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ABSTRACT

Some young stellar objects such as T Tauri-like “dipper” stars vary due to transient
partial occultation by circumstellar dust, and observations of this phenomenon inform
us of conditions in the planet-forming zones close to these stars. Although many dipper
stars have been identified with space missions such as Kepler /K2, ground-based tele-
scopes offer longer term and multi-wavelength perspectives. We identified 11 dipper
stars in the Lupus star forming region in data from the All-Sky Automated Survey
for SuperNovae (ASAS-SN), and further characterized these using observations by the
Las Cumbres Global Observatory Telescope (LCOGT) and the Transiting Exoplanet
Survey Satellite (TESS), as well as archival data from other missions. Dipper stars
were identified from a catalog of nearby young stars and selected based on the sta-
tistical significance, asymmetry, and quasi-periodicity or aperiodicity of variability in
their ASAS-SN light curves. All 11 stars lie above or red-ward of the zero-age main
sequence and have infrared excesses indicating the presence of full circumstellar disks.
We obtain reddening-extinction relations for the variability of 7 stars using our com-
bined ASAS-SN-TESS and LCOGT photometry. In all cases the slopes are below
the ISM value, suggesting larger grains, and we find a tentative relation between the
slope (grain size) and the K¢ — [22 um] infrared color regarded as a proxy for disk
evolutionary state.
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tral Young Stellar Object (YSO) (e.g., Morbidelli & Ray-
mond 2016). While Kepler found many planets within < 1

Exoplanet science has seen much progress in recent years
from both space- and ground-based observations alike (see
the reviews by Petigura et al. 2013, Winn & Fabrycky 2015,
and Perryman 2018). Discoveries by these surveys challenge
us to reconcile the layout of the Solar System with what we
observe in other planetary systems (e.g., Mordasini et al.
2015; Raymond et al. 2018). One of the biggest obstacles
to progress is our limited knowledge of protoplanetary disk
structure and the interactions between the disk and the cen-

© 2020 The Authors

AU of stars, protoplanetary disks are generally not resolved
at this scale by current telescopes, including the Atacama
Large Millimeter Array (~5-10 au). Observations of YSO
variability offer us a complementary view of phenomena
around these stars at separations corresponding to the equiv-
alent Keplerian orbital periods (Cody & Hillenbrand 2018;
Hedges et al. 2018; Ansdell et al. 2019).

YSO variability is divided into three classes (I-11I;
Herbst et al. 1994). Each class provides different insight
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into conditions on or around young stars: Type I, sinusoidal
patterns are caused by the rotation of star spots; Type II,
episodic “bursting” events are caused by increases in accre-
tion onto the star; and Type III, dimming events are caused
by occulting circumstellar matter. In this paper we focus
on Type III variables. UX Orionis stars (UXORs), Herbig
Ae/Be stars with occulting circumstellar dust, are a well-
known example of this phenomenon (e.g., Co Ori, Davies
et al. 2018). Lower mass (M <1 Mg) T Tauri stars also ex-
hibit dimming due to occulting dust. These were first found
in ground-based observations, (e.g., AA Tau, Bouvier et al.
1999) but surveys by space telescopes such as Kepler/K2
have led to the discovery of many more such variables, which
have become colloquially known as “dipper” stars (e.g., Cody
& Hillenbrand 2010; Morales-Calderén et al. 2011; Cody
et al. 2014; Stauffer et al. 2015; Ansdell et al. 2016a, 2018a;
Cody & Hillenbrand 2018; Hedges et al. 2018). Unlike UX-
ORs, dipper stars are T Tauri stars which exhibit dimming
events ranging from quasi-periodic to completely episodic.
The observable difference between UXORs and dippers are
the dip timescale, occurrence, and depth, which for dippers
are shorter, more frequent, and shallower, respectively, possi-
bly because the inner edge of the dust disk is closer to lower-
luminosity dippers (Kennedy et al. 2017). Dippers typically
fade from tens of percent to multiple mag for about one day.
Dipper variability is believed to be caused by transiting dust,
probably associated with the inner regions of a nearly edge-
on disk (Stauffer et al. 2015; Bodman et al. 2017). Alterna-
tive explanations such as exocomets (Boyajian et al. 2016)
or dusty disk winds (Tambovtseva & Grinin 2008; Bans &
Konigl 2012) have also been proposed. Additional studies of
dipper stars are needed to distinguish between the differing
models.

While space telescopes such as Kepler provided high
precision and cadence, their temporal baselines are limited
to weeks (Spitzer and TESS) or months (K2), and survey
only a small fraction of the sky at a time. CoRoT, Spitzer,
and TESS conducted individual pointed observations, and
the K2 mission was restricted to the ecliptic plane, and the
Taurus and Upper Scorpius star-forming regions. Ground-
based observatories such as the Kilodegree Extremely Lit-
tle Telescope (KELT; Pepper et al. 2007) or the Palomar
Transient Factory (PTF; Law et al. 2010) have been used
to survey YSOs, e.g. Rodriguez et al. (2013, 2016, 2017);
Osborn et al. (2017); Ansdell et al. (2018a) and van Eyken
et al. (2011); Findeisen et al. (2013), respectively. KELT had
the advantage of all-sky coverage, but was limited to bright
stars (8< V<12 mag). PTF had a deeper limiting magnitude
(~ 20 mag), but surveyed only the North American Nebula
complex and the 25 Ori region. The successor to PTF, the
Zwicky Transient Factory (Graham et al. 2019; Bellm et al.
2019), has expanded coverage to the entire night sky visible
by Palomar.

Here we perform a search for variable YSOs in the Lu-
pus region using the All-Sky Automated Survey for Super-
Novae (ASAS-SN; Shappee et al. 2014; Kochanek et al. 2017)
as part of a larger survey of transient objects. While ASAS-
SN has discovered variable YSOs in the past (e.g., Holoien
et al. 2014; Sicilia-Aguilar et al. 2017), the standard pipeline
intentionally does not trigger on known objects or low am-
plitude variability. ASAS-SN offers photometric data of the
entire sky from late 2012 to mid 2018 in the V band, and

from late 2017 to present in the g band. The combination of
a long baseline and all-sky coverage allows for large surveys
of many different types of variability. While the ASAS-SN
cadence is slower than K2 or KELT (typically once per day),
ASAS-SN data provides a far wider sky coverage than K2,
and has a deeper limiting magnitude than KELT. Addition-
ally, ASAS-SN’s large longitude coverage allows for obser-
vations of the same source by multiple telescopes. As an
example, ASAS-SN data has already been successfully used
to identify variable stars (Jayasinghe et al. 2018, 2019d,c;
Pawlak et al. 2019; Jayasinghe et al. 2019e), derive period—
luminosity relationships for § Scuti stars (Jayasinghe et al.
2019a), identify M-dwarf flares (Rodriguez Martinez et al.
2019), study contact binaries (Jayasinghe et al. 2019b), and
to examine the long-term variability of Boyajian’s Star (Si-
mon et al. 2018) and compare it with the dipper phenomenon
(Schmidt 2019). Finally, ASAS-SN has recently identified a
potential new “Boyajian’s Star” analog exhibiting rapid dim-
ming events, nicknamed Zachy’s Star (Way et al. 2019).

The constellation Lupus comprises multiple 1-3 Myr-
old regions of low-mass star formation near the Scorpius
Centaurus OB association (see the review by Comerén
2008). At a distance of 189+ 13 pc, it is one of the clos-
est star-forming regions (Zucker et al. 2019). The Lupus I1I
cloud in particular is home to many well-studied T Tauri
stars such as RU Lup and EX Lup. Lupus was not surveyed
by K2, KELT, or PTF. While there have been several recent
studies on disk structure (e.g., Ansdell et al. 2016b, 2018b)
and accretion (e.g., Nisini et al. 2018) in Lupus YSOs, no
dippers have been identified.

Here we use ASAS-SN observations to identify and clas-
sify Lupus variable stars in §2. We discuss follow-up obser-
vations of dipper sources in §3, and investigate their infrared
excesses and dust properties using multi-band photometry
in §4.

2 IDENTIFYING DIPPER CANDIDATES

As the starting point of this investigation, we compiled a
catalog of all known candidate members of young associa-
tions, open clusters and moving groups within 150 pc based
on the member lists of Torres et al. (2008), Malo et al.
(2013), Riedel et al. (2017), and Gagné et al. (2018a), com-
plemented by Zuckerman (2019), Fiirnkranz et al. (2019),
Oh et al. (2017), Faherty et al. (2018), Meingast & Alves
(2019), Tang et al. (2019), Gagné & Faherty (2018), and
Gagné et al. (2018b). Of these sources, 307 are members of
the Lupus Star-Forming Region.

2.1 ASAS-SN Observations

The ASAS-SN network consists of 20 telescopes mounted
on 5 fully-robotic mounts located at the Haleakala Observa-
tory, the Cerro Tololo International Observatory, McDonald
Observatory, and the South African Astrophysical Observa-
tory. Observations span from late 2012 to mid-2018 in the
V band, and from late 2017 in the g band, providing ~ 800
epochs per source on average. Each science image consists
of three dithered 90 s exposures taken using 14-cm aperture
Nikon telephoto lenses and thinned back-illuminated CCDs
with 8”0 pixels.
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Images from ASAS-SN are processed by the fully-
automated ASAS-SN pipeline using the ISIS image subtrac-
tion package (Alard & Lupton 1998; Alard 2000). The IRAF
apphot package is used with a 2-pixel (= 16”0) aperture to
perform aperture photometry on the subtracted images to
generate a differential light curve. The same aperture is used
to perform photometry in the reference images, and the re-
sulting fluxes are added back to the differential light curve.
The photometry is then calibrated using stars in the AAVSO
Photometric All-Sky Survey (Henden et al. 2015). The great-
est proper motion measured by Gaia for the Lupus YSOs is
only 53.68 +0.05 mas/yr, so there was no need to take the
proper motions into account given our temporal baseline.

There are known systematic offsets between ASAS-SN
telescopes (Jayasinghe et al. 2018). To combine data from
different telescopes for a given filter, we use the SciPy in-
terpld package (Jones et al. 2001) to interpolate the most
sampled curve. We then calculate the median difference be-
tween this interpolated light curve and the dataset with the
highest number of contemporaneous points. We add this dif-
ference to the second dataset, combine the light curves, and
repeat the process until the data from all telescopes are
aligned. This results in each source having a g-band and
V-band light curve.

To decrease the likelihood of false positives in our vari-
ability search, the light curve of each star is processed as fol-
lows. First, we remove data points corresponding to images
where the FHWM of the point spread function is greater
than the 90th percentile value of each telescope. Next, non-
detections are omitted from statistical calculations. Lastly,
we remove the top and bottom 1% of detections to clip po-
tential outliers.

Stars brighter than 10.5 mag in V and 11 mag in g
are at risk of saturation in ASAS-SN. Approximately 40%
of the stars in our target list are saturated. We removed
these brighter sources from our sample. Inconsistent refer-
ence fluxes between telescopes yield discrepant magnitude
ranges during variable events. This most often took the form
of one telescope reporting a large range of magnitudes while
simultaneous observations from another appear to “flatline”
by comparison. Any sources that noticeably demonstrated
this pattern were omitted. Applying these cuts reduces our
sample size from 307 to 177. The V-band curves of all re-
maining sources are processed and analyzed as outlined in
§2.2. Our selection process is summarized in Table 1.

2.2 Searching for Variability

In order to quantify variability, we use the peak-to-peak vari-
ability metric
(mi - c7[)max - (mi + Gi)min

V= (1)

(mi - Gi)max + (mi + Gi)min '

from Sokolovsky et al. (2017), where m; is a measured mag-
nitude and o; is its associated uncertainty. For a comparison
sample, we measured v for the ASAS-SN V-band light curves
of approximately 115,000 randomly selected field stars. We
calculate the 90th percentile of v as a function of magnitude
and selected the 91 out of 177 Lupus YSOs above this thresh-
old as variable stars and retained them for further scrutiny.
Figure 1 illustrates our selection of these sources based on
V.
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Table 1. Summary of cuts applied to Lupus YSO sample.

Criteria Remaining Sample Size
Lupus members in YSO Catalog 307
Removal of Saturated Stars 177
v > 90th Percentile 91
Q>0.15 and M > 0.25 11

2.3 Classifications

Now that we have a selection of variable YSOs, we next clas-
sify their variability using the Quasi-Periodicity and Flux
Asymmetry statistics defined in Cody et al. (2014). The
Quasi-Periodicity

2 2
(Gresid - Gphot)
(6;121 - Gghot) '

quantifies the degree to which variability is periodic or
stochastic. Here Opp,o¢ is the estimated photometric uncer-

0= (2)

tainty, G,%, is the variance of the original light curve, and
Grzesid is the variance of the residual light curve after sub-
tracting the dominant periodic signal. For a perfectly pe-
riodic signal, the variance of the residual is equivalent to
photometric noise, yielding Q = 0.

To produce the residual curve, we create a window func-
tion (Dirac Comb) out of the original light curve, i.e. values
of 1 when an observation takes place and values of 0 else-
where. We utilize Astropy LombScargle (VanderPlas et al.
2012; VanderPlas & Ivezi¢ 2015) to find the periodograms of
both the original curve and the Dirac Comb window func-
tion. We find all frequencies in the window function with a
power greater than two standard deviations above the mean
and ignore any peaks in the periodogram of the light curve
within 0.03 Hz of the peaks in the window function. The
curve is then phased using the remaining period with the
highest power. We boxcar smooth this folded light curve
with a window size of 25% of the period and subtract the
smoothed model from the folded curve. We define Gegq as
the standard deviation of this residual curve.

The second metric to classify variability is Flux Asym-
metry

Mo <m10%>*mmcd7 3)
Om

where (mygg) is the mean of the top and bottom 10% of mag-

nitude measurements, mycq is the median of all measure-

ments, and Gy, is the standard deviation of the light curve. M

determines whether the variability is predominantly bright-

ening (M < 0) or predominantly dimming (M > 0).

We calculate Q and M for the V-band data to separate
the YSOs by variability type. The results are shown in Fig-
ure 2. The Q —M space is divided into nine regions following
Cody & Hillenbrand (2018). All eleven stars in the Quasi-
periodic Dipping region (0.15 < 0 < 0.85, —0.25 <M < 0.25)
of Figure 2 were examined in detail, and their light curves
are shown in Figure 3. The designations of all 91 variable
Lupus YSOs are included in Table 2.

We also performed the same analysis for the ASAS-SN
light curves of the dippers identified in Cody & Hillenbrand
(2018) and Rodriguez et al. (2017) that were present in our
catalog. These stars are also included in Figures 1, 2, and 7.
The values of Q and M appear to be inconsistent between
ASAS-SN and K2, in that there are Upper Scorpius stars
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Figure 1. Peak-to-peak variability v as a function of ASAS-SN V for our sample of YSOs. Stars flagged as dippers in Upper Scorpius
(Table 2 of Cody & Hillenbrand 2018) and Taurus (Table 3 of Rodriguez et al. 2017) that were present in our catalog are also shown.
The dashed line corresponds to the 90th percentile of v at a given magnitude based on the ASAS-SN V-band light curves of about
115,000 randomly selected field stars. Notice how saturation increases the average v at magnitudes brighter than ~ 11.5. YSOs above the
dashed line are considered variable. Out of the 177 Lupus YSOs analyzed, 91 pass this criterion for variability. The eleven Lupus dippers
described in §2.3 are marked by orange stars.
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Figure 2. Flux Asymmetry vs Quasi-Periodicity for our sample of variable YSOs. The Flux Asymmetry M is a measure of variability
that is predominantly brightening (M < 0), dimming (M > 0), or symmetric (M = 0). The Quasi-Periodicity 0 measures whether the
variability is more periodic (Q = 0) or stochastic (Q > 0). The Q—M space is divided into nine distinct regions to classify variability (Cody
& Hillenbrand 2018). Stars in Lupus that are in the Quasi-Periodic Dipper region are shown with orange stars. The area of each point
is proportional to the peak-to-peak variability metric v. Stars flagged as dippers in Table 2 of Cody & Hillenbrand (2018) and Table 3
of Rodriguez et al. (2017) that were present in our sample are also shown.
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periods, respectively, if applicable to the system. The vertical offset between the filters was found by interpolating the V-band data in
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Figure 3 — continued ASAS-SN light curves for last five dippers in Lupus, in order of ascending RA. Style is the same as in Figure 3.

identified in Cody & Hillenbrand (2018) as having dipper-
like Q and M values based on K2 data that have non-dipper
values based on ASAS-SN data. We suspect that the dis-
crepant Q and M values are the result of differences in in-
strumental error and cadence. Ground telescopes such as
ASAS-SN sample at timescales comparable to that of in-
dividual dipping episodes (~1 day), whereas K2 provides a
much higher cadence (30 min) and greater precision. A more
detailed comparison of Q and M in ASAS-SN as compared
to K2 is left for future work. The ASAS-SN light curves
of the flagged dippers (Figure 3) contain multiple episodic

dimming events of up to 2-3 magnitudes, consistent with
this variable type.
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Table 2. Average ASAS-SN V magnitudes, peak-to-peak variability, quasi-periodicity, flux asymmetry, and variability classification for all Lupus YSO members present in our catalog,
as well as additional information for quasi-periodic dippers. Names of sources other than quasi-periodic dippers are given as ASAS-SN IDs, generated by their coordinates from the
source catalogs (see §2). The classifications are P, QP, and AP for periodic, quasi-periodic, and aperiodic respectively, and D, S, and B for dipper, symmetric, and burster, respectively.
A complete list is available electronically.

Name RA Dec SpT A% v Q M Designation Ag /AT Ag/A;
deg deg mag

HW Lup 236.323 —34.308 M1 16.416  0.053 0.390 0.321 QPD 4.791+0.018 —

RY Lup 239.868 —40.364 G8P 11.015  0.091 0.448 0.536 QPD 1.3314+0.001  1.405+0.020
MY Lup 240.186 —41.925 Ko° 11.460  0.035 0.175 0.734 QPD 1.840£0.009 —

Sz 131 240.206 —41.501 M22 15.222  0.022 0.150 0.331 QPD 2.998+0.010 —

Sz 133 240.873 —41.667 K22 16.106  0.041 0.292 0.482 QPD 1.784 £0.048 —

Sz 90 241.792 —39.184 K7-M0*  14.460 0.042 0.269 0.542 QPD — 1.489 4+0.054
Sz 96 242.053 —39.143 13.863  0.055 0.411 0.792 QPD — 1.368 £0.063
HK Lup 242.094 —39.079 Mo0.44 12.993  0.079 0.531 0.914 QPD — 1.7974+0.051
2MASS J1609 242.256 —39.420 M4¢ 15.877  0.035 0.240 0.326 QPD — —

Sz 117 242.435 —39.225 M22 14.891  0.025 0.159 0.332 QPD — 1.084 +0.035
Sz 118 242.453 —39.188 K6 15.021  0.081 0.627 0.433 QPD — —
J140220.69—-414451.1  210.586  —41.7475 10.679  0.027 —0.043 0.567 PD — —
J140600.39—-411225.2  211.502 —41.207 11.452  0.041 0.120 —0.392 PB — —
J142048.90—-474844.6  215.204 —47.8124 11.622  0.005 0.017 0.004 PS — —

2 Hughes et al. (1994); P Gahm et al. (1989); ¢ Alcald et al. (2017); ¢ Herczeg & Hillenbrand (2014);  © Romero et al. (2012)

sndng ur s43g 4oddi(y,
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3 OTHER OBSERVATIONS

Obscuration by dust produces reddening as well as extinc-
tion, and the relation between these depends on the grain
size distribution and composition. Simultaneous multi-band
observations of dipping events allow this to be investigated
and compared between dipper stars and with the ISM. For
example, monitoring in both Sloan g and i (or equivalently
TESS T) bands allow the relation between the reddening
A(g —i) with dimming Ag to be measured, with

A(g—1i) A

Ag :I—A—g (4)

where Ag and A; (or A7) are the inferred extinction coeffi-
cients for the dust in the Sloan g and i (or TESS) bands (see
§4.3). To perform a higher-precision examination of indi-
vidual dimming events and compare with contemporaneous
ASAS-SN measurements, we utilize the observations made
by TESS during Sector 12 and the Las Cumbres Observa-
tory Global Telescope (LCOGT; Brown et al. 2013) 0.4 m
telescopes in the g and i bands.

3.1 TESS

We extracted TESS light curves for five of the dipper candi-
dates: HW Lup, RY Lup, MY Lup, Sz 131, and Sz 133. These
observations were obtained during Sector 12, near the end
of TESS’s initial survey of the Southern Hemisphere. The
other dipper candidates were not observed by TESS.

We produce light curves from the TESS observations
using an image subtraction pipeline optimized for use with
the full-frame images (FFIs). This pipeline is very similar to
that used to process ASAS-SN images and is also based on
the ISIS package (Alard & Lupton 1998; Alard 2000). This
method has become a standard technique for using TESS to
study extragalactic transients like supernovae (Vallely et al.
2019; Fausnaugh et al. 2019) and the exceptional tidal dis-
ruption event ASASSN-19bt (Holoien et al. 2019). It has also
been previously applied to the study of the EXor variable
ESO-He 99 by Hodapp et al. (2019).

For each source, we construct a reference image using
750-pixel-wide postage stamps cut from the first 100 Sector
12 FFIs of good quality. When building the reference im-
ages, we exclude FFIs with PSF widths or sky background
levels above average for the sector as well as any FFIs as-
sociated with non-zero data quality flags. Using these refer-
ence images, we produce raw differential light curves for the
five sources. However, Both TESS and ASAS-SN lightcurves
these light curves only provide the change in flux relative to
the value in the reference image. Equation 4 evaluated at
two epochs m and n can be written as:

éli_ Aﬁm+ﬁm A&m+&0 -
A, g0 (AfT,n +fT,o) {k’g‘o (Afg,n +feo ﬂ ®)

This shows that the reddening-extinction slope depends not
only on the TESS and ASAS-SN differential fluxes d fr,, and
fem but also on the corresponding reference fluxes frp and
fo0- However, TESS’s PSF is about 16 times larger in area
than ASAS-SN’s, so crowding affects TESS reference fluxes
more often.

Crowding is not a problem for RY Lup and MY Lup,
which are sufficiently bright (7 ~ 10 mag) and well-isolated

that we were able to obtain good measurements of the refer-
ence fluxes using aperture photometry. However, HW Lup,
Sz 131, and Sz 133 are fainter and have nearby stars of com-
parable brightness. For these sources we estimated the ref-
erence flux using the ticgen software package (Jaffe & Bar-
clay 2017; Stassun et al. 2018). This method yields TESS
magnitude estimates for HW Lup, Sz 131, and Sz 133 of
12.26, 11.56, and 13.86 mag, respectively. These magnitude
estimates were converted into fluxes using a standard instru-
mental zero point of 20.44 electrons per second (Vanderspek
et al. 2018). We then added flux to the raw differential light
curves such that the median of the HW Lup, Sz 131, and
Sz 133 observations matched this estimated reference value.
This method has been used previously by Jayasinghe et al.
(2019a) when studying § Scuti stars with TESS. However,
we caution that for non-periodic, inherently variable sources
such as dippers, estimating the reference flux from ticgen
should be made with higher-resolution contemporaneous ob-
servations with the TESS reference image. Because no such
observations were made, the values of 1 —A7 /A, for HW Lup,
Sz 131, and Sz 133 are influenced by the difference between
the ticgen reported flux and the actual flux of the reference
image. Future investigations can resolve this problem with a
single epoch of higher resolution, multi-band, ground-based
observations during a TESS campaign to calibrate the dif-
ferential flux light curve.

The resultant TESS photometry is shown in Figure 4,
along with the simultaneous ASAS-SN g-band observations.
We note that the two short-duration features visible in the
TESS light curve of HW Lup around MJD 58627 and MJD
58641 (marked with grey vertical bands) are almost cer-
tainly artifacts produced by scattered Earthshine. Excess
background light due to scattered Earth and Moon light is
a well-known nuisance characteristic of TESS observations,
and the two spikes in the HW Lup light curve coincide with
epochs of documented high background flux (see the Sec-
tor 12 TESS Data Release Notes! for more details). Aside
from these artifacts, the ASAS-SN and TESS data sets show
generally excellent agreement.

3.2 LCOGT

We also obtained g, r, and i band observations of five Lupus
dippers with the LCOGT 0.4-m telescope network, specifi-
cally the nodes at Suderland South Africa, CTIO, and Sid-
ing Spring, from 21 July, 2019 to 28 August, 2019. Images
were acquired with the SBIG detector. Bias removal, image
trimming, flat fielding, and photometry were performed with
the BANZATI pipeline (McCully et al. 2018). Further analysis
of the photometry was performed with custom differential
scripts, choosing a set of reference stars with similar magni-
tudes in each case. RY Lup and Sz 117 were observed for 77
and 80 epochs, respectively, and Sz 90, Sz 96, and HK Lup
were observed for 85 epochs (Figure 5).

! https://archive.stsci.edu/missions/tess/doc/tess_drn/
tess_sector_12_drnl7_v02.pdf
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4 ANALYSIS
4.1 Dippers in the Color-Magnitude Diagram

At the age of the Lupus molecular cloud, low-mass T Tauri
stars such as these dippers have not reached the zero-age
main sequence and should appear above the Zero-Age Main
Sequence (ZAMS) in a color-magnitude diagram. We com-
puted absolute magnitudes in the 2MASS K band (Skrut-
skie et al. 2006) using parallaxes from Gaia DR2 (Gaia Col-
laboration et al. 2018) and show these with Gaia Bp —R),
colors as orange stars in Figure 6. Note that Sz 133 lacks a
DR2 parallax and does not appear. We compare these with
predictions from Isochrones and Stellar Tracks (MIST; Dot-
ter 2016; Choi et al. 2016; Paxton et al. 2011, 2013, 2015,
2018). Extinction by interstellar dust is comparatively low
in the Ky band relative to Gaia Bp or R, and interstellar
reddening will cause a star to move nearly horizontally to
the right in this diagram, and so appear further above the
ZAMS, giving the impression that they are both younger and
less massive. Without spectroscopic follow-up, we cannot ro-
bustly estimate the To and hence intrinsic B, — R, color of
these stars to reliably place them in this diagram to con-
strain their ages and masses. Moreover, the time-averaged
visible-wavelength Bp — Rp color reported by DR2 will be
affected both by the mean level of circumstellar dust as
well as spots on these young, active stars, which are not
accounted for by the MIST models (Somers & Pinsonneault
2015; Somers et al. 2020). However, we can obtain an approx-
imate estimate of the stellar masses if we assume a minimum
co-eval age. By adopting 2.2 Myr as the minimum co-eval
age of the dipper stars, as well as a reddening relation for
the ISM (Ag, =0.194 E(B, —R,); Yuan et al. 2013) we can
project (dashed black lines and red dots in Figure 6) these
stars onto the isochrone (dashed blue line) and estimate the
minimum reddening and minimum masses of the stars. Most
of the dippers have M < 1 Mg with the notable exception of
RY Lup, where we obtain M ~ 2.3Mg, using this method.
This is consistent with the picture of dipper stars as low
mass T Tauri stars, to be distinguished from their higher
mass UXOR Ae/Be-type cousins.

4.2 Infrared Excess and Disks

For young stars, excess emission in the infrared is indica-
tive of the presence of a disk. By comparing a star’s abso-
lute flux in the 2MASS Ky band, which will be dominated
by the photosphere, with their 12 (W3) and 22 (W4) um
fluxes from the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010; Mainzer et al. 2011), we can ascertain
the presence of a disk and investigate its evolutionary state
(Luhman & Mamajek 2012). Figure 7 shows the K¢ — [12 um]
vs. Ky —[22 um] colors of the Lupus YSOs along with other
reported dippers in Upper Scorpius and Taurus. The bound-
aries for disk types defined by Luhman & Mamajek (2012)
are included. Young stars with “full” or classical T Tauri
disks occupy the upper right hand portion of the figure. As
the disk evolves, the star will lose its infrared excess. The
relative rates at which Kg— [22 um] and Kg—[12 um] de-
crease are indicative of how and where the disk is evolving.
All eleven dipper candidates show infrared excesses consis-
tent with that of full disk-bearing YSOs, along with all but
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Figure 6. Gaia Bp —Rp color vs. absolute My, color-mag diagram
for ten of the dippers. Absolute magnitudes are obtained using
distances from Bailer-Jones et al. (2018). The isochrone models
are from MIST. By assuming an age of 2.2 Myr for the dippers
and iteratively applying a reddening correction, we obtain rough
estimates for stellar masses.

one of the previously reported dippers in our sample. This
further supports a connection between the presence of a disk
and the dipper phenomenon.

4.3 Multi-Band Variability and Dust Properties

Simultaneous observations of young stellar variability in two
or more band-passes provides a means of differentiating be-
tween different phenomena (e.g., flares, accretion, circum-
stellar dust). In the case of obscuration and reddening by
circumstellar dust, it serves as an indicator of the grain size
distribution (e.g., Herbst et al. 1994; Bouvier et al. 1999;
Huang et al. 2019). The relative change (slope) in color (red-
dening) and magnitude (dimming) (Equation 4) depends on
the characteristic grain size d and composition. Dust domi-
nated by small grains will produce steeper slopes (more red-
dening for a given amount of dimming) compared to dust
dominated by larger grains, which in the limit of d > A will
produce no reddening at all. The grain size distribution is
affected by grain growth in the disks, and the slope of the
trend in a color-magnitude plot is indicative of that history
(e.g., Guo et al. 2018). UX Orionis stars exhibit reddening
up to a point where the direct line of sight to the star is al-
most entirely obscured, causing scattered light that is com-
paratively blue to dominate, switching the sign of the slope
(Bibo & The 1990; Grinin et al. 1994). In contrast, the lack
of reddening (and in fact slight bluing) by the repetitive dip-
per AA Tau has been explained by grains > lum (Bouvier
et al. 1999). Note that these plots are insensitive to zero-
point offsets in magnitudes, since all values are differential.

Five Lupus dippers (HW Lup, RY Lup, MY Lup, Sz
131, Sz 133) were monitored simultaneously by the TESS
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disk.

mission and ASAS-SN. The TESS band-pass T spans 600—
1000 nm and is centered on the Cousins I-band (Ricker et al.
2014). Figure 4 shows the g-band ASAS-SN and TESS data,
and the change in the g— T color with g. Linear least-x? fits
are shown as red lines. Based on the reddening R values in
Yuan et al. (2013) and Stassun et al. (2019), the expected
slope of reddening due to interstellar dust is 0.38.

Light curves and g —i versus i reddening diagrams for
the five stars (RY Lup, Sz 90, Sz 96, HK Lup, and Sz 117) ob-
served with LCOGT are shown in Figure 5. In this case, the
expected slope from interstellar dust is 0.48. In all cases the
slope is less than, and sometimes significantly less than, the
expected interstellar dust value. Only one star, RY Lup, was
observed by all three telescope networks, but not all simul-
taneously. The TESS and LCOGT observations are not con-
temporaneous, with the former ending about 33 days before
the beginning of the latter. The LCOGT slope (0.29) and
TESS-ASAS-SN slope (0.25) are roughy consistent, with
the smaller TESS—ASAS-SN slope (larger A7 compared to
A;) consistent with the extension of the TESS bandpass to
shorter wavelengths than the SDSS i band filter. Values of
Ag/A; and Ag/Ar, derived from these slops, are included in
Table 2.

We can find no obvious correlation between the slope
of the color-magnitude variation from our TESS-ASAS-SN
or LCOGT observations and other properties of our disks
such as the relative luminosity, the minimum wavelength of
the infrared excess (Merin et al. 2008), the disk inclination

or physical extent of dust and gas (if resolved) or the esti-
mated dust/gas masses (Ansdell et al. 2016b, 2018b). How-
ever, we do see a possible correlation between the reddening
slope and the infrared excess of the disk (WISE 22 pm emis-
sion) relative to the photosphere (2MASS K emission). HK
Lup, MY Lup, and RY Lup have highest values of Ag/A; and
ostensibly the smallest grains and also the largest infrared
excess (Figure 8). The system with the lowest 22 um ex-
cess, Sz 117, also has little or no reddening, with A;/Ag near
unity. We have included our TESS measurements of Ag/A;
for HW Lup, Sz 131, and Sz 133, but we use open symbols
and arrows for them in Figure 8 since the reference flux es-
timated using ticgen may not be reliable. Excluding these
objects, the Spearman correlation coefficient of the data in-
dicates a 97% probability that the two parameters, Ag/A;
and Kg —[22 um], are correlated.

A correlation between extinction coefficients and in-
frared excess could be explained if either (a) coalescence of a
fixed mass of dust into larger grains produced both a flatter
slope and less emitting area (and hence less emission), or
(b) the growth of grains also proceeded contemporaneously
with clearing of the disk. The two scenarios are mutually
exclusive. With our small sample size (11 systems) and lim-
ited spectrophotometric data set we are unable to choose
between these two possible explanations; more observations
of a larger sample are clearly needed.
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5 SUMMARY

We have identified 11 dipper stars in the Lupus molecular
cloud using ASAS-SN observations and a series of quanti-
tative selection criteria that identified YSO members of Lu-
pus, variable Lupus YSOs, and Lupus YSOs that varied in
a manner consistent with dippers identified in other star-
forming regions (Cody et al. 2014). All eleven stars are pre-
main sequence, lying above the theoretical zero-age main
sequence in a color-magnitude diagram. Their positions in
the diagram are consistent with expectations for Lupus-age
(~2 Myr) low-mass (<1 Mg) stars, but we are unable to
estimate individual ages or masses due both to the lack of
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spectra and uncertainties in the effect of spots on theoreti-
cal models. All 11 dippers have infrared excesses consistent
with a “full” T Tauri disk, as has been observed for other
dipper stars (e.g., Ansdell et al. 2016a). Our findings ex-
pand the scope of the dipping phenomenon to yet another
star-forming environment and epoch.

We used multi-wavelength time-series photometry of
these dipper stars, combining ASAS-SN, TESS, and LCOGT
observations, to measure the reddening by the occulting dust
and thus infer something about the grain size. In all cases
the amount of reddening was less, and thus the grain sizes
larger, than that expected from ISM-like dust. Moreover, we
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find a tentative trend of decreasing reddening, and hence in-
creasing grain size, with decreasing infrared excess, or equiv-
alently more advanced evolutionary stages of the disk. This
is consistent with a picture of grain growth with time in
protoplanetary disks (Testi et al. 2014). These results need
to be confirmed with larger and more in-depth studies, but
highlight the synergy of ground- and space-based observa-
tions in the effort to better understand the structure and
evolution of circumstellar disks and the planetary systems
they spawn.
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