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Abstract

There was an unprecedented opportunity to study the inner dust coma environments, where the dust and gas are not
entirely decoupled, of comets 45P/Honda—Mrkos—Pajdusdkovd (45P/HMP) from 2016 December 26 to 2017
March 15, and 46P/Wirtanen from 2018 November 10 to 2019 February 13, both in visible wavelengths. The
radial profile slopes of these comets were measured in the R and HB-BC filters most representative of dust, and
deviations from a radially expanding coma were identified as significant. The azimuthally averaged radial profile
slope of comet 45P/HMP gradually changes from —1.81 £ 0.20 at 5.24 days preperihelion to —0.35 £0.16 at
74.41 days postperihelion. Contrastingly, the radial profile slope of 46P/Wirtanen stays fairly constant over the
observed time period at —1.05 + 0.05. Additionally, we find that the radial profile of 46P/Wirtanen is azimuthally
dependent on the sky-plane-projected solar position angle, while that of 45P/HMP is not. These results suggest
that comets 45P/HMP and 46P/Wirtanen have vastly different coma dust environments and that their dust
expansion properties are distinct. As evident from these two comets, well-resolved inner comae are vital for
detailed characterization of dust environments.

Unified Astronomy Thesaurus concepts: Coma dust (2159); Comae (271); Short period comets (1452);
Comets (280)

1. Introduction observational study. The close approach of these Jupiter family
comets (JFCs) allowed for high spatial resolutions of the inner
comae, which is a region typically not well resolved except by
spacecraft or during the rare occasions when a comet has a
close encounter with Earth. The proximity we obtain for these
comets simply due to their orbits’ close approach to Earth
might not resolve them quite as well as a close flyby or in-situ
study, but does provide a much more in-depth opportunity,
without requiring the typical cost of a spacecraft mission.
Table 1 shows the heliocentric and geocentric distance ranges,
and the perihelion and perigee distances for our observation
spans (JPL Solar System Dynamic Group 2021).

Comet 45P/HMP is a JFC with a perihelion distance of
0.53 au and an orbital period of 5.25 yr. It was found to have a
radius of 0.60-0.65 km and a rotation period of ~7.5 hr (Lejoly

From 2016 to 2019, there was an unique opportunity to
study the dust and gas environment in the inner coma—
typically defined as several thousand kilometers from the
nucleus—of three closely approaching comets, 41P/Tuttle—
Giacobini—Kresak, 45P/Honda-Mrkos-Pajdusdkovd (45P/
HMP), and 46P/Wirtanen. In this paper, we focus on the latter
two comets. Both comets 45P/HMP and 46P/Wirtanen
approached Earth to within 0.08 au, and were well placed for

18 https:/ /www.spaceobs.com
19 http: //cara.uai.it/home
0 https://www.vvs.be

Original content from this work may be used under the terms . . .
of the Creative Commons Attribution 4.0 licence. Any further & HOW611.2017). Comet 46P/ ertapen 1? also a JFC, with an
distribution of this work must maintain attribution to the author(s) and the title orbital period of 5.4 yr and a perihelion distance of 1 au. It had
of the work, journal citation and DOL a close approach to Earth on 2018 December 16 at 0.08 au and
1



Table 2
The Telescopes, Observers, and Specific Setups Used in this Paper are Shown Below

University of Arizona Observatories

Field of
View Comet
Telescope Observer(s) Camera Filter (arcminz) Observed Location Citation Short Name
1.54 m Kuiper Telescope Collaborative program; see UA ITL 4K x 4K back- Harris-R, HB-BC 9.7 x9.7 45P/HMP Tucson, Ari- Smith (2013) 61"
Acknowledgments side processed CCD 46pP/ zona, USA
Wirtanen

4"P Coma Morphology Campaign Data Utilized

ROAD Observatory, 0.4 m
(MPC G39)

Osservatorio Astronomico
di Savelli, 505 mm

Stazione Astronomica di
Sozzago, 0.4 m

Stazione Osservativa di
Asiago Cima Ekar, 67/
92-cm Schmidt telescope

Ritchey—Chretien
(D=0.4m, F/5.4)

Faran Observatory
(D=17",F/6.8)
Lulin Observatory
(D =41cm, F/8.4)
Master-Ural

E. Bryssinck, F.-J. Hambsch

A. Brosio

F. Manzini, V. Oldani, P.
Ochner, L. R. Bedin

F. Manzini, V. Oldani, P.
Ochner, L. R. Bedin

A. Maury, J.-B. de Vanssay,
J.-G. Bosch

N. Moriya
Z.-Y. Lin

V. Krushinsky, O. Ivanova

Scientific FLI
16803 4K x 4K

CCD FLI PL1001
1K x 1K camera
KAF-8300 CCD Mor-
avian G3
KAF 16803 CCD Mor-
avian G3. 1.5K
‘Window
ASCOM_QHY9 CCD
1112 by 832 Camera

FLI 16803 4K by 4K
Camera

Andor Tech CCD 2K by
2K camera

Apogee Alta U16 4K by
4K camera

R

R

Clear

Sloan R

Clear

A BAADER
UHC-S filter
R

R

47 x 47

21 x 21
22 x 17

22 x22

29 x 22

44 x 44
27 x 27

30 x 30
(cropped)

46P/Wirtanen

46P/Wirtanen
46P/Wirtanen

46P /Wirtanen

45P/HMP

45P/HMP
45P/HMP

45P/HMP

San Pedro de
Atacama,
Chile

Savelli, Italy

Sozzago, Italy

Asagio, Ttaly

San Pedro de
Atacama,
Chile

Mitzpe Ramon,
Negev, Israel

Jungli' City,
Taiwan

Kourovka,
Russia

Personal communication

Osservatorio
Savelli (2020)
Personal communication

Stazione Osservativa di
Asiago Cima
Ekar (2020)
Personal communication
Moriya (2020)

Lulin Observatory (2020)

Lipunov et al. (2010)

ROAD

Savelli
Sozzago

Asiago

San Pedro

Faran
Lulin

Ural
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Polarimetric measurements are a powerful tool in studying compositions and structures of dust layers of asteroids
and other solar system objects. A pilot project was carried out using the Triple Range Imager and Polarimeter
(TRIPOL) on Lulin 1-m (LOT) telescope at Lulin Observatory to obtain instrument characteristics essential to
polarimetric diagnostics of asteroids. A comparison of the TRIPOL results with previous work from the mea-

surements of a number of standard unpolarized, polarized stars, and 29 main-belt asteroids with known taxo-
nomic types (B-, C-, S-, and M-type) shows that a long-term program of polarimetric observations of asteroids has
a promising prospect at Lulin Observatory.

1. Introduction

Polarimetric observations can produce unique information on the
surface properties of asteroids and other atmosphereless bodies in the
solar system. This was known since the asteroid polarimetry work of
Dollfus (1971), Zellner et al. (1974), and Dollfus and Zellner (1979) that
linear polarization of the reflected light from the asteroidal surfaces
would vary as a function of the phase angle (a) between the directions to
the Sun and to the observer as viewed from the observation target itself.
The opposition effect at small phase angle and negative linear polariza-
tions of asteroids from photometric and polarimetric observations can be
explained in terms of the light scattering processes in the surface regolith
layers of porous structure - according to theoretical modelling and lab-
oratory simulations as reviewed by Muinonen et al. (2002) and Shkur-
atov et al. (2002). In general terms, the scattered light fluxes can be
separated in the perpendicular direction (I;) and the parallel direction
(I)) with respect to the scattering plane. Therefore, in asteroidal polar-
imetry, the observational results are described in terms of the polariza-
tion degree o (I.-I|)/(I.+I) parameter corresponding to the portion of
the electromagnetic wave which is polarized. Within a certain range of
phase angle from zero to o, called the branch of negative polarization, P,
< 0. For a > ap, P, > 0. Different taxonomic types of asteroids have
distinct phase-polarization curves that are beneficial for geometrical al-
bedo determination (Belskaya et al., 2005, 2015; Cellino et al., 2015a).

On the basis of the asteroidal polarimetric survey at CASLEO,

Argentina, Gil-Hutton (2007), Gil-Hutton and Canada-Assandri (2011),
Gil-Hutton and Canada-Assandri (2012) published their observational
results of various types of asteroids ranging from the M-, S-, to C-types.
Another important concerted effort has come from the Calern asteroid
polarimetric survey as reported in Devogele et al. (2017). It is noteworthy
that polarimetric measurements were recently applied to two Near Earth
Objects (NEOs): (101 955) Bennu (Cellino et al., 2018) and (3200)
Phaethon (Devogele et al., 2018) to provide key mission-critical infor-
mation on their physical properties in preparation for their respective
space exploration missions (i.e., NASA's OSIRIS-REx and JAXA's
DESTINY-Plus).

In spite of its usefulness and versatility, the progress in asteroidal
polarimetry has been slow, as mentioned by Devogele et al. (2017),
because of the lack of dedicated instruments and survey programs. In this
paper, we report on a new initiative to establish a long-term program in
asteroidal polarimetry to contribute to this critical task at Lulin Obser-
vatory. The instrument used is called Triple Range Imager and Polarim-
eter (Sato et al., 2019) or TRIPOL that will be introduced in Section 2. In
Section 3, we will describe the practical steps in determining instrument
polarization and stability. Our first results will be presented in Section 4
to be followed by a summary.

2. Instrument description

TRIPOL is a compact instrument capable of simultaneous optical

* Corresponding author. Graduate Institute of Astronomy, National Central University, Taoyuan City, 32001, Taiwan.

E-mail address: sherrykspan@astro.ncu.edu.tw (K.-S. Pan).
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Abstract

The transiting planet HD 80606 b undergoes a 1000 fold increase in insolation during its 111 days orbit due to it
being highly eccentric (e = 0.93). The planet’s effective temperature increases from 400 to over 1400 K in a few
hours as it makes a rapid passage to within 0.03 au of its host star during periapsis. Spectroscopic observations
during the eclipse (which is conveniently oriented a few hours before periapsis) of HD 80606 b with the James
Webb Space Telescope (JWST) are poised to exploit this highly variable environment to study a wide variety of
atmospheric properties, including composition, chemical and dynamical timescales, and large scale atmospheric
motions. Critical to planning and interpreting these observations is an accurate knowledge of the planet’s orbit. We
report on observations of two full-transit events: 2020 February 7 as observed by the TESS spacecraft and 2021
December 7-8 as observed with a worldwide network of small telescopes. We also report new radial velocity
observations which, when analyzed with a coupled model to the transits, greatly improves the planet’s orbital
ephemeris. Our new orbit solution reduces the uncertainty in the transit and eclipse timing of the JWST era from
tens of minutes to a few minutes. When combined with the planned JWST observations, this new precision may be
adequate to look for non-Keplerian effects in the orbit of HD 80606 b.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Observational astronomy (1145); Orbit determina-
tion (1175)

Supporting material: machine-readable table

27 NASA Hubble Fellowship Program—Sagan Fellow. 1. Introduction

B ) For many years HD 80606 b held the record for the most
Original content from this work may be used under the terms highly eccentric planet. Discovered by the radial velocity (RV)

of the Creative Commons Attribution 4.0 licence. Any further g . .
distribution of this work must maintain attribution to the author(s) and the title techmque in 2001 (Naef etal. 2001) HD 80606 b has a mass of

of the work, journal citation and DOL 4.1 Mj, an orbital period of 111.4 days and an eccentricity of
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Table 8
Predicted Transit, Eclipse, and Periapsis Times

Emia (BJDrpD)

Thnia (BID1BD)

Period Periapsis Date Tperi (BID1pp)

0 2020-2-2 20:15:10 2458882.344 £+ 0.0021
1 2020-5-24 06:44:36 2458993.781 + 0.0021
2 2020-9-12 17:14:03 2459105.218 £ 0.0021
3 2021-1-2 03:45:18 2459216.656 + 0.0021
4 2021-4-23 14:12:08 2459328.092 + 0.0021
5 2021-8-13 00:42:14 2459439.529 + 0.0022
6 2021-12-2 11:10:00 2459550.965 + 0.0022
7 2022-3-23 21:40:27 2459662.403 + 0.0021
8 2022-7-13 08:09:58 2459773.840 + 0.0022
9 2022-11-1 18:39:52 2459885.278 + 0.0023
10 2023-2-21 05:08:03 2459996.714 + 0.0022
11 2023-6-12 15:37:31 2460108.151 + 0.0023
12 2023-10-2 02:07:17 2460219.588 + 0.0023
13 2024-1-21 12:36:17 2460331.025 + 0.0022
14 2024-5-11 23:06:49 2460442.463 + 0.0024
15 2024-8-31 09:35:05 2460553.899 + 0.0023
16 2024-12-20 20:01:54 2460665.335 + 0.0023
17 2025-4-11 06:33:17 2460776.773 + 0.0024
18 2025-7-31 17:03:20 2460888.211 + 0.0024
19 2025-11-20 03:30:27 2460999.646 + 0.0025
20 2026-3-11 14:00:39 2461111.084 + 0.0024
21 2026-7-1 00:29:17 2461222.520 + 0.0024
22 2026-10-20 10:59:11 2461333.958 + 0.0026
23 2027-2-8 21:26:36 2461445.393 + 0.0025
24 2027-5-31 07:56:26 2461556.831 + 0.0025
25 2027-9-19 18:27:19 2461668.269 + 0.0026
26 2028-1-9 04:54:59 2461779.705 + 0.0027
27 2028-4-29 15:27:05 2461891.144 + 0.0028
28 2028-8-19 01:54:49 2462002.580 + 0.0028
29 2028-12-8 12:23:09 2462114.016 + 0.0029
30 2029-3-29 22:52:37 2462225.453 + 0.0030
31 2029-7-19 09:22:28 2462336.891 + 0.0030
32 2029-11-7 19:51:46 2462448.328 + 0.0032
33 2030-2-27 06:22:46 2462559.766 + 0.0031
34 2030-6-18 16:50:58 2462671.202 + 0.0032
35 2030-10-8 03:19:59 2462782.639 + 0.0033

2458882.214 4 0.0021
2458993.651 + 0.0021
2459105.089 + 0.0021
2459216.527 + 0.0021
2459327.962 + 0.0021
2459439.400 + 0.0022
2459550.836 + 0.0022
2459662.274 + 0.0022
2459773.711 + 0.0021
2459885.148 + 0.0022
2459996.584 + 0.0023
2460108.021 + 0.0021
2460219.459 + 0.0022
2460330.896 + 0.0022
2460442.334 1+ 0.0023
2460553.770 £+ 0.0023
2460665.205 + 0.0024
2460776.644 + 0.0024
2460888.081 + 0.0025
2460999.517 + 0.0024
2461110.954 + 0.0024
2461222.391 + 0.0025
2461333.828 + 0.0025
2461445.264 + 0.0026
2461556.701 + 0.0026
2461668.140 + 0.0026
2461779.575 + 0.0027
2461891.014 + 0.0027
2462002.450 + 0.0028
2462113.887 + 0.0029
2462225.324 4+ 0.0029
2462336.761 + 0.0031
2462448.198 + 0.0030
2462559.636 + 0.0032
2462671.072 + 0.0032
2462782.509 + 0.0033

2458888.0746 + 0.0020
2458999.5116 + 0.0020
2459110.9487 + 0.0020
2459222.3855 + 0.0021
2459333.8225 + 0.0021
2459445.2595 + 0.0022
2459556.6963 + 0.0021
2459668.1333 + 0.0021
2459779.5704 + 0.0021
2459891.0073 £ 0.0022
2460002.4443 + 0.0022
2460113.8814 + 0.0022
2460225.3183 + 0.0022
2460336.7554 + 0.0023
2460448.1923 + 0.0023
2460559.6291 + 0.0023
2460671.0663 + 0.0023
2460782.5030 + 0.0023
2460893.9400 + 0.0025
2461005.3771 + 0.0024
2461116.8140 + 0.0025
2461228.2509 + 0.0025
2461339.6880 + 0.0025
2461451.1249 + 0.0026
2461562.5616 + 0.0027
2461673.9988 + 0.0026
2461785.4358 + 0.0027
2461896.8728 + 0.0028
2462008.3097 + 0.0029
2462119.7467 + 0.0030
2462231.1838 + 0.0031
2462342.6207 £+ 0.0031
2462454.0576 + 0.0030
2462565.4946 + 0.0031
2462676.9315 + 0.0031
2462788.3685 + 0.0032
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ABSTRACT

67P/Churyumov—Gerasimenko is a Jupiter-family comet that was the target of the Rosetta mission, the first mission to successfully
orbit and land a probe on a comet. This mission was accompanied by a large ground-based observing campaign. We have
developed a pipeline to calibrate and measure photometry of comet 67P during its 2016 perihelion passage, making use of all
visible wavelength broad-band imaging collected across a wide range of facilities. The pipeline calibrates the brightness of the
comet to a common photometric system (Pan-STARRS 1) using background stars within the field allowing for compilation and
comparison of multiple data sets. Results follow the predictions based on previous apparitions: 67P shows no obvious change in
activity levels from orbit-to-orbit and coma colours remain constant throughout the apparition. We detected an outburst on 2015
August 22 of ~0.14 mag. The brightness and estimated mass of this outburst puts it in line with the outbursts directly observed
on the nucleus by Rosetta. An in situ outburst was observed at the same time as the one seen from the ground; however, linking
these two events directly remains challenging.

Key words: comets: individual: 67P/Churyumov—Gerasimenko.

1 INTRODUCTION

67P/Churyumov—Gerasimenko was the target of the Rosetta mission,
the first mission to successfully orbit a cometary nucleus and follow
italong its journey through perihelion. The mission returned a unique
cache of data, collected in situ at the nucleus, revealing new insights
about comet surface activity (e.g. EI-Maarry et al. 2019; Filacchione
et al. 2019; Vincent et al. 2019; Marschall et al. 2020; Choukroun
et al. 2020; Mottola et al. 2020). This mission was backed up by a
large ground-based observing campaign (Snodgrass et al. 2017) that
followed the activity of 67P through its perihelion passage. This data
set is one of the most detailed and comprehensive data sets ever taken
of a comet, with coverage across almost all of the comet’s inward
and outward journeys, so provides an ideal treasure trove for detailed
analysis.

The Rosetta mission provides us with an opportunity to link
ground-based observations with events observed in situ in orbit
around the comet’s nucleus. Outbursts are a signature of activity;
many were observed on the nuclear surface by instruments onboard
Rosetta. Inbound to the comet an outburst was detected in 2014
April (Tubiana et al. 2015). The comet was regularly monitored as
the spacecraft approached between 2014 July and 2014 October,
with no further outbursts seen. Once in orbit around the comet an
outburst was seen in 2015 February (Knollenberg et al. 2016). Over
the next few months, the Rosetta probe had to retreat to a safe distance

* E-mail: dgar@roe.ac.uk

© The Author(s) 2022.

from the comet due to high dust content in the coma; during this
time any outbursts on the comet’s surface could have been missed.
Between July and September 2015, as the comet passed perihelion,
34 individual outbursts were observed as detailed in Vincent et al.
(2016). At the same time, Boehnhardt et al. (2016) saw a large dust
ejection event in the coma morphology in images acquired at the 2-m
Wendelstein telescope on 2015 August 22-23, but they do not make
a link between this observation and any outbursts seen by Rosetta.
Knight et al. (2017), observing from the 0.8-m Lowell telescope,
also saw the same outburst in their photometry on 2015 August 22.
They make a tentative link to an outburst observed by Rosetta. They
also report a possible outburst occurring on 2015 September 19 but
they do not match it with any other known outbursts of 67P. Another
notable outburst was seen by multiple instruments on Rosetta on
2016 February 19 (Griin et al. 2016). Initial analysis of TRAPPIST
observations over this period by Griin et al. (2016) claims to show
an increased and sustained brightness correlating to this outburst.
Agarwal et al. (2017) saw an outburst on 2016 July 3.

Aside from searching for small-scale transient events, tracing
activity can give us an insight into the ageing processes that affects a
comet. Predictions of the dust activity were made by Snodgrass et al.
(2013) and the observations have shown the comet to be following
these predictions (Snodgrass et al. 2017). This leads us to believe that
the activity of 67P remains largely unchanged from orbit-to-orbit and
therefore results from Rosetta can be applied more generally to help
constrain models of comet activity evolution and scale results to
different comets and apparitions. The activity analysis performed in
Snodgrass et al. (2017) was made using an approximate calibration;

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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Table 3. Summary table of data processed through the pipeline. Frames input is the original number of images passed to the pipeline. Frames processed is the
number of frames successfully calibrated by the pipeline, images causing the pipeline to fail, or images manually removed from the final data are not included
in this number.

Telescope/instrument Frames input / successfully processed
B \%4 R 1 g r i z

NOT/ALFOSC - - 489 460 667 459 - - - - - - - - -
NOT/StanCam - - 51 0 56 0 - - - - - - - - - -
OGS/SDC - - - - 258 192 - - - - - - _ _ _
TRAPPIST-South/CCD 63 59 247 217 74 72 69 61 - - - - - _ _
NTT/EFOSC - - - . . - - - - 24 0 _ _ _
VLT/FORS - - - - 53 52 - - - - - - _ _
WHT/ACAM - - - - - - - - - - 9 9 3 3 - -
STELLA/WIFSIP - - - - - - - - 25 25 745 645 25 25 35 35
LT/10:0 - - - - - - - 109 100 355 317 109 100 109 100
LOT 4 3 5 5 14 13 - - - - - - - — _ _
LCOGT/Merope - - - - - - - - 28 28 32 32 14 14 14 14
Rozhen BNAO 2-m/FoReRo-2 5 0 - - 13 2 - — — - — — _ — _ _
CA 2.2-m/CAFOS - - - - 912 690 - - - - - - — _ _
CA 3.5-m/MOSCA - - - - 22 22 - - - - - - - - - -
Lowell 0.8-m/NASAcam - - - - 354 318 - - - - - - - - — _
TNG/DOLoRes 48 48 74 74 69 64 - - - - - - _ _ _
Wendelstein 2-m/WWFI - - - - - - - - 45 44 1619 1245 41 38 - -
OSN 1.5-m/CCD - - - - 1499 1473 - - - - - - - - — _
INT/WFC 37 34 - - - - 2 2 - - 90 86 - - - _
BTA/SCORPIO2 - - - - - - - - 6 0 15 13 - - - —
LCOGT/SBIG - - - - - - - - - - 51 42 - — — _
OSN 0.9-m/CCD - - - - 78 78 - - - - - - _ _ _
LCOGT/Sinistro - - - - - - - - - - 42 36 - - - _
Gemini N/\GMOS - - - - - - - - 17 17 42 42 12 12 12 12
IRTF/MORIS - - - - - - - - - - 113 0 - - - _

The European Space Agency (ESA) Optical Ground Station
(OGS) data contained 18 frames which were discounted due to being
pointed towards the wrong area of the sky. Another 37 frames did
not have enough background stars to perform calibration.

The pipeline failed to run on Infrared Telescope Facility (IRTF),
New Technology Telescope (NTT), and NOT/STANCAM data due
to the small field of view in the images. There were few stars within
the field which meant astrometry and photometry calibrations failed.

It is worth mentioning the William Herschel Telescope (WHT),
LULIN Observatory One-Meter Telescope (LOT), Telescopio
Nazionale Galileo (TNG), Isaac Newton Telescope (INT), and
Bolshoi Teleskop Alt-azimutalnyi (BTA). They are well calibrated
data but have sparse coverage having only three to five nights of
observations in each set. The consistent calibrations made possible
due to the larger data set they are a part of meant that they are
still useful in the final data to fill in gaps and aid in confirming
outbursts.

Any data not mentioned above ran through our pipeline success-
fully and was generally well calibrated. A common issue in these data
were the occasional lack of background stars to use for photometric
calibration but this typically affected less than 10 per cent of images.

Overall the pipeline worked well and processed the majority (~
83 per cent) of the data and produced well calibrated and consistent
results across the different data sets. The pipeline works best when
the comet is brighter than mag 20 brightness and in a well-exposed,
but not too crowded, field of stars. Without these conditions the comet
identification and calibration becomes increasingly inaccurate.

A limitation highlighted by the NOT/ALFOSC and CA/CAFOS
data is that the pipeline has no way of adjusting for any noisy edges
or artefacts that may remain after data reduction. This noise often
was misidentified as sources by SEXTRACTOR and Astrometry.net
which caused them either to fail or give inaccurate results. The
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Figure 3. Light curve around low phase angles. All points have been
calibrated to r PS1 band. A clear offset is seen in the TRAPPIST (blue
triangles), OSN (yellow squares), OGS (pink hexagons), and CAFOS (black
downward-triangles) points which were measured in Johnson/Cousin R filter.
The majority of the other points were measured in sloan-r type filters.

other limitation is the pipeline only does simple aperture photometry
around the comet and does not take into account any contribution
of the background flux from nearby bright stars that are outwith the
aperture. We decided against implementing a fix for both of these
issues because of the small proportion of images they affect.

4.2 Offset between telescopes around low phase angles

A peculiar effect we see in our data is a significant shift in r-band
magnitudes at low phase angles between different telescopes (Fig. 3).
The TRAPPIST data is the best example of this, it follows the
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Abstract

The aim of this work is to evaluate the performance of photometric metallicity [Fe/H], determined based on
V-band light curves photometrically transformed from the gr-band light curves. We tested this by using a set of
homogeneous samples of fundamental mode RR Lyrae located in the Kepler field. It was found that the color term
is necessary in such photometric transformation. We demonstrated that when including the color term the
determined photometric [Fe/H]are in good agreement with the spectroscopic [Fe/H], either based on the
calibrated or the transformed V-band light curves. We also tested the impact of Blazhko RR Lyrae in determining
the photometric [Fe/H], and found that Blazhko RR Lyrae can give consistent photometric [Fe/H]. Finally, we
derived independent gVr-band [Fe/H]-¢3,—P relations (where ¢3; and P are the Fourier parameter and pulsation
period, respectively) using our light curves. The V-band relation is in good agreement with the most recent

determination given in the literature.

Unified Astronomy Thesaurus concepts: RR Lyrae variable stars (1410); Metallicity (1031); Light curves (918)

Supporting material: machine-readable table

1. Introduction

One of the important observed quantities, besides the
pulsation periods P, for RR Lyrae is metallicity, commonly
denoted as [Fe/H]. This is because the V-band absolute
magnitude (My) for RR Lyrae is correlated with [Fe/H]. Also,
[Fe/H]is one of the independent parameters in the period—
luminosity—metallicity (PLZ) relations (especially in the infrared
filters). For exemplary reviews on the My~[Fe/H]relation or
PLZ relations, see Sandage & Tammann (2006), Beaton et al.
(2018), Bhardwaj (2020), and references therein.

The best way to measure [Fe/H]is via spectroscopic
observations. Errors on the spectroscopically measured [Fe/H]
fall in the range of ~0.1 to ~0.3 dex (e.g., see Nemec et al.
2013); in some cases these errors can even reach to ~0.01 dex
level (e.g., SX For in Crestani et al. 2021). However,
spectroscopic observations for RR Lyrae can be expensive or
time consuming. Alternatively, [Fe/H] can be estimated based
on the stellar systems (e.g., in globular clusters or dwarf
galaxies) or environment (e.g., in the Galactic halo) that the
targeted RR Lyrae belong to. Another way to estimate [Fe/H]
is using light-curve properties of RR Lyrae, such as amplitudes
(e.g., see Alcock et al. 2000; Sandage 2004; Fabrizio et al.
2021) or Fourier parameter ¢3;.

Since the seminal paper of Jurcsik & Kovacs (1996), who
derived the [Fe/H]-¢3,—P relation in the V band for ab-type
(fundamental mode) RR Lyrae (hereafter RRab), a number of
publications have derived a similar relation (some with
additional parameters in such relation) in other filters, as well
as for the c-type (first-overtone) RR Lyrae. These works
include Sandage (2004) and Morgan et al. (2007) in the V band;
Smolec (2005) and Dékany et al. (2021) in the / band; Watkins
et al. (2009), Sesar et al. (2010), and Oluseyi et al. (2012) in the
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
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Sloan Digital Sky Survey (SDSS) g and/or r band; Nemec
et al. (2011) and Nemec et al. (2013) in the Kepler K|, band;
Ngeow et al. (2016) in the Rprgr band; Iorio & Belokurov
(2021) in the Gaia G band; Mullen et al. (2021) in the WISE
W1 and W2 bands; and Wu et al. (2006) for unfiltered or white-
light observations. The rms errors from these empirical
relations vary from ~0.1dex (Nemec et al. 2013) to
~0.5 dex (in the WISE band; Mullen et al. 2021).

Recently, the V-band [Fe/H]-¢3,—P relation was updated
from two works. Martinez-Vazquez et al. (2016) updated the
Jurcsik & Kovacs (1996) relation by using seven globular
clusters and eight field RR Lyrae with high-resolution
spectroscopic metallicity. Furthermore, Mullen et al. (2021)
rederived the V-band [Fe/H]-¢3,—P relation based on a sample
of ~10? field RRab with spectroscopic determined [Fe/H]. It is
foreseen that the Mullen et al. (2021) V-band relation will be
widely applied in various studies on using ab-type RR Lyrae as
distance tracers. On the other hand, the SDSS-like (u)griz filters
are becoming more popular in major synoptic sky surveys,
including (but not limited to) the Pan-STARRS1 (Chambers
et al. 2016), the Zwicky Transient Facility (ZTF; Bellm et al.
2019; Graham et al. 2019), the SkyMapper Southern Survey
(Onken et al. 2019), the Dark Energy Survey (Dark Energy
Survey Collaboration et al. 2016), the HyperSuprime-Cam
Subaru Strategic Program (Aihara et al. 2018), and the Vera C.
Rubin Observatory Legacy Survey of Space and Time (LSST;
Ivezi¢ et al. 2019). This implies that in order to apply the
Mullen et al. (2021) V-band relation, photometric transforma-
tions need to be applied to the gr-band data from these surveys
to the V band. In principle, such transformations could add
extra uncertainties to the final estimated [Fe/H].

Therefore, the goal of this work is to evaluate the
performance and accuracy of such photometric transformations
in the derivation of photometric [Fe/H], using the V-band
[Fe/H]-¢5,—P relation. Instead of relying on inhomogeneous
data taken from the literature, we intended to obtain
homogeneous light-curve data using the same telescope and
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CCD camera on the same set of RR Lyrae, such that a
differential comparison can be made. We selected 30 RRab
stars located in the Kepler field (taken from Table 7 in Nemec
et al. 2013), which possess homogeneous spectroscopic [Fe/H]
measured from high-resolution spectra. Section 2 describes the
time-series observations of these RR Lyrae. Photometry and
photometric calibration of our light-curve data are presented in
Section 3. These light curves were then used to derive their
corresponding Fourier parameter ¢3; as mentioned in Section 4.
Performance on the photometric [Fe/H] from using the V-band
light curves and the transformed light curves are tested in
Section 5. We have also derived a set of [Fe/H]-¢5,—P relations
based on our light curves in Section 6, followed by discussions
and conclusions in Section 7. We note that the transmission
curve for the V-band filter lies in between the g- and r-band
filters; hence, we only observed our targeted RR Lyrae in these
filters.

2. Observations and Image Reduction

Time-series observations of the 30 targeted RR Lyrae in the
Kepler field were carried out using the 0.41 m SLT telescope
located at Lulin Observatory. This telescope is an f/8.4
Ritchey—Chrétien telescope and is equipped with an Andor
iKon-L.936 CCD camera, providing a pixel scale of 0”79 pixel.
Queue observations were executed, via commercial software
MaxIm DL and ACP Observatory Control Software,
from 2019 June 18 to 2021 November 24 (weather permitting)
in gVr filters. Depending on the brightness of the targeted RR
Lyrae, exposure time varied between 2 to 300 s in all filters.
After removing problematic images (due to bad seeing or
weather, tracking problems, etc.), the number of gVr sequence
ranged from ~120 to ~144 for all of the 30 RR Lyrae.
Subroutines in IRAF (version 2.16)" were used to reduce these
images, including bias and dark subtractions, as well as flat-
fieldings. Astrometric calibration on the reduced images were
done using the astrometry. net? (Lang et al. 2010)
software suite.

3. Photometric Calibration

For each of our targeted RR Lyrae, we constructed a
reference catalog by merging the Pan-STARRS1 Data Release
1 (DR1) photometric data (Chambers et al. 2016; Flewelling
et al. 2020) and the UBV photometric catalog published in
Everett et al. (2012, hereafter the UBV catalog). A search area
with a size of 27’ x 27’ centered at each targeted RR Lyrae
was adopted to query the Pan-STARRS1 DRI photometric
data. We applied a number of selection criteria to select only
the nonvarying stellar sources in the merged reference catalogs.
Further details of the adopted selection criteria were given in
Appendix A. These merged reference catalogs were then
crossmatched to the catalogs generated from the SExtrac-
tor? (version 2.25.0; Bertin & Arnouts 1996) on all reduced
images. The popular MAG_AUTO implemented in SExtrac—
tor was adopted for measuring the instrumental magnitudes.
Hence, for each image we have a catalog containing both the

' IRAF is distributed by the National Optical Astronomy Observatories,

which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation. See National Optical Astronomy Observatories (1999).

2 https:/ /astrometry.net/ or Lang et al. (2012).

3 https:/ /www.astromatic.net/software /sextractor/ or Bertin & Arnouts (2010).
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gr-band and BV-band photometry from the Pan-STARRS1 and
the UBV catalog, respectively, for the reference stars, as well as
their instrumental magnitudes.

The photometric calibration was completed using the
following set of equations (e.g., see Masci et al. 2019):

gPSI _ ginstr — ZPg + Cg(gPSI _ rPSl)’ (1)
rPSl _ rinstr — ZPr + C,~(gPS] _ rPSl)7 (2)
VvV — Vinstr — ZPV + CV(BEHK _ VEHK), (3)
where m™S! °" BHK are magnitudes from published catalogs

(either Pan-STARRS1 or UBV catalog), and m™" are
instrumental magnitudes. An iterative 2o-clipping linear
regression, implemented in astropy, was used to fit these
equations to determine the ZP,, and C,, coefficients.

Since our SLT observations did not include the B filter, we
employed the photometric transformations given in Tonry et al.
(2012) to calibrate the (B — V) colors. We adopted the linear
transformation between Johnson and the Pan-STARRSI
photometric system from Table 6 of Tonry et al. (2012):
B— g™ =0.213 4 0.587(¢™! — /51 and V— /51 =0.006 +
0.474(gPSl — rPSY). Then, the color transformation is found
to be

(B — V) =0.207 + 1.113(gPS! — rPSh, @

Finally, we can transform the calibrated /*>! magnitudes to
the V-band magnitude via the Tonry et al. (2012) transforma-
tion. The transformed V-band magnitudes are denoted as VT:

VT = rPS1 4+ 0.006 + 0.474(gPS! — rPSY), 3)

Applying Equations (1)-(5) to calibrate the instrumental
magnitudes requires the (g7'—r"S") colors of the targeted stars
to be known. In the case of our SLT observations with a
sequence of gVr observations, the separation between the gVr-
band exposures within a sequence is always less than
30 minutes (with a median of 6.2 minutes), and hence we
assume the photometry obtained from the near-simultaneous
gr-band observations is equivalent to the (g—r) color at the
time of observations. Combining Equations (1) and (2) the
instrumental colors can be calibrated to the Pan-STARRSI
photometric system via the following equation:

ZRQ _ ZB + (ginstr _ rinstr)

PSI STy e
— Cy+
8 r

(g ©)

The calibrated (g"'—rPS!) colors can be applied back to
Equations (1)-(5)to calibrate the grV- and V7T-band photo-
metry. An example of the calibrated grV-band light curves and
the transformed V7-band light curve is shown in Figure 1. All
of the calibrated grV-band light curves are provided in Table 1.
Photometric errors given in Table 1 and shown in Figure 1
include the errors from the instrumental magnitudes and the
propagated errors from the calibration. Typical errors on ZP, .y
are ~0.006 mag, ~0.004 mag, and ~0.013 mag, respectively.
Similarly, the typical errors on C,,y are ~0.012mag,
~0.007 mag, and ~0.018 mag, respectively.
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Abstract

We carry out a photometric search for new cataclysmic variable stars (CVs), with the goal of identification for
candidates of AR Scorpii-type binary systems. We select GAIA sources that are likely associated with unidentified
X-ray sources, and analyze the light curves taken by the Zwicky Transient Facility, Transiting Exoplanet Survey
Satellite, and Lulin One-meter Telescope in Taiwan. We investigate eight sources as candidates for CVs, among
which six sources are new identifications. Another two sources have been recognized as CVs in previous studies,
but no detailed investigations have been done. We identify two eclipsing systems that are associated with an
unidentified XMM-Newton or Swift source, and one promising candidate for polar associated with an unidentified
ASKA source. Two polar candidates may locate in the so-called period gap of a CV, and the other six candidates
have an orbital period shorter than that of the period gap. Although we do not identify a promising candidate for
AR Scorpii-type binary systems, our study suggests that CV systems that have X-ray emission and do not show
frequent outbursts may have been missed in previous surveys.

Unified Astronomy Thesaurus concepts: White dwarf stars (1799); Binary stars (154); Cataclysmic variable stars

(203); Observatories (1147)

1. Introduction

The cataclysmic variable star (hereafter CV) is a binary
system composed of a white dwarf primary (hereafter WD) and
a low-mass main-sequence star (Warner 1995). In the usual CV
system, the mass is transferred from the companion star to the
WD, and it forms an accretion disk extending down to the WD
surface or accretion column on the WD’s pole, toward which
the accreting matter is channeled by the WD’s magnetic field.
The former and latter systems usually belong to nonmagnetic
and magnetic CV systems, respectively. A nonmagnetic CV
shows frequent outbursts due to an instability of the accretion
disk (dwarf nova). Magnetic CVs, in which the WD’s magnetic
field is Bwp>10° G, are divided into two types, namely,
intermediate polar (hereafter IP) and polar. In an IP system, the
spin period of the WD is different from the orbital period of the
system. Polar has the strongest magnetic field and shows a
spin—orbit phase synchronization. CVs are usually observed in
the optical to X-ray bands, for which emission originates from
the boundary layer of the accretion disk, the companion star
surface, or the WD surface /accretion column.

Numerous efforts to identify new CVs and candidates have
been made in previous works, and the number of known CVs is
rapidly increasing with recent photometric and spectroscopic
all-sky surveys (Ritter & Kolb 1998; Coppejans et al. 2016;
Szkody et al. 2021; Sun et al. 2021). The methods of
confirming CVs are mainly divided into three types, namely,
the observation of dwarf-nova outbursts, identification of
orbital/WD spin variations in photometric light curves, and
Original content from this work may be used under the terms
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confirmation of CV-like spectral properties. The Open
Cataclysmic Variable Catalog (Jackim et al. 2020) offers a
vast list of the known CVs and the CV candidates found in
previous studies.

Among known WD binary systems, AR Scorpii is one of the
special classes in terms of the observed emission properties. The
emission in the radio to X-ray bands is modulating with a spin
period of WD (~117 s) and/or a beat period (~118 s) between
the WD spin and orbital motion, and its broadband spectrum is
described by a nonthermal emission process plus thermal emission
from the companion star surface (Marsh et al. 2016; Buckley et al.
2017; Stanway et al. 2018; Takata et al. 2018). Although there has
not yet been a direct measurement of the magnetic field of a WD
(Garnavich et al. 2021a), the observational properties suggest a
magnetic WD binary system. The emission in the optical and
X-ray bands is also modulating with the orbital period of
~3.56 hr, and the shape of the orbital light curve suggests heating
of the dayside of the companion star at a rate of L~
10723 ergs™', most of which is converted into emission in the
IR /optical /UV bands. The multiwavelength spectrum exhibits no
features of emission from an accretion disk in the system, and the
emission from the WD is fainter than the observed optical
emission, which cannot be the source of the heating of the
companion star. It is therefore suggested that the magnetic field of
the WD may be the energy source of the heating, and is
interacting with the companion star or outflow matter from the
companion (Katz 2017; Takata et al. 2017; Lyutikov et al. 2020).
AR Scorpii may be classified as an IP in the sense that the spin
period of the magnetic WD is shorter than the orbital period.
However, the X-ray luminosity is of the order of Ly~
4 % 10* erg s~!, which is two to three orders of magnitude lower
than that of typical IPs, in which the X-ray emission originated
from the accretion column on the WD. Attention has been paid to
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Abstract

Seeing pristine material from the donor star in a type la supernova (SN Ia) explosion can reveal the nature of the
binary system. In this paper, we present photometric and spectroscopic observations of SN 2020esm, one of the
best-studied SNe of the class of “super-Chandrasekhar” SNe Ia (SC SNe Ia), with data obtained —12 to +360 days
relative to peak brightness, obtained from a variety of ground- and space-based telescopes. Initially misclassified as
a type II supernova, SN 2020esm peaked at Mp = —19.9 mag, declined slowly (Am,;s5(B) =0.92 mag), and had
particularly blue UV and optical colors at early times. Photometrically and spectroscopically, SN 2020esm evolved
similarly to other SC SNe Ia, showing the usual low ejecta velocities, weak intermediate-mass elements, and the
enhanced fading at late times, but its early spectra are unique. Our first few spectra (corresponding to a phase of
2>10 days before peak) reveal a nearly pure carbon/oxygen atmosphere during the first days after explosion. This
composition can only be produced by pristine material, relatively unaffected by nuclear burning. The lack of H and
He may further indicate that SN 2020esm is the outcome of the merger of two carbon/oxygen white dwarfs.
Modeling its bolometric light curve, we find an *°Ni mass of 1.237014 M, and an ejecta mass of 1.75793% M, in
excess of the Chandrasekhar mass. Finally, we discuss possible progenitor systems and explosion mechanisms of

SN 2020esm and, in general, the SC SNe Ia class.

Unified Astronomy Thesaurus concepts: Supernovae (1668); White dwarf stars (1799)

Supporting material: data behind figure, machine-readable tables

1. Introduction

Observations of type Ia supernovae (SNe la) first showed
that the expansion of the universe is accelerating (Riess et al.
1998; Perlmutter et al. 1999). SNe Ia are also key to measuring
the local expansion rate (Riess et al. 2016; Freedman et al.
2019), and those measurements differ from inferences from
early universe probes that may indicate unaccounted physics in
the current cosmological model (Freedman 2021). While there
is strong observational evidence that SNela result from the
thermonuclear explosion of a degenerate carbon/oxygen white
dwarf (WD) star in a binary system (Bloom et al. 2012), details
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of the progenitor system and explosion are poorly constrained
(Maoz et al. 2014).

The peak luminosity of most SNe Ia correlates strongly with
their decline rate (or light-curve width, parameterized with their
magnitude decline from peak to 15 days after, Amys;
Phillips 1993) and color (Riess et al. 1996). By observing the
brightness, decline rate, and color of an SN Ia, one can infer its
relative distance, which in turn, can be used to constrain
cosmological parameters (e.g., Scolnic et al. 2018; Jones et al.
2019). The width—-luminosity relation (WLR) can be explained
as all SNe Ia having a similar ejecta mass with varying amounts
of radioactive *°Ni (Kasen & Woosley 2007), which sets the
peak luminosity. Alternatively, the total ejecta mass may be the
primary factor that causes differences in *°Ni and luminosity
(Goldstein & Kasen 2018). Moreover, SNe Ia are characterized
by maximum-light spectra that lack hydrogen and helium
emission features, but have prominent absorption features from
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Figure 1. Pan-STARRS 5’ x 5’ color composite (g/i/y, left) and HST/WFC3 45" x 45" color composite (F555W /F814W, right) image stamp of the field of WISEA
J140717.48-050726.1, the host of SN 2020esm. The location of the SN is indicated with the magenta tick-marks. PS1 standard stars in the field are marked with red
circles. The green insets show zoomed-in regions, centered on the SN location (1’ x 1/, left and 3” x 3”, right), taken at a phase of 14.35 and 356.02 rest-frame days

from the B-band maximum.

WISEA J140717.48-050726.1, a star-forming irregular galaxy
at a redshift of z=0.03619 4+ 0.00015 (Jones et al. 2009). In
Figure 1, left panel, we present a deep pre-explosion color
composite (g/i/y) image stamp of WISEA J140717.48-
050726.1, with the location of SN 2020esm marked with
magenta tick-marks, while the green inset shows a zoomed-in
region of a g-band Pan-STARRS image stamp of the super-
nova, at a phase of 14.35 rest-frame days from B-band
maximum.

Originally, SN 2020esm was classified as a young Type II
supernova (Tucker et al. 2020), based on a spectrum taken on
UT 2020 March 23.45 (~1.08 days after discovery) with the
University of Hawaii 2.2 m telescope (UH88) Supernova
Integral Field Spectrograph (Lantz et al. 2004). That classifica-
tion was the result of misclassifying the CII absorption at
~6300 A and ~7000 A as a P-Cygni Ha feature. Moreover,
based on its distance and minimal extinction on the line of sight
(Section 3.1), SN 2020esm was discovered at an absolute
magnitude of —18.4+0.15, indicating a luminous event,
generally not consistent with core-collapse SNe. Examination
of spectra taken at later phases (Figure 3) clearly shows that
SN 2020esm is an SN Ia, and particularly of the SC subclass.
The discovery of a candidate of one of the most rare subtypes
of SNela led us to initiate an extensive multiwavelength
observational campaign.

2.2. Photometry

We obtained optical photometric observations of
SN 2020esm with various telescopes/instruments. Our main
photometry was performed with the SINISTRO cameras of the
Las Cumbres Observatory Global Telescope Network
(LCOGT; Brown et al. 2013) network of 1 m telescopes
(NOAO2020A-012 and NOAO2020B-011, PI: Foley). Images
were obtained in ugri, from 2020 March 25 UT (approximately
3 days after discovery and 11 days before peak brightness) until

15

2020 July 22 UT (107 days after maximum). Additional griz
photometry was obtained through the Young Supernova
Experiment (YSE; Jones et al. 2021) with the Pan-STARRSI
telescope (PS1) between 2020 March 25 UT and 2020 July 24
UT, BVgri photometry with the 1 m telescope at the Lulin
observatory in Taiwan, and griz photometry with the 0.7 m
telescope of the Thacher observatory in California (J. J. Swift
et al. 2022, in preparation). Late-time griz imaging (at 280 and
305 days from maximum brightness) was performed with the
Gemini Multi-Object Spectrograph (GMOS) on the 8.1 m
Gemini North telescope in Maunakea (GN-2020B-Q-324 and
GN-2021A-DD-102, PI: Foley) and F555W and F814W
imaging with HST/WFC3 at 356 days from maximum
brightness (SNAP-16239, PI: Foley).

All ground-based images were reduced, resampled, and
calibrated using PHOTPIPE (Rest et al. 2014) with absolute flux
calibration performed using PS1 standard stars in the SN field.
For the HST/WFC3 photometry, reduced images were down-
loaded from the Mikulski Archive for Space Telescopes and
drizzled following the techniques of Kilpatrick & Foley (2018).
Aperture photometry was performed with photutils
(Bradley et al. 2020) using a 0”2 aperture, and instrumental
magnitudes were calibrated using AB zero-point conversions in
the fits headers. No difference imaging was performed, as the
background light from the host galaxy is minimal.

UV photometric observations were performed with the
Ultraviolet Optical Telescope (UVOT; Roming et al. 2005) on
board the Neil Gehrels Swift Observatory (Gehrels et al. 2004)
from 2020 March 24 UT until 2020 March 30 UT, with
template images obtained on 2020 March 21 UT. Aperture
photometry on the difference images was performed in a 5”
region on the SN location, following the standard guidelines
from Brown et al. (2009), using the most recent calibration
database (CALDB, version 20201008).

We present the complete SN 2020esm light curves, corrected
for MW extinction, in Figure 2, spanning from —11.89 to
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We conclude that the most likely progenitor is an RSG with
an extended envelope, and that this progenitor exploded into
low-density CSM produced via a mass-loss rate of order
M ~ 107% Mg yr—!. This CSM still has observable effects on
the light curve and spectra. We emphasize that the details of the
progenitor structure and CSM configuration must be considered
in analyzing CCSNe; these lead to a multidimensional phase
space of observables, i.e., a “z00” of spectral features that do
not map straightforwardly onto mass-loss rate or CSM density.

As we discover CCSNe increasingly early, thanks to
specially designed survey strategies, detailed modeling of each
well-observed event will allow us to piece together the statistics
of the CCSN progenitor population. In particular, combining
multiple independent lines of analysis, e.g., light-curve
modeling, spectral modeling, and direct progenitor imaging,
will allow us to build a complete picture of each new event,
including mass-loss history, CSM density and composition,
and progenitor structure. With a sample of well-studied events,
we will gain a comprehensive view of the diversity of mass loss
in massive stars in their final years.
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Blazars are active galactic nuclei (AGN) with relativistic jets whose non-thermal
radiation is extremely variable on various timescales' . This variability seems mostly
random, although some quasi-periodic oscillations (QPOs), implying systematic
processes, have been reported in blazars and other AGN. QPOs with timescales of days
or hours are especially rare* in AGN and their nature is highly debated, explained by
emitting plasma moving helically inside the jet®, plasma instabilities®” or orbital
motionin anaccretion disc’®. Here we report results of intense optical and y-ray flux
monitoring of BL Lacertae (BL Lac) during a dramatic outburst in 2020 (ref. °). BL Lac,
the prototype of asubclass of blazars', is powered by a1.7 x 108 My, (ref. ™) black hole

inanelliptical galaxy (distance = 313 megaparsecs (ref. '2)). Our observations show
QPOs of optical flux and linear polarization, and y-ray flux, with cycles as short as
approximately 13 h during the highest state of the outburst. The QPO properties
match the expectations of current-driven kink instabilities® near a recollimation
shock about 5 parsecs (pc) from the black hole in the wake of an apparent
superluminal feature moving down the jet. Such akink is apparent in amicrowave
Very Long Baseline Array (VLBA) image.

In 2020, the Whole Earth Blazar Telescope (WEBT; https://www.oato.
inaf.it/blazars/webt/) observed the highest-amplitude optical outburst
of BL Lac (redshift z= 0.069 (ref. ®)) in 20 years (ref. %), acquiring 16,497
flux-density measurements from 1 March 2020 to 31 December 2020
(modified Julian date (MJD) 58,909-59,215) in the optical Cousins
R-band (A= 635 nm), using 37 telescopes (Extended Data Table1). Five
telescopesalso conducted 1,285 R-band measurements of the degree,
Py, and position angle, x,, of linear polarization. Figure 1a plots the
R-band light curve (Methods). The dense sampling leads to the discov-
ery of QPOs in flux, S, with a duration <1 day. Figure 1b shows 14 pulses
detected over a2-week interval during the highest-flux state. The out-
burstbeganaround 20 July (MJD 59,050) and then peaked on 21 August
(MJD 59,082.98608) and again on 5 October (MJD 59,127.68480) at
R-magnitude of about 11.9, with a high-flux plateau between the peaks
(Fig. 1a); it ended by 17 October (MJD 59,140). During the plateau, P,

(Extended Data Fig. 1b) underwent intraday, high-amplitude oscilla-
tions, from <1% to 20%, whereas x, rotated by approximately 200° over
0.3 days near the beginning of the outburst (when P, was low, implying
turbulence) and then varied onday timescales. We find no statistically
significant correlation between S, and P,, which suggests strong tur-
bulence superposed on the kink instability (Methods). The variations
of xz form arc-like structures in Fig. 2 on timescales <1 day. The high
degree of polarization and similarity of the S, and P, QPO timescales
imply that the QPOs occur in the jet rather than the accretion disc, as
commonly inferred in X-ray binary systems'* and Seyfert galaxies®. BL
Lacis a bright y-ray source’®” and Extended Data Fig. 1 presents the
0.1-300-GeV y-ray light curve during the outburst constructed using
the Fermi Large Area Telescope data (Methods). There is a strong cor-
relation (coefficient p = 0.62 + 0.04) between the optical and y-ray light

curves, withnostatistically significant delay (-0.02*3:%; days; Extended

A list of affiliations appears at the end of the paper.
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Progenitor and close-in circumstellar medium of type II supernova
2020fqv from high-cadence photometry and ultra-rapid UV spectroscopy
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ABSTRACT

We present observations of SN 2020fqyv, a Virgo-cluster type II core-collapse supernova (CCSN) with a high temporal resolution
light curve from the Transiting Exoplanet Survey Satellite (TESS) covering the time of explosion; ultraviolet (UV) spectroscopy
from the Hubble Space Telescope (HST) starting 3.3 d post-explosion; ground-based spectroscopic observations starting 1.1 d
post-explosion; along with extensive photometric observations. Massive stars have complicated mass-loss histories leading up
to their death as CCSNe, creating circumstellar medium (CSM) with which the SNe interact. Observations during the first few
days post-explosion can provide important information about the mass-loss rate during the late stages of stellar evolution. Model
fits to the quasi-bolometric light curve of SN 2020fqv reveal 0.23 Mg, of CSM confined within 1450 R, (10'* cm) from its
progenitor star. Early spectra (<4 d post-explosion), both from HST and ground-based observatories, show emission features
from high-ionization metal species from the outer, optically thin part of this CSM. We find that the CSM is consistent with an
eruption caused by the injection of ~5 x 10* erg into the stellar envelope ~300 d pre-explosion, potentially from a nuclear
burning instability at the onset of oxygen burning. Light-curve fitting, nebular spectroscopy, and pre-explosion HST imaging
consistently point to a red supergiant (RSG) progenitor with Mzams ~ 13.5-15 Mg, typical for SN II progenitor stars. This
finding demonstrates that a typical RSG, like the progenitor of SN 2020fqv, has a complicated mass-loss history immediately
before core collapse.

Key words: stars: massive —stars: mass-loss —supernovae: individual: SN 2020fqyv.

(CCSN) interacting with the CSM can probe its density structure,

1 INTRODUCTION . . . . .
providing clues about its origin and the properties of the progenitor

Massive stars (=8 M) shed a significant amount of mass towards the
end of their lives, forming circumstellar medium (CSM) with variable
density profiles, physical extents, and total mass. Physical processes
responsible for mass-loss may include stellar winds, minor eruptive
mass-loss associated with late-stage nuclear burning instabilities,
binary interactions, and likely combinations thereof (Smith 2014, and
references therein). However, the rates and quantitative contributions
from each of these processes in different types of progenitor stars
remain the subject of ongoing research (see e.g. pre-SN instability
and outburst, Leung & Fuller 2020; Wu & Fuller 2021; binary
effects on stellar structure, Laplace et al. 2020; Zapartas et al.
2021; and new stellar wind prescriptions, Bjorklund et al. 2021; Kee
et al. 2021). Observations of the resulting core-collapse supernova
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star.

CCSNe with a large amount of CSM (a few M) close to the
progenitor star have been observed for decades, as they are luminous
and show persistent interaction signatures (Schlegel 1990). In this
scenario, the SN shock collides with the CSM and converts kinetic
energy into heat, which gets radiated away as extra luminosity. The
spectra of these SNe are classified as Type IIn (Schlegel 1990;
Filippenko 1997) with strong and persistent (over months or years)
narrow (~100-1000 kms~!) recombination lines from hydrogen
in the CSM. There is a rarer class of strongly interacting SNe with
only helium lines called Ibn (Matheson et al. 2000; Foley et al.
2007; Pastorello et al. 2007; Pastorello et al. 2008), with a smaller
associated CSM mass. More recently, events with a CSM lacking
hydrogen and helium are found and classified as Type Icn (Gal-
Yam et al. 2021). In addition, some stripped-envelope SNe have
been observed to exhibit Type IIn-like spectra at late times, several
months post-explosion, indicative of mass-loss centuries before the
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Table 2. Observed ATLAS and synthetic TESS magnitudes used for photo-
metric calibration.

MJD ATLAS o (mag) TESS (syn-mag)
58941.26 15.86 15.66
58943.28 15.68 15.48

Another crucial component to reduce TESS data for SN 2020fqv
is to account for any pointing drift. Although TESS has excellent
temporal resolution, it has coarse spatial resolution with 21 arcsec
pixels. Even with TESS’s relatively stable pointing, for spatially
complex targets like NGC 4568, small shifts of 0.01 pixels can
lead to substantial changes to the counts contained in an aperture.
For each image we identify the shift relative to a low background
reference image using the pHoTUTILS DAOStarFinder routine
(Bradley et al. 2020), the images are then aligned using the scipy
ndimage shift routine (Virtanen et al. 2020). This alignment
procedure reduces signals produced by telescope motion, allowing
for effective difference imaging.

Following the background subtraction and image alignment we
calculate flux through standard aperture photometry. We use a
3 x 3 pixel source aperture and an annulus sky aperture, the resulting
light curve is in un-calibrated TESS counts. The calibration of TESS
counts to physical units is presented in Section 2.4.

2.4 TESS photometric calibration

TESS features a broad-band red filter that covers a wavelength range
of 5802.57 to 11171.45 A. We calibrate the SN 2020fqv TESS light
curve using synthetic photometry to the FLOYDS spectra taken
during the rise which covers a wavelength range of 3200 to 10000
A. Since the FLOYDS spectra does not completely cover the TESS
bandpass, we extrapolate the spectra to 11 500 A, using blackbody
spectrum fit to each spectra. Furthermore, we smooth the original
spectra using the scrpy Savitzky-Golay filter, with a window length
of 21 wavelength bins and a third order polynomial. Although there
is considerable uncertainty in the extrapolated region, the range we
extrapolate over coincides with the decline to the red cut-off of the
TESS bandpass, reducing the overall impact.

We flux calibrate the FLOYDS spectra to coincidental o band ob-
servations from ATLAS. We use FLOYDS spectra taken at 58941.26
MIJD and 58943.28 MJD since they have ATLAS observations within
0.2 d, limiting the evolution that occurs between the data. We
calculate the synthetic magnitude of the ATLAS o band for both
spectra and normalize the spectrum such that the synthetic spectra
equal the observed. Using the flux calibrated FLOYDS spectra, we
calculate the synthetic TESS magnitude using the TESS bandpass
available on SVO (Rodrigo, Solano & Bayo 2012; Rodrigo & Solano
2020) and algorithms in the pysynpHOT package (STScI Development
Team 2013). The FLOYDS spectra used, alongside the TESS and
ATLAS o bandpasses are shown in Fig. Al.

Finally the zero-point is calculated by comparing the synthetic
magnitudes, shown in Table 2, to the 6 hour averaged TESS light
curve. We find an AB zero-point of zp = 20.81 £ 0.02. Fig. 2
shows the final TESS photometry, along with our early observational
timeline.

2.5 Ground-based photometry
SN 2020fqv was well observed in the griz bands with the Panoramic

Survey Telescope and Rapid Response System (Pan-STARRS) at

MNRAS 512, 2777-2797 (2022)

Haleakala Observatory in Hawai‘i, as part of YSE. In addition,
we obtained optical photometry from the Las Cumbres Observatory
network (Brown et al. 2013a), Thacher Observatory (Swift et al. in
preparation), Lulin Observatory, and the Nickel telescope at Lick
Observatory. The optical photometry was processed in the way
explained in Kilpatrick et al. (2018) using photpipe (Rest et al.
2005). We retrieved public photometry of this SN from ATLAS and
ZTF (Bellm et al. 2019; Masci et al. 2019). We also obtained near-
IR photometry in the J-band, using the 0.3-m Gattini-IR telescope at
Palomar Observatory (Moore & Kasliwal 2019; De et al. 2020). Fig. 5
shows the light curves of SN 2020fqv, uncorrected for reddening,
along with the interpolated light curves discussed in Section 3.3.

2.6 Swift photometry

The Neil Gehrels Swift Observatory obtained imaging of SN 2020fqv
with the Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005)
from 2020 April 1 to 2020 May 29. We downloaded these imaging
from the calibrated sky frames from the Swift data archive and
performed forced aperture photometry at the site of SN 2020fqv
as determined by aligning the Swift frames to our Pan-STARRS
photometry of the transient described above. We used HEASoft
v6.27.2 (Nasa High Energy Astrophysics Science Archive Research
Center (Heasarc) 2014) to perform this analysis with the UVOT
aperture photometry method uvot source and an aperture radius of
3 arcsec and background radius of 30 arcsec. All aperture photometry
was calibrated using the latest Swift/UVOT calibration files for
HEASoft.

2.7 Ground-based optical spectroscopy

We obtained 20 spectra of SN 2020fqv ranging from 1 to 373 d post-
explosion, well sampling the plateau phase with three epochs in the
nebular phase. Table 3 summarizes the observations, providing the
epoch of observation, telescope and instrument, and exposure time.
Spectra presented here were obtained using the SPectrograph for
the Rapid Acquisition of Transients (SPRAT; Piascik et al. 2014)
on the Liverpool Telescope (LT); FLOYDS on the 2-m telescopes
of Las Cumbres Observatory (LCO) at Haleakala Observatory in
Hawai‘i and Siding Spring Observatory in Australia (Brown et al.
2013b); Kast Double Spectrograph (Miller & Stone 1993) on the 3-
m Shane telescope at Lick Observatory in California; Gemini Multi-
Object Spectrograph (GMOS; Hook et al. 2004) on the Gemini North
Telescope on Maunakea in Hawai ‘i; and the Low-resolution Imaging
Spectrograph (LRIS; Oke et al. 1995) on the Keck Telescope, also
atop Maunakea. Spectra were reduced and extracted using standard
data reduction pipelines for the respective instruments.

Six optical spectra were obtained with the GMOS instrument
under program GN-2020A-Q-134 (PI: Foley). We used the long-
slit spectroscopy mode, with the 0.75 arcsec slit width and the
B600 + R400 gratings (wavelength range of 4000-9800 A). The
spectra were reduced, extracted, and calibrated using the IRAF gemini
package, with the reduction steps described at the GMOS Data
Reduction Cookbook.®

Shane/Kast and Keck/LRIS spectra were reduced using our
customized data reduction pipeline.’ It performs the standard field
flattening, spectral extraction, wavelength calibration using arc ob-
servations, and flux calibration using observations of standard stars

8http://ast.noao.edu/sites/default/files/ GMOS_Cookbook/
9https://github.com/msiebert/UCSC _spectral _pipeline
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Ablack hole canlaunch a powerful relativistic jet after it tidally disrupts a
star. If this jet fortuitously aligns with our line of sight, the overall brightness
isDoppler boosted by several orders of magnitude. Consequently, such
on-axis relativistic tidal disruption events have the potential to unveil

cosmological (redshift z>1) quiescent black holes and are ideal test beds
for understanding the radiative mechanisms operating in super-Eddington
jets. Here we present multiwavelength (X-ray, UV, optical and radio)
observations of the optically discovered transient AT 2022cmc at z=1.193.
Its unusual X-ray properties, including a peak observed luminosity of

210*8 erg s, systematic variability on timescales as short as 1,000 s and
overall duration lasting more than 30 days in the rest frame, are traits
associated with relativistic tidal disruption events. The X-ray to radio
spectral energy distributions spanning 5-50 days after discovery can

be explained as synchrotron emission from arelativistic jet (radio),
synchrotron self-Compton (X-rays) and thermal emission similar to that
seen in low-redshift tidal disruption events (UV/optical). Our modelling
implies abeamed, highly relativistic jet akin to blazars but requires extreme
matter domination (that s, a high ratio of electron-to-magnetic-field energy
densitiesin the jet) and challenges our theoretical understanding of jets.

AT 2022cmc was discovered in the optical waveband by the Zwicky
Transient Facility (ZTF)' on11February 2022 as a fast-evolving transient,
and was publicly reported to the Gamma-ray Coordinates Network on
14 February 20222, We confirmed the rapid evolution of this transient in
the Asteroid Terrestrial-impact Last Alert System (ATLAS) survey data
withanon-detection 24 h before the ZTF discovery and a subsequent
decline of 0.6 mag d* (ref. *). Aradio counterpart was identified in Karl
G.Jansky Very Large Array (VLA) observations on 15 February 2022*.
Although the optical spectrum taken on 16 February 2022 revealed a
featureless continuum?®, spectral features were detected in subsequent
spectrataken1d later with the European Southern Observatory’s (ESO)
Very Large Telescope (VLT)* and Keck/DEIMOS'. In particular, the detec-
tion of [0 111]A5007 emission and Ca 11, Mg 11and Fe 11 absorption lines
yielded a redshift measurement of z=1.193, or a luminosity distance

0f8.45 Gpc (refs. 7). The source did not have a neutrino counterpart®.
Our follow-up X-ray (0.3-5 keV) observations with the Neutron star
Interior Composition ExploreR (NICER) on 16 February 2022 revealed
aluminous X-ray counterpart’. We also triggered additional multi-
wavelength observations with numerous facilities, including AstroSat,
NICER and The Neil Gehrels Swift Observatory (Swift) in the X-ray and
the UV wavebands (Extended Data Figs. 1-3). We obtained an optical
spectrumwith ESO/VLT (Extended Data Fig.4) and imaging with several
optical telescopes (for example, see Extended Data Fig. 5 and Supple-
mentary Data1). In the radio band, we acquired multifrequency data
withthe VLA, the Arcminute Microkelvin Imager-Large Array (AMI-LA)
and the European Very Long Baseline Interferometry Network (EVN;
see ‘Observations and dataanalysis’in the Methods for details of these
observations). We adopted modified Julian date (MJD) 59621.4458 (the

e-mail: drreddy@mit.edu

Nature Astronomy | Volume 7 | January 2023 | 88-104

21

88



Article

https://doi.org/10.1038/s41550-022-01820-x

the photon-counting mode. We only used events with grades between
0and12intheenergy range of 0.3-5 keV to match NICER’s bandpass. We
extracted the source and background counts usingacircular aperture
of 47 arcsec and an annulus with an inner and outer radii of 80 arcsec
and 200 arcsec, respectively. XRT count rates were extracted on a
per-obsID basis and these values are provided in Supplementary Data 2.

To convert Swift/XRT count rates to fluxes, we extracted an average
energy spectrum by combining all the XRT exposures. We fitted the
0.3-5.0 keV spectrawithapower-law model, modified by AT 2022cmc’s
host-galaxy neutral hydrogen column and Milky Way, the same as
the model used for the NICER data mentioned above. Because the
signal-to-noise ratio of the Swift XRT spectrum is low, the host-galaxy
hydrogen column was fixed at 9.8 x 10%° cm™ as derived from NICER
fits. We left the power-law photon index free, which yielded a best-fit
value of 1.45 + 0.06. This value was consistent with the NICER spectral
fits. From this fit we estimated the observed 0.3-5 keV flux and a count
rate-to-fluxscaling factor of 3.6 x 10 ™ erg cm™ counts™ to convert from
the 0.3-5 keV background-subtracted XRT count rate to the observed
fluxinthe 0.3-5keV band (Fig. 2). The uncertainties on the count rates
and, consequently, the scaled fluxes, were computed using the formu-
lae for small number statistics described in ref. ®.

GRB and TDE comparison data. To compare the X-ray light curve of
AT 2022cmc with other relativistic transients, we compiled asample
of X-ray light curves of the three known relativistic TDEs, together
with the bright GRBs from ref. ®>. For the GRBs in our comparison
sample, we downloaded the 0.3-10 keV count-rate light curves from
the UK Swift Science Data Centre (UKSSDC)**** and corrected them
for absorption using the ratio of time-averaged unabsorbed flux
to time-averaged observed flux per burst provided in the UKSSDC
catalogue (https://www.swift.ac.uk/xrt_live_cat/). We k-corrected
the light curves to rest-frame 0.3-10 keV luminosity following
ref. ©, assuming a power-law spectrum with photon index given by
the time-averaged photon-counting mode photon index from the
UKSSDC catalogue.

We extracted X-ray light curves of the three relativistic TDEs
using the UKSSDC XRT products builder (https:/www.swift.ac.uk/
user_objects/)®***. We used a time bin size of 1d. We converted the
0.3-10 keV count-rate light curves to unabsorbed flux using the
counts-to-flux ratio of the time-averaged spectral fits, and k-corrected
themtorest-frame 0.3-10 keV luminosity as described above. The X-ray
spectralindices for SwJ1644+57 and SwJ2058+0516 varied between 1.2
and 1.8 (ref. *!). This range is similar to AT 2022cmc (see Table 1). Here
we used the following fiducial values: Sw J1644+57: counts:flux =9.3
2x10™erg cm™ count™, photon index =1.58 + 0.01; Sw J1112.2-8238:
counts:flux = 6.13 x 10 erg cm™ count™, photon index =1.35 + 0.08;
Sw J2058.4+0516: counts:flux =5.36 x 10 erg cm? count™, photon
index =1.55 + 0.08. We plot these light curves, together with the GRB
X-ray light curves extracted above, in Fig. 1.

UV/optical observations. ZTF. AT 2022cmc was discovered and
reported by the ZTF' and released as atransient candidate ZTF22aaajecp
inthe publicstreamtobrokers and the Transient Name Server, with data
available in Lasair (https:/lasair.roe.ac.uk/object/ZTF22aaajecp)®’.
We performed point spread function (PSF) photometry on all publicly
available ZTF data using the ZTF forced-photometry service” intheg
and r bands. We report our photometry corrected for Galactic extinc-
tion of A, = 0.0348 mag (ref. °®) and converted to flux density in mil-
lijansky. A, is the total photometric extinction in the V (550 nm) band.

ATLAS. ATLAS (ref. ©) is a4 x 0.5 m telescope system that provides
all-sky nightly cadence at typical limiting magnitudes of ~19.5in cyan
(g +r)and orange (r +i) filters. The data were processed in real time
and the transients were identified by the ATLAS Transient Science
Server’’. We stacked individual nightly exposures and used the ATLAS

forced-photometry server” to obtain the light curves of AT 2022cmc
in both filters. Photometry was produced with standard PSF fitting
techniques on the difference images and we initially reported the
fast-declining optical fluxinref. >,

Follow-up optical imaging. Follow-up observations of AT 2022cmc
were conducted as part of the ‘advanced’ extended Public ESO Spec-
troscopic Survey of Transient Objects (ePESSTO+)"? using the EFOSC2
imaging spectrograph at the ESO New Technology Telescope to obtain
images in the g, r and i bands. Images were reduced using the cus-
tom PESSTO pipeline (https://github.com/svalenti/pessto), and the
PSF photometry was measured without template subtraction using
photometry-sans-frustration; an interactive Python wrapper that
uses the Astropy and Photutils packages’. Aperture photometry was
applied tothe fewimagesinwhich the target PSF wasslightly elongated,
otherwise the magnitudes were derived from PSF fitting. All photom-
etry was calibrated against Pan-STARRS field stars.

AT 2022cmc was also followed up in ther, i, zand w bands with
the 1.8 m Pan-STARRS2 telescope in Hawaii’*. Pan-STARRS2 operates
in survey mode, searching for near-Earth objects, but the survey can
be interrupted for photometry of specific targets. Pan-STARRS2 is
equipped with al.4 gigapixel camerawith a pixel scale of 0.26 arcsec.
The images were processed with the image processing pipeline” and
difference imaging was performed using the PS1Science Consortium ™
3m survey data as reference. PSF photometry was used to compute
instrumental magnitudes, and zero points were calculated from PS1
reference starsin the field.

AT 2022cmc was also observed as part of the Kinder (kilonova
finder) survey’®intheg, randibands with the 0.4 m SLT at Lulin Obser-
vatory, Taiwan. Theimages were reduced using astandard IRAF routine
with bias, dark and flat calibrations. We used the automated photom-
etry of transients pipeline”’ to perform PSF photometry and calibrate
against SDSS field stars’®. We used the Lulin one-metre telescope for
deeper imaging in the g, r, i and z bands over four nights spanning
13.4-16.2 d post discovery. The images were also reduced using the
standard charged-coupled device (CCD) processing techniquesin IRAF.
We performed aperture photometry calibrated against SDSS field stars.
Inacombined stack of theimages from the Lulin one-metre telescope,
AT 2022cmc was clearly detected in the g, r and i bands, with magni-
tudes 0f21.76 + 0.14,21.71+ 0.18 and 21.93 + 0.31 mag, respectively, and
undetected in the zband with anupper limit of >20.69 mag. We list the
photometry fromourindividual observationsin Supplementary Datal.

We compiled additional optical photometry from the Gamma-ray
Coordinates Network circulars’”**° and corrected for extinction. These
arealsoincludedin Supplementary Datal.

Swift/UVOT. We performed photometry on Swift/UVOT?° observations
of AT 2022cmc with the uvotsource task in HEAsoft package v6.29 using
a5 arcsecapertureonthesource position. Another region of 40 arcsec
located at a nearby position was used to estimate the background
emission. Because the host galaxy was not detected in the GALEX”!
co-added UV images and AT 2022cmc’s UVOT detections are -2 mag
brighter then host upper limits (see ‘Constraints on host luminosity’),
we did not attempt any type of host subtraction.

AstroSat/Ultra-Violet Imaging Telescope. The AstroSat Ultra-Violet
Imaging Telescope®” onboard AstroSat’™ also observed the source,
simultaneous with the SXT, with its far-UV channel using the F148W
(Apmean = 1,481 A; A1 =500 A) and F154W (A0, = 1,541 A; A1 =380 &)
filters for exposures of 6,024 sand 9,674 s, respectively. We processed
the level-1 data using the CCDLAB pipeline” and constructed broad-
band images. We extracted source counts using a circular aperture
of radius 10 arcsec centred at the source position. We also extracted
background counts from nearby source-free regions, and corrected for
the background contribution. We then converted the net count rates to
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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 v-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
~v-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. I am responsible for
processing the Lulin data and submit the results for this project and provide image and
photometric data for further studies on light curves, spectral energy distribution, and so on.

Lulin observations in 2022

In 2022, Lulin SLT 40 cm telescope observed 26 blazars. The number of total fits files
obtained by SLT in 2022 is 6105, and 262 fits data are not usable. The ratio of data
available in 2022 is about 95.7%. The number of fits observed and the ratio of available data
for each target are listed in Table 1. The number of fits obtained by SLT at Lulin in 2022 is
shown in Figure 1.

The scheduled days for GASP observation is 326. Only 201 days have executed the
observation, and 125 days have not executed the observation due to bad weather condition.
The observation rate is about 61.7%. The number of days observable and the ratio of
available days are listed in Table 2. The days of observation in each month in 2022 at Lulin
is shown in Figure 2.

The total on-source time (not including BIAS, DARK, FLAT) of GASP project in 2022
is 305.3 hours, and that in each month are listed in Table 3. The on-source time in each
month in 2022 at Lulin is shown in Figure 3.
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Lulin Annual Report 2022

Table 1 Number of fits files obtained by the SLT in 2022

GASP project

Target Number of fits obtained Number of fits not available Ratio of available data
3C273 159 6 96.2%
3C279 148 6 95.9%
3C345 191 9 95.3%
3C371 276 5 98.2%
3C454-3 245 8 96.7%
3C66A 284 13 95.4%
4C29-45 215 23 89.3%
4C38-41 192 20 89.6%
4C51-37 240 38 84.2%
4C71-07 256 7 97.3%
A0O0235+16 250 29 88.4%
CTA102 258 10 96.1%
DA406 193 19 90.2%
ES2344+514 294 9 96.9%
L-Lacertae 341 3 96.8%
Mkn421 191 11 96.3%
Mkn501 408 7 98.3%
0J248 203 7 96.6%
0J287 188 7 97.9%
0J49 183 4 99.5%
ON231 175 1 97.1%
PKS1510-08 141 5 97.9%
PKS0735+17 220 7 96.8%
PKS2155-304 193 1 99.5%
S4 0954465 220 1 99.5%
S5 0716471 440 6 98.6%
Total 6105 262 95.7%
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Lulin Annual Report 2022 GASP project

Table 2 Days observable and not observable at the SLT in 2022

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

2022-01 28 19 9 67.9%
2022-02 27 15 12 55.6%
2022-03 28 16 12 57.1%
2022-04 28 21 7 75.0%
2022-05 30 6 24 20.0%
2022-06 25 14 11 56.0%
2022-07 24 20 4 83.3%
2022-08 28 20 8 71.4%
2022-09 27 11 16 40.7%
2022-10 30 18 12 60.0%
2022-11 29 20 9 69.0%
2022-12 22 21 1 95.5%
Total 326 201 125 61.7%

Table 3 On-source time (not including BIAS, DARK, FLAT) of GASP targets in each
month in 2022 from the SLT

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

2022-01 715 35.8
2022-02 580 29.0
2022-03 517 25.9
2022-04 739 37.0
2022-05 190 9.5
2022-06 338 16.9
2022-07 493 24.7
2022-08 642 32.1
2022-09 308 15.4
2022-10 390 19.5
2022-11 532 26.1
2022-12 671 33.6
Total 6105 305.3
3
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Lulin Annual Report 2022 GASP project

# of GASP files obtained in 2022

3C273
3C279
3C345
3C371
3C454-3
3C66A
4C29-45
4C38-41
4C51-37
4C71-07
AO0235+16
CTA102
DA406
ES2344+514
KS1510-08
L-Lacertae
Mkn421
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PKS2155-304
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S5 _0716+71

Target
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# of fits obtained in 2022

Figure 1 The number of fits files of 26 GASP targets obtained by the SLT in 2022.

Paper published in 2022

e Abe, H., Abe, S., Acciari, V. A.; et al. (including Chen, W.-P. and Tsai, A.-L.),
“Multi-messenger characterization of Mrk 501 during historically low X-ray and ~-ray
activity”, (2022, Oct.), Submitted

e Jorstad, S. G., Marscher, A. P., Raiteri, C. M., et al. (includingChen, W.-P. and Tsai,
A.-L.), “Rapid quasi-periodic oscillations in the relativistic jet of BL Lacertae” Nature,
609, p.265 (2022)
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GASP project

Days observable vs. Days not observable of GASP in 2022

B # of Days not observable

B # of Days observable

30
20
2
©
8 10
0
@Q\ (QQQ' (@0 q:be‘ @Q‘D @Q‘b q‘:ﬁé\ (@ch @Qo" (ﬂg\ q3>'\\ rﬂg@
D S T S S S, ~A S S S S
Month
Figure 2 The days of observation in each month at the SLT in 2022.
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Figure 3 On-source time
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month in 2022 from the SLT.

29



Exo-earth Discovery and Exploration Network (EDEN)

Tsai, An-Li & Chen, Weng-Ping

This project

The Exo-earth Discovery and Exploration Network (EDEN) project aims to identify and
characterize habitable planets within 50 lightyears. Our NCU Lulin One-meter Telescope
(LOT) is one of the eight telescopes in the EDEN sites. With eight telescopes in North
America, Europe, and Asian, EDEN allows to have a longitudinal coverage in the northern
sky. The typical EDEN telescopes have several hundred times more light-gathering power
than the wide-field cameras of NASA’s Transiting Exoplanet Survey Satellite (TESS) mis-
sion, allowing EDEN telescopes to probe the habitable zones of nearby but very faint red
dwarf stars inaccessible to NASA’s TESS mission, or to most other ground-based transit
surveys that utilize small telescopes. In addition to exploring planets around host stars too
faint for TESS, project EDEN will also be a powerful system for following up the most
exciting planet candidates identified by TESS.

I am in charge of using LOT for transit surveys and follow-up observations. The LOT
contributes the telescope time of ~7 days per month. The main goal is to monitor nearby
M-type stars and search for possible transiting earth-like planets in the habitable zone.

Lulin observations in 2022

In 2022, Lulin One-meter Telescope obtained 16153 fits data for 17 EDEN targets. The
obtained fits files for each targets are listed in Table 1 and shown in Figure 1.

There are 72 days have executed this project. Only 47 days have observations, and 25
days have no observation due to bad weather. The succeed rate is about 65.3%. The days
of observable days and not observable in each months are listed in Table 2 and shown in
Figure 2.

Paper published in 2022

e Lin, H-T., Chen, W.-P, Liu, J., et al. (including Chen, W.-P. and Tsai, A.-L.), “Si-
multaneous Detection of Optical Flares of the Magnetically Active M-dwarf Wolf359”,
AJ, 163, p.164L (2022)
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Table 1 EDEN’s targets and the number of fits obtained at the LOT in 2022

Target Number of fits obtained
2MASS J014002634-2701505 774
2MASS J04351612-1606574 476
2MASS J04402325-0530082 503
2MASS J05392474+4-4038437 425
2MASS J05402357+46417035 2002
2MASS J08255285+6902016 1852
2MASS J08533619-0329321 715
2MASS J10031918-0105079 171
2MASS J11505787+44822395 2752
2MASS J14280419+4-1356137 1352
2MASS J15242475+42925318 419
2MASS J15345704-1418486 403
2MASS J204437434-1517352 789
2MASS J23402220+-3433143 912
GaiaEDR3 2206265777300448768 2437
K2-384f 171
Total 16153

# of fits of EDEN's Target in 2022

2MASS
2MASS J04351612-1606574
2MASS J04402325-0530082
2MASS
2MASS
2MASS
2MASS J08533619-0329321
2MASS J10031918-0105079
2MASS
2MASS
2MASS
2MASS J15345704-1418486
2MASS
2MASS
GaiaEDR3_2206265777300
K2-384f

Target

1000

Number of fits

2000

EDEN project

3000

Figure 1 The number of fits files of EDEN’s targets obtained by the LOT at Lulin in 2022.
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Table 2 Days observable and not observable of the EDEN project in 2022

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

2022-01 6 4 2 66.7%
2022-02 9 7 2 77.8%
2022-03 2 2 0 100.0%
2022-04 0 0 0 -
2022-05 7 3 4 42 9%
2022-06 7 0 7 0.0%
2022-07 7 6 1 85.7%
2022-08 7 4 3 57.1%
2022-09 7 5 2 71.4%
2022-10 7 5 2 71.4%
2022-11 4 4 0 100.0%
2022-12 9 7 2 77.8%
Total 72 47 25 65.3%
Days observable vs. Days not observable of EDEN in 2022
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Figure 2 Number of observable days and not observable days of the EDEN project at LOT
at Lulin in 2022.
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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

We were able to observe ~50 transients with Lulin 1-m telescope in 2022. Many of these events are
extremely interesting. Example light-curves can be found in Figure 1. Several papers were either
published or submitted using the Lulin data (see below for a list of publications).

1. Jencson et al., “AT2019qyl in NGC300: Early Outflow Collisions for a Very Fast Nova in a
Symbiotic Binary”, 2021, AplJ, 920, 127
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2. Jacobson-Galn 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

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

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

5. Tinyanont et al., “Supernova 2020wnt: An Atypical Superluminous Supernova with a Hidden
Central Engine”, 2022, submitted to ApJ

6. Davis et al., “SN 2022ann: A type Icn supernova from a dwarf galaxy that reveals helium in
its circumstellar environment”, 2022, submitted to MNRAS
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Figure 1: Examples of multi-color light curves of SNe observed by Lulin 1-m telescope.
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Kinder (kilonova finder) project

Pl: Ting-Wan Chen (Technical University of Munich/Max Planck Institute for Astrophysics)
Co-ls: Sheng Yang (Stockholm University/Henan Academy of Sciences), Chow-Choong
Ngeow, Yen-Chen Pan, Hsiang-Yao Hsiao, Wei-Jie Hou, Chi-Sheng Lin, Hung-Chin Lin,
and Jhen-Kuei Guo (Graduate Institute of Astronomy, National Central University)

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 O3 run took place
from April 2019 to March 2020, and the next O4 run was postponed to late May 2023.
Hence, finding kilonovae without GW triggers is a crucial strategy for the completion of a
kilonova rate estimate.

We use 40cm-SLT with g’, 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.

Results:

In the year 2022, we observed 43 objects, but no kilonova was found. Most objects we
observed are supernovae: 30% Type la, 23% Type Il, 19% other types (LBV, CV, TDE, GRB,
FBOT), 7% Type Ib/c, 7% Type lIb, and 14% unknown (without spectroscopic classification).
We reported 3 observational alerts for fast-evolving transients (AT 2022cmc, AT 2022ngb,
and GRB 221009A) and published 2 refereed papers using Lulin Kinder data. In particular, AT
2022cmc is a tidal disruption event: the tidal forces of a black hole rip a passing star to pieces,
and this process launches a relativistic jet that may be pointing straight towards Earth. Figure
1 shows multi-wavelength light curves of AT 2022cmc, with a highlight of our SLT and LOT
data points. We also observed the optical afterglow of GRB 221009A, the brightest GRB. The
early SLT detection taken 1.04 days after the Fermi GBM trigger time is important to constrain
the power law of the afterglow. We found a flux excess in the red bands, peaking in the
observed frame at around 20 days. This can be a sign of a supernova emerging from the
fading afterglow. Figure 2 shows the optical afterglow of GRB 221009A and a decaying power
law.
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Photometric and Polarimetric Observations of
Main-belt Asteroids at Lulin Observatory

Abstract
Kang-Shian Pan & Wing-Huen Ip

Graduate Institute of Astronomy, National Central University

The main-belt asteroids provide valuable information for us to study the general his-
tory of the solar system since they are considered the leftover planetesimals during the
formation and evolution of the planetary disk. In order to understand the role-play of
asteroids in planetary system formation, tracing the physical parameters to figure out
the actual structures and compositions is one important way. We aim to investigate the
albedo, which is related to the composition and structure of asteroids, by multi-method
such as 1)polarimetry using the Triple Range Imager and Polarimeter (TRIPOL) instru-
ment, 2) photometry of Charge-coupled device (CCD) instrument, and 3) a spectrum of
LISA spectrograph, observations on the Lulin One-meter Telescope (LOT).

In the first part of this thesis, we demonstrated the technical properties and capa-
bility of TRIPOL instrument. We observed a number of bright asteroids with known
taxonomic classifications at different phase angles, including B-type, C-type, Ch-type,
M-type, S-type, and L-type. By measuring polarization degree with phase angle trac-
ing, We confirmed the validity and reliability of the TRIPOL instrument were working.
Furthermore, to study the surface texture of a single asteroid, we also measured rota-
tionally resolved photo-polarimetric variation of a metal-rich object (16) Psyche. Our
measurements showed no change in the ¢’-r" and 7'-i’ colors of the rotationally resolved
photometry and the intriguing variability in the polarization degree as a function of the
rotational phase. The TRIPOL instrument can also be used to measure the polarization

of the Barbarians with higher phase angles.

XV
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ABSTRACT

We present optical, radio and X-ray observations of a rapidly-evolving transient AT2019wxt (PS19hgw),
discovered during the search for an electromagnetic (EM) counterpart to the gravitational-wave (GW) trigger
S191213g (LIGO Scientific Collaboration & Virgo Collaboration 2019a). Although S191213g was not confirmed
as a significant GW event in the off-line analysis of LIGO-Virgo data, AT2019wxt remained an interesting
transient due its peculiar nature. The optical/NIR light curve of AT2019wxt displayed a double-peaked structure
evolving rapidly in a manner analogous to currently know ultra-stripped supernovae (USSNe) candidates. This
double-peaked structure suggests presence of an extended envelope around the progenitor, best modelled with
two-components: i) early-time shock-cooling emission and ii) late-time radioactive **Ni decay. We constrain the
ejecta mass of AT2019wxt at M, ; ~ 0.20M,, which indicates a significantly stripped progenitor that was possibly
in a binary system. We also followed-up AT2019wxt with long-term Chandra and Jansky Very Large Array
observations spanning ~260 days. We detected no definitive counterparts at the location of AT2019wxt in these
long-term X-ray and radio observational campaigns. We establish the X-ray upper limit at 9.93x10~'7 erg cm™2 57!
and detect an excess radio emission from the region of AT2019wxt. However, there is little evidence for SN1993J-
or GW170817-like variability of the radio flux over the course of our observations. A substantial host galaxy
contribution to the measured radio flux is likely. The discovery and early-time peak capture of AT2019wxt in
optical/NIR observation during EMGW follow-up observations highlights the need of dedicated early, multi-band

photometric observations to identify USSNe.

1. INTRODUCTION

Massive stars at the endpoints of their lives undergo mass
loss through ejection of some or all of their hydrogen (and
possibly helium) envelopes, eventually collapsing in what are
known as stripped-envelope core-collapse supernovae (SESNe,
Filippenko 1997; Gal-Yam et al. 2014). The extent to which
the outer layers of massive stars are stripped dictates their
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spectroscopic classification into their various sub-classes. Par-
tial stripping in Type IIb SNe is supported by the presence of
Balmer lines while strong stripping in Type Ic SNe is evident
by absence of both Hydrogen and Helium lines. The current
population of SESNe suggests that ejection of the progenitor
envelopes can be driven by a) mass loss via stellar-wind (Begel-
man & Sarazin 1986; Woosley & Weaver 1995; Pod 2001), or
b) mass transfer during binary interaction (Podsiadlowski et al.
1992; Yoon et al. 2010; Smith et al. 2011; Yoon 2017).

Large uncertainties currently persist in our understanding
of the progenitors of SESNe. Specifically, if any links exist
between the various SESNe sub-classes, and if different sub-
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Figure 1. Galactic extinction corrected optical and NIR light curves of the transient AT2019wxt, using the data from Table 7. The cyan, light blue,
blue, magenta, dark red, orange, and yellow markers represent photometric data in the g, r, i, z, y, and J bands, respectively and the markers for
each band are connected by a dashed line to visually track the photometric evolution. The magnitudes are offset vertically for better visibility and
the times displayed are relative to the first optical observation at MJD 58833.305, used as a reference epoch henceforth. The vertical black dashed
line indicates the time of the GW trigger S191213g, for reference. Vertical, dotted, magenta lines indicate epochs where early-time spectroscopic

observations used in this work (see, 2.2.2).

2.2.1. Photometric Observations

After the initial discovery of AT2019wxt was reported by
PanSTARRS (McLaughlin et al. 2019; McBrien et al. 2019a),
the Global Relay of Observatories Watching Transients Hap-
pen (GROWTH) collaboration conducted further follow-up
observations using the Spectral Energy Distribution Machine
(SEDM; Blagorodnova et al. 2018) on the Palomar 60-inch
(P60 Cenko et al. 2006) telescope. The SEDM obtained 180 s
exposure time images of AT2019wxt with the rainbow camera
imager for each of the ugri filters. These images were pro-
cessed using a standard python-based and fully automated re-
duction pipeline FPipe (Fremling et al. 2016), which performs
host-galaxy subtraction and PSF fitting photometry. Host-
galaxy subtraction was performed using SDSS images of KUG
01524311, and the source photometry was derived in the AB
magnitude system (Fremling 2019).

The GROWTH collaboration also obtained 300 s exposure
images in g, r and i filters with the Lulin 1-m Telescope (LOT)
located in Taiwan. The LOT magnitudes, also in the AB mag-
nitude system, are calibrated against the PS1 catalog (Kong
2019). Follow-up observations of AT2019wxt were also con-
ducted with the Large Monolithic Imager (LMI) (Bida et al.
2014) on the 4.3m Lowell’s Discovery Channel Telescope
(DCT, located in Arizona) for each of the griz filters. The
magnitudes are calibrated with the SDSS catalog and are pre-
sented in the AB system (Dichiara & a larger Collaboration
2019). Simultaneously, optical observations of AT2019wxt
were also undertaken with the three channel imager 3KK cam-
era (Lang-Bardl et al. 2016) on 2m telescope at the Wendelstein
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Observatory. Observations were obtained on 5 epochs for each
of the filters (g’,i’,J). Aperture photometry was performed
using eight comparison stars within the field of view of the
detector. Magnitude errors include statistical error in the mea-
surement of the magnitude of AT2019wxt and in the zero-point
calculation (Hopp et al. 2020).

The observations and photometric measurements are sum-
marized in Table 7 and span = 20.7 days since initial detection.
The multi-band light curves are collectively displayed in Figure
1. We corrected apparent magnitudes for Galactic extinction,
using the data available on the foreground galactic extinction
for the host galaxy KUG 0152+311 on the NASA/IPAC Extra-
galactic Database (NED) for each band. The NED calculates
Galactic extinction values assuming the Fitzpatrick (1999) red-
dening law with Ry = A(V)/E(B-V) =3.1.

2.2.2. Spectroscopic Observations

Early-time spectroscopic observations of AT2019wxt were
taken on 2019 December 18 and 19 (see, Table 8). The initial
spectroscopic observations were unable to firmly classify the
transient (Dutta et al. 2019; Izzo et al. 2019; Srivastav & Smartt
2019). AT2019wxt showed narrow lines consistent with the
host galaxy redshift of z=0.037, and a blue, relatively feature-
less continuum with a broad feature at 5400 - 6200 A. Vogl
et al. (2019) identified the broad feature as Hel lines, and sug-
gested that AT2019wxt was either a young Type Ib or perhaps
Type IIb supernova given the blue continuum. The similari-
ties of the spectra to SN 201 1fu (Kumar et al. 2013) prompted
Vallely (2019) to classify AT2019wxt as a type IIb. This super-
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tered on the source position and use an outer radius of
30 pixels. The background is estimated from a nearby
circular region with a radius of 20 and 40 pixels for WT
and PC data, respectively. The ancillary response files
(ARFs) are generated with the xrtmkarf task applying
corrections for PSF losses and CCD defects using the cu-
mulative exposure map. The 0.3 —10keV source spectra
are binned using the grppha task to ensure a minimum
of 20 counts per bin, and then are modelled in XSPEC
using power-law and log-parabola models (with a pivot
energy fixed at 1keV) that include the photoelectric ab-
sorption due to a neutral-hydrogen column density fixed
to the Galactic 21-cm value in the direction of Mrk 501,
namely 1.55 x 10%° em ™2 (Kalberla et al. 2005).

The Swift-UVOT data analysis reported here relates
only to all the observations with the UV filters (namely
W1, M2 and W2) performed during the Swift point-
ings to Mrk 501, 259 exposures. Differently to the op-
tical bands, the emission in the UV is not affected by
the emission from the host galaxy, which is very low at
these frequencies. We perform aperture photometry for
all filters using the standard UVOT software within the
HEAsoft package (v6.23) and the calibration included in
the latest release of the CALDB (20201026). The source
photometry is evaluated following the recipe in Poole
et al. (2008), extracting source counts from a circular
aperture of 5” radius, and the background ones from an
annular aperture of 26” and 34” for the inner and outer
radii in all filters. The count rates are converted to fluxes
using the standard zero points (Breeveld et al. 2011) and
finally de-reddened considering an E(B — V') value of
0.017 (Schlegel et al. 1998; Schlafly & Finkbeiner 2011)
for the UVOT filters effective wavelengths and the mean
galactic interstellar extinction curve from Fitzpatrick
(1999).

2.5. Optical

We focus on the R-band for the optical waveband, as it
is often done in previous studies of Mrk 501, and HSPs,
in general. The optical data are collected within the
GASP program of the Whole Earth Blazar Telescope
(WEBT) (Villata et al. 2008, 2009; Carnerero et al.
2017; Raiteri et al. 2017; Gazeas 2016) including the
instruments: West Mountain (91 c¢m), Vidojevica (140
cm), Vidojevica (60 cm), University of Athens Obser-
vatory (UOAOQ), Tijarafe (40 cm), Teide (STELLA-I),
Teide (IAC80), St. Petersburg, Skinakas, San Pedro
Martir (84 c¢cm), Rozhen (200 cm), Rozhen (50/70 cm),
Perkins (1.8m), New Mexico Skies (T21), New Mexico
Skies (T11), Lulin (SLT), Hans Haffner, Crimean (70cm;
ST-7; pol), Crimean (70cm; ST-7), Crimean (70 cm;
APT), Connecticut (51 c¢m), Burke-Gaffney, Belograd-
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chik, AstroCamp (T7), Abastumani (70 cm). Additional
data were provided by AAVSO and by the Tuorla ob-
servatory using the KVA telescope.

The data analysis is performed using standard pre-
scriptions. The host galaxy contribution is subtracted
according to the Nilsson et al. (2007) recipe for an aper-
ture of 7.5”, which was adopted by the participating in-
struments. The R-band flux is then corrected for Galac-
tic extinction assuming the values reported by Schlafly
& Finkbeiner (2011). In order to account for instrumen-
tal (systematic) differences among the analyses related
to the various telescopes (i.e., due to different filter spec-
tral responses and analysis procedures, combined with
the strong host galaxy contribution), offsets of a few mJy
have to be applied. To calculate the corresponding off-
sets, KVA is used as a reference due to its good time cov-
erage taking into account simultaneous data within two
days. For data sets containing majorly data collected
in 2020, when KVA was not operational anymore, Hans
Haffner is used as the reference. The corresponding off-
sets can be found in Table 11. To further account for
instrumental (systematic) uncertainties, a relative error
of 2% is added in quadrature to the statistical uncer-
tainties of all the flux values, as done in previous works
(Ahnen et al. 2018). Afterwards, the data sets from all
the instruments are combined into a single R-band light
curve, and binned in 1-day time intervals.

2.6. Radio

We report here radio observations from the single-
dish telescopes at the Owens Valley Radio Observatory
(OVRO) operating at 15 GHz, the Medicina observa-
tory, operating at 8 GHz and 24 GHz, RATAN-600 at
4.7GHz, 11.2GHz and 22 GHz, the Metsdhovi Radio
Observatory at 37 GHz, IRAM at 100 GHz and 230 GHz,
and also the interferometry observations from VLBA at
43 GHz and SMA at 230 GHz and 345 GHz.

For Metsahovi the detection limit of the telescope at
37GHz is on the order of 0.2Jy under optimal condi-
tions. Data points with a signal-to-noise ratio below 4
are handled as non-detections. The flux density scale is
set by observations of DR 21. Sources NGC 7027, 3C 274
and 3C 84 are used as secondary calibrators. A detailed
description of the data reduction and analysis is given in
Teraesranta et al. (1998). The error estimate in the flux
density includes the contribution from the measurement
root mean square and the uncertainty of the absolute
calibration. The data from OVRO and Medicina were
analysed following the prescription from Richards et al.
(2011) and Giroletti & Righini (2020), and provided by
the instrument teams specifically for this study. The
flux density measurements with the RATAN-600 radio
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ABSTRACT

We present observations of a peculiar hydrogen- and helium-poor stripped-envelope (SE) supernova (SN)
2020wnt, primarily in the optical and near-infrared (near-IR). Its peak absolute bolometric magnitude of
—20.9 mag and a rise time of 69 days are reminiscent of hydrogen-poor superluminous SNe (SLSNe 1), lu-
minous transients potentially powered by spinning-down magnetars. Before the main peak, there is a brief
peak lasting <10 days post-explosion, likely caused by interaction with circumstellar medium (CSM) ejected
~years before the SN explosion. The optical spectra near peak lack a hot continuum and O II absorptions,
which are signs of heating from a central engine; they quantitatively resemble those of radioactivity-powered
H/He-poor Type Ic SESNe. At ~1 year after peak, nebular spectra reveal a blue pseudo-continuum and narrow
O I recombination lines associated with magnetar heating. Radio observations rule out strong CSM interactions
as the dominant energy source at +266 days post peak. Near-IR observations at +200-300 day reveal carbon
monoxide and dust formation, which causes a dramatic optical light curve dip. Pair-instability explosion models
predict slow light curve and spectral features incompatible with observations. SN 2020wnt is best explained as a
magnetar-powered core-collapse explosion of a 28 M, pre-SN star. The explosion kinetic energy is significantly
larger than the magnetar energy at peak, effectively concealing the magnetar-heated inner ejecta until well after
peak. SN 2020wnt falls into a continuum between normal SNe Ic and SLSNe I and demonstrates that optical
spectra at peak alone cannot rule out the presence of a central engine.

2212.00177v1 [astro-ph.HE] 30 Nov 2022
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1. INTRODUCTION Massive stars, = 8 M), conclude their evolution in many
different flavors of core-collapse supernovae (CCSNe). Stars
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et al. 2015; Vreeswijk et al. 2017; PS1-14bj, Lunnan et al.
2016). However, none of them have spectroscopic signatures
consistent with PISN models (e.g., Dessart et al. 2012; Jerk-
strand et al. 2016, 2017; Mazzali et al. 2019; Moriya et al.
2019). In general, these PISN candidates’ spectra are too
blue and the lines observed are too broad, and the nebular
spectra show different abundance pattern from what is ex-
pected from a PISN. Because of the spectroscopic discrep-
ancy, some argued that these events could be core-collapse
explosions, with novel explosion mechanisms, of very mas-
sive stripped stars(e.g., Mazzali et al. 2019; Moriya et al.
2019).

Peculiarities also exist in the spectroscopic SESN popula-
tion. For instance, there are spectroscopic SNe Ib/c with late-
time evolution inconsistent with a single radioactive power
source. SN2010mb (Ben-Ami et al. 2014) shows extra lu-
minosity, blue pseudo-continuum, and narrow [O I] emis-
sion at late times, attributed to interactions with ~3 Mg, of
H-poor CSM. Other events like iPTF15dtg have a relatively
long rise time and high peak luminosity, indicative of a large
S6Ni mass; but late-time observations show a power-law tail
much better fit by a magnetar model (Taddia et al. 2016,
2019). Some multi-peak events like SN 2019stc may require
radioactivity, a magnetar, and CSM interactions to explain
(Gomez et al. 2021). The diversity in the observed prop-
erties of H/He-poor SNe is a manifestation of the different
36Ni mixing, stripping mechanisms, CSM interactions, and
the degree at which the new-born neutron star affects the re-
sulting SN (e.g., Afsariardchi et al. 2021; Sollerman et al.
2022; Gomez et al. 2022). Peculiar events that probe this vast
range of SESN properties are still routinely being discovered.

Here we present observations of SN 2020wnt, a H- and He-
poor SN with distinct photometric and spectroscopic proper-
ties. Its light curve shape resembles that of SESNe, showing
a relatively symmetric peak falling onto an exponential de-
cline tail. However, the peak luminosity is much larger and
the rise time is much longer than those of SESNe. Its spec-
troscopic evolution closely resembles that of SNe Ic up to
about 1 year post peak with many marked differences com-
pared to SLSNe. Late-time optical spectra, however, re-
veal features similar to magnetar-powered SLSNe. Late-time
near-infrared (IR) observations reveal the formation of car-
bon monoxide (CO) and dust, similar to what is observed
in SESNe and relatively novel for SLSNe. We recognize
that while preparing this paper, Gutiérrez et al. (2022) posted
their paper on the same supernova on the arXiv, presenting
some similar observations and analysis; this work should be
treated as an independent analysis on a largely independent
data set (with only shared public ATLAS and ZTF photome-
try). In §2 we summarize the discovery and follow-up obser-
vations of SN 2020wnt. In §3 we analyze photometric data
and compute explosion properties. In §4 we discuss the opti-
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cal to near-IR spectroscopic evolution of SN 2020wnt, quan-
titatively comparing it to SESNe and SLSNe. In §6 we com-
pare our bolometric luminosity to various models to discern
the nature of SN2020wnt. In §7 we compare our nebular
spectra to model spectra to measure the properties of the
ejecta. In §8 we discuss the stellar mass, star-formation rate,
and metallicity of the host galaxy. We provide a discussion
and conclusion in §9.

2. OBSERVATIONS
2.1. Supernova Discovery and Classification

SN 2020wnt (ZTF20acjeflr) was discovered by the Zwicky
Transient Facility (ZTF; Bellm et al. 2019; Graham et al.
2019; Masci et al. 2019) through the event broker Automatic
Learning for the Rapid Classification of Events (ALeRCE;
Forster et al. 2020a) on 2020 October 14 UT (Forster et al.
2020b) (UT dates used hereafter). The discovery magni-
tude was g = 19.7. We decided to start following up this
SN based on public light curves gathered by YSE-PZ, our
Target and Observation Management System (Coulter et al.
2022). We classified SN 2020wnt as a Type I SN on 2020
November 16 using an optical spectrum obtained with the
Kast spectrograph on the 3-meter Shane Telescope at Lick
Observatory (Tinyanont et al. 2020). All subsequent pho-
tometric and spectroscopic observations are also organized
using YSE-PZ. The classification spectrum contained a nar-
row Ha emission from the host galaxy, putting the SN at
7=10.0323£0.0001. The corresponding luminosity distance
is 141.8 Mpc, assuming a standard ACDM cosmology with
Hy = 70 kms™! Mpc’l, Qy = 0.3 and Qp = 0.7. At the
time of classification, the transient had been brightening for a
month. The Galactic extinction along the line of sight toward
SN 2020wnt is E(B—V) = 0.42 mag (Schlafly & Finkbeiner
2011). We use this value for extinction correction through-
out the paper, assuming Ry = 3.1 (Cardelli et al. 1989) and
the extinction law of (Fitzpatrick 1999). We assume that the
host extinction is negligible owing to the lack of the NaI D
absorption at the host redshift.

2.2. Photometry

We obtained public forced photometry of SN 2020wnt
from ZTF in the g and r bands, and from the Asteroid
Terrestrial-impact Last Alert System (ATLAS; Tonry et al.
2018; Smith et al. 2020) in the cyan and orange bands. The
SN was observed by these public surveys at a cadence of a
few days.

These regularly-scheduled photometry were supplemented
by observations in the griz bands from the 2-m Liverpool
Telescope (LT) on La Palma; BVgriz bands from the Lulin
One-meter Telescope (LOT) at Lulin Observatory in Taiwan;
and BVri bands from the 1-m Nickel telescope at Lick Ob-
servatory in California. These observations were reduced us-
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LOT Semester 2022A
(01 January - 30 April, 2022)

Education Program:

EO1 - Training for Who Joined in Pan-STARRSs Asteroid Campaign of Students from High Schools
in Taiwan

PI: Shih-Chao Lin (shichao.lin@gmail.com)

E02 - LISA Spectroscopy of a Nearby LINER Galaxy
PI: Wei-Hao Wang (whwang(@asiaa.sinica.edu.tw)

Large Program:

EDEN - Exo-earth Discovery and Exploration Network
PI: Wen-Ping Chen (wchen@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 - The Nature of Unidentified Fermi Objects
PI: Albert Kong (akong@phys.nthu.edu.tw)

RO3 - 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)

RO4 - Searching the activity from Themis family asteroids
PI: Kang-Shian Pan (sherrykspan@astro.ncu.edu.tw)

*R0O5 - Hunting for Barbarians at Lulin

PI: Kang-Shian Pan (sherrykspan@astro.ncu.edu.tw)

RO6 - Taxonomical Classification of Dynamically Unstable Asteroids in the Outer Main Asteroid
Belt

PI: Yu-Chi Cheng (yce312(@g.ncu.edu.tw)
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LOT Semester 2022B
(01 May - 31 August, 2022)

Education Program:

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

E02 - Hands-on Class of “Introduction to Astrophysics”
PI: Chin-Ping Hu (cphu0821@gm.ncue.edu.tw)

EO03 - Training Observation for the Course “Advanced Astronomical Observations”
PI: Daisuke Kinoshita (kinoshita@astro.ncu.edu.tw)

Large Program:

EDEN - Exo-earth Discovery and Exploration Network
PI: Wen-Ping Chen (wchen@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)

RO2 - Adding RR Lyrae y-Band Template Light Curves to gatspy (1/2)
PI: Chow-Choong Ngeow (cngeow(@astro.ncu.edu.tw)

RO3 - 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)

RO4 - LOT follow-up of transient events and new discovery objects from ZTF
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

ROS5 - The multi-band observations of the flare activity of an M dwarf
PI: Chia-lung Lin (m1059006@gm.astro.ncu.edu.tw)

*R06 - The Nature of Unidentified Fermi Objects
PI: Albert Kong (akong@phys.nthu.edu.tw)

RO7 - Searching the activity from Themis family asteroids
PI: Kang-Shian Pan (sherrykspan@astro.ncu.edu.tw)

*RO8 - Hunting for Barbarians at Lulin
PI: Kang-Shian Pan (sherrykspan@astro.ncu.edu.tw)

*R09 - Monitoring Accretion onto a Low-mass Brown Dwarf
PI: Ya-Lin Wu (yalinwu@ntnu.edu.tw)
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R10 - Taxonomical Classification of Dynamically Unstable Asteroids in the Outer Main Asteroid
Belt
PI: Yu-Chi Cheng (ycc312@g.ncu.edu.tw)

R11 - The Spectral Variations in Superflare Phases of M-type Star KIC 11551430
PI: Li-Ching Huang (Ichuang@ntnu.edu.tw)

R12 - Characterizing the Physical Properties of Oort-Cloud Asteroids
PI: Yu-Chi Cheng (ycc312@g.ncu.edu.tw)

R13 - Monitoring First-Time-Ever Super-massive Black Hole Binary Merger in real time

PI: Keng-Wei Wu (danniel258000@gmail.com)
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LOT Semester 2022C
(01 September - 31 December, 2022)

Education Program:

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

EO02 - Practical Class of “Observational Astronomy”

PI: Albert Kong (akong@phys.nthu.edu.tw)

Large Program:

EDEN - Exo-earth Discovery and Exploration Network
PI: Wen-Ping Chen (wchen@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)

RO2 - Adding RR Lyrae y-Band Template Light Curves to gatspy (2/2)
PI: Chow-Choong Ngeow (cngeow(@astro.ncu.edu.tw)

*R03 - Monitoring Accretion onto the 20 MJup Companion 2M0359+2009 B
PI: Ya-Lin Wu (yalinwu@ntnu.edu.tw)

RO04 - 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)

RO5 - LOT follow-up of transient events and new discovery objects from ZTF
PI: Zhong-Yi Lin (zylin@astro.ncu.edu.tw)

*R0O6 - Triton Occultation 2022 at Lulin
PI: Tsai, An-Li (altsai@astro.ncu.edu.tw)

*R0O7 - Optical follow-up of AR Sco-type objects
PI: Albert Kong (akong@phys.nthu.edu.tw)

RO8 - Chromospheric Activity of Flaring G and K Type Eclipsing Binaries
PI: Li-Ching Huang (Ichuang@ntnu.edu.tw)

RO9 - Characterizing the Physical Properties of Oort-Cloud Asteroids
PI: Yu-Chi Cheng (ycc312@g.ncu.edu.tw)
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R10 - Taxonomical Classification of Dynamically Unstable Asteroids in the Outer Main Asteroid
Belt
PI: Yu-Chi Cheng (ycc312@g.ncu.edu.tw)
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