A&A 598, A43 (2017)
DOI: 10.1051/0004-6361/201629145
© ES0 2017

tronomy
Astrophysics

Constraining the mass of the planet(s) sculpting a disk cavity
The intriguing case of 2MASS J16042165-2130284*-**

H. Canovas!%?, A. Hardy2’9, A. Zurlo>?, Z. Wahhaj4, M. R. Schreiber>?, A. Vigan5’4, E. Villaver', J. Olofsson®?,

G. Meeus!, F. Ménard®’, C. Caceres® 32, L. A. Cieza>?, and A. Garufi!

Departamento de Fisica Tedrica, Universidad Auténoma de Madrid, Cantoblanco, 28049 Madrid, Spain

e-mail: hector.canovas@uam.es

Departamento de Fisica y Astronomia, Universidad de Valparaiso, Valparaiso, Chile

Facultad de Ingenieria, Universidad Diego Portales, Av. Ejercito 441, 1058 Santiago, Chile

European Southern Observatory, 3107 Alonso de Cordova, Vitacura, 1058 Santiago, Chile

Aix Marseille Université, CNRS, LAM (Laboratoire d’ Astrophysique de Marseille) UMR 7326, 13388, Marseille, France
CNRS, IPAG, 38000 Grenoble, France

Univ. Grenoble Alpes, IPAG, 38000 Grenoble, France

Departamento de Ciencias Fisicas, Facultad de Ciencias Exactas, Universidad Andres Bello. Av. Fernandez Concha 700,
Las Condes, Santiago, Chile

® Millennium Nucleus “Protoplanetary Disks in ALMA Early Science”, 1058 Santiago, Chile

© N W AW N

Received 18 June 2016 / Accepted 7 October 2016

ABSTRACT

Context. The large cavities observed in the dust and gas distributions of transition disks may be explained by planet-disk interactions.
At ~145 pc, 2MASS J16042165-2130284 (J1604) is a 5-12 Myr old transitional disk with different gap sizes in the mm- and pm-sized
dust distributions (outer edges at ~79 and at ~63 au, respectively). Its '2CO emission shows a ~30 au cavity. This radial structure
suggests that giant planets are sculpting this disk.

Aims. We aim to constrain the masses and locations of plausible giant planets around J1604.

Methods. We observed J1604 with the Spectro-Polarimetric High-contrast Exoplanet REsearch (SPHERE) at the Very Large Tele-
scope (VLT), in IRDIFS_EXT, pupil-stabilized mode, obtaining YJH-band images with the integral field spectrograph (IFS) and
K1K?2-band images with the Infra-Red Dual-beam Imager and Spectrograph (IRDIS). The dataset was processed exploiting the an-
gular differential imaging (ADI) technique with high-contrast algorithms.

Results. Our observations reach a contrast of AK,AYH ~ 12 mag from 0”15 to 0”80 (~22 to 115 au), but no planet candidate is
detected. The disk is directly imaged in scattered light at all bands from Y to K, and it shows a red color. This indicates that the dust
particles in the disk surface are mainly 20.3 um-sized grains. We confirm the sharp dip/decrement in scattered light in agreement with
polarized light observations. Comparing our images with a radiative transfer model we argue that the southern side of the disk is most
likely the nearest.

Conclusions. This work represents the deepest search yet for companions around J1604. We reach a mass sensitivity of 22-3 My,
from ~22 to ~115 au according to a hot start scenario. We propose that a brown dwarf orbiting inside of ~15 au and additional Jovian
planets at larger radii could account for the observed properties of J1604 while explaining our lack of detection.

Key words. protoplanetary disks — planet-disk interactions — stars: variables: T Tauri, Herbig Ae/Be — techniques: high angular

resolution — stars: individual: 2MASS J16042165-2130284

1. Introduction

While there is virtually no doubt that giant planets (here
we follow the broad definition of planet adopted by the
Working Group on Extrasolar Planets of the International
Astronomical Union, Bossetal. 2007) form in protoplane-
tary disks, when, where, and under which conditions this
occurs, is still highly uncertain. A greater understanding
of this process is needed in order to explain the proper-
ties of the formed planets and the diverse architecture of
planetary systems including that of our Solar System (e.g.,

* Based on observations made with the VLT, program 095.C-
0673(A).
** The reduced images (FITS files) are available at the CDS via
anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/598/A43
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Winn & Fabrycky 2015, and references therein). Early studies
of planet disk interactions predict that forming giant planets
open gaps and cavities in the surrounding gaseous disks (e.g.,
Artymowicz & Lubow 1994), while recent detailed models pre-
dict a variety of additional effects related to planet-disk interac-
tions such as gas flows/accretion streams through the disk cavity
(Lubow et al. 1999), dust filtration (Paardekooper & Mellema
2006; Rice et al. 2006), a decrease in the accretion rate of
gas onto the star (Alexander & Armitage 2007), an accumu-
lation of millimeter sized particles in a narrow ring at the
outer edge of the cavity (Pinilla et al. 2012), and/or spiral arms
detectable in scattered light (Juhdszetal. 2015; Dong et al.
2015a). Many of these features have been observed (e.g.,
Andrews et al. 2011; Canovas et al. 2015, 2016; Casassus et al.
2013; Garufi et al. 2013; Dong et al. 2016; Hughes et al. 2009;
van der Marel et al. 2016a; Pinilla et al. 2015), however despite
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numerous observational efforts, definitive detections of plan-
ets at their early formation stage have proven to be extremely
hard to achieve. Potential detections based on aperture mask-
ing techniques (e.g., Huélamo et al. 2011) may actually be trac-
ing scattered light from the inner disk regions (Cieza et al.
2012; Olofsson et al. 2013). To date only two disks show plau-
sible detections of embedded planet companions: LkCa 15
(Kraus & Ireland 2012; Sallum et al. 2015), and HD 100546
(Quanz et al. 2013a, 2015; Currie et al. 2014, 2015), while the
disk HD 169142 shows evidences of an embedded brown dwarf
(Biller et al. 2014; Reggiani et al. 2014). Probably the least am-
biguous detections of young planets are those located at large
separations (>100 au) from their host stars (e.g., Kraus et al.
2014; Caceres et al. 2015). Their formation via core-accretion
(Pollack et al. 1996) is unlikely (e.g., Rafikov 2011) but in prin-
ciple they could form via gravitational instability (Boss 1997).
As long as we lack a direct detection of a forming planet inside
a disk gap/cavity, observed features such as dust filtering and
piling up of large grains in ring-like structures cannot be con-
clusively attributed to the presence of planets. In order to con-
front models of planet-disk interactions, either planet detections
or deep detection limits on the presence of planets inside the
disk cavity must be obtained. One disk which presents an oppor-
tunity to conduct such a study is 2MASS J16042165-2130284
(hereafter referred to as J1604).

J1604 (mpux = 11.8,9.1,8.5) is a pre-main sequence
star which belongs to the Upper Scorpius subgroup (USco)
of the Scorpius-Centaurus OB association at an average dis-
tance of 145 + 2 pc (de Zeeuw et al. 1999). Age estimations for
this association range from 5 to 12 Myr (de Geus et al. 1989;
Preibisch et al. 2002; Pecaut et al. 2012). Carpenter et al. (2014)

describes J1604 as a K2 star with temperature Teg = 4898* 57K,

luminosity L, = 0.58%07% Lo, and mass M, = 0.95'012 M.
The spectral energy distribution (SED) of J1604 shows a deficit
of flux excess at near-infrared (NIR) wavelengths characteristic
of transition disks (Strom et al. 1989), followed by a strong ris-
ing excess at 16 um and beyond (Carpenter et al. 2006, 2009;
Dahm & Carpenter 2009) indicating emission from an inner
wall directly exposed to stellar radiation at large separations
(~tens of au) from the star. Its small (yet significant) excess
between 3 and 16 um traces optically thick dust at ~0.1 au
(T ~ 900 K, Mathews et al. 2013; van der Marel et al. 2015).
Therefore J1604 is a “pre-transitional disk”, that is, it has opti-
cally thick inner and outer disks separated by an optically thin
gap (Espaillat et al. 2007). J1604 is surrounded by the most
massive disk known in the USco region (~0.1 My, in dust,
Mathews et al. 2012a; Carpenter et al. 2014) and this disk has
been resolved in scattered polarized light at optical (Pinilla et al.
2015) and NIR wavelengths (Mayama et al. 2012), and in ther-
mal emission at sub-mm wavelengths (Mathews et al. 2012b;
Zhang et al. 2014). These observations reveal an almost face-
on disk (i ~ 6°, Mathews et al. 2012a) at position angle PA ~
77° (east of north, Zhang et al. 2014) with a large gap. Inter-
estingly, the inferred gap outer edge is wavelength-dependent:
~79 au at sub-mm wavelengths and ~63 au in the NIR, which
may be evidence of the dust filtration produced by planets, as
predicted by Rice et al. (2006). The polarized images of J1604
also reveal an intriguing, sharp decrement in emission along
the bright inner rim (Mayama et al. 2012; Pinilla et al. 2015).
ALMA '2CO (2—1) observations reveal a large gaseous disk with
a ~30 au cavity in radius (Zhang et al. 2014; van der Marel et al.
2015).

As the disk morphology of J1604 shows several structures
generally attributed to planet-disk interactions, it has been the
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subject of many searches for low-mass companions in the past.
RXJ1604.3-2130B (M2, M, ~ 0.7 M) is the only known
companion around J1604, located at a projected separation
of 2350 au (Kraus & Hillenbrand 2009). Combining aperture
masking interferometry with direct imaging Kraus et al. (2008)
reached a AK contrast of ~3.6 mag at 10-20 mas (1.5-2.9 au),
~5.4 mag at 2040 mas (2.9-5.8 au), and ~6.2 mag at 40—
160 mas (5.8-23.2 au). Assuming a hot start scenario and using
5 Myr isochrones these values were converted to mass limits of
~70 My, ~21 My, and ~15 My, respectively. In a comple-
mentary survey Ireland et al. (2011) reached a AK contrast rang-
ing from 3.4 to 5.8 mag at 300-1000 mas (45-150 au), yielding
mass sensitivities of 83-19 Myy,.

In this paper, we present high-contrast observations at NIR
bands from Y to K of the transition disk around J1604 ob-
tained with the Spectro-Polarimetric High-contrast Exoplanet
REsearch (SPHERE, Beuzitetal. 2008) instrument at the
Very Large Telescope (VLT). The remarkable performance of
SPHERE allows us to reach a new contrast domain. No giant
planets are detected in our observations, yet we derive strict con-
straints on the masses of planets that might orbit the star at 20—
130 au, reaching a mass sensitivity of 22-3 Mjy,, according to
the BT-Settl models (Allard et al. 2011). The high quality of our
images allow us to detect the disk in scattered light at all wave-
lengths from Y to K-bands. Therefore, we also analyse the radial
and azimuthal structure of this interesting disk.

2. Observations

J1604 was observed with SPHERE under ESO programme
095.C-0673 (PI. A. Hardy) during June 10, 2015, and August 13,
2015. The June observations had better weather conditions and
reached deeper contrast than the August observations, therefore
we focus on the description and analysis of the first dataset. The
instrument was used in the IRDIFS_EXT mode, which allows si-
multaneous observation with the integral-field spectrometer IFS
(Claudi et al. 2008) and with the differential imager and spectro-
graph IRDIS (Dohlen et al. 2008). In this mode the IFS covers a
wavelength range from 0.96 to 1.68 um (Y—H-bands), having a
spectral resolution of R ~ 30 inside a 1.7 x 1.7” field of view
(FoV). The IRDIS sub-system, on the other hand, was config-
ured in its dual-band imaging mode (DBI, Vigan et al. 2010) to
simultaneously observe in K1 and K2 filters (Ag; = 2.110 um,
Ak = 2.251 pum, width ~0.1 ym) with a 11.0” x 11.0” FoV.
Our main goal was to detect young planets inside the disk
cavity. To that end, the observations were carried out in pupil-
stabilized mode to perform angular differential imaging (ADI;
Marois et al. 2006). We used an apodized pupil Lyot coron-
agraph (Soummer 2005; Carbillet et al. 2011) in combination
with a focal plane mask of diameter 0’7185 that provides an in-
ner working angle (IWA) of ~0”7092 (i.e., 13 au at 145 pc). The
complete observation sequence amounted to 2 h in total (1.6 h
on-source) at airmass ranging from 1.001 to 1.071, resulting in
145° of sky rotation. We used detector integration times (DITs)
of 32 s for both the IRDIS and IFS instruments. A 2 %2 dithering
pattern was applied to average out flat-field imperfections of the
IRDIS detector. The weather conditions were good with median
seeing of 1.0” and coherence time of 79 = 2.0 ms. The wind
speed was mostly constant with a median value of 10.9 m s~'.
A total of 40 unsaturated (0.8 s integration time), off-mask
stellar point-spread functions (PSFs) of J1604 were acquired to
allow for relative flux calibration. Sky background images were
recorded at the beginning and the end of the sequence. Center-
ing frames with four centro-symmetric satellite spots (artificial
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replicas of the central star at different positions on the detec-
tor, used to accurately find the position of the star behind the
coronagraph mask) centered on the star were interleaved with
the science frames to accurately derive the position of the star in
the detector behind the focal plane. Standard calibrations were
obtained the following morning as part of the general SPHERE
calibration strategy.

3. Data reduction

In this section we briefly describe the steps followed to clean
and align the raw data before applying dedicated algorithms to
post-process the data. We used the SPHERE data reduction and
handling (DRH) pipeline (v. 0.15.0; Pavlov et al. 2008), as well
as additional, dedicated tools described in detail by Vigan et al.
(2015) and Zurlo et al. (2016). We refer to these studies for a
complete description of the data reduction outlined below.

3.1. IFS pre-processing

The DRH was first used to create the basic files of the data re-
duction process: backgrounds, master flat-field, IFS spectra po-
sitions and IFU flat-field following Mesa et al. (2015). Four dif-
ferent lasers illuminate the IFS detector to allow for wavelength
calibration (Mesa et al. 2015; Pavlov et al. 2008). The dedicated
pipeline presented by Vigan et al. (2015) was then used to pro-
cess the science frames. In a first stage, this pipeline performs
the following steps: (1) determination of the time and paral-
lactic angle of each science frame; (2) background-subtraction;
(3) normalization of the data by the value of the DIT; and (4)
temporal binning (blocks of two consecutive frames were aver-
aged to reduce the total number of frames). These pre-processed
binned frames were then corrected for bad pixels and cross-talk
(spurious signal from adjacent lenslets on the IFS that can con-
taminate the final images), before being fed into the DRH to in-
terpolate the data spectrally and spatially. At this stage, we per-
formed a second round of bad-pixel cleaning, as the IFS detector
is strongly affected by bad pixels and the amount of remaining
bad pixels at the shorter wavelengths can be significant. Bad pix-
els were identified with a sigma-clipping routine and then cor-
rected with the IDL procedure MASKINTERP' which performs
a bicubic pixel interpolation using neighbouring good pixels.
These frames are then re-calibrated in wavelength to identify
a reference channel for which the absolute wavelength is accu-
rately known and to find the scaling factor between the spectral
channels (see Sect. A2 in Vigan et al. 2015). Combining the un-
certainties of these two separate steps yields an upper limit of
1.4 nm for the wavelength calibration error.

3.2. IRDIS pre-processing

Pre-processing of IRDIS data is much simpler than IFS data
as no wavelength calibration is needed. We used our own IDL
tools to pre-process the data. The individual science frames were
background subtracted and flat-field corrected. Bad pixels were
identified and corrected following the same method as with the
IFS data. No temporal binning was applied to this dataset.

3.3. Off-axis PSFs and centering frames

The off-axis PSFs were acquired using the same instrumental
setup as in the coronagraphic images. This dataset is calibrated

! https://physics.ucf.edu/~jh/ast/software.html

and pre-processed within the same procedure previously de-
scribed. The centroid of each satellite spot in the centering
frames was determined by fitting a 2D Gaussian. The coordi-
nates of the star over the detector were calculated as the center
of these four centrosymmetric spots. The accuracy of this proce-
dure is estimated to be within a few tenths of a pixel (Mesa et al.
2015). For the IFS, the star center is independently determined
for each wavelength. The center of the PSF was very stable
across the whole observation, with a maximum displacement of
~0.2 px in the X and Y directions on the detectors, and therefore
no re-centering was applied.

3.4. Final image corrections

After pre-processing, the images were corrected for anamor-
phism (see Maire et al. 2016) using customized IDL routines.
We used the True North (TN), plate scales, and relative orien-
tation between IRDIS and IFS derived by Maire et al. (2016):
plate scale of 7.46 + 0.01 maspx~' for the IFS, and 12.255 +
0.012 maspx~! for IRDIS, and a relative orientation between
IRDIS and IFS of —100.46° + 0.13°. Following these steps, the
images were ready to be processed with dedicated high-contrast
algorithms described in the following section.

The sharp PSF provided by the adaptive optics (AO) sys-
tem, combined with the effective central starlight suppression
provided by the coronagraph, made it possible to directly de-
tect the light scattered by the disk at all wavelengths measured.
As no comparison star was observed, and the disk is nearly face-
on (i ~ 6°, Mathews et al. 2012a), all the images were derotated
to a common north and median combined without applying any
PSF-subtraction techniques. Higher signal to noise (S/N) was at-
tained by combining all images in our dataset. The IFS channels
were combined to create broadband images at Y, J, and H-bands.
Each pixel in the disk image was divided by the peak of the PSF
previous exposure time normalization to estimate the star-disk
flux ratio.

4. Speckle noise subtraction

Our large dataset is well suited to high-contrast algorithms de-
voted to detecting faint point sources using ADI (Marois et al.
2006), spectral differential imaging (SDI, Racine et al. 1999)
and/or a combination of both. We used principal component
analysis (PCA) following the Karhunen—Loe¢ve Image Projec-
tion (KLIP) method (Soummer et al. 2012; Pueyo et al. 2015),
as well as the matched locally optimized combination of images
(MLOCI) algorithm (Wahhaj et al. 2015), to take advantage of
the large library of PSF images available. The IRDIS and IFS
datasets were treated separately as they are naturally different:
while the IRDIS data contains narrow, dual-band images, each
IFS datacube contains 39 images at different wavelengths. After
initial inspection by eye we removed several frames with very
poor seeing and/or AO open loops (less than 5% of the whole
dataset). In the subsequent analysis (described below), we also
explored the effects of applying frame selection by disregarding
the frames where the integrated flux inside the AO corrected area
remained below 3, 5,7 X o of the median. We find that the high-
est contrast is reached when using all frames as input (i.e., not
applying frame selection).

4.1. Dual-band imaging with IRDIS

We separately analyze the K1 and K2 channels, as well as
their difference (DBI). The data was processed with three
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independent, different pipelines: using the PCA-based pipelines
detailed in Zurlo et al. (2014, 2016) and Vigan et al. (2016),
and the MLOCI algorithm presented in Wahhaj et al. (2015). In
the first approach, for each frame, a PCA library based on all
the other frames from the sequence is constructed. This yields
140 PCA modes that are calculated over the whole image from
an inner radius of 0”71 up to 0”79. Different numbers of modes
were subtracted from the images, resulting in residuals quickly
converging after using 50 modes. The MLOCI algorithm injects
fake companions in different sectors over each frame and then it
constructs a reference image that maximizes the S/N of the re-
covered companions. This reference frame is created combining
all the other frames from the sequence with the LOCI algorithm
(Lafreniere et al. 2007). The K2 images were affected by strong
background emission when compared to the K1 images (as noted
by Maire et al. 2016).

4.2. Spectral imaging with IFS

Here we followed the data reduction described by Vigan et al.
(2015) where a thorough analysis of different data reduction
approaches are used to maximize the contrast in SPHERE/IFS
observations. These authors show that maximum contrast is
reached when combining SDI together with ADI exploiting the
PCA. In this way the information contained in the spectral di-
mension is used to further reduce the speckle-noise in the im-
ages. As with the IRDIS data, PCA is used to construct an
optimum PSF from all the frames available for each spectral
channel. This process uses the spatial re-scaling to match the
speckle pattern at all wavelengths, taking advantage of the rel-
atively large spectral coverage of the IFS. Hence, instrumental
speckles can be subtracted resulting in a significant gain in ab-
solute contrast. In the case of this dataset, a total of 70 IFS data
cubes were available, resulting in 2730 PCA modes (70 cubes
each with 39 wavelengths). For each IFS frame, we subtracted
up to 50% of the modes, in steps of five modes. All the data
for a given number of subtracted modes were spatially re-scaled
back to their original size, de-rotated to a common north, and
mean-combined to produce a final broad-band image. As with
the IRDIS dataset, the residuals converge after using one third of
the PCA modes.

5. Results
5.1. Detection limits and constraints on planetary mass

After careful inspection of the reduced images, no detection of
a candidate planet was found in any of our datasets. For illustra-
tion we show the PCA reduced image of the IRDIS K1 dataset in
Fig. 1. The off-axis images were used to mimic faint companions
to derive detection limits from our observations. Twenty simu-
lated planets were injected simultaneously in the pre-processed
dataset at different radial separations (starting at 0’1 and increas-
ing in a 0”704 step) with respect to the star, at azimuthal angles
spaced by 18°. This procedure was repeated 30 times rotating the
position angles in steps of 12° each time to improve the statisti-
cal significance of the results. The flux of the planets was scaled
for seven different contrast levels ([6,2, 1] x 107, [4, 1] x 1072,
[6,3] x 107%) with respect to the central star. The contrast was
defined as the ratio between the integrated flux of the planet and
that of the star. We assume that the companions have the same
spectra as J1604. As noted by Vigan et al. (2015), this is not
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Fig. 1. PCA reduced image of the IRDIS K1 filter. The image has a
software mask of radii 07092, equal to the IWA of our observations.
The bright glow at the edge of the mask at PA 0° is an artefact. The dark
region at r ~ 0”74 and PA ~ 18° corresponds to a dip in the disk bright
inner rim. The white line contours the S /N = 30 region in the K1 image
to highlight the disk morphology (see Sect. 5.2).

realistic, but has the advantage of providing model-independent
contrast limits that can be directly compared with other observa-
tions. We then applied the reduction steps described in Sect. 4.
A fake planet is considered as detected when its S/N is >5. The
fluxes of the planets are measured with aperture photometry us-
ing an aperture diameter of 0.84/D (where D is the telescope
diameter). Self-subtraction is estimated by comparing the planet
flux before and after data processing. The measured flux is cor-
rected by this effect and by the small sample statistics at small
radial separations (r < 31/D, Mawet et al. 2014). Detection lim-
its were calculated by measuring the standard deviation of the
final images in annuli of 1 4/D width at increasing angular sep-
aration, normalized by the flux of the average off-axis PSF at
each band. In IRDIS, the background emission in the K2 channel
limits the detection threshold. By far the highest contrast was ob-
tained when processing the K1 channel alone. The detection lim-
its from the IFS are similar to those from IRDIS in the 0”5-0"/8
range, and they are somewhat lower in the inner regions, down
to 0”715. The detection limits derived for IRDIS and for the IFS
data are shown in Fig. 2.

Converting detection limits into planetary mass limits is not
straightforward, as models studying the formation of young giant
planets show that the initial conditions of planet formation have
a great impact on the planet luminosity (e.g., Spiegel & Burrows
2012). Here we followed the method outlined by Zurlo et al.
(2016) and Vigan et al. (2015). We used two different evolution-
ary models to estimate the flux of a young planet: the “hot start”
model (BT-Settl, Allard et al. 2013; Baraffe et al. 2015) and the
“warm start” model with initial entropy of 9 kg baryon~! and a
cloudy atmosphere of one solar metallicity (Spiegel & Burrows
2012). A major difference between these two models is the ini-
tial entropy of the planet embryo, which leads to different planet
fluxes. The models provide us with the absolute magnitude of
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J1604 mass limits
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Fig. 2. Azimuthally averaged contrast curves (50 detection limits) de-
rived using the methods described in Sect. 5.1. The black solid line
traces the contrast of the averaged off-axis PSF at K1-band. The vertical
dotted line indicates the IWA of our images. The dashed line indicates
the detection limits derived by Kraus et al. (2008).

the planet at the SPHERE bands2, which are then scaled to a dis-
tance of 145 pc. Given the uncertainty surrounding the age of
J1604, we derived the planet fluxes for a range of plausible ages
from 5 to 12 Myr. These values were compared to the J1604
flux at each band to estimate the model predicted contrast. The
uncertainties on the distance and the magnitude of the host star
are negligible with respect to the other quantities on the calcu-
lation. Our mass detection limits were estimated by comparing
the predicted contrast with our detection limits. The results are
shown in Fig. 3, where the shadowed areas illustrate the spread
in mass sensitivity at a given mass for the different ages, where
the boundaries are 5 and 12 Myr. For simplicity we only show
the age spread for the mass limits derived from the IFS (which
are lower than the IRDIS ones) up to 0”/8. The IRDIS K1 mass
limits are shown in the region not reached by the IFS, from 0”8
to 0”79 (115 to 130 au). There are no warm start model fluxes for
massive planets (>10 Mjyp).

5.2. Scattered light images of the disk

The disk images are affected by two major artefacts. First, we
find a faint, ring-like halo of remnant speckles. This annular
structure increases linearly in radius with wavelengths starting at
r ~ 0”5 at J-band. Second, we also find a large-scale, elliptical
artefact with its major axis aligned at roughly 140° east of north
and centered behind the coronagraph. This is most likely created
by diffraction at the edges of the mask and non-perfect AO cor-
rection (probably due to high-altitude winds) during the obser-
vations. A similar artefact also appears in the SPHERE dataset
presented by Maire et al. (2016; see their Figs. 1 and 2), albeit
with much lower amplitude. At shorter wavelengths, this arte-
fact dominates the disk emission, and our best images (higher
S/N and less affected by artefacts) correspond to the H and K1
datasets. Applying frame selection does not significantly reduce
the contamination. In an attempt to mitigate this effect and high-
light morphological structures in the disk we applied an unsharp

2 The fluxes from Spiegel & Burrows (2012) were converted

to the SPHERE photometric system using the filter transmis-
sion curves given in https://www.eso.org/sci/facilities/
paranal/instruments/sphere/inst/filters.html

0 L

0 20 40 60 80
Separation (AU)

100 120 140

Fig. 3. Physical limits on planetary mass companions derived as de-
scribed in Sect. 5.1. The IFS mass limits are slightly better than the
IRDIS ones. The shadowed area reflects the large uncertainty on the
age of the plausible companions, ranging from 5 to 12 Myr. There are no
warm start models for planets with masses above 10 Mj,,. The “hump”
in sensitivity at ~60 au is due to disk emission. Mass limits from 115
to 130 au correspond to IRDIS K1-band observations using the same
methodology as for the IFS.

mask with a kernel of 2 x FWHM at each band to the images.
The unsharpened images are shown in Fig. 4. A dip or decre-
ment in scattered light at ~20° (east from north) is detected in
each band and especially at K1.

We created a toy model of the disk using the radiative trans-
fer code MCFOST (Pinte et al. 2006, 2009) aiming to estimate
the effect of the elliptical artefact over the disk signal. The dust
population is made by porous grains composed of 80% astro-
nomical silicates (Draine & Lee 1984) and 20% carbonaceous
amorphous particles (Draine 2003) following a standard power-
law size distribution dn(a) « a=*3da with grain sizes ranging
from aminmax = 0.05 um to 1 mm. The full scattering matrix of
the dust population is computed with Mie theory (Mie 1908) us-
ing the distribution of hollow spheres (DHS) formalism outlined
by Min et al. (2005), with maximum volume fraction fi,.x = 0.8.
The surface density distribution X(r) is described by a standard
power-law with a tapered-edge profile

&)

where r is the radial distance from the star, R¢ is the character-
istic radius Rc = 100 au, X¢ is the surface density at Rc, and
v = 1. We do not consider the innermost (observationally poorly
unconstrained) material here. The inner r = 61 au region is to-
tally depleted of dust, and the sharp outer edge of this cavity
is smoothed with a Gaussian taper of 2 au FWHM. The verti-
cal structure of the disk is assumed to follow a Gaussian den-
sity profile, and the scale height at each radius is then defined
as H(r) = Hjgo(r/100au)?, where y defines the flaring angle
of the disk and H\ is the characteristic scale height at 100 au.
We use the stellar parameters, distance, disk position angle and
inclination given in Sect. 1. Scattered light images of the disk
at the bands of our observations are created with a ray tracing
algorithm. These images are convolved with the corresponding
off-axis real observations. The signal from the disk in these non-
coronagraphic PSFs has a contrast of ~10™* with respect to the
star peak and therefore its contribution is negligible. Gaussian

2(r) = Zcr 7 exp (D
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Fig. 4. Scattered light images of the disk (Sect. 3.4) at different bands after applying an unsharp filter as described in Sect. 5.2. A software mask
of radius » = 07727 is used to remove the spurious signal that dominates the central regions of the images. The dynamical range of each image has
been arbitrarily scaled to highlight the disk features, and the color scale is linear. The cross at the center indicates the major/minor axis of the disk,
at PA of 76.8° (Zhang et al. 2014). Arrow “1” points to the faint, ring-like halo artefact observed at » ~ 0”5 at J-band, while arrow “2” indicates
the elliptical artefact that especially affects the IFS images, with increasing strength towards shorter wavelengths. In all images, a dip/decrement
in brightness at ~20° (east form north) is evident in the bright inner rim of the disk, although it is partially masked by artefact “2” (see text). This

dip was previously noticed by Pinilla et al. (2015) at R’-band.

noise is finally added to these images. The synthetic image at
H-band is shown in the left panel of Fig. 5. In our model, the
near side corresponds to the south-east side of the disk. The scat-
tered light along the projected major axis is symmetric, whereas
along the minor axis the emission is asymmetric with the nearest
side ~30% brighter than the farther one.

We then assume that the large scale artefact could be de-
scribed by a broad elliptical Gaussian with its major axis aligned
at 140° east of north and a major/minor axis ratio of ~1.2. This
synthetic artefact is then added to the MCFOST images, and it is
arbitrarily scaled until it roughly matches our observations (see
Fig. 5). With the exception of the dip located at ~20°, the syn-
thetic images reproduce the observed overall azimuthal bright-
ness modulation: a decrement in the [-20°, 60°] and [170°,250°]
ranges, and maxima at ~130° and ~290° (east of north). There-
fore we consider it very likely that the azimuthal brightness
modulation is a consequence of the large scale artifact, which
masks real disk features especially at H-band and shorter wave-
lengths. We emphasize that the dip is a real astrophysical feature
that has been previously reported using different observations
(Pinilla et al. 2015). As a separate test, we repeat the previous
exercise but with the near side of the disk on the north-west. In
this case the final images do not reproduce the overall observed
morphology.

5.2.1. Brightness radial profile

Having qualitatively identified the major effects of the artefacts
contaminating our images, we proceed to estimate the radial
brightness profile of the disk for the H and K1-band images.
To that end we computed the median and standard deviation at
each position in a 3-pixel width slit along the major and mi-
nor axis of the disk. At K1, the disk is detected up to ~07”72
or ~104 au. The results for the major axis are shown in Fig. 6. In
both bands the western side is brighter than the eastern one, and
this difference is smaller for the K1 images (as it is less contami-
nated by the artefacts). We consider it most likely that this differ-
ence is due to contamination by the elliptical artefact described
above, as the brightness profile is expected to be centrosymmet-
ric along the major axis of an inclined disk. In all cases, the pro-
files peak at 0”743 (~63 au), in agreement with previous findings
(Mayama et al. 2012; Pinilla et al. 2015).
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Fig. 5. Left: synthetic H-band image of the toy model presented in
Sect. 5.2. Right: same model presented in the left panel, but adding an
elliptical Gaussian artefact similar to that affecting our observations (see
text for details).

The radial brightness profile of a protoplanetary disk is ex-
pected to decrease with radius following a power law (ocr?,
Whitney & Hartmann 1992). We use a Levenberg-Marquardt al-
gorithm giving weights to each point according to their standard
deviations to fit power-laws to the measured profiles. This way
we find that a better fit (lower reduced y?) is attained when split-
ting each fit into two separate regions. We define the radius at
which the power-law changes as the “breaking point” (7). The
different fits for each band are listed in Table 1 and given in the
legend of Fig. 6, following the same color code as the plots in
the figure. Overall we find that the profiles on the eastern side
are slightly more shallow than their counterparts on the western
side, albeit this difference being within 20-. The breaking point
I'pp Temains almost constant for the two bands and the two sides
(see Table 1), which suggest that this is a real feature and not a
consequence of artefact contamination. Averaging the absolute
values of ry, we obtain r,, = 0755 £ 0703 (79.75 + 4.35 au at
145 pc). Interestingly, this value matches the outer edge of the
gap of the mm-sized dust distribution derived from ALMA ob-
servations (~79 au, Zhang et al. 2014).

As the disk is nearly face-on, we repeated the previous ex-
ercise but this time computed the profiles along the minor axis
(due to projection effects, the difference between the minor and
major axis remains below 0.5%). The southern side is brighter
than the northern one (Fig. 6), as expected for an inclined disk
with its nearest side on the southern direction (Fig. 5, left panel).
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Fig. 6. Cuts along the disk major (left panel) and minor (right panel) axis. Each panel shows the cuts at H and K1-bands. Black asterisks and
error bars represent the median and standard deviation at each position over a 3-px width slit along the major axis. A broken power-law profile is
fitted at each side of the profile. The power-law indices are given in the legends of each panel, with the same color code as the fits plotted as solid
curves, and correspond to the values listed in Table 1 (major axis) and Table 2 (minor axis). The vertical dotted line indicates the ~79 au cavity in
the mm-sized grains (Zhang et al. 2014). The cuts are given in contrast (units of 10™*) with respect to the star at each band.

Table 1. Broken power-law (ccr®) fits to the radial brightness profile
along the major axis shown in Fig. 6.

Side Band Range Power-law (@)
East H —0744:-0"53 =332 +0.07
East H -0753:-0770  -2.36 = 0.08
West H 0744:0756 -3.34+0.09
West H 0756:0770 -2.52+0.07
East K1  —-0744:-0"54 -3.42+0.05
East K1  -0754:-0772 -2.73+0.13
West K1 0744:0’59 -3.59 +0.08
West K1 07/59:0772 -2.69+0.14

Notes. The errors represent the 1o~ uncertainty from our fit.

Table 2. Same as Table 1, but along the minor axis.

Side Band Range Power-law (@)
South H -0744:-0"53  -3.49 £ 0.09
South H -0753:-0770  -2.40+0.10
North H 0744:0756 -3.28 £ 0.06
North H 0756:0"770 -2.16 +£0.10
South K1  -0744:-0754 -3.89+0.16
South K1  -0754:-0772 -3.03 £0.07
North K1 0744:0"754 -3.62+£0.15
North K1 0754:0772 -2.67 +0.07

This difference is higher (up to ~15%) at K1-band. As it happens
with the major axis, we find that using a broken power-law pro-
duces a much more robust fit. The results from this fit are given
in Table 2. We find again that the absolute value of the breaking
point remains roughly constant for all the fits, and in excellent
agreement with its counterpart along the major axis, with an av-
erage value of rp, = 0754 + 0701 (78.3 + 1.5 au).

5.2.2. Azimuthal brightness profile

The azimuthal brightness profile was computed along the bright
rim of the disk at H and K1-bands. The median and standard
deviation were computed along the azimuthal direction using a

J1604 — Azimuthal Profile
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Fig. 7. Azimuthal profile at H and K1-bands, computed in a 2-px-width
ring tracing the maximum of the ring at ~0”43 (~62 au at 145 pc). Each
point is the median and its corresponding 1o in a 5° step. The green line
shows a Gaussian fit to the K1 profile (see text).

2-px width wedge with 5° opening angle (Fig. 7). The appar-
ent local maxima around ~130° and ~—50° are aligned with the
major axis of the elliptical artefact, thus they are probably a con-
sequence of this artefact contamination. Excluding the artefact-
dominated emission, the decrement in the dip with respect to the
median of the —180°:—100° and 100°:180° regions is dg; ~ 0.7
and 6y ~ 0.6. The region between —60° and 100° (i.e., the north-
ern side) shows lower brightness, as expected for an inclined
disk with its nearest side on the south. We performed a non-
linear, least squares Gaussian fit to the azimuthal profiles in the
—30° to 70° range. The K1 fit produces a reduced Chi-squared of
#? = 0.9 with the center of the Gaussian located at 18.8° + 0.7°.
The H-band profile fit does not converge, most likely due to its
higher contamination by artifacts.

6. Discussion

As explained in the introduction, the radial structure of J1604
(both in dust and gas) matches several predictions by models of
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planet-disc interaction. Additionally, the accretion rate of J1604
is remarkably low (Myee < 1071 M, yr‘l; EW (H,) =53 A,
Mathews et al. 2012a; van der Marel et al. 2016b) compared to
the typical values found for most pre-transitional disks (median
Myee = 107825 Mg yr~!, Kim et al. 2013). This is surprising con-
sidering the substantial amount of gas still present on the outer
disk (Mg,s = 0.02 Mg van der Marel et al. 2015) despite the rel-
ative old age of the system (5-12 Myr).

The complex radial structure of the disk, and in particular
the hot dust inside of the gas cavity, disagrees with photoevapo-
ration or grain growth as potential mechanisms carving the disk
(as already noted by Mathews et al. 2012b; Zhang et al. 2014;
Pinilla et al. 2015). Dead-zones (poorly ionized disk regions,
see e.g., Gammie 1996; Varniere & Tagger 2006; Regdly et al.
2012) can create ring-like accumulations of large grains as a
consequence of the change in viscosity at the outer edge of
the dead-zone. However this mechanism does not create deep
cavities in the gaseous distribution, and recent models predict
a second ring composed by large grains also in the inner edge
of the dead-zone (Ruge et al. 2016). Combining our results with
the aperture-masking results by Kraus et al. (2008), stellar-mass
companions are ruled out down to 2 au. In the most favorable
case of an equal mass companion following an elliptical orbit
with semi-major axis of 2 au, tidal truncation could at most open
a ~5 au (in radius) cavity (Artymowicz & Lubow 1994) in the
circumbinary disk. Therefore binarity cannot explain the radial
structure of J1604. To summarise, the structure of J1604 most
likely reflects interactions between the disk and sub-stellar com-
panion(s).

According to the BT-Settl models (hot start scenario), our
observations are sensitive to planets with masses exceeding
22.5 My, across the disk cavity, except in the 14.5-22 au range
where the sensitivity drops to 29—4 My, (Fig. 3). The warm
start scenario is less stringent, and predicts that planets below
~6 My, will escape detection. Some studies associate the hot-
and warm- start scenarios to planet formation via gravitational
instability and core accretion, respectively. However, Mordasini
(2013) show that care must be taken with this classification as
planets formed via core accretion may have similar properties to
those formed via a hot start scenario.

6.1. Multiple Jovian planets?

Planets and disk properties can be related by the widths and
depths of planetary gaps produced by numerical simulations.
The size of the cavity carved by a planet depends on the planet
orbit (r,) and the Hill radius rgy = ry(g/3)"/?, where g is the
planet/star mass ratio. de Juan Ovelar et al. (2016) show that
large cavities carved by planets in the mm- and ym -sized grain
populations most likely indicate a turbulent mixing (directly re-
lated to the disk viscosity) of awm ~ 1073. In what follows,
we adopt this value for comparison with model predictions. Fol-
lowing Pinilla et al. (2012), one massive (=5 My,p) giant planet
will open a gap of ~5ry in the gas and ~10ry in the dust, that
is, the dust cavity can be up to twice the size of the gas cav-
ity. Dong et al. (2015b) analyzes the effect of multiple planets,
finding that multiple low-mass planets (e.g., 3 X 0.2 Mjyy,) can-
not open a large dust gap/cavity as they will just clear up nar-
row gaps. Regarding the depth of the cavity, planets reduce the
amount of gas inside of the cavities, with more massive plan-
ets creating more gas-depleted cavities. For instance, one 9 My,
planet should deplete the gas surface density by a factor ~1073,
which is roughly two orders of magnitude higher than what
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is observed for J1604 (6., ~ 1073, van der Marel et al. 2015).
On the other hand, Duffell & Dong (2015) show that, in gen-
eral, gas cavities created by multiple planets are shallower (i.e.,
less gas depleted) than those created by one single planet. Fi-
nally, planets can also reduce the accretion rates onto their host
star (e.g., Alexander & Armitage 2007), and Zhu et al. (2011)
show that for a standard disk accreting at My ~ 1078 Mg yr~!,
multiple planets are needed to reduce the accretion rate below
M. = 107° Mg yr~! (see also Espaillat et al. 2014).

Combining all the previous predictions, one configuration in
agreement with our observations and current theories of planet-
disk interaction could be the following: a ~15 My, brown dwarf
orbiting at ~15 au (or more massive at closer orbits) would re-
main undetected, while it could account for the ~30 au, 6., ~
10~ gas depleted cavity (Pinilla et al. 2012; Fung et al. 2014).
One or more Jovian planets at larger orbits could then explain
the very low accretion rate and larger dust cavities, while creat-
ing very narrow and shallow gaps in the gas that would remain
undetected with the sensitivity and spatial resolution of current
ALMA observations. Of course, the scenario we just described
is only one possibility. In general, and despite our deep observa-
tions, this problem is degenerated, which prevents us from de-
riving further constraints on the orbits and masses of this hypo-
thetical multi-planetary system.

6.2. Disk surface

The radial brightness profiles along the major and minor axes
(Figs. 6 and 7) show that the dust in the disk surface scatters
slightly more light towards longer wavelengths. We note that
these profiles are given in contrast units for each band, such that
the variation of stellar flux with wavelength is automatically con-
sidered. Taking into account that the H-band image is more con-
taminated by the elliptical artefact (i.e., receives more flux from
it) than the K1 image, then the brightness profiles indicate that
the disk has a red color. Scattering in the Rayleigh regime (2na <
A) produces very blue colours (as the scattering efficiency in this
regime scales with 1=*). Therefore, our images indicate that the
population of grains on the disk surface is dominated by grains
with an average size 0.3 um (see e.g., Mulders et al. 2013, for a
discussion on dust properties derived from scattered light images
at NIR). The artefact contamination makes it difficult to obtain
a more detailed description of the dust properties. Imaging po-
larimetry observations of other planet-forming candidate disks
also reveal broken-power law brightness profiles (HD 169142,
HD 135344B, Quanz et al. 2013b; Garufi et al. 2013) and red
disk colours (HD 100546, HD 142527, Mulders et al. 2013;
Canovas et al. 2013; Avenhaus et al. 2014).

There are different estimates for the power-law index of the
radial profile in the literature, all derived from polarized inten-
sity observations. Pinilla et al. (2015) computes the azimuthally
averaged radial profile at R-band, obtaining a power-law index
of @ = -2.92 + 0.03. Mayama et al. (2012) follow a different
approach and fit a power-law along the major axis using a 30°
width slit centered at 80° east of north, obtaining @ = —4.7 + 0.1
and @« = —4.0 + 0.2 for the eastern and western sides, respec-
tively. While these values are different from those presented
here, we note that they were computed over a much larger az-
imuthal range than our values listed in Table 1, which were com-
puted using a narrow 3-px width slit centered on the most recent
value derived for the position angle (PA ~ 77°). The bright-
ness profiles of our images become more steep (with power-law
index >-3, see Whitney & Hartmann 1992) at ~79 au, which
coincides with the cavity size for the large grains derived by
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Zhang et al. (2014). Inwards of that radius, our profiles become
more flat (power-law index <—3). This suggests that the surface
of the disk, where the small grains are located, is sensitive to the
change in the radial distribution of the large grains, which are
mostly concentrated around the disk’s cold midplane.

The observations presented by Pinilla et al. (2015) were
recorded one night later than the data set we present here. They
fit the dip with a Gaussian profile and derive a position angle of
46.2° £5.4° east of north, and a depletion factor g, ~ 0.72. The
relatively large difference between their derived position angle
and ours (~18.8° £ 0.6° at K1) is probably best explained by the
much lower S/N of their images. Following Pinilla et al. (2015),
assuming that the dip observed by Mayama et al. (2012) is the
same feature observed here, then it rotates at ~22° yr™! (e.g.,
period of ~16.4 yr, roughly half the period previously derived).
The dip could be a shadow casted by an inner body/dust struc-
ture, located at a Keplerian orbit with a ~6.3 au radius. We note
that a tilted inner disk should produce either two sharp shadows
or an azimuthally large, smooth, single shadow (Marino et al.
2015; Stolker et al. 2016). On the other hand, a point source, or
a very flat structure, cannot cast a shadow on the disk surface,
as this shadow would be cast around the disk midplane only. We
hypothesize that a low-mass companion surrounded by a disk or-
biting at ~6 au, with a disk diameter of ~3 au and scale height
~0.8 au could cast a shadow over the disk surface. This would
create a dip in brightness with similar morphology to what is
observed in J1604.

7. Summary

We present deep, high-contrast SPHERE/VLT observations of
the pre-transitional disk J1604. This disk shows several features
that suggest planet-disk interactions, such as different cavity
sizes in its gas and dust distributions. Despite reaching a contrast
of ~A12 mag at YJH and K-bands from 0”/15-0"/8, we do not
detect any point source. Translating our limits to mass sensitiv-
ity, and assuming a distance of 145 pc and an age ranging from
5 to 12 Myr, we are sensitive to planets with masses 22.5 My,
if formed via a hot start scenario at 22 to 115 au from the star.
Alternatively, we are sensitive to 26 My, in the same distance
range if the planets formed via a warm start scenario. Combining
our non-detection with the observed cavity sizes and accretion
rates of J1604, and comparing these observational constraints
with the predictions of models describing planet-disk interac-
tions, we conclude that J1604 is most likely a multi-planetary
system.

We find that the decrement in the disk bright inner rim is
located at ~18.8° at K1-band. This dip could be produced by
a large structure in Keplerian motion around the central star. A
consistent speculative scenario would thus be a brown dwarf (up
to 20 My, given the detection limits from Kraus et al. 2008) sur-
rounded by an accretion disk at 6 au from the central object.
Such a brown dwarf+disk system could have the Keplerian ve-
locity and extension needed to explain the moving shadow and
would still escape a detection. Additional Jovian planets at larger
radii could account for the observed properties of J1604 while
explaining our non-detection. The expected details of our pro-
posed multiple system configuration are yet to be explored by
models.

Our observations reveal, for the first time, the disk around
J1604 in scattered light at all ¥, J, H, K-bands. Despite being af-
fected by artefacts, we show that the disk color is red, which is
best explained by dust particles with an average size 0.3 ym.
We find that the brightness radial profile changes its slope at

~79 au, which matches the cavity size radius for the mm-sized
particles derived by Zhang et al. (2014). This suggests that there
is a relationship between the change in the flaring angle of the
disk (traced by the scattered light images sensitive to the small
dust grains in the disk surface), and the radial distribution of the
large grains in the disk midplane.

Overall, J1604 shows very different properties than the ma-
jority of well-known transitional (and pre-transitional) disks.
Its extremely low accretion rate Myee < 1070 M, yr‘l,
Mathews et al. 2012a) seems to be in contradiction with the large
amount of gas mass (Mg, ~ 0.02 Mo, van der Marel et al. 2015)
still present in this 5—12 Myr old disk. The gas cavity is the most
gas-depleted cavity in the sample studied by van der Marel et al.
(2015) and van der Marel et al. (2016a). Finally we note that, al-
though multiple planets are currently the most realistic explana-
tion, photoevaporation and other mechanisms (e.g., a dead-zone)
could also be creating the observed features.
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