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ABSTRACT

Context. Magnetospheric accretion has been thoroughly studied in young stellar systems with full non-evolved accretion disks, but it
is poorly documented for transition disk objects with large inner cavities.

Aims. We aim at characterizing the star-disk interaction and the accretion process onto the central star of LkCa 15, a prototypical
transition disk system with an inner dust cavity that is 50 au wide.

Methods. We obtained quasi-simultaneous photometric and spectropolarimetric observations of the system over several rotational
periods. We analyzed the system light curve and associated color variations, as well as changes in spectral continuum and line profile
to derive the properties of the accretion flow from the edge of the inner disk to the central star. We also derived magnetic field
measurements at the stellar surface.

Results. We find that the system exhibits magnetic, photometric, and spectroscopic variability with a period of about 5.70 days. The
light curve reveals a periodic dip, which suggests the presence of an inner disk warp that is located at the corotation radius at about
0.06 au from the star. Line profile variations and veiling variability are consistent with a magnetospheric accretion model where the
funnel flows reach the star at high latitudes. This leads to the development of an accretion shock close to the magnetic poles. All
diagnostics point to a highly inclined inner disk that interacts with the stellar magnetosphere.

Conclusions. The spectroscopic and photometric variability on a timescale of days to weeks of LkCa 15 is remarkably similar to that
of AA Tau, the prototype of periodic dippers. We therefore suggest that the origin of the variability is a rotating disk warp that is
located at the inner edge of a highly inclined disk close to the star. This contrasts with the moderate inclination of the outer transition
disk seen on the large scale and thus provides evidence for a significant misalignment between the inner and outer disks of this

planet-forming transition disk system.

Key words. accretion, accretion disks — stars: pre-main sequence — stars: individual: LkCa 15

1. Introduction

Classical T Tauri stars (CTTSs) are young (~1-10Myr), low-
mass (M < 2 M) stars surrounded by a circumstellar disk from
which they accrete. Their magnetic fields are strong enough to
truncate the inner disks and channel the accreting gas. These sys-
tems also produce outflows in the form of stellar and disk winds
that may collimate in a jet (Bouvier et al. 2007b; Hartmann et al.

* Based on observations obtained at the Canada-France-Hawaii Tele-
scope (CFHT) which is operated by the National Research Council of
Canada, the Institut National des Sciences de 1’Univers of the Centre
National de la Recherche Scientifique of France, and the University of
Hawaii.

Article published by EDP Sciences

2016). At about the same ages, T Tauri stars that are no longer
accreting are called weak-line T Tauri stars (WTTSs).

LkCa 15 is a K5, ~1 My classical T Tauri star with an
age of about 3-5Myr (Simon et al. 2000), located at a dis-
tance of 159 + 1pc (Gaia Collaboration 2018) in the Taurus-
Auriga star-forming region. It presents a transition disk, as
defined by Strom et al. (1989). Its gas disk component, extend-
ing out to 900 au, was directly imaged through '>CO 2-1 emis-
sion with the IRAM Plateau de Bure interferometer (PdBI)
by Piétu et al. (2007). The S0au dust cavity in the disk was
first spatially resolved by 1.4mm and 2.8 mm PdBI obser-
vations (Piétu et al. 2006) and was later confirmed by dust
continuum emission at 850 um with Small Millimeter Array
(SMA) observations (Andrews et al. 2011) and at 7mm with

A195, page 1 of 15


https://doi.org/10.1051/0004-6361/201834263
https://www.aanda.org
http://www.edpsciences.org

A&A 620, A195 (2018)

the Very Large Array (VLA; Isella et al. 2014). Scattered light
from small dust components was observed in the optical and
infrared through imaging polarimetry with the Zurich Imaging
Polarimeter of the Spectro-Polarimetric High-contrast Exoplanet
REsearch (SPHERE/ZIMPOL) and the Infra-Red Dual Imag-
ing and Spectrograph (IRDIS; Thalmann et al. 2015, 2016). The
system is composed of a possibly warped inner disk, accord-
ing to polarimetric differential imaging results obtained with
the High-Contrast Coronographic Imager for Adaptive Optics
(HiCIAO) of the Subaru telescope (Oh et al. 2016), a ~50 au dust
gap, and an outer disk (Thalmann et al. 2015). Modelling for
the outer disk suggests inclinations of 44°-50° (Oh et al. 2016;
Thalmann et al. 2014) with respect to our line of sight. Inside
the dust cavity, gas was detected through CO 4.7 um emission by
Najita et al. (2003), revealing the presence of warm gas down to
0.083 + 0.030 au (assuming i = 52°). At even smaller scales, the
photometric and spectroscopic variability of LkCa 15 provides
some insight into the interaction between the central star and the
inner disk. Grankin et al. (2007) reported a six-year-long light
curve for the system that exhibits a nearly constant brightness
level interrupted by recurrent dimmings of up to one magnitude,
with a periodicity of about six days (Artemenko et al. 2012).
Such a light curve is typical of the so-called dippers (Cody et al.
2014) and is thought to result from the obscuration of the cen-
tral star by rotating circumstellar dusty clumps in highly inclined
systems (e.g., McGinnis et al. 2015). Whelan et al. (2015) fur-
ther reported line profile variability in the optical and near-
infrared spectra of the system, with the transient occurrence of
inverse P Cygni profiles, that is, the appearance of redshifted
absorption components up to velocities of 400 km s~!. These fea-
tures are usually interpreted as the signature of accretion funnel
flows along an inclined magnetosphere in young stellar systems
(e.g., Hartmann et al. 1994, 2016). The photometric behavior
and the spectral line profiles suggest that the system has an inner
disk that interacts with the central star, seen at high inclination.
LkCa 15 was previously classified by Espaillat et al. (2007) as
a pre-transition disk, implying the presence of an inner disk,
and Thalmann et al. (2016) reported shadows in the outer disk
that would indicate some structure located close to the star. The
high inclination of the inner disk suggested by the photomet-
ric and spectrocopic observations, however, is somewhat unex-
pected compared to the moderate inclination suggested by the
modeling of high angular resolution imaging observations of the
outer disk of LkCa 15.

These preliminary results provided the motivation for an in-
depth study of the spectrophotometric variability of this proto-
typical transition disk system in Taurus. We therefore designed
a campaign to obtain spectropolarimetric observations together
with multi-color photometric observations on a timescale of
weeks with the hope of clarifying how accretion proceeds
onto the central star in a transition disk system with a large
inner hole, thus attempting to relate the immediate circumstellar
environment of the star to the large-scale properties of its cir-
cumstellar disk. In the following sections we detail the obser-
vations (Sect. 2), analyze the ground-based and K2 photometric
data (Sect. 3), and discuss the spectroscopic results (Sect. 4).
In Sect. 5 we give a global interpretation for the observed
variability of LkCa 15, and we present our conclusions in
Sect. 6.

2. Observations

BVRI photometric observations of the LkCa 15 system were
obtained at the Crimean Astrophysical Observatory (CrAO)
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from November 13, 2015, to March 31, 2017, on the AZT-11
1.25 m telescope with a five-channel photometer or a CCD cam-
era with the ProLine PL23042 detector. A nearby control star
of similar brightness (TYC 1278-166-1) was used to estimate
the photometric rms error in each filter, which amounts to 0.02,
0.014, 0.013, and 0.012 in the BVRI bands, respectively. A com-
parison star, HD 284589, was also observed in the BVRI filters
with a five-channel photometer, thus providing the required cal-
ibration for the differential light curves derived from CCD pho-
tometry. Averaged extinction coefficients were assumed for the
site. The brightness and colors of the comparison star in the
Johnson system are 10.78 (V), 1.57 (B — V), 1.21 (V — Ry),
and 2.03 (V — I;). Unfortunately, only five measurements were
obtained in the B band, and they are not considered further here.
CCD images were obtained in VRI filters and were bias sub-
tracted and flat-field calibrated following a standard procedure.

High-resolution spectroscopy was performed on the LkCa 15
system at the 3.6 m Canada-France-Hawaii Telescope (CFHT),
using the Echelle SpectroPolarimetric Device for the Observa-
tion of Stars (ESPaDOnS; Donati 2003; Silvester et al. 2012). A
first series of 14 optical spectra, ranging from 370 to 1050 nm,
were obtained between November 18 and December 3, 2015
(the 2015B dataset), at a resolving power of about 68 000 and
with a signal-to-noise ratio (S/N) of about 150 at 666 nm. A sec-
ond series of 11 observations were obtained from December 13,
2016, to January 17, 2017 (the 2016B dataset) with the same
setting. Observations were made using the spectropolarimetric
mode, which provides simultaneous Stokes V (circularly polar-
ized) and I (total intensity) spectra. Observations were reduced
using the Libre-ESpRIT package (Donati et al. 1997). In this
paper we mostly investigate the 2015B spectral variability of the
LkCa 15 system based on the intensity spectra, while a detailed
discussion of the polarized spectra is deferred to a companion
paper (Donati et al. 2019).

3. Photometry

A V-band light curve of LkCa 15, shown in Fig. 1, was obtained
at CrAO over two seasons. The system exhibits large V-band
variability of up to 0.4 mag during the 2015/16 season and up
to 1 mag during the 2016/17 season. Figure 1 suggests that the
variability amplitude was smaller in 2015 than in 2016. How-
ever, the former epoch contains far fewer measurements than
the second, and it is unclear whether deeper minima might
have been missed. the better sampled 2015 ASAS-SN light
curve shown in Fig. 2 has the same amplitude as the CrAO
2016 light curve, which suggests that the photometric behavior
did not change drastically between the two epochs. Only some
photometric measurements were obtained simultaneously with
the 2015B spectroscopic observations, namely on November 17
and 20, 2015. Fortunately, the LkCa 15 photometric variability
appears to be relatively stable over the years, as demonstrated
by the V-band light curve obtained by Grankin et al. (2007) for
this system over six seasons from 1992 to 1997. The average
V-band magnitude and the variability amplitude we measure
on the 2015-2017 light curve compare well with the values
they report. Another similarity is the nearly constant maximum
brightness level interrupted by deep minima that occur on a
timescale of days. Even though the sampling of the CrAO light
curve is not optimal, this type of light curve is strongly remi-
niscent of dippers (e.g., McGinnis et al. 2015; Rodriguez et al.
2017; Bodman et al. 2017).

We searched for periodicities in the light curve in the
full dataset and independently for each season. A CLEAN
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Fig. 1. Upper panel: V-band light curve of LkCa 15 obtained at
CrAO over seasons 2015/16 (red) and 2016/17 (black). Lower panel:
CrAO light curve folded in phase with a period of 5.70days and
JDO0 =2457343.8. The dates of spectroscopic observations of the 2015B
dataset are indicated by black arrows.
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Fig. 2. Upper panel: V-band light curve obtained from ASAS-SN for
the season 2015/16. Lower panel: ASAS-SN light curve folded in phase
with a period of 5.70 days and JDO =2457343.8. The dates of spectro-
scopic observations are indicated by black arrows.

periodogram analysis (Roberts et al. 1987) and a string-length
analysis (Dworetsky 1983) both resulted in periods being
detected in the full dataset as well as in each season, rang-
ing from 5.62 to 5.70days. This is slightly shorter than the
periods of 5.86—6.03 days that were previously reported for the
system by Bouvier et al. (1993) and Artemenko et al. (2012).
Figure 1 shows the V-band light curve phased with a period
of 5.70 days. It concentrates most of the photometric minima
around phases 0.4-0.6, but with a significant photometric scat-
ter at all phases, which is typical of dippers. Additional pho-
tometry for the 2015/2016 season is available from ASAS-SN
(Shappee et al. 2014; Kochanek et al. 2017), and the correspond-
ing light curve is shown in Fig. 2. A periodogram analysis yields
a period of 5.70 + 0.05 days, consistent with that derived from
the CrAO dataset. We used this as the stellar rotation period here.
The corresponding phase diagram is shown in the lower panel of
Fig. 2.

Finally, the Kepler K2 satellite monitored LkCa 15 in a
broad bandpass ranging from 420 to 900 nm during Campaign
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Fig. 3. Upper panel: Kepler K2 light curve obtained for LkCa 15 from
March 7 to May 28, 2017. The light-curve morphology is clearly that
of a dipper. Lower panel: K2 light curve folded in phase with a period
of 5.78 days. The color code is the same in both panels and reflects the
Julian Date of observations. Two flare-like events are visible in the light
curve (¢ = 7838 and 7851).

F13 from March 8 to May 27, 2017. While these observations
occurred more than a year after the spectral series discussed
in this paper (2015B dataset), the unsurpassed quality of the
K2 light curve provides a much deeper insight into the photo-
metric variability of the system. The light curve, encompassing
80 days uninterrupted, is shown in Fig. 3 and clearly confirms
that LkCa 15 is a dipper: a nearly constant flux level is period-
ically interrupted by brightness dips lasting for a few days with
an amplitude of up to one magnitude. A period analysis reveals
a clear signal at 5.78 days, present over the 13 rotational cycles
the K2 light curve samples. The phased light curve is shown in
the lower panel of Fig. 3. The photometric minima often last
for a significant fraction of the period, which suggests that an
extended inner disk warp produces the dips (Romanova et al.
2013; Romanova & Owocki 2015). While periodic, the dips vary
in shape, and their width, depth, and phase evolve from one cycle
to the next. This is indicative of a dynamic interaction between
the inner disk and the stellar magnetosphere. This behavior is
quite reminiscent of that of the prototype of the dipper class,
AA Tau (e.g., Bouvier et al. 2007a).

CrAO multi-band photometry provides information on the
color changes associated with the flux variations. Over the two
observing seasons, the system exhibited color variations amount-
ing to a few tenths of a magnitude, as shown in Fig. 4. The
system becomes redder when fainter, with little scatter around
a mean color slope of 0.19 in the (V, V — R;) color—magnitude
diagram and 0.33 in the (V, V — I;) diagram. These slopes are
different from those expected for an interstellar medium (ISM)-
like reddening vector, which would amount to 0.27 and 0.49 in
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Fig. 4. (V — R;) vs. V (left panel) and (V — I;) vs. V (right panel)
color-magnitude variations of the system during the 2015/16 (red) and
2016/17 (black) season from CrAO photometry. The straight line in
each panel is a linear regression fit to the color slope. Arrows indicate
ISM-like extinction vectors. Photometric error bars are indicated in the
bottom left corner of each panel.

the (V, V=Rj) and (V, V-1I;) diagrams, respectively. The (V-R;)
color range and color slope are similar to the values reported by
Grankin et al. (2007) from the long-term photometric monitor-
ing of the system.

4. Spectroscopy
4.1. Veiling and radial velocities

Classical T Tauri stars (CTTSs) present hot spots at the stel-
lar surface that emit an extra continuum, which is added to the
stellar continuum and veils the photospheric lines, decreasing
their depths. Veiling is measured as the hot-spot continuum flux
divided by the stellar continuum flux at a given wavelength.
Therefore, a veiling of 1 corresponds to an equal contribution
from the hot spot and the star to the observed continuum. CTTSs
also have cold spots that are due to magnetic field emergence at
the stellar surface. Hot and cold spots represent regions at differ-
ent temperatures than the stellar photosphere and can cause sig-
nificant distortions in the photospheric line profiles that mimic
radial velocity variations.

Veiling and photospheric radial velocities were calculated
from the continuum-normalized spectra of LkCa 15 in five spec-
tral regions of about 100 A wide, close to 4800 A, 5300 A,
5600 A, 6000 A, and 6300 A. We used as a standard the weak-
lined T Tauri star V819 Tau (K4, T = 4250 + 50 K) that was
observed with ESPaDOnS (CFHT), with the same settings as
LkCa 15, as part of the MaTYSSE program (Donati et al. 2015).
V819 Tau rotates slowly (vsini,= 9.5+0.5kms™!) and matches
the LkCa 15 photospheric lines well. The standard spectrum was
rotationally broadened, veiled, and cross-correlated with each
spectrum of LkCa 15 until a best match was found. This proce-
dure allows the simultaneous determination of veiling and radial
velocities.

We searched for periodical variations in the veiling and
radial velocities using the Scargle periodogram as modified by
Horne & Baliunas (1986). Errors were estimated as the standard
deviation of a Gaussian fitted to the main peak of the peri-
odogram power spectrum. The veiling and radial velocity present
periodicities at 5.55+0.71days and 5.55 +0.77 days, respec-
tively, which agree with the photometric period of 5.70 +
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LkCa 15 in phase with the 5.7-day ASAS-SN photometric period and
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17.83 + 0.86 kms™'.

0.05 days within the errors. The veiling and the radial velocity
periods should correspond to the stellar rotation period, since
hot and cold spots are located at the stellar surface. The agree-
ment between the veiling and radial velocity period and the
photometric period supports the hypothesis that the inner disk
warp is located close to the disk corotation radius. In Fig. 5
we show the mean veiling and radial velocity values obtained
at each phase and the corresponding standard deviations. The
standard deviations were computed with the veiling and radial
velocity values calculated at each observing date in the five dif-
ferent spectral regions we analyzed. The phases in Fig. 5 were
calculated with a photometric period of 5.70 days and an arbi-
trary JDO =2457343.8, chosen to ensure that the photometric
minimum of the ASAS-SN light curve was around phase 0.5.
The maximum veiling is coincident with the photometric mini-
mum, which indicates that the accretion spot is aligned with the
inner disk warp.

We fit synthetic spectra to the observations in the spec-
tral region that extends from 6060 to 6155 A using a version
of the ZEEMAN spectrum synthesis code (Landstreet 1988;
Wade et al. 2001; Folsom et al. 2016) that allows for an addi-
tional continuum flux to be fit together with the stellar spec-
trum. This spectral region was chosen because it presents many
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atomic lines with few blends. We made some initial fits, and
it became clear that the surface gravity (g) was poorly deter-
mined. We therefore estimated log g using the stellar mass value
determined by Simon et al. (2000) from the circumstellar disk
rotation curve, and the stellar radius obtained from the stellar
luminosity calculated by Herczeg & Hillenbrand (2014), after
scaling the values to take into account the LkCa 15 distance of
159 + 1 pc measured by the Gaia satellite (Gaia Collaboration
2018). With the scaled values of M, = 1.10 + 0.03 M, and

= 0.80 = 0.15 Ls, and using Ty in the range of 4350 K—
4500 K, which corresponded to our best initial fits, we obtained
logg = 4.10 + 0.10. Keeping log g fixed at 4.0, 4.1, or 4.2,
we again fit the observed spectra with T, the projected rota-
tional velocity (vsini,), the radial velocity, and the veiling as
free parameters. We then noted that two of the spectra, from
JD =7350.8645 to 7352.8529, converged to much higher val-
ues of vsini, than the others. At these dates, the Moon was
very close to the star, and we decided to forego using these two
spectra in the determination of stellar parameters to avoid con-
tamination. We applied our fitting procedure to the 12 remaining
spectra with the fixed log g values and obtained T.s = 4492 +
50K and vsini, = 13.82 = 0.50kms~!, where the values corre-
spond to the average and the errors to the standard deviation of
the best-fit results of our grid. With our effective temperature and
the stellar luminosity of 0.80 + 0.15 Ly, we calculated a stellar
radius of 1.49+0.15 Rs. According to the Siess et al. (2000) and
Marques et al. (2013) evolutionary models, for a mass estimate
in the range between 1.10 Mg (Simon et al. 2000) and 1.25 M,
(Donati et al. 2019), LkCa 15 is no longer fully convective and
has already developed a radiative core.

The mean vsini, = 13.82 + 0.50kms~! obtained during
the spectral fit together with the adopted photometric period of
5.70 £+ 0.05 days (see Sect. 3) and the stellar radius of 1.49 +
0.15 R, yield sini, larger than 0.90, within the error bars of
the measured values. This corresponds to stellar inclinations
iy > 65°, which are higher than the outer disk inclination of
44°-50° measured from optical and infrared polarimetric imag-
ing (Thalmann et al. 2015, 2016; Oh et al. 2016). This suggests
a misalignment between the inner and outer disks.

4.2. Photospheric LSD profiles

We calculated least-squares deconvolution (LSD) photospheric
profiles (Donati et al. 1997) using a line mask computed from
a Vienna Atomic Line Database (VALD; Piskunov et al. 1995;
Kupka et al. 2000) line list with T = 4500K and log g = 4.0.
Emission, telluric, and broad lines were excluded from the mask,
since they do not represent the photospheric weak-line profile.
We also removed all the lines before 5000 A because the S/N in
the blue of our spectra was weak. The photospheric LSD pro-
files were normalized with a mean wavelength, Doppler width,
line depth, and Landé factor of 670 nm, 1.8 km s7!,0.55,and 1.2,
following Donati et al. (2014). We corrected the LSD profiles for
veiling, using the mean veiling values displayed in Fig. 5. The
intensity of each point of the normalized and veiled spectrum (/)
is related to the mean veiling value (v) and the non-veiled line
1ntens1ty (lp) by I = II":V which allows the recovery of I, know-
ing I and v. The Stokes I LSD profiles show a periodic variability
at 5.56+0.74 days, as we show in Fig. 9. Stellar radial velocities,
computed from the first moment of the Stokes I LSD profiles,
also presented a periodicity at 5.62 + 0.75 days. These period
values agree with the photometric and veiling periodicities.

The longitudinal component of the magnetic field can be
computed from the first moment of the Stokes V LSD profiles
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Fig. 6. Longitudinal component of the magnetic field of LkCa 15
from LSD profiles as a function of time (top panel) and in phase
(bottom panel) with the 5.7-day ASAS-SN photometric period and
JD0=2457343.8. A sine wave with the 5.7-day period is overplotted.

(see Donati et al. 1997). The longitudinal magnetic field values
computed with our veiling-corrected LSD profiles are shown in
Fig. 6. They vary from —29 G to +87 G and show a periodicity
at 5.76 + 0.74 days, corresponding to the mean rotation period of
the star, and in agreement with the veiling, radial velocities, and
the photometric periods.

4.3. Circumstellar line profiles

LkCa 15 displayed emission line profiles that were strongly
variable during our observations. The high resolution of the
ESPaDOnS spectra enabled us to identify several emission
and absorption components and analyze their variability. We
also calculated 2D Scargle periodograms, as modified by
Horne & Baliunas (1986), on the line profile intensities. Errors
were estimated as the mean standard deviation of a Gaussian fit
to the main peak of the periodogram power spectrum over the
velocity range of the period detection. The results are displayed
in Fig. 9. Our spectroscopic data in 2015A span 15 days, there-
fore we only considered period detections shorter than 7.5 days.

Hel 5876 A presents one of the simplest emission line pro-
files in our observations, showing only a narrow emission com-
ponent (FWHM < 60kms™!, according to Beristain et al. 2001)
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Fig. 7. Observed Hel 5876 A profiles in time (left panel) and in
phase (right panel) with the 5.7-day ASAS-SN photometric period and
JD0 =2457343.8. The red lines represent the continuum level.

that periodically varies in intensity, as shown in Figs. 7-9. The
strongest emissions are seen close to phase 0.5, when the veiling
is maximum and we expect the accretion spot to be in our line of
sight (Fig. 7, right). This is in agreement with a scenario where
the Hel 5876 A line is mostly formed in the postshock region,
at the base of the accretion column (cBeristain et al. 2001). The
strong modulation of the Hel 5876 A emission, which almost
completely disappears at some phases, suggests a high inclina-
tion of the inner disk, given the relatively low obliquity (20—25°)
of the stellar magnetic field with respect to the stellar rotation
axis (see Sect. 5 and Donati et al. 2019). The Hel 5876 A line
shows a well-defined periodic signal at 5.63 + 0.66 days in all
velocity bins. The accretion spot period should correspond to
the stellar rotation period, and it indeed agrees with the period
calculated from the variation of the longitudinal magnetic field
of the star. It also agrees within the errors with the photomet-
ric period and supports the assumption that the inner disk warp,
mapped by the photometric variations, is located near the disk
corotation radius.

The NaD doublet is mostly photospheric and in absorption,
but a strong variability is present in its redshifted wing, hint-
ing at a possible circumstellar contribution from high-velocity
free-falling gas to this part of the profile, as shown in Fig. 10.
To enhance the redshifted variability, we subtracted the mean
observed profile from the observations, and we show in Fig. 11
that it extends up to 350 km s~!. These redshifted absorptions are
periodic at 5.41 + 0.64 days (Fig. 9), in agreement with an ori-
gin close to the stellar surface in the high-velocity gas that falls
freely toward the star.

The Call 8542 A line is part of the Call infrared triplet.
The original spectrum shows a narrow emission of chromo-
spheric and postshock origin inside a photospheric absorption
profile. To evaluate only the circumstellar contribution to the
line profiles, we calculated residual spectra by subtracting the
rotationally broadened and veiled spectrum of V819 Tau from
the observed spectra. The residual line profile (Figs. 12 and 13)
is composed of a narrow emission, a broad emission that can
be either blueshifted or redshifted, and a redshifted absorption
component that preferentially appears around phase 0.5, when
the main accretion column is expected to be in our line of sight.
The redshifted absorption component is indicative of accre-
tion, and is thought to originate in the accretion funnel, when
photons from the accretion spot are absorbed by gas in the
funnel at high velocity, moving away from us. This part of the
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Fig. 8. Observed Hel 5876 A profiles overplotted. The observation dates
are shown with the same color code as the profiles.

profile presents a periodicity at 5.56 = 0.65days (Fig. 9), in
agreement with the Hel 5876 A and the photometric period. The
narrow emission, however, apparently shows a slightly longer
variability at 6.7 + 1.0days. To investigate the different peri-
odicity presented by the narrow emission, we decomposed the
Call 8542 A profiles by fitting 1, 2, or 3 Gaussians, depend-
ing on the number of components present. The decomposition
allows the individual analysis of each component variability.
After separating the narrow emission and the broad component
emission, we searched for periodicities in the component inten-
sities, equivalent widths (EW), and radial velocities. The narrow
emission intensity and EW present periods of 5.76 + 0.80 days
and 5.83 + 0.80 days, respectively, but no significant period was
found with the radial velocity variations. The broad emission
component shows strong variability, both in radial velocity and
intensity, but we were unable to detect a significant period. Only
ten observations present this component, which can be either
blueshifted or redshifted. The period at 6.7 + 1.0 days detected
in the 2D periodogram near the line center therefore probably
comes from the mixed variability of the superposed narrow and
broad emissions.

The Call 8542 A line presents a clear signal in Stokes V,
which is as broad as the narrow emission component present in
the Stokes I data. We subtracted from the residual Call 8542 A
Stokes I profiles a Gaussian fit to the broad emission compo-
nent present in some spectra, and we calculated the longitudi-
nal magnetic field as the first moment of the Stokes V data. The
results are shown in Fig. 14. The longitudinal magnetic field in
the region of Call 8542 A formation varies in polarity and inten-
sity from —118 G to +660 G, and is stronger near phase 0.5, in
agreement with the maximum veiling, which indicates that this
is when the accretion spot faces us. The variation is periodical
at 5.41 + 0.74 days, which agrees with the stellar rotation period
within the errors. This result strongly suggests that part of the
narrow Call emission is produced in the postshock region.

The Hp spectral region presents several photospheric absorp-
tion lines that are superposed on the HB emission. To remove
the photospheric lines, we again calculated residual profiles by
subtracting the rotationally broadened and veiled spectrum of
V819 Tau. The resulting spectra are shown in Figs. 15 and 16.
The residual HB line profile is complex and presents an emis-
sion with several absorption components of non-photospheric
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text.

origin. We can identify a blueshifted absorption component near
50kms™!, a low-velocity redshifted absorption component, and
at some phases, a high-velocity redshifted absorption compo-
nent. The latter is more visible near phase 0.5, but cannot be
discarded at other phases. The red wing varies with a period of
5.56 £+ 0.75 days and the line center at 5.85 + 0.76 days (Fig. 9),
both agreeing with the variability of the Hel 5876 A line, the red-
shifted wing of Call 8542 A, and with the photometric period,
hinting at an origin close to the stellar surface. The blue wing
of the profile shows a more complex variability without a signif-
icant periodicity and may originate in various regions, such as
the accretion funnel and a wind, that do not necessarily vary at
the same period.

The Ha emission line, like HB, presents a rather complex
and variable profile, as we show in Figs. 17 and 18. A strong

emission, a blueshifted absorption, and two redshifted absorp-
tion components can be clearly distinguished. One component
lies close to line center and another, which is only present in
a few spectra, is present at high velocity. In the Balmer series
this is the line with the highest transition probability, and it is
expected to form throughout the circumstellar environment of a
CTTS: in the disk wind, the accretion funnel, the accretion spot,
and stellar winds. Its variability can therefore be influenced by
variations in all the circumstellar components, and it is not a sur-
prise that most of the line does not present a single and highly
significant period (Fig. 9). The only exception is the region near
the line center, which shows a periodicity at 5.78 + 0.68 days,
like the same region of Hg.

Although complex, the different components of the He pro-
file are clearly distinguishable, which allowed us to decompose

A195, page 7 of 15


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834263&pdf_id=9

A&A 620, A195 (2018)

NaD (5889.97A and 5895.9A)
LA B B AL B

T
1.0 4 =
I A b Al
Y [
w '8 v Wl e ]
L )\ ‘w,‘*“‘ [ l”‘ \1;; \,N: i
=3 L h‘ [ ut«LL' »l i | i
S gel 7345.03 ) il ,t“‘ﬂ ™ 021 |
g | 734893 [ K I 090 |
IS 7349.93 Fy - ! 0.07
® r Wt | il 1
€ | 735090 il i | 024
2 04r ! f Ul _
r i Iy .
- 7354387 1 094 1
L 735593 ‘ 012
0.2l  7357.00 1 031 |
r 7359.88 0.82 1
0.0L. 1 . P . L P R
-400  -200 0 200 400 600
v(km/s)

Fig. 10. Observed NaD doublet profiles overplotted. The observation
dates (left) and the phases (right) are shown with the same color code
as the profiles.

-4

-6

NaD NaD
B B T T A
4573450 el - 0 oo
24573489 012 i,
2457349.9 021 e "
2457350.9 023
e N‘Jl e AN adk “l e s,
2457350.9 " - " 024 "
24573519 031 " e
i T
2457352.9 0.41
s v S
0.48
20573538 o,
24573549 _gh2%
it s
2457355.9 0:88,
(2427305 -
2457357.0 o, 06
g i o,
2457357.9
A e g
24573590, - —6 [ 220, T —
2457359.9 - 9:94, -
P IR U R B A P T RN IR PRI R
-400 -200 0 200 400 600 —400 -200 0 200 400 600
v (km/s) v (km/s)

Fig. 11. Mean profile subtracted from the NaD profiles, in time (left
panel) and in phase (right panel) with the 5.7-day ASAS-SN photomet-
ric period and JDO =2457343.8. The red lines represent the continuum

level.
Call 8542A Call 8542A
T T T T T T T
2457345.0 /\ 0.07 )‘j/‘\/—\/\
" 2457348'9 b //\\ 0.12 //\\
2457349.9 MJAK,\~» 0.21 //\\

0 2457350.9 AJ/\L\\ 0 0.23 MM//\L\x
2457350.9 ”M) AK 0.24 M&J/\k
2457351.9 j L 031 i
2457352.9 ¥ /\ 041 //\\

2 2457353.8 /\ 2 0.48 W/A\
2457354.9 A\ 0.58 //\\
2457355.9 j/\\ 0.66 M‘/A\
2457357.0 M‘}/\ 0.76 /A\
-4 2457357.9 A,MJ/\\ 4 0.82 /\
2457359.0 kj \ 0.90 /\
2457359.9 /\ 0.94 /\
‘—4‘00‘ ‘—2‘00‘ - (‘) - ‘2(‘)0‘ ‘ ‘4(‘)0‘ ‘—4‘00‘ ‘ ‘—2‘00‘ - (; - ‘2(‘)0‘ ‘ ‘4(‘)0‘
v (km/s) v (km/s)

Fig. 12. Residual Call 8542 A profiles in time (left panel) and in
phase (right panel) with the 5.7-day ASAS-SN photometric period and
JDO0 =2457343.8. The red lines represent the continuum level.

A195, page 8 of 15

Call (8542A)

2.0

18

1.6

14

normalized flux

12

7345.03
7348.93
7349.93

7350.90

7354.87
7355.93
7357.00

7359.88

1.0 iy

0.8

0
v(km/s)

Fig. 13. Residual Call 8542 A profiles overplotted. The observation
dates are shown with the same color code as the profiles.

600

400

BIong (G)

200

600

400

Blong (G)

200

0.2

0.4

phase

Fig. 14. Longitudinal component of the magnetic field of LkCa 15
from Call 8542 A profiles as a function of time (fop panel) and in
phase (bottom panel) with the 5.7-day ASAS-SN photometric period
and JDO =2457343.8. A sine wave at the 5.7-day period is overplotted.


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834263&pdf_id=10
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834263&pdf_id=11
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834263&pdf_id=12
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834263&pdf_id=13
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834263&pdf_id=14

S. H. P. Alencar et al.: Inner disk structure of the classical T Tauri star LkCa 15

HB HB
— T T — T
2457345.0 w/..u“\\ 007
L. 24573489 S i 0L.012 i
2457349.9 021 m
2457350.9 W.,M’/\\ 023 M/\‘ %
e Nt Nt
2A57SSD.M e 024 __m,_///\
2457351.9 031
e
=5 24573529 | e, B “5F a1 h
2457353.EMW 048 e
2457354.9 058 .
24573559 0.66 A
2457357.0 .
-10 e 10}t
2457357.9 082
2457359.0 o\ 0.90
2457359.9 ~ 094
P O USRI RS P R BRI N
—-400 -200 0 200 400 -400 -200 0 200 400
v (km/s) v (km/s)

Fig. 15. Residual HB profiles in time (left panel) and in phase
(right panel) with the 5.7-day ASAS-SN photometric period and
JDO0 =2457343.8. The red lines represent the continuum level.

HB
—_— :
[ 7345.03 7
L . i |
2.0 Fh .
5 1sf ]
- | |
(9]
N F B
Té: L i
5 1.0
e i
05+ -
0.0l . I . . . I . . . | . i
-200 0 200
v(km/s)
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the profiles with Gaussians in order to measure their parame-
ters. The decomposition is shown in Appendix A. The star-disk
interaction is expected to be very dynamic, as shown by magne-
tohydrodynamics (MHD) simulations (Zanni & Ferreira 2013;
Romanova et al. 2009; Kurosawa & Romanova 2012). The stel-
lar magnetic field may interact with the inner disk at a range
of radii, and as a result of differential rotation between the
star and the disk, as the system rotates, the magnetic field
lines inflate, twist, reconnect, and the cycle starts again. To
probe the inflation of the magnetic field lines, we can ana-
lyze the radial velocity of the Ha absorption components, mea-
sured as the central velocity of the corresponding Gaussian
components. The redshifted component is thought to come
from the absorption of photons by the gas in the accretion
column, and the blueshifted component is expected to trace
the inner disk wind. As depicted in Fig. 19 of Bouvier et al.
(2003), when the field lines inflate, the radial velocities of the
redshifted and blueshifted components vary in opposite direc-
tions. This behavior was seen in two different observing cam-
paigns of AA Tau (see Fig. 11 of Bouvier et al. 2007a), and
it is clearly seen in our two observing seasons of LkCa 15
(Fig. 19).
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Fig. 17. Ha observed profiles in time (left panel) and in phase
(right panel) with the 5.7-day ASAS-SN photometric period and
JDO0 =2457343.8. The red lines represent the continuum level.
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4.4. Correlation matrices

Correlation matrices compare two sets of spectral lines that are
observed simultaneously and show how correlated their vari-
abilities are across the line profiles. A strong correlation among
emission components, for example, indicates a common origin
of the components. Correlation matrices can be calculated with
datasets of the same line (autocorrelation), or different lines.

The Hel 5876 A line consists of a single narrow component
that varies at the stellar rotation period. Its autocorrelation matrix
shows that the narrow component is coherent with a formation
in a single region, as the entire profile is well correlated (Fig. 20,
top left).

A comparison of the Hel 5876 A line variations with the line
profile variations of other emission lines can show which parts
of the other lines are formed in about the same region as the Hel
5876 A line.

The Hel 5876 A line and the Call 8542 A narrow chromo-
spheric emission present a good correlation (Fig. 20 top right),
which indicates that both components are related to the accre-
tion shock region. We also see a strong anticorrelation between
the Hel 5876 A line and the Call 8542 A or the HB high-velocity
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(v > 150kms™") redshifted wings (Fig. 20 top right and bot-
tom left). Since these parts of the Call 8542 A and Hp profiles
are dominated by the periodic appearance of a redshifted absorp-
tion component, the anticorrelation indicates that when the Hel
profile is stronger, the redshifted component decreases (becomes
deeper). This strongly relates the redshifted absorption compo-
nent to the appearance of the accretion spot, as expected from
magnetospheric accretion models.

The correlation matrix of Ha versus Hel reflects the com-
plexity of Ha (Fig. 20 bottom right). Slightly redshifted from
the He line center, we see a good correlation with the Hel line
profile. This is a highly variable region in He, and a substantial
part of it is apparently related to the accretion flow close to the
star. The Ha high-velocity blue wing, which does not present a
strong variability, shows some anticorrelation with the Hel line
that is difficult to interpret, since no clear component is associ-
ated with this part of the He line.

The Call 8542 A autocorrelation matrix shows that the red
high-velocity wing of the profile correlates well with itself, but
different parts of the line are not strongly correlated with each
other (Fig. 21 top left). This indicates a formation in different
regions. The HB autocorrelation matrix shows that the red high-
velocity wing of the profile correlates well with itself, but differ-
ent parts of the line are not strongly correlated with each other
(Fig. 21 top right).

The Ha autocorrelation matrix shows that the red high-
velocity wing of the profile correlates well with itself, as in HB.
We also clearly see that the line center is anticorrelated with the
high-velocity blue wing, which is difficult to interpret (Fig. 21
bottom left).

The correlation matrix of HB versus Call shows that the
high-velocity red wings of both lines correlate well, as expected,
since they are dominated by variations that are due to the red-
shifted absorption component (Fig. 21 bottom right). The Call
chromospheric emission and the blue wing of Call show some
correlation with the blueshifted HB emission. Finally, a strong
anticorrelation is seen between the HB low-velocity and highly
variable redshifted region and the Call high-velocity component.
This may indicate that this HB region originates preferentially
close to the accretion spot.
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5. Discussion

A consistent picture seems to emerge from the combined spec-
troscopic and photometric variability of the LkCa 15 system,
as most of the observed continuum and spectral line variabil-
ity can be understood in the framework of a magnetic interaction
between an inclined inner disk with respect to our line of sight
and the stellar magnetosphere. In the prototypical case AA Tau
(e.g., Bouvier et al. 1999, 2003) and, more generally, in most
periodic dippers (e.g., McGinnis et al. 2015; Rodriguez et al.
2017; Bodman et al. 2017), recurrent luminosity dimmings of
up to one magnitude or more are interpreted as resulting from
the occultation of the central star by a rotating inner disk warp
located close to the corotation radius. The warp itself stems
from the inclination of the large-scale stellar magnetosphere
onto the stellar rotational axis: the magnetic obliquity forces
the accreted material out of the disk midplane, thus creating a
dusty, azimuthally extended inner disk warp (Romanova et al.
2013; Romanova & Owocki 2015). As the warp rotates at a
Keplerian rate, it occults the central star periodically. The light
curve and color variations of LkCal5 are fully consistent with
this interpretation: the luminosity period dips (P = 5.70 days),
their depth of up to one magnitude in the V band, the redden-
ing of the system when fainter, and the changing shape of the
eclipses from one cycle to the next are all characteristics of
periodic dippers (e.g., Bouvier et al. 2007a; Alencar et al. 2010;
Cody et al. 2014; McGinnis et al. 2015; Rodriguez et al. 2017;
Bodman et al. 2017). For a stellar mass of 1.10 + 0.03 M, and
assuming Keplerian rotation for the inner disk, the occultation
period of 5.70 + 0.05 days would locate the inner disk warp at a
distance 0f 9.3 £+ 0.1 R, = 0.064 + 0.001 au from the central star.

We can compare the warp location with the magnetospheric
radius that is due to a dipolar magnetic field as derived by
Bessolaz et al. (2008), rm(Ry) = 2mY"BY v 2 M MRY,
where mg ~ 1 is the sonic Mach number measured at the
disk midplane and B,, Moo, M, and R, are in units of 140G
(at the stellar equator), 1078 M, yr’l, 0.8 Mg, and 2 R, respec-
tively. We therefore need to estimate the stellar dipole compo-
nent and the mass accretion rate during our observations. Our
ZDI analysis of the 2015B data, which includes the LSD and
Call spectropolarimetric data, indicates that the dipole compo-
nent of the magnetic field is of about 1.35 kG and tilted by ~20°
with respect to the stellar rotation axis (Donati et al. 2019). To
calculate the mass accretion rate, we selected spectra outside
the eclipses (rotational phases earlier than 0.2 or later than 0.8),
and assumed V = 11.8mag and (V — R); = 1.1 at the time of
the spectroscopic observations, which corresponds to the bright-
est state of LkCa 15 (see Figs. 1, 2 and 4). Using the expres-
sions from Fernie (1983), we obtained (V — R)¢ = 0.78 and
Rc = 11.02. We measured the Ha equivalent widths in the five
selected spectra and calculated the Ha flux (Table 1) with the
out-of-eclipse value of R¢. Adopting a distance to LkCa 15 of
159 + 1 pc (Gaia Collaboration 2018), and the empirical relation
obtained by Fang et al. (2009) between accretion and Ha line
luminosity, we calculated the accretion luminosity. Mass accre-
tion rates were derived from the relation M, = m
(Hartmann et al. 1998), with the typical value of Ry, = 5R.
that is commonly used in the literature. We obtained Mpe =
(7.4 +2.8) x 10719 M, yr~!, which corresponds to the mean and
standard deviation of our values presented in Table 1. Changing
R;, from 5 to 10 R, introduces a variation of +1 x 10719 Mg yr!
in our mass accretion rate values, which is smaller than the stan-
dard deviation of the mass accretion rate from our five out-of-
eclipse measurements. The dipole component of the magnetic
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field, together with the mass accretion rate, the stellar mass
(1.10£0.03 M), and stellar radius (1.49+0.15 R), yield a mag-
netospheric radius of ry;, = 8.0+£1.4 R, =0.055 £ 0.015 au, which
is consistent within the error bars with the corotation radius at
0.064 + 0.001 au.

When we assume a sublimation temperature of 1500K,
the minimum dust sublimation radius is located at ry;, =
448 + 0.10R, = 0.031 + 0.001 au (Eq. (1) with Qg = 1 from
Monnier & Millan-Gabet 2002), and consequently at rp,, = (8.0+
1.4) R, there is dust left to form a warp. At the corotation radius,
reor = (9.3 £ 0.1) R,, dust would be present and the interaction
of the stellar magnetic field and the inner disk could explain the
presence of a warp there.

We can also estimate the magnetospheric radius from the free-
fall velocity (vg) of the accreting gas. The redshifted absorption
components that are often observed at high velocities in NaD,
Call, and HB, extending up to 350 kms~!, correspond to the pro-
jected velocity of the accreting gas that in a simple dipolar case is

Vred = Vg COS i, Where iy, is the inclination of the magnetosphere
with respect to our line of sight. We can then write

S

" cos(im) | Rs M
with i, = i, — 8, where i, is the inclination of the stellar axis
onto the line of sight, and S represents the magnetic obliquity,
that is, the angle between the magnetic and stellar axes. If the
accretion spot is on the order of a few percent of the stellar photo-
sphere, which is commonly the case in CTTSs, we can estimate
the obliquity of the magnetic field from the radial velocity ampli-
tude of the Hel 5876 A line as Avyg = 2v sini, cos(r/2 — B
(Bouvier et al. 2007a). We fit the Hel 5876 A emission line with
a single Gaussian and measured Av,g = 11.6 £ 1.0km s~!. With
vsini, = 13.82 £ 0.50kms™!, we obtain 8 = 25° + 5°, which
is consistent with our value of 8 ~ 20° calculated with ZDI
(Donati et al. 2019). With 8 = 25° = iy, — iy, ix > 65°, Ry, =
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Table 1. Accretion parameters of LkCa 15 calculated from the Ha line flux of out-of-eclipse observations.

D Phase Flux He L He log Lac. Moce
(ergem™s™")  (ergem™) (Lo) (Moyr™)
7348.9390 0.902 1.22x10°'2 370x10°*° -1.82 8.15x10710
7349.9391 0.077 1.55x 10712 4.68x10°° -1.70 1.09 x 107°
73548715 0942 558 x 10713 1.69x 10 -225 3.05x1071°
73559376 0.129 1.09x 1072 330x10*° -1.89 7.05x 10710
7359.8815 0.821 12010712 363x10°° -1.83 7.96x 10710

1.49 + 0.15Rs, M, = 1.10 + 0.03 My and veq = 350kms™!,
we obtain from Eq. (1), r, > 0.014au for i, = 65°, and
rm > 0.026 au for i, = 75°, which are compatible with the warp
location, given our errors.

When the dominant component of the stellar magnetosphere
on a scale of a few stellar radii is a tilted dipole, the free-falling

A195, page 12 of 15

accretion funnel flow reaches the stellar surface at high latitudes,
close to the magnetic poles. A strong shock forms, which yields
continuum excess flux from X-ray to optical wavelengths, and
produces line emission, in particular, the narrow component of
the Hel 5876 A feature, which is thought to arise in the post-
shock region (e.g., Beristain et al. 2001). Since the accretion
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spot rotates with the star, its visibility is modulated at the stel-
lar rotation period, as should the veiling and line profile vari-
ations. This is observed in dippers, as well as in spotted, lower
inclination systems, where spectroscopic observations have been
conducted simultaneously with photometric observations (e.g.,
Bouvier et al. 2007a; Alencar et al. 2012; Fonseca et al. 2014;
Sousa et al. 2016). This is precisely what we observe here in
the LkCa 15 system: the veiling variations are periodic (P =
5.6 days), and reach a maximum at the rotational phase cor-
responding to the maximum longitudinal magnetic field mea-
sured in the Call 8542 A line profile, which is thought to form
at least partly close to the accretion shock. The intensity of the
Hel 5876 A line profile also varies periodically (P = 5.6 days),
being maximum at the phase of maximum veiling, as expected
from the modulation of the accretion shock visibility. Like in
AA Tau, the magnetospheric radius (0.055 + 0.015 au) and the
corotation radius (0.064 + 0.001 au) are coincident within the
errors. They are also consistent with the innermost CO emis-
sion radius (0.083 + 0.030 au) measured by Najita et al. (2003).
Moreover, the sublimation radius at (0.031 + 0.001 au) indicates
that dust can be present at the magnetospheric radius and fill an
inner disk warp that is thought to be created by the dynamical
interaction of an inclined stellar magnetosphere and the inner
disk near corotation. All these features provide a direct measure-
ment of the stellar rotation period, which agrees with the pho-
tometric period due to the inner disk warp, which must thus be
located close to the corotation radius. Additional support for the
magnetospheric accretion scenario to explain the observed vari-
ability of the LkCa 15 system comes from the appearance of
high-velocity redshifted absorptions occurring in the profiles of
the Balmer, NaD I, and Call 8542 A lines at phases ranging from
0.3 to 0.7, that is, corresponding to maximum accretion shock
visibility. Redshifted absorptions occur when the colder gas in
the upper part of the accretion flow absorbs the photons origi-
nating from the hotter gas located deeper down in the accretion
column. The simultaneous occurrence of stellar occultations,
redshifted absorption, and continuum excess confirms that the
disk warp, the accreting gas, and the accretion shock are located
at the same azimuth from the disk inner edge to the stellar sur-
face, and thus are physically connected.

However, the magnetospheric accretion model does not
straightforwardly account for other aspects of the spectral vari-
ability of the system reported here. For instance, neither the
strong redshifted emission feature observed in the Call 8542 A
line profile at phase 0.07 nor the anticorrelation of intensity vari-
ations between the Hel 5876 A line and the extreme blue wing of
the Ha line, possibly related to a fast wind, are easily understood.
Moreover, the nearly opposite polarities measured in the longi-
tudinal component of the magnetic field for the photospheric and
Call lines suggest a complex, multipolar field close to the stel-
lar surface, even though the dipole may still dominate at the
corotation radius. This would not be surprising for LkCa 15,
whose partly radiative interior may trigger a multipolar dynamo
field (e.g., Gregory et al. 2012; Donati 2013).

Another interesting feature is the opposite radial velocity
variations of the blue and red absorption components seen in
the Ha line, from 0 to about 80 km s™'. To the best of our knowl-
edge, this behavior has been reported before only for AA Tau
(Bouvier et al. 2003, 2007a) and was interpreted as magneto-
spheric inflation (see Fig.19 of Bouvier et al. 2003): as magnetic
field lines are twisted by the accretion flow, they inflate, open,
and reconnect on a timescale of several rotational periods, that
is, a few weeks. During this process, the projected velocities of

the accretion flow and of the associated magnetospheric wind
vary, as they follow the evolving curvature of the expanding field
lines, thus producing the observed correlated radial velocities of
the red and blue absorption components in the He line profile. In
the LkCa 15 system, we monitored these variations over 15 days,
and observed a monotonic decrease of the radial velocities dur-
ing this time span, from about 0 to —~80kms~! for the blue com-
ponent, and from about +80 to 0 km s~! for the red one, but with
a large day-to-day scatter. We thus offer the same interpretation,
pending additional constraints on these longer term variations.
LkCa 15 appears to be a typical dipper, like AA Tau. Not
only do the two systems display the same type of spectroscopic
and photometric day-to-day variability, which is stable over a
timescale of week to years (Grankin et al. 2007), but they also
have strong dipole fields, and both exhibit moderate mass accre-
tion rates of about 10™° M, yr~! (Donati et al. 2010, 2019). Their
outer disk structure, although different, also shows similarities.
LkCa 15 exhibits an inner 50 au dust cavity, which makes it a
bona fide transition disk system, while AA Tau, despite not being
classified as a transition disk, presents a multi-ringed circumstel-
lar disk, as seen in ALMA observations (Loomis et al. 2017).
The question then arises how a transition disk object, with
a large inner dust cavity and a moderately inclined outer disk
(44°-50°, Ohetal. 2016; Thalmannetal. 2014), can exhibit
AA Tau-like variability that is usually considered as evidence for
the presence of aninner disk seenalmostedge-on. Inordertorecon-
cile the small-scale and large-scale properties of the LkCa 15 sys-
tem, wehavetoassumethatthe systemhostsahighlyinclined,com-
pact inner disk, in agreement with our estimated value of i, > 65°
(Sect.4.1),and with the value of i,, = 70° needed to correctly model
the spectropolarimetric dataof LkCa 15 (Donati et al. 2019), hence
pointing to a significant misalignment with the outer disk struc-
ture. Recently, evidence for a large-scale warp in the multi-ringed
circumstellar disk of AA Tau has been reported by Loomis et al.
(2017). On a scale of a few 10 au, the HL Tau-like ringed struc-
ture of the AA Tau disk as seen by ALMA has an inclination of
59° (Loomis et al. 2017), while from scattered light HST imag-
ing, Cox et al. (2013) derived an inclination of 71°, and from linear
polarimetry, O’Sullivan et al. (2005) obtained ~75° for the inner
disk close to the star. However, care must be taken to compare these
differentinclination values, since scattered light sees the flared sur-
face of the disk, while the ALMA continuum observation sees the
flat disk midplane. Different values may be expected for ALMA
and HST inclinations, the ALMA continuum being more trust-
worthy, because it probes the disk midplane. van der Marel et al.
(2018) recently summarized the growing observational evidence
for large-scale warps and inner and outer disk misalignment in
the circumstellar disks of young stellar objects, particularly in the
case of transition disk systems. The evidence comes either from
the report of moderately inclined large-scale disks observed for
dippers (e.g., Ansdell etal. 2016) or from scattered light high-
angular resolution imaging of a few Herbid Ae/Be systems such
as HD 100453 (Benisty etal. 2017), HD 142527 (Marino et al.
2015), and HD 135344B (Min et al. 2017) that were modeled with
inner disks misaligned by 72°, 70°, and 22°, respectively, to
explain the observed shadows in the outer disks. The misaligne-
ment proposed for LkCa 15 is of about 15°-25°, if we compare
the inner (>65°-70°) and outer disk (44°-50°) inclination values,
therefore similar to the case of HD 135344B. One possible expla-
nation for an inner disk with a small misalignement, as observed
in LkCa 15, is the presence of a Jupiter-mass planetary companion
inside the disk gap, as proposed by Owen & Lai (2017). Theresults
we reporthere for LkCa 15 thus seem to support the emerging trend
for transition disk objects to have misaligned inner and outer disks.

A195, page 13 of 15



A&A 620, A195 (2018)

6. Conclusions

The remarkable similarity between the spectroscopic and pho-
tometric variability of LkCa 15 with AA Tau suggests that it is
driven by the same process, namely the interaction of an inner
circumstellar disk with the stellar magnetosphere that leads to
the development of an inner disk warp, responsible for the peri-
odic stellar eclipses, and of accretion funnel flows down to the
stellar surface, responsible for the line profile variability and
the rotational modulation of the continuum excess flux. Differ-
ent as they are on a scale of a few 10-100 au, with LkCa 15
having a large dust cavity extending about 50 au inward, while
AA Tau appears to have an HL Tau-like multi-ringed circum-
stellar disk on the large scale, they appear quite similar on a
scale of a few 0.1 au around the central star. In particular, our
results suggest that LkCa 15 hosts a compact inner disk that is
seen at high inclination, that is, significantly misaligned with the
outer transition disk. Such a misalignment might have various
causes, including possibly the presence of a Jupiter-mass planet
inside the disk gap. Linking the small scales to the large scales
in planet-forming systems is now becoming a reality thanks to
high-angular resolution imaging studies and time-domain mon-
itoring campaigns. This will certainly prove a fruitful approach
to investigate the primeval architecture of nascent planetary sys-
tems in circumstellar disks.
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Appendix A: Ha profile decomposition

The He emission line profiles of LkCa 15 were decomposed with emission

Fig. A.1.
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and absorption Gaussian components, as shown in
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Fig. A.1. He profile decomposition. The observed profile is shown in black, the Gaussian components in blue, and the sum of the blue components

corresponds to the red lines.
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