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Abstract

The K2 Mission has photometrically monitored thousands of stars at high precision and cadence in a series of
∼80-day campaigns focused on sections of the ecliptic plane. During its second campaign, K2 targeted over 1000
young stellar objects (YSOs) in the ∼1–3Myr ρOphiuchus and 5–10Myr Upper Scorpius regions. From this set,
we have carefully vetted photometry from WISE and Spitzer to identify those YSOs with infrared excess indicative
of primordial circumstellar disks. We present here the resulting comprehensive sample of 288 young disk-bearing
stars from B through M spectral types and analysis of their associated K2 light curves. Using statistics of
periodicity and symmetry, we categorize each light curve into eight different variability classes, notably including
“dippers” (fading events), “bursters” (brightening events), stochastic, and quasi-periodic types. Nearly all (96%) of
disk-bearing YSOs are identified as variable at 30-minute cadence with the sub-1% precision of K2. Combining
our variability classifications with (circum)stellar properties, we find that the bursters, stochastic sources, and the
largest amplitude quasi-periodic stars have larger infrared colors, and hence stronger circumstellar disks. They also
tend to have larger Hα equivalent widths, indicative of higher accretion rates. The dippers, on the other hand,
cluster toward moderate infrared colors and low Hα. Using resolved disk observations, we further find that the
latter favor high inclinations, except for a few notable exceptions with close to face-on disks. These observations
support the idea that YSO time-domain properties are dependent on several factors, including accretion rate and
view angle.
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1. Introduction

Pre-main-sequence stars are highly variable due to mechan-
isms operating in or near the stellar photosphere, in the
magnetosphere and innermost circumstellar disk regions, or in
the disk atmosphere over a broader range of stellocentric radii.
Specific processes include rotation of hot and cold photospheric
starspots, fluctuations in the accretion flow from the circum-
stellar disk onto the star (the rate and/or the geometry), and
asymmetry in the density or the geometry of the disk material
that traverses our line of sight as the star, magnetosphere, and
inner disk all corotate. Variability thus probes a diverse set of
physical processes. While the phenomenology and interpreta-
tion of young star variability has received attention since the
work of Joy (1945), followed by, e.g., Herbig (1954) and
Walker (1954), it is only in the last several years that high-
quality light curves have become commonplace for young
stars. Multi-week duration and high-cadence observations (e.g.,
Cody & Hillenbrand 2010, 2011; Cody et al. 2014) comple-
ment work spanning longer multi-year duration but at much
lower cadence (e.g., Rice et al. 2012; Parks et al. 2014;
Findeisen et al. 2015).

The Cody et al. (2014) study of 1–3Myr old stars in NGC
2264, based on high-quality space-based photometry from
CoRoT (Baglin et al. 2006), established the light-curve
morphology infrastructure that we use as the basis for this
work. Metrics established therein enable ranking of sources
along two axes: one a scale ranging from pure periodicity to
complete stochasticity in terms of pattern repetition within the

light curve, and the other a scale of flux asymmetry, ranging
from predominantly fading or dipping (exhibiting short-term
fades) to predominantly rising or bursting (exhibiting short-
term flux increases).
Subsequent work with Kepler in its K2 mission (Howell

et al. 2014) has further defined and refined sub-categories of
young star variability within the basic framework. Specifically,
the K2 Field 2 pointing encompassed the Upper Scorpius
region of recent star formation, as well as the molecular cloud
near ρ Ophiuchus in which star formation is ongoing.
Periodic objects are studied in detail by Rebull et al. (2018)
in the context of pre-main-sequence rotation evolution.
Sub-categories known as “scallop shells” and “persistent/
transient flux dips” are discussed by Stauffer et al. (2017) and
David et al. (2017), and are interpreted as structures associated
with the magnetospheric region in rapidly rotating, diskless,
low-mass young stars. “Bursters,” discussed by Cody et al.
(2017) are interpreted as discrete accretion events lasting hours
to about a week, and can be quasi-periodic, while “dippers” are
interpreted as obscuring dust clumps that are associated with
either disk structure or orbiting bodies and semi-periodically
cross the line of sight. Herein we present a comprehensive
light-curve census for the disk-bearing members of Upper Sco
and ρ Oph.
Extinction is quite high toward ρ Oph, but some cluster

members, typically those of higher mass, are bright enough for
study with K2. The sizable young Upper Sco association
(see Preibisch & Mamajek 2008, for a review) is essentially gas
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free, but there is a small amount of dust extinction (AV< 1).
The association samples a wide range in mass—from mid-B
type stars having several to 10 solar masses, all the way down
to late M-type, very low mass stars and sub-stellar mass
objects. Notable studies include the early kinematic work that
culminated in Preibisch et al. (2002) as well as contempora-
neous X-ray (e.g., Köhler et al. 2000) and wide-field optical
(e.g., Ardila et al. 2000) studies, through to the most recent
additions to the stellar population by e.g., Rizzuto et al.
(2011, 2015). For ρ Oph, Wilking et al. (2008) provides a
compilation of accepted members. Based on this literature (plus
in a few cases, original unpublished survey work), the young
star community generated sets of stars that were submitted for
observation with K2.

Relative to NGC 2264, which was observed with high-
precision and cadence photometry by CoRoT, the older
3–10Myr old Upper Scorpius region observed by K2 offers a
somewhat more evolved disk population to investigate. The
younger 1–3Myr old ρ Oph region that is adjacent to Upper
Sco should be comparable to the NGC 2264 population in
terms of disk fraction, although the population is more heavily
extincted. We consider both Upper Sco and ρOph together
when defining the sample for investigation and categorizing the
variability, but do assess the distribution among the different
light-curve families separately, in comparing to NGC 2264.

The outline of the paper is as follows. Section 2 describes the
sample selection, beginning with all objects proposed for
observation in the K2 Field 2 Campaign and down-selecting to
consider only disk-bearing sources, similar to the process in
Cody et al. (2014). Section 3 discusses the K2 data processing
and photometry, and Section 4 the selection of variable light
curves. The variability classes are assigned in Section 5 based
on the Q and M metrics for periodicity and flux asymmetry,
respectively. Section 6 presents and the relationship between
light-curve morphology and circumstellar disk properties.
Finally, Section 7 presents a comparison of our results to other
recent studies of K2/C2 data, and Section 8 contains our
summary and discussion.

2. Sample

To parallel our efforts in NGC 2264, we aimed to assemble
and analyze as complete a set of light curves as possible for
young, low-mass disk-bearing stars among the K2 Campaign 2
targets. We initially selected objects submitted under programs

GO2020, GO2047, GO2052, GO2056, GO2063, and GO2085,
all specifically targeting Upper Scorpius and ρOphiuchus
members or candidate members. At a later point, we became
aware that aperiodic variability is exhibited among some of the
targets in additional programs observing cool dwarf stars,
suggestive of young star behavior. As a result, we added
objects from programs GO2104, GO2051, GO2054, GO2069,
GO2029, GO2106, GO2089, GO2092, GO2049, GO2045,
GO2107, GO2075, and GO2114 to our sample, but only if their
proper motions were suggestive of membership in the Upper
Sco region. This resulted in a set of 2072 potential young stars,
upon which we made further cuts based on WISE photometry.
One cut eliminated likely field-star interlopers (as described in
Section 2.1 with 587 stars removed) and another cut selected
only the warm inner disk-bearing systems (see Section 2.2 with
1137 stars removed). The set of light curves considered in this
work (Table 1) includes 340 young stars with presumably
primordial circumstellar disks, of which 288 are considered to
have suitably good-quality light curves for further analysis.
We spatially divided this sample into ρOph and Upper Sco

sets by considering the coordinates of each star. There is an
overdensity of K2 sources in a 1°.2×1°.2 square surrounding
the position R.A.=146.79, decl.=−24.60. The square shape
is likely an artifact of target selection for various K2 programs.
Nevertheless, we have used it as our boundary to roughly
separate the young stars near the ρOph core from the older
ones in the less nebulous surrounding regions (see further
discussion in Cody et al. (2017). We find that this method
yields a similar sample as that generated with an AV> 2
extinction contour.

2.1. Selection of Young Stars in Upper Sco and r Oph

Known members of Upper Sco and ρ Oph regions have
already been vetted by, e.g., Ardila et al. (2000), Slesnick et al.
(2006), Luhman & Mamajek (2012), Lodieu (2013), and
Rizzuto et al. (2015). However, the Upper Sco population is
known to be incompletely cataloged, and there remain
hundreds of photometric and proper motion selected candidate
members to be confirmed or rejected. Many of these were
included in the K2 Campaign 2 proposals. For ρ Oph, Wilking
et al. (2008) provide a compilation of accepted members that is
thought to be relatively complete given the more compact
distribution on the sky and the decades of deep-infrared survey
work in this region.

Table 1
Young Inner Disk-bearing Stars in K2 Campaign 2

EPIC id 2MASS id SpT References Blend Region Sample
Flag

202610930 J16232307-2901331 L L L Sco Y
202876718 J16181616-2802300 A0V de Bruijne (1999) L Sco Y
203082998 J16244448-2719036 L L L Sco Y
203083616 J16145253-2718557 L L L Sco Y
203318214 J16112601-2631558 M2.0 Rizzuto et al. (2015) L Sco Y

Notes. Stars with inner disks observed in K2 Campaign 2, in order of EPIC id. In Column 5, a Y appears for blends–cases in which ground-based photometry indicates
another star or stars contaminating the K2 aperture. In Column 7, Y denotes objects that are included in our ultimate sample of disk-bearing stars. Objects with F were
too faint for K2 photometry, whereas objects with B were too bright; none of these were retained in the ultimate sample of 288.
a For EPIC 203924502, we disregard the spectral type of B2V given by Wahhaj et al. (2010) for this source, as it is inconsistent with all previously reported spectral
types, and also with our own examination of independent spectra. Comments in the paper suggest that a nearby H II region contaminates Spitzer photometry, which
implies possible contamination in the optical spectrum as well if sky subtraction was not handled properly.

(This table is available in its entirety in machine-readable form.)
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To assess which of the (mainly Upper Sco) candidates have
photometry consistent with the expected 1–10Myr old
sequence of cluster members, we plotted near-infrared and
mid-infrared color–magnitude diagrams for all objects with
prior reports of being young and/or having proper motions
consistent with membership in the Sco-Cen region, and
compared them with the K2 samples (Figures 1 and 2).
Infrared data from the 2MASS and WISE missions is available
for nearly all of the stars in our sample. Over 65% of these
candidates do not appear in Luhman & Mamajek’s (2012;
LM12) work. We therefore queried the IRSA database4 to
match objects to infrared and near-infrared counterparts, using
a 6″ matching radius to account for the large WISE pixels. This
photometry is provided with flags, and we eliminated
measurements for which the WISE band 1 or 2 signal-to-noise
ratio (S/N) was lower than 10, or for which the band 3 S/N
was lower than 7. In addition, we discarded photometry
reported as affected by diffraction spike contamination,
persistence, halo, or optical ghosts. The remaining datapoints
were used to clean the K2 sample of field stars, as described
below.

A near-infrared H versus J−K color–magnitude diagram
(Figure 1) displays a clean and nearly vertical cluster sequence
at low masses, with stars previously vetted by LM12 forming a
narrower sequence among the broader set of K2 observed stars.
There are few stars blueward of J−K=0.8, apart from the
bright end (H< 9). There are many red outliers beyond
J−K=1.3, and these are likely disk-bearing objects (see
Section 4). Although contaminants are present, the near-
infrared color–magnitude diagram does not appear to have
many interlopers.

A mid-infrared W1 versus W1−W2 color–magnitude
diagram (Figure 2), on the other hand, reveals that there is
indeed a large population of field objects in the K2 candidate
Upper Sco and ρ Oph sample. A clear cluster sequence once
again emerges, but now there are many K2 light-curve sources
lying blueward of that sequence. Unlike the near-infrared

colors—which become bluer by ∼0.2–0.8 mag during pre-
main-sequence evolution and redder in the post-main-sequence
—the mid-infrared colors exhibit little evolution, in fact no
more than 0.05 mag at any given mass over the entirety of
1–1000Myr of evolution. Furthermore, the range in color with
mass is relatively small, <0.3 mag. This means that at any
given color, sources having the same or similar brightness are
at the same distance, essentially regardless of age. Sources at
different distances are shifted vertically by the distance
modulus, again essentially independent of age. The resulting
effect is a cleaner break between age and distance degeneracies
in the mid-infrared relative to near-infrared color–magnitude
diagrams, where the spread in color at a given magnitude
masks the distance modulus effects.
We fit a polynomial to the sequence of diskless stars from

LM12 in the WISE W1 versus W1−W2 color–magnitude
diagram, and then shifted it until 96% of these points lie on the
red side of the curve. All K2 objects blueward of this curve are
hereafter removed from the young star sample. This rejection
reduces the sample from an initial 2072 to 1485. Remaining
field-star contaminants are likely older objects with a distance
close to that of Upper Sco members.

2.2. Selection of Stars with Inner Disks

With our cleaned young star sample, we then identified
objects with evidence of inner, largely primordial, circumstellar
disks. We searched for infrared excesses in infrared color–
magnitude diagrams using WISE colors versus J-band magni-
tudes, which exhibit a clearly bimodal sequence of stars with
and without excesses, as shown in Figure 3. To define the
border between the disk-bearing stars and naked photospheres,
we first computed a running median of W1−W2 values as a
function of J magnitude, then shifted this median curve upward
such that it in lay above 84% of the points (i.e., median plus
one standard deviation). We took this boundary as the criterion
for selecting stars with W1−W2 excesses, identifying 326
likely disk-bearing stars in this way. Not all disks will appear as

Figure 1. 2MASS near-infrared color–magnitude diagram of K2 Campaign 2
young star candidates (cyan) compared to known Upper Sco members from
LM12 (black). The distinct sequence of pre-main-sequence stars retains some
field-star contaminants due to the overlap in colors between young pre-main-
sequence and older post-main-sequence stars.

Figure 2. Similar to Figure 1, the mid-infrared WISE infrared color–magnitude
diagram shows all K2 targets in cyan, overlaid with the set of LM12 Upper Sco
members in black. A large set of the targeted K2 stars are too blue to be in the
Upper Sco region or ρ Oph cluster. The black points blueward of
W1−W2=0.3 display a distinct sequence, which we have fitted, and
subsequently shifted to model the blue boundary. This boundary then serves as
the cutoff between likely and unlikely young stars–the latter of which we
remove from our sample.

4 https://irsa.ipac.caltech.edu
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infrared-excess sources in the W1−W2 color (4.5 μm excess),
however, so we repeated this exercise for W1−W3 (8 μm
excess) and W1−W4 (24 μm excess), where the longer

wavelength photometry is available. This netted 77 and 65
additional disk-bearing stars, respectively, namely those
lacking strong shorter wavelength excesses due to inner cleared
regions in their disks.
Our disk selection method includes fairly liberal color–

magnitude cutoffs, and we find 158 stars for which a potential
infrared excess is seen only in one band. Of these, 11 appear in
either LM12 or Dawson et al. (2013). Only 3 of this set are
classified by those authors as disk-bearing; the other 8 are all
listed as class III. It is difficult to envision a scenario under
which a disk could appear as an W2-only excess; debris disks
may appear at W3 and W4, but we are interested only in
primordial disks that retain significant gas. Therefore we
removed these objects from the sample. We inspected theWISE
images for targets with excesses only in W3 or W4, and of
those that were more than 1σ above the color–magnitude
cutoff, the majority had suspicious nebulous background. Only
3 had clearW3-band excesses, as seen in the image and spectral
energy distribution (SED), and 2 of these objects were too faint
to properly centroid and produce a light curve. We retained the
remaining target (EPIC 203440253) in the disk sample. None
of the W4-only sources were included in our young disk
sample, as they are likely debris disks.
Through further literature searches, we found that a few

asymptotic giant branch (AGB) stars made it into the sample
due to their very red colors. We eliminated eight such objects
(EPIC ids 203812608, 203871153, 203882149, 203902911,
203962241, 203963116, 203970821, and 204232199) from the
disk list based on reported spectroscopic data indicating AGB
status or otherwise an M spectral and III luminosity class.
The disk-bearing sample was augmented with some sources

that were missing usable WISE photometry (e.g., due to source
crowding or bright infrared background) but are previously
known disk-bearing sources from Herschel, Spitzer Space
Telescope, or submillimeter data that are more sensitive than
WISE to cool dust. We performed a literature search on all
objects with missing WISE data to identify potential such cases.
As a result, the following stars were added to the disk-hosting
set: EPIC 203806628 (Rebollido et al. 2015), EPIC 203833873
(Isella et al. 2009), EPIC 204514546 (Honda et al. 2015), EPIC
205684783 (Andrews & Williams 2007), and EPIC 210282534
(Najita et al. 2015). We augment this list with disk-bearing
sources found by Gutermuth et al. (2009) in ρ Oph using
Spitzer: EPIC 203860592, EPIC 203863066, EPIC 203924502,
and EPIC 203934728. In addition, there were four sources
(EPIC 204281210, EPIC 204399980, EPIC 205249328, and
EPIC 205327575) for which we had declined to use the WISE
data, but LM12 declared them to be disk bearing.
We created SEDs with all available photometry for each

source, to determine which, if any, of the WISE-flagged objects
should be retained in the disk-bearing sample. In addition to the
four sources named above from LM12, one star with little
literature attention showed an SED with an infrared slope
consistent with a young star excess: EPIC 203725791. Upon
further inspection of its light curve, we opted to add it to the
sample.
We have compared our disk selection results with those of

LM12, who also identified infrared-excess sources using all
four WISE bands. There are 474 stars in the K2 Campaign 2
young star data set (of which they list 140 as having a disk).
After rejecting sources with excesses in a single band, in no
cases do we find evidence of a disk where LM12 do not.

Figure 3. We use WISE colors, plotted against 2MASS J-band magnitude, to
discern which of our young star sample has infrared excesses indicative of
circumstellar disks. Shown here are both the K2 sample (cyan), and the LM12
sample (black). For each set ofWISE colors in the K2 sample, we determine the
median trend as a function of J. We then shift that median upward by 1σ to
denote the boundary between disk-bearing and diskless stars.
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Moreover, as noted above, there are just four cases for which
LM12 report an infrared excess at one of the WISE bands,
whereas we do not detect it. We retain our no-disk
classifications for these. Thus overall, 99% of our classifica-
tions are in agreement with LM12ʼs results.

2.3. Selection of Stars with Good K2 Light Curves

After the above adjustments, from the initial set of K2
Campaign 2 targets from which we down-selected to 1485
likely young cluster members, we are left with 340 disk-
bearing stars; 217 are in Upper Sco, and 123 are in ρOph. The
resulting composite disk fraction (23%) is consistent with the
value of 27% quoted by Erickson et al. (2011) for stars between
the embedded ρOph core and the more dispersed Upper Sco
region. We list the names of each object in Table 1 along with
available spectral types. A “blend” flag is given if the K2
photometry contains more than one source, and a “sample” flag
indicates whether the source is retained in the final light-curve
sample after the further considerations below.

A further, practical limitation to our analysis below comes
from considering the quality of the K2 photometry. Our
photometric extraction methods (see Section 3) to produce light
curves perform fairly well on bright stars, but they often fail to
centroid on objects with low S/N and Kepler magnitudes lower
than ∼16. Many of these are near the sub-stellar limit, and a
fraction of them are in our disk-bearing sample. However, we
are unable to study the variability properties of objects missing
reliable K2 photometry. Thus, we were compelled to disregard
another 45 faint stars from the disk set. There were a further
seven extremely bright stars that were too saturated to produce
a systematics-free light curve. We also removed these objects
from the disk set.

After removal of the faint members, we were left with 288
disk-bearing stars for analysis of variability properties.

2.4. Our K2 Upper Sco Sample Relative to the Previous
CoRoT Sample in NGC 2264

Considering the 176 young classical T Tauri stars previously
probed by CoRoT in NGC2264 (Cody et al. 2014), with our
sample of 288 identified Upper Sco and ρ Oph members with
K2 data, we increase the set of disk-bearing YSOs with high-
quality light curves to over 450. Relative to the CoRoT NGC
2264 sample, the K2 Upper Sco and ρ Oph sample has greater
breadth in stellar mass. There are 15 stars in the BAF spectral
type range (all of these were too bright for CoRoT in NGC
2264) and low-mass targets all the way down to M8 (whereas
the NGC 2264 set reached only to spectral type of M5). It is
also important to keep in mind possible age spreads among the
K2 stars, as compared to previous samples. This is not only
because ρOphiuchus is significantly younger than Upper Sco,
but also because there may be a range of ages in Sco itself
(Fang et al. 2017). We explore potential age and mass
dependences of variability in Section 6.

3. K2 Photometry and Light Curves

With our 288 disk-bearing stars with good-quality K2
photometry, we now proceed to examine the light-curve
variability properties. We created our own light curves starting
with the target pixel files. As is well known, unstable pointing
of the Kepler telescope during the K2 phase has a significant
(but surmountable) effect on the mission’s light-curve quality,

and we tested several mitigation methods during light-curve
extraction.
All tests were conducted on a set of non-variable Campaign

2 stars encompassing the full range of Kepler magnitudes. For
each of these targets, we produced aperture photometry with
radii of 1–4 pixels. In one experiment, we allowed the apertures
to move along with the object centroid (as determined by a
flux-weighted moment), and in another experiment, we fixed
the aperture location on the detector and allowed the centroid to
wobble within it. The latter method produces light curves with
stronger systematic effects, but these are often just as easily
removed with a detrending algorithm. For bright saturated
stars, we additionally produced photometry based on a
summation of the background-subtracted flux across the entire
pixel stamp. The resulting light curve was satisfactory (i.e., free
of strong systematics) in all but seven cases that we eliminated
from the sample, as discussed in Section 2.3 and listed with B
flags in Table 1.
Before comparing the precision of the raw light curves, we

cleaned them of pointing-related systematics using the
approach and code described in Aigrain et al. (2016). In brief,
this uses Gaussian process regression to separately model the
position and time-dependent systematics in K2 light curves. In
general, we find that the photometric performance depends on
both object magnitude and detector position.
We have estimated our own Kp magnitudes directly from

spacecraft-measured stellar flux, as opposed to adopting the
values from the Ecliptic Plane Input Catalog (EPIC), which are
interpolated and sometimes extrapolated from magnitudes
measured at other wavelengths. The latter can be systematically
too bright for young stars with disks, since many of these only
have near-infrared photometry and the disk contributes
emission at these wavelengths. We recalibrated stellar
magnitudes for the entire ρOph/Upper Sco sample by deriving
the median relation between Kp and (log) measured flux from
the target pixel files of quiet field stars.
The best rms photometric precisions achieved are approxi-

mately 0.13mmag for a star with Kp=10.0 and 1.8mmag for
a star with Kp=16.0. These values are measured over the
entire light curve after detrending for pointing systematics and
time-dependent drift in the light-curve values. We have also
measured the so-called combined differential photometric
precision (CDPP), which is an assessment of the detectability
of signals on six-hour timescales, and a standard metric of the
Kepler Mission (Christensen et al.). CDPP values ranged from
39 for a 10th magnitude star to 417 for a 16th magnitude star.
Some targets had better precision with moving apertures, while
others had better precision for fixed apertures. For each target,
we selected the light curve with the best performance by
selecting the one with the lowest CDPP value after detrending
both position- and time-dependent effects. After making this
choice, we reverted to the version that was position detrended
only, so as to preserve intrinsic stellar variability.
We display the full set of disk-bearing light curves in

Figure 14.

4. Variability Selection

Most young accreting stars are variable, although at K2
photometric precision, most stars of any age are measurably
variable. In order to detect generic aperiodic as well as periodic
variability, we require a photometrically quiet control sample.
Since we did not process the entire K2 Campaign 2 set, we used
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the set of stars rejected as young cluster members (as described
in Section 3) as a potential benchmark for typical field-star
variability.

We initially attempted to assess variability by examining the
standard deviations of cluster stars in comparison to the field
sample as a function of magnitude. This is a standard method
for picking out outliers with excess variability. Unfortunately,
some of the unlikely cluster members turned out to be variable
as well at K2 precision, and furthermore, there was no clear
boundary between variables and non-variables as a function of
magnitude. Even the true noise floor was difficult to discern,
perhaps because of systematic effects remaining in the data.

We thus identified a better metric for discerning true
variables, both aperiodic and periodic. The detrending code
provided by Aigrain et al. (2016) provides not only a method
for removing pointing systematics, but also an additional
option for flattening out all variability via Gaussian process
modeling. For most of our light-curve assessments, we did not
use this option, as it destroys the intrinsic variability by design.
However, we found that a comparison of the noise levels before
and after flattening provided a measure of how variable a given
light curve is. To quantify the noise levels, we used an estimate
of the CDPP on 6 hr timescales, as described in Aigrain et al.
(2016). Our final variability metric was the logarithm of the
ratio of the CDPP before flattening to the CDPP after flattening.
We plot this statistic against source brightness, expressed as Kp

magnitude, in Figure 4.
Many disk-bearing stars clearly stand out in Figure 4 as

having high amplitude variations, with CDPP ratios in excess
of 100. To quantitatively gauge variability, we created a
histogram of log CDPP ratios for the field-star sample. Most of
these are non-variable, and hence have log CDPP ratios near
zero, but there is a population of presumably variable objects at

higher ratios. We note a sharp cutoff between the variable and
non-variable populations around log CDPP∼0.015. To be
conservative, we select as variable any object with a log ratio
higher than 0.02; this cutoff is drawn as a horizontal dashed
line in Figure 4. Examples of light curves at different log CDPP
ratio values are shown before and after detrending in Figure 5.
The only drawback to using the CDPP ratio to select variables

is that variability appearing only on long timescales goes
undetected. This is because the algorithm we have employed to
measure CDPP (Aigrain et al. 2016) initially removes trends on
timescales of more than a few days. We therefore added to the
variability sample targets for which the overall photometric
amplitude was more than a factor of 10 times the standard
deviation of the trend-removed light curve.
After these assessments, we find 268 variables (77 in

ρOph and 191 in Upper Sco) in the disk-bearing sample. The
field stars (gray) with high CDPP ratio are objects that display
variations on the <1% level that are inconsistent with white
noise. Some of these may be real variables, and others may
have light curves contaminated by systematics.
There is a handful of additional young cluster members that

fall below the CDPP ratio cutoff, but are (quasi-)periodically
variable, as revealed in a periodogram and/or autocorrelation
analysis. These were likely missed because of flukes in the
detrending regimen. We identified such objects during the
variability classification process, as described below and in
Cody et al. (2014). We identify a total of nine periodic or quasi-
periodic young disk-bearing stars not selected by the CDPP
ratio method. This includes three in ρ Oph and six in Upper Sco
that were below the generic variability cutoff, but are included
in our final variable tally.
The overall variability fraction of inner disk-bearing stars is

thus 96%. Broken down into the two clusters, we find that

Figure 4. Ratio of the CDPP (a measure of statistical spread in flux on 6 hr timescales) before and after variability detrending, against estimated Kepler magnitudes for
both our 288 member disk-bearing young star sample, along with a control sample of field stars that were rejected as Upper Sco/ρOphiuchus members (see
Section 2.1). The samples depicted here bifurcate into a group with similar CDPP before and after detrending (i.e., zero in the ordinate), and a group with much lower
CDPP after detrending (positive values along the ordinate). Variable stars were selected based on a cutoff value of 0.02, plotted as the horizontal dashed line.
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94 %4
2

-
+ (80/85) of ρOph disk-bearing targets and 97 %2

1
-
+

(197/203) of Upper Sco disk-bearing targets are variable at the
precision of K2 photometry. While the variability fractions are
not particularly distinguishable, there are small differences
between the two regions in terms of the type of variability
exhibited (see Table 3 presented below).

We list the variability status of all disk-bearing stars
(illustrated in Figure 14) in Table 2, including the variability
type, amplitude, timescale, and metrics regarding the degree of
periodicity and flux asymmetry about the mean value. The
derivation of these values is discussed below.

5. Variability Classes

With the full set of disk-bearing variables in hand, we can
ask what sort of time-domain behavior comprises this sample.
In Cody et al. (2014), we devised a set of statistical metrics that
could separate YSO light-curve shapes into different cate-
gories. We define them fully in that work and briefly
summarize them here. The first of these metrics is the flux
asymmetry, “M,” which is a measure of the tendency of a light
curve to display fading events (positive M) or brightening

events (negative M), or a more symmetric, non-skewed light
curve that is perhaps a mixture of the two (M∼ 0). The value of
M is determined by calculating a “mean” flux value (by
averaging the bottom and top 95th percentile points),
subtracting off the median flux value, and then dividing by
the estimated white-noise level.
The second metric is the quasi-periodicity, “Q,” which

measures on a scale of 0–1 how periodic (0) or stochastic (1)
the light curve is. It is determined by identifying peaks in the
autocorrelation, refining their periods with the Fourier trans-
form periodogram, phasing the light curve to the associated
period(s), and then measuring the residual noise after the
phased light-curve pattern is subtracted out. Q represents the
ratio of the residual variance to the original light-curve
variance. Light curves with low residual noise after removal
of the phased pattern are then highly periodic (Q∼ 0), whereas
those that have larger residuals are quasi-periodic or aperiodic.
We computed these M and Q statistics for all disk-bearing light
curves. A difference from the Cody et al. (2014) implementa-
tion is that instead of using magnitude values, we use
normalized flux. The resulting Q−M diagram is displayed in

Figure 5. Illustrative light curves at various CDPP ratios for three example stars having similar brightness, Kp=14.5–15.5. The left side illustrates the light curve
before variability removal, and the right after this detrending, for log CDPP ratios of 0.0 (top), 0.02 (middle), and 0.2 (bottom).

Table 2
Variability Properties of Young Disk-bearing Stars in K2 Campaign 2

EPIC 2MASS Variability Amplitude Timescale Q M
id id Type (Norm. Flux) (days)

202610930 J16232307-2901331 B 0.18 11.91 1.0 −0.35
202876718 J16181616-2802300 QPS 0.002 1.95 0.58 0.09
203082998 J16244448-2719036 N 0.06 13.16 0.85 −0.01
203083616 J16145253-2718557 QPD 0.33 1.35 0.75 0.53
203318214 J16112601-2631558 P 0.13 4.17 0.03 0.19

Note. Variability properties for stars with inner disks observed in K2 Campaign 2. Variability types are determined by eye and supported by statistical measures. The
types consist of the following: “P” is for strictly periodic behavior, “MP” is reserved for stars with multiple distinct periods, “QPD” is for quasi-periodic dippers,
“QPS” means quasi-periodic symmetric (i.e., quasi-periodic stars that neither burst nor dip), “APD” are aperiodic dippers, “B” is for bursters, “S” is for stochastic
stars, “L” is the label for long-timescale behavior that does not fall into the other categories, “U” is reserved for objects we were unable to classify, and “N” denotes
non-variable objects.

(This table is available in its entirety in machine-readable form.)
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Figure 6, with the variability types assigned by our trained eye
also indicated. The values span the space from Q=0 to 1 and
M=−1.4 to 1.4.

To classify observed variability into different categories
based on the Q and M metrics, we have defined boundaries that
demarcate different Q and M ranges. Along the flux asymmetry
axis, M<−0.25 indicates “bursters” (preference for bright-
ening events) and M>0.25 indicates “dippers” (preference for
fading events). These are the same M boundaries as promoted
in Cody et al. (2014). The quasi-periodicity boundaries are
Q<0.11 for purely periodic behavior, and Q>0.85 for
purely stochastic behavior. The upper bound is different than
that promoted in Cody et al. (2014), which was Q>0.61 for
purely stochastic behavior. It is unclear why this value is so
different, although it may be related to different quantification
of photometric uncertainty in the K2 light curves, as compared
to CoRoT. The dependence of Q on data precision and time
sampling will be the subject of future work. We plot the
modified boundaries on top of all Q and M values for disk-
bearing stars in Figure 6.

We thus divide the disk-bearing variables of Upper Sco and
ρ Oph into eight different categories (plus two additional
groups for non-variable or unclassifiable sources), as defined in
Cody et al. (2014) and shown in Figure 7. The categories (with
denotation elsewhere in this paper given in parentheses) and
their Q and M ranges are

1. burster (B)
M<−0.25

2. purely periodic symmetric (P)
Q<0.15 and −0.25<M<0.25

3. quasi-periodic symmetric (QPS)
0.15<Q<0.85 and −0.25<M<0.25

4. purely stochastic (S)
Q>0.85 and −0.25<M<0.25

5. quasi-periodic dipper (QPD)
0.15<Q<0.85 and M>0.25

6. aperiodic dipper (APD)
Q>0.85 and M>0.25

7. long timescale (L)
8. unclassifiable (U)
9. non-variable (N).

Relative to Cody et al. (2014), there are no eclipsing binaries
identified in the disk-bearing sample studied here. An
additional category is dedicated to “long-term” variables that
showed a trend on >30-day timescales. Two stars were labeled
“unclassifiable” since their CDPPs indicated variability, but a
single brightness bump superimposed on noise or a gradual
trend made it impossible to label them as long-term variables or
to assign any of the other categories.
As seen from examination of Figure 14, the Q andM statistics

reflect the visual variability categorization quite well. Proble-
matic borderline cases can occur, however, in which a light
curve falls into one class by eye but has a systematic brightness
trend that pushes it into another class based on M. Likewise,
there are cases for which an object is periodically variable for
part of the time series, but aperiodic for the rest; a viewer may
classify this behavior as quasi-periodic or aperiodic, but the Q
statistic may report otherwise. We therefore continue to rely on
the human eye for the final determination of each star’s
variability class, but use the statistics for guidance. All light
curves and their classifications are provided in the Appendix,
along with a discussion of the start that displayed multiple types
of variability over the duration of observations.
The percentage of disk-bearing stars in each light-curve

group are listed in Table 3. Uncertainties are generally
asymmetric and determined by assuming a binomial probability
distribution for the number of stars observed each group.
Notably, there is a somewhat higher number of bursters than

Figure 6. Q andM statistics for our sample of disk-bearing stars in Upper Scorpius and ρOphiuchus. Non-variable objects are excluded. Colors in this and subsequent
plots denote different types of variables, as identified by eye; see text. Point areas in this and subsequent plots are scaled according to variability amplitude to the one-
third power.
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reported by Cody et al. (2017) due to our increased reliance on
statistical measurements to identify them in the current work.
The sample contains young stars in different environments and
potentially at a variety of ages; thus we also report the
variability category percentages separately for ρOph and
Upper Sco members. The tallies for the equivalent categories as

measured in NGC2264 are also provided, and comparisons are
discussed in Section 7.2.
The variability timescale given in Table 2 is defined as the

period from periodogram analysis, if Q<0.8 (i.e., the light
curve is [quasi-]periodic). For stars with Q>0.8, a timescale
is derived in the same manner as described in Cody et al. (2014,
see Section 6.5). Amplitudes are measured by determining the
normalized flux difference between the 95th and 5th percentile
points in the light curve; this is similar to a peak-to-peak
amplitude, but is less sensitive to outliers and other errant
points.
Figure 8 illustrates the light-curve amplitudes as a function

of the variability timescale. The bursting (B) and stochastic (S)
sources, taken in aggregate, have the longest timescales (along
with the identified long timescale (L) but generally smooth
sources). Overlapping the burster and stochastic sources in
timescale are the APDs, which have longer timescales than the
QPDs. QPS sources occupy the same range in timescale as
the QPDs, but have a broader range of amplitudes.
Periodic/multiperiodic (P/MP) sources have the shortest
timescales. The amplitude ranges of the various light-curve
categories are fairly similar, with periodic and multiperiodic
sources spanning the narrowest amplitude range. Burster and
stochastic sources perhaps extend to slightly higher amplitudes
than other categories, and QPS sources extend to lower
amplitudes than other categories.

6. Connection between Variability and Stellar/
Circumstellar Properties

In this section, we explore relationships between variability
type and stellar/circumstellar properties. Our sample is selected

Figure 7. Examples of different light-curve morphologies seen among disk-bearing stars in the K2 Campaign 2 observations of ρOphiuchus and Upper Scorpius.
These examples also appear in Figure 14, where their EPIC identifiers and their Q and M values are given.

Table 3
Variability Types among Young Disk-bearing Stars

Morphology class Oph Sco Sco/Oph NGC 2264
composite

(%) (%) (%) (%)

Categories based on periodicity and stochasticity

All Bursters 14 3
5

-
+ 13 2

3
-
+ 14 2

2
-
+ 13 2

3
-
+

Aperiodic-symmetric
(stochastic)

12 3
4

-
+ 6 1

2
-
+ 8 2

2
-
+ 13 2

3
-
+

Quasi-periodic symmetric 20 4
5

-
+ 29 3

3
-
+ 26 2

3
-
+ 17±3

Aperiodic dippers 9 2
5

-
+ 18 2

3
-
+ 16 2

2
-
+ 11 2

3
-
+

Quasi-periodic dippers 14 3
5

-
+ 18 2

3
-
+ 17 2

2
-
+ 10.5 2

3
-
+

Periodic symmetric 6 2
4

-
+ 7 2

2
-
+ 7 2

1
-
+ 3 1

2
-
+

Other Categories

Multiperiodic 7 2
4

-
+ 4 1

2
-
+ 5 1

2
-
+ 1 1

2
-
+

Long timescale 8 2
4

-
+ 0 0

2
-
+ 3 1

1
-
+ 1 1

2
-
+

Unclassifiable 2 0
3

-
+ 0 0

2
-
+ 1 1

1
-
+ 11 2

3
-
+

Non-variable 6 2
4

-
+ 3 1

2
-
+ 4 1

1
-
+ 19±3

Note. Fraction of young stars in each light-curve morphology group, as defined
by eye but generally supported by the statistical measures Q and M (Section 5).
There are eight variability categories, plus two more for non-variable or
unclassifiable sources.
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to have disks. Thus, we are more likely to detect the disk-
related variability, and less likely to detect processes associated
with normal stellar rotation and activity, that generally underlie
the disk effects, but occur at lower amplitude.

6.1. Variability and Circumstellar Disks

Figure 6, introduced earlier, illustrates that larger amplitude
variables are predominantly found among objects with both
Q>0.35—in the quasi-periodic and aperiodic categories—
and M<0.25—in the symmetric and bursting categories.
Figure 8 just above also shows this segregation of bursting and
QPS light-curve types toward higher amplitudes.

As we now demonstrate, these larger amplitude sources also
tend to have stronger Hα emission and redder infrared colors—
especially for the bursters. These findings directly link the
presence of accreting gas and the strength of the inner disk with
photometric variability categories that are attributed to
accretion.

Figure 9 reproduces Figure 1, but now colored by the
variability type. At bluer J−K color, moving from brighter to
fainter H magnitudes is equivalent to moving from higher to
lower mass stars. There is no apparent systematic relationship
between variability type and stellar mass (see also Section 6.2).
Assuming low foreground extinction, redder J−K color
indicates objects with stronger inner-disk contributions. Larger
amplitude variability appears to occur for redder objects, and
the sources are predominantly bursters, stochastic, and QPDs.

Figure 10 highlights the variability types versus dust excess.
For stars with disks, K−W4 color probes the disk region
associated with a few hundred Kelvin dust (the terrestrial planet
zone for solar-type stars), K−W2 color hotter dust (roughly
the inner 1 au for solar-type stars), and J−K the region
containing the hottest, up to 1400 K near the inner-disk edge
(in the range 0.03–0.1 au for solar-type stars). For the M-type
stars that dominate our sample, the wavelengths probe smaller
physical radii than the numbers given above for G-type stars.
QPDs are relatively clustered in K−W4 color, with redder
colors than the periodic sources, as well as bluer colors than the
bursters and stochastic objects. The same segregation is not as

Figure 8. Log of the amplitude in normalized flux units vs. measured timescale
for all disk-bearing light curves. No point-size scaling with amplitude is applied
in this figure, since one of the axes is amplitude. Although there is significant
overlap within the phase-space, some clumping of variability types is apparent.

Figure 9. Near-infrared color–magnitude diagram of Figure 1, now colored for
the variables of different types. Non-variable objects are excluded. The location
of any individual source in this diagram is influenced by its mass, age, inner-
disk properties, and the line-of-sight extinction.

Figure 10. For variables of different types, the top panel shows K W 4-
(sensitive to disk emission) vs. J – K (measuring photospheric color plus inner-
disk color excess plus reddening effects), while the bottom panel shows the
same plot with K W 2- along the ordinate. Non-variable objects are excluded.
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apparent in K−W2 colors, suggesting that accretion-related
burster and stochastic variability is driven by strong mid-
infrared excess arising around 1 au (for solar-type stars), rather
than being purely inner-disk phenomena.

Figure 11 highlights the variability versus accretion strength.
Strong Hα emission is seen only among the redder K−W4
colors, solidifying the connection between mid-infrared disks,
accretion-related emission lines, and photometric variability.
Long-timescale variables, periodic sources, and QPDs are weak
accretors. Quasi-periodic sources have the broadest distribution
across the empirical parameter space.

Beyond the presence and strength of disks, a critical
parameter that determines the observables from star/disk
systems is the orientation of the disks. In Figure 12 we present
the variability types in the context of the disk sizes and
inclinations to our line of sight, as derived by Barenfeld et al.
(2017) from spatially resolved dust and gas images from
ALMA. Although the formal errors in the inclinations are quite
large,5 some intriguing trends emerge with respect to the
variability categories that we have defined—without regard to
the disk characteristics beyond a sample selected based on mid-
infrared excess. Dippers of both aperiodic and quasi-periodic
flavors tend to have more highly inclined disks (i> 50°),
although several such variables are found at i<10° (EPIC
204245509 and EPIC 204638512). The QPS sources that are
neither dipping nor bursting also tend to have higher
inclinations. Burster sources, by contrast, have (i< 50°), and
are clustered at small dust radii. Stochastic sources also tend to
have lower inclinations, but have larger disks by about a factor
of two. For both the burster and the stochastic categories, the
gas radii are larger than the dust radii.

Considering the locations of the different variability
categories in the above diagrams, our observations include
the following.

1. The bursters (B) and the stochastic (S) variables have the
reddest disk colors, even redder than the dippers (APD).
This is consistent with overall stronger disks for the

variables that are dominated by their accretion behavior.
Dippers may have relatively weaker disks, or a different
inner-disk geometry.

2. The QPDs and APDs have somewhat lower infrared
colors, with only a narrow range of K−W4 and K−W3
disk color that is spanned relative to other light-curve
categories. The colors may be telling us about disk
flaring, which could be low (thus confining the color
range to only that spanned by inclination effects rather
than the broader color range allowed by considering
vertical disk geometry effects) compared to, e.g., bursters
and stochastics with typically higher K−W4 and
K−W3 colors (which require some amount of flaring
to produce, especially given the tendency toward lower
inclinations illustrated in Figure 12).

3. The QPS stars exhibit some of the largest Hα equivalent
widths. The widths are higher than those of many sources
in the burster category, for which Cody et al. (2017)
established a correlation between burst activity and Hα
strength.

Figure 11. K – W4 color vs. Hα equivalent width for disk variables of different
types.

Figure 12. Dust continuum (top panel) and CO gas (bottom panel) disk radius
vs. disk inclination, based on ALMA observations where they are available for
our sample. Point sizes are scaled proportional to light-curve amplitude.
Although the measurements are noisy, there is clear segregation of some
variability types in inclination.

5 Where disk parameters are derived from both dust and gas, the inclinations
agree to within about ±15° for most, but not all, sources. Radii can be
discrepant at the factor-of-two level in both directions, again with larger
outliers present.
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4. There may be multiple different sub-categories within the
QPS category, with the higher amplitude sources
dominated by large, hot accretion spots on top of
underlying accretion variations. The lower amplitude
sources, on the other hand, may be dominated by cool
spot modulation, with inter-cycle variations due to a
low-level accretion contribution. Venuti et al. (2015) found
that quasi-periodic objects with larger amplitudes had u- and
r-band variations more consistent with hots spots than with
cool spots (see their Figure 9). We note that the QPS
sources also tend to cluster at the shorter timescales
(Figure 8), similar to both the QPD and P/MP categories.
In addition, both the higher and the lower amplitude QPS
sources cluster at the higher disk inclinations (Figure 12).
These findings are consistent with the hypothesis of spot-
related variability for QPS sources, as a low-inclination
view of the star would result in little light modulation
because the spots are always visible.

5. The periodic (P) symmetric sources all have relatively
low infrared color, bluer than the disk-related categories.
This is consistent with the periodic sources lacking strong
accretion that would introduce additional variability
effects that swamp the periodic signal.

6. The multi-periodics (MP) seem redder in J−K but not in
other infrared colors. This could imply binarity (as
opposed to disk effects) as the dominant cause of the
variability.

7. Disk inclination is an important parameter in the observed
variability type. Dipper-type sources (both QPD and
APD) tend toward higher inclinations, i>50°, as
originally envisioned by, e.g., Bouvier et al. (1999),
Cody & Hillenbrand (2010), Morales-Calderón et al.
(2011), and Stauffer et al. (2015), who invoke dust in the
corotating inner-disk or stellar magnetosphere to explain
the flux dips. The QPS sources, as mentioned above, also
occupy the high-inclination half of the distribution.
Burster-type and stochastic sources are not seen among
higher inclination sources, but have i<50°–60°, con-
sistent with our viewing of the accretion zone more
directly, unobscured by the disk.

8. There are a few objects that fall in a very different part of
the diagrams compared to objects of similar variability
class and amplitude. We highlight the example of
EPIC204187094/2MASSJ16111907-2319202, a brown
dwarf in Upper Scorpius. Its light curve shows a high
level of erratic variability, suggestive of strong accretion
and a significant disk, but surprisingly, its reported Hα
width and infrared colors are low (see the red dot at
Hα< 10 in Figure 11). We speculate that both variability
type and accretion properties change intermittently, and
the discrepancy here is due to the non-simultaneous
nature of spectroscopic versus photometric data taking.

6.2. Variability and Stellar Properties

We can also compare the variability properties in ρOph and
Upper Sco, across stellar masses, using spectral type as a
proxy. Figure 13 shows variability with spectroscopically
determined spectral type. Variability amplitudes decrease
significantly at spectral types earlier than mid-G, with a range
of variability types seen. Several early-type stars display very
clear but low-amplitude (<1%) quasi-periodic variability. We

also encounter the dipper phenomenon with clear aperiodic
fading events in the light curves of the late-A stars
EPIC204399980 and EPIC204514546.
While the sample of early-type stars is too small to conduct a

full statistical evaluation of the prevalence of each variability
type, we can speculate on the reasons for the drop-off in
amplitude. If the quasi-periodic behavior is due to the rotational
modulation of accretion hotspots, then one would expect the
lower spot-photosphere contrast to produce lower amplitude
light curves. If it is instead due to obscuration effects by the
inner disk, then the lower amplitudes could point to a decrease
in size and/or larger radial distance of occulting structures.
In terms of stellar rotation, while we found that 96% of our

disk-selected sample of stars is variable, only 12% of these are
periodic (P), with 40% of these multiperiodic (MP), in a
manner consistent with rotating starspot behavior. However,
another 25% of the sample is quasi-periodic with symmetric
light curves (QPS), and an additional 17% is quasi-periodic
with dipper-type light curves (QPD). The quasi-periodic and
disk-related variability could also be related to a rotation-
regulated mechanism—either accretion at the stellar surface, or

Figure 13. K – W4 disk excess vs. spectral type; colors are the same as in
Figures 8–10. We show another version (bottom) zoomed-in on types K
through M. We note that the points for the two A8 stars EPIC204399980 and
EPIC204514546 (both aperiodic dippers) fall exactly on top of each other.
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dipping associated with material entrained in magnetic fields
that are corotating with the star, or with dust located in
asymmetric structures at or near the inner-disk edge.

7. Comparisons

7.1. Comparison with CoRoT Study of Young Disked Star
Light Curves in NGC2264

The variability demographics established here can be
compared with results from Cody et al. (2014) on the
∼3Myr NGC2264 cluster, which are also given in Table 3.

We find that toward the ρ Oph core, which is perhaps
1–3Myr old, the fractions in each of the variability categories
defined from Q and M statistics are approximately the same.
We do note that a somewhat lower mass population is probed
in ρ Oph, due to its closer distance (but higher extinction), as
discussed in Section 2.4.

Toward the somewhat older 5–10Myr and more populous
Upper Sco region, however, there are notable differences in the
population of the light-curve categories. The burster fraction is
in fact identical across the groups, at ≈13%. However, relative
to the younger NGC2264 and ρ Oph, there is a higher fraction
among the Upper Sco light curves that are symmetric
(approximately equal upward and downward flux excursions)
for periodic and multiperiodic sources, and fractionally fewer
aperiodic (also known as stochastic) sources, perhaps because
the disk activity is lower. There are also more dippers overall
among Upper Sco stars, including each of the periodic, quasi-
periodic, and aperiodic sub-categories. This could be evidence
of the dipper behavior being related to evolving disks, perhaps
as accretion activity declines and inner-disk cleared regions
grow and present more surface area for photons originating at
the stellar surface and accretion zone to be absorbed.

7.2. Comparison with the K2 Study of Periodic Sources in
Upper Sco

Rebull et al. (2018) undertook an investigation of periodic
behavior among a much larger sample of Upper Sco and
ρ Oph members than considered here. Their sample was
selected based on proper motions and color–magnitude
diagrams and includes both non-disk and disked (likely)
members. They concluded that more than 85% of cluster
members overall are periodic, with 20% of these multiperiodic.

We found a much lower fraction of periodic stars among the
disk-bearing sample, only 7%. Even attributing all of the quasi-
periodic variability to some rotation-regulated mechanism (e.g.,
accretion or dipping associated with structures that are
corotating with the star), the fraction of periodic sources in
the disk-selected sample is only about half of that in the
broader Upper Sco and ρ Oph sample of Rebull et al. (2018).

7.3. Comparison with other Analyses of the K2 Campaign 2
Young Star Light Curves

Independent analyses of the variability types exhibited by
members of the young Upper Sco and ρ Oph regions in K2 data
have been conducted by Ansdell et al. (2016a) and Hedges
et al. (2018); the latter study appeared just as we were finalizing
this work for submission.

Comparing our dipper and burster classifications with these
groups, we find that our sample includes 26 dippers and 14
bursters that do not appear in previous lists (excluding Cody

et al. 2017). We also find that we do not agree with some of the
dipper or burster classifications by these groups. Although
guided by our M and Q statistics, our light-curve categorization
is ultimately determined by eye.
Ansdell et al. (2016a) applied a high-pass filter and used

measured depth and significance of repeated dips to identify 25
dipper sources. We agree with all but EPIC 203895983 and
EPIC 204630363, which we have classified as QPS rather than
as dippers (APD or QPD). However, we do have disagreements
for about half of the remaining cases between quasi-periodic
(Q< 0.8 in our scheme) versus aperiodic (Q< 0.8 in our
scheme) dipper categorization.
Hedges et al. (2018) use a machine-learning method to

identify 95 dippers, based on distinguishing them from other
non-young-star periodic variable classes consisting of various
pulsators and binaries. Given the richness of young star
variability behavior, especially the quasi-periodicity and
aperiodicity, it is not surprising that our results differ
substantially from those of Hedges et al. (2018). We agree
with 69 of their 95 dippers being in either the APD or QPD
categories. Of the remaining 26, we find that 5 are not in our
final sample due to lack of membership, disk, or good-quality
lightcurve. The rest we categorize as symmetric, either QPS or
S (stochastic, also called aperiodic-symmetric). Hedges et al.
(2018) also identify 30 bursters, seemingly because they stood
out as dippers in their random forest classifier, but which upon
examination brightened rather than faded. We agree that
25 are bursters, while four (EPIC 203833873, 203870058,
203889938, and 203912674) are labeled by us as stochastic,
and the remaining one (EPIC 203668987; Haro1-5) was not in
our disk sample.
In our disk-selected sample, we find that 32%±3% of the

sources exhibit dipper behavior, including both our QPD and
APD categories. We found a higher fraction of dippers in the
older Upper Sco compared to the young ρ Oph. Hedges et al.
(2018), by contrast, reports 6%±1% and 11%±2.5% as the
dipper fractions in Upper Sco and ρ Oph, respectively, but in a
sample that includes both disked and non-disk stars, given that
the sample is simply a compilation of candidate members from
the literature. They claim that among stars with disks, the
fractions are higher, 21%±5.5% for the combined regions—
but this is still lower than our derived 32%±3% (Table 3).
Also among our disk-selected sample, we find 13%±2% of

the sources to exhibit burster behavior, with no difference
between Upper Sco and ρ Oph. As for the dippers, Hedges
et al. (2018) report lower numbers of 1%±0.5% and
7.5%±2% for the burster fractions in Upper Sco and ρ
Oph, respectively, again considering a disk-plus-non-disk
sample. They claim that among stars with disks, the fractions
are indeed higher, 4.5±1.5% and 14.5±4%—but these are
still lower than our combined 13±2% (Table 3).
In addition to the K2 studies mentioned above, Ansdell et al.

(2018) classified light curves for Upper Sco and ρ Oph members
based on ground-based data at lower precision and cadence than
the K2 data, but over longer duration. Of their four identified
dippers, we concur with the classification based on our K2 data
analysis of shorter time series for three of the cases, but a fourth
(J15554883-2512240=EPIC 203710077) we have placed in our
multiperiodic category. None of their three identified “long-period”
systems are in our disk-selected sample, and of their six
“long-timescale variations,” four are not in our disk-selected
sample, one is classified by us as a dipper, and the last is a QPS
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system. We would not be sensitive to the noted long-timescale
behavior.

8. Summary and Discussion

In this paper, we extend our previous work on time series
photometric analysis of NGC 2264 to young members of the
ρ Oph and Upper Sco regions. Analysis of the data set from the
K2 Campaign 2 reveals that nearly 100% of disk-bearing
members of Upper Sco and ρ Oph are photometrically variable,
with amplitudes ranging from ∼0.1% to a factor of three. We
have provided a framework for categorizing young star light
curves that is most effective for high-precision and high-
cadence data from space-based photometric monitoring mis-
sions. The statistical metrics Q and M originally developed for
the NGC2264 data set from CoRoT allow us to place
individual sources in variability categories. A range in light-
curve repeatability (Q) from periodic to quasi-periodic to
stochastic, and a range in light-curve flux symmetry (M) from
primarily dipping to symmetric to primarily bursting is seen.
These metrics may form the basis for feature definition in
future machine-learning approaches to light-curve classification
for young stars. Thus far, young stars have stymied
unsupervised machine-learning approaches that use general
feature sets designed around periodic variable classification
(e.g., Richards et al. 2011) due to the admixture of periodic and
aperiodic phenomena contributing to the light curves.

Upon assigning categories to all young stars in our K2 data
set, we have explored correlations between variability type and
circumstellar properties. We find that bursters, stochastic
sources, and quasi-periodic sources tend to have higher infrared
colors, which can indicate more rapidly accreting circumstellar
disks once geometric effects are accounted for. However, these
groups appear to separate in their inclination distributions, with
bursters and stochastic sources found exclusively at i<50°–
60°, while quasi-periodic sources tend to have i>50°. On the
other hand, dippers, both quasi-periodic and aperiodic, also
tend to have i>50°.

While the burster fraction is the same, we find a higher
fraction of dippers in the older Upper Sco region than toward
sources in the ρ Oph molecular cloud region and toward
NGC2264, consistent with a scenario in which somewhat
evolved inner disks give rise to a dipper light-curve morph-
ology. Furthermore, the dippers appear to be distinguished
from the quasi-periodic sources by their lower Hα equivalent
widths (indicating lower accretion rates on average).

The clustering of particular light-curve morphologies in the
parameter space of inclination, disk size, and accretion rate
lends support to previous suggestions that variability mechan-
isms include obscuration by inner-disk dust (dippers), rapid
accretion rate changes (bursters; stochastic stars), and flux
modulation by accretion hotspots at the stellar surface (large
amplitude quasi-periodic class). The periodic, multiperiodic,
and low-amplitude quasi-periodic sources are consistent with
cool spots on the stellar surface, seen due to a relative lack of
obscuring material and/or accretion. The remaining unclassifi-
able and long-timescale variables remain to be elucidated and
may be contaminants such as asymptotic giant stars.

Dippers have frequently been explained as the manifestation
of a warped or otherwise clumpy inner-disk occulting parts of
the central star (e.g., Bouvier et al. 1999), as seen from a nearly
edge-on viewpoint. Bodman et al. (2017) argued that either a
disk warp or dust in the accretion stream could be responsible

for dipping behavior at moderately high view angle. The
appearance of most dipping behavior in systems with disk
inclinations between 50° and 90° strongly supports these ideas.
There are two notable exceptions with i<10°, EPIC
204245509 and EPIC 204638512, the latter of which was
highlighted by Ansdell et al. (2016b). These may represent rare
cases in which the inner disk is not aligned with the resolved
outer disk.
With approximately equal proportions of periodic and APDs,

it is as yet unclear as to what determines the repeatability (or
lack thereof) of fading events. McGinnis et al. (2015) suggested
that the behavior is determined according to whether accretion
is Rayleigh–Taylor unstable, as predicted by Blinova et al.
(2016) based on the accretion rate and magnetic dipole tilt
relative to the stellar rotation axis. In contrast, we do not detect
any correlation between periodicity status and Hα equivalent
width in this data set. However, non-simultaneity of the
spectroscopic and photometric observations may obscure such
an effect. We do find that most dippers have relatively low Hα
values, consistent with the requirement that the magnetospheric
radius (determined in part by accretion rate) must lie far enough
out from the star such that dust does not sublimate at that
location.
The highest amplitude quasi-periodic stars are interesting in

that they have very large reported Hα equivalent widths. The
semi-regular behavior of their light curves implies a stable
accretion hot spot configuration. Stability is expected for fairly
low accretion rates (Romanova et al. 2003, 2004). However,
Blinova et al. (2016) have recently shown that there is an
additional “unstable ordered” regime in which one or two
tongues of accreting gas penetrate the magnetosphere to reach
the stellar photosphere. We believe that the quasi-periodic stars
with amplitudes from 0.3 to 1.3 (in normalized flux units) may
be examples of this effect. They may be seen only at
inclinations greater than 50° if the resulting hotspots are
situated away from the stellar pole.
Turning finally to the bursters and stochastic stars, we have

seen that these have moderately high Hα equivalent widths as
well, but inclinations typically between 15° and 50°. The
chaotic nature of the light curves is suggestive of an unstable
accretion regime, while the strong near-infrared excesses imply
dust fairly close to the central star (particularly for the bursters).
What distinguishes the bursters and stochastic stars? Stauffer
et al. (2016) hypothesized that they are both due to variable
mass accretion, with flow for the latter including many more
low-amplitude events. The similar ranges of Hα and [near-]
infrared colors for these two classes lend support to the idea
that they are both manifestations of unstable accretion flow,
seen at low inclination.
The K2 Campaign 2 young star data set has offered a unique

opportunity for correlating detailed variability properties with a
large collection of stellar and circumstellar parameters, some of
which include resolved measurements. Further K2 observa-
tions, e.g., of the young cluster NGC6530 and the Taurus
association, will provide further tests for our framework of
variability classification and corresponding suggestions for
physical mechanisms.

We extend our appreciation to the referee for helpful
comments. We thank Trevor David for help collecting and
categorizing K2 light curves. We acknowledge John Carpenter
for early conversations about ALMA samples in Upper Sco, as
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well as Luisa Rebull and John Stauffer for general discussions
about young star variability, membership, and disk properties.
This paper includes data collected by the K2 mission. Funding
for the K2 mission is provided by the NASA Science Mission
directorate.

Appendix
Hybrid Variability Classes

While we have assigned a single morphology to each light
curve in Table 2 and Figure 14, in some cases the behavior
appears to fall into more than one category. We describe the

Figure 14. Light curves of disk-bearing stars over the 80-day duration of the K2 Campaign 2, in order of EPIC identifier. Figure labels include the variability type
from Table 2, namely “P”=strictly periodic behavior, “MP”=multiple distinct periods, “QPD”=quasi-periodic dippers, “QPS”=quasi-periodic symmetric,
“APD”=aperiodic dippers, “B”=bursters, “S”=stochastic stars, and “L”=long-timescale behavior that does not fall into the other categories. Values of flux
symmetry metric M and the quasi-periodicity metric Q from Table 2 are also provided. (An extended version of this figure is available.)
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various combinations of variability types and hybrid behaviors
below.

1. Around 10 stars in our disk sample display both dips and
spot signatures. Rebull et al. (2018) identified these from the
perspective of examining periodic stars in the Upper Sco and ρ
Oph K2 data, and presented evidence that the dip events have
nearly the same period as the spot pattern. They argued that this
was evidence of disk locking, with the stellar photosphere and
material at the inner-disk radius corotating due to linkage by
the magnetosphere. Specific objects include EPIC 203542463,
EPIC 203770366 (periodic behavior for many weeks, after
which narrow dips suddenly appear during the last 25 days),
EPIC 204274536, EPIC 204489514, EPIC 204344180 (narrow
dips in the first third of the light curve, at the spot period), EPIC
204449389 (evolving spot plus occasional narrow dips), and
EPIC 205051240 (occasional narrow dips on top of spot
pattern). EPIC 203927902 is a special case in which periodic
behavior dominates for most of the light curve, except for a
large (20% depth) double dip that lasts approximately 10 days.
EPIC 204278916 similarly exhibits gradually diminishing
aperiodic dips over the first 30 days, yielding to a spot pattern;
this source is also discussed by Scaringi et al. (2016).

2. In some objects, there is stochastic or otherwise noisy
behavior on timescales of several weeks, after which dipping
suddenly appears to turn on. An example is EPIC204538777.

3. A small set of stars shows both bursts and spots; this includes
EPIC204397408, EPIC203856109 and EPIC205156547. One
unique star, EPIC 204449274, displays all three behaviors.

4. There are stars with a long-term trend on top of the
dominant variability type that we list in Table 2. It is difficult to
discern whether these trends are real or simply uncorrected
systematics.

5. Finally, a significant fraction (∼5%) of periodic stars
show more than one period, as indicated by the variability type
“MP” in Table 2.
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