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ABSTRACT

Context. Dippers are typically low-mass, pre-main-sequence stars that display dips in their light curves. These dips have been
attributed to dusty warps that form in the inner part of the disk.

Aims. Our goal is to derive the characteristics of dipper stars in Taurus to assess the physical mechanisms that induce dipper light
curves.

Methods. We used the light curves of the fourth and thirteenth campaigns of K2 to select a dipper sample among 179 members and
possible members of the Taurus star-forming region based on the light-curve morphology. We studied the periodicities by combining
periodograms with wavelet analysis and derived the stellar parameters of the sample from the photometry. We also studied the mor-
phology of the photometric dips.

Results. We find a dipper occurrence of ~30% in disk-bearing stars observed with K2 that were identified visually by us. This repre-
sents a lower limit to their true occurrence, on the one hand because they are ephemeral, and on the other because there are detection
limits. About half of the dippers are aperiodic, and most of these are dominated by another type of variability. The chosen sample is of
late spectral type (K/M), low mass (mostly <1 M), and moderate mass accretion rates and has periods of a few days. We observed a
transient dipper over a few rotation cycles and observed a dipper with a changing period. The structure of the dips can be complex and
varies strongly over timescales of down to one stellar rotation. The corotation radii are located at a few stellar radii, and the tempera-
tures at corotation allow dust survival. Many of the systems are seen at moderate to high inclination. We find that the angular extension
of the dusty structure producing the dips is correlated with the stellar period.

Conclusions. Magnetospheric accretion, which causes an accretion column and its base to occult the star, can explain most of the
observed light curves. Although compatible with the model, many of the stellar inclination angles are moderate and do not exclude
mechanisms other than the occultation by an inner disk warp to account for dipper light curves.

Key words. stars: pre-main sequence — stars: variables: T Tauri, Herbig Ae/Be — protoplanetary disks — accretion, accretion disks —

techniques: photometric

1. Introduction

Classical T Tauri stars (CTTSs) are still accreting from their cir-
cumstellar disk, and their activity is reflected in their complex
photometric variability. Many physical mechanisms have been
proposed to explain this variability, such as accretion hotspots,
accretion bursts, or occultations by dusty structures in the disk
(e.g., Cody et al. 2014; Alencar et al. 2010; Bouvier et al. 2003).
At the next stage of protostellar evolution, weak-lined T Tauri
stars (WTTSs) do not show accretion signatures in their spectral
lines. Their magnetic field still produces cold spots, which give
a sinusoidal modulation to the light curve.

In the past two decades, more attention has been paid to
the low-mass star AA Tau. Its light curve showed a constant
brightness and narrow quasiperiodic occultations that were less
pronounced in the infrared (IR) than in the optical. These obser-
vations, combined with spectroscopic and spectropolarimetric
data, led to the development of an occultation model. The mag-
netospheric accretion column would cause a dusty warp in the
inner disk to obscure the star when it crosses the line of sight of
the observer (Bouvier et al. 1999, 2003, 2007).

The possibility that CTTSs are still accreting from a circum-
stellar disk was proposed by Bertout et al. (1988) and had its

roots in the work of Lynden-Bell & Pringle (1974). Although
these authors already suggested that accretion might take place
along magnetic field lines, the exact role played by the mag-
netic field in the accretion process was constrained only later.
A rotating magnetosphere of a star with a strong magnetic field
(approximately of some kG) disrupts the inner disk at a few
stellar radii from the star and accretes the material along the
closed field lines; the open field lines induce a strong disk wind
(Camenzind 1990; Koenigl 1991; Shu et al. 1994). The most
common magnetic field configuration for T Tauri stars is a strong
dipole. Depending on the evolutionary status, other magnetic
field topologies are possible, but the dipole in most cases remains
the dominant component farther away from the star. Moreover,
a misalignment of the dipole axis and the stellar rotation axis
seems to be very common (Gregory et al. 2012). When there is
such a misalignment, the rotation of the disk provokes a twist
in the magnetic field lines, which are dragged in the rotation.
The magnetic pressure is not the same in the upper and lower
part of the disk, and the normal vector of the inner disk becomes
tilted with respect to the rotation axis. This induces a disk warp
(Lai 1999; Terquem & Papaloizou 2000). From the observational
point of view, the strong emission lines observed in the spec-
tra of T Tauri stars are related to accretion and not to winds
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(Hartmann et al. 1994). Radiative transfer modeling pro-
vided observational predictions for magnetospheric accretion
(Muzerolle et al. 2001; Kurosawa et al. 2006; Lima et al. 2010).

Magnetohydrodynamical (MHD) simulations confirmed the
possibility that magnetospheric accretion might warp the disk
(e.g., Romanova et al. 2008, 2013; Romanova & Owocki 2015).
In a stable configuration (stable accretion regime), two broad,
stable, and symmetric matter streams form from the disk and
are accreted as funnel flows onto the stellar surface, producing a
hotspot on each hemisphere. In this scenario, the magnetosphere
truncates the disk at a few stellar radii close to corotation, where
the disk material rotates with w ~ Q.. The base of the accre-
tion column can host warm dust and be optically thick, which
explains the photometric behavior of AA Tau.

After the characterization of AA Tau, additional surveys
identified a new class of AA Tau-like YSOs (young stellar
objects), the so-called dippers. Dippers have been observed
in NGC 2264, Upper Scorpius, p Ophiucus, and Orion (e.g.,
Alencar et al. 2010; Cody et al. 2014; McGinnis et al. 2015;
Ansdell et al. 2016a; Cody & Hillenbrand 2018; Morales-
Calder6n et al. 2011). The occurrence rate of dippers is estimated
to be up to 20-30% of CTTSs. As in the case of AA Tau, the light
curve exhibits a brightness continuum interrupted by narrow flux
dips, which can be aperiodic or quasiperiodic. Quasiperiodic
means that while the occurrence of the dips is periodic, their
shape and amplitude are not constant over time. The dips are
sharp and irregular, their periodicity is in the range of stellar
rotation periods of K/M stars, and they last from 1-2 to 4-5d.
The amplitudes can range to up to 50—60% in flux.

The common consensus about the origin of dippers is that the
occultation is produced by dusty structures in the inner disk. The
correlation between the dip depth and the mid-infrared excess
at 4.6 pm supports this hypothesis (Ansdell et al. 2016a) as IR
excess at this wavelength is a tracer for warm dust at the coro-
tation radius. This makes dippers a powerful tool for studying
this region, which is difficult to resolve, yet physically complex.
The dusty disk warp model (Bouvier et al. 2007) requires dip-
per stars to be seen at high inclination, so that the line of sight
crosses the base of the accretion column. The generalized mag-
netospheric accretion model (Bodman et al. 2017) allows also
for moderate inclinations. The amplitude and the shape of the
dips depends on parameters such as viewing angle, dust opac-
ity, and the tilt between magnetic field and stellar rotation axis.
Another possibility are vertical instabilities in the disk, which
should be able to endure several rotation cycles. A star with an
aligned magnetic field rather accretes via Rayleigh-Tailor (RT)
instabilities (e.g., Romanova et al. 2008) in an unstable accre-
tion regime. The so-caused accretion tongues reach the stellar
surface at different latitudes and induce a stochastic photometric
variability. McGinnis et al. (2015) claimed that this mechanism
proably lies at the origin of aperiodic dippers, which appear as
stochastic occultations of the stellar photosphere, with smaller
amplitudes than periodic dippers.

However, the high occurrence of dippers among YSOs is dif-
ficult to reconcile with the condition of a grazing viewing angle
on these systems. It was found that the outer disk inclination of
dippers can be low or even close to face-on (Ansdell et al. 2020).
This either corroborates the possibility of an inner disk that is
tilted with respect to the outer disk (e.g., Alencar et al. 2018)
or requires other mechanisms that are compatible with lower
inclination, such as disk winds (e.g., Bans & Konigl 2012).

The Taurus star-forming region hosts a quite young stel-
lar population <3 Myr (e.g., White & Ghez 2001; Kraus &
Hillenbrand 2009) of ~400 members (Kenyon et al. 2008) at
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a distance of ~140pc (Fleming et al. 2019; Galli et al. 2018).
Rebull et al. (2020) presented the global sample of the Taurus
region as covered by the K2 C13, with a few additions from
C4. This work focuses on the dipper population of the same
sample. In Sect. 3 the selection of the dipper sample, the peri-
odicity study, and the stellar parameters are presented. In Sect. 5
the results and the possible scenarios to explain dippers are dis-
cussed. Final considerations and future work are presented in
Sect. 6.

2. Observations and data reduction

The Kepler satellite (Borucki et al. 2010; Haas et al. 2010) was
launched in 2009 with the main aim of detecting Earth-like exo-
planets. It observed over 170000 targets simultaneously in its
long-cadence mode of 29.4 min. The failure of two reaction
wheels led to a substantial change in observing strategy and
to a renaming of the mission as K2 (Howell et al. 2014). The
spacecraft used its two remaining reaction wheels in tandem
with the solar radiation pressure (plus compensatory periodic
thruster firings) to control movement in the third dimension.
Instead of staring at one field, as the original Kepler mission
had done, K2 was constrained to view fields in the ecliptic
plane for about 70 days at a time (Howell et al. 2014). Within
the framework of the K2 mission (2014-2018), 19 fields were
observed (Howell et al. 2014). Several discussions of data and
reductions of Kepler and K2 data are available. In the context
of this work, the two most important artifacts to keep in mind
are the periodic thruster firings and the relatively low spatial
resolution (pixels of ~ 4 x 4” and the 95% encircled energy
diameter of up to 7.5 px). The thruster firings happened every
0.245 days, and so apparent astrophysical periods near this must
be scrutinized carefully to ensure that they are not affected by
the spacecraft. The low spatial resolution means that source con-
fusion can be an issue, and each source (and light curve) must be
inspected individually to assess confusion. Customized apertures
are sometimes needed to attempt to mitigate this. The effective
observed range of K2 lies between 6 mag < Ky < 16 mag (e.g.,
Rebull et al. 2016). Saturation is not a relevant detection bias in
Taurus, which does not host a massive star population. However,
deeply embedded low-mass stars are likely to remain undetected
with K2.

A few Taurus members were observed in K2 C4 (15
February—24 April 2015), but most of the Taurus members were
observed during C13 from 8 March to 27 May 2017'. We are
building on the analysis presented in Rebull et al. (2020). The
K2 fields do not cover the entire Taurus cluster, but the stellar
properties of the cluster are not thought to vary based on the
spatial distribution (see, e.g., Fig. 1 in Rebull et al. 2020). We
used light curves from several different data reduction pipelines
(also see Rebull et al. 2017). First, the pre-search data con-
ditioning (PDC) version from the Mikulski Archive for Space
Telescopes (MAST). Second, a position-detrended version with
moving apertures as in Cody & Hillenbrand (2018). Third, the
‘self-flat-fielding’ approach by Vanderburg & Johnson (2014)
and the K2SFF pipeline as obtained from MAST. Last, the
EVEREST?2 pipeline, based on pixel-level decorrelation Luger
et al. (2016), as downloaded from MAST.

A comparison of all these light-curve versions allows us to
constrain the periodicity (or periodicities) and select the best

I https://archive.stsci.edu/files/live/sites/mast/
files/home/missions-and-data/k2/_documents/KSCI-19116-
003.pdf
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Table 1. Spectral types, effective temperatures, and VJHK photometry for the presented sample of 22 dippers.

EPIC 2MASS Name SpT Refs. Teg Ay \% Refs. J H K
K] [mag]

246929818 J04465897+1702381 Haro 6-37 K8 1,2 3940 2.1 12.98 7 924 1799 731
246942563 J04542368+1709534 St 34 M3 3 3360 0.5 14.59 7 10.69 10.08 9.79
246989752 J04384725+1737260 ... M55 1,2 2920 9 0.0 .. ... 12.75 1211 11.75
247103541 J04363081+1842153 HD 285893 F8 4 6100 0.3 10.01 8 8.76 837 799
247520207 J04391779+2221034 LkCa 15 K4 5 4492 &+ 0.4 12.14 9 942 8.60 8.16
247575958 J04330945+2246487 CFHT Tau 12 M6 1 2860 ¢ 3.0 .. ... 13.15 12.14 11.54
247589612 J04324911+2253027 JH 112 A K55 1.2 4080 29 14.44 7 10.24 8.99 8.17
247592463 J04355277+2254231 HP Tau K4 1,2 4330 3.2 13.78 9 955 847 17.62
247763883 J04330622+2409339 GH Tau M2 1,2 3490 0.4 12.87 7 911 823 7.79
247764745 J04330664+2409549 V807 Tau K7® 12 3970 0.4 11.31 7 815 736 6.96
247791801 J04333456+2421058 GK Tau K6.5 12 3995 1.0 12.67 9 9.05 811 747
247792225 J04333405+2421170 GI Tau M04 1,2 3714 1.3 13.39 9 934 842 7.89
247799571 J04315056+2424180 HK Tau M1 ® 12 3630 2.4 15.12 7 1045 9.25 8.59
247805410 J04302961+2426450 FX Tau M22 1,2 3464 1.0 13.39 7 939 840 792
247820821 J04295950+2433078 M5 1 2880 0.0 15.97 &= 10 11.68 10.54 9.81
247885481 J05023985+2459337 ... M4.25 6 3090 0.0 16.04 7 11.78 11.09 10.78
247935061 J04430309+2520187 GO Tau M23 1,2 3451 1.6 14.43 7 10.71 9.78 9.33
248006676 J04404950+2551191 JH 223 M2.8 1,2 3386 1.4 15.66 7 10.75 9.92 949
248015397 J04411078+2555116 ITG 34 M55 1 2920 &9 22 .. .. 13.19 12.12 1145
248029373 J04304425+2601244 DK Tau K85 1,2 3910 0.7 12.58 9 872 1776 710
248046139 J04382134+2609137 GM Tau M5 1,2 2880 2.1 17.83 7 12.80 11.59 10.63
248047443 J04333678+2609492 IS Tau MO ™ 1,2 3770 2.4 14.94 7 10.32 9.29 8.64

Notes. JHK measurements are from 2MASS. ®Spectral type by Esplin & Luhman (2019) differs by 0.5 subclasses or more in comparison with
Herczeg & Hillenbrand (2014). *For spectral types later than M5, the temperature conversion by Herczeg & Hillenbrand (2014) is used. The
extrapolation for M6 in Pecaut & Mamajek (2013) would deliver 3038 K. “*'T.4 derived spectroscopically by Alencar et al. (2018). “**The
provided amplitude and (V) were combined to derive a more representative V.

References. (1) Esplin & Luhman (2019); (2) Herczeg & Hillenbrand (2014); (3) Dahm & Lyke (2011); (4) Nesterov et al. (1995); (5) Alencar et al.
(2018); (6) Esplin et al. (2014); (7) Lasker et al. (2008); (8) Henden et al. (2016); (9) Grankin et al. (2007); (10) Drake et al. (2014).

available periodicity (see Rebull et al. 2020, and references
therein) to represent that star’s light curve. If the light curve does
not present particular issues, the version with moving aperture
as in Cody & Hillenbrand (2018) was used by default for consis-
tency. This version was also used for the dipper sample presented
in this paper.

As described in Rebull et al. (2020), we started from a
more expansive definition of possible Taurus members with K2
light curves, and then weeded it down to 156 members and 23
possible members. The highest-confidence members are those
listed in Luhman (2018). We searched for dippers in this set of
156423 Taurus member light curves.

3. Light-curve analysis
3.1. Identification of dippers

We identified dippers based on a visual inspection of the light
curve (see lists in Tables 1 and 2). A common feature in YSOs
are sinusoidal patterns, which can be ascribed to cold spots on
the stellar photosphere (e.g., Herbst et al. 1994). Irregular, ape-
riodic increases in the stellar brightness (bursts) are linked to
accretion shocks for T Tauri stars (Stauffer et al. 2014). Plane-
tary transits and eclipsing binaries do produce dips, but these are
strictly periodic and in the first case, have a small amplitude in
flux. The criteria for selecting dippers are thus the irregular and
sharp shape of the dips, the duration of the dips of up to a few

days, and an amplitude of at least ~10—~60% of the flux. A few
examples of dipper light curves are displayed in Fig. 1. The light
curves easiest to classify are those in which a stable brightness
continuum is interrupted by irregularly shaped dips (e.g., JH 223
in Fig. 1). The bright-faint flux asymmetry is thus high (see, e.g.,
the M metric in Cody et al. 2014). The M metric is a useful tool
to investigate a large sample of stars. However, it tends to classify
as quasiperiodic symmetric (QPS) light curves with irregular
dips that do not have a constant brightness continuum. We con-
sider that from a physical point of view, this should not be a
striking selection criterion and therefore preferred a manual clas-
sification. Dippers with an irregular brightness continuum are
CFHT Tau 12 and ITG 34. More symmetric are HK Tau, GH Tau,
GM Tau, and EPIC 247820821 (2MASS J04295950+2433078).
The last two are more ambiguous, and we differentiated them
from spots because of the sharp shape of their dips. We can-
not exclude that the dips are superimposed on spots. GI Tau is
contaminated by the neighbor GK Tau, and its light curve is com-
plex. However, its own periodicity can be retrieved, and clear
dips are visible in the light curve. DK Tau also exhibits a com-
plex light curve. After ~25 d of quiescent state, the star becomes
a clear dipper. All dipper light curves are shown in Fig. B.1.

In addition to the main dipper sample, two other groups of
light curves were taken into account: light curves that show a pre-
dominant behavior (e.g., spots, bursts, in Table 2) but also some
dips, and low-quality dipper candidates that did not fulfill all of
the criteria of the visual inspection and/or were too complex for
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Table 2. Additional dippers that exhibit dips in their light curves as secondary variability.

EPIC 2MASS Name Type Period G

[d] [mag]
210725857 J04285053+1844361 Sd 2.06 15.19
246859790 ) J04440164+1621324 ... Sd 2.16 17.30
247575425 J04331907+2246342  IRAS 04303+2240 Td 7.5 16.09
247584113 J0433520042250301  CI Tau db 8.5; 12.15
247585465 J04322415+2251083 ... Bd? 2.48 15.25
247788960 J04323058+2419572  FY Tau B?d  6.94; 13.77
247810494 J04345542+2428531 AA Tau d? .. 14.49
247827638 ) J04293606+2435556  XEST 13-010 Sd 39 14.85
247915927 J04442713+2512164  IRAS 0441442506 S?d  4.42 15.48
248009353 J04324282+2552314  UZ Tau Bd 12.39
248018164 ) J04413882+2556267  Haro 6-33 Td? ... 15.94
248030407 ) J04394488+2601527 ITG 15 S2d 345 15.00

Notes. The variability type has to be interpreted as: capital letter = dominant variability; d = dipper; s = spot; b = burster; t = long-term trend. The
periods are derived with the CLEAN periodogram, and the listed value is the dominant period of the light curve, i.e., of the spot, when present.
Only CI Tau and EPIC 247585465 exhibit quasiperiodic dips. The brightness is obtained from the Gaia G band. ®'Star reported as a dipper by

Rebull et al. (2020).
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Fig. 1. From top to bottom: example of an aperiodic dipper (HD 285893); a quasiperiodic dipper (JH 223); a dipper with a complex light curve
(DK Tau). Dipper light curves are characterized by irregularly shaped fading events, which can last to up to a few days.

discerning the different types of their variability (Table 3). In
Fig. 2 a few example light curves are shown.

As aresult, 22 objects were classified as dippers and 12 were
classified as dippers dominated by another type of variability.
Almost all of the latter exhibit some aperiodic dips superimposed
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on an otherwise variable light curve (Fig. B.2). Eleven addi-
tional stars are presented as low-quality candidates in Table 3
and Fig. B.3 and are not further considered in this study. They
are rather listed as visual examples of the selection process. The
final sample of 34 dippers represents 19% of high-confidence
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Table 3. Variable YSOs that are dipper candidates of lower quality.

EPIC 2MASS Name Type Period G

[d] [mag]
210689083  J04313747+1812244  HH 30 t 7.51 .
210690735  J04300399+1813493  UX Tau A+C t? 3.6; 11.29
210690913 J04313843+1813576  HL Tau t? . .
246923113  J04470620+1658428 DR Tau Bd? 1471 11.65
247837468  J04293008+2439550 IRAS 0426442433 7 11.9 .
247923794  J04423769+2515374  DP Tau t 3.66; 13.51
247992574 J04392090+2545021 GN Tau t 5.75; 14.56
248017479  J04410826+2556074  ITG 33A t 6.6; 17.60
248040905 J04295156+2606448 1Q Tau t . 13.24
248055184  J04335470+2613275 IT Tau t 2.74 .
248058354  J04334465+2615005 ? 16.50

Notes. The variability type has to be interpreted as: capital letter = dominant variability; d = dipper; s = spot; b = burster; t = long-term trend.
The periods are derived with the CLEAN periodogram and the listed value is the dominant period of the light curve. Most objects in this list are

dominated by a long-term trend. The brightness is obtained from the Gaia G band.
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Fig. 2. From top to bottom: a spot-dominated light curve with aperiodic dips (EPIC 246859790); a burst-dominated light curve with dips (CI Tau);

a low-quality dipper candidate (IQ Tau). Although dips as described in Fig.

and possible Taurus members (156 + 23 as in Rebull et al. 2020)
and 31% of the disked stars (94 + 7 as in Rebull et al. 2020) in
this sample.

In addition to the dipper prototype AA Tau (which is now
in a faint state and appears in Table 2), Rodriguez et al. (2017)
identified five dippers in Taurus-Auriga with KELT light curves,
four of which are confirmed in this sample. Rebull et al. (2020)
counted 21 dippers in this sample. Sixteen of the dippers ana-
lyzed in this study are present in Rebull et al. (2020). Four out

1 are present, the light curve is dominated by another type of variability.

of the 5 further dippers in Rebull et al. (2020) appear here in
Table 2. One further light curve (EPIC 247078342) indicated as
a dipper in Rebull et al. (2020) is discarded in this study because
its shape strongly depends on the reduction pipeline. Our clas-
sification is therefore not as strict as in Rebull et al. (2020).
Further analysis of the Taurus members sample will be pre-
sented in Cody & Hillenbrand (in prep.). As mentioned above,
the usage of the M metric or a manual classification can affect
the classification for certain stars.
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Fig. 3. Different examples of WPS for a time-resolved changing period (DK Tau) and a periodic dipper (GM Tau). Top panel: light curves with
interpolated points marked in red. Left panel: 2D WPS. The crossed lines mark the COI, where edge effects of the wavelet transform become
relevant. The power contours extend from low (blue) to high (yellow). The power range and the Gaia magnitude are annotated in the upper right
corner. Right panel: CLEAN periodogram. The logarithmic y-axis with the periods is the same as for the WPS. In the case of DK Tau (left), the
two peaks in the periodogram at ~8 and ~10d can be interpreted as a single period that changes during the observations by means of the WPS.
GM Tau displays only one clear period in the WPS and the periodogram. The green stripe at ~10d is just a recurring pattern in the light curve: a
deeper dip at t = 3030, 3040, 3050 d. This is not a relevant periodicity and does not appear in the periodogram.

3.2. Wavelet analysis of dippers

Dippers can be quasiperiodic or aperiodic, their shape varying
from cycle to cycle. Aperiodic narrow dips might appear in an
otherwise periodic light curve, or a quasiperiodic dipper might
be a transient phenomenon (e.g., McGinnis et al. 2015). Because
the variability is irregular, the use of time-resolved period-search
algorithms is of high interest.

Common tools used in astronomy such as the Lomb-Scargle
periodogram (Lomb 1976; Scargle 1982) and Fourier analysis
are not able to deliver information about transient phenomena
because they merely resolve the time series in the frequency
domain. The windowed Fourier transform (WFT) convolves the
signal most commonly with a Gaussian window that is shifted
along the signal before the power spectrum is computed. The
resulting spectrograms to some extent allow retrieving a time
resolution and were applied to dippers by Bodman et al. (2017).
However, the width of the window and the time shift cannot
be optimized for the entire frequency range, resulting in poor
resolution.

When transient phenomena are to be characterized, the
wavelet analysis represents a valid alternative because this
method allows keeping track of the time variability of a periodic
feature by partly losing frequency resolution (see for a summary
Torrence & Compo 1998). It can be conceived as a time-resolved
WEFT with a variable window width that allows recognizing both
high- and low-frequency features. A wavelet transform produces
a power spectrum after the convolution of the signal and the
wavelet, which in most cases is a sort of time-confined sinu-
soidal wave. We used here the complex Morlet wavelet, which
is a complex exponential multiplied by a Gaussian envelope
(Grossmann & Morlet 1984). The time and frequency resolu-
tion are reached by shifting the wavelet along the time series,
then stretching or compressing the wavelet, and repeating the
procedure again. This delivers a two-dimensional wavelet power
spectrum (WPS), which has a power value for each combination
of time and frequency (for more information, see Appendix A).

Wavelet analysis has been successfully applied to a number
of phenomena in K2 light curves: stellar rotation (Mathur et al.
2014; Garcfia et al. 2014; Bravo et al. 2014), planetary transits,
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stellar variability, pulsation, and binaries (Bravo et al. 2014). The
implementation in python runs with the package pywt. Because
the time series must be evenly sampled for wavelet analysis and
some values in the light curve are flagged out during the data
reduction, the light curves are linearly interpolated onto even
time steps in a preliminary step.

An example of WPS is shown in Fig. 3, while the full atlas of
the sample is presented in Appendix E. The x- and y-axis present
the linear time and the logarithmic periods (equivalent to the
scales, as explained in Appendix A). The contours correspond to
the power of the wavelet spectrum, and the region omitted from
the cone of influence (COI) is cross-hatched. The contours reach
from blue (low power) to yellow (high power). To increase the
readability of the plots, the contour plot is saturated at the 99th
and third percentile of the power. Moreover, the periodogram and
the WPS are cut for the plot at a lower limit of 0.5 d. The WPS
is compared to the CLEAN (Roberts et al. 1987) periodogram
(to the right of the WPS). For this sample of light curves, this
periodogram shows a slightly higher frequency resolution than
the Lomb-Scargle periodogram by better resolving close double-
peaked periods. The WPS delivers a lower frequency resolution
than the periodogram and close peaks are resolved only poorly;
on the other hand, it becomes clear when a certain periodicity
is present in the time series. High peaks in the periodogram that
appear for timescales on the order of one period in the WPS are
not real periodicities, but rather parts of the light curve that just
highly correlate with the shape of the Morlet wavelet. When two
major periodicities are present, the WPS allows us to distinguish
which of the two is really predominant in the signal. In case of
a changing period, the change can be time-resolved by the WPS,
but will appear as several peaks in the periodogram, as is the
case for DK Tau (Fig. 3). Depending on the needs of any given
light curve, a higher time or frequency resolution can be obtained
by changing the central frequency or the bandwidth of the Mor-
let wavelet (see Appendix A). This does not affect the physical
interpretation of the results. Because of the lower frequency res-
olution of the wavelet transform, it is better to use the period
as retrieved from the periodogram. It is possible to project the
WPS onto the y-axis and thus average over time to obtain some-
thing similar to a periodogram. However, the lower frequency
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Table 4. Morphological properties of the dips.

The dipper population of Taurus seen with K2

EPIC Name P op W W W, A p2p
[d] [dl  [P] [Pl [P] [mag] [mag]
246929818 @  Haro 6-37 10.63; 0.72 0.59 0.65 050 0.75 1.03
246942563 St 34 5.23: 020 0.65® 059 076 014  0.33
246989752 ... 1.62 0.03 0.22 018 037 0.16 046
247103541 HD 285893 ... e .. ... 005 013
247520207 LkCa 15 5.78 020 0.64©@ 047 062 054 1.05
247575958 CFHT Tau 12 3.48 0.07 0.59 0.60 070 023  0.50
247589612 JH112 A 2.21 0.07 020© 0.18 034 0.1 0.53
247592463 HP Tau 433 017 055© 051 064 024 065
247763883 GH Tau 2.49 0.06 0.44 054 048 0.37 0.74
247764745 V807 Tau 4.39 0.12 0.39 040 035 0.1 0.18
247791801 GK Tau 4.61 015 043 041 048 0.62 128
247792225 GI Tau 7.13 040 0.67© 034 068 049 097
247799571 HK Tau 3.3 0.07 0.50 0.53 044 029 055
247805410 FX Tau ... e .. ... 018 036
247820821 2.38 0.04 041 043 036 1.18 1.77
247885481 . 290@ 008 060® 032 0.8 005 0.14
247935061 GO Tau ... e ... ... 017 036
248006676 @  JH 223 3.31 0.09 0.36 036 039 032 054
248015397 ITG 34 3.91 017 0.51 046 058 0.53 122
248029373 @ DK Tau 7.69; 045 0.57 0.65 035 1.08 1.91
248046139 GM Tau 2.67 0.05 0.44 049 040 130  2.00
248047443 IS Tau 7.58 041 054© 0.68 043 013 024

Notes. Columns: the photometric period P, the uncertainty estimated from the Gaussian fitting of the periodogram peak o p, the dip width W
measured as the FWHM of the folded and binned light curve in units of phase, the dip width estimated considering the binned light curve +o of
the flux (W_,, W,.-), the dip amplitude with the 90th and 5th flux percentiles A, the peak-to-peak amplitude p2p. The stars are detrended before the
width was determined, with the exception of those marked . ”»Value discarded because it was not representative of the real dip width. “Double-
peaked dip. The peak of the periodogram is at 2.99 d and is linked to a cold spot. A more thorough analysis is needed to retrieve the dipper period

at 2.90d.

resolution of the wavelet transform does not provide any partic-
ular advantage for the period determination alone compared to a
periodogram.

3.3. Period analysis

Dippers often appear to be quasiperiodic. Following the disk
warp model (e.g., Bouvier et al. 2007), the dusty material obscur-
ing the star must be located close to corotation, which is per
definition the region in which circumstellar material rotates with
the same angular velocity as the star. Stauffer et al. (2015) and
Rebull et al. (2018) identified some light curves that showed both
spots and dips. The overlapping periods of the two phenom-
ena strongly supported the scenario of an inner disk that was
rotationally locked to the star because stellar spots follow the
stellar rotation. It is thus of interest to discuss the periodicities of
dippers compared to stellar rotation.

The variations due to spots are smooth, largely sinusoidal
variations. The quasiperiodic dippers produce rather sharp or
complex dips, and these events are usually slightly different each
time they occur. The distinction between variations originating
in spots and dippers can be ambiguous in some unusual cases.
Sometimes multiple real periodicities (not harmonics) can show
up in the periodogram or in the WPS; in these cases, the physi-
cal interpretation of the periodicity can be complicated (see, e.g.,
discussion in Rebull et al. 2018, 2020).

In this sample, eight stars exhibit a single clear period-
icity (JH 223, EPIC 246989752, CFHT Tau 12, V807 Tau,

GK Tau, HK Tau, GM Tau, and IS Tau), three stars are aperiodic
(HD 285893, FX Tau, and GO Tau), and for another three stars,
the periodicity is unclear (Haro 6-37, St 34, and DK Tau). Two
stars are transient quasiperiodic dippers (JH 112 A and DK Tau).
The remaining seven dippers are quasiperiodic, but their light
curve or periodogram is more complex than that of the other
dippers: LkCa 15, EPIC 247885481, HP Tau, GH Tau, GI Tau,
EPIC 247820821, and ITG 34. The periods are listed in Table 4.
Those that are uncertain are flagged with a semicolon.

The periods coincide with those published by Rebull et al.
(2020), with the exception of that of DK Tau (7.84d vs. 7.69d
derived here; this small difference is due to the complex peri-
odogram and the usage of two different algorithms). The WPS
(Fig. 3) shows that the period increases during the K2 cam-
paign. The periodogram exhibits two peaks at ~8 and ~10d. By
means of the WPS, they can be interpreted as a single chang-
ing period. This could explain why the period of DK Tau is
never constrained precisely in the literature (see Appendix D
for more details). The stars ITG 34 and GH Tau have a sec-
ond reported period (Rebull et al. 2020), which is confirmed
here. For GH Tau, a possible third period at 5.09 d is present. An
interesting case is EPIC 247885481 (see Sect. 3.3 for a detailed
discussion), where the main periodicity of 2.99 d is most proba-
bly caused by a spot, while the dips can be folded in phase with
a period of 2.90d. Rebull et al. (2020) reported 2.99d for the
main periodicity, while the dipper period is unresolved both in
the periodogram here and in Rebull et al. (2020). In the case
of GI Tau, the light curve is contaminated by the neighboring
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GK Tau, and the dominant peak in the periodogram is the period
of GK Tau. Only the second period is therefore reported as being
of GI Tau. EPIC 247820821 shows a second periodicity on the
WPS at 7.00d that does not appear in the periodogram. When
folded in phase, the pattern appears to be related to a shift of the
minimum of the dip. The periodogram of ITG 34 exhibits several
double-peaked periods that cannot be harmonics of each other. It
is difficult to recognize a dominant structure in the folded light
curve. All the folded light curves are presented in Appendix F.
The motions of the Kepler satellite might create spurious peri-
ods at 0.22, 1.75, and 1.97 d. None of them has been observed
here.

A different period for spot and dips? The light curve for
EPIC 247885481 (2MASS J05023985+2459337) shows narrow
dips superimposed on a sinusoidal variability. The periodogram
shows a clear peak at 2.99d with o = 0.08d, but the folded
light curve shows that the period refers to the sinusoidal vari-
ation (Fig. 4). The dips can be folded in phase around P — o at
~2.90d. The peak in the periodogram does not appear to have
any complex structure.

In order to better study the periodicity, the spot was fit with a
sinusoidal wave with a period of 2.99 d (Fig. 4), which was then
subtracted from the light curve (Fig. 5). The periodogram before
and after the subtraction shows that the main contribution to the
periodicity is given by the spot; no substructure appears after the
spot subtraction. This can be explained by the fact that the ampli-
tude of the eclipses is very small compared to the noise and that
the dip is not clearly present in every period. The shape of the
dips is nearly Gaussian, and the dip width is small compared to
the period. The residual was fit with a periodic Gaussian pulse

such as f(t) = c+ A Y, _., exp —(“;(Trf)z, with the period T as
a free parameter. The retrieved period is thus 2.90 d for the dips,
still very close to P — o, and it cannot be confirmed that they
are significantly different. Similar conclusions about other stars
were reached by Stauffer et al. (2015). Nevertheless, the fact that
the dips cannot be folded in phase with the period of the spot
is a clear indication that they must be different. The difference
between the two periods could be explained by the differen-
tial rotation of the stellar surface, assuming that the corotating
material is aligned with the equator and the spot is at higher
latitude.

3.4. Light-curve morphology

In the following section, the light curve properties of ideal and
peculiar dippers are briefly presented and the determination of
the dip properties, such as amplitude and width, are explained
and discussed.

Ideal dippers. As mentioned in Sects. 1 and 3.1, the main
characteristics of dippers are their dips. These are irregular in
shape and can either be aperiodic or quasiperiodic. A good
example for a quasiperiodic dipper is JH 223 (Fig. 1): The occur-
rence of the dips is periodic, their shape is irregular, and their
amplitude can almost double in two neighboring dips. No other
types of variability in form of bursts or other patterns affect the
classification. Its period of 3.31d and the dip duration of ~2d
are in range of the rotation periods of CTTSs and of observed
dip properties. Aperiodic dippers tend to present either very nar-
row dips whose shape is rather simple (e.g., Stauffer et al. 2015),
which is the case of HD 285893 (Fig. 1), or broad and complex
dips.

Ad44, page 8 of 28

1.05 020

0.154
1.004

Flux

0.104

Power

0957 44 0.05]

T T T T
3000 3020 3040 3060 2
Time [BJD - 2454833.0]

(a) (b)

1.044 o,

x 1.02- §X%s

lu.

w g
1.004 ¥

0.084 "t Tt LR

Fig. 4. (a) Light curve of EPIC 247885481. Red: Sinusoidal fit of the
flux above the fifth percentile (blue). (b) Periodogram of the star with
the FAP level at 0.05 (orange). (c¢) Light curve above the fifth percentile
folded at 2.99 d and sinusoidal fit (blue). (d) Residual light curve after
subtraction of the fit as in panels a and c, folded at 2.99 d. The noise is
high with respect to the dips, but no evident pattern is present.

Transient dippers. The only clear example of a quasiperi-
odic and transient dipper in the sample is JH 112 A. The dips
have a period of 2.21 d, and if directly linked to the stellar rota-
tion, they are present for a timescale of about ten full rotations.
Interestingly, the continuum brightness decreases only as long
as the eclipses occur. DK Tau also changes from a fade state to a
dipper with a higher brightness continuum, but its light curve
is complex, and a strong overall variability has already been
observed in former campaigns. The dipper status of quasiperi-
odic dippers is known to be transient over a few years (e.g.,
AA Tau), but it is rare to observe a quasiperiodic dipper on such
a short timescale. The explanation of a disk warp would imply
that the warp significantly changes its height and becomes not
visible for the observer after a few rotations, or that the dust in it
is completely dissipated on a short timescale.

Double- and multi-peaked dippers. In the sample studied,
six periodic dippers exhibit clear double-peaked dips in their
light curve: LkCa 15, JH 112 A, HP Tau, GI Tau, HK Tau,
and IS Tau (Fig. 6). These double- or multiple-peaked dippers
exhibit at least two well-detached dips in the folded light curve
(see Appendix F). It should be noted that the dips themselves
are in general not Gaussian and have a complex shape. The
determination of the dip width for these sources depends on the
desired information (the width of the primary peak or the total
width of the multi-peaked dip) and is handled in Sect. 3.5. A
more detailed description regarding the double dips of individ-
ual sources is provided in Appendix D. In the scenario in which
a dusty warp occults the star, the constant presence (or absence)
of a double dip delivers an indication about the stability and
the shape of the warp. In general, it can be remarked that the
dips, although periodic, do not occur exactly at the same phase.
For HP Tau, the WPS shows that the periodicity slightly varies
around a period of 4.33 d. The light curve displays clear shifts of
the minima of the dip for different rotation cycles. Moreover,
the variations in amplitude of the different dips do not seem
correlated to each other. This suggests that either smaller and
independent dusty warps occult the star, or that the shape of the
dusty structure is highly unstable. A quantitative study of this
variation will be object of future work.
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Fig. 5. Fitting with periodic Gaussian pulses (a) of the residual light curve of EPIC 247885481 after the removal of the sinusoidal variability.
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Fig. 6. Light curves of the double-peaked periodic dippers. Top to bottom: LkCa 15, JH 112 A, HP Tau, GI Tau, HK Tau, and IS Tau. The color-code

is normalized to the length of the observations, one color per phase.

3.5. Dip amplitude and dip width

Among all other sources of variability for YSOs, the long-term
trends particularly affect the determination of the dip amplitude
because the continuum brightness is unstable. To determine the
dip amplitudes, the light curves were therefore detrended using
a boxcar filler with a width chosen to be four times the period.
This removed the long-term variability and did not interfere with
the dips (Fig. 7). For nonperiodic dippers, a standard window of
7d was chosen. The amplitudes were computed as the difference
between the 90th and fifth percentile and peak-to-peak and are
listed in Table 4. The light curves of Haro 6-37, JH 223, IS Tau,
and DK Tau (for this star, the faint state of the first ~30d has not
been included for this and the following analysis) did not need
detrending because the continuum brightness is stable.

The detrending was not applied for the study of the peri-
odicity because it might affect the result and interfere with the
physical phenomena that cause variability. It is only used in a
pragmatic approach to study the dip morphology, without the
effect of other stellar variability.

To define an eclipse width, it is useful to bin, that is, to aver-
age, the detrended and folded light curve (purple line in the upper
panel of Fig. 8). The dip width (black horizontal line in the
upper panel of Fig. 8) is then defined at the full width at half
maximum (FWHM) of the resulting binned curve. The results
are listed in Table 4 and shown in Appendix F. In general, the
dip width is about half of the period. The largest dip widths are
linked to double- or multi-peaked dippers, with the exception of
JH 112 A and HK Tau, which both exhibit a relatively small dip
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Fig. 7. Determination of the dip amplitude with the example of HP Tau.
Top: light-curve detrending of the original data (black) with a boxcar of
size 4 - P. The blue line is the trend. Bottom: detrended light curve. The
convolution with a boxcar removes a small part of the data at the edges.
Orange line: flux median. Red lines: 90th and fifth percentiles of flux.
The usage of flux percentiles allows us to consider the global variability
of the light curve.

width (<0.5 P) and the shortest periods in this group (2.21 and
3.3d, respectively). The discussion of the correlation between
dip width and period is presented in Sect. 5.4.

We estimate an uncertainty on the dip width as follows.
For each phase bin, the standard deviation o(phase) of the flux
between the different cycles was first computed (purple line in
the upper panel of Fig. 8). For every point of the binned light
curve, the standard deviation of the phase bin was then added
in one case and subtracted in the other (purple line on center
and bottom panel in Fig. 8). Finally, the dip width was com-
puted again as FWHM of these modified binned light curves.
Upper and lower error bars are defined as difference between the
dip width of the modified binned light curve and the original
one. Because the shape of the dips may vary strongly after this
operation, these error bars can be large.

For double-peaked dippers, the line drawn at the FWHM can
cross the binned light curve in more than two points: the error
bars w + o~ and w — o were then chosen to represent the primary
peak width and the total width of the dip, which is very large
in these cases. This can result in strongly asymmetric error bars
(see Sect. 5.4). In Table 4, some width values are flagged because
they are not reliable. This can happen when the folded light curve
is very noisy and the binned light curve does not show the dips
as they can be seen by eye. These plots appear in Fig. F.1.

Another possible representation of the uncertainty on the dip
width would be to compute the dip width at different thresholds
of the same binned light curve, for example, at 0.3, 0.5 (FWHM)),
0.7 of the flux maximum. However, the information about the
width of the main dip and the total dip in double-peaked dips
(see, e.g., IS Tau) would be lost.

4. Stellar parameters

Dipper stars are most commonly low-mass T Tauri stars. Their
periods of a few days are consistent with the range of rotational
periods found in general for young, low-mass stars. There is con-
sensus that the dips in the light curve are caused by dust; in
the dusty disk warp scenario, the inner disk warp is located at
the corotation radius. Moreover, regardless of the position of the
occulting dusty structure, the temperature must be low enough
for dust to be able to be present, that is, not to sublimate.
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EPIC 248047443 (IS Tau)
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Fig. 8. Dip width measured as the FWHM of the binned light curve
(purple line, top). For the folded light curve, each color represents a
different cycle. By adding or subtracting the standard deviation of the
flux for each phase, it is possible to distinguish between the width of the
main dip (bottom) and the double peak (center).

In the following section, the derivation of the different stel-
lar parameters for dipper stars is discussed. In order to verify the
conditions and to compute the radius and temperature at corota-
tion, the masses and radii of the star are required. The discussion
about each parameter follows in the next paragraphs.

4.1. Effective temperatures and spectral types

Effective temperatures are listed in Table 1 and were derived
according to the SpT-Tex conversions of Pecaut & Mamajek
(2013). The main sources for the spectral types are Esplin
& Luhman (2019) and Herczeg & Hillenbrand (2014), who
agree for almost all objects. When spectral subclasses were not
explicitely listed in the conversion tables, the value of T.g¢ was
linearly interpolated between the two closest subclasses. For
spectral types later than M5, the temperature conversions by
Herczeg & Hillenbrand (2014) were used.

The uncertainty on T.g follows the uncertainty on the spec-
tral type: for spectral types up to K9, the uncertainty is one
spectral subclass; for spectral types between MO and M4, 0.4
subclasses; and for spectral types later than M4, 0.25 subclasses
(Herczeg & Hillenbrand 2014). As a consequence, asymmetric
error bars were computed from Pecaut & Mamajek (2013) for an
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earlier and later spectral type, respectively. If the later spectral
type is missing at the end of the table, a symmetric error bar
is produced. The systematic uncertainty linked to the choice of
the models of up to 150K is not taken into account here. A dis-
cussion of the consequences on the derived stellar parameters is
given in Sect. 5.1.

4.2. VUHK photometry

The light curves of young, accreting stars might be affected by
contamination (e.g., by hotspots) in the blue band. Photometry in
the V and JHK bands is therefore preferred. The dipper list was
cross-matched with the Two Micron All-Sky Survey (2MASS,
Skrutskie et al. 2006) to obtain JHK photometry.

Because a photometric monitoring is the best way to deter-
mine the magnitude of variable stars, values reported in the
photometric monitoring by Grankin et al. (2007) are preferred
for the V band, where available. An inspection of the light
curves presented for the objects studied here led to the choice
of their V,, as best estimate for the brightness continuum. How-
ever, many of the dipper stars are absent from that collection,
and other sources have to be included as well. Three photo-
metric catalogs are common to most sources and include V:
GSC2.3.2 (Lasker et al. 2008), NOMAD-1 (Zacharias et al.
2005), and APASS (Henden et al. 2016)?. For individual stars,
other additional measurements were retrieved from the litera-
ture. All available values for each star were inspected to verify
whether any strong inconsistencies existed between the collec-
tions. More entries are available in the GSC catalog than in any
other collection. If the star was not already reported in Grankin
et al. (2007) and there were no particular problems with the pho-
tometry, the entry of the GSC catalog was set as V value in
Table 1, when available.

In the few cases where these single measurements were
highly different (AV > 1 mag) between the catalogs because
of the intrinsic variability of young stars, special attention was
given to those stars. One way to assess the plausibility of a
V band measurement is to verify that it does not lead to a
strongly negative extinction. In order to verify that the indi-
vidually selected visual magnitudes from different sources were
self-consistent, the values of V were compared with the Gaia G
(Gaia Collaboration 2016, 2018) converted into V. No offset was
found.

4.3. Visual extinction

Most stars in Taurus are subject to at least some reddening.
Many stars have moderate or strong infrared excesses, which can
affect even the near-IR bands. At the same time, the fainter stars
are harder to detect at shorter wavelengths. We therefore calcu-
lated the visual extinction by comparing the (V — J) colors as
observed to those for the corresponding spectral type in Pecaut
& Mamajek (2013). Herczeg & Hillenbrand (2014) measured a
quite high veiling at 7510 A for some objects in this sample.
For those with high veiling, extinction derived with photome-
try is not as accurate as with spectroscopy. For the stars with
r > 0.1, the Ay computed by Herczeg & Hillenbrand (2014) from
spectroscopy is preferred.

We wished to minimize the risk of inconsistent values that is
attached to very few, or just one, photometric measurement. For
this reason, the available measurements of Ay in the optical in

2 The entries in NOMAD are from the YB6 catalog, which consists of
scanned plates and is thus considered a lower-quality source.

the literature were collected and compared (see Table C.1). This
allowed us to filter out several clear outliers that are flagged in
Table C.1. For stars with lower veiling, the final Ay is an aver-
age of the extinction computed here using (V — J) and the other
values in the literature (a comparison of the values we derived
and those in the literature is shown in Fig. C.1). The uncertainty
was set to the rms of the different values, with a reasonable min-
imum of 0.3 mag. For measurements of Ay < 0, Ay was set to 0
in order to be physical, as was the uncertainty if Ay < 0.

4.4. Luminosities

The stellar luminosity was computed from the bolometric mag-
nitude M, as in

bol ~“Mpol.o

M
L./Ly=10"" 2 (1)

where Myo o = 4.25 mag. Because the brightness and bolometric
corrections are mostly available for the J band, the bolometric
magnitude was derived according to

Mo = my — 5log(p™") +5 - Ay + BCy, 2)

where my is the J-band magnitude, p is the parallax (here from
Gaia), A; is the extinction in the J band, and BC; is the bolomet-
ric correction for the J band. The bolometric corrections were
retrieved from Pecaut & Mamajek (2013) and interpolated for
intermediate spectral types. In case of spectral types later than
M5 (not presented in the tables), the BC; was extrapolated. The
computation of A; from (J — K) is affected by IR excess. Thus,
we preferred to convert Ay into A; as j—i = 0.282 (Cardelli et al.
1989).

The Gaia parallax was not available for three objects
(GH Tau, IS Tau, and FX Tau). We used the distance dis-
tributions in Taurus by Fleming et al. (2019) for these stars.
FX Tau and GH Tau are located in the B18 cloud, which contains
members of the near population at 127.4 + 3.8 pc. A standard
deviation of 7.9 pc was applied as uncertainty for unknown
parallaxes. IS Tau lies on the filament L1495, which contains
members of both populations. Its luminosity was computed for
the two mean distances and is shown with an arrow in Fig. 9.
IS Tau appears to more likely be a member of the far population
when we assume that it has the same age as the other dippers. In
the case of Haro 6-37, the 2MASS measurement in the J band is
corrupted and no other measurements are available. The visual
magnitude and the corresponding BCy were considered instead.

The procedure for deriving uncertainties on the bolometric
correction is the same as for the effective temperature. A major
issue for the determination of the luminosity uncertainty is the
intrinsic photometric variability of dipper stars, which cannot be
included here in absence of an extensive observation campaign.
Nevertheless, for stars on their Hayashi tracks, the derivation of
the mass depends much more on a precise spectral type than
on luminosity (see Fig. 9). The uncertainty on the luminosity
affects the derivation of age far more; the isochrones in Fig. 9
accordingly are approximations.

4.5. Masses and radii

In order to derive the mass of the dipper stars in this sample,
evolutionary models that reach the lowest end of stellar forma-
tion are needed. We therefore preferred the tracks of Baraffe et al.
(2015) (Fig. 9) as they include M dwarfs.
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Fig. 9. Evolutionary tracks (solid lines) and isochrones (dashed lines)
from Baraffe et al. (2015). The brown dwarf limit lies at 0.073 M.
Isochrones from top to bottom: 0.5, 1, 2, 5Myr, and 1Gyr. The
red points are the Taurus members classified as dippers, while the
gray points are Taurus members as in Herczeg & Hillenbrand (2014).
HD 285893 (SpT F8) does not appear in this plot for the sake of read-
ability because its derived T.q is much higher than that of the rest of the
sample. The stellar ages scatter around 1 Myr, and with the exception of
LkCal5 (marked with a black arrow) and HD 285893, they are on their
Hayashi tracks and are still fully convective.

The aim here is to be self-consistent, therefore we derived
all masses from the same model. The effective temperature is
the dominant term for identifying the corresponding track for
this sample. Thus, an identification of the corresponding tracks
along the x-axis is the most efficient, with the only exception
of the latest M dwarfs, for which the luminosity also plays an
important role. Because the tracks are quantized, with a reso-
lution of 0.1 My down to m = 0.2 Mg, 0.02 M, for 0.1 < m <
0.2 M, 0.01 Mg for m < 0.1 M, the error bars represent the
distance between the upper or lower values of the data point and
the closest track. The small error bars on the masses listed in
Table 5 reflect the small error bars on the effective temperatures.
The Hertzsprung-Russell diagram with some of the evolutionary
tracks and isochrones is shown in Fig. 9.

The dippers are uniformly distributed around 1 Myr. With
the exception of LkCa 15 and HD 285893, the stars identified as
dippers have a mass lower than 1 My, with a few M dwarfs close
to the brown dwarf limit of ~0.072 M. The stars in Herczeg
& Hillenbrand (2014) are cross-matched with the members and
possible members of Taurus in Rebull et al. (2020) and appear as
gray points on the HR diagram. The spectral types are converted
into temperatures with the same conversion as we applied to dip-
pers. For spectral types later than K4, the conversion provided
by Herczeg & Hillenbrand (2014) exhibits a systematic temper-
ature offset of about +60 K and up to +130 K, while for earlier
spectral types, the temperatures proposed by Pecaut & Mamajek
(2013) are higher. When several luminosities are provided for
a star, the values were averaged in the HR diagram. Because
dippers are associated with circumstellar extinction events and
their V measurement might have been taken in the fainter state,
it might be expected that they are less luminous than non-dipper
stars. This does not seem to be the case here. Interestingly, many
stars with a mass between 0.1 and 0.3 My lie well above the
youngest isochrone. On the one hand, this might be an indica-
tion of the difficulty of providing precise evolutionary models
for stars with a very low mass. On the other hand, for faint and
accreting brown dwarfs, the accretion luminosity might dom-
inate the faint stellar luminosity. At the other extreme, with
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a Teg = 6100K and L = 1.99 L, HD 285893 almost lies on
the ZAMS on the HR diagram. A more detailed discussion is
given in the individual notes in Appendix D. This ‘old’ dipper
might belong to a recently identified class of debris disk dippers
(Gaidos et al. 2019; Tajiri et al. 2020), for which aperiodic
extinction events have been attributed to the disruption of plan-
etesimals.

The stellar radii are derived according to the Stefan-
Boltzmann law as

3 2
R L\*(T
— == == 3
RO LO Teff
and are presented along with the masses in Table 5. The uncer-

tainties on T and the luminosity are propagated to the stellar
radius.

4.6. Radius and temperature at corotation

In the accretion scenario, the dusty warp that obscures the star
is located at corotation. The corotation radius defines the dis-
tance from the star at which the material of the Keplerian disk
rotates with the same angular velocity as the star. Because in a
stable orbit, the gravitational potential of the star is equal to the
centrifugal force, the corotation radius is derived as

P
Reor = (_)
2n

where P is the stellar period. Considering the simple approxima-
tion of no energy transfer between a dust grain situated at R,
and the remaining disk, which reduces the effective irradiation
by a factor 4 as in Bouvier et al. (1999), it is possible to derive
the temperature at corotation as

Wl

1

(GM.)3, (€))

1

_1 R, \?
Tcor:zé eE(R ) . (5)

cor

The corotation radii and temperatures computed in this way
are listed in Table 5. The corotation radii extend to a few stellar
radii, between 2.5 and 9 R... The temperatures at corotation are
~1000K, and a few stars reach up to ~1500K. The error bars
on this quantity are large because the uncertainties on the stellar
radii are about 10-20% for young stars.

4.7 Inclinations

In order to probe the capacity of the magnetospheric accretion
model to account for dippers, the angle under which we observe
the system is required because dippers cannot be seen close to
face-on if the dusty part of the accretion column has to cross
the observer’s line of sight to produce dips in the light curve
(e.g., McGinnis et al. 2015; Bodman et al. 2017). A more detailed
discussion of this point is provided in Sect. 5.1. The stellar
inclination is derived according to the formula

.. . .2nR,
vsSini = Sint .

(6)

The convention we used to define the inclination is 0° for the
star seen pole-on and 90° for edge-on. The vsini values were
retrieved from the literature (see Table 5): the main sources were
Nguyen et al. (2012) and Giidel et al. (2007), who retrieved their
values for this sample from Rebull et al. (2004).
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Table 5. Stellar properties of the dipper sample.

EPIC Name L, M, R, Reor  Teor vsini Ref. i, log M. Refs.
[Lo] [Mo] [Ro] [R.] [K] [km s7'] 1 [(Moyr]

246929818 Haro 6-37  0.797039  0.60*003  1.91*)38 898 930118 12.1+12 1  >47 -7.00/-8.12 6,7.8

246942563 St 34 0.18*002 0257005 1257015 6.38 941718

246989752 ... 0.023*3002 007170914 0.59709% 4.08 1022}

247103541 HD 285893  1.99*927  1.15%007  1.2670% ... ...

247520207 LkCa 15 0.96%019  LI127000 1627010 8.69 1077+ 139+12 1 79%), -8.83/-8.87/-9.17 8,6,9

247575958 CFHT Tau 12 0.038*3013 0.065*0010 0.79*01% 4.90 913*1%

247589612 JH 112 A 0.90*317 070070029 1.90707% 3.33 1581%)7% ...

247592463 HP Tau 2.30%05%0  0.9%03 270103 4.00 1531733 15416 2 294 ...

247763883 GH Tau 0.62*01% 032570923 2167030 2.46 1572%1% 303+0.7 1 44710 -7.92/-8.02/-8.90 7,10,6,8

247764745 V807 Tau 139038 0.60700  2.50703% 3.81 143713 13.6+07 1 28" -8.40/<-8.68 8,10

247791801  GK Tau 0.94*010  0.657095 2037015 4.98 1266*77, 187+35 2 573 -8.19 6,78, 11

247792225 GI Tau 0.74*012 045005 2.0870% 575 1095*]% 12.7+19 1 5973 -8.00/-8.02/-8.08 11,6,7,8

247799571 HK Tau 0.37+005 0407095 1547016 447 1214*]13 218+25 3 683 -7.65 12

247805410 FX Tau 0.567016  0.30070050 2.09%03% ... ... 9.61£0.19 1 ... -865 6,7

247820821 0.045*000¢ 007570003 0.857007 3.70 1058*37) 18410 4  >64

247885481 ... 0.0650995 0.157093  0.897097 5.23 9567100 ...

247935061 GO Tau 0.25*008 030070950 1.417026 . .. 175+97 2 -7.93/-8.33/-8.42 6,98

248006676 JH 223 0.21%093 027570923 1.34701% 452 112607

248015397 ITG 34 0.033*3010 0.07579013 0.717013 623 827115 ...

248029373 DK Tau L14%01¢ 0557005 2337027 578 115073 17.5+12 >60 —7.42 6.7.11

248046139 GM Tau 0.033*0996  0.06570913 0.737095 4.49 961*%%  9.0+2.0 5  41*1] —-8.60/-8.70 13, 14

248047443 1S Tau 0.63*312 0507005 1.8670%5 6.93 101316 ~7.91/-8.01 10,8

Notes. Stellar inclinations reported as lower limits have sini > 1.

References. (1) Nguyen et al. (2012); (2) Giidel et al. (2007); (3) Hartmann et al. (1986); (4) Kraus et al. (2017); (5) Mohanty et al. (2005); (6)
Hartmann et al. (1998); (7) Muzerolle et al. (1998); (8) White & Ghez (2001); (9) Isella et al. (2009); (10) Hartigan & Kenyon (2003); (11) Gullbring
et al. (1998); (12) White & Hillenbrand (2004); (13) White & Basri (2003); (14) Herczeg & Hillenbrand (2008).

The uncertainty on i grows with sin i, thus higher inclination
angles have larger uncertainties. Some stars (Haro 6-37, EPIC
247820821, and DK Tau) exhibit a sini > 1, which probably indi-
cates that something is amiss with the stellar parameters. In these
cases, the minimum inclination angle is indicated as a lower
limit. The results are listed in Table 5. For Haro 6-37, the period
is uncertain. It is possible that the observed period is not cor-
rect or not directly related with the rotation period. For DK Tau,
different periods have been reported in the literature because the
light curve is complex, and the WPS shows an increasing period
during the K2 observations. Because the stellar rotation period
is not assumed to vary much, other physical phenomena might
affect the dips. For instance, Grankin et al. (2007) reported a
long-term variability amplitude of AV ~ 1.8 mag for this star,
which propagates to any inclination angle between 30° and 90°
if taken into account as the uncertainty on V.

4.8. Mass accretion rates and accretion regime

The mass accretion rates of the dippers were collected from the
literature, when available (Table 5). They are, in general, on the
order of magnitude of 1078 Myyr~'. This is in agreement with
the observed mass accretion ranges for T Tauri stars (Gregory
et al. 2006). Exceptions are Haro 6-37, HK Tau, and DK Tau,

which are stronger accretors of about 1077 Mg yr~!'. LkCa 15 has
a very low mass accretion rate for its mass, but it is also a tran-
sition object, and a lower mass accretion rate is expected at this
stage. In general, quasiperiodic dippers are expected to be gen-
erated in a stable accretion regime (see Sect. 5.4) and aperiodic
dippers instead in an unstable regime (McGinnis et al. 2015),
which could be caused by a phase of enhanced mass accretion.
The complex light curve of DK Tau, one of the strongest accre-
tors, might be an example of unstable accretion. However, for the
dipper sample presented in this paper, we found no correlation
between mass accretion rate and periodicity.

5. Discussion

Several possible mechanisms for the origin of dippers have been
presented in the literature, including dusty disk warps, dusty
winds, and disk vortices. In the study of the protoypical dipper
AA Tau, Bouvier et al. (1999) proposed that a magnetic dipole,
tilted with respect to the stellar rotation axis, might contribute
to an inner disk distortion. This can produce a dusty, optically
thick disk wall that can account for the photometric variation,
if observed at high inclination. This model was further explored
by McGinnis et al. (2015), using as free parameters the stellar
inclination and location, height, and azimuthal extension of the
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dusty wall. In the dipper sample of NGC 2264, which has a
similar size as that of Taurus, inclinations down to ~50° could
be measured, with large uncertainties. McGinnis et al. (2015)
were able to fit the light curves with a dusty warp with a mean
inclination of ~70°. Dippers close to edge-on are assumed to
be undetectable in photometry because the disk would block the
line of sight toward the stellar photosphere.

The first parameter we discuss for the compatibility with
the model therefore is the inclination of the star and the disk
(Sect. 5.1). For stable accretion, the magnetospheric truncation
radius is close to corotation, and the photometric periods of
dippers provide evidence for the dusty warp to be located at
corotation. One other condition for the validity of the model is
thus that the environment at corotation must be cold enough to
avoid dust sublimation (Sect. 5.2). It would be helpful to derive
the truncation radius to compare it with the corotation radius;
unfortunately, not enough precise magnetic field measurements
are available for this purpose. Bodman et al. (2017) provided a
rough estimate for the mass accretion rate and the magnetic field
strength. However, this estimate has a very large uncertainty.

This scenario was challenged by the discovery of dippers
seen in millimeter wavelengths in a full range of inclination
angles (Ansdell et al. 2016b, 2020), on which the hypothesis
was founded that the inner and outer disk might be misaligned.
Binarity can be invoked as a cause of misalignement in a cir-
cumbinary disk (e.g., Facchini et al. 2013, 2018; Franchini et al.
2019). This opens the possibility of finding a dipper with a low
outer disk inclination. Nonetheless, the inclination of the inner
region must be reasonably high to detect dips. Two examples of
well-studied dippers with a misaligned inner disk are LkCa 15
and RX J1604.3-2130 A (Alencar et al. 2018; Sicilia-Aguilar
et al. 2020).

Another way of lifting dust away from the disk midplane is
through dusty disk winds. These are spatially more extended than
the base of accretion funnel flows, and might shield the stellar
brightness at lower viewing angles. Magnetic field lines inclined
with respect to the disk symmetry axis (6 > 30°) are able to
accelerate matter away from the disk. Dust, dragged away with
gas, is able to survive in a disk-driven wind at temperatures of
several 10® K because heating the dust through collisions with
gas particles and sputtering is highly inefficient (Tambovtseva &
Grinin 2008). A high mass-accretion rate and strong magnetic
field (kG) are required to launch such a disk wind (Miyake et al.
2016; Labdon et al. 2019), and only the small dust grains are
dragged by the wind, while the large-size grains remain in the
disk midplane (Miyake et al. 2016). The resulting floating dust in
the disk is able to produce optical fading events and NIR bright-
ening. Bans & Konigl (2012) modeled the NIR 3 pum bump as
produced by absorbed stellar radiation in a dusty wind. However,
it seems that such disk winds are observed under a rather high
inclination ~70° (Vinkovié & éemeljié 2021), much higher than
what has been invoked to explain low-inclination dippers (e.g.,
Ansdell et al. 2020).

It is also possible to lift dust from the midplane through vor-
tices in the disk that are caused, for example, by Rossby waves.
However, the occultations caused in this way would have a very
small amplitude and might thus account only for a small fraction
of aperiodic dippers (Stauffer et al. 2015).

5.1. Inclination of star and disk

In this section, we investigate whether the stellar inclination
agrees with the inclination of the outer disk and if this is compat-
ible with an AA Tau-like star. For most of the objects considered
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here, a moderate to high inclination is clear despite the large
error bars.

GH Tau and GM Tau are compatible with an inclination of
~50°, which is at the lowest end of the magnetospheric accre-
tion scenario. This suggests that the magnetic field axis is highly
tilted with respect to the stellar spin axis. In the case of HP Tau
and V807 Tau, the proposed dusty warp scenario for the produc-
tion of dippers fails to explain fading events seen at such a low
inclination. We tested whether the photometric variability might
significantly affect the estimation of the luminosity and prop-
agate up to the derived stellar inclination. None of these stars
shows an amplitude in the K2 light curve that would be large
enough to explain the discrepancy. Nevertheless, for HP Tau, a
long-term amplitude variation of AV ~1mag was reported by
Grankin et al. (2007). This can be roughly converted into an
upper limit of i ~50°, which is still at the lowest limit for the
magnetospheric accretion model. For V807 Tau, which is a triple
system, an overestimation of the brightness of the primary is
possible. Schaefer et al. (2012) estimated that V807 A could be
0.5 mag fainter than the total system in the J band and fit an
extinction of O to the system. From these parameters, a higher
stellar inclination of 40° can be derived, which is more plausible.
This is not sufficient to explain the discrepancy, however. A stel-
lar radius of ~1.5 R, would be required to reach an inclination
angle of at least 50°.

It is thus more probable that some other phenomenon con-
tributes to the quasiperiodic extinction events for these stars
that are inconsistent with a sufficiently high inclination. Dusty
disk winds also need high inclination angles to be observable
(Vinkovi¢ & éemeljié 2021), and the mass accretion rate of
V807 Tau is too low (Table 5). The small amplitude of ~0.1 mag
might indicate vortices caused by Rossby wave instabilities.
However, given the clear periodicity of the light curve, this
mechanism can be discarded. Moreover, the almost constant
shape of the dips means that the structure occulting the star is
probably stable, not very large, optically thick, and it might be
that just a small fraction of it is seen by the observer under this
low inclination.

One more possibility in the magnetospheric accretion sce-
nario would be that the dust high in the accretion column
increases its optical depth immediately before sublimation
because evaporation and free-fall timescales are similar (Nagel
& Bouvier 2020). This might imply that an optically thick part
of the accretion column could cross the observer’s line of sight,
thus requiring a lower inclination to see dips.

We compared our dipper sample to inclinations of outer disks
that were directly measured at millimeter wavelengths (Table 6).
Akeson & Jensen (2014) derived the disk inclination in the image
plane by fitting the clean continuum maps with 2D Gaussians.
This results in larger error bars than with the methods used by
other authors because the continuum map is reconstructed from
the visibilities. In general, the inclination of the outer disk is
slightly lower than the inclination derived for the inner region,
with the exception of DK Tau, which seems strongly misaligned
with the outer disk, although this value has to be considered with
caution (see Sect. 4).

Appenzeller & Bertout (2013) pointed out that the inclina-
tion of CTTSs derived from vsini are not precise for i > 30°
because the uncertainty grows with i. The inclination might
also be overestimated when not all line broadening effects are
properly considered. For a sample of known CTTSs in differ-
ent regions, i, and igi are correlated, but the inclination derived
from rotation is 19° higher on average (Appenzeller & Bertout
2013). This trend is also observed in Taurus for HP Tau, GK Tau,
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Table 6. Inclination of the stellar axis i, from this study compared to observations of the outer disk iy from the literature.

EPIC Name Iy idisk

[°] [°]

)] (Other)

246929818  Haro 6-37 >47
246942563 St 34
246989752 ...
247103541  HD 285893 ... S
247520207 LkCa 15 79:3) 55 (2); 507 (3)
247575958 CFHT Tau 12 ... o
247589612 JH 112 A
247589803 JH 112 B e
247592463  HP Tau 29%1 18374
247763883  GH Tau 44+10
247764745 V807 Tau 2877 .. .
247791801  GK Tau 57123 40275 73.0'3 (4); 7172 (5)
247792225 GI Tau 5924 44.0j§f§ o
247799571  HK Tau 68131 56.9702  46.013 (4); 51%3 (5); 57.0%4 (6)
247805410  FX Tau o 4074 (5)
247820821 >64 o
247885481 ... S
247935061 GO Tau 53.9703
248006676  JH 223 o
248015397  ITG 34 e o
248029373 DK Tau >60  12.8'23  41.0%}] (4); 207 (5); 27.0% (6)
248046139  GM Tau 4t
248047443 1S Tau :

References. (1) Long et al. (2019); (2) van der Marel et al. (2015); (3) Thalmann et al. (2014); (4) Akeson & Jensen (2014); (5) Simon et al. (2017);

(6) Harris et al. (2012).

GI Tau, and HK Tau. Nevertheless, the recent observations of
misaligned inner disks support the possibility that this systematic
also has a physical basis.

Another systematic uncertainty on the stellar inclination is
produced by the use of conversion tables between spectral type
and effective temperature, which are still not precise for young
stars. The use of different conversions can lead to discrepancies
of about 150K, which for a late-type star with Teg ~ 3000—
3500 K means an additional uncertainty of ~5%. Propagated to
R, and sin i, this final uncertainty of ~10% corresponds to about
5° for i, < 30° or 10° for i, > 30°. Thus, the stellar inclinations
might be higher than derived by about 10°.

No extreme cases of face-on dippers, as reported by Ansdell
et al. (2016b), are observed in this sample. The stellar inclina-
tion was derived for 11 dippers (50%), and inclinations of the
outer disk are available for 8 (36%) dippers. The dippers for
which it was possible to derive a stellar inclination are compati-
ble with the disk warp scenario (thus 9/11), with the exception of
HP Tau, whose stellar parameters might be significantly affected
by a strong overall photometric variability, and V807 Tau, for
which a different scenario is required, even after decomposing
the primary and secondary brightness of the system. In general,
the stellar inclinations of Taurus dippers are lower than those of
dippers in NGC 2264 (McGinnis et al. 2015), for instance.

5.2. Temperature at corotation and dust survival

Given the assumption that dusty material at corotation causes
the dips, it is interesting to compare the temperature at

cototation with dust sublimation temperatures in order to con-
firm or exclude certain characteristics of the dust grains. The
sublimation temperature, T, of the grains depends on the gas
pressure, latent heat, and molecular weight more than on the
stellar parameters (Kobayashi et al. 2011). The full range of
Teor in Table 5 extends from 800 to 1600 K, with error bars of
about 100 K. The only materials able to withstand these temper-
atures are olivine, pyroxene, and iron (Pollack et al. 1994, see
their Table 3). Moreover, the sublimation temperature increases
with the gas density; stars with 7., > 1400 K exclude gas den-
sities <1078 g cm™. The stars with the highest temperatures at
corotation in Table 5 can only host dust for even higher gas den-
sities >107® g cm™3. Because it is currently difficult to resolve
the inner disk rim for low-mass YSOs, models for this region
have only been developed for intermediate-mass stars (e.g., Isella
& Natta 2005; Tannirkulam et al. 2007). It is thus of interest to
better constrain these properties for CTTSs in future studies to
verify the conditions for dust survival.

Setting a critical temperature for dust T, = 1500K, it is
possible to derive from Eqgs. (5) and (4) the minimum stellar
rotation period for a given mass and radius that permits a suf-
ficiently cold environment for dust to survive at corotation as

Teff

3 3 ]
Pum=2—5n( )R:(GM*)-Z. )

subl

Figure 10 shows that all periods of dipper stars are well above
this limit. For the few stars close to the limit, the condition is
satisfied if a Tqyp = 1600 K is assumed. Previous observations
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Fig. 10. Period of the dippers in comparison to the minimum rotation
period (red line) required for a temperature <1500 K at corotation. If the
star rotates faster, the inner disk is purely gaseous at corotation.

of dippers in p Oph and Upper Sco (Bodman et al. 2017) also
indicate that it is possible for dust to survive at the corotation
radius of dipper stars.

5.3. Dippers in Taurus and in other clusters

The star-forming regions that are known so far to host dip-
pers include NGC 2264, which is 2-3 Myr old (Alencar et al.
2010; Cody et al. 2014; McGinnis et al. 2015; Stauffer et al.
2015), Orion, which is 3 Myr old (Morales-Calderén et al. 2011),
p Oph and Upper Sco, which are 1 and 10 Myr old, respectively
(Ansdell et al. 2016a; Hedges et al. 2018; Cody & Hillenbrand
2018; Rebull et al. 2018), and Taurus (Rebull et al. 2020;
Rodriguez et al. 2017). A feature that is shared by all of these
regions is the late spectral type, K to M, of the identified dippers.
A common explanation for this is the longer pre-main-sequence
phase of late-type stars, which allows the disk to be present for
a longer time, thus increasing the probability of observing a dip-
per. Moreover, the lower surface temperature enables dust to be
present close to the stellar magnetosphere. In Taurus, as in p Oph
and Upper Sco, the occurrence of M-type dippers is higher than
that of K-type dippers because stars of lower mass always exist
in a larger number.

For the fractional rate at which dippers are found among
YSOs, the statistics differ from region to region. The main rea-
sons for this are the different counting methods (i.e., fraction
of disk-bearing stars vs. all members of the cluster), the dif-
ferent selection techniques, and the target selection process of
the survey, which is not necessarily optimized for finding dip-
pers. For p Oph and Upper Sco, dippers represent about 20% of
disked YSOs (Hedges et al. 2018), which was increased to 30%
by Cody & Hillenbrand (2018). These authors also pointed out
that in the older Upper Sco, a higher dipper fraction is observed
among disked stars. Alencar et al. (2010) claimed that 30—-40%
of disked stars in NGC 2264 might be dippers, depending on
whether a sample of thick or anemic inner disks is considered.
This amount was found to be 20% by Cody et al. (2014), who also
studied NGC 2264. An exception is Orion, where only 5% of the
stars are dippers. This might be due to the photometric accuracy
of the survey and a biased target selection (Morales-Calderén
et al. 2011), as well as the fact that they did not consider a disked-
star sample. In Taurus, considering the additional 12 dippers in
Table 2, the occurrence rate is 19% of all the members observed
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with K2, and 31% of the members hosting a disk. The ratio of
quasiperiodic to aperiodic dippers is about 1:1 for NGC 2264,
p Oph, and Upper Sco. In Orion, only one-third of the dippers is
quasiperiodic. In contrast, most dippers appear to be quasiperi-
odic in Taurus. The sample analyzed in this study might be
unusual in this sense (only 3 aperiodic and 3 uncertain dippers
out of 22 in Table 4); it must be noted that for only 2 of the
12 additional dippers in Table 2 the reported periods are most
probably linked to quasiperiodic dips. The predominant period-
icity in the light curve for the remainder is caused by cold stellar
spots, while the extinction events are stochastic. Only 17 out of
the 34 presented dippers are strictly quasiperiodic, which brings
the ratio to about 1:1. The periods marked as uncertain in Table 4
are not counted as quasiperiodic here.

5.4. Dip width and period

Previous studies investigated whether dip width, dip amplitude,
and/or dip width are correlated for dippers. No such correlation
has been found so far (e.g., Bodman et al. 2017), except for the
class of short-period narrow dips presented by Stauffer et al.
(2015). For dip width and amplitude, a dependence would be
a constraint on the geometrical properties of the dusty warp as
presented by Bouvier et al. (1999). The amplitude of the eclipses
depends not only on the viewing angle, but also on the vertical
extent of the dusty material occulting the star. On the other hand,
the dip width delivers an estimate of its azimuthal extent.

For our sample of Taurus dippers, the quasiperiodic dippers
for which it was possible to derive a reliable width are shown in
Fig. 11. The data suggest a logarithmic trend of the dip width and
the period, with a high scatter due to the intrinsic variability of
dippers. It is remarkable that many dippers are obscured >50%
of the time, suggesting that the azimuthal extent of the dusty
structure must be larger than 180° around the star. According
to the geometrical constraints of a dusty warp, the observed dip
width should grow with the inclination. The inclination values
listed in Table 6 are represented in Fig. 11 as a color code of
the data points. The amplitude of the dips is proportional to the

A .
i where A, is the smallest

amplitude of the sample. No correlation is observed within the
inclination and the dip width, nor between inclination and dip
amplitude. Toward the higher end of the widths, the dip is often
double- or multi-peaked, and its shape and position vary from
phase to phase. This is the case for HP Tau, LkCa 15, GI Tau,
JH 112 A, HK Tau, and IS Tau (see Sect. 3.4). The large error
bars on the dip width for these double- or multi-peaked stars
reflect the difference between considering the width of the full
occultation and the width of the main dip.

Although the dependence can be best described with a log-
arithmic curve, the size of the sample is too small to draw
a solid conclusion on the nature of the best-fitting curve. It
is also possible that two different regimes are present, such
as a linear trend for short periods, followed by a plateau for
longer periods. The two quantities dip width (W) and the nat-
ural logarithm of the period (In P) are correlated with a Pearson
correlation coefficient » = 0.77 and a p-value of 2.8 x 1074, A
logarithmic, rather than linear, trend is expected because the star
cannot be eclipsing close to 100% of the time, thus flattening the
curve for longer periods. The two stars in the lower left corner
are crucial for this correlation, however. EPIC 246989752 and
JH 112 A (see Fig. F.1 for the dip width) fall in the category
of short-duration quasiperiodic dips (Stauffer et al. 2015), with
the interesting case of JH 112 A being a transient dipper. The

size of the data points as 2
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Fig. 11. Dependence of dip width in phase units and period of the
quasiperiodic stars in the dipper sample. The error bars on dip width and
period correspond to those listed in Table 4. A logarithmic fit alog x + b
is performed just on the data points (red line), and for upper and lower
limits of the dip width (orange interval). The double-dipped stars are
represented as triangles. The size of the markers is proportional to the
square root of the dip amplitude (between 0.05 and 1.3 mag). Two stars
for which the dip width derived in this way is not reliable are not repre-
sented in this plot. The stellar inclination in degrees is coded as colors
of the data points, when available. Although the exact coefficients of the
fitting function cannot be constrained from this small sample, W corre-
lates with In P with Pearson’s r = 0.77. No significant correlation with
the dip amplitude can be measured.

derived dip width describes the dip as observed in the folded
light curve well. Moreover, the upper error bar is very gener-
ous because the binned light curve +¢ is almost flat. We can
therefore exclude that the dip width for these two stars is over-
estimated. Stauffer et al. (2015) identified a particular class of
Gaussian-shaped, narrow, and short-periodic dips. The definition
of “narrow” is set where the ratio of the FWHM of the fit Gaus-
sian and the period is lower than 0.25, while the narrow dips in
NGC 2264 have a FWHM-to-period ratio of 0.15 on average. In
Taurus, EPIC 246989752, and JH 112 A would correspond to this
category, with a FWHM-to-period ratio of 0.22 and 0.20, respec-
tively. Both exhibit a Gaussian shape. The short-period dippers
in NGC 2264 tend to have narrow eclipses for later spectral types
(Stauffer et al. 2015). Here, this is true for EPIC 246989752,
which is an M dwarf, while JH 112 A has a spectral type of K5.5.
We could not find a correlation between dip width and spectral
type in the dipper sample.

Another star that can be associated with the population
defined by Stauffer et al. (2015) is EPIC 247885481 (Sect. 3.3).
It does not appear in Fig. 11 because the width of the dips can-
not be constrained reliably in a standardized way. The amplitude
is very small compared to the noise, and the dips do not clearly
appear in each phase (see Sect. 3.3). The star is an M dwarf and
is therefore compatible with the group identified in NGC 2264.

A correlation between R, and the dip width in units of phase
is presented in Fig. 12. Although weaker (Pearson’s r = 0.63), a
behavior similar to that of Fig. 11 is evident. This is expected
because the corotation radius as derived in Eq. (4) is a func-
tion of the stellar period. In this case, the correlation is evident
even without considering the two data points in the lower left
corner, which only argue for a logarithmic instead of a linear
dependence.

It is of interest to verify whether this correlation of dip
width with period is an implication of existing models and if
the observed dip widths are compatible with the mechanisms
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Fig. 12. Dependence of the dip width in units of phase and the corota-
tion radius. Although weaker (Pearson’s r = 0.63), a correlation of W
and In R, is also evident here. The lower correlation can be explained
by the fact that R, is a function of both P and M..

that have been proposed to explain dippers. In order to gener-
ate a quasiperiodic dipper, the most stable configuration of the
magnetic field seems to be an inclined dipole in the framework
of magnetospheric accretion (Romanova et al. 2013). Two broad,
stable, and symmetric matter streams form from the disk and
are accreted as funnel flows onto the stellar surface, producing
an hotspot in each hemisphere. The observer can see the star
obscured either by the dusty warp or even by the funnel flow
itself. In this case, the extent of the magnetosphere nearly coin-
cides with the corotation radius, Rt = R.o,. In case of R, < Rr,
the inner region of the disk rotates with w > Qg (where Q is the
Keplerian velocity at corotation) and the star is in the propeller
regime. The magneto-centrifugal forces lead to the ejection of
disk material into an outflow (Romanova & Owocki 2015). Dur-
ing phases of enhanced mass accretion, in which the dipole
component of the magnetic field decreases, the disk compresses
the magnetosphere and reduces Rt (Romanova et al. 2013). For
Rt < R, the star is in the accretion regime and the magne-
tosphere rotates more slowly than the inner disk (w < Qk). In
case of a small or no misalignment between the stellar spin axis
and the magnetic moment, the matter from the inner disk accu-
mulates at Ry and the accretion instead occurs through unstable
accretion tongues (Romanova et al. 2013), which are taller and
thinner than funnel flows that reach the stellar surface close to
equator. They can be observable as irregular hotspots in the UV.
As a result, the light curve is rather stochastic and bursting. An
unstable accretion regime has been invoked to explain aperiodic
dippers (e.g., McGinnis et al. 2015).

The extent of the corotation radius directly depends on the
stellar rotation period. For slow rotators, the corotation radius
is located at a larger distance from the star, and the inner disk
therefore rotates faster than the star. This facilitates the accre-
tion through instabilities (Romanova et al. 2013; Kulkarni &
Romanova 2008).

An observer would expect broad dips to be quasiperiodic
because the unstable accretion tongues are rather narrow and tall
and would not be able to obscure the star for a significant fraction
of time (Romanova et al. 2008). The aperiodic dippers observed
in Taurus indeed exhibit rather narrow dips in their light curves.

The quasiperiods observed in dippers might also be linked
to a configuration in the accretion regime. In this case, trapped
density waves in the inner disk can produce a warp that rotates
more slowly than the star and beyond the corotation radius, with
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a period that might vary over time. In this case, the simula-
tions show that the inner disk is tilted and also rotates more
slowly (Romanova et al. 2013). This could explain the changing,
rather long period observed in the WPS of the K2 light curve of
DK Tau, which is associated with an outer disk seen at low incli-
nation. However, this would not suffice to explain why the star is
obscured in the first part of the light curve. The slowly rotating
warp should also have a smaller height than a fast-rotating warp,
and DK Tau has an amplitude of 1 mag.

A correlation of period and dip width thus suggests that
slow rotators are more probably occulted by more azimuthally
extended dusty structures. This aspect has not been directly
considered in simulations to date. In the scenario of magneto-
spheric accretion, this might imply a broader funnel flow for slow
rotators.

For T Tauri stars of late spectral type, the internal structure
is either fully convective or has small radiative cores (Gregory
et al. 2012). The HR diagram of Taurus dippers shows that with
the exception of LkCa 15, all stars are on their Hayashi tracks
and fully convective. In this case, the magnetic field is expected
to be axisymmetric and the dipole component dominates, as is
the case for AA Tau.

Vidotto et al. (2014) found a correlation of magnetic flux and
rotation period for accreting PMS stars. This implies that stars
with a simple magnetic field (i.e., dipole) and with the strongest
magnetic fields are also the slowest rotators and truncate the
disk at larger distances Rr. The star-disk interaction therefore
affects the magnetic field, which in turn affects the stellar rota-
tion. We speculate that the large-scale magnetic field topology
might cause the correlation of dip width and period. A stronger
magnetic field might have a stabilizing effect on a large warp.

6. Conclusion

We have studied a sample of 179 YSOs in Taurus, which are
members or possible members of the cluster (Rebull et al. 2020).
We identify a total of 34 dippers, 22 of which are dippers not
dominated by another type of variability. This makes up ~20%
of the high-confidence and possible Taurus members and ~30%
of the disk-bearing Taurus members as observed with K2.

The observations in Taurus highlight again how ephemeral
dippers are. A striking example is the dipper prototype AA Tau,
which is now in a fainter state and is no longer classified as a
quasiperiodic, prototypical dipper. Dipper light curves can per-
sist over timescales of a few years or even a few days. This
strongly suggests that the observed occurrence rates are a lower
limit to their true occurrence among CTTSs.

The ratio of quasiperiodic to aperiodic dippers is 1:1,
although most of the dippers studied in detail are quasiperiodic.
The large majority of aperiodic dippers observed in Taurus is
dominated by another type of variability, mainly that due to cold
spots. As found in other surveys, dipper stars are of late spectral
type K or M because the lower surface temperature allows dust
to survive in the inner disk and create the dips. The dipper stars
of the sample are fully convective, low-mass (<1 M) stars down
to the brown dwarf limit, with the presence of a probable debris
disk dipper.

Supporting previous dipper surveys, the observed periods
are in the range of the rotation periods of low-mass CTTSs. In
the sample, a transient period, a changing period, and a dipper
period very close to the period of a stellar spot are also identi-
fied. The temperatures derived at corotation are also compatible
with dust survival, and the mass accretion rates are typical for
CTTS:s.
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Many of the dippers for which it was possible to derive
a stellar inclination are seen at a rather moderate inclination
angle, and the outer disk inclination is, when available, slightly
lower than the stellar inclination. Whether the stellar inclination
is systematically higher than the outer disk inclination cannot
be constrained accurately in this small sample, but it would be
consistent with recently observed stars with a tilted inner disk.

Magnetospheric accretion is able to explain most but not all
Taurus dippers. However, dusty disk winds and Rossby wave
instabilities do not seem convincing as explanations for the
dippers seen at low inclination in this sample.

A fraction of the quasiperiodic dippers exhibits double or
complex dips, whose structure varies with time and whose min-
ima are shifted from one cycle to the next. These examples are
worth exploring in a future more precise dynamical analysis.

Finally, a correlation is found between the dip width in
units of phase (i.e., the equivalent of the angular extent of the
occulting structure) and the rotational period of the dippers. We
speculate that this might indicate that the accretion columns of
more slowly rotating stars have a larger base, possibly reflect-
ing a different magnetic topology. This dependence needs to be
investigated for dippers in other clusters in future work.

Acknowledgements. We wish to thank the anonymous referee for constructive
comments which have improved the clarity of this paper, and Didier Fraix-Burnet
and Gérard Grégoire for the helpful discussions. This project has received fund-
ing from the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement No 742095;
SPIDI: Star-Planets-Inner Disk-Interactions). Some of the data presented in this
paper were obtained from the Mikulski Archive for Space Telescopes (MAST).
Support for MAST for non-HST data is provided by the NASA Office of
Space Science via grant NNX09AF08G and by other grants and contracts. This
research has made use of data products from the Two Micron All-Sky Survey
(2ZMASS), which is a joint project of the University of Massachusetts and the
Infrared Processing and Analysis Center, funded by the National Aeronautics
and Space Administration and the National Science Foundation. The 2MASS
data are served by the NASA/IPAC Infrared Science Archive, which is oper-
ated by the Jet Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration. This work
has made use of data from the European Space Agency (ESA) mission Gaia
(https://www.cosmos.esa.int/gaia), processed by the Gaia Data Process-
ing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/
gaia/dpac/consortium). Funding for the DPAC has been provided by national
institutions, in particular the institutions participating in the Gaia Multilateral
Agreement.

References

Akeson, R. L., & Jensen, E. L. N. 2014, ApJ, 784, 62

Akeson, R. L., Jensen, E. L. N., Carpenter, J., et al. 2019, ApJ, 872, 158

Alencar, S. H. P, Teixeira, P. S., Guimarides, M. M., et al. 2010, A&A, 519, A88

Alencar, S. H. P., Bouvier, J., Donati, J. F,, et al. 2018, A&A, 620, A195

Ansdell, M., Gaidos, E., Rappaport, S. A., et al. 2016a, ApJ, 816, 69

Ansdell, M., Gaidos, E., Williams, J. P., et al. 2016b, MNRAS, 462, L101

Ansdell, M., Gaidos, E., Hedges, C., et al. 2020, MNRAS, 492, 572

Appenzeller, 1., & Bertout, C. 2013, A&A, 558, A83

Artemenko, S. A., Grankin, K. N., & Petrov, P. P. 2012, Astron. Lett., 38, 783

Bans, A., & Konigl, A. 2012, ApJ, 758, 100

Baraffe, I., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42

Bertout, C., Basri, G., & Bouvier, J. 1988, ApJ, 330, 350

Bodman, E. H. L., Quillen, A. C., Ansdell, M., et al. 2017, MNRAS, 470, 202

Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science, 327, 977

Bouvier, J., Chelli, A., Allain, S., et al. 1999, A&A, 349, 619

Bouvier, J., Grankin, K. N., Alencar, S. H. P., et al. 2003, A&A, 409, 169

Bouvier, J., Alencar, S. H. P,, Boutelier, T., et al. 2007, A&A, 463, 1017

Bravo, J. P, Roque, S., Estrela, R., Ledo, I. C., & De Medeiros, J. R. 2014, A&A,
568, A34

Camenzind, M. 1990, Rev. Mod. Astron., 3, 234

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245

Cody, A. M., & Hillenbrand, L. A. 2018, AJ, 156, 71

Cody, A. M., Stauffer, J., Baglin, A., et al. 2014, AJ, 147, 82

Dahm, S. E., & Lyke, J. E. 2011, PASP, 123, 1383


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium
http://linker.aanda.org/10.1051/0004-6361/202140646/1
http://linker.aanda.org/10.1051/0004-6361/202140646/2
http://linker.aanda.org/10.1051/0004-6361/202140646/3
http://linker.aanda.org/10.1051/0004-6361/202140646/4
http://linker.aanda.org/10.1051/0004-6361/202140646/5
http://linker.aanda.org/10.1051/0004-6361/202140646/6
http://linker.aanda.org/10.1051/0004-6361/202140646/7
http://linker.aanda.org/10.1051/0004-6361/202140646/8
http://linker.aanda.org/10.1051/0004-6361/202140646/9
http://linker.aanda.org/10.1051/0004-6361/202140646/10
http://linker.aanda.org/10.1051/0004-6361/202140646/11
http://linker.aanda.org/10.1051/0004-6361/202140646/12
http://linker.aanda.org/10.1051/0004-6361/202140646/13
http://linker.aanda.org/10.1051/0004-6361/202140646/14
http://linker.aanda.org/10.1051/0004-6361/202140646/15
http://linker.aanda.org/10.1051/0004-6361/202140646/16
http://linker.aanda.org/10.1051/0004-6361/202140646/17
http://linker.aanda.org/10.1051/0004-6361/202140646/18
http://linker.aanda.org/10.1051/0004-6361/202140646/18
http://linker.aanda.org/10.1051/0004-6361/202140646/19
http://linker.aanda.org/10.1051/0004-6361/202140646/20
http://linker.aanda.org/10.1051/0004-6361/202140646/21
http://linker.aanda.org/10.1051/0004-6361/202140646/22
http://linker.aanda.org/10.1051/0004-6361/202140646/23

N. Roggero et al.: The dipper population of Taurus seen with K2

Davies, C. L., Gregory, S. G., & Greaves, J. S. 2014, MNRAS, 444, 1157

Donati, J. F., Bouvier, J., Alencar, S. H., et al. 2019, MNRAS, 483, L1

Drake, A. J., Graham, M. J., Djorgovski, S. G., et al. 2014, ApJS, 213, 9

Duchéne, G., Monin, J. L., Bouvier, J., & Ménard, F. 1999, A&A, 351, 954

Esplin, T. L., & Luhman, K. L. 2019, AJ, 158, 54

Esplin, T. L., Luhman, K. L., & Mamajek, E. E. 2014, ApJ, 784, 126

Facchini, S., Lodato, G., & Price, D. J. 2013, MNRAS, 433, 2142

Facchini, S., Juhész, A., & Lodato, G. 2018, MNRAS, 473, 4459

Fleming, G. D., Kirk, J. M., Ward-Thompson, D., & Pattle, K. 2019, ApJ,
submitted [arXiv:1904.06980]

Franchini, A., Lubow, S. H., & Martin, R. G. 2019, ApJ, 880, L18

Gaia Collaboration (Prusti, T., et al.) 2016, A&A, 595, Al

Gaia Collaboration (Brown, A. G. A., et al.) 2018, A&A, 616, Al

Gaidos, E., Jacobs, T., LaCourse, D, et al. 2019, MNRAS, 488, 4465

Galli, P. A. B., Loinard, L., Ortiz-Léon, G. N, et al. 2018, ApJ, 859, 33

Garcia, R. A, Ceillier, T., Salabert, D., et al. 2014, A&A, 572, A34

Grankin, K. N., Melnikov, S. Y., Bouvier, J., Herbst, W., & Shevchenko, V. S.
2007, A&A, 461, 183

Gregory, S. G., Jardine, M., Simpson, 1., & Donati, J. F. 2006, MNRAS, 371,
999

Gregory, S. G., Donati, J. F,, Morin, J., et al. 2012, ApJ, 755, 97

Grossmann, A., & Morlet, J. 1984, SIAM J. Math. Anal., 15, 723

Giidel, M., Briggs, K. R., Arzner, K., et al. 2007, A&A, 468, 353

Guieu, S., Pinte, C., Monin, J. L., et al. 2007, A&A, 465, 855

Gullbring, E., Hartmann, L., Bricefio, C., & Calvet, N. 1998, ApJ, 492, 323

Guo, Z., Herczeg, G.J., Jose, J., et al. 2018, Apl, 852, 56

Haas, M. R., Batalha, N. M., Bryson, S. T., et al. 2010, ApJ, 713, L115

Harris, R. J., Andrews, S. M., Wilner, D. J., & Kraus, A. L. 2012, ApJ, 751, 115

Hartigan, P., & Kenyon, S. J. 2003, ApJ, 583, 334

Hartmann, L., & Stauffer, J. R. 1989, AJ, 97, 873

Hartmann, L., Hewett, R., Stahler, S., & Mathieu, R. D. 1986, ApJ, 309, 275

Hartmann, L., Hewett, R., & Calvet, N. 1994, Apl, 426, 669

Hartmann, L., Calvet, N., Gullbring, E., & D’Alessio, P. 1998, ApJ, 495, 385

Hartmann, L., Calvet, N., Watson, D. M., et al. 2005, ApJ, 628, L147

Hedges, C., Hodgkin, S., & Kennedy, G. 2018, MNRAS, 476, 2968

Henden, A. A., Templeton, M., Terrell, D., et al. 2016, VizieR Online Data
Catalog: 11/336

Herbst, W., Herbst, D. K., Grossman, E. J., & Weinstein, D. 1994, AJ, 108, 1906

Herczeg, G. J., & Hillenbrand, L. A. 2008, ApJ, 681, 594

Herczeg, G. J., & Hillenbrand, L. A. 2014, ApJ, 786, 97

Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126, 398

Isella, A., & Natta, A. 2005, A&A, 438, 899

Isella, A., Carpenter, J. M., & Sargent, A. 1. 2009, ApJ, 701, 260

Itoh, Y., Fukagawa, M., Shibai, H., Sumi, T., & Yamamoto, K. 2015, PASJ, 67,
88

Kenyon, S. J., & Hartmann, L. 1995, ApJS, 101, 117

Kenyon, S. J., Gémez, M., & Whitney, B. A. 2008, Low Mass Star Formation in
the Taurus-Auriga Clouds, eds. B. Reipurth (USA: ASP Press), 4, 405

Kobayashi, H., Kimura, H., Watanabe, S. i., Yamamoto, T., & Miiller, S. 2011,
Earth Planets Space, 63, 1067

Koenigl, A. 1991, ApJ, 370, L39

Kraus, A. L., & Hillenbrand, L. A. 2009, ApJ, 703, 1511

Kraus, A. L., Ireland, M. J., Martinache, F., & Hillenbrand, L. A. 2011, ApJ, 731,
8

Kraus, A. L., Ireland, M. J., Hillenbrand, L. A., & Martinache, F. 2012, ApJ, 745,
19

Kraus, A. L., Herczeg, G. J., Rizzuto, A. C., et al. 2017, ApJ, 838, 150

Kulkarni, A. K., & Romanova, M. M. 2008, MNRAS, 386, 673

Kurosawa, R., Harries, T. J., & Symington, N. H. 2006, MNRAS, 370, 580

Labdon, A., Kraus, S., Davies, C. L., et al. 2019, A&A, 627, A36

Lai, D. 1999, ApJ, 524, 1030

Lasker, B. M., Lattanzi, M. G., McLean, B. J., et al. 2008, AJ, 136, 735

Lima, G. H. R. A., Alencar, S. H. P., Calvet, N., Hartmann, L., & Muzerolle, J.
2010, A&A, 522, A104

Lomb, N. R. 1976, Ap&SS, 39, 447

Long, F., Herczeg, G. J., Harsono, D., et al. 2019, ApJ, 882, 49

Luger, R., Agol, E., Kruse, E., et al. 2016, AJ, 152, 100

Luhman, K. L. 2018, AJ, 156, 271

Luhman, K. L., Mamajek, E. E., Shukla, S. J., & Loutrel, N. P. 2017, AJ, 153, 46

Lynden-Bell, D., & Pringle, J. E. 1974, MNRAS, 168, 603

Mathur, S., Garcia, R. A., Ballot, J., et al. 2014, A&A, 562, A124

Mayne, N. J., Harries, T. J., Rowe, J., & Acreman, D. M. 2012, MNRAS, 423,
1775

McGinnis, P. T., Alencar, S. H. P., Guimaraes, M. M., et al. 2015, A&A, 577,
All

Miyake, T., Suzuki, T. K., & Inutsuka, S.-i. 2016, ApJ, 821, 3

Mohanty, S., Basri, G., & Jayawardhana, R. 2005, Astron. Nachr., 326, 891

Morales-Calderén, M., Stauffer, J. R., Hillenbrand , L. A., et al. 2011, Ap]J, 733,
50

Muzerolle, J., Hartmann, L., & Calvet, N. 1998, AJ, 116, 2965

Muzerolle, J., Calvet, N., & Hartmann, L. 2001, ApJ, 550, 944

Nagel, E., & Bouvier, J. 2020, A&A, 643, A157

Nesterov, V. V., Kuzmin, A. V., Ashimbaeva, N. T., et al. 1995, A&AS, 110, 367

Nguyen, D. C., Brandeker, A., van Kerkwijk, M. H., & Jayawardhana, R. 2012,
AplJ, 745, 119

Pecaut, M. J., & Mamajek, E. E. 2013, ApJS, 208, 9

Percy, J. R., Grynko, S., Seneviratne, R., & Herbst, W. 2010, PASP, 122, 753

Pollack, J. B., Hollenbach, D., Beckwith, S., et al. 1994, ApJ, 421, 615

Rebull, L. M., Wolff, S. C., & Strom, S. E. 2004, AJ, 127, 1029

Rebull, L. M., Stauffer, J. R., Bouvier, J., et al. 2016, AJ, 152, 113

Rebull, L. M., Stauffer, J. R., Hillenbrand, L. A., et al. 2017, ApJ, 839, 92

Rebull, L. M., Stauffer, J. R., Cody, A. M., et al. 2018, AJ, 155, 196

Rebull, L. M., Stauffer, J. R., Cody, A. M., et al. 2020, AJ, 159, 273

Rigliaco, E., Pascucci, I., Duchene, G., et al. 2015, ApJ, 801, 31

Roberts, D. H., Lehar, J., & Dreher, J. W. 1987, AJ, 93, 968

Rodriguez, J. E., Ansdell, M., Oelkers, R. J., et al. 2017, ApJ, 848, 97

Romanova, M. M., & Owocki, S. P. 2015, Space Sci. Rev., 191, 339

Romanova, M. M., Kulkarni, A. K., & Lovelace, R. V. E. 2008, ApJ, 673, L171

Romanova, M. M., Ustyugova, G. V., Koldoba, A. V., & Lovelace, R. V. E. 2013,
MNRAS, 430, 699

Scargle, J. D. 1982, ApJ, 263, 835

Schaefer, G. H., Prato, L., Simon, M., & Zavala, R. T. 2012, ApJ, 756, 120

Schaefer, G. H., Prato, L., Simon, M., & Patience, J. 2014, AJ, 147, 157

Scholz, A., Moore, K., Jayawardhana, R., et al. 2018, ApJ, 859, 153

Shu, F., Najita, J., Ostriker, E., et al. 1994, ApJ, 429, 781

Sicilia-Aguilar, A., Manara, C. F., de Boer, J., et al. 2020, A&A, 633, A37

Simon, M., Guilloteau, S., Di Folco, E., et al. 2017, ApJ, 844, 158

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Stauffer, J., Cody, A. M., Baglin, A., et al. 2014, AJ, 147, 83

Stauffer, J., Cody, A. M., McGinnis, P., et al. 2015, AJ, 149, 130

Strom, K. M., Strom, S. E., Kenyon, S. J., & Hartmann, L. 1988, AJ, 95, 534

Strom, K. M., Strom, S. E., Edwards, S., Cabrit, S., & Skrutskie, M. F. 1989, AJ,
97, 1451

Tajiri, T., Kawahara, H., Aizawa, M., et al. 2020, ApJS, 251, 18

Tambovtseva, L. V., & Grinin, V. P. 2008, Astron. Lett., 34, 231

Tannirkulam, A., Harries, T. J., & Monnier, J. D. 2007, ApJ, 661, 374

Terquem, C., & Papaloizou, J. C. B. 2000, A&A, 360, 1031

Thalmann, C., Mulders, G. D., Hodapp, K., et al. 2014, A&A, 566, A51

Torrence, C., & Compo, G. P. 1998, Bull. Am. Meteorol. Soc., 79, 61

van der Marel, N., van Dishoeck, E. F., Bruderer, S., Pérez, L., & Isella, A. 2015,
A&A, 579, A106

Vanderburg, A., & Johnson, J. A. 2014, PASP, 126, 948

Vidotto, A. A., Gregory, S. G., Jardine, M., et al. 2014, MNRAS, 441, 2361

Vinkovi¢, D., & Cemeljié, M. 2021, MNRAS, 500, 506

Watson, D. M., Leisenring, J. M., Furlan, E., et al. 2009, ApJS, 180, 84

White, R. J., & Basri, G. 2003, ApJ, 582, 1109

White, R. J., & Ghez, A. M. 2001, ApJ, 556, 265

White, R. J., & Hillenbrand, L. A. 2004, ApJ, 616, 998

White, R. J., & Hillenbrand, L. A. 2005, ApJ, 621, L65

Xiao, H. Y., Covey, K. R., Rebull, L., et al. 2012, ApJS, 202, 7

Zacharias, N., Monet, D. G., Levine, S. E., et al. 2005, VizieR Online Data
Catalog: 1/297

A44, page 19 of 28


http://linker.aanda.org/10.1051/0004-6361/202140646/24
http://linker.aanda.org/10.1051/0004-6361/202140646/25
http://linker.aanda.org/10.1051/0004-6361/202140646/26
http://linker.aanda.org/10.1051/0004-6361/202140646/27
http://linker.aanda.org/10.1051/0004-6361/202140646/28
http://linker.aanda.org/10.1051/0004-6361/202140646/29
http://linker.aanda.org/10.1051/0004-6361/202140646/30
http://linker.aanda.org/10.1051/0004-6361/202140646/31
https://arxiv.org/abs/1904.06980
http://linker.aanda.org/10.1051/0004-6361/202140646/33
http://linker.aanda.org/10.1051/0004-6361/202140646/34
http://linker.aanda.org/10.1051/0004-6361/202140646/35
http://linker.aanda.org/10.1051/0004-6361/202140646/36
http://linker.aanda.org/10.1051/0004-6361/202140646/37
http://linker.aanda.org/10.1051/0004-6361/202140646/38
http://linker.aanda.org/10.1051/0004-6361/202140646/39
http://linker.aanda.org/10.1051/0004-6361/202140646/40
http://linker.aanda.org/10.1051/0004-6361/202140646/40
http://linker.aanda.org/10.1051/0004-6361/202140646/41
http://linker.aanda.org/10.1051/0004-6361/202140646/42
http://linker.aanda.org/10.1051/0004-6361/202140646/43
http://linker.aanda.org/10.1051/0004-6361/202140646/44
http://linker.aanda.org/10.1051/0004-6361/202140646/45
http://linker.aanda.org/10.1051/0004-6361/202140646/46
http://linker.aanda.org/10.1051/0004-6361/202140646/47
http://linker.aanda.org/10.1051/0004-6361/202140646/48
http://linker.aanda.org/10.1051/0004-6361/202140646/49
http://linker.aanda.org/10.1051/0004-6361/202140646/50
http://linker.aanda.org/10.1051/0004-6361/202140646/51
http://linker.aanda.org/10.1051/0004-6361/202140646/52
http://linker.aanda.org/10.1051/0004-6361/202140646/53
http://linker.aanda.org/10.1051/0004-6361/202140646/54
http://linker.aanda.org/10.1051/0004-6361/202140646/55
http://linker.aanda.org/10.1051/0004-6361/202140646/56
http://linker.aanda.org/10.1051/0004-6361/202140646/57
http://linker.aanda.org/10.1051/0004-6361/202140646/58
http://linker.aanda.org/10.1051/0004-6361/202140646/59
http://linker.aanda.org/10.1051/0004-6361/202140646/60
http://linker.aanda.org/10.1051/0004-6361/202140646/61
http://linker.aanda.org/10.1051/0004-6361/202140646/62
http://linker.aanda.org/10.1051/0004-6361/202140646/63
http://linker.aanda.org/10.1051/0004-6361/202140646/63
http://linker.aanda.org/10.1051/0004-6361/202140646/64
http://linker.aanda.org/10.1051/0004-6361/202140646/65
http://linker.aanda.org/10.1051/0004-6361/202140646/65
http://linker.aanda.org/10.1051/0004-6361/202140646/66
http://linker.aanda.org/10.1051/0004-6361/202140646/67
http://linker.aanda.org/10.1051/0004-6361/202140646/68
http://linker.aanda.org/10.1051/0004-6361/202140646/69
http://linker.aanda.org/10.1051/0004-6361/202140646/69
http://linker.aanda.org/10.1051/0004-6361/202140646/70
http://linker.aanda.org/10.1051/0004-6361/202140646/70
http://linker.aanda.org/10.1051/0004-6361/202140646/71
http://linker.aanda.org/10.1051/0004-6361/202140646/72
http://linker.aanda.org/10.1051/0004-6361/202140646/73
http://linker.aanda.org/10.1051/0004-6361/202140646/74
http://linker.aanda.org/10.1051/0004-6361/202140646/75
http://linker.aanda.org/10.1051/0004-6361/202140646/76
http://linker.aanda.org/10.1051/0004-6361/202140646/77
http://linker.aanda.org/10.1051/0004-6361/202140646/78
http://linker.aanda.org/10.1051/0004-6361/202140646/79
http://linker.aanda.org/10.1051/0004-6361/202140646/80
http://linker.aanda.org/10.1051/0004-6361/202140646/81
http://linker.aanda.org/10.1051/0004-6361/202140646/82
http://linker.aanda.org/10.1051/0004-6361/202140646/83
http://linker.aanda.org/10.1051/0004-6361/202140646/84
http://linker.aanda.org/10.1051/0004-6361/202140646/85
http://linker.aanda.org/10.1051/0004-6361/202140646/85
http://linker.aanda.org/10.1051/0004-6361/202140646/86
http://linker.aanda.org/10.1051/0004-6361/202140646/86
http://linker.aanda.org/10.1051/0004-6361/202140646/87
http://linker.aanda.org/10.1051/0004-6361/202140646/88
http://linker.aanda.org/10.1051/0004-6361/202140646/89
http://linker.aanda.org/10.1051/0004-6361/202140646/89
http://linker.aanda.org/10.1051/0004-6361/202140646/90
http://linker.aanda.org/10.1051/0004-6361/202140646/91
http://linker.aanda.org/10.1051/0004-6361/202140646/92
http://linker.aanda.org/10.1051/0004-6361/202140646/93
http://linker.aanda.org/10.1051/0004-6361/202140646/94
http://linker.aanda.org/10.1051/0004-6361/202140646/95
http://linker.aanda.org/10.1051/0004-6361/202140646/96
http://linker.aanda.org/10.1051/0004-6361/202140646/97
http://linker.aanda.org/10.1051/0004-6361/202140646/98
http://linker.aanda.org/10.1051/0004-6361/202140646/99
http://linker.aanda.org/10.1051/0004-6361/202140646/100
http://linker.aanda.org/10.1051/0004-6361/202140646/101
http://linker.aanda.org/10.1051/0004-6361/202140646/102
http://linker.aanda.org/10.1051/0004-6361/202140646/103
http://linker.aanda.org/10.1051/0004-6361/202140646/104
http://linker.aanda.org/10.1051/0004-6361/202140646/105
http://linker.aanda.org/10.1051/0004-6361/202140646/106
http://linker.aanda.org/10.1051/0004-6361/202140646/107
http://linker.aanda.org/10.1051/0004-6361/202140646/108
http://linker.aanda.org/10.1051/0004-6361/202140646/109
http://linker.aanda.org/10.1051/0004-6361/202140646/110
http://linker.aanda.org/10.1051/0004-6361/202140646/111
http://linker.aanda.org/10.1051/0004-6361/202140646/112
http://linker.aanda.org/10.1051/0004-6361/202140646/113
http://linker.aanda.org/10.1051/0004-6361/202140646/114
http://linker.aanda.org/10.1051/0004-6361/202140646/115
http://linker.aanda.org/10.1051/0004-6361/202140646/116
http://linker.aanda.org/10.1051/0004-6361/202140646/117
http://linker.aanda.org/10.1051/0004-6361/202140646/118
http://linker.aanda.org/10.1051/0004-6361/202140646/119
http://linker.aanda.org/10.1051/0004-6361/202140646/120
http://linker.aanda.org/10.1051/0004-6361/202140646/120
http://linker.aanda.org/10.1051/0004-6361/202140646/121
http://linker.aanda.org/10.1051/0004-6361/202140646/122
http://linker.aanda.org/10.1051/0004-6361/202140646/123
http://linker.aanda.org/10.1051/0004-6361/202140646/124
http://linker.aanda.org/10.1051/0004-6361/202140646/125
http://linker.aanda.org/10.1051/0004-6361/202140646/126
http://linker.aanda.org/10.1051/0004-6361/202140646/127
http://linker.aanda.org/10.1051/0004-6361/202140646/128
http://linker.aanda.org/10.1051/0004-6361/202140646/129
http://linker.aanda.org/10.1051/0004-6361/202140646/130
http://linker.aanda.org/10.1051/0004-6361/202140646/131
http://linker.aanda.org/10.1051/0004-6361/202140646/132
http://linker.aanda.org/10.1051/0004-6361/202140646/133
http://linker.aanda.org/10.1051/0004-6361/202140646/134
http://linker.aanda.org/10.1051/0004-6361/202140646/135
http://linker.aanda.org/10.1051/0004-6361/202140646/136
http://linker.aanda.org/10.1051/0004-6361/202140646/137

A&A 651, A44 (2021)

Appendix A: Wavelets

The Fourier transform (FT) is an extension of the Fourier series,
which expresses periodic functions as sums of sinusoids. It
decomposes the signal in the frequency domain, and its power
spectrum represents each frequency that is present in the origi-
nal signal. Fourier analysis requires (nearly) evenly sampled data
as a condition. Fourier analysis is not able to provide information
about the time localization of a given frequency because it has
no time resolution in the frequency domain. This is because the
sinusoids employed to transform the signal are infinite in time,
thus the time information is lost, and only the frequencies are
retrieved.

The windowed Fourier transform can help in solving this
issue by considering a window (i.e., a slice) of the signal f
and transforming only that section, then translating the window
along the signal. Given the window g¢(?), the windowed signal is
defined as

fi(s) = g(s =) f(s).

Its Fourier transform becomes

(A1)

Tf((j), t) = f;((.l)) = f dsﬁ(s)e_iws = f de(S)g(s — [)e_i“”.
(A2)

In physics, g(f) is commonly chosen to be a Gaussian. The
window is multiplied with a chop of the signal, transformed sep-
arately, and then shifted along the signal. If g is centered in time
and frequency, f,(w) corresponds to the information of f around
time ¢ and frequency w. The WFT underlies the uncertainty prin-
ciple: the lower bound for the product of time and frequency
resolution is

Af - At > i (A.3)

4r

For this method, the quality of the resulting analysis strongly
depends on the chosen size 7 of the window function. This deter-
mines the time and the frequency resolution a priori and might be
inconvenient if both a good time and good frequency resolution
are required.

The windowed Fourier transform is constrained by the fixed
size of the window, while the Fourier transform delivers no time
resolution at all. This issue can be solved by wavelets, by adapt-
ing the time-width of the window to the frequency that is to be
investigated,

1 e _
CWT/(5.1) = = I Fow' (tTT)dt, (A4)

where CWT is the continuous wavelet transform. The mother
wavelet y/(¢) is in most cases a sinusoidal wave confined in time,
stretched and compressed according to the scale s and shifted
with a time step T along the time series. The normalization factor
\/LE ensures that the transformed signal has the same energy at

each scale. The 2-dimensional wavelet power spectrum (WPS)
is produced by a convolution between the wavelet and the signal,
which is recomputed for each scale along the time series.

The varying size of the wavelet allows us to identify both
high- and low-frequency features in the signal. Both the dis-
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crete (DWT) and continuous wavelet transform (CWT) exist;
here only the CWT is presented. As for the WFT, the wavelet
transform is subject to the uncertainty principle. Based on its
shape, a certain wavelet has either a higher time or frequency res-
olution. Being confined in the time domain results in a broader
peak in the frequency domain, which would be a ¢-function in
the case of the sinusoid of the FT. The complex Morlet wavelet is
a good compromise in this respect; moreover, its form is similar
to the sought-for signal.

The complex Morlet wavelet used in this work is defined as
a superposition of a complex wave and a Gaussian, such as

.tz 2 F
—7- 2nF.x
e Toe ",

Y(x) =

A5
o (A.5)

where the parameters F. and T} are the central frequency and
the bandwidth parameter, respectively, and x is a unitless time
parameter. This formulation differs from that in Torrence &
Compo (1998), as they assumed a Gaussian with unit variance,
which can be varied here, and a frequency wy = 6. The advan-
tage of freely setting the bandwidth and the central frequency is
that we can customize the time and frequency resolution of the
resulting wavelet plot, in order to highlight the position of a peri-
odicity or to focus on the frequencies. A broader Gaussian in the
time domain, thus a lower time resolution, is represented by a
narrower peak in the frequency domain, translating into higher
frequency resolution.

Increasing the bandwidth Ty, that is, the width of the
Gaussian, in the time domain decreases the bandwidth in the
Fourier domain, that is, delivers a higher frequency resolution
by losing time resolution. The central frequency should be close
to the frequency of the signal of interest. In order to create an
atlas of K2 light curves, the parameters were set to F, = 1.0 and
T, = 1.5 as default. For individual cases of interest, these param-
eters may be changed. In the WPS, a certain scale s corresponds
to a frequency F; as

F.
F, = . A6
s - dt (A-6)

The set of scales of the wavelet transform is equivalent to the
custom frequency resolution of a periodogram. They can be set
linearly to extend from s$g to Spmax, Where spax corresponds to the
longest period of interest according to Eq. (A.6). For a faster and
more efficient computation of the WPS, it is better to choose the
set of scales according to a power law,

_ lng Smax

s=s502°%, j=0,1,..,J, 5j= S (A7)

Here J is the total number of scales and sy should be chosen
close to 2dr.

The cone of influence (COI) defines the range within which
the WPS is affected by edge effects, which grow with the scale,
as the wavelet is more and more stretched in time. The power
spectrum contained in this region should not be regarded as
significant. Considering that for the Morlet wavelet the Fourier
period A is almost equivalent to the scale, as 4 = 1.03s (Torrence
& Compo 1998), the COl is plotted as \/ip, where p is the period
corresponding to a frequency. A central frequency different than
1.0 affects the COI as V2pF..



Appendix B: Light curves of the dipper sample
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Fig. B.1. Light curves for the dipper sample.
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Fig. B.3. Light curves of the 11 low-quality dipper candidates.
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Appendix C: Extinction

Table C.1. Ay as measured with V — J compared to the literature.

EPIC @ Ay @ 0

Ay ©

(d)

Ay ! Ay ®

Name AV 7510 Av AV AV © AV @ AV @ Av 0 T Ay
V=0

246929818  Haro 6-37 . 0.33 2.05 1.8 212 2.44 ... ... 2.1 0.3
246942563 St 34 0.04 0.14 0.5 . 0.24 0.3 0.5 0.3
246989752 ... . ... ... 0.0 .. 0.0 0.3
247103541  HD 285893 0.32 .. .. .. 0.3 0.3
247520207 LkCa 15 0.62 0.04 0.3 0.62 .. 0.5 0.3
247575958  CFHT Tau 12 ... o 2.64 3.44® 30 0.6
247589612  JH 112 A 2.31 0.0 3.15 3.23 2.97 29 0.4
247592463  HP Tau 2.81 0.16 3.15 23 2.26 3.08 32 0.3
247763883  GH Tau 0.23 0.0 0.4 0.7 0.52 0.25 . 0.4 0.2
247764745 V807 Tau 0.57 0.05 0.5 e e 2.87® . 0.03® 04 0.3
247791801  GK Tau 1.28 0.08 1.35 0.9 0.94 0.87 0.78 1.0 0.2
247792225  GI Tau 1.28 0.04 2.05 0.9 1.34 0.87 1.33 1.3 0.4
247799571  HK Tau 1.95 0.1 24 .. 2.32 ... 3.38 2.4 0.3
247805410  FX Tau 0.50 0.06 0.8 1.1 1.08 1.49 1.0 0.4
247820821 -1.35 e 0.0 0.0
247885481 ... -0.43 . e e e e 0.0 0.0 0.0
247935061 GO Tau 0.05®  0.09 1.5 1.2 1.18 2.44 1.6 0.9
248006676  JH 223 1.59 0.0 1.2 .. . 1.4 0.3
248015397 ITG 34 e .. . e el . .. 2.6 1L77® 22 0.6
248029373 DK Tau 1.47 0.27 0.7 0.8 1.42 0.76 1.4 . e 0.7 0.3
248046139  GM Tau -0.28 0.26 2.1 3.54 434 21 0.3
248047443 1S Tau 2.24 0.02 2.55 . 24 0.3

Notes. Only the extinction measured by Luhman et al. (2017) with optical or CTTS methods is reported here. The veiling is measured at 7510 A by
Herczeg & Hillenbrand (2014). ®)Value discarded because it is inconsistent with the literature.

References. (a) Herczeg & Hillenbrand (2014); (b) Strom et al. (1988); (c) Gullbring et al. (1998); (d) Kenyon & Hartmann (1995); (e) Strom et al.
(1989); (f) Luhman et al. (2017); (g) Mayne et al. (2012); (h) White & Hillenbrand (2005); (i) other refs; (j) this paper; (1) Hartmann et al. (2005);

(2) Guieu et al. (2007); (3) Schaefer et al. (2012).
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Fig. C.1. Comparison of the Ay derived here from the (V — J) colors
compared to the literature values derived also from the optical. Refer-
ences appear in Table C.1. Red points show stars with high veiling. For
these, the spectroscopic measurement by Herczeg & Hillenbrand (2014)
is preferred. The dashed line represents Ay(V — J) = Ay(lit). The stars
with the largest scatter are strongly veiled, and the extinction measured
with photometry is less reliable. For GO Tau (four black symbols at
the bottom, close to Ay(V — J) = 0), the Ay(V — J) value is discarded
because it is inconsistent with the literature. Another outlier is the Ay
of V807 Tau as measured by KH95; this value is discarded for the same
reason.

Table C.1 presents the extinction values computed from
(V — J) compared with different Ay from the literature. Using
(J — K) leads to an increase in Ay up to a factor 5 because of
the infrared excess. The uncertainty on Ay is set as the root-
mean-square (rms) of the Ay derived in this study compared with
the literature. A minimum reasonable uncertainty of 0.3 mag is
applied. Empirically, the uncertainty does not grow with extinc-
tion. Figure C.1 shows that veiling affects the derivation of
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the extinction from photometry. For stars not affected by veil-
ing, the Ay computed from (V — J) is consistent with optical
measurements in the literature.

Appendix D: Notes on individual objects

In the following section, remarks about individual objects
are presented. Three stars (St 34, HD 285893, and
2MASSJ05023985+2459337) are possible Taurus members
(Rebull et al. 2020).

HD 285893. According to the HR diagram, the star lies
almost on the ZAMS, which means that it is much older than
the Taurus population. There are several possibilities to explain
this. The star might not be a Taurus member (it is considered a
possible member), the spectral type might not be correctly esti-
mated, and/or the star might be seen edge-on, thus its luminosity
would be strongly underestimated. The star shows a clear dipper
behavior in the light curve, which is unexpected for a spectral
type F8 because the higher temperature of the star depletes the
inner disk of dust at distances much larger than corotation. The
object is poorly studied in the literature and does not appear in
more recent spectroscopic surveys. Its behavior appears to be
related to the so-called ‘old’ dippers, which can host a debris
disk and whose occultations might be caused by disrupting plan-
etesimals (Gaidos et al. 2019; Tajiri et al. 2020). The dips are
narrow, as is commonly the case for aperiodic dippers. The light
curve continuum is unstable and aperiodic.

CFHT Tau 12. No binarity information has been reported
for this star. The star is quasiperiodic (period agrees with
Scholz et al. 2018), but there is no information about v sin i from
which we could derive an inclination. The light curve never
reaches a continuum, and no periodicity for this variation can be
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derived within the time window of the observations. The shape
of the dips clearly distinguishes the dipper phenomenon from
spots. The folded light curve is noisy.

2MASSJ04384725+1737260. No companion is known in
the literature. The star never clearly reaches the continuum; the
periodicity is pretty clear, but some dips seem to be aperiodic
(see folded light curve in Fig. F.1). There might also be one or
more spots.

2MASSJ04295950+2433078. No binarity is known
(Davies et al. 2014). It has a high variability amplitude
(0.66 mag). The sinusoidal pattern of the light curve looks
rather spot-like, but the star is classified as a dipper based on
the irregular shape of the dips. The WPS shows a significant
periodicity at ~7.5 d, which is much weaker in the periodogram.
This might be due to the shape of the light curve, which is
well-matched to the Morlet wavelet and is therefore highly
correlated. Folded at 7d, a periodic pattern of several dips
appears. A harmonic is excluded.

2MASSJ05023985+2459337. No companion is known in
the literature. The light curve exhibits both a spot and a dipper
pattern. A dedicated discussion is presented in Sect. 3.3.

ITG 34. is known to be single (Davies et al. 2014; Akeson
et al. 2019). The amplitude of the dips is large (0.39 mag).
According to the light curve, the star either almost never reaches
the continuum level or a few bursts occur during the K2 cam-
paign. The periodogram shows two double-peaked periodicities.
The main periodicity is also more stable over time according to
the WPS. The second periodicity cannot be a harmonic of the
first. The folded light curve is noisy, and no new features emerge
when it is folded at a different period. The apparent beat cannot
be explained with binarity.

JH 223. is the best example of a quasiperiodic dipper in the
sample. The star is a binary with a separation of 2”’. Both compo-
nents appear to have a disk (Itoh et al. 2015). The star is reported
in Kraus et al. (2012) as having a disk, but without evidence for
accretion.

IS Tau. is a binary with 0.2” separation (Schaefer et al.
2014). It is not known which (or if both) component hosts a disk.
Watson et al. (2009) reported a very high mass fraction (80—
100%) of crystalline silicates in the inner disk. The light curve
is characterized by a combination of broad and narrow eclipses.
The strongest periodicity is given by the broad dips. No Gaia par-
allax is available. The star is also located on the L1495 filament
of Taurus, which contains members of both the near and the far
population (Fleming et al. 2019). In the HR diagram in Fig. 9,
the possible luminosity of IS Tau is plotted according to mean
distances of 130.6 and 160.2 pc (Fleming et al. 2019). The age is
more consistent with that of the remaining sample if IS Tau is a
member of the far population. The star shows a double dip; the
primary has a larger, quite constant amplitude. For this star, the
phase shift of the dips varies more than for other double-peaked
dippers.

St 34. is a multiple system (Aab+B) with separation 1.18”,
surrounded by a circumbinary, transitional disk (Rigliaco et al.
2015). The star is reported as SB2 by Akeson et al. (2019).
The inner disk appears to be depleted, although some dust is
still present (Hartmann et al. 2005). Its membership in the Tau-
rus association is controversial (Hartmann et al. 2005; White &
Hillenbrand 2005; Dahm & Lyke 2011). Dahm & Lyke (2011)
reported an age for St 34 of ~10 Myr. Its lithium depletion (White

& Hillenbrand 2005) would lead to an age of 25 Myr, thus the
authors must assume a distance of only 90 pc. In the HR dia-
gram of our study (Fig. 9), the star appears to have an age of
1-2 Myr, given the limitations on the luminosity due to photo-
metric variability. The Gaia parallax reports a distance of 143 pc,
thus showing that St 34 cannot be a foreground star. Accord-
ingly, the age-derivation based on the lithium depletion timescale
apparently does not apply to this star. The light curve is irregular,
and a period forest is present in both the periodogram and WPS.
The presented period is uncertain. Some contamination might
arise from multiplicity.

V807 Tau. is a multiple system (A + Bab) and a separa-
tion of 0.3” for the wide components, 0.04” for the secondary
(Schaefer et al. 2012). The Gaia distance of V807 Tau is 113 pc,
thus it is maybe underestimated. The system is multiple, which
means that there might be an issue with the Gaia parallax. The
star is located in the B18 region of Taurus (Fleming et al. 2019),
which has a distance of 110-150 pc. This value has to be con-
sidered with caution, but it is not an outlier for this region.
Rodriguez et al. (2017) derived a period of 0.809d, which is
inconsistent with K2 data. Schaefer et al. (2012) decomposed the
brightness of the single components and obtained a primary star
0.5 mag fainter than the 2MASS J measurement. This leads to
a much smaller stellar radius and higher, more plausible stel-
lar inclination. The light curve presents an apparently sinusoidal
long-term modulation; moreover, it is unclear if the star reaches
its maximum brightness at all. The modulation does not appear
to be related to binarity because the binary system has a period
of 12 yr. There is only one clear periodicity, and the shape of the
dips does not suggest stellar spots.

Haro 6-37. is a triple system. The close binary AB
(0.3” Duchéne et al. 1999) is separated from C by 2.6”
(White & Ghez 2001). The light curve presents unusually broad
dips for a dipper with high amplitude (0.5 mag). The periodic-
ity is unclear in the WPS and periodogram. Our luminosity is
highly different from that of Herczeg & Hillenbrand (2014) (here
0.8 L, there 0.07 Ly). The derived inclination suggests that the
period is either incorrect or that the occultations have another
origin.

JH 112 A. is separated from its companion JH 112 B by
6.56”.JH 112 A is itself a close binary Aa+Ab with a separation
of 1.65” (Kraus et al. 2011). The star is a transient, quasiperi-
odic dipper, the dips occurr with a period of 2.21 d. The dips are
accompanied by a general decrease in brightness; it is not clear if
the phenomenon is physical or instrumental. The estimated lumi-
nosity is different from that of Herczeg & Hillenbrand (2014).
The temperature at corotation is close to 1600 K, thus requir-
ing higher gas densities for dust to survive (Pollack et al. 1994).
The star is flagged as a double-peaked dipper. In a few periods,
two well-detached peaks are present. The primary peak is always
present, and the secondary is strongly variable and sometimes
clearly double-peaked.

LkCat15. is a single star (Akeson et al. 2019) that hosts a
transition disk. Donati et al. (2019) and Alencar et al. (2018)
studied the star in detail. Alencar et al. (2018) confirmed it as
a dipper, with a light curve that does not show large changes
in its variability over the years (see also Grankin et al. 2007).
The K2 light curve shows a variability amplitude of 0.4 mag, in
accordance with previous literature. The derived inclination of
the inner disks suggests that the inner disk is misaligned with the
outer disk (~50°, see van der Marel et al. 2015; Thalmann et al.
2014). The photometric period is very close to the period derived
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from radial velocity and veiling (Alencar et al. 2018), thus sup-
porting the scenario of an inclined warp located at the corotation
radius. Donati et al. (2019) reported a slightly lower vsini than
Alencar et al. (2018). The luminosity we derived (0.96 +0.18 L)
agrees with theirs (0.8 = 0.15 Ly) within the error bars. Never-
theless, the spectroscopically measured Tg is 450 K higher than
the conversion by Pecaut & Mamajek (2013). In this analysis, the
directly derived temperature by Alencar et al. (2018) is preferred.
The K2 light curve folded in phase shows a double-peaked dip
that is strongly variable over time. The total width of the eclips-
ing time for this dipper is therefore very large. The light curve
exhibits a long-term trend; it is unclear whether the occultations
affect the continuum or if it has other origins. At least two clear
peaks with variable depth and occurrence (i.e., position in phase)
are always present in the light curve.

GO Tau. The light curve shows an active star in which bursts
also occur. This makes it difficult to define a brightness contin-
uum. The period forest in the periodogram results in no clear
periodicity in the WPS. This aperiodic dipper includes both very
narrow and wider dips. Giidel et al. (2007) derived an upper limit
for the rotation period <3.96 d from vsini .

HK Tau. is a wide binary with a separation of 2.3” (Akeson
& Jensen 2014). Both components have disks misaligned with
the orbital motion. The light curve does not show a stable con-
tinuum. The periodicity is very clear, but the folded light curve
is noisy. Some other phenomenon apparently takes place at the
stellar surface. Giidel et al. (2007) reported a vsini = 10 km s
measured by Hartmann & Stauffer (1989), which would lead to
a very low inclination that is inconsistent with both a dipper
and the outer disk. We consider this value less reliable than the
measurement by Hartmann et al. (1986) because 10km s~! is
the detection limit for vsini. Instead of being a double-peaked
dipper, the star is multi-peaked. The different dips are always
present, with a strongly varying amplitude that appears to be
uncorrelated between different dips. The Gaussian-shaped tip of
the dips is constant, while the dip shapes vary strongly, suggest-
ing that multiple stellar spots might contribute to the photometric
variability.

HP Tau. The star does not have a companion (Akeson et al.
2019). Its light curve is quasiperiodic, with strong variations
in shape and brightness (up to 0.4 mag). The dips are strongly
variable and never appear to be single. The structure of the
dips varies from double-peaked to a broad, single peak. Giidel
et al. (2007) and Rebull et al. (2004) found in the literature a
period of 5.90d, which disagrees with the K2 period of 4.33d.
The light curve is strongly variable and the periodicity complex;
this means that the period might change over time. Its luminos-
ity is probably overestimated (2.3 Ly) and the resulting stellar
inclination is very low. It is possible that the stellar parameters
cannot be constrained correctly due to the high amplitude of the
variability (3 mag in the V band for different surveys). The lumi-
nosity disagrees with that derived by Herczeg & Hillenbrand
(2014), and the star is also highly veiled.

GH Tau. is separated from its companion by 0.3 (Akeson
et al. 2019). The light curve is irregular, and it is unclear whether
there are two types of eclipses, if the star is bursting, or if there
is a long-term variation. The folded light curve is very noisy.
Two main periodicities at 2.49 d and 2.94 d are present, although
the latter does not show any significant structure. Giidel et al.
(2007) indicated a period <3.57 d derived from v sini. No Gaia
parallax was available for this object, but it is located in the B18
group of Taurus (Fleming et al. 2019), with an average distance
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of 127.4 pc. The star is the fastest rotator in this sample (vsini =
30kms!).

GM Tau. is a single brown dwarf (Akeson et al. 2019) with a
transitional disk. The star is a strong accretor and is highly veiled
(Herczeg & Hillenbrand 2008, 2014). The sinusoidal light curve
does not show a brightness continuum; the star is considered a
dipper because of the irregularity of the dips.

FX Tau. is a binary with a separation 0.9”. Each component
hosts a disk (Akeson et al. 2019). This aperiodic dipper has alter-
nating wide and narrow dips. A long-term trend is present in the
light curve.

GK Tau. is separated from GI Tau by 13.1” (Akeson et al.
2019). It is debated in the literature whether these two stars are
physically bound. The star is a clear dipper with high ampli-
tude (0.5 mag). The occultations probably do not allow us to see
the brightness continuum. The periodicity is clear, and no other
physical phenomena appear to affect the light curve. The period
agrees with previous data (Artemenko et al. 2012; Percy et al.
2010; Giidel et al. 2007; Rebull et al. 2004). Percy et al. (2010)
found a long-term variability with a timescale of 2500 d for this
object.

Gl Tau. Guo et al. (2018) reported an uncertain spectral type
K5-MO for this star. We adopted a spectral type of M0.4. The
inclination of 60° agrees with the inclination derived here. Guo
et al. (2018) linked the 7 d period that we also found to a spot. In
their optical monitoring from 2014 to 2016, the folded light curve
is clearly sinusoidal, which is far from the observed behavior
in the K2 light curve. Guo et al. (2018) observed quasiperiodic
dips on timescales that are a multiple of the rotation period. The
folded K2 light curve is highly irregular and contaminated by
GK Tau. The first peak in the periodogram is a periodicity related
to GK Tau and not to GI Tau. The 7.1 d period agrees with pre-
vious data (Artemenko et al. 2012; Percy et al. 2010; Giidel et al.
2007; Rebull et al. 2004). Our observed amplitude of 0.4 mag
is lower than the variability observed by Guo et al. (2018). The
folded light curve suggests that small bursts occurred during the
K2 campaign. The star has been classified as dipper, although
aperiodic, by Rodriguez et al. (2017). A comparison with the
light curve of GK Tau (not shown here), split into each phase
according to the period of GI Tau, shows that the dips are highly
affected by the neighbor star. Although the intrinsic variability
of GI Tau emerges well, it is difficult to describe the behavior of
its multiple dips, if there are any. The complexity of the K2 light
curve does not allow us to clearly distinguish between the two.

DK Tau. is a binary star with a separation of 2.4”. Both stars
have disks (Akeson et al. 2019; Akeson & Jensen 2014). The
light curve exhibits strong variations over long timescales (see
Grankin et al. 2007; Rebull et al. 2020, and references therein),
and the period varies from one survey to the next. The WPS
shows that the period of DK Tau increases from 7.69d to ~10d
during K2 C13, after a a fading state in lower brightness. This
explains the two different, broad peaks in the periodogram. Percy
et al. (2010) and Artemenko et al. (2012) reported a period of
8.18 d, while Rebull et al. (2020) found 7.84 d. The difference
can be easily explained for the first with the complexity of the
light curve, and for the second, by the use of a different period-
finding algorithm in presence of a broad peak. Xiao et al. (2012)
reported 4.14 d, which is not consistent with the K2 data. Percy
et al. (2010) also derived a long-term timescale of 2000 d for the
variability of DK Tau. When the fading state is excluded, the
amplitude of the occultations is 0.6 mag.



Appendix E:

N. Roggero et al.: The dipper population of Taurus seen with K2

Wavelet power spectra

EPIC 246942563

EPIC 246989752

EPIC 246929818
Haro 637 . st34 12 104384725+1737260
« P=1063d £ 10 P=523d « P=162d
Zos pow_range = (13.1,27) & 44 pow_range = (132,15) & : ° pow_range = (127, -0.7)
G = 12.66 mag G = 13.51 mag G = 16.25 mag
320 320 SESTSTSTSTILSE y
320 320 ". .“:’:‘:‘:’:."‘ 320
wo 10 o 100 [KXKRKE o
25
_ s 80 _ 80
s ) )
3 w0 B w0 3 a0
& & &
20 20 20
10 10 10
3000 3010 3020 3030 3040 3050 0.00 0.05 ° 2990 3000 3010 3020 3030 3040 3050 3060 0000 0.005 0.010 3000 3010 3020 3030 3040 3050 3060 0000 0.005 0010 os
Time [BJD - 2454833.0] Power Time [BJD - 2454833.0] Power Time [BJD - 2454833.0] Power
€PIC 247103541 EPIC 247520207 EPIC 247575958
1.05 HD 285893 125 LkCa 15 12 ’ P CFHT Tau 12
4 =584 i . 1ho s #‘ =3484
1 501 TN "\\A\}ﬂ i M," o 310 .’\!.’“ N ,‘-\;\L‘ Wt }{".i ’
2 0 pow_range = (-17.2,-1.2)  Zo7s 1 f i ? i \(\ pow_range = (-12.3,12) & § -,‘};» ‘f‘l Q’ g L iR pow_range = (-12.2,-0.6)
o G =9.89 mag 050 [ i lV G =11.59 mag AR RIAN P G =18.02 mag
o 2990 3000 3010 3020 3030 3040 3050 3060 3070 2990 3000 3010 3020 3030 3040 3050 3060 3070
120 SR AN 2047 o 20 S ISTSTSTSOS SIS o
BRI R RIS
10 KK KERRRA o o 100 [SRRKX S 100
¢ [:96% %%
050567 XX “w g o w2
= s s
= % 3 3
3 "o 3 w 3 10
¥ e 10 H H
& K4 20 20
.4 20
‘i . 10 10
(
| 3000 3010 320 03 040 3050 360 000 063 06 O 300 3020 3030 3080 300 L
wwﬁm?f:m f;’,";,e;’;’a‘i 3050 3060 Lo Time [BJD - 2454833.0] Power Time [BJD - 2454833.0) Power
EPIC 247589612 EPIC 247592463 EPIC 247763883
JH112A HP Tau f s GH Tau
0] Vi i, [ [ L
0o P\M‘i"N! W P=221d 1o mﬁm P=433d [ Lf’\ 1 Q\ﬁ ‘M?}“ﬂ !‘ﬁ‘ ' P=249d
M 1 « | \ L o b A
208 pow_range = (14.8,-0.3) 2 g ‘ pow_range = (-15.2, - 1 ! ‘ "‘{ i‘t‘[ AN ‘L' * #\S'ﬁ i pow_range = (-10.8, 0.1)
07 i 6 =141 mag \J G =13.05mag i i [ A G=1184mag
2990 3000 3010 3020 3030 3040 3050 3060 3070 oe 2990 3000 3010 3020 3030 3040 3050 3060 3070 2990 3000 3010 3020 3030 3040 3050 3060 3070
20 K S 20 2RSS o OO COee 320
% S& » 3%
RIS LR KSKROHKEK a2 SRS
160[% RS UPRN %0 %0 %020 %" KL, W [RRRES
KRS LR 2930500 5% 50 jogete! 0o
(S RS 05950%" Ro%0%e; [
s ':’,g s’:‘: L - 80
3 4ol % 3 3
RN < w3 w B w0
& .4 (] & 2 &
' ’ . : . .
; ‘.‘ 10 ( 10 10
3000 3010 3020 3030 3040 000 om om”” 299 3000 3010 3020 3030 3040 300 3060 000 001 002 3000 3010 3020 ot 050 0 o0 ooz O
Time [BJD - 2454833.0] Power Time [BJD - 2454833.0) Power Time [BJD - 2454833.0) Power
EPIC 247764745 V807 Tau EPIC 247791801 1e - EPIC 247792225
P=439d 125 A oKTeu 12 A Ria s 1 o
=4 . l"f‘\ P=46ld | \M\A;\ A i i P=713d
pow_range = (-15.7,-1.3) % i AR Fro) 4 fy HAY AT \ i
2 V 1 v 14 \ pow_range = (-11.8, 1.5) z i / i ¥ i pow_range = (-11.9, 0.8)
G =10.75 mag o7 W ] _ o8 v ‘} \
050 II‘ G =11.88 mag o6 V G =12.7 mag
590 3000 3010 3020 3030 3040 3050 3060 3070 50 3000 3010 3620 3030 3040 3050 3060 3070
20 320 SISTSTSTSISSSSSISISS 20 S OSETSTSTSISOSISTSIST
G IR LR e e sareseses =
1o 160 [0S 92900588 o 10 o
b [ S 4
_ oo ol w %
El s | B
% K9 a0 g a0 H a0
a ‘4 & &
o 20 20 20
{ 10 10 10
b ¥
3000 3010 3020 3030 3040 3050 000 oo 3000 2010 3020 3030 3040 3050 3060 000 005 0 300 3030 3040 000 ob2 068
Time [BJD - 2454833.0] Power Time [BJD - 2454833.0] Power Time [BJD - 2454833.0) Power
EPIC 247799571 12 EPIC 247805410 EPIC 247820821
12 i HK Tau - J\ FX Tau J04295950+2433078
x J“ﬁn l\f p=3300 x10 \(UH WVW I . P=238d
S10 ; « 7%‘#5\,“\ |,ﬁ1 pow_range = (11.3,-0.8) & ‘f I‘!J'V‘ i MA t pow_range = (14.6,-0.3) 2 pow._range = (-10.2, 1.7)
08 i it , G = 14.04 mag o8 \' G =12.94 mag G = 16.64 mag
290 3000 3010 3020 3030 3040 3050 3060 3070 250 3000 3010 3020 3030 3040 3050 3060 3070
204, 20 T ILLK KKK ' 20 ST KIS
SKEXXXR 20 SRR 20 R R 20
o RS o 0o OKRRD wo 160 00 o
RKEE XXX
R .. %050 50 _ 80 _ -9 ": 80
s 2 = )
3 o 3 w 3 . w
H H H %
20 20 ': 20
10 10 - 1.0
3000 3010 3020 3030 3040 3050 3060 0.00 0.02 os 3010 3020 3030 3040 3050 0.00 0.02 ° 0 3020 3040 00 01
Time [BJD - 2454833.0] Power Time [BJD - 2454833.0] Power Time [BJD - 2454833.0] Power
Lo EPIC 247885481 — EPIC 247935061 - EPIC 248006676
. f 105023985+2459337 T Tau 11 M223
! f (Y i ¥ @ 4 g
! Wi gy | e el St N R £ ag N
2 g [ ER AR R AR R pow fange = (162.-15) & | i ‘{ % i -’x“.: X pow_range = (12.3,02) 209 M it i i pow_range = (-12.6, -0.7)
oss{ g s ; i i i 6= 1491 mag - : / G =13.84 mag oe € G =14.14mag
07
3590 3000 3010 3020 303 3040 3050 3060 3070
20 20 IR IR AR R IR R 20 320 RS IILII LXK 20
b‘"”.“‘(“‘ Ng‘Q‘Q‘Q‘Q‘& XX XX XX S XXX
e o 160 RSKKXXD XXX o 160[XRRKKS SRR oo
SRS % 0’0.0, > .0’0’0.04
1092 R 0393 RXA
- PR 0% S s _ 00 [ XX XX -
s = : ; X s | 9%
3 2 a0l w0 3 KA
E w  Feog i "2 0
20 Y 20 %) 20
. )
10 10 g 10
3000 3010 3020 3030 3040 3050 3060 0.000 0.002 0.004 3010 3020 3030 3040 0.00 0.01 ® 3000 3010 3020 3030 3040 3050 3060 000 002 004 :
Time [BJD - 2454833.0] Power Time [BJD - 2454833.0] Power Time [BJD - 2454833.0) Power

Fig. E.1. Wavelet power spectra of the dipper sample.
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Fig. E.1. continued.
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Appendix F: Folded light curves
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Fig. F.1. Folded light curves of the dipper sample. Every phase has a different color. The purple line shows the binned light curve. The black line
represents the automatically determined dip width. For some stars, more than one possible period is shown.
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Fig. F.1. continued.
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