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1. Introduction typical FWHM of each unsaturated point-spread fundiRSH
is 80 mas in theH-band and 70 mas in theK-band. The
data of this study were obtained without a coronagraph for both
the H- and Ksband observations. Note that Akiyama et al.
h(2016) also used SubattiCIAO to observe this system in
2011 December but adopted &40coronagraph mask, which
prevents exploration of the gap region of the disk. The data sets
were taken by combining polarization differential imaging
Mahoney1992 Rice et al.2003 Zhu et al.2011, 2012. In (eljlltaigl ﬁ?nallr;]\(ﬁszfgﬁ tfc?lgtet(vjalgtksittr)g?élljl;erscgrr:wdp:rﬂgrﬂlsaragﬁﬁg
recent years, dozens of high spatial resolution ob servat|on§he central star. Detailed observation logs are shown in the
SSEED$YSO comprehensive report of Uyama et @017,
which applied only ADI reduction(Marois et al. 2006
Lafreniere et al2007) for companion explorations. This study
focuses on the data analysis of PDI. We used' tfuad-PDI
(gPDl) mode where two Wollaston prisms enable the
acquisition of two ordinary and extraordinary rays on one
frame simultaneously. Eacteld of view is 5’ x 5" and
the plate scale after distortion correction is 9.5/mixs After

A protoplanetary disk loses almost all of its mass after a few
million years(Haisch et al2001 Currie et al.2009 Cloutier
et al. 2014 Ribas et al2015, during which the disk can be
perturbed by accretion, jets, photoevaporation, dust growt
and planet formatiofe.g., Crida & Morbidell2007 Armitage
2011). Previous theoretical simulations predicted gaps within
disks, which is likely related to planet formati@ng., Marsh &

rings, and spiral featurgg.g., Hashimoto et ak011;, Muto
et al.2012 ALMA Partnership et al2015 Pérez et al2018§.
Radio observations allow investigation of the gas and dust
distributions of disk and infrare@R) observations provide
scattered light information from the surface of disks.
Particularly, possible plangtisk interactions for many of
these disk shapes have been suggg&ied et al.2015 Dong

fi n!c:eurinngg %8&325&? \gflglazsoféheL opv:/‘(ee(\jllg:lo?r?e Srlljgrkr}]baes; g?St jche rst re_ducti_on of at eIding, dis_tortion correction, and
reported  companion cahdidatés within 'the disks is muchiMmage registration, all thg polarimetric data sets were reduced
smaller than the number of asymmetric di¢kzianz et al. the same way as Hashimoto et(@D11, 2012 using IRAF.

2013 Reggiani et al2014 2017 Currie et al.2015 Sallum

et al. 2019. Therefore continuing explorations of disk and 3. Results and Data Analysis
companions is important for the study of planet formation and i
disk evolution mechanisms. 3.1. Basic Parameters of LkH330

disks, is of particular interest in studying the disk evolution and g|q for an age, and Glll for a spectral ty(@hen & Kuhi
dissipation. Some of the transitional disks are expected t01979 Enoch et al2006 in the previous studies introduced in
harbor a small inner disk that is optically thick in opticear- —  section1. However,Gaia DR2 recently reported the distance to
IR around a central star and are called pre-transitional disk)e 311+ 8 pc(Gaia Collaboration et 22016 2018. Therefore,
(Espaillat et al201Q 2014). In this paper, we report the result e adopt the GAIA-measured distance in our discussion.
330. LkH 330 is a young stellar obje€r'SO) in the Perseus | k4 330 to be F7.0 by analyzing its optical spectra with an
associatior((R-A., decl) = (03 45 48.28;+32 24 11.9). This assumed distance of 315 pc. We converted the spectral type of
system exhibits the spectral feature of a pre-transitional disk=7 g to the effective temperature using the relationship between
(Espaillat et al2014 and Brown et al(2007) suggested an 4 gpectral type and effective temperature in Pecaut & Mamajek
inner disk by showing polycyclic aromatic hydrocarbon (2013, we used B- and V-band magnitud@termilliod 1987
features. Furthermore, mm and sub-mm observations havgg determine extinction-corrected V-band magnitude, which was
reported that the disk has a large0”16-027) gap(Brown  converted to a LkHa 338 bolometric luminosity based on
et al. 200§ Andrews et al.201% Isella et al.2013 and IR pecaut & Mamajek2013. These effective temperature and
observations have suggested spifdlgiyama et al.2019. luminosity described above were compared to the Pisa pre-main
These studies suggest grain growth and possibly unseen planefgquence evolution trackFognelli et al.2017). Finally, we
within the disk that may cause the large gap and spirals. Togstimate a mass and age of LkE30 to be 2.8 0.2M., and
follow-up the earlier studies on this intriguing system we 2 5+ 0.7 Myr, respectively.
conductedH- andKgbands observations of LKH330 as a part
of the Strategic Explorations of Exoplanets and Disks with
Subaru(SEEDS; Tamur&009 project. 3.2. Polarized Intensity Image

In this paper, we describe our observations and data
reduction in Sectiof and present our results and data analyses
are shown in SectioB. In Section4, we discuss the detected
features in the disk and summarize our results.

We detected a large gap and spiral-like features with signal-
to-noise ratiogS/ N) of > 30 at the peak of the ring and20 at

the peak of the spiral regions. FiguteshowsH and Kg
r>-scaled polarization intensifpl) images. The Pl parameter is
dependent on®? and we scaled this parameter by multiplying
Pl image byr? so that we can more properly see the structures.

2. Observations and Data Reduction We note that this treatment corresponds to neglecting the disk

The observations and data for LkH330, which are aring when calculating scattering angle, and may be
analyzed in this study, have been reported previously inproblematic when discussing the disk structures quantitatively
Uyama et al(2017). (Stolker et al. 2016. In this paper, we present some

We madeH-band( 1.6 m) observations of LkH 330 in characteristic features on radial and azimuthal |psoand
2014 October anKgband ( 2.2 m) observations in 2015  disk asymmetry of the disk, but keep the discussions on them at
January with SubaftHiCIAO (Suzuki et al20103 combined more or less qualitative levels. The contours taken from the
with classical AO system AO 18@Hayano et al.2008. A Submillimeter Array (SMA) observation ( = 0.87 mn)
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Figure 1. SubaréiHICIAO r?scaled Pl image of LkH 330 in theH- (left) andK<bands(right). The scale bar is arbitrary. The SMA = 0.87 mn) observation
result is overlaid on both images as gray contours. The levels are the same as those shown in Akiy@®dgetRerpendicular blue lines in thg image represent
semimajor and semiminor axes. North is up and east is left.
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Figure 2. H andKs Polarization vector maps superimposed on the Pl maps.

discussed in Akiyama et a2016 are superimposed on the
gures.
To estimate the/3N ratio, we rst measured the polarization
vector as seen in Figuiand dened ., as the difference of
the angle between the polarization vector and the vector normal
to the position vector measured from the central star. We then
calculated radial prdes (see Figure3) and converted the
polarization angle error into a polarization error using an
Equation(6) in Kwon et al.(2016. In this estimate of the error,
we assume that théreal polarization vectors are centro-
symmetric around the central star. The observed polarization
pattern is indeed very close to centro-symmétge Figure?) 0 . . . .
and the non-azimuthal polarization such as T GRahl 0.1 02 03 0.4
et al. 2017 is probably negligible. We dee noise as the separation [arcsec]
standard deviation at given annular areas like ADI contrastFigure 3. Polarization position angle errors as a radial f&rdn each image.
limit (see Sectio3.7 and Uyama et aR017).

—e— H-band
—e— Ks-band

151

101

pol angle error [degree]

which a and b are the semimajor axis and semiminor axis.

3.3. Gap Region Table 1 compares the cavity radius, position angle of the
_ _ o semimajor axis, and inclination from previous studies and this
We traced the inner wafhereafter we call this thging’) work. In the calculation we used the nonlinear least-squares

. . 2 .
region in ther®-scaled PI images and thenited the peak  (NLLS) MarquardtLevenberg algorithm implemented into
pro les with an elliptic equatio(f%) + (%) =1,in gnuplot. The error bars represent hsymptotic standard
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Figure 11. Comparison of%-scaled surface brightness of outer structures irHthand (left), K<-band (middle), and modelright) images. The color bars are
arbitrary. We overlay an= 0”2 mask on all the images because the model calculation focuses on reproducing only the outer features.

can constrain abundance of polycyclic aromatic hydrocarbonobservationCVSO 30 b; van Eyken et aP012. However,
and silicate. The wavelength difference of the azimuthal follow-up observations suggested that the companion candidate
surface brightness structures shown in Figitenay not be is a clump rather than a plan@nitsuka et al2017. Dipper
simply explained by the azimuthal variations of the vertical YSOs revealed by the K2 survey suggest the existence of
structures and therefore investigating synthetic dust distribu-occulting structures located at quite small separaiansdell

tions will be necessary. et al. 2016. Particularly, Ansdell et al(2016 reported RX
J1604.3-2130A to be a dipper star. This YSO has a face-on
4.2.2. Color Map disk with a large gage.g., Mayama et aR012. Therefore an

inner clump-like object with an orbit highly misaligned to the
outer disk is a possible scenario.
Another possible mechanism of casting shadow in the outer

. disk is the existence of an inner disk. Previous disk
Ksbands PSF to théi-bands PSF. AO188 worked effectively  opcorations have revealed shadows on the protoplanetary

enough tk()) sugpress both tPSI%\(/jings gndtgé-lv-vbarlﬂ PSFS isks induced by inner objec{Garu et al. 2014 Pinilla
core 1S broader as Mentoned in SectibnVve Inen re- — o 5 5015 Stolker et al.2016 2017 Benisty et al.2017
registered two PDl-reduced images by miag the center as o, ¢ ot ap017 Debes et al2017). If LkH 330 has an
the elliptical- t results of the ring. Finally we normalized the inner disk that ca’m cast shadows -on the outer disk. non-

KJ H Pl image by theK4J H luminosity of the central star . . L
(=2.27 from UCAC4 catalog; Zacharias et 2012, axisymmetric structures can be obser{featchini et aI201@.
From the models presented in Long et(2017), we consider

We nd that the disk is basicalfylue” This implies that the : A .
: o : . that the difference of the inclination between the inner and the
typical dust size is small enough for Rayleigh scattering. outer disks is as small as10° in order to produce the

gx;/vgv(er,o//tg eg?_:g%z()a ai?je(g” f’so_ngfidig_grgo?_loﬁﬁe ﬁggtﬁ- azimuthal features observedHrband. Given that ouks-band

ern part( 073, 0°-30°) is in uenced by the norteeast image, which was taken just three months after HHeand
spiral-like feature that appears only in téband image(see image; however, this rapid change of the shadow feature can
Figures 4-6). The inner eastern paf0’15-0"2, 45-9(°) hardly be explained by the change of the orientation of the
corresponds to the wavelength difference of the azimuthallnner disk because we do not expect rafuid the timescale

Figure 14 shows a color map of the disk generated by
dividing theKsband Pl image by thE-band PI image. In this
process theKsband image is convolved in order td the

pro les, which is discussed in Sectidr®.1 comparable teplertimescalg precession of the inner disk.
The outer eastern pai@’ 2-0"4, 45-90°) comes from the ~ The inner disk should have a particular extinction property to
lack of an outer scattering area in thdand disk. Thed-band let K-band wavelength transmit. As multi-band observations of

Pl image previous|y reported (Ak|yama et a|201©’ which is HD 100453(Ben|sty et a|2017) did nOt show clear d|fferen.ce
presented as &-scaled Pl image in Figurs, looks like the of the shadow structures, we consider that the shadowing by
Ksband image. A comparison of the FWHMSs of the previous the inner disk is unlikely. ) )

and ourH-band image shows that our data sets had better AO [N order to investigate this scenario, follow-up observations
ef ciency. Therefore, our data reduction show/seal’ region are required. If the PI signal is detected again as reported in
at the outer nortkeast region. This phenomenon demonstratesAkiyama et al. (2019, a clump-like object scenario is
that a possibility of“a directional shaddwis plausible; plausible. However, if follow-up observations fail to detect a
namely, when we observed this system, an inner objectPl signal, other scenarios should be considered, such as
occasionally partially veiled starlight and cast a shadow ontoasymmetric dust distribution or difference of dust properties
the northeast region of the disk. We consider a clump-like between the outer and inner disks.

object moving in the very inner region. If the orbit of the object

is highly misaligned with the outer disk, we can explain the  The authors thank David Lafreniere for generously providing
change of outer morphology over the three months. The orbitafthe source code for the LOCI algorithm. The authors would like
separation is expected to be very ngat ay the central star.  to thank the anonymous referees for their constructive
Regarding the possibility of there being an inner clump, we comments and suggestions to improve the quality of the paper.
refer to CVSO 30 antidippet’ stars. CVSO 30 was reportedto This research is based on data collected at the Subaru
harbor a close-in protoplanet candidate based on transifTelescope, which is operated by the National Astronomical
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Figure 12. Azimuthal surface brightness ptes of the deprojected ring regign  0”717) in the H-bandleft) and K-band (right). We include expected phase
functions assuming a uniform dust distribution in the disk.
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Figure 13. Polar diagram of Henyereenstein phase function. The phase
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Appendix A
Error Map of Polarization Angle

Figure 15, which is made from Figurg, shows angle error
maps in theH- and Kgbands. These maps are used for
calculating noise prdes of the Pl images and details are
explained in SectioB. Yellow corresponds to larger difference
from a centro-symmetric pattern of the polarization vectors and
causes larger noise in the Pl image.

Appendix B

Comparison of Our Results with the Previous HIiCIAO

Image

Figure 16 compares our HiCIAO observations with the
previous HICIAO observation that was originally presented in
Figure 14. Color map of the LkH 330 disk. The scale bar represents the I Akiyama et al.(2016. Our data sets achieved better AO
ratiosK4 H such that red represents a larger value.

ef ciency and are explained in Secti@n
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