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ABSTRACT

Context. Pre-main sequence stars are variable sources. The main mechanisms responsible for their variability are variable extinction,
unsteady accretion, and rotational modulation of both hot and dark photospheric spots and X-ray-active regions. In stars with disks,
this variability is related to the morphology of the inner circumstellar region (<0.1 AU) and that of the photosphere and corona, all
impossible to be spatially resolved with present-day techniques. This has been the main motivation for the Coordinated Synoptic
Investigation of NGC 2264, a set of simultaneous observations of NGC 2264 with 15 different telescopes.

Aims. In this paper, we focus on the stars with disks. We analyze the X-ray spectral properties extracted during optical bursts and dips
in order to unveil the nature of these phenomena. Stars without disks are studied in a companion paper.

Methods. We analyze simultaneous CoRoT and Chandra/ACIS-I observations to search for coherent optical and X-ray flux variability
in stars with disks. Then, stars are analyzed in two different samples. In stars with variable extinction, we look for a simultaneous
increase of optical extinction and X-ray absorption during the optical dips; in stars with accretion bursts, we search for soft X-ray
emission and increasing X-ray absorption during the bursts.

Results. We find evidence for coherent optical and X-ray flux variability among the stars with variable extinction. In 9 of the 24 stars
with optical dips, we observe a simultaneous increase of X-ray absorption and optical extinction. In seven dips, it is possible to
calculate the Ny/Ay ratio in order to infer the composition of the obscuring material. In 5 of the 20 stars with optical accretion bursts,
we observe increasing soft X-ray emission during the bursts that we associate to the emission of accreting gas. It is not surprising that
these properties are not observed in all the stars with dips and bursts, since favorable geometric configurations are required.
Conclusions. The observed variable absorption during the dips is mainly due to dust-free material in accretion streams. In stars with

accretion bursts, we observe, on average, a larger soft X-ray spectral component not observed in non-accreting stars.

Key words. circumstellar matter — stars: pre-main sequence — stars: rotation — stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

Pre-main sequence (PMS) stars can be classified according to
their spectral energy distribution (SED) in the infrared (Lada
1987); the youngest PMS stars still surrounded by both a con-
tracting envelope and a circumstellar disk are classified as Class I
objects. Class II objects are PMS stars surrounded by circumstel-
lar disks, whose envelope is partially or completely dissipated.
Class III sources are PMS stars whose disks have been dissipated
or at least evolved into debris disks. The intermediate phases
of stars with pre-transition disks (with an intermediate gap sep-
arating inner and outer disks, Espaillat et al. 2007) and transi-
tion disks (with cleared inner regions, Muzerolle et al. 2010)
have been more recently added to this evolutionary scenario. The
evolution and dissipation of circumstellar disks involve several
physical processes, such as gas accretion onto the central star
driven by viscosity and mediated by the magnetic field (e.g.,

Article published by EDP Sciences

Koenigl 1991), photoevaporation (e.g., Storzer & Hollenbach
1999), dust aggregation and settling (e.g. Testietal. 2014),
and environmental feedback (e.g., Guarcello et al. 2016), with
timescales which range from a few thousands to approximately
107 yr (Haisch et al. 2001; Herndndez et al. 2007; Mamajek
2009).

The disk inner region (<0.1 AU) is very important for the ac-
cretion process, the magnetic coupling between disk and central
star, and the evolution of the entire disk and the star itself. This
region is, however, very difficult to analyze, even in the systems
close to our Sun and even with infrared and radio interferome-
try. The analysis of the SEDs of disk-bearing stars has achieved
many successes in this direction, such as the discovery of the
inner disk wall and pre-transitional gaps, however the physi-
cal parameters derived from SED fitting are model-dependent
and likely affected by the strong intrinsic variability of these
sources in the optical and infrared. A unique insight into the
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very innermost region of circumstellar disks could be provided
by studying the simultaneous variability in optical, infrared and
even X-rays, which are intimately connected with the morphol-
ogy and properties of the circumstellar environment.

Optical variability of PMS stars has been the sub-
ject of several studies (e.g., Joy 1945; Alencaretal. 2010;
Morales-Calderén et al. 2011; Wolketal. 2013; Cody et al.
2014), and originally it was one of the criteria used by Joy
(1945) to identify the newly discovered class of T Tauri stars.
Herbst et al. (1994) presented the first classification of variability
of young stars based on their light curves. Type I' light curves are
periodic and often sinusoidal, resulting from the rotational mod-
ulation of cold photospheric spots. Type II light curves are less
periodic and interpreted as the result of variable veiling contin-
uum and rotational modulation of an accretion hot spot. Type III
light curves vary irregularly because of variable extinction. A
more detailed classification of light curves of disk-bearing stars
has recently been proposed by Cody et al. (2014), as part of the
CSI 2264 project described below. They classify “burster” light
curves as those characterized by rapid (0.1-1 day) and symmet-
ric increments of flux (the symmetric shape of the burst means
that its rising part is not impulsive and it is similar to the de-
caying phase, which distinguishes them from flares); “dipper”
light curves showing transient fading events (dips); “periodic”
and “quasi-periodic” light curves resulting from rotational mod-
ulation; “stochastic” light curves which, even if not dominated
by bursts or dips, are nevertheless characterized by brightness
changes over a variety of timescales; and “long-time variables”
with monotonic light variations (either brightening of fading)
over timescales of days and weeks.

The different types of optical and infrared light curves of
stars with disks reflect the different morphology of the inner
disks and probe the geometry of the accretion process. Follow-
ing the classification of Cody et al. (2014), “dipper” stars are
AA Tau analogs. AA Tau is a well-studied variable star with
a disk characterized by recurrent occultation of the central star
by warps in the circumstellar disk (Bouvier et al. 1999, 2003,
2007; Ménard et al. 2003; Grosso et al. 2007) located close to
the co-rotation radius (Rucinski et al. 2008; Alencar et al. 2010;
Cody & Hillenbrand 2010). These warps in the inner disks are,
in general, due to misalignment between the rotation and mag-
netic axes, and they are located at the base of steady accretion
streams, which are stable over several stellar rotation periods
(Alencar et al. 2010). Alencar et al. (2010) have also shown that
AA Tau like variability is common in stars with inner disks; in
their study of the optical and infrared variability of the stars in
NGC 2264, they have found that nearly 40% of the stars with
inner disks are characterized by AA Tau-like variability.

Also, accretion contributes to variable optical and infrared
extinction (e.g., McGinnis et al. 2015). The accretion streams
are dust free, but small amounts of dust can be trapped at the base
of the streams and survive until the temperature is higher than the
sublimation temperature. As suggested by Stauffer et al. (2015),
the dust particles trapped in the accretion streams can be respon-
sible for small dips in the optical light curves. Another way ac-
cretion may contribute to optical variability is by the emergence
of the optical emission from accretion hot spots on stellar surface
(Stauffer et al. 2014). In fact, the accreting material funneled by
the magnetic field falls onto the stellar surface with a velocity of
several hundreds of km per second. This energy is released at the
accretion shock as soft X-ray, UV, and optical radiation.

! The type of the light curves must not be confused with the class used
to classify YSOs.
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Whether or not it is possible to observe variability in X-rays
due to the accretion process and variable circumstellar extinc-
tion remains unknown. PMS stars are very bright X-ray sources
(Feigelson & Decampli 1981), with their X-ray emission ex-
ceeding that of main-sequence (MS) stars with the same mass
by three or four orders of magnitude (e.g., Montmerle 1996).
The main component of this X-ray emission is the quiescent
emission, or at least apparently quiescent since the “quiescent”
coronal emission can be actually the result of a superposition
of small flares (e.g., Caramazza et al. 2007), from a scaled-up
version of the solar corona with plasma at 10-30 MK, pow-
ered and confined by a dynamo-generated stellar magnetic field
(e.g., Feigelson & Kriss 1981). However, the lack of an evident
MS-like rotation-activity relation in PMS stars, together with the
large and so far unexplained scatter of X-ray brightness, indicate
that the emission mechanism might be more complicated than
this. Intense flaring activity produced by magnetic reconnec-
tion is observed in PMS stars (e.g., Flaccomio et al. 2003), and
they can be so powerful as to require non-solar geometry for the
stellar magnetic field (Jardine et al. 2006). Sometimes, flares in
PMS stars are modeled with very large loops that may even reach
the surface of the inner disks (Favata et al. 2005). Accretion also
contributes to the emission of soft X-rays (e.g., Kastner et al.
2002), produced in the accretion shocks and observed in a few
Class II stars, such as TW Hya and BP Tau, using detailed spec-
troscopic analysis (Kastner et al. 2002; Stelzer & Schmitt 2004;
Schmitt et al. 2005; Argiroffi et al. 2011; Curran et al. 2011).
However, this X-ray emission has only been unambiguously
identified in the nearest stars with disks, primarily because it is
difficult to distinguish from the coronal soft X-ray emission. Ad-
ditionally, a significant part of this emission is likely absorbed by
accreting and circumstellar material itself (Argiroffi et al. 2011;
Bonito et al. 2014).

X-ray emission from PMS stars is strongly variable over
a large range of timescales and amplitudes. The most evident
source of X-ray variability is undoubtedly flares. The rise phase
is much shorter than the decline phase (which can last several
hours), and the peak flux can be approximately 100 times the
quiescent flux (Favata et al. 2005). There are, however, other
sources of X-ray variability. Stellar coronae are not homoge-
neous, and their X-ray emission can be modulated by stellar
rotation (Flaccomio et al. 2005). This has been observed in the
Chandra Orion Ultradeep Project (COUP, Getman et al. 2005):
an approximately 13-day continuous Chandra/ACIS-I observa-
tion of the Orion Nebula Cluster. Also accretion spots are not
uniformly distributed over the stellar surface, resulting in a ro-
tational modulation of soft X-ray emission. This, however, has
only been observed in the T Tauri star V4046 Sgr (Argiroffi et al.
2012). Variable absorption of the coronal emission by circum-
stellar and accreting material can be another source of X-ray
variability (e.g., Flaccomio et al. 2010).

Simultaneous optical, infrared, and X-ray variability in stars
with disks can be the consequence of unsteady accretion,
variable extinction, and rotational modulation (Flaccomio et al.
2012). Stassun et al. (2007) find no convincing evidence for co-
herent optical and X-ray flux variability in the PMS stars in
Orion. No evidence of coherent X-ray and infrared variability
in PMS stars is found by Flaherty et al. (2014) in their study of
the PMS stars in IC 348, concluding that X-rays are not an im-
portant source of heating for the circumstellar material. A differ-
ent result has been obtained by Flaccomio et al. (2010) in their
study of the PMS stars in NGC 2264. They find a significant
correlation between optical and X-ray flux variability using two
30ks Chandra/ACIS-I observations (separated by 16 days) and
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simultaneous CoRoT data. This correlation is only observed in
Class II sources, and is not observed in the hard X-ray band.
This is interpreted as a consequence of variable absorption of
both photospheric and coronal emission.

In this paper, we analyze new simultaneous X-ray and optical
observations of NGC 2264, obtained as a part of the CSI 2264
project, to search for connections between optical and X-ray
variability in PMS stars with disks observed in the quiescent
emission. We show the effectiveness of time-resolved X-ray
spectral analysis in stars with disks using the optical light curves
as template to isolate interesting features such as accretion bursts
and optical dips. NGC 2264, the object of this study, and the
CSI 2264 project are described in Sect. 2. In Sect. 3, we describe
the CoRoT and Chandra data sets analyzed and the selection of
the targets; in Sect. 4, we present evidence for coherent optical
and X-ray flux variability. In Sect. 5, we present a detailed anal-
ysis of the variability of the X-ray properties during dips and
bursts observed in the CoRoT light curves. Results are summa-
rized and discussed in Sect. 6.

2. NGC 2264 and the CSI 2264 project

The study of the variability of young stars provides an opportu-
nity to probe the very inner circumstellar region (<0.1 AU) and
the morphology of stellar coronae and photospheres. This is one
of the main motivations of the Coordinated Synoptic Investiga-
tion of NGC 2264 (CSI 2264, Cody et al. 2014; Stauffer et al.
2014). This project is a unique and unprecedented cooperative
project involving simultaneous observations of NGC 2264 with
15 ground and space telescopes, covering the electromagnetic
spectrum from X-rays to mid-infrared. The entire list of the ob-
servations that are part of the CSI 2264 project can be found
in Cody et al. (2014). The main optical photometric dataset is
obtained from observations with the Convection, Rotation and
Planetary Transits satellite (CoRoT, Baglin et al. 2006) from De-
cember Ist 2011 to January 3rd 2012, using the second CCD
designed for exoplanet studies. CoRoT observed an area of
1.3 x 1.3 square degrees centered on NGC 2264 with a cadence
of 512 s, or 32 s for the brighter sources.

NGC 2264 is the only young cluster (1-5 Myr, Rebull et al.
2002; Dahm 2008) falling in one of the CoRoT eyes (i.e., the two
regions with a 10° diameter close to the galactic center and anti-
center observed with CoRoT), making it a unique target for mon-
itoring the variability of young stars using this telescope. This
cluster is relatively nearby (760 pc, Park et al. 2000), and part of
the local spiral arm. It is characterized by non-uniform extinc-
tion across the field, with both richly populated low-extinction
regions containing approximately two thousand sources in to-
tal, and highly embedded regions where the star-formation pro-
cess is still ongoing, as evidenced by the presence of stars
with thick disks, molecular outflows, and Herbig-Haro objects
(Teixeira et al. 2012). The median extinction of known cluster
members is relatively low (Ay ~ 0.45™, Rebull et al. 2002). The
cluster population is well defined, and it includes a few early
type stars, such as the O7V star S Monocerotis (Schwartz et al.
1985) and approximately a dozen B-type stars. NGC 2264 is the
only cluster within one kpc of the Sun besides the Orion Nebula
Cluster with such a large mass spectrum. Figure 1 shows a DSS-
2 image of the central region of NGC 2264. The field of view of
the Chandra observations analyzed here is indicated. The actual
CoRoT field, 1.3° x 1.3° wide, is larger than the field shown in
Fig. 1.

‘,
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Fig. 1. DSS-2 image of the central region of NGC 2264, with the field
observed with Chandra/ACIS-I marked.

3. Data analysis and targets selection
3.1. CoRoT light curves

CoRoT photometry is only available for stars falling in pre-
selected pixel masks. For this reason, the list of targets was
carefully pre-compiled before the observations, and it includes
1617 known candidate members of NGC 2264 and 2129 field
stars falling in the area of the cluster (Cody et al. 2014). The
membership criteria used for target selection are described in
Cody et al. (2014) and they are based on: 1) optical photom-
etry compatible with the cluster in color-magnitude diagrams
as defined by Flaccomio et al. (2006); 2) strong Ha emission
(Rebull et al. 2002; Lamm et al. 2004; Sung et al. 2008); 3)
X-ray detection (Ramirez et al. 2004; Flaccomio et al. 2006);
4) radial velocity compatible with NGC 2264 (Ftrész et al.
2006); and 5) presence of a circumstellar disk (Sung et al. 2009;
Cody et al. 2014). Only targets with 11" > R > 17" were ob-
served.

Light curves were produced after correction from gain
and zero offset, jitter, electromagnetic interference, and back-
ground subtraction, following the standard CoRoT data reduc-
tion pipeline (Samadi et al. 2006). Data from hot pixels and out-
liers were flagged and removed from the light curves. While
most of the light curves refer to the full CoRoT band, for a sub-
set of stars three light curves are provided, referring to “red”,
“green”, and “blue” bands. However, since these bands are not
calibrated, in this work we only use the sum of the three bands,
that is, the white light curves. CoRoT light curves are not in an
absolute magnitude scale since the photometric zero point of the
CoRoT data varies between runs. A photometric zero point of
26.74™ specific for the CSI 2264 CoRoT observations has been
obtained by Cody et al. (2014) after comparing the mean CoRoT
flux of selected stars with their available R-band photometry
(from Rebull et al. 2002; Lamm et al. 2004; Sung et al. 2008).
Flaccomio et al. (in prep.) obtained a slightly smaller zero point
(26.6™), which is the value adopted in this paper.

A number of systematic errors are not corrected by the stan-
dard pipeline and affect CoRoT light curves. The most important
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Table 1. Chandra/ACIS-I observations log.

Obs.ID  Exposure (ks) Date

14368 74.44 Dec. 3rd 2011
13610 92.54 Dec. 5th 2011
13611 60.23 Dec. 7th 2011
14369 66.16 Dec. 11th 2011

systematic error, affecting approximately 10% of the observed
light curves, consists of abrupt jumps in flux that are due to
rapid changes in detector temperature. In this paper, we do not
attempt any correction for this effect and we reject, when neces-
sary, CoRoT data that are affected by such jumps. We use only
CoRoT data which are not flagged as suspicious data points.

3.2. X-ray data

In this paper, we use the data obtained from four Chandra/ACIS-
I observations taken from December 3rd to December 11th 2011
(PI. G. Micela) during the CoRoT run. Table 1 shows the log
of these observations. The total nominal exposure is 300ks,
and all the observations are pointed at a0 = 06:40:58.70,
0000 = +09:34:14, with almost coincident roll angles. In or-
der to make astrometry compatible with 2MASS, each image
has been reprojected by matching bright 2MASS sources de-
tected in X-rays and correcting for the observed offsets both in
RA and Dec.

A detailed analysis of the Chandra/ACIS-I (Weisskopf et al.
2002; Garmire et al. 2003) observations available for NGC 2264,
including source detection, photon extraction and spectral fit-
ting, is presented in Flaccomio et al. (in prep.). Briefly, all
events were fully reprocessed using the CIAO task chandra-
repro. Sources were detected using the wavelet-based algorithm
PWDetect (Damiani et al. 1997), adopting a significance thresh-
old of 4.4, roughly resulting in approximately ten expected spu-
rious detections. Event extraction, source repositioning, and val-
idation were performed with the IDL software ACIS Extract
(AE, Broos et al. 2010). AE is capable of: i) defining the ex-
traction region around each source, accounting for crowding and
the shape of the PSF at different off-axis angles; ii) extracting
both source and background events, the latter in a suitable re-
gion around the source; and iii) compiling photometry, calculat-
ing light curves, and providing source statistics. After exclud-
ing candidate spurious detections, a total of 694 X-ray sources
were validated. X-ray spectra were fitted using Xspec v.12.8.1
(Arnaud 1996). Observed spectra were rebinned in photon en-
ergy in order to have a signal-to-noise ratio larger than one in
each bin.

3.3. Targets selection

The main objective of this paper is to analyze the simultaneous
optical and X-rays variability of stars with disks in NGC 2264.
We adopt the selection of stars with disks presented in
Sung et al. (2009) and Cody et al. (2014), which is based on the
slope of the SEDs in the IRAC and MIPS 24.0 um bands and
suitable color—color diagrams where the typical loci populated
by disk-bearing stars can be defined. Among the 95 candidate
stars with disks observed with CoRoT and falling in the ACIS-
I field, 86 are detected in X-rays. We also define a subsample
of 79 stars with disks (75 detected in X-rays) which are ac-
tively accreting. These stars are selected using two criteria: Ha
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equivalent width (EW) larger than 10 A (Rebull et al. 2002)
or using the ' — i’ versus r’-Ha color-color diagram from the
INT (Isaac Newton Telescope, 2.5 m) Photometric Ha Survey
(IPHAS; Drew et al. 2008). In this color-color diagram, in fact,
it is possible to select candidate accreting stars as those with
red r'—Ha color, and derive an estimate of the Hoe EW from
this color (Barentsen et al. 2011). Disk-bearing sources without
signatures of accretion are identified as stars with passive disks
(15 stars, 10 detected in X-rays). We also selected 10 candidate
stars with transition disks (all detected in X-rays) as those show-
ing excesses only at 8.0 um and 24 um. The infrared excesses in
each infrared band are calculated using the Qy, 4 color indices
similar to those defined in Guarcello et al. (2009, 2013). These
color indices compare the V — I and J — A colors, with A being
K or one of the Spitzer bands. Since these indices increase as
J — A becomes more red, and they are independent from extinc-
tion, they can be used to separate the extinguished stellar popu-
lation from that with intrinsic red colors, and to calculate the ex-
cess in each infrared band. We refer to Damiani et al. (2006) and
Guarcello et al. (2009) for a detailed description of these color
indices and their use.

We also adopt the classification of the CoRoT light curves
provided by Cody et al. (2014): “Bursters” (13% of the stars
with disks in NGC 2264 observed with CoRoT); sources with
variable extinction (“dippers”, 21.5%, approximately half of
which are periodic); stars with light curves showing stochastic
behavior (13%, named “stochastic”); non-variable stars (19%);
stars with periodic or quasi-periodic variability (21%); long-term
variables (1%); eclipsing binaries (1%); and sources with unclas-
sified variability (11%). Since the classification of the “stochas-
tic” stars may vary according to different time windows, we
reviewed the behavior of these sources in the period simultane-
ous with the four ACIS-I observations. Sometimes we consider
stars as “dippers” or “bursters” depending on the dominant phe-
nomenon occurring during the Chandra observations.

4. Coherent optical and X-ray flux variability

In this section we analyze the simultaneous flux variability in
optical and X-rays. Coherent flux variability is expected to oc-
cur when: i) the star is affected by variable extinction due to cir-
cumstellar material simultaneously obscuring both stellar pho-
tosphere and coronal active regions; or ii) photospheric spots,
accretion hot spots, and coronal active regions simultaneously
emerging during stellar rotation.

4.1. Existing studies

A search for coherent optical and X-ray flux variability in T Tauri
stars has only been attempted in a small number of cases, given
the paucity of existing simultaneous optical and X-ray observa-
tions of young clusters. Stassun et al. (2006) studied BVRI data
of the Orion Nebula taken with the WIYN 0.9 m telescope at the
Kitt Peak National Observatory (KPNO) and the 1.5 m Cassini
telescope in Loiano, Italy, simultaneous with the COUP observa-
tions. These optical data have been taken with a cadence of one
data point per hour, not comparable to the excellent time resolu-
tion of the CoRoT data. These authors find evidence of coherent
optical and X-ray flux variability in approximately 5% of the an-
alyzed T Tauri stars. This result has been interpreted in terms of
rotational modulated emission from accretion spots, and the lack
of correlation in most of the observed stars is taken as evidence
that X-ray emission arises mainly from the stellar corona rather
than from the accretion spots distributed over the stellar surface.
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Fig. 2. Comparison between the optical and X-rays flux variability, calculated using Eq. (1), shown separately for the stars with transition disks
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total number of stars and points used in each plot is also indicated.

Flaccomio et al. (2010) search for correlations between op-
tical and X-ray flux variability in the young stars in NGC 2264
by comparing the variation of the X-ray fluxes observed in two
~30 ks Chandra/ACIS-I observations (Obs. IDs: 9768 and 9769;
P.I. G. Micela) with that of the CoRoT “white” fluxes from si-
multaneous observations. They find evidence of correlated flux
variability in a sample of 24 low-mass T Tauri stars with disks,
and only in the soft 0.5-1.5 keV X-ray band. This is interpreted
as evidence that the correlation is a result of time-variable ab-
sorption by the surrounding circumstellar material. These au-
thors also suggest that the obscuring material is dust-depleted,
as expected from accretion streams covering part of the stellar
corona and photosphere.

4.2. Coherent optical and X-ray flux variability in stars
with disks of NGC 2264

The starting point for our search of coherent optical and X-ray
flux variability in the NGC 2264 T Tauri stars was the result
obtained by Flaccomio et al. (2010). We first replicated their ap-
proach to verify whether our new data confirm their finding. To
this aim, we selected all the X-ray sources observed with CoRoT
with more than ten counts detected in at least two Chandra
observations, discarding known massive and intermediate-mass
stars (i.e., rejecting stars more massive than 2 M,,). Hereafter, we
will refer to the time intervals corresponding to the Chandra ob-
servations listed in Table 1,that is where both CoRoT and X-ray
data are available, as Chandra frames. For each selected source,

we calculated the mean X-ray photon flux and CoRoT white-
band flux observed in each Chandra frame where no flares are
detected. Flares are automatically detected using the approach
defined in Caramazza et al. (2007), i.e., dividing the X-ray light
curve in blocks of almost constant count rate (Maximum Like-
lihood Blocks) and classifying these intervals according to the
measured count-rates and its time derivative (a detailed anal-
ysis of the flares observed in NGC 2264 will be presented in
Flaccomio et al., in prep.). We then calculate the flux variability
among two Chandra frames n and m as:

F,—F,

A = —2——"
= F T F,

ey

where F, is the optical or the X-ray photon flux detected during
the nth Chandra frame.

The result of this approach is shown in Fig. 2, where each
point compares the value of Agyx calculated for a given source in
two consecutive Chandra frames. Error bars are propagated from
the uncertainties in X-ray and optical fluxes, the former com-
puted with Poissonian statistics, the latter from the RMS of the
optical light curve observed during the given Chandra frames.
We use X-ray data in different energy bands (broad in the left
panel, soft in the central, and hard in the right). In Fig. 2, we
consider the sample of stars with an inner disk, both passive or
accreting, and that of stars with a transition disk and Class III
objects (whose variability is expected to be similar, Cody et al.
2014) separately. The classification of Class III objects and the
analysis of their variability is the subject of a companion paper.
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The amplitude of the observed variability is different in these
two samples of stars. We observe a smaller amplitude of optical
variability in stars without close circumstellar material than in
those with inner disks, with the difference of a factor of between
two and four. Conversely, the range of variability in X-rays is
similar in the two cases. This is due to the fact that rotational
modulation of photospheric spots and active regions, typical of
the inner-disk-free sample, results in smaller amplitude modula-
tion than, for instance, variable extinction (Venuti et al. 2015). In
each panel, we also show the results of correlation tests, which,
in general, indicate that there is no obvious correlation between
broad-band X-ray and optical measurements for stars with disks,
though some of the extreme points (obtained from 17 stars) drive
a statistically significant correlation in the X-ray broad energy
band in the stars with inner disks. This is not observed in the
stars without close circumstellar material.

Using the classification of optical light curves provided by
Cody et al. (2014), we obtain deeper insight into the different
mechanisms responsible for coherent optical and X-ray flux vari-
ability. In Fig. 3, we investigate correlations between optical and
X-ray flux variability for those stars with circumstellar disks
whose light curves are classified by Cody et al. (2014). The X-
rays count-rates are indicated separately for the broad-band (up-
per panel), soft band (central panel), and hard band (bottom
panel). It is evident that the stars with large amplitude optical
variability, dominating any possible correlation, are “dipper” or
“stochastic” stars. The results of the correlation tests are shown
for the entire sample and for the “stochastic”+"“dippers” sam-
ple (values inside the brackets), and they indicate that a correla-
tion between optical and X-ray flux variability is possible only
in stars with disks and variable extinction. This is reinforced by
the fact that the “stochastic” stars with large variability in optical
in Fig. 3 have optical dips during the Chandra frames.

5. Variability of the X-ray properties during optical
dips and bursts

5.1. Time-resolved analysis of stellar X-ray properties

The unique data set analyzed in this work allows us to study in
detail how the X-ray properties of disk-bearing stars vary during
events observed in optical, specifically dips due to variable ex-
tinction and bursts due to accretion. Among the 86 stars with
disks observed both with CoRoT and Chandra, 51 are bright
enough in X-rays to allow a reliable analysis of their variability.
Among them, 24 show well-defined flux dips in the CoRoT data,
and 20 show accretion burst signatures, with some stars showing
both properties.

To this aim, we divided each Chandra time frame into
smaller time intervals, defined in order to isolate interesting fea-
tures in the CoRoT light curves, such as dips and bursts. For
each time interval, we then calculated the mean CoRoT flux and
extract the X-ray photons detected during the time interval to
calculate the corresponding X-ray photon flux Fx (in units of
photons cm™2s7!), the hydrogen column density Ny (in units of
10?2 cm™2), the temperature of the emitting plasma kT (in keV),
and the 10%, 25%, and 50% photon energy quantiles (Ejgg,
E>sa, Esoq, respectively, in keV). Flaccomio et al. (in prep.)
demonstrate that E;gq and Esq, are well correlated with the hy-
drogen column density obtained by fitting the observed X-ray
spectra of NGC 2264 low-mass members with 1T or 2T thermal
plasma models, thus being useful probes for the X-ray absorp-
tion affecting the stars. Some of the time intervals are narrow
with few photons observed, but despite the small signal-to-noise
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Fig. 3. Comparison between the flux variability in optical and X-rays as
in Fig. 2, for disk-bearing stars whose optical variability has been clas-
sified by Cody et al. (2014). “Burster”, “unclassified”, “not variable”,
“quasi-periodic”, “long term variable”, and “multi-periodic” stars are
marked with filled dots (red for the “bursters” and black for the re-
mainder), while “stochastic” stars are marked with green X symbols
and “dipper” stars with blue squares. In the upper left corner of each
panel we show the probabilities derived from the correlation tests using
both the entire sample and the dippers+stochastic stars (the latter inside
brackets).

ratio, such small time intervals are necessary to isolate those fea-
tures that we want to analyze.

The X-ray properties in each time interval were calcu-
lated fitting the observed X-ray spectra with 1T and 2T APEC
ionization-equilibrium plasma isothermal model (Smith et al.
2001), assuming the sub-solar elements abundance defined by
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Table 2. He EW from Dahm & Simon (2005) and M,. from
Venuti et al. (2014) of the stars discussed in Sects. 5.3 and 5.4.

Mon-ID Ha EW  Ha shape Mee
A Me/yr

456 13.1 asymmetric
1167 234 4.6 x107°
412 30.7  asymmetric ~1077
717 24.5 2.8x107*
619 94.3 4x1078
491 67.2 3x1078
774 14.3
1076 2.6
808 50.2 asymmetric 1.7 x 1078
370 113.2
326 27.9 1.7x107°
474 104.7
357 8
945 66.3 asymmetric
771 28.9
765 18.2
103 6.4
378 8.5

Maggio et al. (2007), and affected by photoelectric absorption
from both interstellar and circumstellar material treated using the
TBABS model (Wilms et al. 2000). Best-fit models were chosen
with the C-statistic and the quality of the fit is tested using the
Xspec tool goodness. The limit for acceptable fits in this paper
was set to null-hypothesis probability of a good fit (Pg,) equal to
5%. The significance of the parameters obtained with the spec-
tral fit was tested by the analysis of the confidence contours in
the C-stat space with the Xspec tool steppar.

5.2. Disks properties

We analyzed the SEDs of some stars using the online SED fit-
ting tool presented by Robitaille et al. (2007)>. With this tool it
is possible to compare the observed SEDs with a set of YSO
models covering an extensive parameter space, 20 000 models,
each at ten different inclination angles, for a total of 200 000 dis-
tinct SEDs. For the fit, we constrain the source distances to that
of NGC 2264 (760 pc) and explore a wide range of possible ex-
tinctions (from Ay = 0.1™ to Ay = 100™). The best-fit models
are those that satisfy the condition: y* — xZ, < 3, where x2_,
is the reduced chi-square of the best-fit model (as suggested by
Robitaille et al. 2007). Accretion rates and Hao EW of the stars
discussed in this section are taken from Dahm & Simon (2005)
and Venuti et al. (2014), and shown in Table 2.

5.3. Optical dips with increasing X-ray absorption

In this section, we analyze the variability of those stars with disks
with increasing X-ray absorption during the optical dips, that is
where optical extinction and X-ray absorption may increase si-
multaneously. For each of these stars, we show the CoRoT light
curve, with the Chandra frames and the time intervals that we
defined, together with the variability of some of the following
X-ray quantities: Ny in units of 10?2 cm™2, kT, and E;gq and

2 Now available at https://sedfitter.readthedocs.org/en/
stable/

E»sq, in keV. The X-ray spectra observed during the time inter-
vals together with the best fit models are shown in Appendix A;
Appendix D contains the entire CoRoT light curves of all the
stars analyzed in this paper. Each star is labeled with both the
CoRoT ID and the Mon- ID.

Mon-456: Mon-456 (Fig. 4) is an interesting case of simul-
taneous optical and X-ray variability. This Class II K4 star, with
a rotation period of 5.05 days, is moderately accreting and it
is classified as a “quasi periodic dipper” by Cody et al. (2014)
and as a “AA Tau like” star by McGinnis et al. (2015) according
to both their 2008 and 2011 data. The latter authors also ob-
serve increasing reddening of the CoRoT light curve during the
dips, typical of AA Tau (Bouvier et al. 2003), and that several
flux dips appear in the light curve during each rotation period,
suggesting the presence of various secondary accretion streams.
Large optical dips are observed during three Chandra frames
(left panel in Fig. 4):

A deep optical dip is observed in part during the time inter-
val #1.

The intervals #2 and #4 are dominated by X-ray flares.

The time intervals #5 and #6 are characterized by two optical
dips with similar X-ray properties (right panels in Fig. 4).
Time interval #3 has a rising optical light curve.

The time variability of Ny (shown in Fig. 4) and the time-
resolved X-ray spectra (Fig. A.1) suggest a larger Ny during
the dips in #5 and #6 than in the other time intervals, but in
each dip the X-ray absorption is not well constrained. In or-
der to better constrain the X-ray absorption during the dips, we
fitted the average X-ray spectrum over the summed time inter-
val #5+#6 and compare the results with those obtained from
time intervals #2+#3+#4. From the latter spectrum, we obtain
Ny = 030‘” x 1022cm™2 (P, = 0.68), while for the former

Ny = 0467032 x 102 cm™ (Pg, = 0.85), suggesting a larger
hydrogen column density during the optical dips. The >20 sig-
nificance of this difference is confirmed by the contours in the
C-stat space shown in Fig. 4.

There is no evidence for larger Ny during the dip in #1, and
the X-ray spectral fit of the spectrum observed in #1+#5+#6 re-
sults in a poorly constrained fit (P, = 0.002). However, some
evidence for the X-ray spectrum getting harder during this dip
(i.e. increasing E|¢) is presented in Appendix B.

Mon-1167: Fig. 5 shows the optical and X-ray variability
of the M3 disk-bearing star Mon-1167, classified as a “quasi-
periodic stochastic” by Cody et al. (2014) and as an aperiodic
extinction dominated star during 2008 and an “AA Tau analog”
during 2011 by McGinnis et al. (2015). This star is moderately
accreting and its light curve is characterized by:

— Small optical dips in the time intervals #5, #8, and #11, to-
gether with a large optical dip observed only partially during
the time interval #3.

— Optical emission rising during #1 and #2, then steeply falling
in #10.

— No peculiar features are observed in #4, #6, #7, #9, #12.

During the dips, the CoRoT flux decreases by 5.5% (#3), 1.9%
(#5), 2.1% (#8), and 1.3% (#11). The obtained Ny is only sig-
nificantly different from zero only during #3 and #8, although
in #8, the error bar is large and marginally compatible with the
value observed in #7 (right bottom panels in Fig. 5).

The C-stat contours from the spectral fits in the time inter-
vals #3 and #8 support the evidence of a larger Ny during #3,
while a possible solution with Ny = 0 within 68% confidence is
possible during the time interval #8.
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Fig. 4. Optical and X-ray variability of Mon-456. The upper left panel shows part of the CoRoT light curve. The Chandra frames are the unshaded
intervals (the shaded intervals are those not observed with Chandra). The dotted vertical lines delimit the time intervals we defined; the black dots
mark the observed X-ray photon fluxes in the broad-band (circled if, during the given time interval, the source flared in X-rays). The numbers
above the light curve indicate the Chandra Obs.ID of the given Chandra frame (top number), the number of detected X-ray photons (middle
number), and the label (bottom number) of the given time interval. The upper right panels show the variability of selected X-ray properties (in this
case, the hydrogen column density Ny in units of 10>2 cm™2; and the plasma temperature kT, in keV) versus the median CoRoT fluxes observed
in the time intervals indicated by the labels. Empty circles mark intervals with unacceptable X-ray spectral fit. The bottom panel shows contour

levels in the C-stat space enclosing solutions within 68% (solid contour),

90% (dashed contour), and 99% (dotted contour) statistical confidence

from the X-ray spectral fit of Mon-456 during the intervals #2+#3+#4 (red contours) and #5+#6 (black contours). The crosses indicate the values

obtained from the best fit in the latter case.

Mon-412: Fig. 6 shows the optical and X-ray variability
of the accreting M1 Class II object Mon-412, classified as a
“burster” by Cody et al. (2014) and Stauffer et al. (2014). The
CoRoT light curve of Mon-412 may have been contaminated
by a nearby disk-free cluster member more than one magnitude
fainter in / band and falling in the CoRoT mask. CoRoT light
curve (upper left panel) is characterized by accretion bursts and
dips:

— Small optical burst-like features observed in #1, #2, #3, #8.

— Prominent optical burst-like features observed in part dur-
ing #4 and #9.

— In #5, #6, and #7 the optical light curve shows a sequence
of dip-like and/or burst-like features, with the CoRoT flux
being 3.5% lower in #6 than in #5 and #7.

It is not clear from the CoRoT light curve alone whether the vari-
ability observed in the third Chandra frame is due to two optical
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bursts in #5 and #7 or to an optical dip in #6. Some hint is pro-
vided by the variability of the X-ray properties (shown in the
right panels). During the time interval #6, in fact, Ny varies from
Oto 1.2832 x 10%2 cm™2 together with Eo9, Exs9, and Esgg, (the
latter not shown in Fig. 6) reaching the highest values observed
in this star. However, as shown in Fig. 6, the 68% statistical con-
fidence region in the C-stat space for the interval #6 also allows
solutions at low Nyg. We conclude then that there are hints of a
larger X-ray absorption during #6, but this is not significantly
supported by the time-resolved X-ray spectral analysis.

Mon-717: Mon-717 shows a large optical dip (see Fig. 7),
longer than the third Chandra frame and with the CoRoT flux de-
caying by 25.3% (corresponding to an increase (ignoring the size
of the obscuring feature with respect to the stellar disk) of Ay by
0.38™) and a full width at half medium (FWHM) of 0.6 days.
This star is a Class II MO0.5 star that is moderately accreting. The
source is faint in X-rays, with only 10 photons detected during
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Fig. 5. Optical and X-ray variability of Mon-1167. Panel format and content are as in Fig. 4. The contours are shown for the X-ray spectral fit
of the spectrum observed during the intervals #3 (black contours, bottom left panel) and #8 (black contours, bottom right panel). In both bottom
panels, the contours from the X-ray spectral fit in the intervals #1+#2+#4+#6+#7+#9+#10+#12 are shown in red.

the dip and 20 in the previous Chandra frame. The X-ray emis-
sion is, however, harder during the dip than in the other frames,
as suggested by the variability of the photon energy quantiles
(Fig. 7), suggesting that not only the optical emission but also
the X-ray emission is more absorbed during the third Chandra
frame.

Mon-119: the optical and X-ray variability of Mon-119
(spectral type K6, Dahm & Simon 2005), classified as a
“stochastic” star by Cody et al. (2014) and as a star whose vari-
ability is mostly driven by variable accretion by Stauffer et al.
(2016), is shown in Fig. 8. The CoRoT light curve shows several
features:

The optical emission rises by a factor 1.12 during #1, fol-

lowed by a more quiescent phase (#2).

— An intense optical burst occurring between the first and sec-
ond Chandra frames, whose final part is observed in the time
interval #3 (with only 19 X-ray photons detected).

— Two optical dips are observed in the time intervals #4 and #6
separated by a quiescent phase (#5).

— The optical emission is higher during the third Chandra

frame with at least two evident bursts (intervals #7 and #9),

separated by a more quiescent phase (#8).

— The fourth Chandra frame (#10) is dominated by an intense
X-ray and optical flare.

In the two dips (#4 and #6), the CoRoT flux decreases by 8.9%
and 15.7% with respect to the optical emission observed dur-
ing the time interval #5. As shown in the top right panels in
Fig. 8, excluding the flare, Ny is always compatible with zero
in all the time intervals except in the second Chandra frame (#4,
and #6). In order to verify whether a significantly larger Ny is
observed during these two optical dips, we fit the 1T thermal
plasma model to the average X-ray spectrum summing the time
intervals #4+#6. The average value of Ny suggested by the best
fit model is Ny #4 + #6 = 0.21’:8:%2 x 1022 ¢cm™2, which is signif-
icantly larger than zero (and larger than the absorption observed
in the remaining intervals) within a 68% confidence range. This
is confirmed by the contours in the C-stat space (Fig. 8).

Mon-619: Mon-619 is a K8.5V star actively accreting from
its disk, and both Cody et al. (2014) and McGinnis et al. (2015)
classified this star as an aperiodic extinction-dominated star. The
CoRoT light curve of Mon-619 in Fig. 9, shows:

— A large optical dip that dominates the second Chandra
frame (#2).

— Two smaller optical dips or an accretion burst occurring dur-
ing a large dip during #1.
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Fig. 6. Optical and X-ray variability of Mon-412. Panel format and content generally follows Fig. 4. In this case, we show the hydrogen column
density Ny in units of 10?> cm™2, the plasma temperature kT and the 10% and 25% photon energy quantiles in keV, and contour levels in the C-stat
space. The contours are from the X-ray spectral fit of the spectrum observed during the interval #6.
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Fig. 7. Optical and X-ray variability of Mon-717. Panel format and content generally follows Fig. 4. In this case, the 10% and 25% photon energy
quantiles in keV are shown.
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spectral fit of the spectrum observed during the interval #4+#6 (black) and #1+#2+#3+#5+#7+#8+#9 (red).
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Fig. 10. Optical and X-ray variability of Mon-491, with panel format and content generally following Fig. 4. The contours are from the X-ray
spectral fit of the spectrum observed during the interval #4 (black) and #2+#3+#5 (red).

— No evident features are observed in #3 and #4, even if there
are several spikes that may be the consequence of unsteady
accretion.

— A steep decline of the optical emission during #5.

In the dip observed in the second Chandra frame the optical flux
decreases by 10.4%, corresponding to the extinction increasing
by 0.14™. We observe the largest values of E ¢ and E»sq, during
the large dip in the second Chandra frame, suggesting a larger
X-ray absorption during the optical dip. Figure 9 also shows that
the time variability of both the CoRoT and X-ray flux is coherent
and correlated, as expected in AA Tau-like stars. The X-ray spec-
trum of Mon-619 is one of the hardest observed in our sample
(Fig. A.5), with a median photon energy of 3.26 keV, (the typical
value in our sample is 1.3 keV). Given the low X-ray counts, the
spectral fits are not well constrained and thus not discussed.
Mon-491: Mon-491 is a K3V star actively accreting from its
disk, and it has been classified by Cody et al. (2014) as a long-
term variable and by Stauffer et al. (2016) as a star with variable
accretion. The CoRoT light curve of Mon-491 (Fig. 10) shows:

— A rising phase in optical during #1 and #2.

— A very steep optical decline with the CoRoT flux de-
creasing by approximately 20% during the second Chan-
dra frame (#4), after a phase with a more constant optical
flux (#3), which may be due to variable extinction.

— An almost constant optical emission during #5 and #6 and
then declining during #7.

Even if the light curve of Mon-491 does not show dips during
the Chandra frames, we want to verify whether or not during the
decline of optical emission observed in #4, there is evidence for
increasing X-ray absorption. We compare the X-ray properties
of Mon-491 during the intervals where the optical light curve
does not decline (i.e., #2+#3+#5) with those observed during
#4. Ny is smaller during the former time intervals than during

#4 at ~96% confidence: Nyg = 2.14*)91 x 10* cm™ while
Nrgw4ws = 0.987946 x 1022 cm™2. The significance of this dif-
ference is confirmed by the contours in the C-stat space shown
in Fig. 10.

Mon-774: the CoRoT light curve of Mon-774 (spectral type
K2.5, classified as “stochastic” by Cody et al. 2014 with an
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AA Tau phase observed during 2008 and analyzed in detail by
McGinnis et al. 2015), shown in Fig. 11, is characterized by:

A sequence of optical high and low phases in #1, #2, and #3
Two large optical dips, one dominating the third Chandra
frame (time intervals #7 and #8), and one between the first
and second Chandra frames.

An optical dip observed during #10 after a higher phase in
#9.

A small optical dip observed in #5 during the decline phase
from #4 to #6.

The CoRoT flux variation during the dip in #7 is approxi-
mately 16.8%, corresponding to an increase of optical extinction
AAy = 0.2, while the dip observed between the first and second
Chandra frames is less deep, with a 6.4% CoRoT flux variation
(AAy = 0.09™). The variability of the X-ray properties is shown
in the right panels of Fig. 11. Ny is larger than zero in three time
intervals. In the interval #10, the best fit predicts a Ny larger than
zero but the C-stat contours, not shown here, admit solutions
with Ny = 0 within a 68% confidence level; this is, therefore,
not discussed further here.

In the interval #8, Ny is only slightly larger than zero at
68% confidence. Interval #8 is actually part of the large dip that
dominates #7, so the two intervals must be considered together.
However, the X-ray spectral fit of the spectrum observed during
#7+#8 does not result in a well-constrained estimate of Ny, with
solutions ranging from 0 to approximately 0.3x 10?2 cm~2 within
68% confidence.

The small dip isolated in the time interval #5 is more in-
teresting in this respect. The Ny obtained using 2T thermal
plasma model (using a 1T model, the fit is not statistically ac-
ceptable) (1.07*319 x 102 cm™2) is significantly different from
zero and larger than the value obtained from the average spec-
trum (0.54*923 x 10?2 cm™2) at a 68% confidence level, as proved
by the C-stat contours shown in Fig. 11.

Mon-1076: the CoRoT light curve of the non-accreting star
Mon-1076 (spectral type M1), listed as a star with periodic flux
dips in Stauffer et al. (2015), is shown in Fig. 12 and is charac-
terized thus:

— During the second Chandra frame, the CoRoT light curve is
dominated by a large dip (time intervals #2, #3, and #4), with
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Fig. 11. Optical and X-ray variability of Mon-774, with panel format and content generally following Fig. 4. The contours are from the X-ray
spectral fit of the spectrum observed during the interval #5 (left bottom panel) and #7+#8 (right bottom panel). The vertical dashed lines in the top
panel mark the 68% confidence range for the Ny obtained fitting the average spectrum.

a 10.6% CoRoT flux variation (corresponding to an increase
of optical extinction by AAy = 0.15™, see Table 6).

— An optical and X-ray flare is isolated in the interval #3.

— Almost constant optical emission is observed during #1, #5,
and #6 (in the latter case probably with some variability).

The variability of the X-ray properties, shown in the right pan-
els in Fig. 12, suggests a larger Ny observed at the beginning
of the optical dip, compared with the remaining intervals. The
significance of this difference is confirmed in the bottom panel
of Fig. 12, which compares the confidence regions in the C-stat
space obtained from the fit of the X-ray spectrum observed in
the intervals #2+#4 (during the dip) and #5+#6 (after the dip).
The X-ray absorption in the former interval is larger than that
observed in the latter within a 68% confidence.

5.4. Variability of the X-ray properties during the optical
bursts

In this section, we analyze the time-resolved X-ray properties
during the optical bursts. We look for evidence of: i) a soft

component in the X-ray spectrum (below 1 keV) that may re-
sult from the emission of accreting gas in the accretion shock;
and ii) increasing X-ray absorption due to the gas in the accre-
tion streams. Hereafter, we classify the X-ray spectra whose ob-
served X-ray emission below 1 keV is significantly larger than
the flux predicted by the best fit 1T thermal plasma model fit-
ting the observed time-resolved X-ray spectra as explained in
Sect. 5.1 as having “an intense soft X-ray spectral component”.
With few exceptions, we restrict this definition to cases where
the spectral fit using the 1T thermal plasma model is statistically
unacceptable, accounting for the fact that stellar coronae are not
isothermal and 2T models may always be required when there
are enough X-ray photons detected.

To analyze the simultaneous optical and X-ray variability
of stars with optical bursts, we used an approach similar to
that adopted for the stars with dips. For each star, we show a
set of panels including the CoRoT light curve observed dur-
ing the Chandra frames, superimposed with the variability of
the soft X-ray flux, the observed time-resolved X-ray spectra,
and the variability of the following X-ray properties: the plasma
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Fig. 12. Optical and X-ray variability of Mon-1076, with panel format and content generally following Fig. 4. The contours are from the X-ray
spectral fit of the spectrum observed during the interval #2+#4 (black contours) and #5+#6 (red contours).

temperature, the Egq and E,s¢, photon energy quantiles, and the
median photon energy Esoq, for stars with soft X-ray emission
during the optical bursts, or the hydrogen column density Ny for
stars with increasing X-ray absorption during the optical bursts.
Together with the time-resolved X-ray spectra, we show the best
fit thermal plasma model, 1T, or 2T if the fit using 1T thermal
models is statistically unacceptable.

The criterion adopted to search for a soft component (i.e.,
the acceptance level for 1T models) depends on plasma prop-
erties and on the number of photons collected. Since we aim
to monitor the presence of a soft component irrespective of the
photon statistics, for each star, we also analyzed the variability
of the normalization of the soft component over the defined time
intervals. To attempt highlighting only the variation of the nor-
malization of the soft component and thus the variability of the
cold plasma emission measure, for this test we fitted the time-
resolved X-ray spectra with 2T thermal plasma models with
fixed Ny (set equal to the value derived from the known optical
extinction), kT = 0.3 keV (typical of the soft emission from
accretion spots), kTh,qg = 1.6 keV (the typical coronal tempera-
ture of NGC 2264 members). We do not set the plasma temper-
atures and/or the absorption in our search of intense soft X-ray
spectral components during the optical bursts to avoid underes-
timating of the X-ray absorption that would affect our results.

Mon-808: Mon-808 is an accreting disk bearing star with
spectral type K4 (Dahm & Simon 2005) classified as a “burster”
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by Cody et al. (2014) and as a “burst-dominated light curve” by
Stauffer et al. (2014). Its CoRoT light curve during the Chandra
frames (Fig. 13) shows:

Large optical bursts in the time intervals #1 and #2.

Small optical bursts in the time intervals #3 and #8.

A bright optical and X-ray flare dominating the time intervals
#4 and #5 (the latter dominated by the decaying phase of the
X-ray flare).

Possible micro bursts in #6 and #7, with a decline of the op-
tical emission by approximately 3% observed in the latter.

In some of the time-resolved X-ray spectra shown in Fig. 13, the
soft X-ray emission below 0.8 keV is larger than the prediction
of the 1T fitting model, specifically in #1, #2, and #3. The bottom
panel shows how the normalization of the soft component of the
best fit 2T thermal plasma model (with fixed Ny and kT') varies
in the time intervals. The associated errors are too large to allow
us any meaningful comparison.

Table 3 shows the results of the time-resolved spectral analy-
sis, specifically the predicted plasma temperatures, and the null-
hypothesis probabilities resulting from the best-fit 1T and 2T
APEC models. In particular, in the time intervals #1 and #2, the
use of 1T plasma models results in unacceptable fits, while the
quality of the fit improves significantly using 2T plasma models.
In the time intervals #3 and #8, the 1T fit is acceptable (likely
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Fig. 13. Optical and X-ray variability of Mon-808, with panel format and content generally following Fig. 4. There are two differences with respect
to prior figures: i) the upper right panels show the variability of kT and Eyq in units of keV; and ii) the dots in the upper left panel show the
X-ray photon flux in the 0.5-0.8 keV energy band. The central panels show the X-ray spectra observed in the time intervals (dots) with the best fit
1T thermal plasma model (black line), together with the 2T model (red line) when needed. The bottom left panel shows the normalization of the
soft component obtained by fitting the X-ray spectrum observed in the time intervals with the 2T thermal plasma model, with plasma temperatures
fixed at kT = 0.3 keV and kT, = 1.6 keV and Ny fixed at the value obtained from the optical extinction (0.009 x 10?2 cm™2). The bottom
right panel shows the average X-ray spectrum (dots). The dashed red line shows the best fit 1T thermal plasma model, while the blue line is the
2T model.

due in the former to the low X-ray counts), but the fitting ther- emission (below 0.7 keV in the former and below 0.9 keV in the
mal plasma model does not reproduce the observed soft X-ray latter), which are instead well-fitted with the 2T thermal plasma
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Table 3. Predicted plasma temperatures for Mon-808 from the time-
resolved X-ray spectral fits.

Interval kT1 kT2 P(1T) PQ2T)
# keV keV % %
1 0.16f8:3 1.2“_’81‘0‘3 2.1 98.8
2 0. 12’:8:82 4.6_350 0.3 50.0
3 0.87’:8:(')(7) 23.3
4 3.37f8:ig 54.8
5 0.42f§:(})% 2.6“_’(1):2? 0.7 26.8
6 0.97f8:8g 22.2
7 1.00% 5 00 81.1
8 0.94’:8:(1)2 55.4

Notes. The results from the 2T model are shown when the best fit with
the 1T model is poorly constrained.

model. These are the time intervals where we search for soft
X-ray emission due to accretion.

Since we want to constrain the soft temperature as well as
possible, we fit the average X-ray spectrum over the time in-
tervals where an intense soft X-ray spectral component is ob-
served using the 2T thermal plasma model. An acceptable fit
is obtained from the average spectrum observed in #1+#2+#8,
with a soft temperature kT; = 0.15*%% keV (Pg, = 91%), which

~0.04
corresponds to 1.7*307 MK. We obtain the same soft compo-

nent temperature (k7 = 0.14*00 keV) from the average #1+#2
X-ray spectrum, but with a less constrained X-ray spectral fit
(Pg, = 8%). In the approximation of strong shock scenario, the
pre-shock velocity can be calculated from the post-shock plasma

temperature as:

y 16kTpey

v =
pre 3 Lmy

@

where vpy is the pre-shock gas velocity, Tpost the post-shock tem-
perature, and ¢ the mean molecular weight (0.61 in our case).
Adopting the computed soft temperature as Tpog, this calcu-
lation results in a pre-shock velocity of the accreting gas of
352 kms™'. Adopting a stellar mass of 1.2 M, and radius
of 1.7 Ry obtained by interpolating the Siess et al. (2000) PMS
isochrones with the values of Ly, and T.s for Mon-808 (the
former from a bolometric correction on the dereddened / mag-
nitude and the latter from the known spectral type), an age of
4.5 Myr, and the hypothesis of negligible energy loss during
the accretion, this pre-shock velocity corresponds to a free-fall
from a distance of 3.2*]7 Ro, corresponding to 1.9°59 stellar
radii, calculated from the center of the system. The fact that
the pre-shock velocity we obtain is significantly smaller than
the free-fall velocity from infinity (519 kms™') suggests that
the free-fall radius (Rg) is sufficiently well constrained. Its lower
limit is comparable with the disk inner radius (1.4 stellar radii)
which can be predicted by SED analysis (see Sect. 5.1). Since
the light curve of Mon-808 is not periodic, its rotation period
is unknown, and thus we cannot calculate the co-rotation radius
as (GMyu)'? X (Pyar/ 271)2/ 3 However, bearing in mind that this
calculation is strongly uncertain, we note that the free-fall radius
is smaller than the typical co-rotation radii of disk-bearing stars
(5—10 Rgar, Hartmann et al. 1998; Shu et al. 2000). The presence
of a significant soft X-ray spectral component below 0.9 keV
in Mon-808 is also evident in the average spectrum, shown in
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Fig. 13. Together with the observed spectrum (with flares re-
moved), we show the best fit 1T thermal plasma model, which
results in a poor fit (Pg, ~ 0), and the best fit 2T model, which
results in an acceptable fit (Pg, = 55%) with the two plasma
temperatures kT = 0.37*003 keV and kT, = 2.6*03 keV.

Mon-370: the K5 star Mon-370 is among the strongest accre-
tors in NGC 2264, with a Hoe EW approximately corresponding
to the 71% quantile of the He EW distribution of all the accre-
tors in our sample. The CoRoT light curve of this star (Fig. 14)
shows:

— A superposition of intense optical bursts in #4.

— That in #5 we isolate the beginning of the rising phase of
a burst occurring between the second and third Chandra
frame.

— An X-ray and optical flare during #6.

— A decline of optical emission by 9.1% between #9 and #10.

— Myriad small peaks during all the other intervals.

We can speculate that the light curve of this star is affected by
myriad small bursts caused by an intense and chaotic accre-
tion process, with several short-lived accretion streams hitting
the stellar surface at various positions. The X-ray spectra ob-
served in most of the time intervals (shown in Fig. 14) confirm
this scenario, showing an intense soft X-ray spectral component
(typically for energies <0.8 keV, sometimes <1keV). The most
evident soft X-ray spectral component is observed in the time in-
terval #4, characterized by the most intense optical burst and the
lowest E(q observed in this star. A smaller but evident soft X-
ray spectral component is also present in the time intervals #7
and #10, all characterized by several small bursts. The X-ray
spectral fit with 1T thermal plasma model is not well-constrained
in most of the cases (fourth column in Table 4): in the time in-
tervals #1, #2, #4, #7 and #10 P¢, is below the 5% threshold. In
some cases, this is likely due to the fact that we have enough
X-ray photons to resolve different thermal components in the
coronal emission (e.g., #2); in other cases by the presence of an
evident soft X-ray spectral component (e.g. #4). An intense soft
X-ray spectral component is also evident in the average spec-
trum, as shown in the bottom right panel of Fig. 14.

The bottom left panel in Fig. 14 shows the time variability
of the normalization of the soft component using the 2T model
with fixed Ny and kT. The time interval with the largest normal-
ization of the soft component is #5, where we isolate the rising
part of a burst, followed by #6 dominated by a X-ray flare. The
normalization observed in #4 and #7 is instead compatible with
those observed in the remaining intervals.

As for Mon-808, we fit the X-ray spectra of these time inter-
vals with two temperatures plasma models, which better repro-
duce the observed spectra, primarily in the time intervals #4 and
#7, but also in #2 and #10 (see Fig. 14 and Table 4). The tem-
peratures predicted by the best-fit models are shown in Table 4,
together with the pre-shock velocity calculated using Eq. (2)
and the corresponding free-fall launching distance from the cen-
tral star, in units of stellar radii. In the time intervals #2, #4,
#7, and #10, the pre-shock velocity ranges from 242 kms™! to
557 kms~!, sometimes being compatible with the free-fall veloc-
ity from infinity (512 kms~!). In order to better constrain these
parameters, we fit the average X-ray spectrum observed sum-
ming these four time intervals, obtaining a good fit with a 2T
thermal plasma model (Pg, ~ 100%) with kT = 0.16700% keV
and kT, = 1.86f8:§g keV. The soft temperature corresponds to
a pre-shock velocity of 366*5 kms™' from a free-fall radius
of 2.0*22 Ry, The X-ray spectral fit of the average spectrum
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Table 4. Predicted plasma temperatures for Mon-370 from the time-
resolved X-ray spectral fits.

#  kTI kT2 PAT) PQT)  vpe Ry
keV keV % %  kms™' Rya
1 o.o7ﬁ§;§)% 0.90;}% 46 484 242%3; 4.5j§;2-?
2 0.22ﬁ8;(1)g 193408 00 7.8 429170 14731
31.19% 8.7
-0.06
4 0.15t§;g§ 142709 0.0 254 355700 217
5 1.06%01) 12.7
0.41
° 2.59f8_%§ 229 7 87 1.7
+0. +2. + +1.
7 0'14’8'82 245728 0.0 924 34278 22707
8 0.94%) 76.8
-0.11
’ 0.23t§:§§ 3.74 102 148 1.9
10 0207017 2.61%374 013 97.8 409713  1.6%)¢

Notes. The results from the 2T model are shown when the best fit with
the 1T model is poorly constrained. * Ry is calculated assuming M, =
1.13 Mo, Ry = 1.64 Ry, and age =4 Myr.

observed in the entire Chandra observation results in similar

temperatures (kT = 0.19’:8:8% keV and kT, 1.95f8:}§keV).

Bearing in mind that this calculation is approximate, the free-fall
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velocity is smaller than the value from infinity, the upper limit of
Ry is well below both the inner radius of the dusty disk predicted
by the SED analysis (8.9 stellar radii), and the co-rotation radius
calculated adopting the rotation period of 11.84 days (Venuti
et al., in prep.), is equal to 13.8 Ry,

Mon-119: marginal evidence for an intense soft X-ray spec-
tral component during the optical bursts is also observed in Mon-
119 (see Fig. 8). This star has been discussed in Sect. 5.3. We
focus here on the optical bursts during the time intervals #3, #7,
and #9. In particular, as shown in the right panels of Fig. 8,
during #3 and #9, both the plasma temperature and the 10%
and 25% energy quantiles suggest that the corresponding X-ray
spectra are dominated by soft photons (see the spectra shown
in Fig. A4 and also in the variability of Egg shown in Ap-
pendix B). However, given the few X-ray photons detected,
the two spectra are well fitted by 1T thermal plasma models
(Pg, = 84% and 93%, respectively), as well as the average spec-
trum summing these two time intervals (Pg, = 58%).

Mon-326: the MO star Mon-326, whose variability is shown
in Fig. 15, is described as a star whose light curve is dominated
by accretion hot spots in Stauffer et al. (2014). It is not a strong
accretor and in fact its CoRoT light curve does not show many
prominent bursts, except a 0.3 day-long burst observed at the
beginning of the first Chandra frame (time interval #1). In the
first time interval, an intense soft X-ray spectral component is


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629983&pdf_id=15

M. G. Guarcello et al.: CSI 2264: Simultaneous optical and X-ray variability in pre-main sequence stars

0603396438, Mon—474
T

5.6x10° [T T T T T T T T T T T T e
F J1x10%,"
L 14368 13610 13611 1436 B g
316 1208 04112 321 307 2 | o
5.4x10°% 1 2 4 5 8 7 9 10: 11| B i
=~ —9x107° 5
‘u E| ]
g 3 o Mon-474 o Mon-474
a0 —ex10¢= T T T T
& 3 =
£ 5.2x10° 1 S 5 0.88
% .| o
E I 1
= S7x10™ P
2 f > 4 = 0.86
3 E 5 3 & 1
o E .2 = 1 < 0.84
5.0x10° 6x107° 7 pe
© = 3 1
S X 2 082
E 2 6 =
—5x107 T % 0.80
R 2 % P
4.8x10°% [l At il 2 ) fD 0.78 ) )
L 2 3 4 5 6 7 4.86x10° 5.01x10° 5.16x10° 5.31x10° 4.86x10° 5.01x10° 5.16x10° 5.31x10°
ID~JDyar. Corot flux Corot flux
T> Mon-474; Time interval #1 T> Mon-474; Time interval #2 T> Mon-474; Time interval #3 T> Mon-474; Time interval #4
Q aQ [ [}
& & & &
7, 0.0100F 2T model 7, 0.0100 {7, 0.0100 RT model= |4 7 = 0.0100¢ E
2] [2] n wn
E E E E
2 0.0010 1 2 0.0010 2 0.0010 2 0.0010F
[9] Q (9} o
T I © T
g 0.0001F i £ 0.0001F £ 0.0001 E 0.0001¢f
1N o o 5
e} e} o e}
= 1 = 1 = 1 = 1
Energy (keV) Energy (keV) Energy (keV) Energy (keV)
T> Mon-474; Time interval #5 ‘> Mon-474; Time interval #6 ‘> Mon-474; Time interval #7 ‘> Mon—-474; Time interval #8
o vl vl [}
7 0.0100F i1 7 0.0100F <T model= |4 = (0.0100 <T model= |4 7 (.0100F 1
[2] [2] n n
[2] [2] n n
K K E I
2 0.0010F 2 0.0010F 2 0.0010 2 0.0010}
Q 9} 9 9]
3 3 3 3
£ 0.0001F £ 0.0001F £ 0.0001 £ 0.0001F
— — — =
Q o o o
= 1 = 1 = 1 = 1
Energy (keV) Energy (keV) Energy (keV) Energy (keV)
T> Mon-474; Time interval #9 7> Mon-474; Time interval #10 7> Mon-474; Time interval #11
Q aQ [
~ f ~ } -
7 0.0100¢F {7 0.0100} {7 0.0100 ¢ [RT model= |4
2] 2] n
2] [2] n
E E * E
2 0.0010 i 2 0.0010 2 0.0010
o 9] * * 9]
T T * s
£ 0.0001F {1 £ 0.0001} £ 0.0001
1N T o o
e} e} o
c 1 c 1 c
Energy (keV) Energy (keV) Energy (keV)
Mon—-474

4.11x107°

2.74x107°

1.37x107°

NOTTN. o1t componeat

0

0 4

6
Time Intervals

8 10 12

Fig. 16. Time variability of the optical flux and X-ray properties of Mon-474 with the panel format and content as in Fig. 13.

evident (for kT < 0.7keV), and the normalization of the soft
component of the best fit 2T model is larger than in the other
intervals (bottom panel).

The fit with a 2T plasma model of the X-ray spectrum ob-
served in the first time interval (shown in Fig. 15) better repro-
duces the observed soft X-ray emission below 0.7 keV, with the
null-hypothesis probability increasing from almost zero to 34%.
In #1, the soft temperature obtained from the best fit 2T model
is kTyon = 0.15700 keV. Using Eq. (2), this temperature cor-

, compatible

responds to a pre-shock velocity of 355*192 kms™!
with the free-fall velocity from infinity (395 kms™!).

Mon-474: Fig. 16 shows the variability of Mon-474, the
only G-type star (Dahm & Simon 2005) analyzed in this section,
which is actively accreting from its disk. This star was listed as
a star with accretion bursts in Stauffer et al. (2014). The CoRoT
light curve during the Chandra observations (but also in the re-
mainder) is dominated by several small bursts:

— An intense optical burst dominates #4 with the optical emis-
sion increasing by 3.8%.

— In #5, we isolate a transition from the large optical burst ob-
served in #4 and a sequence of small bursts.
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Table 5. Predicted plasma temperatures for Mon-474 from the time-
resolved X-ray spectral fits.

Interval T1 T2 P(1T) PQ2T)
keV keV % %
1 0.66f8:;§ 2.65:'):2‘5‘ 1.9 88.0
2 2.0lfgz% 63.7
0.24
3 087757 231 190 1.7 79.4
2
4 1.80f8'lg 76.5
0.26
5 l.80fg423 s 98.7
1 :
6 02575, 216775 0.5 26.9
0.21 1.15
707855 2272 3.5 64.2
1.68
8 5.05% 0 83.6
0.25
9 20153 11.0
0.54
10 3.06%57, 13.2
11 0.54t8:?g 6.73_5 5 0.0 8.4

Notes. The results from the 2T model are shown when the best fit with
the 1T model is poorly constrained.

— The intervals #1, #2, #3, #6, #7, #10, #11 are dominated by
several small optical bursts.
— A bright optical and X-ray flare dominate #8 and #9.

The time-resolved X-ray spectra (central panels of Fig. 16) show
an intense soft X-ray spectral component below 1 keV in the time
intervals #1 and #6. This may also be present even if less evident
during the interval #7. No evident soft X-ray spectral compo-
nent is observed during #3 and #11. The X-ray spectra observed
in some of these intervals such as #6 and #7 are not well-fit
with 1T thermal plasma models, and they also show soft X-ray
photon energy quantiles. Table 5 shows the plasma temperatures
predicted by the best fit 1T or 2T (when the former is poorly
constrained) plasma model and the associated null-hypothesis
probabilities.

Repeating the calculation made for Mon-808 for Mon-474
and adopting a stellar mass of 1.9 M and a radius of 4.04 R,
we obtain a pre-shock velocity of the accreting material of
744f§§ , km s~ in time interval #1 and 458”_’5‘21 kms~! in time in-
terval #6, both compatible with the free-fall velocity from infi-
nite distance from the star (423 kms™!).

Mon-357: the variability of the K5 star Mon-357 is shown
in Fig. 17. Even though it has a small He EW, this star has a
CoRoT light curve dominated by several burst-like features of
various intensities:

A bright optical and X-ray flare is observed during the time
interval #1.

Large optical bursts are observed during #5, #6, #7, and #9.
Small optical bursts are observed during #2 and #10.

No interesting features are observed during #3, #4, and #8.

The variability of the X-ray properties (Fig. 17) suggests that the
X-ray spectrum becomes softer and the X-ray emitting plasma
colder with increasing CoRoT flux (ignoring the flare). The
Spearman’s rank correlation test is significant for k7" (correlation
coefficient p = —0.72 and the two-side significance of its devi-
ation from zero P(p) = 0.03), E»s9, (0 = —0.78, P(p) = 0.01),
and Esgq, (0 = —0.70, P(p) = 0.04), while it is not significant for
Eo%, suggesting that the observed variability is dominated by
accretion. Intense soft X-ray spectral components in the time-
resolved X-ray spectra are observed in some intervals. In #7,
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when the CoRoT light curve is dominated by a superposition of
small bursts, it is necessary to adopt a 2T thermal plasma model
to obtain a good fit (Pg, = 3.3% with the 1T model, 93.2% with
the 2T model). No useful information is provided by the time
variability of the normalization of the soft component of the best
fit 2T model (not shown) because of the large associated errors.

The X-ray spectrum during #7 shows a peak of soft X-ray
emission at approximately 0.7 keV. The soft temperature pre-
dicted by the best fit 2T thermal plasma model is well con-
strained, equal to 0.06’:8:85 keV. Since Chandra/ACIS-I is not
sensitive to such soft emission, we do not calculate the pre-
shock velocity from this plasma temperature. However, it must
be noted that a similar value for the temperature of the soft com-
ponent is also obtained from the average spectrum among those
intervals with large bursts: #5+#7+#9+#10 (P¢, = 0.10), sug-
gesting that the soft part of the X-ray spectrum of Mon-357 is
dominated by emission from the accretion spots.

In Fig. 17 we show the average X-ray spectrum of Mon-357
with the best fit 1T (Pg, = 0%) and 2T (Pg, = 88%) thermal
models. The presence of an intense soft X-ray spectral compo-
nent is evident.

The search for increasing X-ray absorption during the opti-
cal bursts has been less prolific. This is, however, not surpris-
ing given that this effect can be observed only if the accretion
streams obscure the coronal active regions when the accretion
hot spots are clearly visible, which is strongly dependent on the
geometry of the accretion and the distribution of the active re-
gions in the stellar corona. In only two cases (Mon-945 and Mon-
771), described below, is there evidence for such a correlation.

Mon-945: Mon-945 is a K4 accreting star, with evidence
for a larger veiling when the star is optically brighter, which
supports the classification as “burster” by Cody et al. (2014)
and Stauffer et al. (2014). The CoRoT light curve during the
Chandra observations is dominated by a large number of bursts
(Fig. 18):

— Optical bursts are observed in #2, #5, #8, #9, and #10.

— #1 and #7 show dip-like optical features, more prominent in
the former interval.

— #3, #4, and #6 are dominated by optical and X-ray flares.

The bottom panels of Fig. 18 show the X-ray spectra observed
during the time intervals, where there is no evidence of in-
tense soft X-ray spectral components. However, of particular
interest is the burst/flare observed during time interval #3. The
identification of this event as an X-ray flare by our automatic
routines is uncertain given that the rising part is not observed
by Chandra, as it lies between the first and second Chandra
frames, and we observe only the decaying phase at the begin-
ning of the second Chandra frame (the time interval #3). Addi-
tionally, in #3 we observe the highest value of X-ray absorption

(Ng = 0917012 x 102 cm™2) and a low plasma temperature
(kT = 0.937%9keV), similar to that observed in other inter-

-0.16 -} ) X X
vals. These properties are more compatible with an accretion

burst rather than an X-ray flare, with increasing X-ray absorp-
tion due to the accreting gas falling into the line of sight. This
is the only time interval where the Ny obtained from spectral fit
is significantly larger than zero, together with that observed in
#5 (Nyg = O.47fg:f2 x 102 cm™2) during which the CoRoT light
curve shows several bursts. Figure. 18 also shows the contours
in the C-stat space obtained for Mon-945 during the time inter-
vals #3 and #5, supporting the evidence for larger Ny.
Mon-771: the moderately accreting K4 star Mon-771 was
not classified as a “burster” by Cody et al. (2014). However, its
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Fig. 19. Time variability of the optical flux and X-ray properties of Mon-771 with the panel format and content as in Fig. 4. Contour levels in
the C-stat space corresponding to the 68%, 90%, and 99% statistical confidence regions from the fit of the X-ray spectrum of Mon-771 observed
during the time interval #6 (black contours) are compared to that obtained from the average spectrum observed during the remaining intervals
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CoRoT light curve during the Chandra observations (Fig. 19) is
characterized by several small bursts:

— During #1, the optical emission declines by 5.5%, with a
subsequent slow-rising phase longer than the whole Chan-
dra observation.

— An intense optical burst is observed during #6.

— Small optical bursts are observed during #2 and #4.

— The small interval #8 is dominated by the rising part of an
optical and X-ray flare.

— No interesting features are observed during #3, #5 and #7.

The time-resolved X-ray spectra are well fitted by 1T ther-
mal plasma models except in #1, #2, and #4. In #1, an intense
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soft X-ray spectral component between 0.7 keV and 1keV may
be present. The fit with a 2T thermal plasma model predict-

ing Ny = 0.21f8:;? x 1022 cm™2, kT, = 0.31f8:?g keV, and

kT, = 2.59’:3:33 keV is acceptable (Pg = 31.5%). Repeating the
calculation for the pre-shock velocity, we obtain a value com-
patible with the free-fall velocity from infinity. Similar results
are obtained for #4, where the spectral fit using the 2T thermal
plasma model is good (Pg, = 66.9%); it predicts Ny = 0.0703% X
102 cm™2, kT, = 0.68f8'§g keV, and kT, = 2.69f‘1"§i keV. The
spectral fit for the time interval #2 is poorly constrained even
using 2T thermal plasma models (Pg, = 0.3%).

Some evidence of an intense soft X-ray spectral compo-
nent is shown in the average spectrum (Fig. 19). The fit of the
X-ray spectrum with the 1T thermal plasma model is poorly con-
strained (Pg, = 0.0), while an acceptable fit is obtained with the
2T thermal model (Py, = 13%). This predicts a soft tempera-
ture of kT, = 0.86’:883 keV, which is more likely a cool coronal
component.

The variability of the X-ray properties during the defined
time intervals is shown in the upper right panels of Fig. 19. They
suggest that the X-ray absorption is higher in the time inter-
val #6, dominated by an intense burst. The C-stat contour lev-
els shown in Fig. 19 confirm this conclusion. The Ny obtained
during the time interval #6 is the only one different from zero
at >90% confidence level, and it is significantly larger than the
X-ray absorption obtained from the average spectrum observed
in the remaining intervals (Ny = 0.0*00% x 10> cm™2, excluding
#8 dominated by a flare).

5.5. Stars with disks with periodic and quasi-periodic
variability

Periodic optical and X-ray variability can be observed in stars
with disks. The emission from accretion hot spots, stellar occul-
tation by circumstellar material, optical darkening due to photo-
spheric dark spots, and enhanced X-ray emission due to coronal
active regions can be modulated by stellar rotation. In the sample
of NGC 2264 stars with disks observed with CoRoT and Chan-
dra, six stars show periodic behavior in the CoRoT light curve,
and three among them (discussed below) have coherent optical
versus X-ray flux variability (Fig. 20).

Mon-765: Mon-765 is a moderately accreting K1 star. The
CoRoT light curve (top left panel in Fig. 20) shows periodic vari-
ability with a period of ~2.7 days. The variability of the X-ray
properties is shown in the upper right panels. The plasma tem-
perature does not show significant variability with the exception
of the interval #2. The variability of the X-ray and CoRoT fluxes
is anticorrelated, as confirmed by a Spearman rank correlation
test (o = —0.82, P(p) = 0.02). Rather than rotational modula-
tion of accretion hot spots or stellar occultation, this behavior is
more likely due to rotational modulation of spatially coincident
photospheric dark spots and coronal active regions.

Mon-103: the hypothesis made for Mon-765 also holds for
Mon-103, a non-accreting K6 star whose variability is assumed
by Stauffer et al. (2016) to be due to cold spots. This star has an
evacuated inner disk as suggested by its near-infrared colors. The
CoROoT light curve of Mon-103 is very regular (central left panel
in Fig. 20) and a statistically significant anticorrelation between
the optical flux variability and both the X-ray flux and median
photon energy variability (respectively, p = —0.89, P(p) = 0.006
and p = -0.78, P(p) = 0.04, in both cases removing the first
three time intervals dominated by flares).
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Mon-378: Mon-378 is a K5.5 star with a different behavior
from Mon-765 and Mon-103. As reported by Cody et al. (2014),
the light curve of this star is likely periodic with superimposed
fading episodes probably due to increasing circumstellar extinc-
tion. This star has been listed as a star with periodic flux dips
in Stauffer et al. (2015). The CoRoT light curve during the four
Chandra frames (bottom left panel of Fig. 20) is observed in a
decaying phase, which is part of its “periodic” behavior. We do
not observe evidence of increasing X-ray absorption during the
decline of optical emission, since during all the defined time in-
tervals the X-ray spectral fit admits solutions at low Ny within
68% confidence. However the lower right panels show that the
optical flux variability is correlated with the X-ray flux variabil-
ity (o = 0.94, P(p) = 0.004). This behavior is compatible with
the scenario of recurrent occultation of the central star by cir-
cumstellar material.

5.6. Summary of observed simultaneous events

The total number of stars with disks analyzed in this paper with
good detection using CoRoT and Chandra (i.e. Sects. 5.3-5.5
and Appendix C) is 51:

A total of 24 stars are analyzed as “dippers”, that is, they
show dips in their CoRoT light curves occurring during the
Chandra observations. Among them, in the 7 stars discussed
in Sect. 5.3 X-ray absorption increases during the optical
dips.

— 20 stars are analyzed as “bursters”, that is, their CoRoT light
curves show rapid bursts occurring during the Chandra ob-
servations. Among them, 5 stars show an intense soft X-ray
spectral component typically below 1 keV during the optical
bursts, while 2 stars show increasing X-ray absorption dur-
ing the bursts (Sect. 5.4). It must be noted that 9 stars are
analyzed both as “bursters” and “dippers”.

— 6 stars have periodic CoRoT light curves.

— 8 stars are not analyzed because: i) they do not show any

dominant phenomenon; or ii) X-ray detected photons are too

few; or iii) their CoRoT mask is contaminated by nearby
bright sources.

It is important to understand whether or not the observed varia-
tions of Ny in the time intervals are due to statistical fluctuations
rather that real variability. To this aim, we compare the occur-
rence of time intervals, including flares but excluding intervals
with poor X-ray spectral fits, where Ny is larger (within at least
1o significance) than the average absorption estimated by spec-
tral fitting to the average spectrum of each star. For the seven
stars discussed in Sect. 5.3, we define 60 time intervals in total,
and the X-ray absorption is significantly larger than the individ-
ual average value in 13 of those intervals (21.6% of the cases),
and only in two cases (3.3% of the cases) do the CoRoT light
curves do not decline or show dips during the intervals. In the
other stars analyzed as “dippers”, Ny is larger than the individ-
ual average value in 4 time intervals of the 103 defined (3.9%); in
2 of which, the optical emission decreases. Considering, collec-
tively the stars analyzed as “bursters”, those with periodic vari-
ability, and those not analyzed, Ny is larger than the individual
average value in 17 time intervals over 145 defined (11.7%), but
only in 5 cases (3.4%) do the CoRoT light curves clearly not de-
cline or show dips. In these stars, Ny is observed to be variable
compared to the individual average value in half of the time in-
tervals with respect the stars analyzed in Sect. 5.3. Considering
that stars with bursts and those not analyzed due to there been
too few detected X-ray photons can show intrinsically variable
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X-ray absorption; this strongly suggests that observed variability
of X-ray absorption in these stars is not dominated by statistical
fluctuations.

It is easier to verify that the observed soft X-ray spectral
components below 1 keV in the five stars analyzed in Sect. 5.4
are not due to statistical fluctuations. Such spectral component
is in fact observed in 13 time intervals over 43 defined for these
stars (occurrence of 30.2%). Considering all the other stars an-
alyzed in this paper, we observe 5 possible soft X-ray spectral
components below 1 keV (in three cases in stars analyzed as
bursters) over 283 time intervals (1.7% of the cases).

6. Discussion and conclusions

In this paper, we analyze the simultaneous variability in optical
(from CoRoT) and X-rays (from Chandra/ACIS-I) of stars with
disks in NGC 2264, focusing on two samples of stars, those with
dips in their CoRoT light curve due to variable extinction, and
those with optical bursts due to accretion.

6.1. The Ny/Ay ratio during the optical dips

The hypothesis that stars with disks can be affected by vari-
able extinction due to circumstellar material was first introduced
by Joy (1945) and Herbst et al. (1994). If circumstellar material
is part of large warps at or inside the co-rotation radius in the
disk, then the occultation occurs recurrently over several peri-
ods, and the dips are deep. These systems are named “AA Tau
like” after star that was the precursor of this class (Bouvier et al.
1999). The CSI 2264 project has also revealed that much shorter
and irregular optical dips can be observed in disk-bearing stars.
Stauffer et al. (2015) demonstrate that the most likely explana-
tion for narrow and aperiodic dips is the occultation of the central
star by dust trapped in unsteady accretion streams, while larger
dips are more likely due to disk warps.

However, in those cases where simultaneous increase of op-
tical extinction and X-ray absorption is observed, as discussed
in Sect. 5.3, we can attempt to understand the nature of the ob-
scuring material discriminating between dust-free (likely asso-
ciated with accretion columns) and dust-rich (likely associated
with disk warps) material. Two approaches can be adopted.

One method developed by Stauffer et al. (2015) consists of
calculating the ratio between the FWHM of the observed dips
and the stellar rotation period. The distribution of this ratio is,
in fact, observed to be bimodal. Short dips (FWHM gip/Pstar <
0.25, where FWHM g, is the FWHM of the observed dip and Py,
the stellar rotation period) are due to occultation by accreting
material. Long dips (FWHM gip/Psiar > 0.25) are instead due to
occultation by disk warps. We can adopt the rotation periods of
NGC 2264 members calculated by Venuti et al. (in prep.) from
CoRoT light curves, and calculate the FWHM of the observed
dips fitting the dip profile with a Gaussian function.

It is also possible to infer the nature of the obscuring ma-
terial by calculating the Ny/Ay ratio during the dip. Warps are,
in fact, located in the inner part of the circumstellar disk, near
the co-rotation radius. If the co-rotation radius is larger than
the dust sublimation radius, the Ny/Ay ratio should be that typ-
ical of dust-rich circumstellar disks, assumed to be 1.8—1.9 X
10?! cm™2 mag‘1 (Burstein & Heiles 1978; Bohlin et al. 1978).
The Ny/Ay ratio is expected to be larger in dust-depleted ac-
creting material, since only the small ~um dust particles can be
dragged into the gas streams, sublimating as soon as the temper-
ature reaches 1000-1500 K.
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We can infer the Ay necessary to reproduce the observed de-
cline of CoRoT flux from the optical flux absorbed during the
dip, calculated as the difference between the CoRoT flux ob-
served at the top and at the bottom of the dips, adopting a pho-
tometric zero point of 26.6™ to convert the CoRoT fluxes into R
magnitudes, valid for all members brighter than R < 14™ (Flac-
comio et al., in prep.), and the extinction law in R band from
Munari & Carraro (1996). We then compare this with the differ-
ence ANy gip between the average X-ray spectrum (Ngayer) and
Ny observed during the dip, obtaining Ny/Ay.

In this calculation, we make a number of assumptions; we
assume that both the photosphere and the coronal active regions
are obscured by the same structure, or structures with the same
composition; we ignore the size of the obscuring structure with
respect to the star and we assume that the disk’s composition and
column density is homogeneous. We also ignore in fact that the
inner disk is irradiated by energetic UV and X-ray radiation from
the central star and that it may photoevaporate (e.g. Clarke et al.
2001; Pascucci et al. 2011). This process reduces the amount of
gas and likely also the amount of small dust particles in the disk,
affecting the Ny/Ay ratio of the warps.

This calculation is performed over the seven optical dips dis-
cussed in Sect. 5.3 where optical extinction and X-ray absorption
are observed to increase simultaneously. The physical properties
of these dips are summarized in Table 6. In this table, each row
corresponds to an observed dip, each star is identified using the
“Mon-"" name defined by Cody et al. (2014), and we also indicate
the time interval containing the observed dip. The CoRoT flux
variability during the dip is calculated as (1 — (Fiow/Fup)) X 100,
where Fio,, and Fy, are the CoRoT fluxes observed at the bot-
tom and the top of the dip, respectively. Similarly, the vari-
ation of the soft X-ray photon flux AFx s is calculated as
(1 = (Fxpre/ Fx.dip)) X 100, where Fx pr. is the X-ray soft photon
flux observed during the time interval before the dip and Fx gip
during the dip. Pgar, Av, ANHdip, NHaver, and the FWHMyg;;, are
obtained as previously explained. In Table 6, the X-ray proper-
ties of the dips observed in Mon-119 are the same since Ny is
obtained by combining the X-ray spectra observed in the two
dips.

An approximate distinction between dips caused by dust-
rich and gas-rich material can be made selecting the dips with
Np/Ay < 10*' em™? mag™! and Ny/Ay > 10?° cm™2 mag™', re-
spectively. This classification is shown in Fig. 21, where dips due
to material with different gas-to-dust ratios are marked with dif-
ferent symbols. The two points corresponding to Mon-119 show
the values measured during the time intervals #4 and #6, con-
taining two dips.

Only in one dip (Mon-119, interval #6) is it the case that the
absorbing material may be dust-rich compared to the other dips
(but gas-rich compared with the typical interstellar material). In
three out of seven dips the absorbing material is likely dust-
depleted, as expected in accreting material, while the remaining
four have intermediate composition. This is confirmed by the
distribution of Ny/Ay versus FWHMy;p/Pstar, shown in Fig. 22.
Symbols mark dips with different gas-to-dust ratios as in Fig. 21.
All the dips studied in this paper have FWHMyip/Pgiar < 0.2,
as expected from occultation by narrow accreting columns. In
Fig. 22, the anticorrelation between Ny/Ay and FWHMgip/ Pytar
is not statistically significant, according to a Spearman rank cor-
relation test. However, it is interesting to note that the dips due
to the most and least dusty obscuring material (i.e., the high-
est and lowest Ny/Ay ratio), correspond to the largest and the
smallest FWHM i,/ Py ratio, respectively, in agreement with the



M. G. Guarcello et al.: CSI 2264: Simultaneous optical and X-ray variability in pre-main sequence stars

L L L B A N N
2.0+ [ ’ -
| ’
L | ,/ 4
L | gas-rich / J
| | 1076 i
| NS
L K K |
1.5 ‘ o
F ! // -
L S ]
L 412 / i
S g ]
1
8 1.0k ! /,’ intermediate _
- [ 1167/ 1
jas) Eo 4
[} I
L , |
h ’
F ‘v , 4 456 T
0.5+ 1 )/ |
1 ’
L ,
| ’ o
Mo ,/ 119 119 - ---
I , S
oo, R |
': / )_7,_,—" ust—rich 4
0.0F#-""7" .
b b b e e b e b e
0.00 0.05 0.10 0.15 0.20 0.25 0.30
A, (mag)

Fig. 21. Ny vs. Ay observed in the optical dips listed in Table 6. The
lines delimit the three loci populated by dips caused by dust-rich and
gas-rich material and with an intermediate gas to dust ratio. The labels
indicate the stellar Mon-ID.

hypothesis that dips with larger FWHM;p/Pgar are expected to
be produced by dust-rich obscuring material.

The lack of dips due to dust-rich material is very likely a se-
lection effect, since we are studying dips occurring in timescales
comparable with the Chandra frames, missing those with larger
FWHMyg;, which are expected to be produced by disk warps. Ad-
ditionally, stars occulted by large disk warps are typically faint
both in optical and X-rays, so it is not possible to calculate Ny
(as in Mon-619 and Mon-717). We are also not particularly sen-
sitive to small variations of Ny. Taking all these effects together,
we conclude that our results are clearly biased toward narrow
dips due to the accretion stream.

6.2. Global properties of the observed dips

In the seven dips analyzed in Sect. 6.1, the fraction of absorbed
CoRoT flux ranges from 3.5% (corresponding to an increase of
optical extinction by 0.05™) to 15.7% (Ay increasing by 0.22™),
with a mean value of 9.3% (the largest CoRoT flux variation
observed in the 33 stars with variable extinction is 58.1%, corre-
sponding to Ay increasing by 1.13™). The FWHM of these seven
dips ranges from 0.2 to 2.7 days; six dips are very narrow, with
a FWHM ranging from 0.2 to 0.5 days.

More details on the connections between the optical and
X-ray variability during these seven dips are shown in Fig. 23.
As shown in the left panel, ANggjp varies by over a factor of
approximately 6 while the FWHMy;, does not change signif-
icantly. The only exception is the dip observed in Mon-1076,
which has both the largest FWHMg;, and ANy gip of the sample.
This may suggest that the FWHMg;; is related to the extent of the
obscuring material with respect to the stellar disk, and a larger
extension does not necessarily imply a larger hydrogen column
density.

As expected, there is a correlation between ANy and 10%
photon energy quantiles observed during the dip (not shown
here). A weak correlation is still observed when comparing the
10% photon energy quantile observed during the dip (E1o%dip)
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Fig. 22. log(Nu/Ay) vs. the ratio between the FWHM of the observed
dips and the stellar rotation period. The labels indicate the stellar

Mon-ID.

with that observed in the average spectrum (Eogaverage)- A dif-
ferent result is obtained comparing the extinction increment AAy
with the E1ogdip/E10%average Tatio: the increment of optical ex-
tinction is larger in those dips with small variations of the 10%
photon energy quantile with respect to the average X-ray spec-
trum. The anticorrelation is significant based on a Spearman rank
correlation test.

The direct observation of increasing X-ray absorption dur-

ing the optical dips is important for two reasons. First, X-rays
have an important role in regulating disks evolution. Disk pho-
toevaporation, which is one of the main mechanisms responsi-
ble for the dissipation of circumstellar disks (Hollenbach et al.
2000; Alexander et al. 2006) can be induced by incident X-ray
photons, which ionize the gas, raising the disk temperature
up to ~10*K within 1 AU of the central star (Ercolano et al.
2008). The resulting high thermal pressure launches a photo-
evaporation wind, which results in significant mass loss from
the disk. Additionally, the more X-ray photons absorbed by
the circumstellar disk, the larger the ionization fraction in the
disk, and the more efficient the coupling between disk and stel-
lar magnetic field, enhancing magneto-rotational instabilities
(Balbus & Hawley 1991), and thus enhancing the radial trans-
port of gas across the disk. In this context, it is of particular im-
portance to directly observe that stellar X-rays can be efficiently
absorbed by the circumstellar material in the inner disk. To date,
the only evidence of interaction between energetic particles and
protoplanetary disks is the observation of fluorescent emission
lines (Tsujimoto et al. 2005). Second, optical and X-ray flux
variability is observed to be correlated only in stars with inner
disks and/or actively accreting stars (Sect. 4.2 in this paper and
Flaccomio et al. 2010). This correlation is interpreted as due to
simultaneous occultation of the stellar photosphere and corona
by the circumstellar material. Our study supports this hypoth-
esis and provides further evidence of increasing X-ray absorp-
tion during the occultation of the central star by circumstellar
material.
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Fig. 23. Optical and X-ray properties of the dips where we observe an increasing X-ray absorption, described in Table 6. The left panel shows
Ny versus FWHM of the dips, the central panel shows ANy due to the dips versus the ratio between the 10% photon energy quantile Ejgq
observed during the dip and that in the average X-ray spectrum, and the right panel shows AAy increment observed during the dip versus the
E10% dip/ E10% average Tatio. In all three panels, different symbols are used to mark dips with different Nu/Ay ratio and the labels show the stellar

Mon-IDs.

Table 6. Properties of the analyzed optical dips.

Star Interval AFcoror AAy ANy dip NH aver Nu/Avy FWHMdip Pgar FWHMdip/Pstar AFX’SOft
MON-name % mag 102 cm™2 102 cm™2 1022 cm™?m™! day day %
119 4 8.9 0.12  0.21*9% 0003 1.75 0.2 33 0.06 36.4
119 6 157 022 0217)% 0+003 0.95 0.4 33 0.12 —45.2
412 6 35 0.05 1.16*315  0.047008 232 0.2 6.8 0.03 13.7
456 6 152 021 051*% 0003 2.4 0.3 5.1 0.06 3.7
774 5 57 008 053733 05402 7.57 0.2 35 0.06 5.9
1076 2 10.65 0.15 167798 000 11.4 2.7 -7.1
1167 3 5.5 0.07 0.79*32 0+006 10.7 0.5 8.8 0.05 41.3

6.3. Accretion properties in the stars with optical bursts

In Sect. 5.4, we analyze the stars showing evidence of increas-
ing soft X-ray emission during the optical bursts. In Fig. 24, we
investigate whether such a correlation exists during all the op-
tical bursts and in the X-ray spectra of all the accretors, even
when optical bursts are not observed. To this aim, we fit the
X-ray spectra of all the non-accreting stars (Class III objects
and the Class II objects with passive disks, see Sect. 3.3), and
the time-resolved X-ray spectra observed in accreting stars dur-
ing the optical bursts and in intervals not containing bursts, us-
ing 2T thermal plasma models. We calculate, then, the ratio be-
tween the normalization of the soft and the hard components
(Norm.gost/Norm.parg) for each spectrum. The result is shown in
Fig. 24, where accreting and non-accreting stars are marked with
different symbols, and only the results from statistically signifi-
cant fits are shown. Even though in Fig. 24 we plot the soft tem-
peratures down to ~0 keV, we reiterate that Chandra is not sensi-
tive to very soft X-ray emission, and thus values of k7o below
~0.1 keV must not be fully trusted. The first result is that in both
panels, Norm.sn/Norm.p,q is typically larger in accreting stars
than in non-accreting stars. A K-S test in both cases indicates
that this difference is significant. While in the bottom panel, all
the time-resolved spectra with Norm.or/Norm.p,q > 500 have
kT < 1 keV, which cannot be fully trusted; only a small frac-
tion of the time-revolved spectra during the bursts (top panel)
have kT < 1 keV. This provides evidence for a larger emission
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measure of cold plasma in accreting stars than in stars with
no accretion, and confirms the importance of the time-resolved
spectral analysis using the optical light curves as a template to
isolate the time intervals with optical bursts occurring.

Our study also sheds some light on the geometry of accretion
in the analyzed stars. It is generally accepted that gas accretion
from the inner region of circumstellar disks is driven by stel-
lar magnetic field. Several magnetohydrodynamic models (e.g.,
Kulkarni & Romanova 2008; Romanova et al. 2013) show that
a stellar dipolar magnetic field inclined with respect to the ro-
tation axis produces two stable accretion streams from the inner
region of the disk, near the truncation radius, that impact the stel-
lar surface at near free-fall velocity. This is the “stable accretion”
scenario, in which the emission from the hot spots (from optical
to soft X-rays) is modulated by stellar rotation in a stable and
periodic pattern (McKinney et al. 2012; Cemeljié et al. 2013).

Other existing models (i.e., Romanovaetal. 2012;
Kurosawa & Romanova 2013) show that accretion can also oc-
cur in an unstable regime, when Rayleigh-Taylor instabilities
occurring at the disk-magnetosphere boundary result in short-
lived accretion streams falling on the stellar surface (see also
Colombo et al. 2016). In this case, the optical light curve is dom-
inated by random, short accretion bursts such as those analyzed
in Sect. 5.4 and by Stauffer et al. (2014), whose typical duration
is of a few hours, smaller than the rotation periods of stars and
thus not compatible with stable accretion streams.
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Fig. 24. Ratio between the normalization of the soft and hard compo-
nents of the best fit 2T thermal plasma model vs. the corresponding soft
temperature of the X-ray spectra of the non-accreting stars (Class III
and Class II objects with passive disks) and that observed in stars with
optical bursts in the time intervals with bursts (upper panel) and in those
with no bursts (bottom panel).

In some of the stars analyzed in Sect. 5.4, that is, those
with an intense soft X-ray spectral component observed during
bursts, we can measure the temperature of the plasma respon-
sible for the emission of soft X-rays (kTs) during the bursts,
which we assume to be associated with the hot accretion spots.
Table 7 shows the values of kT, and the properties of the accre-
tion streams obtained in these bursts, the resulting values of the
pre-shock velocity and free-fall radius, together with the free-
fall velocity from infinity and the known Ha equivalent width.
The free-fall radius is omitted in those stars where the pre-shock

Table 7. Accretion properties of the stars with soft X-ray emission dur-

ing the optical bursts.

Star  Interval kT ot Upresh Rgr Voo EWqy
Mon- # keV kms™!  Rgy kms™! A
326 1 0.15f8:ég 355’:%‘@ 394 279
357 7 0.06*00,

370 2,4,7,10 0.16f8;8§ 366:%3 2.0’:5:2 512 113.2

0.16 85

474 1 0.667 752 744753, 423 104.7
474 6 0.25f8:(1)8 458f§‘2‘ 423 104.7
808 1,2,8 0.15f8:82 351:612 1.9’:5:2 519 50.2

Notes. Typically the co-rotation radius R, iS 5—10 Ry, in T Tauri stars.
In Mon-326 R is 12.3 Ryar

velocity is not constrained (i.e., when it is compatible with the
free-fall velocity from infinity).

In three cases, the soft temperature is approximately
0.15 keV (Mon-326, Mon-370, and Mon-808), with the highest
soft temperatures observed in Mon-474 and the lowest in Mon-
357. The calculated pre-shock velocities vary over a wide range,
although being well constrained only in two stars, Mon-370 and
Mon-808. In these two cases, vpresh 15 Telatively similar (approxi-
mately 350-360 km s~1). In Mon-370 and Mon-808, also the cor-
responding free-fall radii are also reasonably well constrained,
being smaller than the typical co-rotation radii of T Tauri stars
(usually ranging between 5 and 10 Ry, Hartmann et al. 1998;
Shu et al. 2000). Considering that we can safely ignore the en-
ergy loss during accretion, and thus that our estimate of the free-
fall radii is not seriously overestimated, our findings are compat-
ible with the hypothesis that the small accretion bursts observed
in these stars and the resulting soft X-ray emission are likely due
to unstable accretion rather than stable accretion streams from
the co-rotation radius.
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M. G. Guarcello et al.: CSI 2264: Simultaneous optical and X-ray variability in pre-main sequence stars

Appendix A: Time-resolved X-ray spectra
of the stars with optical dips discussed
in Sect. 5.3

In this appendix, we show the X-ray spectra observed in the time
intervals defined for those stars with dips and with simultaneous
increase of X-ray absorption discussed in Sect. 5.3.

Fig. A.1. X-ray spectra observed in the time intervals defined for Mon-456. In each panel, the spectrum of the fitting model is marked with a solid
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Fig. A.2. X-ray spectra observed in the time intervals defined for Mon-1167. In each panel, the spectrum of the fitting model is marked with a solid
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A10, page 33 of 79


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629983&pdf_id=29
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629983&pdf_id=30
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629983&pdf_id=31

A&A 602, A10 (2017)

Mon-1076; Time interval #1

1T model =

Mon—1076; Time interval #2

1T model =

Mon—1076; Time interval #3

T 1T model =

Mon—1076; Time interval #4

1T model =

1078

1074 *

normal. counts s keV™
normal. counts s keV™

normal. counts s keV™
-
o
L
e
normal. counts s keV™
-
o
L

107 1 107°
1 1 1 1

Energy (keV) Energy (keV) Energy (keV) Energy (keV)

Mon-1076; Time interval #5 Mon—1076; Time interval #6

1T model = 1T model =

107° E

107* T E

10*5 ‘
1 1
Energy (keV) Energy (keV)

normal. counts s™ keV™
-
o
L
e
normal. counts s™ keV™

Fig. A.8. X-ray spectra observed in the time intervals defined for Mon-1076. In each panel, the spectrum of the fitting model is marked with a
solid line, while the black dots mark the observed normalized counts in the given energy bin. An optical and X-ray flare occurs during #3.

A10, page 34 of 79


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629983&pdf_id=32

M. G. Guarcello et al.: CSI 2264: Simultaneous optical and X-ray variability in pre-main sequence stars

Appendix B: Time variability of the 10% photon
energy quantile in stars discussed in the paper

In this appendix, we show how the 10% photon energy quantile
changes with time in the stars discussed in the paper. For each
star, the time bin used to sample the variability of Ejgg is the
shortest one resulting in a relative error o-(E g )/E109 smaller
than the threshold shown in the title of each panel. The values
of E1g9 are marked with blue dots and the red lines indicate the

size of the time bin. In each panel, we also show the observed
CoRoT light curve, observed during the Chandra frames with
the time intervals dominated by X-ray flares covered in black.
These figures help us to understand how the soft X-ray spectrum
of these stars changes over time independently from the time
sampling based on the optical variability. (We note that the larger
the Ny, the larger Ejoq, while the larger flux below 1 keV, the
lower Eg9.)
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Appendix C: Optical and X-ray light variability
of disk-bearing stars not discussed in the paper

In this appendix, we show the optical and X-ray variability and
the time-resolved X-ray spectra of those stars with disks ob-
served with CoRoT and Chandra that have not been discussed in
the paper for the reasons explained in each caption. For each star,
we show the CoRoT light curve observed during the four Chan-
dra frames; the X-ray spectra observed in the time intervals;

and the variability of the following X-ray properties: Ny (in units
of 10%2cm™2), and kT (in keV), together with that of the 10%
and 25% photon energy quantiles (in keV) for the stars analyzed
as “dippers”; kT and the 10%, 25%, and 50% photon energy
quantiles for the stars analyzed as “bursters”; Ny, kT, Fx (in
erg cm~2s~!), and the median photon energy for the stars ana-
lyzed as periodic or quasi-periodic variable stars. We also show
the variability of E}y¢ as in Appendix B.
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Fig. C.1. Variability and X-ray spectra of Mon-1037, analyzed as a dipper. E|oq, is larger during the dip in #4, but a significant variability of Ny

is not observed.
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Fig. C.2. Variability and X-ray spectra of Mon-425, analyzed as a dipper. Ejq, is larger during the dip in #7, but there are no other significant
correlations between the optical and X-ray variability.
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Fig. C.3. Variability and X-ray spectra of Mon-242, analyzed as a dipper. The CoRoT light curve shows several dips without evidence for increasing
Ny. The spectrum in #2 is very soft, but the low X-ray count rate does not allow us to verify the presence of a soft X-ray spectral component. The
spectral fit with 2T thermal plasma model in #3 is poorly constrained (Py, = 0.0).
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Fig. C.4. Variability and X-ray spectra of Mon-126, analyzed as a dipper. The CoRoT light curve shows dips without evidence of increasing Ny.
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Fig. C.5. Variability and X-ray spectra of Mon-434. The CoRoT light curve is dominated by rotational modulation and likely pulsation, and it has
been classified as a multi-periodic star by Cody et al. (2014). There may be evidence for correlated X-ray and CoRoT flux variability, but it is not
significant.
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Fig. C.6. Variability and X-ray spectra of Mon-314, analyzed as a burster. The CoRoT light curve shows evident bursts and dips, but the poor
X-ray count rate does not allow us to analyze the simultaneous X-ray variability. During #1, the X-ray spectrum becomes very soft during the
optical burst, as shown by the variability of E}gq. The fit with 2T thermal plasma model in #3 is not well constrained due to the low X-ray count
rate.
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Fig. C.7. Variability and X-ray spectra of Mon-149, analyzed as a burster. The CoRoT light curve shows evident bursts and dips but few X-ray
photons are detected. The variability of Eoq shows interesting patterns, such as during #4 when it rises until it declines significantly when a large
burst occurs at the end of the interval. The X-ray spectrum observed during #3 is soft, but it is fitted with 1T thermal model. It is not clear whether
or not a soft X-ray spectral component is observed during #2.
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Fig. C.8. Variability of Mon-406, analyzed as a burster. The CoRoT light curve shows evident bursts and dips but few X-ray counts are detected.
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and it may have soft X-ray emission during the burst (#6), but few photons have been detected.
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Fig. C.10. Variability and X-ray spectra of Mon-879, analyzed as a burster. There is no evidence for soft X-ray emission during the optical bursts,
and the CoRoT mask may have been contaminated by a nearby bright optical source.
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Fig. C.11. Variability and X-ray spectra of Mon-1156, analyzed as a burster. No significant X-ray variability is observed.
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Fig. C.12. Variability and X-ray spectra of Mon-919, analyzed both as a dipper and burster, with no significant correlation between the optical and
X-ray variability.
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Fig. C.13. Variability and X-ray spectra of Mon-877, analyzed both as a dipper and burster, with no significant correlation between the optical and
X-ray variability.
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Fig. C.14. Variability and X-ray spectra of Mon-590, analyzed both as a dipper and burster, but with few X-ray photons detected.
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Fig. C.15. Variability and X-ray spectra of Mon-667. During the Chandra frames, Mon-667 mimics a quasi-periodic optical variability, but the
CoRoT light curve shows evident dips after the Chandra observations. We analyzed it as a dipper, but the fit of the X-ray spectrum with 1T and
2T thermal plasma models are never well constrained.
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spectra of Mon-177, showing periodic optical variability but no interesting X-ray variability.
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Fig. C.17. Variability and X-ray spectra of Mon-1031, showing periodic optical variability but no interesting X-ray variability.
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Fig. C.18. Variability and X-ray spectra of Mon-1061, which has not been analyzed since very few X-ray photons are detected during the relevant
optical features.

A10, page 55 of 79


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629983&pdf_id=52

A&A 602, A10 (2017)

0616919789, Mon—-457

Lo e B T T T T T LU USSR (L T T T
1.0x10 ! 14 68‘ j 13 1‘0 ) 13‘611 14SSb |
I 21 16 27 19 44 6 34 1
L 1 2 3 4 5 6 7 —5.0x107°7
] «
9.8x10* ] §
L —4.5x107° 1
— 7 g
g L S 3
w0 - ]
" L 4 <
' | -6
5 9.6x10* —4.0x10 E
w0 L i =
& I : .8
E L = 3.5x10 %
= 9.4x10* ] o
By J s &
8 L —3.0x10°.3
| o
L o
2
9.2x10* -
L —25x107 5,
— o
F 1 0
i i i 1 5
goxtotl b sl b b cc b i o R 0X107°
1 2 3 4 5 6 7
ID—JDn
Mon—-457 Mon—457
v T T < T
6 60
&
g5 ~
S T 40 6
. 0616919789, Mon—-457; Adopted Threshold: GE]‘,,‘/E,Q,‘:O.lz 3‘6 4 =
1.0x10 j "dde 1 j " iaefo 1 j "1 adei1 | 14360 | = =
L i I 1 | I -12400
1,]2, 5 1 6, 7, 3 X 20
L i | i q T 3 7
I | I ] c A
L I | I
i f i ] o 19 T T 1 5
. ! ! ! [} [
9.8x10 ! ! L 2200 } 0 ! .
r I | I i . . . .
- 8 | f | B 9.07x10* 9.26x10* 9.44x10* 9.63x10* 9.07x10* 9.26x10* 9.44x10* 9.63x10*
N L ! [ ! ] Corot flux Corot flux
E gex10tF ! ! 72000 Mon-457 Mon—457 ,
g | (I R B
~ [ I I ] . 2.4
o} | \ | S
2 [ ! ! ! 41800 &
T 9.4x10tf ! ! ! j . 1.6 .
2 - : : b S T 22
S : ! : . < &
L ! | ! m11600 e 1.4 N
9.2x10* - | l . 2 & 20
L | | 7] = =1
i | R
I 1 | 1400 1.2 1.8
L I | - °
9.0x10* . R . P . ‘ ‘ ‘ ‘
6 9.07x10* 9.26x10* 9.44x10* 9.63x10* 9.07x10* 9.26x10* 9.44x10* 9.63x10*
Corot flux Corot flux
- Mon-457; Time interval #1 - Mon—457; Time interval #2 - Mon—457; Time interval #3 - Mon-457; Time interval #4
> 10~ > 10 > 107 > 10~
g 1T model m g 1T model m < 1T model = g LT model =
‘VJ ‘V) ‘(l) ‘VJ
2] n (2} 12}
E E E I
S 107 E 5 107k 1 S 1074 1 S 107 E
o e} o o
Q o o (&)
q ) g g
E E g g
S S 3 3
£ 107° £ 107° g 107° g 107
1 1 1 1
Energy (keV) Energy (keV) Energy (keV) Energy (keV)
- Mon—457; Time interval #5 - Mon—457; Time interval #6 - Mon—457; Time interval #7
L 10°® T 5 10” T > 107° i
F 1T model = g [T, model = 2
T!/J TV) T(/)
12 wn [}
+ - -
. 5o, q
2 107°F E 3 107°F 1 3
o o o
[} o Q
K| K| K]
E E g
s s S
£ 107° . g 107° . g 107° .
1 1 1
Energy (keV) Energy (keV) Energy (keV)

Fig. C.19. Variability and X-ray spectra of Mon-457, which has not been analyzed since very few X-ray photons are detected during the relevant
optical features.
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of Mon-650, whose CoRoT light curve is dominated by large dips not occurring during the Chandra
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Fig. C.21. Variability and X-ray spectra of Mon-951, with no interesting variability of the X-ray properties observed and few photons detected.
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Fig. C.22. Variability and X-ray spectra of Mon-290, analyzed as a burster, but with no interesting variability of the X-ray properties observed.
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Fig. C.23. Variability and X-ray spectra of Mon-1100, with no interesting variability of the X-ray properties observed.
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Fig. C.25. Variability and X-ray spectra of Mon-328, with no evident optical features observed during the Chandra frames.
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Fig. C.26. Variability and X-ray spectra of Mon-697, with no evident optical features observed during the Chandra frames and few X-ray photons
detected.
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Fig. C.27. Variability and X-ray spectra of Mon-525, analyzed as a dipper. The CoRoT light curve shows dips that do not correspond to significant
variations of Ny.
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Fig. C.28. Variability and X-ray spectra of Mon-164, analyzed both as a dipper and burster, and not showing any relevant simultaneous optical
and X-ray variability.
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Fig. C.29. Variability and X-ray spectra of Mon-273, which have not been analyzed since the CoRoT mask around its the position is contaminated
by a nearby bright source.
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Fig. C.30. Variability and X-ray spectra of Mon-1142, analyzed both as a dipper and burster, and not showing any relevant variability.
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Fig. C.31. Variability and X-ray spectra of Mon-448, analyzed both as a dipper and burster. The features observed in the CoRoT light curve do not
correspond to any significant variability of the X-ray properties.
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Fig. C.32. Variability and X-ray spectra of Mon-297, analyzed both as a dipper and burster. The features observed in the CoRoT light curve do not
correspond to any significant variability of the X-ray properties given the few X-ray photons detected. The variability of E o4 during #1 suggests
that the X-ray spectrum may be harder during the first dip.
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Fig. C.33. Variability and X-ray spectra of Mon-510, analyzed as a burster. The features observed in the CoRoT light curve do not correspond to
any significant variability of the X-ray properties.
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Fig. C.34. Variability and X-ray spectra of Mon-660, analyzed both as a dipper and burster. The features observed in the CoRoT light curve do not
correspond to any significant variability of the X-ray properties.
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Appendix D: Entire CoRoT light curves of the stars
discussed in this paper

In this appendix, we show the whole CoRoT light curves of the
stars with disks discussed in this paper. The Chandra frames are
the shaded time windows delimited by vertical lines.
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Fig. D.1. Whole CoRoT light curves of the stars discussed in the paper.
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Fig. D.1. continued.
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Fig. D.1. continued.
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