9°9¢  8]'ScI ] 9°90T 9L°€9  ¥O9IT G9'8cl <¢&'LCl 200¢
L¢°L0CT cel GLTL  90ST G009 G9'TIT LS'T6 €68 4’69 898  G0'9¢T 671 6¢1 900¢
G'6eo1 6¢1 G¢'9Tc G¢'01c <Gc6el 9. GL'L91 5174 Gc9eT QLI vl GLV6  GCE91 <002
EV'9GLT | G¥'cec  SVIC GL6IC 91T 41! 514 €el Gc'90T  G'OTT €91 86°GV1 qcl ¥00¢
GQ'QELT | G'TLC 9991 GC6VI 47! QL LET  9°CCC i GL'6¢T G9¢T  GQLVI  9CPT QLS. €00¢

[e10T, ¢l 1T 0T 6 3 L 9 g ¥ ¢ 4 1

(v202-€002) # <+

/

<

<

e[l LOT 9 o v HW T 9[qeL

71



FERL LOT gipl#= g 3+ % szt

LOT Bl 3§ 53t

Atk® e oo A st (LOT) BpF {3 SRS 200 4 B0 5 - BRRY - - &4
28 (A=14" "B=58"7" ~C=912" ) #H¢ 32 @Feg B x> xFEP R 5

Bp A3 E R SRS T E 0 433 E EDEN % L % £ (e -

2024 & BRI H AW 4 STF 0 KEBRITF OB Rk 1T% e MAFTEEG 24 B0 %
A0% - MM & £ HF 21 B > Gk 39% -

PO
17%

EIpE e et
39%

BN i
40%

Figure 4: 2024 & LOT % \* & [F144 §

72



g
e

4 LOT gLipls= 3 3+ 4 53t

LOT Semester 2024A
(01 January - 30 April, 2024)

Education Program:

EO1 - Education Training of the NCKU Astronomy Club
PI: Alfred Bing-Chih Chen (e54114172@gs.ncku.edu.tw)

EO03 - Training project in Senior High School -Students join in Pan-STARRSs’s Asteroid searching
PI: Shih-Chao Lin (shichao.lin@gmail.com)

Research Program:
(Programs which have international Cols are marked with *)

*RO1 - Lulin Supernova Program
PI: Yen-Chen Pan (ycpan@astro.ncu.edu.tw)

*R02 - Searching for Variable Stars in Newly Discovered Ultra-Faint Dwarf Galaxies
PI: Chow-Choong Ngeow (cngeow(@astro.ncu.edu.tw)

*R03 - Multi-color observation of 1991 AQ, 2001 QQ142 and other NEOs
PI: Fernando Abarzuza (fernando.abarzuza@lightbridges.es)

*R04 - The realization of the high-precision astrometric of LOT
PI: Zhong-jie Zheng (azhengzj@gdou.edu.cn)

ROS5 - The study of the dust to gas ratio and rotation in long- and short-period comets
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

*R06 - LOT follow-up of transient events and new discovery objects from ZTF (ToO)
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

RO7 - ToO Observations of Cosmic Transient Events (ToO)
PI: Albert Kong (akong@phys.nthu.edu.tw)

ROS - Spectroscopic Survey on Themis Asteroids (with extra people)
PI: Yu-Chi Cheng (yuchi.cheng@gapps.ntnu.edu.tw)

*R09 - Towards the first detection of optical counterparts of fast radio bursts (ToO)
PI: Tetsuya Hashimoto (tetsuya@phys.nchu.edu.tw)

R10 - Chromospheric Activity of Flaring M Type Eclipsing Binaries
PI: Li-Ching Huang (Ichuang@ntnu.edu.tw)

R12 - Probing the accretion stability of Herbig Ae/Be star
PI: Jyun-Heng Lin (41141905S@gapps.ntnu.edu.tw)
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*R13 - Gold factories in the Universe: discovering and understanding the nature of kilonovae (ToO)
PI: Ting-Wan Chen (twchen@astro.ncu.edu.tw)

*R14 - Inflated Atmospheres of Hot Jupiters
PI: Ya-Lin Wu (valinwu@ntnu.edu.tw)

R15 - Monitoring Accretion onto Young Brown Dwarfs
PI: Ya-Lin Wu (yalinwu@ntnu.edu.tw)

R16 - Chemical Abundance of Recent Bright Comet by LISA (with extra people)
PI: Yu-Chi Cheng (yuchi.cheng@gapps.ntnu.edu.tw)
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LOT Semester 2024B
(01 May - 31 August, 2024)

Education Program:

EO1 - Observation Training for CYCU Astronomy Club (LATTE)
PI: Hung-Chin Lin (hclin@astro.ncu.edu.tw)

EO02 - Off-Campus Teaching of “Introduction to Astrophysics” (no observations needed)
PI: Chin-Ping Hu (cphu0821@gm.ncue.edu.tw)

EO03 - Educational Program for Affiliated Senior High School of NTNU
PI: Sheng-Yuan Liu (syliu@asiaa.sinica.edu.tw)

Research Program:
(Programs which have international Cols are marked with *)

*RO1 - Lulin Supernova Program
PI: Yen-Chen Pan (ycpan@astro.ncu.edu.tw)

*R02 - RR Lyrae-Based Metallicity and Distance to Selected Ultra-Faint Dwarf Galaxies
PI: Chow-Choong Ngeow (cngeow@astro.ncu.edu.tw)

RO3 - Refine the ephemerides of exoplanets for the Ariel Space Telescope

PI: Yen-Hsing Lin (julius52700@gmail.com)

R04 - Monitoring Accretion onto Upper Scorpius Brown Dwarfs

PI: Ya-Lin Wu (yalinwu@ntnu.edu.tw)

RO5 - Characterizing Mercury’s Sodium Exosphere

PI: Chen-Yen Hsu (pandaangela915@gmail.com)

*R06 - Towards the first detection of optical counterparts of fast radio bursts (ToO/ CMOS camera)
PI: Tetsuya Hashimoto (tetsuya@phys.nchu.edu.tw)

RO7 - The study of the dust to gas ratio and rotation in long- and short-period comets
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

*R0O8 - LOT follow-up of transient events and new discovery objects from ZTF (ToO)
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

*R10 - High-precision photometry and astrometry for several binary asteroids in the dense stellar
field
PI: Zhong-jie Zheng (azhengzj@gdou.edu.cn)

R11 - Spectroscopic Survey on Themis Asteroids (with extra people)
PI: Yu-Chi Cheng (yuchi.cheng@gapps.ntnu.edu.tw)
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R12 - Chemical Abundance of Recent Bright Comet by LISA (with extra people)
PI: Yu-Chi Cheng (yuchi.cheng@gapps.ntnu.edu.tw)

R13 - Probing the accretion stability of Herbig Ae/Be star
PI: Jyun-Heng Lin (41141905S@gapps.ntnu.edu.tw)

*R14 - Gold factories in the Universe: discovering and understanding the nature of kilonovae (ToO)
PI: Ting-Wan Chen (twchen@astro.ncu.edu.tw)

R15 - Spectral Types Identity of the Flaring Eclipsing Binary Components
PI: Li-Ching Huang (Ichuang@ntnu.edu.tw)

R16 - Chromospheric Activity of Flaring M Type Eclipsing Binaries
PI: Li-Ching Huang (Ichuang@ntnu.edu.tw)
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LOT Semester 2024C
(01 September - 31 December, 2024)

Education Program:

EO1 - Student Training for the "Fundamentals of Observational Astronomy’ Course at NTHU
PI: Shih-Ping Lai (slai@phys.nthu.edu.tw)

EO03 - Practical Class of **Observational Astronomy”’
PI: Albert Kong (akong@phys.nthu.edu.tw)

E04 - Advanced Observation Training for Students of TCFSH
PI: Wei-Jie Hou (weij@astro.ncu.edu.tw)

EO05 - Spectroscopic Classification and Photometric Analysis of Bright Supernovae
PI: Ting-Wan Chen (twchen@astro.ncu.edu.tw)

Research Program:
(Programs which have international Cols are marked with *)

*RO1 - Lulin Supernova Program
PI: Yen-Chen Pan (ycpan@astro.ncu.edu.tw)

*R02 - RR Lyrae-Based Metallicity and Distance to Selected Ultra-Faint Dwarf Galaxies
PI: Chow-Choong Ngeow (cngeow(@astro.ncu.edu.tw)

RO3 - Searching for new binary central stars of planetary nebulae
PI: Albert Kong (akong@phys.nthu.edu.tw)

*ROS5 - Refine the ephemerides of exoplanets for the Ariel Space Telescope

PI: Yen-Hsing Lin (julius52700@gmail.com)

*R06 - Gold factories in the Universe: discovering and understanding the nature of kilonovae (ToO)
PI: Ting-Wan Chen (twchen@astro.ncu.edu.tw)

*R0O7 - Extending the photometric monitoring of superluminous supernovae to late phases (partial
ToO)
PI: Aiswarya Sankar.K (d1129601@gm.astro.ncu.edu.tw)

RO8 - Spectral Types Identity of the Flaring Eclipsing Binary Components
PI: Li-Ching Huang (Ichuang@ntnu.edu.tw)

*R09 - Optical Follow-up of the Einstein Probe Discovered Fast X-ray Transients (ToO)
PI: Amar Aryan (amar@astro.ncu.edu.tw)

R10 - Characterizing Mercury’s Sodium Exosphere

PI: Chen-Yen Hsu (pandaangela915@gmail.com)
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*R11 - LOT follow-up of transient events and new discovery objects from ZTF (ToO)
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

R12 - The study of the dust to gas ratio and rotation in long- and short-period comets
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

R13 - Chromospheric Activity of Flaring M Type Eclipsing Binaries
PI: Li-Ching Huang (Ichuang@ntnu.edu.tw)

R14 - Probing the accretion stability of Herbig Ae/Be star
PI: Jyun-Heng Lin (41141905S@gapps.ntnu.edu.tw)

R15 - Lulin Twilight Comet Survey (partial ToO)
PI: Yu-Chi Cheng (ycc312@g.ncu.edu.tw)

R16 - Spectroscopic Survey on Themis Asteroids
PI: Yu-Chi Cheng (yce312@g.ncu.edu.tw)
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Table 2: 2024 # % @& 4

p g i A
1% 4p ERIBET 4
1% 9p 5 R 2 AE 27
1% 25p |27 23
2% 5 p AEE (SABPHE) 41
27 15 p = 3 11
3% 9np AR 23
3P 15p | zEFeXFP 19
40 4p |[#AFY A 24
p
5% 11 p | ok~ %pAKTE X 24
51 25p | BT /2LRAFOFAIBEE 292
57 31 P | AP RAE 24
67 1p FoA X 2 Ak 11
6% 22 p FF & nﬁ:‘ X 2 Ep| 10
7U12p | £&F T LEA 20
7P 14p | LA FEIZ 18
871 3P XNH B Y XA 16
8% 12 p L - 4 16
8% 30 p AER RO FR AR Sad 1ixhE - (7 18
8" 31 p | Hiraks 39
9% 1p 35AU % = K7 1iFp 9
107 12 p | ¢ & % X 2 Bk 17
107 12p | FEFERE,ZHFE 10
107 20 p | @ & % BT kB g 30
107 27 p | 2 F agilh 58 32
117 8p | ¥ L& LBRkin 6
117 9p | FExFIpx 14
117 12p | 247 B3N 22
117 24p | a2 42 30
117 24p | a2 30
117 28 p | B&A A 9
128 7p | AEAE= 12
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AdSpR
ApJ
ApjL
ApJs
EM&P
Icar
MMNRAS
NatAs
NatSR

Natur

Journal (abbreviated)

P&SS
PAS|

PASP

Figure 10: Atk= 2 S4phf SCI # 73 = 33t - Fedp 7 4

Table 3: ¥ 7] 2 & ~ {j fL4tpe 4

A&A : Astronomy and Astrophysics

AJ : The Astronomical Journal

AN : Astronomische Nachrichten

AdSpR : Advances in Space Research
ApJ : The Astrophysical Journal

ApJL : The Astrophysical Journal Letters
ApJS : The Astrophysical Journal Supplement
Series

EM&P : Earth, Moon, and Planets

Icar : Icarus

MNRAS : Monthly Notices of the Royal
Astronomical Society

NatAs : Nature Astronomy

NatSR. : Nature Scientific Reports

Natur : Nature

P&SS : Planetary and Space Science

PASJ : Publications of the Astronomical Society
of Japan

PASP : Publications of the Astronomical
Society of the Pacific

PSJ : The Planetary Science Journal

RAA : Research in Astronomy and Astrophysics
RSPTA : Philosophical Transactions of the
Royal Society A

Sci : Science
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