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NEAR-INFRARED IMAGING POLARIMETRY OF
LkCa 15: A POSSIBLE WARPED INNER DISKT
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Abstract

We present high-contrast H-band polarized intensity images of the transitional disk around the
young solar-like star LkCa 15. By utilizing Subaru/HiCIAO for polarimetric differential imaging,
both the angular resolution and the inner working angle reach 0.07”and r=0.1", respectively.
We obtained a clearly resolved gap (width < 27 AU) at ~ 48 AU from the central star. This
gap is consistent with images reported in previous studies. We also confirmed the existence
of a bright inner disk with a misaligned position angle of 13+4° with respect to that of the outer
disk, i.e., the inner disk is possibly warped. The large gap and the warped inner disk both point
to the existence of a multiple planetary system with a mass of S1Mjy,,.

Key words: circumstellar material — stars: individual (LkCa 15) — stars: pre-main-sequence — plane-
tary systems: protoplanetary disks

1 Introduction tically thick inner and outer disks separated by an optidhiin

t gap) instead of a cavity (i.e., a complete lack of an innek)dis
is predicted to form by disk-planet interactions (Kley & Seh
2012). Therefore, disks with a gap structure could inditlaée

millimeter wavelengths reveal the evidence of gap and gavit birth of the giant gas planets. Hence, understanding ttzleidt

structures in many circumstellar disks. Such disks have beeStructures of the transitional disks could unveil the arigh our
called transitional disks, and are thought to be an intermed planetary system.
ate phase between gas-rich primordial disks and gas-peor de e progress of high-contrast imaging in the last decade al-

bris disks (e.g., Espaillat et al. 2014). When newly formed)q s s 1o see more details in the transitional disks. Byatlire
planet(s) are embedded in the disks, a gap structure (pe., 0

The circumstellar disks around young stars are the maih-bir
place of giant gas planets. Analysis of their spectral gndigt
tribution (SED) and the results of interferometry at iné@rto

imaging, the incredible diversity of the disk morphologychk
T Based on IRCS and HiCIAO data collected at Subaru Telescope, which is as spiral and gap structures, has been revealed (e.g.,rhtashi
operated by the National Astronomical Observatory of Japan. et al. 2012). LkCa 15 (K5, 0.9¥lw, 2—5 Myr old; Simon et
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al. 2000), a young solar-like star located in the Taurusigeur
region (~140 pc), is one of the most intensively studied tran-
sitional disk systems around the T Tauri star. Espaillatlet a |
(2007) conducted a detailed analysis of SED in LkCa 15 and g
suggested the existence of a gap structure46AU. Such a | f ¥
gap structure has been confirmed by millimeter (mm) interfer %
ometry (Piétu et al. 2006) and near-infrared (NIR) higintcast
direct imaging (Thalmann et al. 2010). 1 arcsec : Larcsec.

Subsequently, protoplanet candidates LkCa 15 b and d
($5~10M7,,) were discovered (Kraus & Ireland 2012; Sallum
et al. 2015). More recently, the inner disk was newly discov-
ered by Thalmann et al. (2015) at optical wavelengths (53D-8
nm). Therefore, LkCa 15 may serve an excellent laboratary fo
studying the interaction between infant planets and théopro
planetary disk structure they sculp.

Here, we present the results of new high-contrast NIR
(1.6um) polarization imaging carried out on the LkCal5 disk.
The Combmat_lon of the _ngh C(_)ntra_St Instrument for the Suba Fig. 1. Top: PI and overlapped polarization vector map images (2.0"" x
Next Generation Adaptive Optics(HICIAO; Tamura et al. 2D06 5 (") pefore (a) and after (b) halo subtraction. The saturated region is oc-
and Polarimetric Differential Imaging (PDI) provides a fiig  culted by a software mask (r~0.1""), the vectors are binned with spatial res-
contrast image that is unprecedented in quality at infrace- olution, and the lengths are arbitrary for presentation purposes. (a): The
| h d bl both cl | fi d L effect of a polarized halo appears to have a tendency toward the minor axis
engths an er.la es us to both clearly C(_)n irm ‘r_m quawatgli of the disk. (b): The polarization tendency to the minor axis was removed,
analyze the wide gap structure and the inner disk. We relpert t and the disk-origin polarization along the disk surface was revealed. Bottom:
warped inner disk and discuss the potential origin of a gdppe The radial Stokes Q;- (c) and U, (d) images. In the Q, image, both the outer
and warped disk around LkCa 15. The gapped and warped disi?d inner disks are significantly detected as expected from the Plimage. On

) ) ’ the other hand, the U, image shows no disk-like component.
suggests the existence of a multiple planetary system.

1 aresec 1 arcsec

using the derived average polarization strength (@®03%)
2 OBSERVATIONS AND DATA REDUCTION and average polarization angle (1490.5°), and subtracted

The PDI observations of LkCa 15 were performed in Hhe this from the Stoke® andU images. From the halo-subtracted

band on 2013 Nov 22 with HICIAO on the Subaru TeIescope_StOkesQS"b andUsup imaggs, the final halo-§ubtr§ctedsﬁl
combined with AO188 (Hayano et al. 2010). Each image has dmage were generated (Figure 1b). To verify this result, we
55" field of view (FOV) with a pixel scale of 9.5 mas/pixel. converted the coordinate system of StoesndU to the radial

We obtained 17 data sets with 30 s exposure. The total integraSto_kesQ" andU, (Avenhaus_ etal. 2(_)14)_' be(_:al.Jse the Stokes
tion time on the source of the polarization intensity imagesw _Q" image WUSI show scatte.rlng polarization S|m|_lar tothe.pl
2040 s. All of our observations were conducted under the prolmage’ while the StokeB). image should contain less or no

gram of the SEEDS (Strategic Explorations of Exoplanets angcattered light from the disk.
Disks with Subaru; Tamura et al. 2009) project. The disk components are clearly visible in the Stokks

The polarimetric data were reduced in the standard mannef"age wherea§ thg Stokes image does no_t ShOYV any circular
of infrared image reduction that uses the custom IRpipeline structures and its signals are faint and noisy (Figure 1ccnd
designed by Hashimoto et al. (2011). The StoResndU im- Therefore, we concluded that the finalRlimage is robust.
ages were obtained by the standard method for differential p
!arlmetry (Hlnklgy et al. 2009). The polarized intensitylP 3 RESULTS
image was obtained g% + U?)'/2. Because the convolved _ _ o
point spread function (PSF) cannot be perfectly removed byThe f|r,1,a|. Pl |mag§ of thg LkCA 15 d'sk with a software mask
standard procedures, a residual stellar halo was someties (r“_’ojl ) |s_shown in the right panel of Figure 1b and 2, gnd two
served in the obtained Pl images. To remove the effect of thiglliptical disk structures are clearly resolved. The biigiss

polarized halo, we constructed the polarization halo mbgel of the northwest side is significantly brighter than that loé t
southeast side, and this characteristic crescent of Ineghtis

1 . ) .
The IRAF software is distributed by the National Optical Astronomy consistent with the optlcal imaging results of Thalmannlet a

Observatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement with the (2015)'
National Science Foundation. The elliptical shape could be due to the system’s inclimatio
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] R - ] ] Fig. 3. Radial surface brightness profiles with 1o error bars at major and
Fig. 2. Elliptical fitting results of the inner disk (purple), the gap (yellow), and minor axes. The values were measured at each axis within the range of
the outer disk (red). The image has been smoothed by a gaussian with r=2

pixels to reduce the effects of speckles on the inferred structure of the disk.
The central region is also shown in the right top panel. White star indicates
the location of LkCa 15. Green and orange stars indicate where the planet
candidates LkCa 15 b and c were detected in 2014, respectively (Sallum et

+10° (Yellow regions in left bottom panel), and were binned with a width of
dr=4 pixels. The typical error of of power index is ~0.05.

Table 1. Elliptical fitting results of two disks and gap®.

al. 2015). Empty green and orange circles indicate the locations of two infrared Parameter Outer Disk Gap Inner Disk
sources seen in 2009-2010 (Kraus & Ireland 2012), which are assumed as I'major (AU) 59.0+1.4 48.30.7 29.8:2.0
LkCa 15 b and c, respectively. PAajor (°)° 5942 67+3 7242

i ©)° 44+1 5142 4442

Center (mas)  (-37+4,-83+6)  (-24+£6,-4246)  (-13+2,-8+2)

“ The peak, bottom, and half maximum positions (for the ouist,djap, and inner
disk, respectively) were obtained first from the radial pecdit position angles
every 10. Then we conducted an elliptical fit by using the non-leaeast-squares

(i). Thus, we fitted eIIipticaI isophotes ona resulting image i Gauss-Newton algorithm with five free geometric parameters

L . . b Counterclockwise from north axis.
order to measure the inclinations and position angles (BAs) . Derived from the ellipticity. The inclination of a face-oisi is 0°, and that of an
each disk. The elliptical fitting results are shown in Fig2iend  edge-on disk is 90.
Table 1. We dlscovered new Slgnlflcant mlsallgnments fromd (ARA, ADEC.). The origin of the coordinate corresponds to the mﬂlBﬂf the
major axis PAs of the two disks and gap #1&). The cen- central star.
ter of all three disk components appear on southeast side fro
the central star. The inclinations of the two disks are simil 4 DISCUSSION
(N44O), but that of the gap shows |arger ang’w) Note that 4.1 D|Sk Geometry Wthh Slde |S near to us’)
Thalmann et al. (2014) reported eccentricities from theelwd
the gap associated with LkCa 15, thus the inclination based o

the ellipse fit only could be biased.

We revisited the question of which side of the disk faces us.
The brightness asymmetry of the disk could be a clue, but two
explanations can be provided for that. The first is backward
illumination of the gap wall; backward illumination indies
Figure 3 shows the radial surface brightness profiles on thé¢hat the bright side is the wall of the far side of the gap (Quan
major and minor axes with a power-law fit at each slope. Inet al. 2011). The second is forward scattering, which irtdiga
the profiles of major axes (top two profiles in Figure 3), the that the bright side is the surface of the disk’s near sidg:.,(e.
gap appears as a depletion in the middle of each profile. Th&ukagawa et al. 2006). If backward illumination is the trxe e
slopes of the gap regions in profiles show a significant chang@lanation, the outer disk’s inner edge would be opticaligkh
between northeast and southwest axes (power inde28€ and  and vertically high enough to conceal and reflect backwaed th
1.2, respectively), and the slopes of the disk regions disas light from the star. On the other hand, if forward scatterigg
a change between inner and outer disks-2:5 for inner disks,  the true explanation for this asymmetry, the inner edge ef th
r=-3.1 and -3.6 for outer disks). outer disk would have a relatively low vertical height; taer
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fore, more star light would arrive on the disk surface over th radial grain-size distribution in the dusty disk, and olvagons
gap wall and more scattered light would come toward the ob-at different wavelengths capture different parts of gisize dis-
server. Therefore, both explanations are still under @ebat tribution. Since the sizes of the outer gap edge of LkCa 15 are
To try to elucidate which side faces us, we utilized the star-~50 AU in sub-mm (Piétu et al. 2006) and 48 AU at NIR (this
disk offset along the minor axis. On the projection of inetin ~ work), a 1M}, planet might create a gap around LkCa 15. By
disk, the central star comes to near side of the disk’s mirisr a combining the upper mass limits of LkCa 15 companions, as
(Dong et al. 2012). In Figure 2, the central star is roughly onThalmann et al. 2010 suggested based on their imaging result
the northwest minor axes of three disk components, thereforwe concluded that assuming multiple planets with a mass of
we can conclude that the northwest side of the disk of LkCa<1M ., could account for LkCa 15's large gapped disk with
15 could be the one facing us. This supports forward scatteran outer gap edge similar in size at both NIR and (sub-)mm
ing as the explanation of the brightness asymmetry and @s alswavelengths.
consistent with 3D radiative transfer modeling (Thalmanhale We found a significant misalignment between two position
2014). angles of inner and outer disks (=%8°) which indicates that
the inner disk is possibly warped along the disk major axis. |
inner disk was also warped along the minor axis, we would see

misaligned inclination. However, the inclination of inrdisk is

We found the slope changes between northeast and southwegnsistent with that of outer disk-44°). Warped disks, such as
gaps, and between inner and outer disks. Furthermore,tbrighﬁ Pictoris (e.g., Mouillet et al. 1997), AB Aurigae (Hashirot
ness slopes are not consistent with those of SPHERE/ZIMPOlg; 5. 2011) and HD 142527 (e.g., Marino, Perez, and Casassus
results (power indices of inner disk, gap, and outer éis.4,  >015) have been reported on several stars surroundedisy-tra
3.2 and -3.5 for northeast axis, -1.9, 2.1, and -4.1 for southjonq) disks and debris disks. These warped inner disks reay b
west axis, respectively, with typical errer 0.1; Thalmann et explained by the gravitational perturbation from planetsy(
al. 2015, private communication). Mouillet et al. 1997). 3 Pictoris, whose planetary mass com-

A number of reasons have been suggested to explain thganion s pictoris b has a similar inclination to and possibly re-
change in brightness slopes, such as different extinctioeld, sponsible for the inner warped disk (e.g., Lagrange et 220
surface densities, flaring angles or dust properties. Thiege |5 4 possible evidence for this scenario. Additionally, Alym

ical properties of inner disk could change the extinctiorele ol and Artymowicz (2009) also suggested the possibiity
between the star and outer region and affect the brightrfess Pnultiple planets in3 Pictoris to explain warped disks.

outer disk (e.g., Krist et al. 2000); an actual change in tire s
face dgnsny slope can be translated into a cha_mge in the sur- To summarise, since LkCa 15 may possess multiple planets
face brightness slope, and a change of the flaring angle cause . . .

h i th teri ¢ the disk’ ; i with a mass ofS 1My, in the large gap, the warped inner disk
achange |n. € -SCE-l er_lng ot the disk’s sur gce (e.g., Apal. e could be the result of potential planets around LkCa 15.
2004); a radial distribution of small dust particles andtquep-
erties can affect the brightness slope (e.g., Akiyama 204l5).
Although the brightness behavior could provide some plysic 5 CONCLUSION
properties of the disks, a detailed analysis on the reastimeof
brightness behavior is out of the scope of this letter, amdliit
be discussed elsewhere.

4.2 Surface brightness behavior

We have presented a warped inner component beyond the large
gap from the LkCa 15 disk system revealed by angular differen
tial imaging in theH-band with HiCIAO installed on a Subaru
Telescope. We derived 331° as the PA offset between the
4.3 The origin of large gapped and warped disk outer disk and the warped inner disk. This unique gap plus
In the PL., image and radial profiles, LkCa 15 has a large the warped disk configuration of the LkCa 15 system combined

gapped (width~27 AU) disk. Among some mechanisms (e.g., with the previous observations at mm and optical wavelength
grain growth, photoevaporation, disk-planet interactisee  indicates the existence of a multiple planetary systemiplyss
Espaillat et al. 2014) that have been proposed to explain th60mposed ofs1Mj., planets on the solar system scale. To di-
clearing of the gaps in transitional disks, only gravitagibin- rectly observe and reveal the origin and evolution of pdssib
teraction between disks and orbitingiltiple planets can clear Multiple planetary systems, future ground-based obsensat
alargeinner gap of> 15 AU or more (Zhu et al. 2011) and pre- with the Extreme Adaptive Optics (ExAO) system such as the
serve optically thick inner disk. Furthermore, de Juan @vel Subaru Coronagraphic EXAO (SCEXAQ; Jovanovic et al. 2015)
et al. (2013) suggested all/;,, planet would create a simi- are required.

lar size of outer gap edge at NIR and (sub-)mm wavelengths;

conversely planets more massive thaff},, make different We are grateful to an anonymous referee for providing many
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