Rz L FI 2779
Rk > o #4F

2018

No0.16

Rzd &+ Bx 2y o



B 4
\"\'

Star-disk Interaction in Multi-band Photometric Monitoring of the Classical T Tauri Star Gl

Tau, Guo, Z., Herczeg, G. J., Jose, J., et al., Astrophy. J., 852, 56 (2018) .........cccevevrrrrrennenn, 4
Photometric survey and taxonomic identifications of 92 near-Earth asteroids, Lin, C.-H., Ip,

W.-H., Lin, Z.-Y ., et al., Planetary and Space Science, 152, 116-135., 2018 ............c..co...... 19
Confirmation of Large Super-fast Rotator (144977) 2005 EC127, Pittori, C., Lucarelli, F.,

Verrecchia, F., et al., Astrophy. J., 856, 99, 2018 ..........cccciiiieiii e 39

The sdB pulsating star V391 Peg and its putative giant planet revisited after 13 years of
time-series photometric data, Silvotti, R.; Schuh, S.; Kim, S.-L., et al., Astronomy &

AStrophysics, 611, A85, 2018 ........ o 48
SN 2017ens: The Metamorphosis of a Luminous Broadlined Type Ic Supernova into an SN l1in,
Chen, T.-W.; Inserra, C.; Fraser, M.; et al., Astrophy. J., 867, L31, 2018 ...........ccccevevrrennene 61



REMR RS SIS BT E(2003-2018). . oo 70
REAR RS LOT BRI ZCETELTET (2018). e 72
REMA TR S TAEHREE 2018, FRIEZ oo, 77
REMR RS 5 (B B S0 R BB 2008 .o 83

Analysis of Lunar Impact Flashes Recorded during the Geminids meteor shower in 2017,
Zong-Yi Lin ,Chih-Cheng Liu , Bo-Hao Wang , Yan-Syun Jhang , Bingsyun Wu , Jim Lee ,

Zhong-Yi Lin, Hung-Chin Lin, Hsin-Chang Chi....................cociiiiiiii 85
Meteor investigations using the TMDS, Bo-Hao Wang , Zong-Yi Lin , Chih-Cheng Liu,
Yan-Syun Jhang , Bingsyun Wu, Jim Lee , Zhong-Yi Lin, Hsin-Chang Chi .................. 89

Lulin Widefield Telescope (LWT): a Robotic Telescope for the Near-Earth Objects Follow-up
Observation, Jian-Fong Huang, Chow-Choong Ngeow , Ting-Jhang Yang ,
HUNG-CIN LN, e e 93

TR E

T = 1= VPPN 95






THE ASTROPHYSICAL JOURNAL, 852:56 (15pp), 2018 January 1

© 2018. The American Astronomical Society.

OPEN ACCESS

https://doi.org/10.3847/1538-4357 /aa9e52

CrossMark

Star-Disk Interactions in Multiband Photometric Monitoring of the Classical T Tauri
Star GI Tau

Zhen Guo'?®, Gregory J. Herczeg1
Ram Kesh Yadav’ @, Jinzhong Liu®, Wen-ping Chen”

, Jessy Josel, Jianning Fu®
, Gang Li3, Huifang Xue3, Hubiao Niu3’8,

, Konstantin Grankins, Rail Michel® R
Annapurni Subramaniamg,

, Po-Shih Chiang”

6,12

Saurabh Sharma'® , Nikom Prasert7, Nahiely Flores—Fajardol’“, Angel Castro
! Kavli Institute for Astronomy and Astrophysics, Peking University, Yi He Yuan Lu 5, Haidian District, Beijing 100871,
People's Republic of China; guozhen9057 @hotmail.com

Depanment of Astronomy, School of Physics, Peking University, Yi He Yuan Lu 5, Haidian District, Beijing 100871, People's Republic of China

” Department of Astronomy, Beijing Normal University, Beijing 100875, People's Republic of China
* Graduate Institute of Astronomy, National Central University, No. 300, Zhongda Rd., Zhongli Dist., Taoyuan City 32001, Taiwan
5 Crimean Astrophysical Observatory, pos. Nauchnyi, Crimea, 298409 Russia
® Instituto de Astronomia, Universidad Nacional Auténoma de México, Apartado Postal 877, C.P. 22800, Ensenada, B.C., México
7 National Astronomical Research Institute of Thailand, Chiang Mai, 50200, Thailand
Xinjiang Astronomical Observatory, Urumgqi, Xinjiang 830011, People's Republic of China
Indian Institute of Astrophysics, Koramangala, Bangalore 560 034, India
Aryabhatta Research Institute of Observational Sciences, Manora Peak, Nainital 263 002, India
!Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México. Cd. Universitaria, 04510 Ciudad de México, México
Universidad Auténoma de Ciudad Judrez, Instituto de Ingenierfa y Tecnologfa. 1210 Plutarco Elias Calles, 32310 Cd. Judrez, CH, México
Received 2017 September 7; revised 2017 November 11; accepted 2017 November 20; published 2018 January 5

12

Abstract

The variability of young stellar objects is mostly driven by star—disk interactions. In long-term photometric
monitoring of the accreting T Tauri star GI Tau, we detect extinction events with typical depths of AV ~ 2.5 mag
that last for days to months and often appear to occur stochastically. In 2014-2015, extinctions that repeated with a
quasi-period of 21 days over several months are the first empirical evidence of slow warps predicted by
magnetohydrodynamic simulations to form at a few stellar radii away from the central star. The reddening is
consistent with Ry = 3.85 £ 0.5 and, along with an absence of diffuse interstellar bands, indicates that some dust
processing has occurred in the disk. The 2015-2016 multiband light curve includes variations in spot coverage,
extinction, and accretion, each of which results in different traces in color-magnitude diagrams. This light curve is
initially dominated by a month-long extinction event and a return to the unocculted brightness. The subsequent
light curve then features spot modulation with a 7.03 day period, punctuated by brief, randomly spaced extinction
events. The accretion rate measured from U-band photometry ranges from 1.3 x 1078 to 1.1 x 10710 M yr!
(excluding the highest and lowest 5% of high- and low- accretion rate outliers), with an average of 4.7 x
1072 M., yr~'. A total of 50% of the mass is accreted during bursts of >12.8 x 10~ M., yr~!, which indicates

, and Liliana Altamirano®'?

limitations on analyses of disk evolution using single-epoch accretion rates.
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1. Introduction

Classical T Tauri stars (CTTSs) are low-mass young stars
surrounded by an accretion disk. The stellar magnetic field
truncates the disk at a few stellar radii and channels gas from
the disk onto the star (e.g., Camenzind 1990; Koenigl 1991;
Shu et al. 1994). The measured strengths and geometries of
magnetic fields and the profiles of emission and absorption
lines are consistent with expectations of the magnetospheric
accretion model (e.g., Johns-Krull 2007; Donati & Landstreet
2009; Hartmann et al. 2016). Magnetohydrodynamic (MHD)
simulations of the magnetospheric accretion suggest that the
accretion flow may be either stable or unstable, depending on
the accretion rate, the magnetic field strength and morphology,
and the inclination angle between the stellar spin and magnetic
dipole (e.g., Romanova et al. 2013; Blinova et al. 2016).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

The photometric variability of T Tauri stars has been studied
for decades (Wenzel 1969; Grinin 1988; Herbst et al. 1994,
Bouvier et al. 2013; Cody et al. 2017). When star—disk
interactions are steady, an accretion column and the associated
inner disk warp rotate around the star, periodically occulting
the central star (e.g., Bouvier et al. 2007; McGinnis et al.
2015). In non-steady accretion, these extinction events may
appear more stochastically and last for days, months, or even
years. The obscure dust is located in a persistent puffed-up disk
and inner rim (Dullemond et al. 2003; Ke et al. 2012), a warp
induced by binarity (Hamilton et al. 2001), a disk instability at
larger distances (Zhang et al. 2015), or perhaps even a non-
axisymmetric bridge that links an inner disk with an outer disk
(Loomis et al. 2017). The changes in the height of the inner
disk have also been seen in anticorrelated variability of near-
and mid-IR disk emission (Espaillat et al. 2011), with a
possible relationship to accretion rate (Ingleby et al. 2015). The
disk interpretation is challenged in one case (J1604-2130) by
the measurement of a face-on inclination of an outer disk
(Ansdell et al. 2016a). In a second case (RW Aur), the
occultation source is uncertain and may be a dusty wind
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(Petrov et al. 2015; Schneider et al. 2015b), a tidal encounter of
the secondary star (Dai et al. 2015), the combination of
occultation and time-variable accretion (Takami et al. 2016), or
partial occultation of the inner disk (Facchini et al. 2016).

In this paper, we focus on short- and long-term extinction
events detected in one CTTS, GI Tau. Stars with short-duration
(1-5 days) extinction events, called dippers, are obscured by
dust structures at or near the disk truncation radius (e.g.,
Alencar et al. 2010; Cody et al. 2014; Scaringi et al. 2016). AA
Tau is the historical prototype for dippers (e.g., Bouvier
et al. 1999, 2003). Periodic and quasi-periodic dippers have a
periodicity distribution consistent with the distributions of
stellar rotations (Cody et al. 2014). Long-term extinction
events, called faders, occur when the star is occulted by disk
components for weeks to years (e.g., Bouvier et al. 2013;
Findeisen et al. 2013; Rodriguez et al. 2015, 2016b; Loomis
et al. 2017); KH 15D is the prototype for faders (Hamilton et al.
2001). Some stars, including AA Tau, have exhibited both
types of extinction events. Deep extinction events have also
been called Type III variables or UXors (Herbst et al. 1994),
especially when the occulted object is a Herbig AeBe star (e.g.,
Grinin et al. 1994; Natta et al. 1997).

In the midst of this extinction variability, emission is also
always changing because of unstable accretion and spot
rotation. Accretion variability is common in young stellar
objects, as 10% of CTTSs have similar bursty light curves
(Findeisen et al. 2013; Cody et al. 2014, 2017; Stauffer et al.
2014). The variable accretion process appears as changes in
excess continuum and line emission above the photosphere
(e.g., Alencar et al. 2012; Fang et al. 2013; Costigan
et al. 2014), and the corresponding changes in photometry
(Venuti et al. 2014; Sousa et al. 2016; Stauffer et al. 2016;
Tofflemire et al. 2017a) are driven by either unsteady star—disk
connections (e.g., Romanova et al. 2013) or changes in the disk
density at the inner rim (Robinson et al. 2017). Spot
modulation is also commonly seen among young stars with
typical variations of AV < 0.5 mag (e.g., Herbst et al. 1994,
Grankin et al. 2007), although spots in light curves of some
CTTSs can be difficult to distinguish from extinction and
accretion variations. Extinction, accretion, and spot variability
each have particular patterns in high time-resolution photo-
metry (Alencar et al. 2010, 2012; Morales-Calderén et al. 2011;
Cody et al. 2017), multiband photometry (Herbst et al. 1994;
Grankin et al. 2007; Venuti et al. 2015), and spectroscopic
monitoring (Bouvier et al. 2007).

In this paper, we describe and analyze the multiband optical
monitoring of the CTTS GI Tau obtained over two years. Our
work provides a method to identify the variation mechanisms
using the color information and to probe the star—disk
interaction at the inner edge of the circumstellar disk. The
paper is organized as follows. In Section 2, we describe our
observation and data reduction. The photometric results and
periodicity analysis are described in Section 3. In Section 4, we
analyze this photometric variability in terms of the warp size
and changes in accretion.

2. Observations
2.1. Properties of GI Tau

GI Tau is a Classical T Tauri star associated with the B18
cloud in the Taurus star-forming region (Myers 1982; Kenyon
et al. 2008) and is separated by 13 arcsec from a wide
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companion, GK Tau (Figure 1; see also, e.g., Kraus &
Hillenbrand 2009). GI Tau has a circumstellar disk (e.g.,
Kenyon & Hartmann 1995; Luhman et al. 2010; Rebull et al.
2010) and ongoing accretion (e.g., Valenti et al. 1993;
Gullbring et al. 1998). The average VLBI parallax distance
of 140 pc to the Taurus star-forming region (Loinard et al.
2007; Torres et al. 2009, 2012) is adopted as the distance to
GI Tau.

Companion searches with high-resolution near-IR imaging
(e.g., Daemgen et al. 2015) and high-resolution spectroscopy
(Nguyen et al. 2012) have yielded non-detections, indicating
that GI Tau is likely a single star. A ~7 day period has been
detected in some epochs (Vrba et al. 1986; Herbst et al. 1994)
but is absent in other epochs (e.g., Grankin et al. 2007
Rodriguez et al. 2017a), perhaps because spot changes may be
masked by complications in the light curve from extinction and
accretion variability.

The estimated spectral type of GI Tau ranges from K5-M0.5
(Rydgren et al. 1976; Herbig 1977; Cohen & Kuhi 1979;
Hartigan et al. 1994; Taguchi et al. 2009; Herczeg &
Hillenbrand 2014), with differences caused by methodology
and a non-uniform temperature distribution on the stellar
surface (see, e.g., Gully-Santiago et al. 2017). Extinction events
have been previously detected from photometry (Herbst et al.
1994; Grankin et al. 2007; Rodriguez et al. 2016a). In three
optical spectra, Herczeg & Hillenbrand (2014) found that fixing
the spectral type to a single value required an extinction that
varied from Ay = 1.05 to 2.55 mag. Our analysis in Section 4.3
indicates a minimum Ay = 0.75-1.0 mag, which is likely
interstellar; any additional extinction is likely caused by
the disk.

Adopting a spectral type of M0.4 (T = 3828 K) and
log(L/Ls) = —0.25 (Herczeg & Hillenbrand 2014; see also
Grankin 2016), the mass and age are 0.53 M., and 1.4 Myr as
inferred from the pre-main-sequence evolutionary tracks of
Baraffe et al. (2015), and 0.92 M. and 4 Myr from the
magnetic tracks of Feiden (2016). These parameters are
sensitive to the unknown spot properties of the star (Gully-
Santiago et al. 2017). However, dynamical masses measured
from disk rotation around stars of similar spectral types lead to
masses of 0.60-0.95 M., (Simon et al. 2017).

The disk inclination has not been measured. Given a radius
R=1.7 R, rotational period P = 7.03 & 0.02 day (see
Section 3.1), and stellar rotational velocity v sini = 12.7 & 1.9
kms~' (Nguyen et al. 2009), the stellar inclination is >60°
(see also Johns-Krull & Valenti 2001). Broad redshifted
absorption in He 1 A10830 has a similar profile as that seen in
AA Tau (Fischer et al. 2008) and supports this high inclination.

2.2. SNIFS Photometry and Spectroscopy

We obtained spectra and photometry of GI Tau with the
Super-Nova Integral Field Spectrograph (SNIFS; Aldering
et al. 2002; Lantz et al. 2004) from 2014 November 26 to
December 15. SNIFS is an Integral Field Spectrograph on the
UH 88 inch telescope on Maunakea that produces R ~ 1000
spectra from 3200 to 10,000 A over a 6” x 6" field of view
(FOV). Short acquisition images were obtained with a
9/6 x 96 FOV imager with a V-band filter and are used here
for photometry.

The full set of our SNIFS observations include spectroscopic
monitoring of ~30 CTTSs. GI Tau was initially selected as a
target based on past identification of extinction events (see,
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Figure 1. V-band image of GI Tau and GK Tau obtained using SNIFS at the
UHSS8 telescope. GI Tau, GK Tau and its close visual companion, and one of
the reference stars are marked in the image.

e.g., Grankin et al. 2007; Herczeg & Hillenbrand 2014). We
detected a deep extinction event at the beginning of our SNIFS
campaign and decided to intensively monitor GI Tau for the
remainder of our campaign. Two spectra from this spectro-
scopic monitoring campaign are analyzed in this paper (see
Section 2.5).

2.3. Subsequent Photometric Campaigns (2014-2016)

Following our SNIFS photometry, we monitored GI Tau
from 2014 to 2016 with 11 other telescopes. The details of the
telescopes, instruments, and observations are described in
Table 1. The complete set of photometry is listed in an online
table.

From 2014 December 16 (MJD 57007) until 2015 March 25
(MJD 57108), photometry was obtained in the V-band filter
with a cadence of one to two visits per night. From 2015
October-2016 February, multiband photometry was obtained
in the B, V, R, and [ bands, and in U when available. Different
observational strategies were set based on the time allowance
of each telescope. SLT, the 1 m Thailand Southern Telescope,
and the 1.3 m JCBT observed the selected field one to three
times on each clear night. The 0.5 m telescope at TNO and 2 m
HCT also contributed weeks-long observations. The NOWT
(Liu et al. 2014) and NBT monitored GI Tau for 4-6 hr for
seven and three consecutive nights, respectively, to measure
variations on short timescales.

2.4. Data Reduction of Photometry

The data were reduced with custom-written routines in IDL.
The images were corrected for detector bias, flat-field, and
cosmic rays. The stellar brightnesses of GI Tau, GK Tau, and
many field stars in the frame are measured with aperture
photometry. For field stars, the sky background is measured in
an annulus with an 8 arcsec inner radius and 10 arcsec outer
radius around the star. Since the distance between GI Tau and
GK Tau is only 13.2 arcsec, the background levels are adopted
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directly from the sky background of the nearby reference star.
The counts for each star are then extracted using a radius equal
to two times the seeing (in FWHM), with an upper limit on the
radius of 6”5 arcsec. Photometry with fixed apertures of 17, 3”,
and 6” and PSF fitting yield results that are generally consistent
with our approach, but with larger standard deviations in the
photometry.

Four bright stars are identified as non-variables (Figure 2)
and are selected as reference stars to calibrate the BVRI
photometry of GI Tau. The measured standard deviations of all
reference stars are 0.017 mag in 7, 0.028 mag in V, and 0.042
mag in the B band, after excluding the images obtained during
the full moon. The measurements are less reliable (Al > 0.05
mag) in observations with seeing larger than 4”. The number of
reference stars used for each telescope depends on the FOV and
is listed in Table 1.

In U-band observations, only one field star, with my=
13.50 mag, ’located within the 10/ x 10’ FOV is bright enough
to be used as a calibrator. Unsaturated images in the B, V and 1
bands indicate that this calibrator is not variable. The accuracy of
our U-band observations is typically limited to ~0.05 mag by
the signal-to-noise ratio of GI Tau. The differential effects of
telluric absorption versus airmass are not corrected.

A reflection nebulosity around GI Tau and GK Tau (Arce &
Sargent 2006) is detected in stacked images, with a surface
brightness of /=22.8 mag arcsec > and B = 25.5 mag arcsec” ~.
The flux contribution from the nebulosity within a 6”5 radius
aperture is 17.5 mag in the / band and 20.2 mag in the B band, or
~4 mag fainter than the faintest measurements of GI Tau.
Compared with the photometric accuracy and variability of GI
Tau, the differential flux contribution from the nebulosity
introduced by using different aperture sizes is negligible.

For absolute photometric calibration, we observed the GI
Tau field and the region PG 02331 from Landolt (1992) at a
range of airmasses with the 2m HCT on 2015 December 1.
The atmospheric extinction and instrument coefficients are
measured from PG 02331 and applied to bright stars in the GI
Tau field. The standard magnitudes of these reference stars are
then used to apply the zero-point shifts to each observation
obtained by all other telescopes in this study.

The absolute photometric calibration accuracy should be
~0.02 mag in the V and I bands and 0.05 mag in the B band,
following the uncertainties in the Landolt star calibrations.
However, an absolute offset of 0.09 mag in V-band calibration
is identified when comparing our photometry to the historical
photometry of Grankin et al. (2007; see Figure 5) and to the
synthetic photometry obtained from our flux-calibrated SNIFS
spectra. The source of this problem could not be identified. Our
relative photometric calibration should be unaffected. The
synthetic AV between our SNIFS spectra is within 0.01 mag of
the directly measured AV obtained in our acquisition images.

2.5. Data Reduction of Spectroscopy

The SNIFS spectra of GI Tau and the spectrophotometric
standard G191B2B (Oke 1990) were reduced with custom-
written routines in IDL. The emission is split at ~5200 A by a
dichroic into separate red and blue channels. The raw images
consist of 225 separate spectra, each from a given spaxel in the

13 This U-band measurement was measured by Audard et al. (2007) with the
XMM-Newton Optical and UV Monitor (Uom). With a spectral type of B8, the
offset between the Upm and Johnson U system of U — Ugy ~ —0.02 is small
and is ignored in our analysis.
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Table 1
Summary of Observations

Telescope Location Diameter (m) Pix Size (") Field of View No. Ref Filter Nights of Obs. No. Visits/Night
2014-2015

UHB88 Maunakea, Hawaii 2.2 0.27 9/3 x 93 2 \% 18 1-6
YNAO YNAO, China 1 0.41 73 x 73 2 \%4 4 4
AZT-11 CrAO, Russia 1.25 0.62 1076 x 107 3 \% 6 1
OAN-SPM (0.84) SPM, Mexico 0.84 0.44 76 x 716 4 VR 4 2 hr*
HCT Hanle, India 2 0.30 10/2 x 10'2 4 \% 23 1
2015-2016

OAN-SPM (1.5) SPM, Mexico 1.5 0.32 5/4 x 5!4 1 \%4 34 2 hr*
HCT Hanle, India 2 0.30 10/2 x 10’2 4 uvi 23 1-3
SLT Lulin, Taiwan 0.40 0.78 26!/8 x 26'8 4 UBVI 74 1-3
NOWT XAO, China 1 1.13 193 x 193 4 BVRI 5 >5 hr*
JCBT VBO, India 1.3 0.24 16!5 x 86 4 BVI 20 1
TST CTIO, Chile 0.6 0.63 22/ x 22! 4 BVRI 45 1
NBT Xinglong, China 0.85 0.91 30" x 30/ 4 UBVRI 10 >5 hr*
TNO TNO, Thailand 0.5 0.63 21/5 x 21’5 4 BVI 21 1-2

Note. UH88: University of Hawaii 2.2 m telescope. YNAO: 1 m RCC telescope at Yunnan Astronomical Observatory, Kunming, China. AZT-11: 1.25 m telescope at
Crimean Astronomical Observatory, Russia. OAN-SPM: 0.84 m and 1.5 m telescopes at Observatorio Astronomico Nacional, Sierra San Pedro Martir, Mexico. HCT:
2 m Himalayan Chandra Telescope at Indian Astronomical Observatory, Hanle (Ladakh), India. SLT: 40 cm telescope at Lulin Observatory, Taiwan. NOWT:
Nanshan One meter Wide-field Telescope at Xinjiang Astronomical Observatory, Urumgqi, China. JCBT: 1.3 m J.C. Bhattacharya Telescope at Vainu Bappu
Observatory, Kavalur, India. TST: 0.6 m Thai Southern Hemisphere Telescope (PROMPT-8), operated by the Skynet Robotic Telescope Network, at the Cerro Tololo
Inter-American Observatory, Chile. NBT: 85 cm reflection telescope at Xinglong Station of the National Astronomical Observatories of China. TNO: 0.5 m telescope
at Thai National Observatory, National Astronomical Research Institute of Thailand (NARIT).

 Represents consecutive observation for X hours.
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Figure 2. Top: accuracy of the /-band photometric calibration of the four
reference stars (separated by different colors) taken by SLT, plotted as the
difference between each observation and the median magnitude, Al. The
standard deviations of each reference stars are 0.016, 0.018, 0.013, and 0.018
mag. The lunar phase is shown by a dashed black curve. Bottom: the seeing
during each observation, with the horizontal dotted—dashed line indicating 3”.

15 x 15 integral field unit. The counts in each spectrum are
extracted by fitting a cross-spectrum profile, measured from
flats, to each wavelength pixel. The spectra in each spaxel was
then wavelength-calibrated to ~10kms™' using arc lamps,
flat-corrected in each spaxel, and then regridded onto the same
wavelength scale.

The final spectra are extracted from the data cube by fitting a
2D profile and sky background at each wavelength bin. The

spectra of GI Tau were then flux-calibrated using G191B2B
spectra obtained within 1 hr of GI Tau. The average airmass
correction was calculated using spectra of G191B2B over the
20 night run and was then applied to each epoch. Two spectra
were selected for use in this paper because they were obtained
in photometric conditions, near in time to the photometric
calibrators, and at the local minimum and maximum of the light
curve.

3. Results and Analysis

In the 2014-2015 light curve of GI Tau, the most prominent
features are several extinction events with depths of
Amy > 2.5 mag and durations of three to five days (see
Figure 3). The 2015-2016 light curve of GI Tau began with a
dim epoch that lasted ~50 days, followed by a period with
smaller periodic brightness variations (Figure 4).

These photometric variations are summarized by the color—
color and color-magnitude diagrams in Figure 5. The V-band
brightness varied by 2 mag, the V — I color by 0.8 mag, and
the B — V color by 0.5 mag. The locus of points on the color—
magnitude diagram is similar to that seen in the long-term
monitoring of GI Tau by Grankin et al. (2007), except for the
offset in the V band discussed in Section 2.4.

In faint epochs, a “blue turnaround” is seen, in which the
color variation is achromatic with further dimming of V. This
blue turnaround, also seen in AA Tau (Bouvier et al. 1999) and
other CTTSs (Grankin et al. 2007), is likely caused by an
increased importance of the scattered light, since stars with
edge-on disks typically appear blue at optical wavelengths
(e.g., Padgett et al. 1999; Herczeg & Hillenbrand 2014). These
epochs are ignored when calculating accretion rates. However,
if the bluer colors are caused by higher accretion rates during
these faint epochs, then this choice would bias our results.
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of GI Tau during the 2015-2016 campaign. The general brightening that
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this figure are available.

In this section, we describe how the light curves are
combined with the color—color and color-magnitude diagrams
are used to identify variability caused by stellar spots,
circumstellar extinction events, and accretion bursts.

3.1. Spot Modulation in 2015-2016

Periodicity in the 2015-2016 light curve is most prominent
in the 7 band. The Generalized Lomb—Scargle (GLS) period-
ogram (Zechmeister & Kiirster 2009) of the /-band light curve

Guo et al.

yields a best-fit period of 7.03 + 0.02 days, with the error bar
adopted from the FWHM of the periodogram profile (Figure 6).
Prior to the fit, the long-term trends were approximated as a
third-order polynomial and were removed from the data
(Zajtseva 2010). Fitting parameters to the B-, V-, and I-band
light curves are shown in Table 2.

The sinusoidal morphology of the phase-folded light curves
indicates the presence of a single large spot, similar to some
other young stars with similar spectral types (e.g., Alencar et al.
2010; Rebull et al. 2016; Gully-Santiago et al. 2017). The
standard deviation of the residual of 0.11 mag is likely caused by
extinction and accretion events (discussed in Sections 3.2-3.4).
The power of the periodogram, ¢ = p,.. /0p, is highest in the
I band, since the other bands are more sensitive to accretion and
extinction variations. The variations in the colors are synchro-
nous (Figure 7).

False-alarm probabilities'* for the period are computed using
a Fisher randomization test with input periods between 2 and
100 days (e.g., Linnell Nemec & Nemec 1985). The 7.03 day
period exceeds the 99% confidence level. This period is
consistent with past measurements of the photometric period.
In other epochs, including our monitoring in 2014-2015 and
the 2008-2014 light curves described by Rodriguez et al.
(2017b), any modulation from spots is masked by the much
stronger variability caused by extinction.

3.2. Extinction Events in 2014-2015

Several photometric dips are shown in the V-band light curve
of the 2014-2015 campaign, with depths of 1.5-3.1 mag
relative to the out-of-extinction brightness of ~12.5 mag and
durations of 3-5 days (see list of extinction dips in Table 3).

The light curve of GI Tau reveals a wide range of durations
and frequencies of extinction events. Our initial SNIFS
monitoring included a double-dip extinction event, during
which the V-band emission from the star faded, brightened, and
then quickly faded again. The separation of the two minima is
5 days, and the total combined duration is 11 days, longer than
one stellar rotation period. The Ry measurement based on
spectra will be discussed in Section 4.2.

Subsequent follow-up photometry over the next months led
to the detection of four dips with Ay > 1.5 mag (see Table 3).
These dips have a centroid time that repeats with a ~21 day
period. However, the preceding double-dip is inconsistent with
this quasi-period. The extinctions that occur in the following
year, described below, are also inconsistent with any
periodicity.

3.3. Extinction Events in 2015-2016

The light curve during our 2015-2016 campaign is initially
dominated by a gradual fade that reaches AV = 1.5 mag and
then returns to the bright state, in total covering a period of ~80
days (Figure 4). In addition to this months-long fading event,
several small and large photometric dips are detected with

14 False-alarm probabilities are the fraction of permutations (i.e., shuffled time
series) that include a peak higher than that of the periodogram of the
unrandomized data set at any frequency. This therefore represents the
probability that, given the frequency search parameters, no periodic component
is present in the data with this period. To ensure reliable significance values, the
number of permutations was set to 1000. If the false alarm probabilities lie
between 0.00 and 0.01, then the quoted period is a correct one with 95%
conﬁdenc;e. The periodogram is computed at 5000 frequencies between 0 and
0.5 day™ .
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Figure 5. Color—color and color-magnitude diagrams of GI Tau during the 2015-2016 observation campaign, with data in our work shown by the black dots and

archival data from Grankin et al. (2007) shown by the gray dots.

durations of 3-8 days, after correcting for spot-induced
periodicity (see Figures 4 and 8 and Table 3).

Figure 4 shows a brief (~3 day) dip in the spot-corrected
light curve at day 397, with a depth of Al = 0.39 mag,
AV = 0.45 mag, and AB = 0.56 mag. A deeper and longer dip
occurred around day 440, lasting for ~8 days (Figure 8).
Gaussian fits to the dips, as measured after accounting for
spot rotation, yield A;=0.60 mag, Ay = 1.22 mag, and Ag=
1.56 mag, and FWHMs of 3.73, 3.52, and 3.76 days,
respectively. In those fits, the depths are measured relative to
the post-dip light curve, which is well fit by a sine curve. There
is no obvious periodicity of this extinction event.

3.4. Short Timescale Bursts

Photometry in the U and B bands is more sensitive to
accretion than photometry with longer wavelength filters. At
short wavelengths, the photospheric emission of GI Tau is faint
relative to the continuum emission produced by the accretion
shock (see the review by Hartmann et al. 2016). In our
monitoring, the U and B bands exhibit stronger variations than
the V and I bands.

Our campaign included five nights with constant monitoring
of GI Tau on NOWT, during which several short bursts
occurred (see Table 4 and Figure 9). The largest burst in B,
detected during the first night, reached a peak of AB ~ 0.3
mag and lasted ~3.5 hr. Four other shorter, smaller bursts are
detected in the last two days. The average duration of these five
bursts detected by NOWT is ~1.7hr, and the maximum
amplitude in the B band is 0.31 mag. The changes in the
brightness caused by these accretion bursts are an order of
magnitude smaller than those caused by the deep extinctions.
The corresponding increases of accretion rate during these
bursts are calculated in Section 4.3. In one case, the B-band
brightness is consistent with a non-detection, so the minimum
and maximum accretion rates before and during the burst are
not reported. These short bursts are attributed here to accretion
but could alternatively be attributed to stellar flares (e.g.,
Kowalski et al. 2016; Tofflemire et al. 2017a, 2017b).

3.5. Color Analysis

Variable extinction, accretion, and spot coverage are all
identified from the optical light curve of GI Tau. The traces of
different phenomena in the color-magnitude diagrams can be
used to distinguish the variation mechanisms. In this section,
we describe the different signatures that changes in each of
these properties imprint on the color—color and color-
magnitude diagrams (Figure 10).

The short extinctions dips in the 2015-2016 campaign
exhibit similar changes in the color-magnitude diagram with
AV =210+ 008 A(V —I) and AI=0.7 £ 0.1 AB — I).
The long-term variation seen in the first half of the 2015-2016
campaign appears similar to the dips and is also attributed to
extinction. These empirical relationships are consistent with
expectations for dust reddening. The accretion bursts appear as
horizontal changes in B — [ versus [, indicating that the
accretion only has a minor effect on the I-band brightness and
that the B — I color is a good tracer of accretion. In this case,
accretion is much flatter than extinction in the 7 versus B — I
diagram (Figure 10 and Table 5). Venuti et al. (2015) obtained
similar results in two weeks of monitoring young stars in NGC
2264 with CFHT in the u’ and r bands.

As the spot rotates, the V — I colors change by 0.06 mag
while the B — V colors change by 0.08 mag. These small color
changes during spot modulation are consistent with those of the
weak-line T Tauri star LkCa 4 during three decades of
photometry (Grankin et al. 2008; Gully-Santiago et al. 2017).
The locus that spot modulation traces on the color-magnitude
diagrams has a slope between that of accretion and extinction.
However, since the spot modulation has a unique periodicity,
the spot information is readily extracted from a frequency
analysis.

Pre-main-sequence stellar evolution tracks from Baraffe
et al. (2015) are also presented in the color—magnitude
diagrams, with colors adopted from Allard (2014). In distant
clusters, properties of low-mass stars are often inferred from
photometry (e.g., Reggiani et al. 2011; Jose et al. 2016; Beccari
et al. 2017). Extinction events, accretion bursts, and spots each
influence the inferred mass and age of member stars. Extinction
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Figure 6. Top left: the I-band light curve of GI Tau, with a red line showing a third order polynomial fit to long-term variations. Middle left: the residual of the fit from
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curve in campaign 2015-2016 using the raw data from the top-left panel. Bottom right: phase-folded I-band light curve by the residuals from the left-middle panel.

curves are parallel to the color isochrone of cool stars in the
V — 1 versus V diagram, which indicate that the age
determination from V- and I-band photometry is robust to
extinction changes (see also discussion in Sicilia-Aguilar et al.
2005). The age of GI Tau inferred from the Baraffe et al. (2015)
models is consistently between 1 and 2 Myr (see also the age
estimation in Section 2.1). However, the V — I color range
introduces uncertainty in the mass or T, estimates when
analysis is restricted to photometry, with larger uncertainties
when using non-simultaneous photometry.

4. Discussion

Photometric dips, accretion bursts, and a 7.03 day periodicity
all shape the light curve of GI Tau during our monitoring over
two years. The properties of the inner edge of the circumstellar
disk and the star—disk interactions can be determined from the
morphology and color changes during the variation events. The
existence of quasi-periodic extinctions in the first year and
the non-detection during our second campaign, and the change
in morphology and frequency of events within each campaign,
indicate an evolution of the inner disk structure over at most a
few orbital timescales. In this section, we discuss the
2014-2015 quasi-periodicity in terms of a warp model, the
extinction curve, and the distribution of accretion rates.

4.1. The Slow Warp Model for the Quasi-periodic Dips of
2014-2015

Emission from young stars is periodically occulted by the
inner edge of the circumstellar disk, when the disk is viewed
close to edge-on. The presence of asymmetric disk warps or
puffed-up inner rims will extinct the stellar brightness (see,
e.g., the radiative transfer simulations of Kesseli et al. 2016).
Figure 11 presents the periods and amplitudes of extinction
events seen in young stars. For most dippers, these occultations
are thought to occur once per stellar period, last ~1 day, and
are caused by inner disk warps related to accretion funnel flows

10

(e.g., Bouvier et al. 2007; Romanova et al. 2013). For faders,
the occultations are prolonged and may last months or even
years. The GI Tau light curve exhibits some characteristics of
both dippers and faders.

In the 2014-2015 monitoring, the (quasi)-periodic dips of
1.5-2.5 mag in V occurred every ~21 days. In contrast, all
previous periodic dippers have periodicity on much shorter
timescales that are consistent with the stellar rotation period
(Bouvier et al. 2007; Grankin et al. 2007; Alencar et al. 2010;
McGinnis et al. 2015) and have depths of Ay = 0.1 — 1 mag.
The deep obscuration depth of GI Tau in this campaign is
comparable to UXors, which are usually early-type PMSs
undergoing variable extinctions with depths Ay > 1 mag
(Grinin et al. 1991, 1994; Herbst et al. 1994; Natta et al.
1997; Dullemond et al. 2003). However, no clear periodicity
has been reported in UXors.

The deep events of GI Tau recur near every ~3 stellar
rotation periods and may be evidence of the slow warp in the
MHD simulations of magnetospheric accretion by Romanova
et al. (2013). In these simulations, two warps form in the
circumstellar disk: a thin warp located at the co-rotation radius
(Reor) and a thick warp outside of the co-rotation radius.
Material can be trapped by the thick warp because of coupling
between the stellar rotation and global oscillations in the disk.
The thick warp is expected to rotate several times more slowly
than the star, since it is located at a larger radii in the disk and
also cause dips that are more optically thick than those in thin
warps at the inner disk edge. The thick warp has a high scale
height, so that it periodically intercepts our line of sight and
causes extinction. Although this slow warp was quasi-periodic
over ~60 days, the feature was short-lived: it formed soon after
our initial 20 night monitoring and had evolved or dissipated by
the next year.

The ~80 day long fade and return at the end of 2015 is much
shorter than equivalent events in other stars, such as the years-
long fading on AA Tau and V409 Tau (Bouvier et al. 2013;
Rodriguez et al. 2015). The obscuration source may be an
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Table 2
Sine Fit Results
Parameters I+poly I Vv B
Period (days) 7.03 £ 0.02 7.01 £ 0.03 7.09 £ 0.08 7.20 £ 0.09
Frequency (1/day) 0.1422 £ 0.0004 0.1426 +£ 0.0006 0.140 £ 0.002 0.139 £ 0.002
Maximum Power: p.x 0.829 0.417 0.645 0.567
Standard deviation: o, 0.037 0.022 0.078 0.110
Index: p,,. /o, 21.82 18.77 8.26 5.15
Amplitude (mag) 0.24 + 0.01 0.23 £+ 0.02 0.32 £ 0.09 0.41 £ 0.03
rms of Residual (mag) 0.145 0.202 0.167 0.488
10 . T ! . ' % _B and ' ' period obtained from this work:
°e n°% oo ™ . . * _
I e Rew = (G My P2)\/32m) >3 =735 Ry = 006 au, (1)
I e I L4
a 12 . | | V—Band * where My = 0.53 M., Ry = 1..7 R, and B = 7..03. days. .
e ., /... R ”, . % . N The morphology of the dips is related to the disk inclination,
% i See F e, o e’ . ' . orientation of the magnetic field dipole, and warp opacity. The
- . . LA ] o . . . 1.
& 2o o 0! i . short durations of the dips detected in GI Tau indicates a
A '-°:°'.. e LRI e o moderate inclination viewing angle (Bodman et al. 2017).
16k ! S« . ! o5 .., T . L | The shape of the dips depends on the ingress timescale, i.e., the
%t B—Ba nc; +0.5 °, tim.escale foy thf: structure to move in front of the star. The
— L . . . . orbital velocity is calculated by the duration of the ingress time
430 440 450 460 470 480 following the equation
3.0 N o : : ] Vorbit X sin 0 = L/tinngSS7 (2)
L | i
R v LI . where the definition of L is half of the angular size of the warp
_ 35¢ : o ;d..o. o "' & t t e '. o (Bouvier et al. 1999), and the figress should be around half of
r e O o (T4 ® . . . . .
@ i e S e " S the total obscuration time. As shown in Figure 8, the typical
40 : ] : : {' A ] tingress 15 4 days while the occultation lasts for 8 days. A disk
r L " I warp located at ~1.5 R.,; has a local disk rotation velocity
45L L : , , , ] Vit = 43.5kms'. A Gaussian shape warp modeled by
430 440 450 460 470 480 Romanova et al. (2013) with vyap = 0.25 v should have a

Observation Date (MJD—56950)

Figure 7. Top: B- (offset by 0.5 mag), V-, and I-band light curves of GI Tau
between days 430485, showing a combination of spots and occultations.
Bottom: the B — [ color, with large dips that indicate occultations.

Table 3
Extinction Events on GI Tau

Time (MJD-56950) Vinin (mag) AV (mag) Duration (days)
50.2 14.34 1.84 5
56.5 14.72 2.22 4
87.5 14.07 1.57 >3
108.1 15.62 3.12 5
129.2 14.70 2.20
380.0 14.34 1.54 80
396.8 14.27 0.48 3
440.6 14.45 1.15 8
477.1 14.78 0.96 4

azimuthally symmetric warp located close to the inner edge of
the disk (e.g., Dullemond et al. 2003), distant disk structures
(e.g., Zhang et al. 2015), or a bridge between an outer and inner
disk (Loomis et al. 2017).

As the obscuration source of the extinction dips is located
not far from the inner edge of the circumstellar disk or the
co-rotation and truncation radius, we calculate the co-rotation
radius of GI Tau based on the stellar parameters and spin

1

width L =6.9 Ry in horizontal size for an 8 day duration.

The maximum observed duration of the dips in the
2014-2015 campaign is 5 days, or 25% of the occultation
period (P ~ 20 days). If we assume that the warp system is
located at 1.2-1.5 co-rotation radius, as indicated by the
Romanova et al. (2013) simulations, the angular width of the
warp L is as large as 2.35 R, or ~18.6 R,. A hydrogen gas
column density is derived by Bohlin et al. (1978):
Nu/EB — V) =58 x 102'cm™? mag~ !, assuming an
Ry =3.85 extinction (see Section 4.2). We also assume an
ISM gas-to-dust ratio of 100: 1, although this may not be valid
for inner disks. The gas mass within the warp is then roughly
estimated by

Myap.gas = 1.5 x 10%1 X Ay X my X Swarp,

3)

where my is the atomic mass of hydrogen and Sy, represents
the cross-section area of the warp. We infer from the light curve
that the warps have a Gaussian shape with a central height
H = 2 Ry. The estimated gas mass is 1.6 x 10?° g for warps
with an average extinction of Ay = 1 mag. The short-duration
extinction events in 2015-2016 are less deep and would
therefore either have less mass or a lower scale height.

4.2. The Extinction Curve of the Dips of GI Tau

Extinction events in single-band photometry have degenerate
explanations: the star may be entirely occulted by dust
described by some column density and extinction law, or a
fraction of the star may be entirely occulted by a large column
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Table 4
Hours-long Timescale Bursts
Time (MJD-56950) AB (mag) AV (mag) Al (mag) Duration (hr)* Moce,min” Mace.max
458.7 >0.31 0.32 0.12 2.4 2.27 7.31
461.7 0.04 0.03 0.005 1.0 ¢ ¢
462.6 0.10 0.07 0.02 22 8.77 11.1
462.7 0.06 0.02 1.7 11.5 14.4
462.8 0.17 0.10 0.10 >1.44 11.6 154
Notes.
# Full duration of bursts measured by AB in Figure 9.
® The mass accretion rates are in units of 1 x 10~? M, yr 1,
¢ The B-band photometry is below the detection limit set in Section 4.3.
11.0 -0.20
13 -0.15} 1 .
3 4. 3 - e
k S s —005| £ ’ Ny ‘\
14.4 . . 0.00 ~ d 3 .
1.8 14.6 16.0
390 392 394 396 398 390 392 394 396 398 390 392 394 396 398 0.05
Observation Time (MJD-56950) Observation Time (MJD-56950) Observotion Time (MJD-56950)
_0.4 o o
-0.4 . -0.4 -0.4f . -0.311 . \ N N I 1
__ 02 _-02 _ -oa2f . -0.2 :' 1 ;J N f a
g ¢ - g . g s m e . I . S .
E oof* I S g 0.0p 2 et g oof¢ s _o.1 e : % o | X l
H - O < O oS W AV T
S 02 3 0.2 . S o02f . o
v 13 ool f J
& 04 & 0.4 . & 04f
0.6 0.6 0.6 ' 01
08l " " " " 0.8 " " " " 08l " " " " 3.4 . .
390 3.92 .394 396 398 390 3.92 .394 396 398 390 3.92 .394 396 398 : ‘
Observotion Time (MJD-56950) Observotion Time (MJD-56950) Observotion Time (MJD-56950) 36| ¥
105 12.5 14.0 0 5
: N - 38 vt
o s ; : 0 I
§ > ’ i AN 4.0 A e Aol M
H 1.0 . E , E . m *
§ . t. c?35 V.. M g 15.0f . 4.2
- 115 ‘e S ‘1o 0 25 5 7525 5 7525 5 7525 5 7525 5 75
14.0 1551 .
! v Observation Time (hour)
12.0 14.5 o 16.0
430 435 440 445 450 430 435 440 445 450 430 435 440 445 450

Observotion Time (MJD-56950) Observotion Time (MJD-56950) Observotion Time (MJD-56950)

0.0
0.0

o
o

Residuol (mag)

Residual (mag)
Residual (mag)

o
o
o

1.0 1.5 1.5
430 435 440 445 450 430 435 44D 445 450 430 435 440 445 450
Observation Time (MJD-56950) Observation Time (MJD-56950) Observation Time (MJD-56950)

Figure 8. Top two panels: /-, V-, and B-band light curves of GI Tau from days
391-399, with sinusoidal fits with the 7.02 day period and residuals from the
fit. Curves in the upper panels show the sine fit as spot modulation. Bottom two
panels: same as the top set of panels, for days 430—450 and showing a Gaussian
profile fit to extinction events in red.

of dust (see discussion in, e.g., Bodman et al. 2017). If the star
is entirely occulted by dust, then the wavelength dependence of
the extinction will lead to an estimate of grain growth, as long
as reflected light is not significant. If only a fraction of the star
is covered by opaque dust, then the star will get fainter but the
color will not change.

Figure 12 shows the flux-calibrated spectra of GI Tau
obtained at minimum brightness during an extinction event and
maximum brightness obtained at the end of that event. The
ratio of the two spectra demonstrates that GI Tau is much
redder during occultation than out of occultation. The TiO band

2

Figure 9. B, I, and B — I light curves of GI Tau from five consecutive half-
nights using NOWT. The B- and I-band light curves are normalized to the
minimum brightness within each day to compare their morphologies. Strong
accretion bursts are marked by arrows. Error bars for the B and [ bands are
shown at the upper-left corner.

ratios and Balmer jumps are similar, indicating that the changes
are caused by extinction rather than any change in spot
coverage or accretion. The redder spectrum in this epoch is
consistent with our other spectra obtained during the same run,
the few spectra analyzed by Herczeg & Hillenbrand (2014),
and our photometric results. i

The flux ratio between 4000 and 8500 A is fit with an
extinction curve from Cardelli et al. (1989), with free parameters
Ay and a total-to-selective extinction Ry, between 2.1 and 5.8. The
best-fit Ry = 3.85 + 0.5 indicates possible grain growth relative
to the ISM. This fit is constrained primarily by flux at <5000 A.
The flux ratio'> of the spectrum deviates from the fit above
8000 A for all Ry. This analysis ignores any contribution from
dust scattering, which is likely important at bluer wavelengths
(see, e.g., the analysis of AA Tau by Schneider et al. 2015a). The
V-band magnitude of the fainter spectrum is in the range where the
“blue turnaround” makes the spectrum appear bluer than one
would expect from extinction alone. If considered, scattering

15 The flux ratio does not include any jump at 8200 A that could be caused by
Paschen absorption in the gas in our line of sight.
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Figure 10. Left: the V — I vs. V color—magnitude diagram from our multiband monitoring of GI Tau, with observed data from 2015-2016 in gray. Pre-main-sequence
evolutionary models by Baraffe et al. (2015) are presented to show the isochrones and mass tracks shifted to a 140 pc distance. The red dots show the extinction event
around day 440. The red dashed line shows the fit to the long-time fading event shown in Figure 4. The blue dots are two short accretion bursts detected by NOWT.
Spot modulation is shown by the green line. Right: the V — I vs. I color—magnitude diagram, with the same points as on the left.

Table 5
Trace on the Color-Magnitude Diagram

Mechanism AB AV AR Al AIJAB - 1)
Spot 0.38 0.32 0.25 0.24 1.71
Accretion 0.20 0.07 0.04 0.02 0.11
Extinction dip* 1.56 1.22 0.60 0.63
Long term 1.80 1.50 0.80 0.80
Note.

 The extinction dip represents the extinction event centered at day 440.

Table 6
Photometric Period of GI Tau
Year Period (day) Amp. V (mag) Number of Obs. References
1984 7.18 £ 0.05 0.22 68 a
1987 7.13 £ 0.06 0.34 38 b
1988 7.01 £0.17 0.33 45 b
1989 7.00 £ 0.06 0.20 66 b
1990 7.06 + 0.05 0.35 57 b
1991 7.28 + 0.18 0.40 31 b
1992 7.33 £0.14 0.47 24 b
1993 1.64 35 b
2003 0.60 9 c
2014 21 2.20 174 d
2015 7.03 £ 0.02 0.26 324 d

Note. The periods listed in this table are photometric periods of GI Tau. In this
work, we claim that the ~7 day periods are close to the stellar spin and the 21
day period is an obscuration period contributed by the “slow warp” located
outside the inner edge of circumstellar disk. The Amp. V here is the amplitude
of the sinusoidal fit from the Generalized Lomb-Scargle (GLS) periodogram
and does not represent the obscuration depth. In the years 1993 and 2003, there
is no period detected from the periodicity analysis.

References: (a) Vrba et al. (1986), (b) Herbst et al. (1994), (c¢) Grankin et al.
(2007), (d) this work.
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Figure 11. Depth and timescale for extinction events of classical T Tauri stars,
with the 2014-2015 quasi-periodicity and the months-long extinction from late
2015 shown in red. Periodic or quasi-periodic targets from McGinnis et al.
(2015), Stauffer et al. (2015), and Ansdell et al. (2016b) are shown as circles and
cluster at periods consistent with stellar rotation and extinctions of 0.1-1 mag.
Periodic variation of AA Tau is marked in green. Long-term extinction events of
the faders KH 15D, RW Aur, V409 Tau, and DM Ori from Kearns & Herbst
(1998) and Rodriguez et al. (2015, 2016b) are shown by triangles and plotted
with “timescale” indicating the duration of the event. These extinction events are
usually deeper, though this may be an observational bias.

would lead to a lower Ry, and may also explain the deviation at red
wavelengths. If some fraction of the star is covered by a much
higher dust extinction, then Ry would need to be much lower for
the visible fraction of the star.

Diffuse interstellar bands (see the review by Herbig 1995)
are not detected in any spectrum, but would be expected to be
strong if the dust composition were similar to the ISM
(Friedman et al. 2011). These bands are strong in lines of sight
through molecular clouds (e.g., Vos et al. 2011), and when seen
in the spectra of some young stars (e.g., Oudmaijer et al. 1997;
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Figure 12. Top: Bessell V-band light curve of GI Tau during the SNIFS survey.
The photometry by acquisition images are shown by the black diamonds, while
the blue dots and stars are the synthetic photometry obtained from our flux-
calibrated spectra. Middle: two SNIFS spectra of GI Tau, with one obtained
during a bright epoch on day 54 and one obtained during a faint epoch on day
52 (both marked as stars above). The green dots mark the locations of the
spectra used to measure the extinction law. Bottom: extinction law (flux ratio)
of the spectra shown in the middle panel, normalized by A(\) at 5500 A. The
blue lines show the reddening curves of Cardelli et al. (1989) for Ry = 3.85
(solid) and 3.0 and 5.0 (dotted).

Rodgers et al. 2002) are likely caused by the interstellar
medium rather than the disk. Dust heating and processing
within the disk of GI Tau must have destroyed the complex
molecules that cause these bands. This difference could provide
a method to distinguish disk extinction from interstellar
extinction. i

The flux in the [O1] 6300 A emission does not change
between epochs, despite the change in extinction. High-
resolution spectra of GI Tau include broad and narrow
components (e.g., Simon et al. 2016). The bulk of this
emission must originate above the star, where the outflow
would not be occulted by an inner disk warp.

The wavelength-dependent ratio of the two spectra is
consistent with that of the other spectra obtained during the
rise from days 52-54. The Balmer jump and therefore the
accretion changes between days 54-56, so the later spectra are
not immediately useful for Ry calculations. On the other hand,
when calculated from our photometry of extinction events (see
Table 5), we obtained Ry = Ay /(Ap — Ay) ~ 5 for the long-
term extinction (fader), and the dip in day 440 (dipper) yields
Ry =3.6. The fits to the long-term fade may be less reliable
because they include different points for each band and cover
accretion bursts and spot rotation.

The Ry, measurement indicates a low opacity of the
obscuration source, in contrast to previous interpretations that
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the periodic dips of AA Tau are optically thick (Bouvier et al.
2003). Any optically thin dust in the accretion flow or at the
inner disk edge should be quickly destroyed by strong stellar
irradiation. In MHD simulations, the accretion stream drags
dust grains from the optically thick disk (Romanova et al.
2003), which may replenish the dust in our line of sight.
However, the occultation timescales of the dips (e.g., 5 days)
are relatively long compared with the crossing timescale of an
inner disk warp at the co-rotation radius. Alternative explana-
tions, such as the dust being located in disk winds at larger
radii, rather than in the disk itself, could explain the long
survival time of the dust (Bans & Konigl 2012; Petrov et al.
2015, 2017).

4.3. Accretion on Different Timescales

Mass accretion rates (M,..) are measured here by calculating
the excess continuum and line emission produced by the
accretion flow. Our B-band and limited U-band monitoring of
2015-2016 are shown in Figure 4, with variations caused by
changes in accretion, extinction, and spot coverage. Because
scattered light during deep extinction events strongly affects
the colors (the “blue turnaround”), accretion rates are calculated
only for epochs when V < 14.0 mag.

To measure the excess U-band luminosity, we first remove the
spot modulation effects by a 7.03 day sinusoidal light curve. We
then extract the extinction-corrected photospheric emission from
the flux-calibrated optical spectra of Herczeg & Hillenbrand
(2014). The combined fit of a photospheric template and accretion
continuum to the spectrum yields photospheric luminosities of
Uphotosphere = 14.54 = 0.1 mag, Bphotosphere = 13.44 & 0.05
mag, and Ihotosphere = 10.43 4= 0.05 mag, when corrected to
Ay =0 mag. Any extinction-corrected U-band emission above this
brightness is attributed to accretion. The color of accretion is
calculated as U — I ~ 0.15 mag, using assumptions for the
accretion continuum from Herczeg & Hillenbrand (2014), as
estimated from veiling measurements of Fischer et al. (2011). The
color variations are then calculated for a variable extinction,
following the Ry = 3.85 curve from Cardelli et al. (1989) with
AU =147 Av, AB =1.25 Av, and AI = 0.56 Av. Figure 13
shows how extinction and accretion affect the U — B and I-band
magnitude of GI Tau.

The optical spectral energy distributions of the spot- and
extinction-removed examples are presented in Figure 14. The
accretion excess usually contributes ~60% of the emission in
the U-band filter but only ~15% of the emission in the B-band
filter on the median mass accretion rate M. = 1 ~ 4 x
1079 M, yr', consistent with expectations from accretion
models (e.g., Calvet & Gullbring 1998). A similar relationship
is seen by comparing the left and right panels of Figure 13
where the data points are more scattered in U.

Following the empirical relationship from Gullbring et al.
(1998),  10g(Lace/L) = 10974 log(L* /L) + 0.98%5(7,
the accretion luminosity of GI Tau is calculated using the
U-band accretion luminosity, L, from

le}cc = 4'7Td2erropoim X (10_0'4U""md - 10_0'4UP}'°‘°Sth)’ 4)
where Feropoint 18 the zero point of the generic U band, the
distance d =140 pc, and Upreq is the spot modulation and
extinction reddening removed U magnitude. The accretion
luminosity ranges from ~0 to 41 x 1072 L.. The accretion
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Figure 14. Optical spectral energy distributions of GI Tau obtained at five
different accretion rates, alongside a photospheric template (red). The
photometry has been corrected for extinction. The photospheric template is
Upholosphere = 14.54 mag, Bpholosphere =13.59 mag, Vpholosphere = 1229 mag,
and Lyhotosphere = 10.43 mag.

rate M, is then derived from the accretion luminosity,

Miee ~ 1-25LaccR>k/GM*s (5)
where R, and M, are the radius and mass of GI Tau. The
calculated mass accretion rate of GI Tau ranges from
~(0-52) x 1079 M yr ' for stellar parameters Ry = 1.7 R,
and My = 0.53 M.

We also develop a method to estimate the accretion rate from
B-band photometry, because our time coverage in B is more
extensive than that in U. After removing the sinusoidal spot
modulation, the extinction and accretion for each B and [/
data point are estimated from the grid shown in Figure 13.
The excess B-band emission produced by accretion is

15
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Figure 15. Correlation of the U- and B-band excess of GI Tau, both generated
by accretion. The photometry has been corrected for spots, de-reddened, with
an excess then measured against an estimated photospheric magnitude of
Uphotosphere = 14.54 mag, Byhotosphere = 13.44 mag. The best linear fitting result
is Usx = 0.93B, + 0.52.

calculated from

BeX -25 10g(10_0~4Bunred — 10_0~4Bpholosphere)’ (6)
where Bypreq is the de-reddened magnitude in the B band using
the extinction curve of Ry =3.85. Figure 15 shows a linear
relationship between nearly simultaneous U and Bex, with a
best-fit

Usx = 0.93B,, + 0.52. @)
The bolometric correction of the B-band excess is then
combined with Equation (7) and the empirical relationship



THE ASTROPHYSICAL JOURNAL, 852:56 (15pp), 2018 January 1

U band

A |

14

12

10

Histogram Density

2K -

0
L LI B B B B e e

-10.5 -10.0 -9.5 -9.0 -8.5 -8.0 -7.5 -7.0
log (MHEE/MO yr-l)

Guo et al.

50 B band -

30 -

20 -

Histogram Density

10 -

0 rTrrr I
-10.5 -10.0

-9.5 -9.0 -85 -80 -7.5
log (MQCC/MG yr-l)

-7.0
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given by Gullbring et al. (1998) as

10g(Luce /L) = 1227015 log(L* /L) + 1467515, (8)
Based on the accuracy of our photometry and the correction for
spots, estimated as ~0.1 mag in both B and U bands, our
detection limits of the accretion rate measurement are set as
log(Myee /M, yr=1) > —9.0 for the B band and >—10.0 for the
U band. The correlation between the near-simultaneous B-band
and U-band accretion rates is tight at rates higher than
log(Myee /M, yr™1) > —8.2 but unreliable at lower accretion
rates.

The mass accretion rates of GI Tau calculated from U- and
B-band excesses are summarized in Figure 16. As measured from
the U-band excess, the 5th to 95th percentile range of
log(Myee /M, yr=Y) is —7.89 to —9.77, with a center at —8.70
and sigma of 0.53 dex in the Gaussian fit. These results are
consistent with results from the more extensive B-band photo-
metry, which yielded an average log My../Mg yr—' = —8.55
with 0.6 dex scatter. These estimates are obtained by creating
mock sets of accretion rates over a range of values for the average
and standard deviations and assuming a Gaussian distribution and
upper limits. The adopted values are then obtained from
maximizing the probability from a Kolmogorov—Smirnov test
between the observed distribution and each mock data set. The
distribution of B-band accretion rates includes the NOWT data
sampled at a time resolution of one hour. The best-fit B-band data
overpredict the number of data points at high accretion rates, as
seen in Figure 16. Differences in results between the B-band and
U-band accretion rates are likely attributable to the large scatter in
the B band at average and weaker accretion rates.

This distribution of accretion rates is consistent with the
distribution of accretion rates measured for stars of similar
mass (e.g., Fang et al. 2013; Venuti et al. 2014; Manara et al.
2017). However, the distribution demonstrates the importance
of accretion bursts in models of disk evolution. The average
mass accretion rate of GI Tau is 4.7 x 107° M, yr*l, two
times faster than the average inferred from log(M,.. /M, yr™)).
Moreover, a total of 50% of the mass is accreted during
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accretion bursts when the accretion rate is higher than
12.8 x 107 M, yr~!'(Figure 17). Such bursts are seen in our
high-cadence NOWT monitoring, where, for example, the
accretion rate increased from ~2.3 x 10°°M,yr ' to
7.3 x 107 M yr~! over several hours on day 458.

The periods of high accretion deplete most of the disk; the
periods of low accretion are irrelevant. However, models of
disk evolution (e.g., Rosotti et al. 2016; Lodato et al. 2017;
Mulders et al. 2017; Rafikov 2017) assume that the accretion
rates are static. Although these distributions cannot be fully
explained by variability (Costigan et al. 2014; Venuti et al.
2015) and surely include some stars that are strong accretors
and others that are weak, bursts should be expected to play a
significant role in the mass accretion. The distribution of high
accretion rates could also be in excess over a Gaussian
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distribution. Future analyses should incorporate time-averaged
accretion rates (e.g., Venuti et al. 2015) over many epochs and
perhaps even many years.

5. Conclusions

Our two-year multiband photometric monitoring of the classical
T Tauri star GI Tau revealed variability caused by extinction,
accretion, and spots, each with unique signatures in color—
magnitude diagrams. The deep extinction events of AV =
2-3 mag were seemingly stochastic in their timing and duration,
with some occultations lasting 3-5 days and one 80 day-long
dimming. During three months in 2014-2015, the short dips
recurred with a quasi-period of ~21 days, as might be expected
from the sub-Keplerian slow warp seen in the simulations of
Romanova et al. (2013). The stellar rotation period of 7.03 £ 0.02
days is recovered from the second half of the 2015-2016 light
curve but is not apparent in our earlier light curve, consistent with
previous period estimates from some epochs (see Table 6) and
with an inability to recover that period in other epochs.

A wavelength-dependent extinction curve is fitted by spectral
ratios, with best-fit Ry, = 3.85 + 0.5. Diffuse interstellar bands
are not detected from the spectra. The average mass accretion
rate of GI Tau of ~4.7 x 1079 M. yr " is calculated from
excess U- and B- band light curves, after accounting for
extinction and spots. The distribution of accretion rates
demonstrates that most of the accretion occurs during bursts,
so the quiescent accretion rates may provide a misleading
evaluation of accretion as a diagnostic of disk physics.
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A photometric survey of near-Earth asteroids (NEAs) was conducted from 2012 through 2014 at Lulin Obser-
vatory, Taiwan. The measurements of the color indices, B-V, V-R, and V-I allow the classification of 92 NEAs into
seven taxonomic types. Of these samples, 39 of them are new classifications. The fractional abundances of these
taxonomic complexes are: A ~3%, C~6.5%, D~8%, Q~26%, S~37%, V~6.5%, and X~13%. This result is similar

to that of Thomas et al. (2011) even though the populations of the D- and X-complex with low albedos are under-
represented. The ratio of the C-cluster to the total population of S + C clusters are 0.22 + 0.06 for H < 17.0 and
0.31 £ 0.06 for H > 17.0, indicating a slightly higher fraction of dark-object population with sizes smaller than 1

km.

1. Introduction

The asteroidal population is characterized by different chemical
compositions and taxonomic types at different heliocentric distances.
The S-type asteroids can be found most often in the inner asteroid belt
while the C-type asteroids dominate the outer belt population (Tholen,
1984; Bus and Binzel, 2002; DeMeo et al., 2009; DeMeo and Carry,
2013). The Near-Earth Asteroids (NEAs) with orbits near or crossing the
Earth's orbit are products of collisional fragmentation of main belt parent
bodies. How these small pieces of km to sub-km size range can be
transported from the main belt to the Mars and Earth crossing orbits via
the 3:1 mean motion resonance, v6 secular resonance, or the Yarkovsky
effect has been investigated in detail by a number of authors (Bottke et
al., 2002; Morbidelli and Vokrouhlicky’, 2003; Greenstreet et al., 2012;
Granvik et al., 2016). The taxonomic mapping of NEAs can therefore
provide important information on their source regions and evolutionary
histories (DeMeo and Carry, 2014; Carry et al., 2016).

On the basis of the Bus-system (Bus, 1999), several observational
studies have shown that the S, Q, X and C-complexes in total account for
about 90% of the NEA population while the rest is comprised of the A, D
and V types (Dandy et al., 2003; Binzel et al., 2004; de Leon et al., 2010;
Ye, 2011; Thomas et al., 2011).

The C-type and D-type NEAs are of special interest because of their
volatile contents (Nichols, 1993; Reddy et al., 2012a). The C-type NEAs

are likely originated from the outer main belt which is known to be the
reservoir of asteroids of carbonaceous composition (Bus and Binzel,
2002; DeMeo and Carry, 2014) and the so-called main belt comets with
active outgassing phenomenon (Hsieh and Jewitt, 2006; Bertini, 2011).
At the same time, the D-type and P-type NEAs could be of cometary origin
(Jones et al., 1990; Rivkin, 2006; Volquardsen, 2007). The D-type objects
are rather rare in the NEA population (Perna et al., 2016). Search for
these volatile-rich NEAs as potential targets for future space missions is
one of the scientific goals of the Lulin photometric survey.

Some S-type and Q-type are likely the same as ordinary chondritic
composition (Tholen, 1984; Vernazza et al., 2008). That the S-type as-
teroids are redder and darker than the Q-type asteroids implies with the
higher level of space weathering effect (Brunetto et al., 2006, 2015; Clark
et al., 2002; Ishiguro et al., 2007). This also means that the Q-type as-
teroids should have younger (fresher) surfaces. The direct evidence of
space weathering on surface particles has been derived from asteroid
Itokawa from Hayabusa mission (Nakamura et al., 2011; Brunetto et al.,
2015) Comparisons of the Q/S ratios in the main belt and the NEA
population (Bus and Binzel, 2002; Lazzaro et al., 2004; Binzel et al.,
2004; Dandy et al., 2003; Lin et al., 2015) have led to the interpretation
that some physical mechanism must be at work to rejuvenate the surfaces
of the Q-type objects once being injected into the orbital region of the
terrestrial planets. Seismic shaking or removal of the surface materials by
tidal effect during close encounters with the Earth and Venus has been
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proposed and apparently supported by numerical studies showing that
the Q-type NEAs tended to have more close encounters with the Earth
and Venus than the S-type NEAs (Binzel et al., 2010; Nesvorny et al.,
2010; Carry et al., 2016). DeMeo et al. (2014) even added that Mars
could also be important for such surface rejuvenation process, yet Carry
et al. (2016) did not found the significant difference in orbital properties
of Q- and S-types in their encounters with Mars.

Another mechanism of potential importance has to do with the YORP
effect of asteroidal rotation (Rubincam, 2000). The increase of the
rotational rate because of the YORP effect to a certain critical value upon
which the surface materials would be either spun off (Jacobson and
Scheeres, 2011; Polishook et al., 2014) or turned over (Walsh et al.,
2012; Scheeres, 2015) could play a role in keeping a higher Q/S ratio
(Graves et al., 2016).

Of the 14,000 NEAs discovered up to now, only 800 have been
classified by spectroscopic observations (Binzel et al., 2002: Data Base of
Physical and Dynamical Properties of NEAs on E.A.R.N.) and 300 by
photometric measurements in terms of color indices from SDSS (Carry et
al., 2016) and the Bessel system photometry (Rabinowitz, 1998; Binzel
et al.,, 2002 (NEA database); Dandy et al., 2003; Ye, 2011). Therefore
there is a need to acquire more taxonomic data so that a number of major
issues in NEAs as discussed above can be addressed.

2. Previous studies on the boulder shape and destruction
mechanisms

2.1. Procedure

The 2012-2014 observations were carried out monthly at the Lulin
Observatory in the middle of Taiwan (latitude = 23° 28’ 07" N, longi-
tude = 120° 52’ 25” E and altitude = 2862 m) using either the Lulin One-
meter Telescope (LOT) or the Super Light Telescope (SLT) with a primary
mirror of 41 cm. The CCD camera installed on LOT was PI-1300 which
has a field of view (FOV) of 11'x11’ and an effective pixel scale of
0.516”/pxl; the one on SLT was U42 with FOV of 27'x27’ and a pixel
scale of 0.78”/pxl. The filters for both telescopes were Bessel broad-band
BVRI filters with central wavelengths at 442, 540, 647 and 786 nm,
respectively. Our observational strategy was to select NEAs with visible
magnitude brighter than 19.0 in each month irrespective of whether their
taxonomical classifications were known or not. All data sets considered
had been obtained with air mass below 2.0. About 30% of the observa-
tions — 21 out of 92 our NEAs - were conducted with the color sequence as
RBRVRIR especially for those brighter targets whose exposure time was
able to be acquired in shorter time duration, while others were obtained
simply with the sequence as BVRI for most of long exposures. The
observational log can be found in Appendix A.

2.2. Data reduction

The observations in each night had their own set of Landolt standard
stars used for flux calibration (Landolt, 1992). The routine procedure of
fitting for air mass extinction and imaging photometry was performed by
using the IRAF package (Image Reduction and Analysis Facility supplied
by National Optical Astronomy Observatories); the WCS information on
the images was applied with the code from astrometry.net (Lang et al.,
2010). Some observational data in specific dates were excluded from
observation log (Appendix A) because of bad extinction value for color
calibration, background star eclipse by the target NEAs, or photometric
error with magnitude Am > 0.15. Each target has at least once full BVRI
exposures. There are some targets with multiple serial exposures as
requested.

2.3. Color indices

The absolute magnitudes (H) of our NEA targets ranged from 9.45 to
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21.8. This means that some of the observations were done during the
close approaches of the NEAs to the Earth. The apparent brightness of
each band was derived from aperture photometry. The color indices were
then computed for B-V, V-R and V-I. For multiple sets of BVRI exposures,
the average values are used. The results are summarized in Table 1. Note
that five NEAs in the table have one missing color index because of stellar
eclipse during individual observations. Overall, the Bessel color indices
for 64 of the NEAs are derived for the first time from this work.

3. Taxonomic classifications
3.1. Integrated classes

The definition of asteroidal spectral types we used here is the Bus-
DeMeo system (DeMeo et al., 2009). However, the broad-band
photometry employed cannot give high resolution data as spectro-
scopic observations do, and our measurements were also limited in the
optical wavelength range, without near-infrared coverage. We therefore
made use of the classification scheme given by Binzel et al. (2004) and
Stuart and Binzel (2004) with some modification. As shown in Table 2,
we have seven main taxonomic complexes, namely, A, C, D, Q, S, V, X,
whose subdivisions are listed. The main points are that, we combined the
R-type into the V-type because they have similar spectral slopes in
visible. By the same token, the O-type and the Q-type were merged into
the Q-complex. The resultant SEDs of the seven taxonomical groups are
illustrated in Fig. 1 which is a composite plot of different types of
reflectance spectra to show the range of spectral variations. The actual
dispersion should be more than depicted here because the Bus-DeMeo
taxonomic classification is based on 371 spectra out of a population of
about one million objects. In principle, these curves capture most of the
main spectral signatures, namely, the absorption feature near 1 pm for
the Q- and V-types, the flatter slopes of X- and C-types, and the reddish
color of the A- and D-types. Table 2 also gives the color indices specific to
different taxonomic groups.

3.2. Classification

The distribution of the color indices of different taxonomic types is
shown in the V-R/B-V color-color diagram in Fig. 2. This figure was
constructed by collecting the known color indices of 150 NEAs from the
Database of Physical Properties of NEAs by E.A.R.N. (Binzel et al., 2002)
and several photometric surveys (Rabinowitz, 1998; Dandy et al., 2003;
Ye, 2011). The color indices from the Lulin observations are super-
imposed over the reference data points. Some of the Lulin data points
have relatively large error bars, but most of them fall into the domain of
the reference groups aligned by the A-V-S-Q axis and the D-X-C axis.

In order to examine the taxonomic types of the observed NEAs by
three color indices, representing different slopes of their SEDs, we
adopted the method of principal component analysis (cf. Ivezic et al.,
2001) to identify the uncorrelated indices in the B-V and V-R phase space.
According to the line of linear regression to the mean indices of the seven
taxonomic complexes, we can rotate the B-V and V-R axes by and angle
(0) of 37.43-(with a deviation of +2.714°/-2.937° from the fitting slope of
0.765 £ 0.078) from which we can derive a principal component index
(PCI) according to Equation (1).

PCI = (B — V)cos0 + (V — R)sin0 1)

The main method to classify the NEAs is analogous to that of DeMeo
and Carry (2013) while using PCI and the R-I index in the present study.
Fig. 3.a shows the PCI vs. R-I index of the known taxonomic types. It
helps us to identify the boundaries of different complexes according to
the Bus-DeMeo system, which described the ranges from the average
spectra of the specific classes. Furthermore, we also considered the dis-
tributions of previous classifications referred in Fig. 3.a. Fig. 3.b shows
the positions of our data points in such a map.
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Table 1
Here displays the mean magnitude of each band, color indices, principle component indices (PCI1) and their corresponding deviations of our 92 NEA targets.
NEA B AB \% AV R AR I Al B-V AB-V V-R AV-R V-1 AV-1 R-I AR-I PCI1 APCI1
(1036) Ganymed 16.927 0.006 16.045 0.003 15.530 0.004 15.064 0.004 0.882 0.008 0.515 0.004 0.981 0.005 0.466 0.006 1.015 0.009
(1627) Ivar 13.432 0.008 12.602 0.004 12.170 0.005 11.846 0.005 0.830 0.010 0.432 0.005 0.756 0.005 0.325 0.007 0.924 0.011
(1685) Toro 17.311 0.056 16.375 0.021 15.886 0.023 15.506 0.024 0.936 0.076 0.489 0.024 0.869 0.027 0.380 0.036 1.043 0.075
(1943) Anteros 17.140 0.007 16.219 0.004 15.705 0.005 15.243 0.005 0.921 0.009 0.514 0.005 0.976 0.005 0.462 0.007 1.046 0.010
(2100) Ra-Shalom 17.069 0.010 16.350 0.007 15.901 0.008 15.591 0.013 0.719 0.012 0.449 0.009 0.759 0.017 0.310 0.019 0.845 0.015
(3360) Syrinx 17.183 0.021 16.355 0.013 15.948 0.013 15.550 0.015 0.828 0.027 0.407 0.013 0.805 0.017 0.398 0.021 0.908 0.029 a
(3554) Amun 18.361 0.027 17.593 0.014 17.202 0.016 16.784 0.016 0.768 0.035 0.391 0.017 0.809 0.018 0.418 0.025 0.850 0.038
(4055) Magellan 18.978 0.028 18.032 0.016 17.516 0.017 17.275 0.020 0.946 0.036 0.516 0.018 0.757 0.023 0.241 0.029 1.067 0.040
(4179) Toutatis 15.237 0.019 14.406 0.009 13.941 0.011 13.577 0.011 0.831 0.025 0.465 0.012 0.829 0.013 0.364 0.018 0.945 0.027
(4450) Pan 18.008 0.023 17.202 0.015 16.733 0.018 16.569 0.025 0.806 0.029 0.469 0.020 0.633 0.032 0.164 0.038 0.927 0.035
(4487) Pocahontas 18.426 0.038 17.655 0.024 17.166 0.027 16.729 0.030 0.771 0.048 0.489 0.029 0.926 0.035 0.438 0.046 0.911 0.056 a
(4954) Eric 17.651 0.008 16.651 0.004 16.120 0.005 15.707 0.006 1.000 0.010 0.531 0.005 0.944 0.007 0.413 0.009 1.120 0.011
(5731) Zeus 18.287 0.061 17.578 0.033 17.184 0.038 16.814 0.044 0.709 0.080 0.394 0.042 0.764 0.053 0.369 0.068 0.804 0.089 b
(6047) 1991 TB1 18.863 0.050 18.015 0.033 17.563 0.035 17.244 0.041 0.848 0.062 0.452 0.037 0.771 0.048 0.320 0.061 0.950 0.072 a
(7350) 1993 VA 18.154 0.050 17.337 0.028 16.962 0.033 16.576 0.031 0.817 0.065 0.375 0.037 0.761 0.034 0.384 0.043 0.880 0.074 a
(7753) 1988 XB 16.789 0.029 16.114 0.017 15.742 0.019 15.473 0.021 0.675 0.038 0.372 0.021 0.641 0.025 0.269 0.032 0.764 0.043 “
(8013) Gordonmoore 20.660 0.125 19.831 0.078 19.351 0.083 18.792 0.087 0.829 0.158 0.480 0.087 1.039 0.096 0.559 0.130 0.952 0.179 a
(10115) 1992 SK 18.553 0.046 17.651 0.025 17.208 0.028 16.861 0.028 0.902 0.060 0.443 0.031 0.790 0.031 0.347 0.044 0.988 0.067 a
(11284) Belenus 17.856 0.060 16.985 0.024 16.466 0.025 16.068 0.027 0.871 0.081 0.519 0.025 0.917 0.030 0.398 0.039 1.009 0.080
(11405) 1999 CV3 17.605 0.057 16.637 0.031 16.126 0.034 15.756 0.035 0.968 0.074 0.511 0.036 0.881 0.038 0.370 0.053 1.082 0.081 “
(12923) Zephyr 19.590 0.102 18.850 0.063 18.320 0.071 17.812 0.079 0.740 0.130 0.530 0.078 1.038 0.092 0.508 0.120 0.910 0.151 a
(17188) 1999 WC2 16.354 0.018 15.636 0.011 15.152 0.014 14.820 0.014 0.718 0.023 0.484 0.017 0.816 0.016 0.374 0.016 0.865 0.029 a
(21088) Chelyabinsk 17.856 0.070 17.166 0.030 16.670 0.034 16.224 0.035 0.690 0.094 0.496 0.037 0.942 0.039 0.446 0.054 0.850 0.098
(22753) 1998 WT 18.522 0.034 17.763 0.018 17.338 0.020 17.010 0.021 0.759 0.045 0.425 0.021 0.753 0.023 0.328 0.032 0.863 0.049 a
(24761) Ahau 19.095 0.065 18.478 0.039 17.982 0.042 17.518 0.045 0.617 0.084 0.496 0.044 0.960 0.051 0.464 0.067 0.791 0.094
(25916) 2001 CP44 19.000 0.046 18.123 0.028 17.626 0.030 17.083 0.039 0.877 0.058 0.497 0.032 1.040 0.047 0.543 0.057 1.001 0.066 a
(40267) 1999 GJ4 19.509 0.031 18.641 0.021 18.078 0.022 17.747 0.025 0.868 0.039 0.563 0.023 0.894 0.029 0.331 0.037 1.033 0.045 a
(52762) 1998 MT24 18.310 0.085 17.567 0.058 17.126 0.084 16.758 0.089 0.743 0.106 0.441 0.103 0.809 0.112 0.368 0.016 0.860 0.146
(53435) 1999 VM40 17.062 0.015 16.160 0.009 15.628 0.010 15.248 0.011 0.902 0.019 0.532 0.011 0.912 0.013 0.381 0.017 1.041 0.022 a
(55532) 2001 WG2 18.572 0.064 17.754 0.037 17.233 0.040 17.062 0.052 0.818 0.082 0.521 0.042 0.692 0.063 0.171 0.076 0.967 0.091 a
(68031) 2000 YK29 18.887 0.019 18.062 0.013 17.561 0.014 17.144 0.016 0.825 0.024 0.501 0.014 0.918 0.018 0.417 0.023 0.961 0.028 a
(68216) 2001 CV26 17.838 0.079 16.875 0.034 16.422 0.036 16.008 0.038 0.963 0.107 0.453 0.037 0.867 0.041 0.414 0.055 1.043 0.108
(85990) 1999 JV6 19.893 0.058 19.080 0.030 18.729 0.033 18.207 0.038 0.813 0.076 0.351 0.035 0.873 0.045 0.522 0.057 0.862 0.082 a
(88263) 2001 KQ1 18.517 0.037 17.718 0.024 17.371 0.027 16.971 0.032 0.799 0.046 0.347 0.029 0.747 0.038 0.400 0.048 0.849 0.054 a
(89355) 2001 VS78 19.269 0.050 18.403 0.024 17.801 0.026 17.407 0.037 0.866 0.067 0.602 0.028 0.996 0.046 0.394 0.054 1.054 0.071 a
(90075) 2002 VU94 19.166 0.058 18.389 0.032 17.920 0.037 17.447 0.037 0.777 0.076 0.469 0.041 0.942 0.041 0.474 0.058 0.903 0.085 a
(99942) Apophis 16.477 0.019 15.631 0.010 15.180 0.011 14.818 0.012 0.846 0.025 0.451 0.012 0.813 0.013 0.362 0.017 0.948 0.027
(136900) 1998 HL49 19.683 0.090 18.982 0.061 18.469 0.077 18.112 0.083 0.701 0.111 0.513 0.091 0.870 0.101 0.357 0.136 0.869 0.143 a
(137062) 1998 WM 18.068 0.029 17.208 0.016 16.848 0.018 16.596 0.023 0.860 0.038 0.360 0.019 0.612 0.028 0.252 0.034 0.905 0.042 “
(137199) 1999 KX4 16.667 0.029 15.859 0.014 15.371 0.016 15.042 0.017 0.808 0.038 0.488 0.017 0.817 0.019 0.329 0.026 0.940 0.041 a
(137805) 1999 YK5 17.205 0.031 16.542 0.017 16.127 0.020 15.779 0.021 0.663 0.041 0.415 0.022 0.763 0.024 0.348 0.031 0.780 0.046
(141052) 2001 XR1 19.269 0.045 18.552 0.031 18.078 0.031 17.728 0.036 0.717 0.055 0.474 0.030 0.824 0.041 0.350 0.051 0.858 0.062 a
(141484) 2002 DB4 17.776 0.046 17.075 0.024 16.636 0.027 16.335 0.026 0.701 0.060 0.439 0.029 0.740 0.027 0.301 0.040 0.825 0.065 “
(152756) 1999 JV3 17.598 0.038 16.591 0.014 16.152 0.016 15.855 0.017 1.007 0.052 0.439 0.018 0.736 0.020 0.297 0.027 1.070 0.052 a
(152889) 2000 CF59 17.894 0.029 17.005 0.013 16.576 0.013 16.354 0.016 0.889 0.039 0.429 0.012 0.651 0.018 0.222 0.021 0.970 0.038 a
(154347) 2002 XK4 17.416 0.040 16.605 0.021 16.132 0.024 15.777 0.024 0.811 0.053 0.473 0.026 0.828 0.026 0.355 0.037 0.933 0.058 a
(162004) 1991 VE 17.213 0.022 16.523 0.019 16.154 0.016 15.740 0.019 0.690 0.024 0.369 0.013 0.783 0.019 0.414 0.023 0.774 0.027 a
(162566) 2000 RJ34 17.196 0.011 16.567 0.007 16.204 0.008 15.843 0.009 0.629 0.014 0.363 0.008 0.724 0.010 0.361 0.013 0.721 0.016
(163249) 2002 GT 17.457 0.063 16.533 0.026 16.043 0.029 15.741 0.030 0.924 0.085 0.490 0.031 0.792 0.033 0.303 0.045 1.034 0.087 a
(163364) 2002 OD20 15.028 0.029 14.183 0.014 13.747 0.016 13.410 0.017 0.845 0.038 0.436 0.017 0.773 0.020 0.337 0.027 0.939 0.041 a
(168378) 1997 ET30 18.534 0.034 17.681 0.022 17.244 0.024 16.917 0.027 0.853 0.042 0.437 0.026 0.764 0.032 0.327 0.041 0.946 0.049 a
(214869) 2007 PA8 14.635 0.016 13.831 0.009 13.410 0.010 13.097 0.011 0.804 0.020 0.421 0.011 0.734 0.012 0.312 0.016 0.897 0.023
(215188) 2000 NM 18.364 0.024 17.556 0.012 17.099 0.013 16.727 0.015 0.808 0.031 0.457 0.014 0.829 0.017 0.372 0.022 0.921 0.033
(219071) 1997 US9 19.761 0.069 18.965 0.049 17.896 0.058 0.796 0.084 1.069 0.066 a
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Table 1 (continued)

NEA B AB \% AV R AR I Al B-V AB-V V-R AV-R V-1 AV-I R-I AR-I PCI1 APCI1
(230111) 2001 BE10 18.391 0.109 17.581 0.052 17.196 0.054 16.980 0.060 0.810 0.145 0.385 0.056 0.601 0.067 0.216 0.087 0.880 0.150
(249595) 1997 GH28 18.226 0.020 17.483 0.013 17.031 0.014 16.590 0.016 0.743 0.025 0.452 0.015 0.893 0.018 0.441 0.023 0.866 0.029
(249886) 2001 RY11 18.959 0.051 18.312 0.032 17.885 0.034 17.518 0.041 0.647 0.065 0.427 0.036 0.794 0.048 0.324 0.064 0.774 0.074
(262623) 2006 WY2 18.194 0.024 17.373 0.015 16.477 0.017 0.821 0.031 0.896 0.019

(276397) 2002 XA40 17.449 0.011 16.628 0.008 16.160 0.010 15.832 0.010 0.821 0.014 0.468 0.011 0.796 0.012 0.333 0.016 0.938 0.018
(276786) 2004 KD1 19.226 0.057 18.519 0.037 18.203 0.040 17.978 0.054 0.707 0.072 0.316 0.043 0.541 0.066 0.225 0.079 0.756 0.083
(277127) 2005 GW119 18.948 0.066 18.099 0.038 17.627 0.040 17.310 0.048 0.849 0.086 0.472 0.042 0.789 0.057 0.310 0.071 0.963 0.094
(285263) 1998 QE2 11.860 0.007 11.127 0.003 10.804 0.005 10.425 0.005 0.733 0.009 0.323 0.007 0.702 0.006 0.380 0.009 0.781 0.011
(294739) 2008 CM 17.538 0.019 16.791 0.011 16.321 0.012 15.962 0.014 0.747 0.025 0.470 0.012 0.829 0.016 0.359 0.020 0.880 0.027
(297274) 1996 SK 17.042 0.013 16.275 0.013 15.793 0.013 15.474 0.013 0.767 0.013 0.482 0.013 0.801 0.013 0.320 0.013 0.903 0.018
(326732) 2003 HB6 17.554 0.094 16.878 0.046 16.490 0.047 16.092 0.050 0.676 0.124 0.388 0.048 0.786 0.054 0.398 0.073 0.774 0.128
(329338) 2001 JW2 17.319 0.029 16.521 0.016 16.025 0.018 15.637 0.023 0.798 0.037 0.496 0.019 0.884 0.028 0.383 0.034 0.936 0.041
(330825) 2008 XE3 16.704 0.014 15.870 0.008 15.400 0.009 15.020 0.011 0.834 0.018 0.470 0.009 0.850 0.013 0.380 0.016 0.950 0.020
(333358) 2001 WN1 17.378 0.030 16.668 0.018 16.230 0.020 15.873 0.024 0.710 0.039 0.438 0.021 0.795 0.029 0.357 0.036 0.831 0.044
(334412) 2002 EZ2 19.390 0.078 18.590 0.051 18.025 0.060 17.718 0.068 0.800 0.098 0.565 0.068 0.872 0.081 0.308 0.106 0.979 0.119
(339492) 2005 GQ21 17.387 0.011 16.587 0.007 16.125 0.009 15.746 0.010 0.800 0.014 0.462 0.010 0.841 0.012 0.379 0.016 0.918 0.017
(339714) 2005 ST1 18.177 0.053 17.323 0.028 16.847 0.032 16.438 0.039 0.854 0.070 0.476 0.036 0.885 0.048 0.409 0.060 0.970 0.078
(340666) 2006 RO36 19.223 0.032 18.539 0.022 18.135 0.024 17.789 0.029 0.684 0.040 0.404 0.026 0.750 0.034 0.346 0.043 0.790 0.048
(341816) 2007 YK 19.036 0.112 18.262 0.051 17.833 0.057 17.561 0.046 0.774 0.150 0.429 0.062 0.701 0.040 0.272 0.073 0.877 0.157
(343098) 2009 DV42 17.391 0.042 16.565 0.022 16.027 0.026 15.584 0.026 0.826 0.055 0.538 0.029 0.981 0.030 0.445 0.043 0.984 0.061
(345722) 2007 BG29 19.428 0.082 18.438 0.040 17.787 0.043 17.339 0.043 0.990 0.109 0.651 0.046 1.099 0.045 0.448 0.064 1.183 0.115
(349068) 2006 YT13 16.761 0.034 15.969 0.018 15.503 0.021 15.127 0.021 0.792 0.044 0.466 0.023 0.842 0.024 0.365 0.035 0.914 0.049
(355256) 2007 KN4 19.557 0.089 18.666 0.054 18.228 0.059 17.814 0.069 0.891 0.113 0.438 0.064 0.852 0.082 0.414 0.105 0.977 0.129
(356394) 2010 QD2 18.965 0.033 18.080 0.017 17.626 0.019 17.272 0.020 0.885 0.043 0.454 0.020 0.808 0.022 0.354 0.030 0.981 0.046
(361071) 2006 AO4 17.218 0.032 16.415 0.018 16.038 0.025 0.803 0.041 0.377 0.030 0.870 0.051
(363790) 2005 JE46 18.442 0.090 17.690 0.051 17.284 0.062 16.974 0.061 0.752 0.117 0.406 0.071 0.716 0.069 0.310 0.100 0.846 0.136
(378610) 2008 FT6 19.004 0.015 18.092 0.008 17.594 0.009 17.204 0.011 0.912 0.019 0.498 0.010 0.888 0.014 0.390 0.017 1.029 0.021
(389694) 2011 QD48 19.610 0.049 18.755 0.034 18.249 0.038 17.937 0.045 0.855 0.061 0.506 0.041 0.818 0.053 0.312 0.067 0.988 0.073
(411280) 2010 SL13 18.171 0.014 17.485 0.009 17.046 0.010 16.627 0.012 0.686 0.018 0.439 0.011 0.858 0.015 0.419 0.019 0.813 0.021
(441825) 2009 SK1 19.231 0.066 18.558 0.044 18.084 0.048 17.777 0.059 0.673 0.083 0.474 0.051 0.781 0.071 0.308 0.087 0.823 0.097
2002 TY68 18.445 0.023 17.673 0.016 17.240 0.018 16.835 0.019 0.772 0.029 0.433 0.020 0.838 0.022 0.417 0.031 0.878 0.035
2005 RQ6 18.674 0.054 17.943 0.028 17.484 0.032 17.162 0.054 0.731 0.071 0.459 0.036 0.781 0.071 0.317 0.059 0.861 0.078
2010 TN54 18.053 0.061 17.239 0.035 16.804 0.052 16.492 0.053 0.814 0.079 0.435 0.064 0.747 0.066 0.313 0.016 0.913 0.102
2010 XZ67 16.346 0.004 15.555 0.002 14.791 0.003 0.791 0.006 0.764 0.004

2011 WV134 16.217 0.011 15.431 0.006 14.990 0.007 14.597 0.008 0.786 0.014 0.441 0.008 0.834 0.009 0.394 0.012 0.894 0.016
2012 ER14 18.030 0.012 17.424 0.007 17.044 0.008 16.647 0.010 0.606 0.015 0.380 0.009 0.777 0.013 0.397 0.016 0.713 0.017
2013 SO19 19.968 0.071 19.228 0.050 18.311 0.064 0.740 0.087 0.917 0.075

2013 UH9 18.520 0.092 17.814 0.052 17.299 0.055 16.865 0.057 0.706 0.119 0.515 0.057 0.949 0.062 0.434 0.084 0.874 0.130

@ It indicates that this NEA was derived for its Bessel-system color indices from the photometry for the first time.
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Table 2
Alist of the seven merged complexes and their subgroups together with the individual color
indices.
Taxonomic complex Subgroups B-V V-R V-1
A A, Sa 0.926 0.556 0.900
C C, Cb, Cg, Cgh, Ch, B 0.694 0.365 0.696
D D, T 0.744 0.444 0.868
Q Q, Sq, 0 0.792 0.444 0.747
S K, L, Ld, S, Sr, Sv, Sk, S1 0.818 0.484 0.871
\% V,R 0.861 0.519 0.825
X X, Xc, Xe, Xk 0.716 0.410 0.785
A-type *--- L. '
C-type — -~
D-type + — - :
Q-type )
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Fig. 1. The relative reflectance spectra of the seven taxonomic complexes.
The four conjunct points of 442, 540, 647, and 786 nm correspond to the
median wavelengths of the band widths from our BVRI filters. The reflective
irradiance is normalized according to the V-band. The error bars are derived
from the dispersions of the mean spectra (DeMeo et al., 2009).

0.7 ; . . | . : —r
S
s
06 - 0=37.43° %// 7
A
' Ll
05 = o0 =. a4 %L K
s e
(o HE=114 %
< =
04 e e 4
e Al :
4 a1
03 r b |
A
P S-cluster
02 ~ CDX-cluster 1
|~ . . ) . Lulin(LOT+SLT) —e—
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

B-V

Fig. 2. The color-color diagrams for the spectral indices of the two taxonomic
clusters, S- (yellow) and CDX-clusters (blue) (will also be described in Section
5) from the literature and the Lulin observations (black dots). The centers of
the mean colors of different spectral complexes are identified with the cor-
responding red bold letters.

It can be noticed that some of the taxonomic domains overlap with
others and that a few of the data points from the Lulin photometric survey
fall outside the outer limit of the taxonomic boundaries. The flow chart in
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Fig. 3. An illustration of the correlation between the principle-component
index (PCI) and the color index, R-I. The black bold letters specify the mean
colors of the seven taxonomic complexes, A, C, D, Q, S, V and X. Each has its
own domain boundary which is plotted in different colors. (a) Top: The global
pattern of the seven domains and the distributions of the three large com-
plexes: C-, S- and X-complexes in the PCI vs. R-I plot. (b) Bottom: Distribution
of the 87 NEAs in the same plot.

Fig. 4 illustrates the steps taken to prioritize their identification. Basi-
cally, we classified our NEAs according to the boundaries of taxonomic
complexes in Fig. 3. Inevitably some photometric classifications would
fall into two or more taxonomical regions. If it is really close to the mean
indices of one taxonomic complex with the distance of (PCI, R-I) smaller
than 0.01, we would classify it to be that one. Otherwise, we have
perform priority check as displayed in Fig. 4. The reason is that the Q-
complex has a prominent absorption feature, and if one S-complex NEA
has some such feature like that, we would consider it as having some Q-
type surfaces on it. The majority of the NEA taxonomic classes are inside
silicate complexes with a larger amount of V-type than A-type. As for the
group of C, D, X-complexes, the X-complex has a higher fraction of
overlapping with the regions of C and D complexes and also a larger
distinguished population within the CDX-cluster. Therefore, classifica-
tion of the X-complex has priority.

Five NEAs of the program have only two color indices because of the
observational condition. They are classified by visual inspection and
comparison of the segmental slopes with the SED templates of the seven



C.-H. Lin et al.

Compare the PCI deviation
range with the complexes

Inside any
boundary
of complex?

Planetary and Space Science 152 (2018) 116-135

Find the closest distance to

above complexes

Designate the
taxonomy

Within only one
complex?

Distance between
the data
(PCI, R-I)

and the mean value

of any complex

is less than 0.01?2

Check the priority
according to
Q=S>V>A>X>C>D

Fig. 4. The flow chart for the classification scheme of NEA taxonomy according to the relative positions of NEAs in Fig. 3.

taxonomic types. The results are listed in Table 3 and Table 4. Note that
the sizes of NEAs without albedo measurements have been estimated by
using the mean albedos of individual spectral types given in Thomas et
al. (2011). Finally, Fig. 5 shows the composite SEDs of the 87 NEAs with
full sets of BVRI measurements according to their assigned complexes.
The spectra and the descriptions of individual entries can be found in the
Appendices.

4. Spectral trends

According to the spectral classifications as described above, it can be
seen that there are A=3%, C=6.5%, D=8%, Q=26%, S=37%,
V =6.5%, and X =13% in our Lulin sample (see Fig. 6). In general, such
distribution is compatible to the results of Thomas et al. (2011) covering
118 NEAs, with C=4%, D=2%, Q=34%, S=39%, V=6%, and
X =15%, but lacking the A-type. The A-complex has similar reddish
trend as the S-complex. If we combine A and S together in the Lulin
survey, the resultant S-complex will be 40% which is close to the value of
Thomas et al. (2011).

It is interesting to see in Fig. 5 that while the spectral classification has
been divided into 7 complexes, they could also be grouped into two main
clusters, namely, the S-cluster consisting of the S, Q, V and A complexes,
and the C-cluster consisting of the C, D and X complexes. The ratio of
simply lumped clusters of S and C classes would be more comparable
with other results as well as reducing some disadvantage of lower spec-
tral resolution from the photometry. In general, our photometric mea-
surements allow spectral typing according to the Bus-DeMeo system. In
our Lulin sample, the S-cluster accounts for nearly 73% of the total
number of NEAs and the C-cluster 27%. The corresponding S-cluster to C-
cluster (or S/C) ratio is therefore about 2.7. Note that the bias-corrected
estimate by Stuart and Binzel (2004) gives a S/C (i.e., bright to dark)
ratio of 1.6. Carry et al. (2016) shows the S/C ratio of objects with
diameter between 3 and 5km to be about 2.0 according to SDSS

73

photometric measurements. A larger S/C ratio of 3.3 was reported by
Gietzen (2009) based on infrared and other observations.

Furthermore, the overall ratio of C- to C- plus S-cluster of the Lulin
samples is 25 over 25 + 67 or 0.27 + 0.05. The error of the fraction is
derived by variance of the beta distribution and will be applied there-
after. The ratio of C-like/S-like is 25/67 or 0.37. This value is larger than
the results of previous photometric NEA surveys from Dandy et al.
(2003) for 0.21 and Ye (2011) for 0.14, However, it is close to the
spectroscopic measurements of 36 NEAs from Lazzarin et al. (2005) for
0.27.

Rabinowitz (1998) suggested that NEAs with H>17.0 and H< 17.0,
respectively, do not share the same color distributions. Fig. 7 shows the
taxonomic distribution divided into two groups of sizes in our Lulin ob-
servations. The smaller NEAs with H > 17.0 appear to have significantly
more C- and D-complex objects. As for the S- and Q-complex objects, the
differences are not as obvious. In the Lulin samples, the C-clus-
ter/(C-cluster + S-cluster) ratio of large NEAs with H < 17.0 is 0.22 +
0.06, and the smaller ones (with 17.0 < H < 22.0) is 0.31 & 0.06. This
means that the fraction of C-cluster is larger within the smaller NEAs,
which have diameters smaller than 1 km using an average albedo of 0.28
(Thomas et al., 2011). Our results show a similar trend as the photo-
metric measurements by Ye (2011) in which the C-like/S-like ratio for H
between 18 and 22 is about twice as high as that for H < 18, namely, 0.33
vs. 0.17, respectively.

Previous studies by Dandy et al. (2003) and Ye (2011) both supported
the hypothesis that smaller NEAs generally have less space weathered
surfaces simply because of the lack of regolith. Specifically, the ratio of
Q-complex/SQ-group (Q/SQ, hereafter) may be larger for the smaller
NEAs. We integrated our Lulin classifications with the previous results for
S- and Q-complexes (Binzel et al., 2002: Data Base of Physical and
Dynamical Properties of NEAs on E.A.R.N.) and divided the population
close to 600 NEAs into two groups according to H, relevant to their sizes.
The ratio of Q/SQ for H > 17.0 is 0.45 4 0.03, as to that for H<17.0 is
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Table 3
Physical properties of the NEAs in the Lulin sample which have been taxonomically identified before.
NEA a(AU) e i(e) q(AU) H albedo D(km) T;® Pre. tax. by Pre. tax. by Taxonomy in this
spectroscopy photometry work
(1036) Ganymed 2.663  0.534 26.692 1.241 9.45 0.228 36.49 3.03 S S S
(1627) Ivar 1.863 0.396  8.451 1.124 13.2 0.134 8.37 388 S S Q
(1685) Toro 1.367 0.436 9.381 0.771 14.23 0.26 3.75 4.72 S S S
(1943) Anteros 1.430 0.256  8.706 1.064 1575 0.17 2.48 464  S;LSw S
(2100) Ra-Shalom 0.832  0.437 15.758  0.469 16.05 0.14 2.24 695 K Sr;C Q
(3554) Amun 0.974 0.280 23.362 0.701 15.82 0.142 3.34 6.11 X; M;D X
(4055) Magellan 1.820 0.327 23257 1.226 14.6 0.33 2.781 389 V \
(4179) Toutatis 2.534  0.629  0.447 0.939 15.3 0.13 4.3 314  S;Sk S
(4450) Pan 1.442 0586 5.520 0.596 17.1 0.9-1.1° 4.46  S/Sr S Q
(4954) Eric 2.002 0.449 17.446 1.104 12.6 mh 9.5 3.66 S S A
(6047) 1991 TB1 1.454  0.352 23473  0.942 17.8 0.8 1.2 449 S Q
(7350) 1993 VA 1.356 0.391  7.262 0.826 17 0.05 2.363 477 GX X
(7753) 1988 XB 1.468 0.482 3.123 0.760 18.6 d 1 4.47 B C
(8013) 2199 0432 7571 1.249 16.9 m 1.2 353 Sr S
Gordonmoore
(10115) 1992 SK 1.248  0.325 15.322  0.843 17 0.28 1 5.06 S:;Sq S
(11284) Belenus 1.740  0.337  1.993 1.153 18.1 0.58-0.67°  4.08 S S
(11405) 1999 CV3 1.460 0.394 22.863  0.885 15.2 m 3.4 446 Sq A
(12923) Zephyr 1.962 0.492 5.304 0.997 15.8 0.176 2.06 372 S S
(21088) Chelyabinsk ~ 1.707  0.239  38.461  1.299 14.2 0.179 4.23 3.92  SLQ S D/S
(22753) 1998 WT 1.219  0.570  3.207 0.524 17.7 0.27 0.9 506 Q;Sq Q
(24761) Ahau 1.335 0.306 21.921  0.927 17.3 2.3-4.6" 479 X S D
(25916) 2001 CP44 2.560 0.498 15.749 1.284 13.6 0.262 5.683 3.20 Q,Sq S
(40267) 1999 GJ4 1.339 0.808 34529  0.257 15.4 0.249 1.62 438 Sq S
(52762) 1998 MT24 2418 0.651 33.894 0.843 14.8 0.052 6.71 3.01 X X
(53435) 1999 VM40 2.309 0.485 15.388 1.188 14.7 mh 3.8 3.38 S; Srw S
(55532) 2001 WG2 1.795 0.696  38.500  0.546 16.1 0.14 1.96 3.56 Sk \
(68216) 2001 CV26 1.319 0326 17.997  0.889 16.4 0.29 1.4 485 Sq R S
(85990) 1999 JV6 1.007 0.311 5.326 0.694 20.1 0.095 0.451 6.00 Xk D
(89355) 2001 VS78 1.787  0.308 22.666 1.236 15.6 0.18 2.3 3.94 S;Sr S
(99942) Apophis 0922 0191 3.331 0.746 19.2 0.3 0.375 6.47  Sq,Scom S
(137062) 1998 WM 1.225 0.315 22516  0.838 16.6 0.284 1.265 510 Q;Sq Q
(137199) 1999 KX4 1.457 0.293 16.570 1.031 16.9 1.0-1.2° 4.54 Sq Q
(137805) 1999 YK5 0.829  0.558 16.742  0.366 16.6 0.027 3.879 691 X RQ X
(141052) 2001 XR1 1.246  0.550 17.659  0.560 17.3 0.22 1 496 Sq Q
(141484) 2002 DB4 0.858 0.370 16.603 0.541 16.4 1.2-1.5° 6.79 S; S- Q
(152756) 1999 JV3 1.451  0.415 15.223  0.848 18.9 mh 0.5 451  Sa; S \'
(154347) 2002 XK4 1.850 0.692 17.806  0.570 16 1.5-1.75" 3.63  S- S
(162566) 2000 RJ34  2.635 0.574 13.861 1.121 15.7 0.07 4.41 3.11 X C
(163249) 2002 GT 1.344 0.335 6.967 0.894 18.4 0.37-0.5" 4.82 Sq v
(163364) 2002 1.366  0.369  4.188 0.862 18.8 0.4-0.5" 476  Sq Q
0D20
(214869) 2007 PA8 2.824 0.662 1.984 0.955 16.3 0.29 1.9 2.95 Q;S Xc Q
(215188) 2000 NM 2690 0.663 22357  0.907 15.4 m 2.6 293 Sr R S/A
(219071) 1997 US9 1.053 0.282 20.017 0.756 17.1 0.35 1.2 575 QS S
(230111) 2001 BEI0O  0.823  0.369 17.510  0.519 19.1 0.253 0.4 7.03  Scomp R Q
(277127) 2005 1.641  0.233  2.882 1.258 18.7 0.43-0.52° 426 Sq Q
GW119
(285263) 1998 QE2 2423 0572 12.857 1.038 17.3 0.06 2.75 324 Ch Ch C
(297274) 1996 SK 2.434  0.795 1.964 0.500 16.7 1.09-1.3° 2.97 S Q
(330825) 2008 XE3 2.607  0.550 7.476 1.172 16.3 1.33-1.52° 317 S S
(333358) 2001 WN1  1.502  0.303 14.070  1.047 19.5 0.19-1.18"  4.46 C X
(349068) 2006 YT13 1.323 0.426 38.243 0.760 18.3 0.53-0.61" 4.65 AR S
(363790) 2005 JE46 ~ 1.903  0.553  8.264 0.851 17.7 0.69-0.82° 373  C/X/T Q
2005 RQ6 2.504 0.551 12.484 1.124 18.9 0.40-0.47° 321  S/Sr Q
2011 WV134 2.784 0.679 6.047 0.893 17.2 0.88-1.01" 2.94 S S

@ The Jovian Tisserand parameters.
b Note that the sizes are estimated by using the mean albedos of different spectral types of the NEAs

according to Thomas et al. (2011).

0.34 + 0.03, greater than the former one. It indicates that the proportion as 200 m. The main results are as follows.

of Q-complex, namely, those with relatively younger surface occupies
more within the smaller NEAs. It is consistent with the surveys as (@D
mentioned above.

(2)
5. Discussion and summary

Photometric observations of NEAs carried out at the Lulin observatory
between 2012 and 2014 have produced BVRI color indices of 92 NEAs.
These NEA samples cover the largest NEA, 1036 Ganymed, with a 3
diameter of 35 km to sub-kilometer sized objects with diameter as small

75

The spectral types of the 92 NEAs can be classified into seven
merged spectral groups: A, C, D, Q, S, V and X complexes.

Sixty four of the NEAs observed in the present survey are provided
with newly identified colors representing 40% increase of the
present database of the Bessel-system color indices, as to thirty
nine of them present 5% increase to the number of NEAs with
classified taxonomic types.

The fractional abundances of seven spectral complexes in this
work can be summarized as: A = 3%, C = 6.5%, D = 8%, Q = 26%,
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Table 4

Physical properties of the NEAs in the Lulin sample which have new taxonomic identifications.
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NEA a(AU) e i q(AU) H albedo D(km) T, Taxonomy in this work
(3360) Syrinx 2.468 0.746 21.153 0.628 15.9 0.07 1.8 2.96 D
(4487) Pocahontas 1.730 0.296 16.403 1.217 17.4 0.8-0.92" 4.06 S
(5731) Zeus 2.263 0.654 11.428 0.784 15.7 0.031 5.231 3.28 X
(17188) 1999 WC2 2.216 0.637 29.444 0.805 16.5 0.147 1.819 3.22 S
(68031) 2000 YK29 1.376 0.129 15.173 1.199 18.1 0.58-0.67" 4.77 S
(88263) 2001 KQ1 2.097 0.432 38.819 1.191 15.4 0.048 5.31 3.37 X
(90075) 2002 VU94 2.133 0.576 8.916 0.905 15.2 0.197 2.857 3.47 S
(136900) 1998 HL49 1.747 0.636 11.000 0.635 17.3 0.84-0.96" 3.86 S
(152889) 2000 CF59 1.679 0.640 41.590 0.604 16.5 0.388 1.022 3.75 Q
(162004) 1991 VE 0.891 0.665 7.221 0.299 18.2 0.35-2.15" 6.46 X
(168378) 1997 ET30 2.138 0.449 6.812 1.179 16.8 1.04-1.24° 3.57 Q
(249595) 1997 GH28 2.004 0.371 7.014 1.260 17.7 1.92-3.83" 3.74 D
(249886) 2001 RY11 1.483 0.283 22.846 1.063 17.4 1.01-1.56" 4.45 C
(262623) 2006 WY2 0.983 0.333 27.554 0.656 18.6 0.122 0.761 6.02 S
(276397) 2002 XA40 2.263 0.482 4.453 1.172 17.1 0.91-1.08" 3.45 Q
(276786) 2004 KD1 1.720 0.330 10.124 1.152 17.7 0.88-1.36" 4.09 C
(294739) 2008 CM 1.567 0.408 35.998 0.927 17.3 0.84-0.96" 4.13 S
(326732) 2003 HB6 2.718 0.572 6.594 1.164 17.6 0.46-2.84" 3.09 X
(329338) 2001 JW2 1.698 0.489 9.586 0.868 19.1 0.36-0.42" 4.05 S
(334412) 2002 EZ2 1.249 0.046 13.025 1.192 20.1 0.4 0.21 5.12 v
(339492) 2005 GQ21 1.426 0.215 47.024 1.119 18.2 0.56-0.64" 4.35 S
(339714) 2005 ST1 1.451 0.371 20.234 0.913 20.4 0.20-0.23" 4.51 S
(340666) 2006 RO36 0.906 0.231 23.857 0.697 17.8 0.42-2.59" 6.49 X
(341816) 2007 YK 1.870 0.321 31.838 1.269 17.5 0.76-0.90" 3.75 Q
(343098) 2009 DV42 1.615 0.275 19.926 1.170 18.7 0.44-0.50" 4.23 S
(345722) 2007 BG29 0.833 0.335 18.511 0.554 18 0.258 0.653 6.97 A
(355256) 2007 KN4 3.342 0.630 12.538 1.235 16.8 1.06-1.21° 2.77 S/D
(356394) 2010 QD2 2.010 0.785 10.639 0.431 17.4 0.80-0.92° 3.35 S
(361071) 2006 AO4 2.629 0.584 24.392 1.095 15.4 1.98-2.36" 3.03 Q
(378610) 2008 FT6 2.138 0.426 13.585 1.228 17.4 0.80-0.92" 3.56 S
(389694) 2011 QD48 1.545 0.492 19.067 0.785 18.2 0.41-0.55" 4.26 v
(411280) 2010 SL13 2.005 0.415 3.041 1.173 19.3 0.21-1.30" 3.72 X
(441825) 2009 SK1 1.611 0.223 30.818 1.252 18.3 0.52-0.62" 4.16 Q
2002 TY68 2.217 0.514 20.800 1.077 18.7 1.21-2.42° 3.39 D
2010 TN54 2.110 0.445 4.721 1.172 19.2 0.35-0.41" 3.60 Q
2010 XZ67 2.061 0.494 11.841 1.042 19.7 0.27-0.33" 3.60 Q/V
2012 ER14 1.637 0.363 6.863 1.042 20.5 0.24-0.37" 4.22 C
2013 SO19 2.228 0.498 12.936 1.118 21.8 0.07-0.41" 3.44 X/D
2013 UH9 2.580 0.597 13.075 1.039 18.6 1.27-2.53" 3.12 D

# The Jovian Tisserand parameters.

b Note that the sizes are estimated by using the mean albedos of different spectral types of the NEAs according to Thomas et al. (2011).

S =37%, V=6.5%, and X=13%. This distribution is in agree-
ment with the results of Thomas et al. (2011).

The ratios of C- cluster to itself plus S- cluster are 0.22 + 0.06 for
H <17.0 and 0.31 + 0.06 for H > 17.0, respectively, indicating a
slightly higher fraction of dark-object population in sub-kilometer
size range.

There is also an interesting S-complex target, (355256) 2007 KN4
with Tisserand parameter (T;) = 2.77 that needs to be investigated
further to see if it is a candidate object of cometary origin.

The sizes of the observed NEAs are estimated using either pub-
lished albedo values or the mean albedos specific to individual
taxonomic types.

4

-

&)
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There are still some anomalous SED curves among our NEAs. For
example, the NEA 12923, 24761, 85990, 136900, 441825 etc. have
unusual slopes in their reflectance spectra (see Appendix B). It is possibly
due to the effect of rotation since the surface spectra of NEAs might have
large variations (Lin et al., 2014) and many of them have fast spin rates.
As mentioned in Section 2, there were only 31 targets applied with the
exposure sequence of RBRVRIR. And we additionally conducted inter-
polation method to avoid the color deviation from the rotation for this
small group within our targets. We also compared the colors both with
and without interpolation and found that there are differences of color
indices merely less than 2% for these 31 NEAs. However, it is possible
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that these targets were observed in short exposure time (total time of
single sequence < 10 min). If the NEAs were observed over long dura-
tions of exposure time (total time of single sequence > 10 min) and only
had simple filter sequence of BVRI, it might cause larger deviations of the
color measurements. Thus, it would lead to the deformed spectra and
subsequently misguide our classifications.

While most of the results of Thomas et al. (2011) and our present
work are in very good agreement, the D- and Q-complexes somehow
show noticeable differences (Fig. 6). The D-complex difference could be a
matter of small number statistics in the Lulin sample. The Q-complex
difference is significant and needs to be checked by collecting a large
photometric data set in future.

Compared with the previous classifications of the individual NEAs
(Appendix C), we assume that there are 3 mis-distinguished targets of
each taxonomic complex in average. Hence we can generally added an
uncertainty to each fractional abundance of our spectral complexes:
A=3+3%, C=6.5+3%, D=8+3%, Q=26+3%, S=237=L3%,
V=6.5+ 3%, and X =13 + 3%.

In order to find the difference of bias between our and others' taxo-
nomic distribution during the same observing years, we collected many
results of taxonomic detection from late 2011 to the end of 2014 as
possible. The results were derived from both spectrometric and photo-
metric observations (Polishook et al., 2014; Lim et al., 2012; Godunova
et al., 2013; Ieva et al., 2014; Popescu et al., 2014; Kuroda et al., 2014;
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Fig. 6. The fractional abundances of the taxonomic complexes classified
within the Lulin samples of 92 NEAs as well as the comparable results of
Thomas et al. (2014). The three largest groups in order are S (37%), Q (26%)
and X (13%).
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Fig. 7. The numbers of NEAs in different spectral complexes according
their sizes in terms of magnitudes H <17.0 and H > 17.0, respectively.

to

Tubiana et al., 2015; Perna et al., 2016; Hicks' Atel. in 2011-2014 (Hicks

Appendix A. Supplementary data
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and Dombroski, 2012; Hicks et al., 2011, 2012a,2012b, 2012c, 2012d,
2012e, 2012f, 2012g, 2012h, 2013a, 2013b, 2013c, 2013d,2013e,
2014a, 2014b; Hicks and Ebelhar, 2013a, 2013b, 2014a, 2014b); Rayner
et al, 2003: The MIT-UH-IRTF Joint Campaign for NEO Spectral
Reconnaissance). There are total 80 NEAs of targets and some of them are
overlapping with ours. Their spectral classifications are also issued into
the seven complexes we described above. Thus, the fractional abun-
dances of these external results are of S=35%, Q=35%, A=1%,
V =5%, C=15%, D =1%, X=8%. The ratio of lumped S-/C-cluster is
about 3.2, kind of higher than ours (2.7). The distribution of Q, C, D and
X complexes are also distinct from our fractions. Certainly there are
biases existing in both our and these results since the estimated S/C ratio
of debias distribution of NEAs from Stuart and Binzel (2004) is lower
(1.6). Note that our spectral distribution is not debiased and the bias
might be coming from the target selection, detecting limit of the various
instruments and undetected dark population etc. In addition, we inte-
grated our results with the above ones, and then the total fractional
abundances would become S=36%, Q=30%, A=2%, V=6%,
C=10.5%, D=5%, X=10.5%. These fractions might be a little more
reliable because of larger sample numbers.

Our present study together with the previous work by Ye (2011)
showed that photometric measurements at Lulin Observatory can pro-
vide very useful taxonomic classifications of NEAs. Even though the color
ratios for the relative reflectance spectra are not able to classify the
spectral types of the asteroids more specifically and some
mis-classification may occur, the simpler taxonomic complexes described
in this paper are still generally distinguishable. In future work, we will
organize more efficient scheme for observations and data analysis. A
topic we will investigate is the correlation of the orbital parameters with
the shapes and rotation periods of NEAs in different spectral types. Some
interesting insight on their origin and dynamical evolution might be
revealed by such statistical study.
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A. The observation log
B. The figure panels of relative reflectance spectra of 87 NEAs

C. The elaborations of observation results for individual NEAs in this paper
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A. Observation log

Here displays the observation log of this work. Some targets were observed more than one night. If there are two exposure times (Exp. Time) in a
row, the first quantity is for B-filter and the second is for V, R, L

Designation A (A.U.)i T (A.U.)ii El (")iii Ph. (° )iv Observed Date Vobs Exp. Time BVRI sets” Telescope
(1036) Ganymed 3.817 4.062 97.3 13.9 2014 Jan. 9 16.1 180s, 150s 1 LOT
(1627) Ivar 0.378 1.181 107.1 55.1 2013 May 31 13.0 30s 2 SLT
0.322 1.123 101.0 62.7 2013 Jul. 7 12.4 60s 3 SLT
(1685) Toro 0.991 1.496 98.4 40.6 2013 Jan. 27 16.3 90s 1 LOT
0.982 1.508 100.1 40.0 2013 Jan. 29 16.4 60s 1 LOT
(1943) Anteros 0.515 1.434 144.5 23.4 2014 Jan. 9 16.2 180s, 150s 1 LOT
(2100) Ra-Shalom 0.348 1.129 101.7 60.8 2013 Sep. 14 16.4 90s, 60s 1 LOT
(3360) Syrinx 0.540 1.510 161.1 12.3 2012 Nov. 13 16.4 30s 1 LOT
(3554) Amun 0.743 1.235 90.1 52.9 2013 Jan. 29 17.6 180s 1 LOT
(4055) Magellan 1.388 2.280 147.5 13.4 2014 Jan. 9 18.0 270s, 240s 1 LOT
(4179) Toutatis 0.298 1.271 162.0 13.9 2013 Jan. 18 14.4 60s 3 SLT
(4450) Pan 0.364 1.304 139.3 30.2 2013 Sep. 14 17.2 90s, 60s 1 LOT
(4487) Pocahontas 0.354 1.221 121.5 44.2 2012 Oct. 9 17.5 60s 2 LOT
0.358 1.219 120.6 44.8 2012 Oct. 12 17.6 60s 6 LOT
0.360 1.219 120.2 45.0 2012 Oct. 13 17.6 60s 6 LOT
0.469 1.233 110.2 48.8 2012 Nov. 13 18.3 60s 2 LOT
(4954) Eric 1.546 1.926 96.6 30.5 2014 Jan. 11 16.7 180s, 150s 1 LOT
(5731) Zeus 0.706 1.346 102.9 46.3 2012 Oct. 9 17.7 45s 3 LOT
0.416 1.009 80.6 75.4 2012 Nov. 13 17.4 30s 3 LOT
(6047) 1991 TB1 0.476 1.405 142.1 25.9 2012 Oct. 9 18.0 60s 2 LOT
(7350) 1993 VA 0.322 1.054 90.9 71.4 2012 Oct. 9 17.3 45s 2 LOT
(7753) 1988 XB 0.272 1.284 173.3 5.2 2013 May 31 16.1 240s 3 SLT
(8013) Gordonmoore 1.091 2.006 147.1 15.7 2013 Oct. 5 19.6 300s, 240s 1 LOT
1.125 2.022 144.2 16.8 2013 Oct. 8 19.9 360s, 300s 2 LOT
(10115) 1992 SK 0.419 1.154 103.0 56.3 2013 Jan. 29 17.7 180s 3 LOT
(11284) Belenus 0.248 1.163 131.3 39.5 2013 Jan. 28 17.0 60s 1 LOT
(11405) 1999 CV3 0.661 1.556 141.2 23.4 2013 Jan. 29 16.6 60s 2 LOT
(12923) Zephyr 1.266 1.684 95.2 36.3 2013 Oct. 3 18.9 300s, 240s 1 LOT
1.192 1.797 110.1 31.4 2013 Oct. 20 18.8 300s, 240s 1 LOT
(17188) 1999 WC2 0.324 1.299 146.6 25.6 2013 Jul. 7 15.6 180s 3 SLT
(21088) Chelyabinsk 1.145 1.309 74.3 48.3 2013 May 31 17.2 300s 1 SLT
(22753) 1998 WT 0.547 1.529 172.4 4.9 2013 Jan. 30 17.8 180s 3 LOT
(24761) Ahau 0.401 1.046 87.3 70.2 2013 Jan. 30 18.5 180s 2 LOT
(25916) 2001 CP44 2.207 2.023 66.3 26.4 2014 Jan. 12 18.1 270s, 240s 1 LOT
(40267) 1999 GJ4 0.981 1.537 103.0 38.6 2014 Jan. 11 18.6 270s, 240s 1 LOT
(52762) 1998 MT24 1.251 2.172 147.7 14.4 2013 Sep. 1 17.6 300s 2 SLT
(53435) 1999 VM40 0.660 1.219 91.7 55.5 2013 Sep. 14 16.5 90s, 60s 1 LOT
0.638 1.528 139.8 24.6 2014 Jan. 9 15.8 180s, 150s 1 LOT
(55532) 2001 WG2 0.710 1.499 123.7 33.1 2014 Jan. 11 17.8 180s, 150s 1 LOT
(68031) 2000 YK29 0.363 1.221 123.2 42.4 2014 Jan. 9 18.0 270s, 240s 1 LOT
(68216) 2001 CV26 0.353 1.066 93.5 67.2 2013 Jan. 27 16.9 60s 1 LOT
0.351 1.076 95.3 65.7 2013 Jan. 29 16.9 60s 1 LOT
(85990) 1999 JV6 0.150 1.057 115.8 56.9 2014 Jan. 9 19.0 270s, 240s 1 LOT
(88263) 2001 KQ1 0.838 1.425 101.4 43.4 2012 Oct. 9 17.7 60s 1 LOT
(89355) 2001 VS78 0.893 1.284 86.2 49.8 2014 Jan. 12 18.4 270s, 240s 1 LOT
(90075) 2002 VU94 1.193 1.619 95.7 37.2 2014 Jan. 9 18.1 270s, 240s 1 LOT
1.162 1.603 96.4 37.6 2014 Jan. 11 18.6 270s, 240s 1 LOT
(99942) Apophis 0.100 1.062 139.9 36.7 2013 Jan. 18 15.8 180s 3 SLT
0.113 1.079 144.8 31.7 2013 Jan. 29 15.7 60s 3 LOT
0.115 1.081 144.6 31.9 2013 Jan. 30 15.4 60s 2 LOT
(136900) 1998 HL49 0.688 1.109 80.1 62.2 2013 Oct. 20 19.0 300s, 240s 1 LOT
(137062) 1998 WM 0.446 1.197 107.6 51.5 2014 Jan. 12 17.2 180s, 150s 1 LOT
(137199) 1999 KX4 0.224 1.145 131.6 40.0 2013 Jan. 18 15.9 120s 3 SLT
0.285 1.226 133.1 37.2 2013 May 31 15.9 240s 1 SLT
(137805) 1999 YK5 0.333 1.134 108.3 55.5 2013 Jan. 18 16.5 240s 4 SLT
(141052) 2001 XR1 0.646 1.509 131.5 29.8 2013 Oct. 2 18.6 210s, 180s 1 LOT
0.680 1.559 135.7 26.6 2013 Oct. 10 18.6 300s, 240s 1 LOT
(141484) 2002 DB4 0.372 0.934 71.4 86.4 2014 Jan. 11 17.1 180s, 150s 2 LOT
(152756) 1999 JV3 0.146 1.109 127.5 46.6 2013 May 31 16.6 300s 1 SLT
(152889) 2000 CF59 0.487 1.317 123.2 38.8 2013 Jan. 30 17.0 180s 2 LOT
(154347) 2002 XK4 0.523 1.460 149.7 19.9 2013 Jan. 18 16.4 240s 3 SLT
0.644 1.573 149.3 18.7 2013 Jan. 29 171 120s 1 LOT
(162004) 1991 VE 0.223 1.191 152.0 22.9 2012 Nov. 13 16.5 30s 2 LOT
(162566) 2000 RJ34 0.435 1.153 101.6 56.7 2014 Jan. 11 16.6 180s, 150s 1 LOT
(163249) 2002 GT 0.179 1.158 140.7 33.7 2013 May 31 16.5 240s 3 SLT
(163364) 2002 OD20 0.062 1.068 150.0 28.3 2013 May 31 14.2 30s 5 SLT
(168378) 1997 ET30 0.655 1.646 168.9 6.7 2013 Oct. 9 17.8 240s, 180s 1 LOT

(continued on next page)
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(continued)
Designation A (AU r (AU)! EL (°) Ph. (°)"V Observed Date Vobs Exp. Time BVRI sets” Telescope
0.663 1.652 167.7 7.4 2013 Oct. 10 17.6 240s, 180s 1 LOT
(214869) 2007 PA8 0.185 1.181 169.3 9.0 2012 Oct. 9 13.7 30s 7 LOT
0.362 1.187 115.8 48.3 2013 Jan. 18 16.4 240s 2 SLT
0.393 1.268 128.6 37.4 2013 Jan. 28 16.4 90s 2 LOT
(215188) 2000 NM 1.019 1.274 79.0 49.3 2014 Jan. 11 17.6 270s, 240s 1 LOT
(219071) 1997 US9 0.665 1.168 86.6 58.8 2013 Oct. 2 19.0 210s, 180s 1 LOT
(230111) 2001 BE10 0.193 1.111 126.6 45.4 2013 Jan. 28 17.6 180s 1 LOT
(249595) 1997 GH28 0.363 1.277 138.3 30.8 2014 Jan. 9 17.8 180s, 150s 2 LOT
0.360 1.280 139.9 29.7 2014 Jan. 11 17.4 180s, 150s 1 LOT
0.359 1.282 140.7 29.1 2014 Jan. 12 16.9 180s, 150s 1 LOT
(249886) 2001 RY11 0.640 1.612 165.1 9.0 2013 Jan. 30 18.3 180s 3 LOT
(262623) 2006 WY2 0.279 1.247 158.3 16.9 2014 Jan. 9 17.4 180s, 150s 1 LOT
(276397) 2002 XA40 0.293 1.173 120.2 47.3 2012 Oct. 12 16.6 60s 5 LOT
0.294 1.173 120.2 47.3 2012 Oct. 13 16.6 60s 4 LOT
(276786) 2004 KD1 0.575 1.532 151.9 17.9 2013 Oct. 2 18.5 210s, 180s 1 LOT
0.610 1.569 153.6 16.4 2013 Oct. 10 18.5 300s, 240s 1 LOT
(277127) 2005 GW119 0.287 1.258 156.5 18.3 2012 Nov. 13 18.1 45s 4 LOT
(285263) 1998 QE2 0.039 1.049 153.3 25.7 2013 May 31 11.6 20s 6 SLT
0.039 1.051 158.7 20.5 2013 Jun. 1 11.4 10s 13 SLT
(294739) 2008 CM 0.222 1.026 94.8 72.8 2014 Jan. 11 16.8 180s, 150s 1 LOT
(297274) 1996 SK 0.443 1.454 173.9 4.2 2012 May 22 16.2 60s 6 LOT
0.456 1.467 172.8 5.0 2012 May 23 16.5 60s 1 LOT
(326732) 2003 HB6 0.272 1.211 130.6 39.6 2012 July 5 16.9 60s 3 LOT
(329338) 2001 JW2 0.165 1.139 153.0 23.2 2012 Nov. 13 16.5 30s 5 LOT
(330825) 2008 XE3 0.292 1.221 134.8 35.4 2012 Oct. 12 15.6 60s 3 LOT
0.294 1.225 135.4 34.9 2012 Oct. 13 15.7 60s 2 LOT
0.404 1.364 154.0 18.5 2012 Nov. 13 16.0 30s 5 LOT
(333358) 2001 WN1 0.131 1.109 154.1 23.0 2012 Nov. 13 16.7 30s 6 LOT
(334412) 2002 EZ2 0.211 1.193 154.9 20.8 2012 Oct. 12 18.1 60s 2 LOT
0.214 1.193 153.5 21.9 2012 Oct. 13 18.2 60s 2 LOT
(339492) 2005 GQ21 0.198 1.165 144.5 29.8 2012 Oct. 12 16.6 60s 5 LOT
0.198 1.167 145.6 28.9 2012 Oct. 13 16.6 60s 5 LOT
(339714) 2005 ST1 0.137 1.123 153.8 23.1 2012 Oct. 9 17.3 30s 5 LOT
(340666) 2006 RO36 0.456 1.108 91.1 64.6 2013 Oct. 2 185 210s, 180s 1 LOT
(341816) 2007 YK 0.554 1.456 140.4 25.5 2013 Jan. 29 18.3 300s 2 LOT
(343098) 2009 DV42 0.199 1.180 170.3 8.1 2013 Jan. 18 16.3 180s 3 SLT
0.231 1.195 152.9 22.1 2013 Jan. 29 17.0 120s 2 LOT
(345722) 2007 BG29 0.341 1.108 102.2 60.3 2013 Jan. 29 18.4 300s 1 LOT
(349068) 2006 YT13 0.214 1.195 170.2 8.0 2013 Jan. 18 16.0 180s 3 SLT
(355256) 2007 KN4 0.889 1.843 155.0 13.3 2013 Oct. 6 185 210s, 180s 1 LOT
0.930 1.874 152.6 14.2 2013 Oct. 10 18.8 300s, 240s 1 LOT
(356394) 2010 QD2 0.521 1.453 147.9 21.1 2013 Jan. 30 18.1 180s 1 LOT
(361071) 2006 AO4 0.535 1.381 122.7 38.3 2013 Jul. 10 16.4 300s 3 SLT
(363790) 2005 JE46 0.215 1.020 84.7 83.2 2013 Jul. 7 17.7 300s 2 SLT
(378610) 2008 FT6 0.487 1.278 116.7 43.4 2014 Jan. 9 18.1 270s, 240s 1 LOT
(389694) 2011 QD48 0.505 1.362 126.6 36.1 2013 Oct. 9 18.8 300s 1 LOT
(411280) 2010 SL13 0.215 1.178 151.8 23.2 2014 Jan. 9 17.5 180s, 150s 1 LOT
(441825) 2009 SK1 0.508 1.498 164.9 10.0 2013 Oct. 2 18.4 210s, 180s 1 LOT
0.544 1.522 160.6 12.6 2013 Oct. 10 18.7 300s, 240s 1 LOT
2002 TY68 0.273 1.230 144.3 28.3 2012 Oct. 12 17.7 60s 4 LOT
2005 RQ6 0.262 1.151 119.0 49.5 2013 Oct. 3 18.1 210s, 180s 1 LOT
0.241 1.125 116.8 52.2 2013 Oct. 20 17.8 210s, 180s 1 LOT
2010 TN54 0.204 1.198 155.3 20.6 2013 Sep. 1 17.2 300s 2 SLT
2010 X767 0.086 1.063 156.6 21.6 2014 Jan. 9 15.6 180s, 150s 1 LOT
2011 WV134 0.196 1.153 132.1 40.7 2012 May 23 15.4 30s 8 LOT
2012 ER14 0.101 1.076 138.2 38.2 2013 Oct. 10 17.4 300s, 240s 1 LOT
2013 SO19 0.175 1.166 160.8 16.4 2013 Oct. 6 19.2 300s, 240s 1 LOT
2013 UH9 0.190 1.040 100.4 69.3 2013 Nov. 17 17.8 150s, 120s 1 LOT

i. Geocentric distance; ii. Heliocentric distance; iii. Solar elongation; iv. Phase angles; v. one set comprises of every single exposure of B, V, R, I bands.
The values of i to iv are based exactly at 16:00 UT on each observation date.

B. The figure panels of relative reflectance spectra of 87 NEAs
The panels display the individual relative-reflectance spectra of 87 NEAs as well as their classified taxonomic types in comparison to the corre-

sponding template spectra with dashed lines. The panels are listed by the order of asteroid numbers and the 7 taxonomic templates are also labeled with
the different colors respectively.
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(continued).
C. The elaborations of observation results for individual NEAs in this paper

Here are the elaborations of our results and some comparisons with the previous reports.
The C-D-X cluster

The C-D-X cluster shown in Fig. 3.a consists of non-silicate NEAs without evident spectral features of absorption bands. Our classifications in this
cluster are described below as C-, D-, and X-complexes respectively.

The C-complex
There are six members in this group.

(7753) 1988 XB: It was classified as B-type in previous spectroscopic survey (Xu et al., 1995; Bus and Binzel, 2002; Binzel et al., 2004). Since the
C-complex we defined here includes the B-type subgroup as well, our classification is consistent with the previous result.

(162566) 2000 RJ34: With B-V=0.755 £ 0.136, V-R = 0.400 + 0.032, and R-1=10.436 & 0.057, Ye (2011) classified this object to be X-type. We
classified it to be C-type instead on the basis of the slope of the SED. It has a low albedo (0.07) according to the NEOWISE observations (Mainzer et
al., 2011).
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(249886) 2001 RY11: This is a new measurement. By assuming the average albedo (0.13 £ 0.05) of the C-complex (Thomas et al., 2011), the
diameter can be estimated to be 1.01-1.56 km.

(276786) 2004 KD1: This is a new measurement. With the average albedo of the C-complex, its size is estimated to be 0.88-1.36 km.

(285263) 1998 QE2: It was recognized as a binary asteroid by radar imaging observation with an albedo of 0.06 (Springmann et al., 2014). Its color
indices from Hicks et al. (2013a) are B-V =0.706 £ 0.013, V-R = 0.353 £ 0.008, and R-I = 0.374 4 0.006. These values are close to our results. Hicks
et al. (2013b) identified this object to be of Ch-type.

2012 ER14: This is a new measurement. The slopes of this NEA are between those of the C- and X-complex. It is classified to be C-complex according
to the decision tree (Fig. 4). Its size is 0.24-0.37 km from using an average albedo of 0.13 + 0.5.

The X-complex
There are 12 NEAs in this group from our observations. It is noted that the X-type objects include those classified to be E-, M- and P-type by Tholen
(1984). They have rather different albedo values, namely, E-type has the highest value > 0.3, M-type ~0.1-0.2 and P-type < 0.1.

(3554) Amun: It was classified to be M-type (Gradie and Tedesco, 1987), X-type (Somers et al. (2010), and P-type (Thomas et al., 2014),
respectively, in previous studies. It is basically in the CDX-cluster domain from our Lulin measurement. Mainzer et al., 2014) reported an albedo
value of 0.142 + 0.065 from the NEOWISE observations. The D-type designation requiring very low albedo (~0.07) can be excluded. This object
could therefore be classified as M-type.

(5731) Zeus: This is a new measurement. The albedo from the NEOWISE measurements is 0.031 (Mainzer et al., 2011). This object may belong to
P-type, which has the lowest albedo by the Tholen classification scheme within the X-complex.

(7350) 1993 VA: Our taxonomic classification is consistent with the C- or X-type designation from the spectroscopic observations by Thomas et al.
(2014). The albedo derived by NEOWISE is 0.05 (Mainzer et al., 2011). This means that 1993 VA is likely a P-type object.

(52762) 1998 MT24: Our photometric results are in agreement with the previous classification of X-type (Whiteley, 2001; Hicks et al., 2013c). The
earlier photometry, B-V=0.713 + 0.038, V-R = 0.41 + 0.03, and R-I=0.401 + 0.016 (Hicks et al., 2013c) are also very close to ours. 1998 MT24
has a low albedo reported to be 0.052 (Pravec et al., 2012) from WISE thermal observations. It can be classified as P-type.

(88263) 2001 KQ1: This is a new measurement. The color indices from the Lulin observations have large error bars. On the basis of its spectral slopes
and the decision tree, we classified it to be closer to the X-type than the C-type. This object has a low albedo of 0.048 from NEOWISE (Mainzer et al.,
2011) and hence is likely to be a P-type.

(137805) 1999 YKS5: It was previously classified to be X-type by SMASS II (Bus and Binzel, 2002) and RQ-type by photometry with color indices of
B-V =0.908 + 0.035, V-R =0.390 + 0.051, and R-I=0.314 £+ 0.062 (Ye, 2011). However, out results are very different from the latter work. The
albedo of 0.027 from NEOWISE (Mainzer et al., 2011) is extremely low compared to the R/Q-type asteroids in the S-cluster. Therefore, 1999 YK5
could be likely of P-type in the X-complex.

(162004) 1991 VE: This is a new measurement. The situation is similar to (88263) 2001 KQ1 in that the spectral slope is between the X- and D-type.
We assigned it to be the X-type on the basis of our selection criterion. Without an albedo measurement, it could vary between 0.02 and 0.75 as
suggested for the X-complex (Thomas et al., 2011). This means that its size is between 0.46 and 2.83 km.

(326732) 2003 HB6: This is a new measurement. It has no albedo measurements. As a consequence, its size could be between 0.46 and 2.83 km
because of the large variation in the albedo values of the X-type objects.

(333358) 2001 WN1: It was reported to be C-type with photometric colors, B-V =0.703 & 0.044, V-R = 0.402 + 0.023, and R-I =0.336 + 0.012
(Hicks and Dombroski, 2012). Although we classified 2001 WN1 to be X-complex, the spectral slope obtained by Hicks and Dombroski (2012)
indicated that it could be Xc-type also. There is no albedo measurement, and its size is estimated to be 0.19-1.18 km as described above.
(340666) 2006 RO36: This is a new measurement. Its size is estimated to be 0.42-2.59 km as constrained by the albedo range of the X-type objects.
(411280) 2010 SL13: This is a new measurement. Its size is estimated to be 0.21-1.30 km as constrained by the albedo range of the X-type objects.
2013 SO10: Due to the lack of the V-R index, we can only use the other two color indices for its taxonomic classification. Its B-V index falls into the
region of the C/D/X-cluster and it has a slightly higher slope at the red end. It is more likely to belong to the X-complex and the D-complex according
to the priority setting scheme. In the absence of published albedo value, its size is estimated to be 0.07-0.41 km for an X-type object.

The D-complex
There are seven NEAs in this group.

(3360) Syrinx: This is a new measurement. The published albedo of 0.07 (Veeder et al., 1989) is consistent with our D-type classification.
(21088) Chelyabinsk: Previously spectroscopic observations indicted that it is SI-type (de Leo’n et al., 2010), A-type (Thomas et al., 2014).
Photometric measurements by Ye (2011) assigned it to be S-type. The Lulin data showed that it could be a D-type NEA. It is noted that the B-V index
is different that of the measurements of Ye (2011), perhaps because of our larger error bar in the B-band. The definite taxonomic classification would
require future observations.

(24761) Ahau: It was previously classified to be S-type by photometric observations with B-V =0.835 + 0.023, V-R =0.469 + 0.008, and R-
1=0.403 +0.008 (Ye, 2011), and also C/X-complex by NIR spectroscopic observations (Thomas et al., 2014). Our Lulin results agree with the
second one since they belong to the same group of C/D/X-cluster. There is no albedo measurement. An average albedo value of 0.02 + 0.01 for the
D-type objects (Thomas et al., 2011) would lead to a size of 2.30-4.61 km.

(85990) 1999 JV6: Bus and Binzel (2002) classified this object to be Xk-type according to the SMASS II database. Our designation of D-type is
consistent with this previous result since they belong to the same C/D/X-cluster. The low albedo of 0.095 (Mainzer et al., 2011) is in agreement with
the D-type classification also.

(249595) 1997 GH28: This is a new measurement. In lieu of published albedo values, its size is estimated to be 1.92-3.83 km.

2002 TY68: This is a new measurement. There is no albedo measurement either. By assuming the D-type mean albedo from Thomas et al. (2011), we
estimated the diameter of this object to be 1.21-2.42 km.

2013 UH9: This is a new measurement. There is no published albedo value either. We estimated its size to be 1.27-2.53 km following the same
procedure as before.
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The S-Cluster

The S-cluster shown in Fig. 3.a consists of the silicate NEAs with obvious absorption features, especially in the section of SED (I-band) approaching to
1 pm. The S-complex and Q-complex objects, which are of similar compositions but differ in the level of space weathering effect together account for a
majority of the NEA population. Hence we combined them as a larger group, namely, S/Q-group hereafter. We will have more analysis about S/Q-group
in section 5. Our classifications are described below as S-, Q-, A-, V-complexes respectively.

The S-complex
There are 34 NEAs in this group.

(1036) Ganymed: This large NEA of 30-km size was previously classified to be S-type by both photometric measurements (Velichko and Magnusson,
2012) and spectroscopic observations (Whiteley, 2001; Bus and Binzel, 2002; Binzel et al., 2004; Hicks et al., 2011; Fieber-Beyer et al., 2011). The
color indices and taxonomic type are in excellent agreement with the Lulin results.

(1685) Toro: It was classified to be an S-type NEA by SMASS observations (Binzel et al., 2004) and photometric measurements by Rabinowitz
(1998); Sq-type by DeMeo et al. (2014). The Lulin results are compatible with these earlier works.

(1943) Anteros: It was before classified to be L-type (Binzel et al., 2004), S-type (Thomas et al., 2011) and Sw-type (Thomas et al., 2014). Since our
definition of the S-complex contains the Sw- and L-type (see Table 3), The Lulin results are compatible with these earlier works.

(4179) Toutatis: This NEA has many observational results, both by photometry and spectroscopy. It was classified to be S-type (Howell et al., 1994;
Xu et al., 1995; Lupishko et al., 1995; Davies et al., 2007; Reddy et al., 2012b) and Sk-type (Binzel et al., 2004). These taxonomic classifications and
the color indices reported by Rabinowitz (1998) are in accordance with our result.

(4487) Pocahontas: This is a new measurement. There is no albedo measurement. Taking the mean value of S-type albedo as 0.26 + 0.03 (Thomas et
al., 2011), its size can be estimated to be about 0.80-0.92 km.

(8013) Gordonmoore: It was classified to be Sr-type by Lazzarin et al. (2010) which is in agreement with the Lulin results even though our data have
large error bars. It has high spectral slope in the range of R-I bands. Nevertheless, the other two spectral slopes from B to R band are closer to those of
the S-complex.

(10115) 1992 SK: It was classified to be a member of the S-complex (Binzel et al., 2004; DeMeo et al., 2014) and Sq-type (Thomas et al., 2014). Our
Lulin results are compatible with these previous results.

(11284) Belenus: Hicks et al. (2013d) classified this object to be S-type with color indices: BOV =0.897 +0.165; V-R =0.47 +0.052 and
R-I=0.33 £ 0.014. The R-Tindex of Hicks et al. (2013d) has a small difference from the Lulin value, but the taxonomic type is in general agreement
with each other. With a nominal S-type albedo, it size can be estimated to be 0.58-0.67 km.

(12923) Zephyr: It was previously classified to be S-type (Binzel et al., 2004; Thomas et al., 2014). Although our measurements of its color indices
have large error bars, we can still classify it as S-complex following our decision tree.

(17188) 1999 WC2: This is a new measurement.

(25916) 2001 CP44: It was classified to be Sq/Q-type by NIR spectroscopy before (Thomas et al., 2014). Our results showed slightly different
classification, but they basically belong to the same S/Q-group.

(40267) 1999 GJ4: It was previously reported to be Sq-type (Binzel et al., 2004) which is not too different from our S-complex classification and still
in the same S/Q-group.

(53435) 1999 VM40: It was classified to be S-type (Binzel et al., 2004) and Srw-type (Thomas et al., 2014), which are all parts of the S-complex in
agreement with our classification.

(68031) 2000 YK29: This is a new measurement. With a nominal S-type albedo, its size can be estimated to be 0.58-0.67 km.

(68216) 2001 CV26: It has the near-infrared spectroscopic observation (Reddy, 2010). It was previously classified to be R-type by Ye (2011), Sq-type
by Thomas et al. (2014) and S-complex by DeMeo et al. (2014). The previous two are different from our S-complex designation here, yet they are all
parts of the S-cluster.

(89355) 2001 VS78: It was previously classified to be S-type (Binzel et al., 2004) and Sr-type (Thomas et al., 2014). They are both compatible with
our S-complex designation.

(90075) 2002 VU94: This is a new measurement. The spectral slopes from the Lulin observations are intermediate between the D- and S-type. The S-
complex classification is supported by the albedo value of 0.197 determined by NEOWISE (Nugent et al., 2015).

(99942) Apophis: This famous PHA was detected to be Sq-type by Binzel et al. (2009). It is generally in agreement with our results. The detected
albedo is about 0.3 (Mu'ller et al., 2014).

(136900) 1998 HL49: This is a new measurement. With a nominal S-type albedo, it size can be estimated to be 0.84-0.96 km.

(154347) 2002 XK4: This object was previously observed by NIR spectroscopy and classified to be S-complex (Lazzarin et al., 2010). With a nominal
S-type albedo, it size can be estimated to be 1.5-1.8 km.

(215188) 2000 NM: It was previously classified to be Sr-type by spectroscopy (Binzel et al., 2004) and R-type by photometry (Dandy et al., 2003).
(219071) 1997 US9: We only have two color indices of B-V and V-I for this NEA. Its hyper-reddish end of the I band probably indicates a spectral
signature of the A-type asteroids, but the B-V slope is more like that of the S-complex. Our S-complex classification is in line with the S-type
designation by Whiteley (2001) and Q-type (Binzel et al., 2004; Thomas et al., 2014: DeMeo et al., 2014).

(262623) 2006 WY2: This is a new measurement. We only measured two color indices, namely, B-V and V-, of this NEA. Without the V-R slope we
could still approximately classify it to be of S-complex because of the trends of the other two slopes.

(294739) 2008 CM: This is a new measurement. With a nominal S-type albedo, it size can be estimated to be 0.84-0.96 km.

(329338) 2001 JW2: This is a new measurement. With a nominal S-type albedo, it size can be estimated to be 0.36-0.42 km.

(330825) 2008 XE3: This potentially binary NEA was classified to be S-type by photometric observations (Hicks et al., 2012a). The reported color
indices are similar to our Lulin results and the classifications are identical. With a nominal S-type albedo, it size can be estimated to be 1.33-1.52 km.
(339492) 2005 GQ21: This is a new measurement. With a nominal S-type albedo, it size can be estimated to be 0.56-0.64 km.

(339714) 2005 ST1: This is a new measurement. With a nominal S-type albedo, it size can be estimated to be 0.20-0.23 km.

(343098) 2009 DV42: The R-I slope is similar to the reddish feature of the A-type objects. However, the overall SED trends fit better with those of the
S-complex according to the decision tree (see Fig. 4). Both of the taxonomic type and albedo have not been investigated before. With a nominal S-
type albedo, it size can be estimated to be 0.44-0.50 km.

35



C.-H. Lin et al. Planetary and Space Science 152 (2018) 116-135

(349068) 2006 YT13: It was classified to be A/R-type by photometry, with B-V =1.042 + 0.088 and V-R = 0.475 + 0.057 (Ye, 2011). These color
indices are somewhat different from the Lulin results even though they are consistent with our S-cluster classification. With a nominal S-type albedo,
it size can be estimated to be 0.53-0.61 km.

(355256) 2007 KN4: This is a new measurement. The corresponding SED has rather large error bars and the B-V slope is higher than that of the D-
complex but similar to the S-complex value. We designated two possible taxonomic types with the S-type to be followed by the D-type. It is
interesting to note that 2007 KN4 is the only object in our sample with the Jovian Tisserand parameter (T; = 2.77) being less than 3.0. This means
that this NEA could be an extinct comet (Carusi et al., 1987). We would need more observations in future to determine whether this object should be
classified as D-type instead as appropriate to a cometary nucleus. For the present moment, with a nominal S-type albedo, it size can be estimated to
be 1.06-1.21 km.

(356394) 2010 QD2: This is a new measurement. With a nominal S-type albedo, it size can be estimated to be 0.80-092 km.

(378610) 2008 FT6: This is a new measurement. With a nominal S-type albedo, it size can be estimated to be 0.80-0.92 km.

2011 WV134: Previous photometric observations indicated that it is an S-type (Hicks et al., 2012b) in agreement with our Lulin result. With a
nominal S-type albedo, it size can be estimated to be 0.88-1.01 km.

The Q-complex
There are 24 NEAs in this group.

(1627) Ivar: It was previously classified to be S-type by spectroscopic observations (Bus and Binzel, 2002; Binzel et al., 2004; Davies et al., 2007)
and photometry, with B-V =0.80 & 0.02, V-R = 0.45 + 0.01, and R-I = 0.34 £ 0.01 (Hahn et al., 1989; Velichko and Rikhteghar, 2011). These color
indices are similar to the Lulin results. However, our classification is slightly different.

(2100) Ra-Shalom: It was classified to be K-type (Shepard et al., 2008), Sr-type (Harris et al., 1998), and C-type (Binzel et al., 2004), which are very
different from our present classification. Its SED in the Figure of Appendix B shows that the spectral slope of B-V is flatter and similar to that of the
C-/X-complex. On the other hand, the slopes from V to I band are close to those of the Q-complex with absorption feature near 1 pm.

(4450) Pan: It was classified to be S-type by photometric observations with

B-V=0.82+0.02, V-R =0.48 + 0.02 and R-I=0.28 + 0.02 (Carbognani, 2008) and S/Sr-type by spectroscopy (Perna et al., 2016). Our classifi-
cation is different but in the general S/Q-group. There is no albedo measurement. With a nominal Q-type albedo of 0.29 + 0.03 (Thomas et al.,
2011), it size can be estimated to be 0.9-1.1 km.

(6047) 1991 TB1: This NEA was classified to be S-type before (Binzel et al., 2004; DeMeo et al., 2009; Thomas et al., 2014). In the Lulin mea-
surements, the R-I spectral slope is better fit by the Q-complex value.

(22753) 1998 WT: It was classified to be Q-type (Whiteley, 2001) and Sq-type (Thomas et al., 2014). They are both consistent with our result.
(137062) 1998 WM: It was classified to be Sq-type (Binzel et al., 2004; Thomas et al., 2014) and Q-type (DeMeo et al., 2014). They are both
consistent with our result.

(137199) 1999 KX4: It was classified to be Sq-type by spectroscopy (Hicks et al., 2013b). With a nominal Q-type albedo, it size can be estimated to be
1.0-1.2km.

(141052) 2001 XR1: Our result is consistent with the taxonomic identification of Sq-type by Binzel et al. (2004) and Thomas et al. (2011).
(141484) 2002 DB4: It was classified to be S-type (Michelsen et al., 2006) and S-complex (Lazzarin et al., 2010). There is no albedo measurement.
With a nominal Q-type albedo, it size can be estimated to be 1.2-1.5 km.

(152889) 2000 CF59: This is a new measurement.

(163364) 2002 OD20: It was reported to be Sq-type by Hicks et al. (2013b). With a nominal Q-type albedo, it size can be estimated to be 0.4-0.5 km.
(168378) 1997 ET30: This is a new measurement. With a nominal Q-type albedo, it size can be estimated to be 1.04-1.24 km.

(214869) 2007 PAS8: It was classified to be Q-type (Kuroda et al., 2014; Fornasier et al., 2015; Sanchez et al., 2015; Perna et al., 2016), S-type
(Godunova et al., 2013), and Xc-type by broad-band photometry (Hicks et al., 2012c). The albedo was detected to be 0.294+0.14 (Brozovic et al.,
2017).

(230111) 2001 BE10: It was classified to be S-complex by spectroscopic observation (DeMeo et al., 2014) and R-type by photometry (Ye, 2011) with
color indices: B-V=0.956 + 0.087, V-R = 0.458 + 0.035 and R-I=0.412 £+ 0.101. These identifications together with our Lulin result are basically
in the S-cluster.

(276397) 2002 XA40: This is a new measurement. With a nominal Q-type albedo, it size can be estimated to be 0.91-1.08 km.

(277127) 2005 GW119: It was classified to be Sq-type (leva et al., 2014) in accordance with our result. With a nominal Q-type albedo, it size can be
estimated to be 0.43-0.52 km.

(297274) 1996 SK: It was identified to be S-type with apparent rotational color variability by Lin et al. (2014). Our present Lulin measurement
showed that its spectral slope is intermediate between S-type and Q-type thus indicating that this NEA probably has inhomogeneous surface
composition as reported before. We classified 1996 SK with the first taxonomic type to be Q-complex and second to be S-complex according to the
decision tree (see Fig. 4). With a nominal Q-type albedo, it size can be estimated to be 1.09-1.3 km.

(341816) 2007 YK: This is a new measurement. With a nominal Q-type albedo, it size can be estimated to be 0.76-0.9 km.

(361071) 2006 AO4: This is a new measurement. With a nominal Q-type albedo, it size can be estimated to be 1.98-2.36 km.

(363790) 2005 JE46: It was classified to be C/X/D-complex by spectroscopic observations (Thomas et al., 2014). The spectral slopes between B to R
in Figure of Appendix B are indeed similar to those of the X-complex, but the R-I slope is more like that of the Q-complex. With a nominal Q-type
albedo, it size can be estimated to be 0.69-0.82 km.

(441825) 2009 SK1: This is a new measurement. With a nominal Q-type albedo, it size can be estimated to be 0.52-0.62 km.

2005 RQ6: It was previously classified to be S/Sr-type (DeMeo et al., 2014) in the same S/Q-group as our identification. With a nominal Q-type
albedo, it size can be estimated to be 0.4-0.47 km.

2010 TN54: This is a new measurement. With a nominal Q-type albedo, it size can be estimated to be 0.35-0.41 km.

2010 XZ67: This is a new measurement. The V-R color index is missing. The taxonomic characterization can be done by consideration of the partial
SED which is more likely to be Q-complex than the V-complex. With a nominal Q-type albedo, it size can be estimated to be 0.27-0.32 km.
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The A-complex

There are three NEAs in this group.

(4954) Eric: It was classified to be S-type by both photometry (Rabinowitz, 1998) and SMASS observations (Binzel et al., 2004). Yet our Lulin
measurements indicated that its spectral slopes with reddening feature close to the A-complex slopes. However, according to Gietzen et al. (2012),
the NIR spectra of 4954 Eric exhibits an absorption feature at 2 micron indicating the presence of clinopyroxene. Because A-type does not have the
pyroxene absorption band, the classification here might be wrong and this NEA should be classified as S-type.

(11405) 1999 CV3: It was classified to be Sq-type by SMASS database. But the Lulin result showed that it is close to A-complex.

(354722) 2007 EG29: This is a new measurement.

The V-complex

Some of the V-type NEAs are supposed to be small members of the Vesta family got transported into the orbital region of the terrestrial planets. Their

spectral slopes between B to R are similar to those of the S-complex. But there is a significant descending slope between the R and I band because of a
deeper absorption feature close to 1 pm. There are six objects in this group from our Lulin observations.

(4055) Magellan: It was classified to be V-type by several spectroscopic observations (Cruikshank et al., 1991; Binzel et al., 2004; Whiteley, 2001;
Sanchez et al., 2013; Thomas et al., 2014). We have exactly the same classification. The albedo was detected to be about 0.33 (Delbo et al., 2003)
(55532) 2001 WG2: It was classified to be Sk-type by SMASS observations (Binzel et al., 2004). This is different from our identification though in the
same S-cluster.

(152756) 1999 JV3: It was classified to be S-type (Binzel et al., 2004) and Sa-type (Hicks et al., 2013b). They are both different from our iden-
tification though in the same S-cluster.

(163249) 2002 GT: It was classified to be Sq-type by spectroscopic observation (Hicks et al., 2013b). Its spectral slopes between V to I are inter-
mediate between the S- and Q-type, but that of B-V is more similar to the V-type. With the nominal albedo of 0.42 + 0.11 (Thomas et al., 2011) for
the V-type NEAs, it size can be estimated to be 0.37-0.5 km.

(334412) 2002 EZ2: Our Lulin measurements have relatively large error bars, but the SED is close to that of the V-complex. In addition, the detected
albedo of 0.4 by the warm Spitzer survey (Thrilling et al., 2010) is close to the mean albedo of the V-type NEAs (Thomas et al., 2011).
(389694) 2011 QD48: This is a new measurement. With the nominal albedo of the V-type asteroids, it size can be estimated to be 0.41-0.55 km.
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Abstract

We report the AGILE detection and the results of the multifrequency follow-up observations of a bright y-ray flare
of the blazar 3C 279 in 2015 June. We use AGILE and Fermi gamma-ray data, together with Swift X-ray
andoptical-ultraviolet data, and ground-based GASP-WEBT optical observations, including polarization
information, to study the source variability and the overall spectral energy distribution during the v-ray flare.
The ~-ray flaring data, compared with as yet unpublished simultaneous optical data that will allow constraints on
the big blue bump disk luminosity, show very high Compton dominance values of ~100, with the ratio of -ray to
optical emission rising by a factor of three in a few hours. The multiwavelength behavior of the source during the
flare challenges one-zone leptonic theoretical models. The new observations during the 2015 June flare are also
compared with already published data and nonsimultaneous historical 3C 279 archival data.

Key words: galaxies: active — gamma rays: galaxies — polarization — quasars: individual (3C 279) — radiation
mechanisms: non-thermal — X-rays: general

1. Introduction dominated by variable nonthermal processes. They come in

Blazars are a subclass of radio-loud active galactic nuclei two main flavors, with very different optical spectra: Flat
with relativistic jets pointing toward the observer (Urry & Spectrum Radio Quasars (FSRQs) that have strong, broad
Padovani 1995). Their emission extends from the radio band to optical emission lines; and BL Lacertae objects (BL Lacs) with
the y-ray band above 100 MeV up to TeV ~-rays, and it is an optical spectrum that can be completely featureless or can
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show, at most, weak emission lines and some absorption
features (e.g., see Giommi et al. 2012 for a detailed review
on blazar classification). The blazar spectral energy distribution
(SED) is, in general, characterized by two broad bumps: the
low-energy one, spanning from the radio to the X-ray band, is
attributed to synchrotron radiation, while the high-energy one,
from the X-ray to the «-ray band, is thought to be due to inverse
Compton (IC) emission. In the leptonic scenario, this second
component is due to relativistic energetic electrons scattering
their own synchrotron photons—Synchrotron self-Compton
(SSC)—or photons external to the jet—External Compton
(EC). Blazars of both flavors have been found to be highly
variable and particularly so in ~-rays.** The correlated
variability between X-rays and v-rays is usually well explained
in the SSC or EC framework (Ghisellini et al. 1998). In fact, a
new class of “orphan” 7-ray flares from FSRQ blazars is now
emerging from observations, challenging the current simple
one-zone leptonic models. In particular, a number of ~v-ray
flares from some extensively monitored FSRQs, such as 3C
279, do not correlate with optical and soft X-ray events of
comparable power and timescales; see, for example, the results
of a previous multiwavelength campaign on 3C 279 during
flaring states in 2013-2014 (Hayashida et al. 2015).

Gamma-ray observations of flaring blazars and simultaneous
multiwavelength data are thus the key to investigate possible
alternative theoretical scenarios, such as a recently proposed
model based on a mirror-driven process within a clumpy jet
inducing localized and transient enhancements of synchrotron
photon density beyond the broad-line region (BLR; Tavani et al.
2015; Vittorini et al. 2017). Other scenarios consider special
structures, such as spine-sheath jet layers radiative interplay
(Tavecchio & Ghisellini 2008; Sikora et al. 2016) or “rings” of
fire, i.e., synchrotron-emitting rings of electrons representing a
shocked portion of the jet sheath (MacDonald et al. 2015).

3C 279 is associated with a luminous FSRQ at z =
0.536 (Lynds et al. 1965), with prominent broad emission lines
detected in all accessible spectral bands and revealing highly
variable emission. It consistently shows strong 7-ray emission,
which are already clearly detected by EGRET (Hartman
et al. 1992; Kniffen et al. 1993), AGILE (Giuliani et al. 2009),
Fermi- Hayashida et al. 2012, 2015), and also detected above
100 GeV by MAGIC (Albert et al. 2008). The central black hole
mass estimates are in the range of (3-8) x 108 M, (Gu
et al. 2001; Woo & Urry 2002; Nilsson et al. 2009). The 3C
279 jet features strings of compact plasmoids, as indicated by
radio observations (Hovatta et al. 2009), which may be a by-
product of the magnetic reconnection process (Petropoulou
et al. 2016), even though it must be taken into account that the
superluminal knots observed in Very Long Baseline Interfero-
metry images are probably much larger structures than the
reconnection plasmoids formed on kinetic plasma scales, hence
this connection is uncertain (Chatterjee et al. 2008).

Here we present the results of a multiband observing
campaign on the blazar 3C 279 triggered by the detection of
intense ~-ray emission above 100 MeV by the AGILE satellite
in 2015 June (Lucarelli et al. 2015). The source is one of the
y-ray blazars monitored by the GLAST-AGILE® Support
Program (GASP) of the Whole Earth Blazar Telescope

34 The SED movie of the blazar 3C 279 from 2008.05 to 2016.37 by
P. Giommi: http://www.youtube.com/watch?v=001JBakFUXQ.

35 GLAST refers to the Fermi Gamma-ray Space Telescope, formerly known
as the Gamma-ray Large Area Space Telescope.
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(WEBT) Collaboration®® (Bottcher et al. 2007; Larionov
et al. 2008; Villata et al. 2008; Abdo et al. 2010).

The AGILE-Gamma-ray Imaging Detector (-GRID) ~-ray data
of 3C 279 in 2015 June are compared with as yet unpublished
(R-band) optical GASP-WEBT observations during the flare,
including the percentage and angle of polarization, and with
Fermi-Fermi-Large Area Telescope (-LAT; Paliya et al. 2015;
Ackermann et al. 2016) and other multiwavelength data from the
Swift-Ultraviolet/Optical Telescope (-UVOT) and the Swifi-X-Ray
Telescope (-XRT) Target of Opportunities (ToO). The analysis of
the source multiwavelength behavior is crucial in order to study
the correlation (if any) of the +-ray radiation with the optical-
ultraviolet (-UV) and X-ray emissions. The 2015 June flaring data
are also compared with nonsimultaneous archival data from the
NASA/IPAC Extragalactic Database and from the ASI Space
Science Data Center (SSDC, previously known as ASDC).

2. Observations and Data Analysis
2.1. AGILE Observations

AGILE (Tavani et al. 2009) is a small mission of the Italian
Space Agency (ASI) devoted to ~-ray astrophysics, operating in a
low Earth orbit since 2007 April 23. The main AGILE instrument
is GRID, which is sensitive in the energy range 30-50 GeV.
AGILE-GRID consists of a silicon-tungsten tracker, a cesium
iodide mini-calorimeter, and an anticoincidence system (AC)
made of segmented plastic scintillators.

The AGILE Quick Look (QL) alert system (Pittori 2013;
Bulgarelli et al. 2014) detected increased ~-ray emission from
3C 279 starting from 2015 June 13 (MJD = 57186) and lasted
up to 2015 June 17 MJD = 57190).

The AGILE-GRID data were analyzed using the AGILE
Standard Analysis Pipeline (see Vercellone et al. 2008 for a
description of the AGILE data reduction). Counts, the exposure,
and Galactic diffuse background maps for energy E > 100 MeV
were created, including all events collected up to 60° off-axis.
Scientific data acquisition is inhibited during the South Atlantic
Anomaly passages, and we rejected all y-ray events whose
reconstructed directions form angles with the satellite—Earth
vector <80° to reduce the ~-ray Earth albedo contamination. We
used the latest public AGILE software Package (AGILE SW 5.0
SourceCode) with calibration files (10023), and the AGILE ~-ray
diffuse emission model (Giuliani et al. 2004), which is publicly
available at the SSDC site.*’

2.2. GASP-WEBT Observations

Optical observations of 3C 279 were carried out by the
GASP-WEBT Collaboration in the Cousins’ R band. Data were
provided by the following observatories: Abastumani (Georgia),
Belogradchik (Bulgaria), Crimean (Russia), Lowell (USA;
Perkins telescope), Lulin (Taiwan), Mt. Maidanak (Uzbekistan),
Roque de los Muchachos (Spain; KVA), San Pedro Martir
(Mexico), Skinakas (Greece), St. Petersburg (Russia), Teide
(Spain; TAC80 and STELLA-I), and Tijarafe (Spain). The
calibrated source magnitude was obtained by differential
photometry with respect to Stars 1, 2, 3, and 5 of the
photometric sequence by Raiteri et al. (1998). The optical light
curve (see Section 3.1) was visually inspected and checked. No
significant offset was noticed between different data sets.

36 http: //www.oato.inaf.it/blazars /webt/
37 http: / /agile.ssdc.asi.it/publicsoftware.html
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Table 1
Swift Follow-up Observations of 3C 279 Following the AGILE ~-ray Flare Alert in 2015 June, and On-source Net Exposures in the
Pointing Observing Mode for the XRT (Photon Counting Readout Mode) and UVOT Instruments within Each Observation
OBS Start Time MID XRT Exposure UVOT Exposure obsID
(UTC) (s) (s)
2015 Jun 15 14:27:58 57188.6028 1987.8 1994.1 00035019176
2015 Jun 16 03:27:59 57189.1444 958.9 961.7 00035019180
2015 Jun 16 16:04:58 57189.6701 934.0 936.1 00035019181
2015 Jun 17 04:40:59 57190.1951 936.5 938.2 00035019185
2015 Jun 17 20:59:58 57190.8750 489.5 488.6 00035019187
2015 Jun 18 04:37:59 57191.1930 1246.1 1249.2 00035019188
Polarimetric information in the R band was acquired at the Table 2

Crimean, Lowell, San Pedro Martir, and St. Petersburg
observatories.

2.3. Swift ToO Observations

Results of the X-ray Spectral Analysis of the Swift-XRT Follow-up Data

XRT Date Start
(UTC)

Photon Index

XRT Flux (0.3-10 keV)

(erg cm 2 sfl)

2015 Jun 15 14:32 1.36 £ 0.06 (55+£04) x 107"

. . —11

Following the 3C 279 ~-ray flare detected by AGILE, a 2015 Jun 16 03:31 1.32 + 0.08 (04 £+ 038) x 10711

prompt Swift target of opportunity observation was performed 2015 Jun 16 16:08 14 +0.1 (3.5 +05) x 107,[
. 2015 Jun 17 04:44 14+ 0.1 2.7£04) x 10

on 2015 June 15, for a total net exposure time of about 2.0 ks. : 1
Another five Swift-XRT observations were carried out on 2015 2015 Jun 17:21:02 1.3£02 20£03) %10

1o 2015 Jun 18 04:41 15 +0.1 (1.7 +0.2) x 107"

June 16-18. A summary of these observations is given in
Table 1, where the net exposures with the XRT and UVOT
instruments are also reported.

2.3.1. XRT Observations

The XRT onboard Swift (Gehrels et al. 2004) is sensitive to
the 0.3-10 keV X-ray energy band (Burrows et al. 2004). The

Note. The errors are at 90% level of confidence, and fluxes are corrected for the

galactic absorption

Table 3

Results of the Analysis of the Swift-UVOT ToO Follow-up Data

six 2015 June XRT follow-up observations of 3C 279 were all UVOT Date Start Filter UVOT Magnitude
carried out using the most sensitive Photon Counting readout (UTC) (of the day)
mode for a total net exposure time of about 6.5 ks. The XRT 2015 Jun 15 14:33 U 14.93 + 0.03
data sets were first processed with the XRTDAS software 2015 Jun 16 03:32 w2 15.35 + 0.04
package (v.3.1.0) developed at SSDC and distributed by the 2015 Jun 16 16:09 w2 15.44 £ 0.04
High Energy Astrophysics Science Archive Research Center 2015 Jun 17 04:45 M2 15.38 £ 0.04
(HEASARC) within the HEASoft package (v. 6.17). Event 2015 Jun 17 21:04 M2 15.64 £ 0.05
2015 Jun 18 04:41 4! 15.65 + 0.04

files were calibrated and cleaned with standard filtering
criteria with the xripipeline task using the calibration files
available in the version 20150721 of the Swift-XRT calibra-
tion database (CALDB). Except for the last two observations,
the source count rate was initially high enough to cause some
photon pile-up in the inner 3 pixels radius circle centered on
the source position, as derived from the comparison of the
observed point-spread function (PSF) profile with the
analytical model derived in Moretti et al. (2005). We avoided
pile-up effects by selecting events within an annular region with
an inner radius of 3 pixels and an outer radius of 30 pixels. The
background was extracted from a nearby source-free annular
region of the 50/90 pixel inner/outer radius. The ancillary
response files were generated with the xrfmkarf task, applying
corrections for the PSF losses and CCD defects using the
cumulative exposure map. The response matrices available in the
Swift CALDB at the time of analysis were used. The source
spectra were binned to ensure a minimum of 30 counts per bin.

For all Swift ToO observations, fits of the XRT spectra were
performed using the XSPEC package. The observed X-ray
spectrum (0.3-10keV) can be fit by an absorbed power-law
model with a HI column density that is consistent with the
Galactic value in the direction of the source, ny = 2.2 X
10 cm 2 (Kalberla et al. 2005). The results of photon index

Note. Observed magnitudes, which are not corrected for galactic extinction,
and errors at the 1o confidence level.

and fluxes corrected for the Galactic absorption for each follow-
up observation are shown in Table 2.

2.3.2. UVOT Observations

Co-aligned with the XRT, the Swift-UVOT instrument
(Roming et al. 2005) provides simultaneous UV and optical
coverage (170-650nm). UVOT ToO observations were
performed with the optical/UV filter of the day, namely U,
W2, and M2, as described in Table 3. We performed aperture
photometry using the standard UVOT software distributed
within the HEAsoft package (v. 6.17), and the calibration
included in the latest release of the CALDB. The values of the
UVOT observed magnitudes of the source are given in Table 3.
Source counts were extracted from an aperture of the 5 arcsec
radius for all filters, while the background ones were extracted
from an annular region of the inner aperture 26 arcsec and size
9 arcsec, then the source counts were converted to fluxes using
the standard zero points (Breeveld et al. 2011). The fluxes were

4
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Figure 1. Top panel: AGILE-GRID 3C 279 ~-ray light curve (E > 100 MeV) during the 2015 June flare. Bottom panel: simultaneous GASP-WEBT optical data
(R-band, de-absorbed flux densities), showing a well-defined maximum peaking around MJD = 57189.

finally dereddened using the appropriate value E(B-V) =
0.0245, taken from Schlegel et al. (1998) and Schlafly &
Finkbeiner (2011), with A,/E(B-V) ratios calculated for
UVOT filters using the mean Galactic interstellar extinction
curve from Fitzpatrick (1999). These fluxes were then included
in the multiwavelength SED (see Section 3.2).

2.4. Fermi-LAT Observations

We compared AGILE ~-ray observations with published
Fermi-LAT data from Ackermann et al. (2016), and with public
Fermi data obtained from the online data analysis tool at
SSDC.*® As described in Ackermann et al. (2016), events in the
energy range 100 MeV-300 GeV were extracted within a 15°
acceptance cone of the Region of Interest (ROI) centered on the
location of the source. Gamma-ray fluxes and spectra were
determined by an unbinned maximum likelihood fit with
gtlike. The background model included all known ~-ray
sources within the ROI from the third Fermi-LAT catalog
(Acero et al. 2015). Additionally, the model included the
isotropic and Galactic diffuse emission components. Flux
normalization for the diffuse and background sources were left
free in the fitting procedure.

3. RESULTS

3.1. Light Curves

In Figure 1, we present the simultaneous (and as yet
unpublished) AGILE ~-ray and GASP-WEBT optical light

38 https:/ /tools.asdc.asi.it/ 2&searchtype=fermi

V)

curves during the 3C 279 flare in 2015 June. In order to
produce the AGILE light curve, we divided the data collected in
the period from 2015 June 11 to 18 (MJD: 57184-57191) in 24
and 12 hr timebins. To derive the estimated flux of the source,
we ran the AGILE Multi-Source Maximum Likelihood Analysis
(ALIKE) task with an analysis radius of 10°. The ALIKE was
carried out by fixing the position of the source to its nominal radio
position (Johnston et al. 1995), ([, b) = (305.104, 57.062) (deg)
and using Galactic and isotropic diffuse emission parameters
(GAL-ISO) fixed at the values estimated during the two weeks
preceding the analyzed AGILE data set.

The extended GASP-WEBT optical light curve (R-band
magnitude) of 3C 279 since the end of 2014, including the
~-ray flaring period (MJD: 57010-57220), is shown in Figure 2.
It includes the polarization percentage P and electric vector
polarization angle (EVPA) variations. The total brightness
variation in this period is ~1.5 magnitude, from R=16.07 at
MID =57142.1 to R =14.58 at MJD = 57189.6.

The multiwavelength behavior of the source during the flare
is then summarized in Figure 3, which includes v-ray light
curves, as observed by AGILE-GRID and Fermi-LAT, the
prompt Swift-XRT X-ray followup, and the simultaneous
GASP-WEBT de-absorbed optical flux densities and polari-
metric data.

A well-defined maximum peaking around MJD = 57189 is
visible at y-rays, which is in agreement with the optical
observations. The degree of observed polarization P remains
always high, ranging between about 9% and 30%. The
maximum observed value occurs at MJD = 57190.2, and the
daily sampling allows to identify a 1 day delay of the P
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Figure 2. Photometric and polarimetric optical data in the R band acquired by the GASP-WEBT Collaboration from 2014 December 9 (MJD = 57000) to 2015 July
17 (MID = 57220). The corresponding time in calendar years is shown above the figure. Different colors and symbols highlight data points from different telescopes
(see the text for the full list). The vertical line indicates the optical flux measured maximum (MJD = 57189.585).

maximum after the flux peak observed at optical and ~v-ray
frequencies. The rise and the following decrease of P and flux
is accompanied by a rotation of the electric vector polarization
angle of about 30° in 10 days.

As shown in Figure 3’s third panel, the X-ray flux variability
also appears correlated with the y-ray and optical ones. The
peak X-ray flux value occurs at MJD =57189.14, and it is
about a factor of about four higher than the one observed one
day later (see Table 2).

3.2. Spectral Energy Distribution

Figure 4 shows the 3C 279 broadband SED obtained with
the help of the SSDC SED Builder tool.” Simultaneous
AGILE, GASP-WEBT, Swift-XRT, and Swift-UVOT data
during the 2015 June flare are shown in red. Average y-ray
flux excluding the flaring period and other public nonsimulta-
neous archival data in other wavelengths are shown in gray.

» http://tools.asdc.asi.it/SED
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Figure 3. Multiwavelength light curves of 3C 279 in 2015 June: y-rays (E > 100 MeV), as observed by AGILE-GRID and Fermi-LAT, the prompt Swift-XRT X-ray
followup, and simultaneous GASP-WEBT photometric and polarimetric optical data. Second panel: Fermi-LAT blue points are from Ackermann et al. (2016), and the
red points are from the public online Fermi data analysis tool at SSDC. In the last three panels, we report a selection of the full data set of GASP-WEBT observations

already presented in Figure 2, zoomed in around the +-ray peak.

We have performed the AGILE spectral analysis of the peak
~-ray activity, corresponding to the period between 2015 June 14
(MJD = 57187.0) and 2015 June 17 MID = 57190.0) over three
energy bins: 100-200, 200400, and 400-1000 MeV. A simple
power-law spectral fitting gives a photon index of I, =
(2.14 £ 0.11), which is consistent within the errors with the
values reported by Fermi (Paliya et al. 2015; Ackermann et al.
2016). Moreover, we estimated the average ~-ray fluxes obtained
by integrating in the whole AGILE energy band (100 MeV—
50 GeV) during three time periods, defined as a pre-outburst
(MJD: 57184-57187), a flare (MID: 57187-57190), and a post-
flare MID: 57190-57193). The corresponding AGILE integral
~-ray fluxes and spectral indices are summarized in Table 4.
Historically, this is the largest ~-ray flare (=100 MeV) of 3C 279
ever observed, including recent activity reported in Bulgarelli
et al. (2017).

The SED during the flare (red points in Figure 4) indicates a
very high “Compton dominance”: the ratio of the IC peak to the
synchrotron 1 is of the order of 100. Specifically, the v-ray
spectrum integrated over 1 day timebins rises by a factor of ~3
in a few hours (as shown in Figure 3), yielding a Compton
dominance of about 100, and attaining values up to ~200 when
integrating on even shorter timescales (Ackermann et al. 2016).

44

4. Simple Flare Modeling and Discussion

In this section, we estimate the parameters of a tentative
simple modeling of the multiwavelength 3C 279 data acquired
during the 2015 flare. The model parameter values obtained
here can be used as reference input for a more detailed further
theoretical analysis.

In the framework of the one-zone leptonic model for FSRQs
(see e.g., Paggi et al. 2011), the optical and UV data acquired
during the 2015 June flare, presented here, would constrain the
luminosity of the accretion disk to L, < 10*® erg s~'. We note
that this value is larger, by a factor of about 3, than the disk
luminosity previously inferred for 3C 279 (Raiteri et al. 2014).

Taking into account also the simultaneous soft X-ray data
and the observed variability, we can determine empirical
constraints on the model parameters: the size /, the bulk boost
factor I', the energetic content in magnetic field B, and the
electron energy distribution n.(y) of the emitting region. We
assume that the relativistic electrons have a double power-law
energy-density distribution:

K '
O/ + (/)

ne(y) = m~7], (1)
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Figure 4. 3C 279 broadband SED obtained with the help of the SSDC SED Builder tool (v. 3.2). Red points: AGILE data during the 2015 June ~-ray flare (around
MID: 57187-57190), and simultaneous GASP-WEBT, Swift-UVOT, and Swift-XRT ToO data. Green points: Swift-UVOT and Swift-XRT follow-up data covering
approximately 48 hr after the y-ray peak emission (see Table 1). Blue points: post-flare 2015 data from GASP-WEBT (up to MJID = 57220), Swift-UVOT, Swift-XRT
(MID = 57191), and AGILE data (weekly averaged flux above 100 MeV from MID = 57197.5 to 57218.5). Gray points: public nonsimultaneous archival data from
SSDC (CRATES, DIXON, NVSS, PKSCAT90, PMN, VLSS, AT20GCAT, PLANCK, WMAPS5, Swift-BAT, IBIS/ISGRI, BeppoSAX, AGILE-GRID, Fermi-LAT,

and MAGIC).
Table 4

AGILE ~-ray Fluxes and Spectral Indices
Label Toart Tetop F (E =100 MeV) r,

MJID MJID (10 phem™2s7")
Pre-outburst ~ 57184.0 57187.0 (1.7 £0.7) (2.0 £04)
Flare 57187.0 57190.0 (13.0 = 1.3) 2.1 £0.1)
Post-flare 57190.0 57193.0 (1.0 £ 0.5) -

Note. Over the considered 3 day time periods, the source flux increases of
factor of about 7, then rapidly drops more than a factor of 10 in the post-flare,
with insufficient statistics for the spectral analysis.

where K is a normalization factor, 7, is the break Lorentz
factor, (; and (, are the double power-law spectral indices
below and above the break, respectively.

These electrons interact via the IC process with the
synchrotron photons internal to the same emitting region, with
the external photons coming from the accretion disk and from
the BLR. From distances Rgir =~ 0.1 pc, the latter reflects a
fraction £ ~ few % of the disk radiation. In Figure 5, we show
our one-zone SED model of the 2015 June flare of 3C 279 for
~-ray fluxes averaged on 1 day timescales. If we assume the
emitting region located at a distance R < Rpy r from the central
black hole, then seed photons coming from BLR are good
candidates to be scattered into y-rays of observed energies
>100 MeV (see the red line in Figure 5). As shown by the blue
lines in the same figure, disk photons entering the emitting
region from behind are scattered mainly in the hard X-ray
observed band. Instead, the internal scattering of the synchro-
tron photons are seen mainly in the soft X-ray band, as shown
by the green lines.

In this model, we consider the emitting region placed at a
distance R = 6 x 10'°cm from the central black hole, while
the accretion disk radiates the power Lp = 10* erg s7'; a

4s

fraction £ = 2% of this is reflected back from the BLR placed
at distance Rg g = 0.15 pc. A summary of the best-fit flare
model parameters is shown in Table 5.

When the IC scattering occurs in the Thomson regime, the
Compton dominance reads g = U.,/Uj, ie., the ratio of
the comoving energy density of BLR seed photons U, ~ (1 +
BE)T2€ Lp /(47 ¢ Ri ) to the energy density of the magnetic
field Uy = B'?/8, thus:

(£/0.02)Lp 46
(B'/G)*(Rgir /0.1pc)?
For assumed disk luminosities Lp < 10% erg s_l, this yields a

value of ¢ < 80. Moreover, the one-zone assumption has two
other main consequences.

g <0217

~

@

1. First, a strict correlation of optical and ~-ray fluxes: their
variations must be of the same entity, so the Compton
dominance should not vary.

2. Second, to increase the upper limit for ¢ up to values
above 100, as observed, we should consider faint
magnetic fields values B <0.1 G, which would in turn
imply modest electron accelerations (Mignone et al.
2013). Alternatively, we could assume bulk factors
I' > 30 (Ackermann et al. 2016), which considerably
exceeds the value I' ~20 inferred from radio observa-
tions for this source (Hovatta et al. 2009), that would
imply a conspicuous kinetic load in the jet.

Noticeably, the multiwavelength light curves of the flare in
Figure 3 show instead that the Compton dominance rises by a
factor of three or more in a half day, attaining values up to
g >200 in few minutes when considering the very fast and
strong y-ray variations reported in Ackermann et al. (2016).
While the simple one-zone model presented here could account
for the SED flaring data integrated on 1day timescales
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Figure 5. 3C 279: simple one-zone modeling of the 2015 June flare.
Table 5 counterparts, and the Compton dominance attained values of

One-zone Model Parameters for the 2015 Flare of 3C 279,
as Defined in Section 4
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(provided you assume of a very bright underlying disk), it is
anyway seriously challenged by the observed strong and fast
variation of the Compton dominance.

Furthermore, we notice that a single photon of energy
E =52 GeV was detected on MJD = 57189.62 (Paliya
et al. 2015) in correspondence with the peak of optical
emission and is consistent with the observed polarization
fraction reaching its maximum. The modeling of this specific
episode of high-energy emission goes beyond the scope of this
paper and provides an additional argument for alternative
modes of y-ray emission.

5. Conclusions

In this paper, we present multifrequency optical and X-ray
data simultaneous with the 2015 ~ flaring activity of 3C 279.
We use AGILE-GRID and Fermi-LAT (Paliya et al. 2015;
Ackermann et al. 2016) y-ray data together with the Swift-
UVOT, the Swift-XRT, and as yet unpublished optical GASP-
WEBT observations of 3C 279 in 2015 June. We find that from
the multiwavelength light curve shown in Figure 3, the high-
energy flare is partially correlated with the behavior in other
energy bands. Specifically, the ~-ray flux rising by a factor ~4
in half a day shows an optical counterpart rising only by a
factor 2 or less on similar timescales. The ~-ray flux during this
flare exceeds the largest 3C 279 flares previously detected,
although Hayashida et al. (2015) reported an even more
extreme multifrequency behavior for this source in the past;
e.g., in 2013 December, the ~-ray flux above 100 MeV jumped
by a factor =5 in a few hours without optical or X-ray
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about 300. Ackermann et al. (2016) discuss the variability of
the 2015 ~-ray flare with minute timescales.

The observed spectral characteristics and the strong and fast
variations of the Compton dominance challenge one-zone
models, unless we assume significant variations in the field of
seed photons to be IC scattered into v-rays. We discuss in this
paper a one-zone model and provide the model parameters that
can be used as a theoretical model of reference. Models
alternative to the standard SSC and EC might be considered
(e.g., Ackermann et al. 2016). In the moving mirror model
(Tavani et al. 2015; Vittorini et al. 2017) localized enhance-
ments of synchrotron photon density may explain the
occurrence of gamma-ray flares with faint or no counterpart
in other bands. These localized enhancements would persist
only for short periods of time, and this would explain the fact
that the majority of FSRQ ~-ray flares are not orphan in nature.

We noticed that, as shown in Figure 3, the degree of observed
optical polarization P appears to correlate with the optical flux F
during the flare, with P peaking about one day after F. Moreover,
the polarization angle rotates by at least 30° in the period
encompassing the flare. However, the behavior of the polarization
degree of the jet may be very different from the observed one,
due to the big blue bump dilution effect. When deriving the
intrinsic jet polarization P, the presence of a very luminous disc,
as assumed by the one-zone model used to interpret the observed
SEDs, would imply that the correction for the thermal emission
contribution becomes noticeable as the flux approaches the
observed minimum level. This would lead to much higher Pje
values than the observed ones, and Pj; would not maintain the
general correlation with flux shown in Figure 2.

Partly based on data taken and assembled by the WEBT
Collaboration and stored in the WEBT archive at the
Osservatorio Astrofisico di Torino—INAF.*’ For questions
about data availability, contact the WEBT President Massimo
Villata (villata@oato.inaf.it).
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ABSTRACT

V391 Peg (alias HS 2201+2610) is a subdwarf B (sdB) pulsating star that shows both p- and g-modes. By studying the arrival times
of the p-mode maxima and minima through the O—C method, in a previous article the presence of a planet was inferred with an
orbital period of 3.2 years and a minimum mass of 3.2 My,,. Here we present an updated O—-C analysis using a larger data set of
1066 h of photometric time series (~2.5x% larger in terms of the number of data points), which covers the period between 1999 and 2012
(compared with 1999-2006 of the previous analysis). Up to the end of 2008, the new O—C diagram of the main pulsation frequency (f})
is compatible with (and improves) the previous two-component solution representing the long-term variation of the pulsation period
(parabolic component) and the giant planet (sine wave component). Since 2009, the O—C trend of f; changes, and the time derivative
of the pulsation period (p) passes from positive to negative; the reason of this change of regime is not clear and could be related to
nonlinear interactions between different pulsation modes. With the new data, the O-C diagram of the secondary pulsation frequency
(f>) continues to show two components (parabola and sine wave), like in the previous analysis. Various solutions are proposed to fit
the O-C diagrams of f; and f>, but in all of them, the sinusoidal components of f; and f, differ or at least agree less well than before.
The nice agreement found previously was a coincidence due to various small effects that are carefully analyzed. Now, with a larger
dataset, the presence of a planet is more uncertain and would require confirmation with an independent method. The new data allow
us to improve the measurement of p for f; and f;: using only the data up to the end of 2008, we obtain p; = (1.34 + 0.04) x 10~'? and
P2 =(1.62+0.22) x 107'2, The long-term variation of the two main pulsation periods (and the change of sign of p,) is visible also in
direct measurements made over several years. The absence of peaks near f; in the Fourier transform and the secondary peak close to
/> confirm a previous identification as /=0 and /=1, respectively, and suggest a stellar rotation period of about 40 days. The new data

allow constraining the main g-mode pulsation periods of the star.

Key words. stars: horizontal-branch — stars: oscillations — asteroseismology — stars: individual: V391 Peg —
planets and satellites: detection — planets and satellites: individual: V391 Peg b

1. Introduction

V391 Peg was the first case of a post-red giant branch star show-
ing evidence of the presence of a planet (Silvotti et al. 2007
(hereafter SSJO7); Silvotti 2008), indicating that giant planets
may survive the first giant expansion of a star, provided that the
orbital distance is large enough. For V391 Peg b, a minimum

* The complete set of data shown in Fig. 1 is only available at the CDS
via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/611/A85

**Based on observations obtained at the following observato-
ries: WHT 4.2m, TNG 3.6m, Calar Alto 2.2m, NOT 2.5m, Loiano
1.5m, LOAO 1.0m, MDM 1.3m, Moletai 1.6m, MONET-North 1.2m,
Piszkéstetd 1.0m, Mercator 1.2m, Wise 1.0m, Lulin 1.0m, Baker 0.6m.

Article published by EDP Sciences
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mass of 3.2 My, was found, with an orbital period of 3.2 years,
corresponding to an orbital distance of about 1.7 AU. The pres-
ence of the planet was inferred by measuring the arrival times of
the maxima and minima of the stellar light, given that V391 Peg
is a pulsating subdwarf B (sdB) star with at least four p-mode
pulsation periods between 344 and 354 s (Silvotti et al. 2002,
2010), and a few longer-period g-modes (Lutz et al. 2009). A
recent review on hot subdwarfs of spectral type O and B is given
by Heber (2016).

V391 Peg b is not the first case in which the light travel-time
delay is used to detect secondary low-mass bodies. In principle,
the timing technique may be used on any star or stellar system
that has a sufficiently stable clock, which may be given by the
oscillations of the stellar flux in pulsating stars (like in this case),
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but also radio signals in pulsars or eclipse timing in eclipsing
binaries. Radio timing was used to detect the first planetary sys-
tem around the pulsar PSR 1257+12 (Wolszczan & Frail 1992).
The extremely high precision of the radio pulse made it possible
to detect PSR 1257+12 b, the Moon-mass innermost planet of the
system (Konacki & Wolszczan 2003). Of the planets detected
through eclipse timing, the most convincing case is given by
two circumbinary planets orbiting the pre-cataclysmic binary
NN Ser. Eight years after the discovery paper (Qian et al. 2009;
see also Beuermann et al. 2010) and 26 years after the first data,
their existence remains the best explanation for the observed
eclipse time variations (Bours et al. 2016). Many other detached
close binaries show eclipse time variations: for some of them,
the presence of planets is excluded by dynamic stability com-
putations and the periodic O-C trends may be caused by other
effects, such as Applegate-like mechanisms (Applegate 1992;
Lanza 2006). However, for some others, the energy required to
produce the quasi-periodic changes in the quadrupole moment
of the secondary star referred to as the Applegate mechanism,
is too high; and the presence of Jovian planets remains the most
plausible explanation (Vo6lschow et al. 2016).

The idea of using stellar pulsation to measure the reflex
motion that is due to a companion is not new (e.g., Barnes &
Moffett 1975). Recently, the high photometric accuracy achiev-
able from space, in particular with the Kepler mission, has led to
arenewed interest in this technique (Silvotti et al. 2011), and two
systematic approaches based on frequency modulation (FM) and
phase modulation (PM, equivalent to the O—C method) were pro-
posed (Shibahashi & Kurtz 2012; Telting et al. 2012; Shibahashi
et al. 2015; Murphy et al. 2014, 2016b).

However, to detect low-mass (substellar) companions, we
need very stable pulsators. When we exclude all the solar-like
oscillators, good candidates are the delta Scuti stars (Compton
et al. 2016; see also recent discovery by Murphy et al. 2016a)
and compact stars like white dwarfs or sdB stars. As for white
dwarfs, many articles in the literature have addressed this issue
(e.g., Kepler et al. 1991), but it has become increasingly evi-
dent that other effects are present that can mimic light travel
time effects in the O—C diagrams of these stars (e.g., Dalessio
et al. 2015). For sdB stars the situation looks more promising,
perhaps because these stars have a fully radiative envelope, and
there is at least one case in which the presence of a low-mass
stellar companion detected from pulsation timing was confirmed
by radial velocity measurements (Barlow et al. 2011b). Another
recent case of a pulsation-timing detection of an FSV companion
to an sdB pulsator is reported by Otani et al. (2017).

After the detection of V391 Peg b, some other planet or
brown dwarf (BD) candidates orbiting sdB stars were pro-
posed using different detection methods. From eclipse timing,
about one-third of the known detached sdB/sdO +dM (dM = M-
dwarf) post-common-envelope binaries (PCEB) are suspected
to host planets/BDs: HW Vir (Beuermann et al. 2012 and
references therein), HS 0705+6700 (alias V470 Cam, Qian
et al. 2013 and references therein), HS 2231+2441 (Qian et al.
2010 and references therein; but see also Lohr et al. 2014),
NSVS 14256825 (Almeida et al. 2013; Hinse et al. 2014
and references therein), NY Vir (Lee et al. 2014 and refer-
ences therein), and 2M 193844603 (Baran et al. 2015). Inter-
esting explorations on the origin of PCEB (and specifically
sdB+MS/BD) circumbinary planets can be found in Zorotovic
& Schreiber (2013), Schleicher & Dreizler (2014), Bear & Soker
(2014), and Volschow et al. (2016). Very different planets or
planetary remnants with terrestrial radii have been proposed
from tiny reflection effects detected by the Kepler spacecraft
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Table 1. Stellar parameters.

U 13.35 + 0.03!
B 14.35 + 0.02!
Vv 14.57 + 0.02!
J 2MASS) 15.17 £ 0.05
H (2MASS) 15.16 £ 0.10
K (2MASS) 15.38 £ 0.20
Test 29300 + 500 K>
logg 5.4 +0.1 (cgs)?
log(N(He)/N(H)) 3.0+ 0.3
M 0.47° M,
R=R(M, g) 0.23 R,
L=L(Tex, R) 34 L,

My =Mvy(L, BC) 3.884
d=d(V, My) 1400 pc

Notes. () Our calibration at TNG. ® From @stensen et al. (2001). ® SdB
canonical mass (assumed), see e.g., Heber (2016). ® Absolute V mag
assuming a bolometric correction BC = -2.95.

in KIC 05807616 (Charpinet et al. 2011) and KIC 10001893
(Silvotti et al. 2014). However, none of these sdB planet/BD
candidates has been confirmed with at least two independent
detection methods. More robust detections of a few brown
dwarfs (BDs) in eclipsing sdB binaries (also called HW Vir
systems from the sdB+dM protoptype) were obtained by com-
bining stellar radial velocities (RVs) with photometric mea-
surements: J08205+0008, J1622+4730 and V2008-1753 have
companion masses of about 71, 67, and 69 My,,, respectively
(Geier et al. 2011; Schaffenroth et al. 2014a, 2015). At least two
more sdB+BD eclipsing systems were recently found from the
OGLE survey (Schaffenroth, in prep., priv. comm.). Finally, two
more BD candidates in sdB binaries were found by combining
radial velocities (RVs) with photometric reflection effects: CPD-
64°6481 and PHL 457, with minimum masses of 50 and 28 My,
respectively (Schaffenroth et al. 2014b).

In this paper we reconsider the case of V391 Peg, for which
we have collected 6 years of new photometric time-series data,
increasing the number of data points by a factor of about 2.5. The
main stellar parameters of V391 Peg are summarized in Table 1.
We note that the JHK magnitudes are compatible with a single
sdB star and do not indicate any near-IR excess.

In Sect. 2 a short summary of the data acquisition and
reduction is given, including the extraction of the pulsation fre-
quencies. The analysis of the amplitude spectrum of the p-modes
at different frequency resolutions is presented in Sect. 3. Sec-
tion 4 is dedicated to the O—C analysis of the two main p-modes.
In Sect. 5 we discuss the presence of the planet in the light of
the new O—C results, including a perspective on future develop-
ments. In Sect. 6 we present an analysis of the g-mode amplitude
spectrum. Finally, a summary of our results is given in Sect. 7.

2. Time-series photometric data: extraction of the
pulsation frequencies

The new time-series photometric data were obtained using dif-
ferent telescopes and instruments (see Table 2) with at least one
and often two or more comparison stars close to the target in
order to remove spurious photometric modulations that are due
to atmospheric transparency variations. The distribution of the
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Table 2. Time-series photometry.

Telescope/instrument Observers #runs # hours
Previous data (1999-2006)" 168 421.3
Loiano 1.5m/BFOSC RS 20 75.4
Piszkéstet6 1.0m/CCD MP/LM 14 67.5
Moletai 1.6m/CCD RJ 26 79.4
Wise 1.0m/CCD EL 6 35.7
Lulin 1.0m/CCD WSH 7 24.2
MDM 1.3m/CCD MR 7 334
LOAO 1.0m/CCD SLK 47 134.1
Monet-N 1.2m/CCD SS/RL 20 55.0
Baker 0.6m??/CCD MR 4 11.5
Mercator 1.2m/CCD R@+students 24 69.8
WHT 4.2m/ULTRACAM  TRM/VSD 7 36.7
NOT 2.6m/ALFOSC RO 3 11.2
TNG 3.6m/DOLORES RS 8 18.7
Calar Alto 2.2m/CAFOS SS/RL 10 25.9
Total new data (2007-2012) 203 644.92
All data (1999-2012) 371  1066.2

Notes. ) See SSJ07 Supplementary Information for more details (a
Monet-N run of November 2006 was added to that list). ® This num-
ber is smaller than the sum of Col. 4 given that sometimes overlapping
data from different telescopes were averaged using a weighted mean.
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Ut

1
3000

BJDpps—2450000.

Year

e
=)
a

-0.05

Relative intensity
o

P Ll Ll M
2000 4000 5000 6000

Fig. 1. Distribution of the 217 232 data points over 13 years. The overall
duty cycle is 0.92%, and the best coverage is obtained in 2007 with
a duty cycle of 5.55%. The varying relative intensity is caused by the
beating between the main frequencies and also depends on the varying
quality of the data.

data during the 13 years of observation is shown in Fig. 1. Most
of the data were taken using a standard Johnson B filter. Only
at NOT and MERCATOR did we use a Bessell B and a Geneva
B filter, respectively. Moreover, a SLOAN g filter was used in
the WHT-MDM run of October 2007'. The data obtained in
October 2007 at the Piszkéstetd, Loiano, and Lulin Observato-
ries were collected without any filter in order to maximize the
signal-to-noise ratio (S/N) of that run. The differences intro-
duced by the different filters in terms of amplitudes or phases of
the pulsation modes were considered and found to be negligible

I The WHT data were simultaneously obtained with ULTRACAM in
three photometric bands (i, g, and r) but only the g-band data are used
in this article, while multi-band data were previously used to identify
the main pulsation modes of V391 Peg (Silvotti et al. 2010).

because of the much larger volume of standard B measurements.
From nonadiabatic models, these differences (in particular the
phase differences) are expected to be very small for /=0 and /=1
modes (Randall et al. 2005; see in particular their Figs. 13 and
14). The data were reduced mainly by the observers using stan-
dard procedures for aperture differential photometry. The times
of all the data (new and old) were converted into Barycentric
Dynamical Times (BJDrpg) following Eastman et al. (2010).

From the reduced data we extracted accurate pulsation fre-
quencies using a classical prewhitening technique: an iterative
Fourier transform (FT) process was applied subtracting the main
frequency from the data residuals at each iteration, until no fre-
quencies with amplitudes larger than four times the FT mean
noise level were present. At the end of this iterative process, the
pulsation frequencies, amplitudes, and phases were optimized
through a multi-sinusoidal fit, whose results are given in Table 3.
Appropriate statistical weights were set and considered in the
sinusoidal fits of the p-modes (Silvotti et al. 2006) in order to
take the varying quality of the data into account that is due to dif-
ferent telescope apertures, instrument efficiencies, and weather
conditions.

3. p-modes

The first problem in analyzing a data set of several years
is that the pulsation frequencies are no longer constant. This
was already known for V391 Peg, and a quantitative mea-
surement of p had been obtained from previous data giving
p=146+0.07x107"? and 2.05+£0.26x 1072 for f; and f,
respectively (SSJO7). In general, the time variation of a pulsa-
tion frequency gradually broadens the width of the peak in the
Fourier transform and may split it into different close peaks if the
data set is long enough. For a linear frequency variation, the time
needed to split a pulsation frequency into different close peaks is
given by

1.5\"?
) ; ey

T%P(—.
P

where P is the pulsation period, and the value 1.5 comes from
the actual frequency resolution, given by ~1.5/T (Loumos &
Deeming 1977). For V391 Peg we obtain T = 10 years. How-
ever, after a few years, this effect already becomes important
and makes the standard prewhitening technique (which assumes
fixed frequencies and amplitudes) less efficient in returning pre-
cise frequencies. For this reason, after several tests we decided to
split our analysis of the amplitude spectrum into three steps with
data sets of different length and different frequency resolution.

It is useful to recall here that the two main pulsation modes
of V391 Peg were identified as /=0 and /= 1 from high-precision
multi-color photometry obtained with ULTRACAM at the WHT
(Silvotti et al. 2010). We show below that this identification is
well supported by the current analysis.

3.1. Low-frequency resolution: main pulsation frequencies

As afirst step, we consider our best-quality run of October 2007,
with a length of 7.9 days and a duty cycle of 35%. At this level
of frequency resolution, ¢ f ~2.2 uHz, the amplitude spectrum
is very clean and shows only four pulsation modes without any
trace of multiplets of close frequencies (Fig. 2).
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Table 3. Pulsation frequencies.

F [uHz] Ps] A [ppt]' Phase?
p-modes’  fi  2860.938272(06) 349.5356784(07) 756 0.7327(06)
f o 2824.096225(10) 354.0955832(13) 4.06 0.7492(11)
f3 2881.123233(62)  347.0868544(74) 0.77 0.3285(58)
b 2909.995332(63) 343.6431630(75)  0.65  0.2560(58)
Sy 2823.932963(57) 354.1160549(72) 0.93 0.1015(54)
g-modes’ F, 201.96312(16)  4951.3991(40) 101 0.116(09)
F, 295.11065(23)  3388.5596(26) 078 0.475(12)
F5  320.19726(23) 3123.0748(22) 0.71 0.918(13)

Notes. (V) ppt = parts per thousand =0.1%. ® Normalized phases corresponding to BJDrpg 24 51 470.476568 (1st datum). ® For the p-modes, fre-
quencies and periods are the mean values in the period 1999-2012, corresponding to BJDrpg ~24 54 090 (or year ~ 2007.0), which is the weighted
mean time. We note that in 10 years of observation, the secular variations of the pulsation frequencies and periods are larger than the 1o errors
reported here, obtained from a Monte Carlo simulation assuming constant frequencies.  Because of the noise in the Fourier transform at low
frequencies (Fig. 11), the multi-sinusoidal fits for the g-modes are less stable than those for the p-modes, and therefore the 10 frequency/period

errors for the g-modes reported here are underestimated.
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Fig. 2. p-mode amplitude spectrum of our best-quality run of 7.9 days,
with a duty cycle of 35%, obtained in October 2007 with a SLOAN
g filter using two telescopes at different longitudes: the WHT 4.2m in
La Palma, equipped with ULTRACAM, and the MDM 1.3m at Kitt
Peak. The upper panel shows the spectral window (red), while the other
panels from top to bottom show the amplitude spectra of the data and
of the residuals after one, two, three, and four prewhitening steps. A
plot showing the high quality of the ULTRACAM data is presented in
Silvotti et al. (2010).

3.2. Medium-frequency resolution: rotational splitting of f> ?

As a second step, we consider a larger data set of about 220 days,
collected in 2007. This data set is a compromise between best
duty cycle, best data quality, and relatively long duration in order
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to detect possible rotational splitting of the pulsation modes with
[>0. At the same time, with 220 days, the effects of the long-
term variations of the pulsation frequencies are still small, which
keeps the amplitude spectrum relatively clean (Fig. 3). When we
removed the four main pulsation frequencies through prewhiten-
ing, two low-amplitude peaks emerged from the noise, close to
/> and f3, while nothing appeared close to f;, which confirms
that this must be an /=0 mode. The peak close to f; (f;") is only
~3.40 above the noise, which is below our detection threshold
of 40-. Secondary peaks close to f3 are also visible when we use
the whole data set (1999-2012), but with a very low S/N. The
peak close to f> (f;), at about 4.30- above the noise, differs by
—0.181 uHz from f, and is also detected in the whole data set, but
at alower S/N and smaller separation of —0.163 yHz (Fig. 4 lower
right panel). Using the latter separation, which is more precise,
and assuming that £ is part of an /=1 triplet split by stellar
rotation in which f; is the central component, we obtain a stellar
rotation period of about 40 days. This value is obtained in the
slow rotation approximation (Qror < f, see Ledoux 1951),

Jeim = frao + mQgror (1 = Cyy), (2)

in which we have used a value of 0.43 for the Coriolis term
Cy.; according to the adiabatic evolutionary models by Charpinet
et al. (2002) (the model that fits best Teg, log g and P of V391 Peg
is model 19 of sequence 4). The low amplitude of the secondary
peak suggests a low inclination. This interpretation is consistent
with the previous identification of f, as an /=1 mode by Silvotti
et al. (2010). A rotation period of ~40 days would be compati-
ble with the distribution of rotation periods as recently measured
by the Kepler spacecraft in a sample of 18 sdB g-mode pulsators
(see Zong 2017 and references therein). Thirteen of them show
periods between 6 and 88 days, with a mean value of about 33
days. The other five do not show any rotational splitting of the
frequencies, indicating that they may have very low inclinations
and/or extremely long rotation periods.

3.3. High-frequency resolution: frequency and amplitude
variations

When we further increase the length of the data set and consider
the whole light curve in the period 1999-2012, the amplitude
spectrum is much more complex because of the effects of the
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Fig. 3. Same as Fig. 2, but using all the data of 2007, the year with
the best coverage. Thanks to the increased frequency resolution, we see
that after four prewhitening steps, there is still significant power, with
secondary peaks near f> and f; that may be due to the rotational splitting
of these modes.

frequency variations, which become important (Fig. 4). When
we subtract the main pulsation frequencies from the light curve
through prewhitening, secondary peaks emerge very close to
the main pulsation frequencies. The reason is that prewhitening
subtracts from the data at each step a sine wave with constant
frequency and amplitude, while on timescales of many years,
pulsation frequencies and amplitudes are no longer constant.
This effect, which is well visible for f; (Fig. 4 lower left pan-
els), adds noise to the amplitude spectrum of the residuals and
may lead to incorrect determinations of the low-amplitude fre-
quencies. In this respect, the average values of f3 and f; might be
slightly different from those reported in Table 3, with differences
even larger than the errors reported there.

In order to decipher the information contained in the peaks
close to fj, we conducted a small experiment with a synthetic
light curve. Since the behavior of f; is fairly regular and rela-
tively easy to model in the period up to 2009.0, while it becomes
more irregular later on (see Figs. 7-9), we considered only the
period up to 2009.0. The synthetic light curve contains a sin-
gle sine wave without noise with the same time distribution as
the data, a frequency and amplitude equal to f;, and similar
frequency and amplitude variations. In practice, we imposed a
linear variation of the period with p=1.34x107'? (the value

found from the O—C analysis described in Sect. 4) and a sinu-
soidal variation of the amplitude corresponding to the sinusoidal
fit shown in Fig. 7 (top right panel). The amplitude spectrum of
this synthetic light curve near f is shown in Fig. 5 (right pan-
els) and can be compared with the real data in the left panels.
Up to the secondary peak on the right side of f, the agreement
between real and synthetic data is very good both in terms of fre-
quency and amplitude: we obtain 2860.9418 yHz and 2.74 ppt vs.
2860.9414 uHz and 2.61 ppt, respectively (the main peak being
at 2860.9382 uHz with an amplitude of 8.84 ppt). Thus we ver-
ified that a linear time variation of a pulsation period splits the
frequency into three close peaks almost equally spaced in fre-
quency. If the amplitude is constant, the two secondary peaks
have the same amplitude. If the amplitude is variable as in this
case, the two secondary peaks have different amplitudes.

Before proceeding with our analysis on frequency and ampli-
tude variations, it is important to verify that the uncertain-
ties associated with frequencies and amplitudes such as those
reported in Table 3 are correctly estimated. These uncertainties
are the 10 errors obtained from a Monte Carlo (MC) simulation
on 1000 synthetic light curves in which random Gaussian noise
(at the same level as the data) was added to the five p-modes
listed in Table 3. In Fig. 6 the distribution of frequencies and
amplitudes obtained from the MC simulations is shown for the
two main pulsation modes of V391 Peg (f; and f>).

After we verified that the error bars of our measurements
were reliable, we measured the pulsation periods and amplitudes
for fi and f, in each observing season (Fig. 7), where observ-
ing season means the period from May to December of the
same year in which V391 Peg is observable. The frequencies and
amplitudes shown in Fig. 7 were obtained from multi-sinusoidal
fits considering only four frequencies (f; to fi), while f; was
excluded because it is not detected in most of these one-season
runs. The same exercise was repeated using all five frequencies,
but the results were less reliable.

When we consider only the data up to 2009.0, corre-
sponding to the green part of Fig. 7, the variation of p;
can be fit with a straight line whose slope corresponds to
p1=(1.60+0.20) x 10'2. In the same period, the amplitude a,
shows a fairly regular sinusoidal pattern with a period of about
3400 days (9.3 years) and an amplitude of 29%. After 2009.0,
the trend of the period and amplitude variations of p; changes
and p; starts to decrease. The reason for this behavior, which
is also confirmed by the O-C analysis in Figs. 8 and 9, is not
known. Although we normally attribute period and amplitude
variations to nonlinear interactions between different pulsation
modes, in this case, with an /=0 mode, we cannot invoke the
resonant mode coupling between the components of a multiplet
of modes split by the stellar rotation, nor even the three-mode
resonance, which would require that f; corresponds to a linear
combination of the other two pulsation modes that we do not
see. These two mechanisms were recently invoked as a possible
explanation for the frequency and amplitude variations observed
in the sdB g- and p-mode pulsator KIC 10139564 (Zong et al.
2016). The lower left panel of Fig. 7 shows that when we use all
the available data, the variation in p, can be fit with a straight
line whose slope corresponds to j = (1.47 + 0.41) x 107'2. In the
lower right panel we see quite irregular variations of a,, but
these apparent variations can be at least partially attributed to
the interaction (beating) between f; and f;. When we also con-
sider f; in the fit, the individual measurements of a; may vary
by several tenths of ppt, indicating that the 1o error bars of a,
are underestimated. At shorter timescales, we did not find any
periodicity in the amplitude variations of a, that could confirm
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Fig. 4. Same as Figs. 2 and 3, but using the whole data set (1999-2012).
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Upper panels: amplitude spectrum of the data and of the residuals (on

the same vertical scale) after subtracting the four main pulsation frequencies (f to f;). We note that the residual power is significantly higher than
in Fig. 3. The small box shows the normalized spectral window (red) with the one-day aliases at +11.57 uHz. Lower panels (from top to bottom):
normalized spectral window (red) with the 1-year aliases at +31.7 nHz, and details of the amplitude spectrum of data and residuals near f; (left) and
f> (right). The horizontal scale in the left and right panels is the same. Two vertical dashed lines (green) highlight two components of a possible

rotational splitting. See text for more details.

the beating effect and thus the rotation period of the star around
40 days. The mean quality of the data is not sufficient for detect-
ing this effect. Based on our best-quality run of October 2007 at
the WHT-MDM, we can only exclude short timescale variations
(from night to night) for both @, and a;.

We also attempted to fit the data from 1999 to the end of
2008 with two sine waves corresponding to fi and f,, leaving
as free parameters not only the frequencies, amplitudes, and
phases, but also p; and p,. The fit converged only when we
fixed p,, but the value that we obtained for p; is about ten times
higher than the value obtained from the direct measurements.
This method is less reliable than the direct method or the O—-C
method described in the next section because it makes use of

A8S, page 6 of 13

constant amplitudes, but we know that the amplitudes are not
constant, and in particular, a, varies significantly (Fig. 7).

While amplitude variations in sdB p-mode pulsators have
been known for a long time, with time scales ranging from
days to years, the results reported in this section show that
even the frequencies are less stable than previously believed
and may suffer significant variations that are not simply due to
the long-term modifications of the stellar structure. Amplitude
and frequency variations have recently been detected in most
of the sdB pulsators observed by the Kepler spacecraft, with
complex patterns that sometimes are stochastic (@stensen et al.
2014) and sometimes more regular and periodic (e.g., Zong et al.
2016).
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Fig. 5. Comparison between the amplitude spectrum near f; of the data
(left) and the amplitude spectrum near f of a simulated data set (right)
with the same time distribution. In this test we used only the data up
to 2009.0 because in this period it is easier to simulate the behavior
of fi. For the simulated data we used a single pure sine wave (no noise)
with the same frequency and amplitude of f; and also with similar long-
term frequency and amplitude variations (linear variation of the period
with p=1.34x 107'2, as derived by the O-C analysis, and sinusoidal
variation of the amplitude like in Fig. 7 upper right panel, green sec-
tion). Like in the previous figures, the upper left panel is the normalized
spectral window (red), while the other panels are the amplitude spec-
tra of data and residuals after one, two, and three prewhitening steps.
This simple test shows that up to the secondary peak on the right side
of fi, the data are well reproduced by the simulation, both in terms of
frequency and amplitude. See text for more details.

4. O—C analysis

The O-C analysis (Sterken 2005; and subsequent articles in the
same volume) is a powerful method for detecting tiny varia-
tions of the pulsation periods on long timescales that cannot be
seen or clearly seen from direct independent measurements (like
in Fig. 7). The O-C method is more sensitive than the direct
method because instead of directly measuring the period change,
it measures the phase variations induced by the period change.
When we consider a period that changes linearly in time (a good
approximation on timescales of a few years, extremely short with
respect to the evolutionary timescales), the phase variations have
the great advantage of being proportional to T2, where T is the
duration of the observation.

In order to reduce the phase errors, the data for the O—C anal-
ysis were considered in monthly subsets. A four-sinusoid fit was
applied to each subset using the best (fixed) frequencies from
Table 3 (fi to f4) and leaving amplitudes and phases as free
parameters. f7° was not used because it is not detected in the
monthly subsets.

The difference between these monthly phases and those
obtained from the whole data set are the O—C differences shown

in Fig. 8, in which the phase differences have been converted
into time differences. In Fig. 8 we see the same effect as was
already seen in Fig. 7: since 2009, the curvature in the O—C dia-
gram of f; changes. We do not know the reasons for this change,
it might be related to nonlinear interactions between different
pulsation modes. In any case, it is clear from Fig. 8 (upper pan-
els) that a two-component fit with a parabola plus a sinusoid
(like in SSJO7) can give satisfactory results only up to ~2009.
When considering only the data up to 2009.0, the long-term
parabolic variation of the main pulsation period corresponds to
p1=(1.36+0.06) x 107!2. In order to also fit the more recent
data, we tried a different approach using two sinusoids (lower
panels of Fig. 8). Even in this way, we did not obtain a reason-
able fit of the whole data set, and moreover, the quality of the
fit up to 2009 is lower, indicating that a sinusoidal p is not the
solution.

As a second step, the O—C analysis was repeated using larger
data subsets covering a whole observing season (that is, from
May to December for V391 Peg) and using the same pulsation
frequencies as before. Again, f;° was not used because it is not
detected in almost all runs. These larger subsets are particularly
useful for f, (the secondary pulsation frequency), in order to
reduce the phase errors that are very large when we use the
monthly subsets. The results are shown in Fig. 9. In the upper
panels (from 1A to 2B), we see the O-C diagram of f; and f,
when using only the data from 1999 to 2007.0, basically the same
data as in SSJO7 (only three short runs were added), but with the
new updated frequencies. These plots show that when we use
better values for f3 and fi, the sinusoidal components of f; and
/> (panels 1B and 2B) differ: even if the amplitudes and the ini-
tial phases are still in agreement (like in SSJO7), the periods are
now different. In the central panels (from 3A to 4B), we see the
new fits when we use the data from 1999 to 2009.0, before the
change of sign of p;: the sinusoidal components of f; and f,
(panels 3B and 4B) are similar to the previous ones (panels 1B
and 2B), except for a larger amplitude for f,, which increases
the differences between f; and f, . The parabolic components
(panels 3A and 4A) correspond to p; =(1.34 +£0.04) x 107! and
P2 =(1.62+0.22) x 1072, in good agreement with the previous
measurements of SSJO7. These numbers also agree with adi-
abatic theoretical expectations for the secular variation of the
pulsation periods (Charpinet et al. 2002). However, the fact that
p1 changed sign near 2009 indicates that in real stars, these pro-
cesses may be more complicated. Finally, in the lower panels of
Fig. 9 (from 5A to 6B), we show the best two-component fits
of the whole data set using two sinusoids with different periods
for fi, and a parabola plus a sinusoid for f,. Except for the last
points, these fits can reproduce the general trend of the O—C data
(panels 5A and 6A), but show a large dispersion, particularly for
f1: the sinusoidal fits in panels 5B and 6B (chi-squared equal to
894 and 276, respectively) are only slightly better than a simple
straight line (y* = 1075 and 322). At the same time, the two sinu-
soidal components have similar periods, amplitudes, and phases
within 4%, 8%, and 7% respectively.

In order to explore this in more detail, we made a weighted
average of the O-C data in panels 5B and 6B (which means a
weighted average of the O—C data of f; and f, after subtracting
their long-term component). The result is illustrated in Fig. 10
and shows that when we sum the information from f; and f>,
the fit of the sinusoidal component improves, and at the end, we
have 9 points out of 13 that are consistent with a sine wave with
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