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ABSTRACT

The nearby Herbig Be star HD 100546 is known to be a laboratory for the study of protoplanets and their relation with the circum-
stellar disk, which is carved by at least two gaps. We observed the HD 100546 environment with high-contrast imaging exploiting
several different observing modes of SPHERE, including data sets with and without coronagraphs, dual band imaging, integral field
spectroscopy and polarimetry. The picture emerging from these different data sets is complex. Flux-conservative algorithm images
clearly show the disk up to 200 au. More aggressive algorithms reveal several rings and warped arms that are seen overlapping the
main disk. Some of these structures are found to lie at considerable height over the disk mid-plane at about 30 au. Our images demon-
strate that the brightest wings close to the star in the near side of the disk are a unique structure, corresponding to the outer edge of
the intermediate disk at ~40 au. Modeling of the scattered light from the disk with a geometrical algorithm reveals that a moderately
thin structure (H/r=0.18 at 40 au) can well reproduce the light distribution in the flux-conservative images. We suggest that the gap
between 44 and 113 au spans between the 1:2 and 3:2 resonance orbits of a massive body located at ~70 au, which might coincide
with the candidate planet HD 100546b detected with previous thermal infrared (IR) observations. In this picture, the two wings can
be the near side of a ring formed by disk material brought out of the disk at the 1:2 resonance with the same massive object. While
we find no clear evidence confirming detection of the planet candidate HD 100546¢ in our data, we find a diffuse emission close to
the expected position of HD 100546b. This source can be described as an extremely reddened substellar object surrounded by a dust
cloud or its circumplanetary disk. Its astrometry is broadly consistent with a circular orbital motion on the disk plane, a result that
could be confirmed with new observations. Further observations at various wavelengths are required to fully understand the complex
phenomenology of HD 100546.
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1. Introduction

The number of known exoplanets around main sequence stars is
rapidly increasing. However, the number of detected (forming)
exoplanets around pre-main sequence stars remains low. Possibly
the best examples are LkCa 15 (Kraus & Ireland 2012; Sallum
et al. 2015), HD 169142 (Biller et al. 2014; Reggiani et al. 2014),
HD 100546 (Quanz et al. 2013, 2015; Currie et al. 2014, 2015;
Rameau et al. 2017), and PDS 70 (Keppler et al. 2018; Miiller
et al. 2018). To understand the formation process of planets, we
need to study the initial conditions and evolution of circumstel-
lar disks, and how the disk can be shaped by ongoing planet
formation.

* Based on data collected at the European Southern Observatory, Chile
(ESO Programs 095.C-0298, 096.C-0241, 096.C-0248, 097.C-0523,
097.C-0865, and 098.C-0209).

Article published by EDP Sciences

Recently developed high-contrast
resolution  imaging instruments such as SPHERE
(Spectro-Polarimetric  High-contrast Exoplanet REsearch;
Beuzit et al. 2008), GPI (Gemini Planet Imager; Macintosh
et al. 2014), SCExXAO (Subaru Coronagraphic Extreme Adaptive
Optics; Jovanovic et al. 2015) and FLAO (First Light AO
system; Quirds-Pacheco et al. 2010) provide the excellent capa-
bility to directly obtain images of protoplanetary disks around
nearby young stars, up to the inner tens of astronomical units, in
scattered light and thermal emission. This sometimes makes it
possible to observe planets in their birthplace and to investigate
their interaction with the disk. Imaging protoplanetary disks
around young stars allows us to detect spiral structures and
gaps which might be produced by gravitational perturbation
of forming planets, as demonstrated by Grady et al. (2001),
Thalmann et al. (2010), Garufi et al. (2013), Pinilla et al. (2015)
and Dong et al. (2016), for example.

and high-angular-
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HD 100546 is a nearby (d =109 + 4 pc; Gaia Collaboration
2016) well-studied Herbig Be star with spectral type B9Vne
(Levenhagen & Leister 2006) which harbours a large disk. Sev-
eral studies have been conducted in the past years on this disk,
from spectroscopic and photometric analyses to direct imaging.
The first evidence of the presence of the disk around HD 100546
was obtained by Hu et al. (1989) measuring the infrared (IR)
excess in the spectral energy distribution (SED). The mid-IR
(MIR) excess in the SED of this source requires a thickening
of the disk at ~0.1”, which can be explained by a proto-Jupiter
carving a gap (Bouwman et al. 2003). This idea is also supported
by far-ultraviolet (FUV) long-slit spectroscopy with HST/STIS,
which detected a central cavity up to 0.13” (Grady et al. 2005),
by UVES observations of [OI] emission region (Acke & van den
Ancker 2006) using spectro-astrometry with CO roto-vibrational
emission by van der Plas et al. (2009), and by AMBER/VLTI
observations in the K-band (Benisty et al. 2010).

The disk was first imaged in scattered light in the J and
K bands with the adaptive optics system ADONIS coupled with
a pre-focal optics coronagraph (Pantin et al. 2000). The disk was
detected up to 2 from the star, with a density peak at ~40 au.
Many successive works revealed the complexity of its geom-
etry by means of both scattered light images (e.g. Augereau
et al. 2001; Ardila et al. 2007; Quanz et al. 2011; Garufi et al.
2016; Follette et al. 2017) and also (sub-)millimeter images (e.g.
Walsh et al. 2014; Pineda et al. 2014; Wright et al. 2015). The
radial profile of the disk brightness becomes less steep at sepa-
rations <2.7” in both HST/NICMOS2 H-band (Augereau et al.
2001) and ADONIS Ks (Grady et al. 2001) band. However this
change is not visible in the optical. Moreover, the semi-minor
axis brightness profile is asymmetric in the H-band (Augereau
et al. 2001); this can be related to an optically thick circumstellar
disk inside 0.8” and an optically thin disk at larger separations.

Thanks to the higher angular resolution reachable with
HST/STIS coronagraphic images, the first disk structures were
detected: spiral dark filaments appear mostly in the SW at
separations greater than 2.3” (Grady et al. 2001). Following
observations revealed additional spiral structures both at short
and long separations, possibly related to forming planets (Ardila
et al. 2007; Boccaletti et al. 2013; Currie et al. 2015; Garufi et al.
2016). The first polarimetric differential imaging (PDI) detec-
tion of the disk (Quanz et al. 2011) in H and K, NACO filters
resolved the disk between 0.1” and 1.4”, locating the disk inner
rim at 0.15”. They noted an asymmetry along the brightness pro-
file that they interpreted as the presence of two dust populations.
Deeper observations by Avenhaus et al. (2014) reached the inner-
most region (~ 0.03”) and found a spiral arm in the far side of the
disk. The disk is found to be strongly flared in the outer regions
(>80-100 au) and is expected to generate a shadowing effect on
the forward-scattering side of the disk. The disk appears faint
and red due to the combination of particle sizes and disk geome-
try as demonstrated by Mulders et al. (2013) and later confirmed
by Stolker et al. (2016) comparing models to PDI data.

In addition to these data from the disk, several studies sug-
gest that HD 100456 may host at least two planets (Quanz et al.
2013, 2015; Brittain et al. 2014; Currie et al. 2015) located at
~55 au (hereafter CCb) and ~13 au (hereafter CCc) from the cen-
tral star. This makes the system a powerful laboratory to study
planet formation and planet—disk interaction.

Quanz et al. (2015) inferred the temperature and emitting
radius of CCb in the L’ and M bands and concluded that what
they imaged could be a warm circumplanetary disk rather than
the planet itself. An extended emission at near-infrared (NIR)
wavelengths, possibly linked with this candidate planet was
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also detected by Currie et al. (2015) centred at 0.469 + 0.012",
PA =7.04°+£1.39°. Its infrared colours are extremely red com-
pared to models, indicating that it could still be embedded by
accreting material.

The existence of CCc was proposed by Brittain et al. (2013),
who ascribed the variability of the CO ro-vibrational lines to
a compact source of emission at ~15 au from the central star.
Currie et al. (2015) showed that this object is detected in GPI
H-band images. However, there is a debate over this result,
because detection strongly depends on the reduction method
used (see e.g. Garufi et al. 2016; Follette et al. 2017; Currie et al.
2017) and on its nature, since it can be interpreted with alter-
native equally plausible origins like disk hot spot or an indirect
signature of the presence of the planet.

The first observations of HD 100546 with VLT/SPHERE
were presented in Garufi et al. (2016), where it was found that
the disk around HD 100546 is truncated at about 11 au and the
cavity is consistent with being intrinsically circular. More recent
works by Follette et al. (2017), Rameau et al. (2017) and Currie
et al. (2017), all based on GPI data sets, debate on the presence
of both the planets and the impact of the reduction methods on
them.

HD 100546 is located in the Sco-Cen complex. In this
analysis we consider a stellar mass of M, = 2.4 M (Brittain
et al. 2014), and apparent magnitudes of J=6.42, H=5.96, and
K =5.42 (Cutri et al. 2003), as well as L’ =4.52 and M’ =4.13
as in Quanz et al. (2015). For the disk, we assume an inclina-
tion i =42° (Ardila et al. 2007; Pineda et al. 2014) and PA = 146°
(Pineda et al. 2014).

In this paper, we present the results of a two-year obser-
vational campaign on this star, based on observations in direct
imaging with VLT/SPHERE, the new high-contrast and high-
resolution instrument dedicated to exoplanet and disk imaging,
that includes both pupil tracking and polarimetric observa-
tions. SPHERE includes a powerful extreme adaptive optics
system (Sphere AO for eXoplanet Observation, SAXO; Fusco
et al. 2006), providing a currently unmatched Strehl Ratio of
up to 92% in the H-band for bright (R < 9) sources, vari-
ous coronagraphs (see Martinez et al. 2009; Carbillet et al.
2011), an infrared differential imaging camera (IRDIS; Dohlen
et al. 2008), an infrared integral field spectrograph (IFS; Claudi
et al. 2008) and a visible differential polarimeter and imager
(ZIMPOL; Thalmann et al. 2008).

The paper is structured as follows. The observing strategy,
sky conditions, and the reduction of these data set are described
in Sect. 2. The results for the disk and planets are given in
Sects. 3 and 4, respectively. Conclusions are given in Sect. 5.

2. Observations and data reduction
2.1. Observations

We observed HD 100546 at different epochs as part of the
SHINE (SpHere INfrared survey for Exoplanets) guaranteed
time observations (GTO) program using IRDIS and IFS simul-
taneously: the IRDIFS mode (with IFS operating between 0.95
and 1.35 um and IRDIS working in dual imaging mode in
the H2H3 filter pair at 1.59 and 1.67 ym; Vigan et al. 2010)
and the IRDIFS_EXT mode (with IFS operating at Y-H wave-
lengths 0.95-1.65 um and IRDIS in the K1K2 band filters at 2.11
and 2.25 um). These observations were all carried-out with the
N_ALC_YJH_S apodized Lyot coronagraph (inner working angle,
IWA ~ 0.1”; Boccaletti et al. 2008) except for two sequences
which were acquired without coronagraph in order to study the
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Table 1. Observations summary.

Date Obs. mode fexp () Rot(°) rc(mas) NDfilter o(”) To(ms) SR 50 @0.5”
May 32015 IRDIFS_EXT 3840  22.32 92.5 No 0.75 2.1 0.65 13.21
May 29 2015 IRDIFS 6048 36.37 92.5 No 0.70 1.9 0.80 13.88
Jan 17 2016 IRDIFS_EXT 4096  22.23 92.5 No 1.54 1.7 0.80 12.88
Mar 26 2016  IRDIFS_EXT 4096  22.25 92.5 No 2.58 0.9 0.57 12.68
Mar 312016  IRDIS DPI J 1280 - 92.5 No 1.98 0.93 0.85

Apr 162016  IRDIFS_EXT 4512 29.42 No 2.0 0.66 33 0.78 10.11
May 252016 IRDISDPIK 2304 - 92.5 No 0.75 5.10 na

May 31 2016 IRDIFS_EXT 4400  28.95 92.5 No 0.75 2.4 0.55 13.35
Feb 7 2017 IRDIFS_EXT 5280  28.38 No 2.0 0.78 6.7 0.84 10.55

Notes. Date, SPHERE observing mode, total integration time (f.,), total field rotation (Rot), coronagraph radius (r¢), neutral density filter, average
DIMM seeing FWHM on source in V band (o), average coherence time T, and average Strehl ratio in H band (SR) coming from SPARTA data
are presented. The deepest 5o contrast limit reached at 0.5” with IFS after spectral ADI is also given to show the relative quality of the data sets.
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Fig. 1. 50 raw contrast of the IFS images at all epochs but March 2016.

central region (at less than 0.1 from the star). In this case, to
avoid heavy saturation of the star, a neutral density filter with
average transmission ~1/100 was used. All data were taken in
pupil stabilised mode in order to perform angular differential
imaging (ADI, see e.g. Marois et al. 2006) for subtracting the
stellar residuals.

HD 100546 was also observed in PDI (see e.g. Kuhn et al.
2001; Quanz et al. 2011) as part of the DISK GTO program,
using IRDIS with the same coronagraphic mask as for the classi-
cal imaging. The source was observed for a total time of 21 min
in the J band (1.26 ym) and 38 min in the K band (2.181 um)
during the night of March 31, 2016 and May 25, 2016, respec-
tively. The orientation of the derotator was chosen in order to
optimise the polarimetric efficiency of IRDIS (de Boer et al.,
in prep.).

Several of the observations were carried out under moderate
and good weather conditions (with an average coherence time,
Ty, longer than 2.0 ms). Details on the full set of observations
are presented in Table 1; Ty and Strehl ratio were measured by
SPARTA, the ESO standard real-time computer platform that
controls the AO loop.

In order to access the quality of the observational mate-
rial, we plotted in Fig. 1 the contrast we achieved in the IFS
raw images as a function of the separation for all the non-
polarimetric images except March 2016 data set, due to its very
unstable sky conditions. The contrasts plotted here were obtained
combining the root mean square scatter of a 1A/D diameter spot

along a 1A/D wide annulus, at different separation from the star
as described in Mesa et al. (2015). These contrast values were
then corrected for the low-number statistics according to Mawet
et al. (2014). We noticed that these raw image contrasts are com-
parable to those obtained with the two GPI data sets presented in
Currie et al. (2017).

We found that the highest-quality coronagraphic observa-
tions are those from May 2015 to May 2016 while the obser-
vations obtained in January and March 2016 are of poor quality
due to the atmospheric conditions or low system performances
(calibration of the deformable mirror voltages was not optimal
in January 2016). For the non-coronagraphic data sets, the lack
of a coronagraph implies much stronger diffraction patterns and
the need for using the neutral density filter, common to IFS
and IRDIS, to avoid saturation close to the centre; this strongly
reduces the signal and for this reason the sensitivity of these
images is far from optimal at separations larger than 0.1” but
they allow access to the closest separations with unprecedented
spatial resolution.

2.2. IRDIFS and IRDIFS _EXT data reduction

We performed the basic data reduction of IRDIS and IFS (bad
pixel removal, flat fielding, image alignment, sky subtraction)
with version 0.15.0 of SPHERE Data Reduction and Handling
(DRH) pipeline (Pavlov et al. 2008). Further elaboration of the
images (deconvolution for lenslet-to-lenslet cross talk, refine-
ment of the wavelength calibration, correction for distortion, fine
centring of the images, frame selection) was performed at the
SPHERE Data Center (DC) in Grenoble! (Delorme et al. 2017).
Additional details on the adopted procedures are described in
Zurlo et al. (2014), Mesa et al. (2015) and Maire et al. (2016).
We then applied various algorithms for differential imaging such
as classical ADI (cADI; Marois et al. 2006), template-LOCI
(TLOCI; Marois et al. 2014), and principal component analy-
sis (PCA; Soummer et al. 2012; Amara & Quanz 2012). These
procedures are available at the SPHERE DC through the SpeCal
software (Galicher et al. 2018).

For IFS, the cADI is based on a median combination of the
images, while the PCA is evaluated on the whole image at the
same time; no exclusion zones are considered.

For IRDIS, no spatial filtering was applied to the data before-
hand. We performed several reductions and verified that both
disk and wide companions (see Appendix A) are detected using

! http://sphere.osug. fr/spip.php?rubriquel6&lang=en
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Fig. 2. May 2015 IFS collapsed YH (left panel) and IRDIS K1K2 (right panel) results for HD100546 using RDI. Both images are r>-scaled to also
enhance structures at larger radii. The grey circle in the left panel indicates the SPHERE AO control radius at r ~ 20 X A/D.

the alternate methods. We also confirm that these detections are
robust across a range of algorithm parameter space. In classi-
cal ADI, SpeCal averages the cube of frames over the angular
dimension for each spectral channel to remove the speckle con-
tamination. After a rotation is applied, the frames are averaged
using mean or median combination to produce one final image
per spectral channel. The median-combination is applied for disk
images because it is less sensitive to uncorrected hot/bad pixels.
When estimating the photometry of the candidate companion the
mean is used instead of the median to preserve linearity. Princi-
ple components analysis is evaluated on the whole image at the
same time; no exclusion zones are considered and the number
of PCA modes range from 2 to 5. There is no frame selection to
minimise the self-subtraction of point-like sources when deriv-
ing the principal components. The principal components are
calculated for each spectral channel independently. Each frame
is then projected onto the first two to five components to estimate
the speckle contamination. For TLOCI reduction, the minimum
residual flux of a putative companion, because of self subtrac-
tion, is at least 15% of the candidate flux. The minimum radius
where the speckles are calibrated and subtracted is 1.5 FWHM
using annular sections. The maximum number of frames to
estimate the speckles is 80 and no singular value decomposi-
tion cutoff was used. The speckle contamination is estimated
by linear combination of frames that minimizes the residual
energy in the considered region using the bounded variables
least-squares algorithm by Lawson & Hanson (1974). The con-
trast curves calculation assumes a flat spectra for the companion
candidates.

Although Spectral Software can perform spectral differen-
tial imaging (SDI; Racine et al. 1999), we use procedures that
treat each individual spectral channel separately. We also per-
formed Reference Star Differential Imaging (RDI), subtracting
from each datacube frame a reference PSF. This PSF is that of
the most similar star (in terms of luminosity and noise model)
observed during the same or a close night, with the same setup
used for our target. HD 95086 is ideal for our purpose since
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the debris disk and close companion around this star are faint
(Chauvin et al. 2018) and do not impact on the photometry of
HD 100546. The RDI was performed using as reference the
observations of HD 95086 taken on May 3, 2015.

In addition, we used a set of customised data analysis proce-
dures set up for performing the monochromatic PCA, taking into
account the effect of the self-subtraction.

2.3. IRDIS PDI data reduction

In IRDIS PDI observations, the stellar light is split into two
beams with perpendicular polarization states. A half-wave plate
allows to shift the orientation of the polarization four times by
22.5° in order to obtain a full set of polarimetric Stokes vec-
tors. The data presented in this work are reduced following the
double difference method (Kuhn et al. 2001) as described by
Ginski et al. (2016). The resulting Q and U parameters are finally
combined to obtain the polar Stokes vector Q4 and Uy, as from

Q¢ = +Qcos (2¢) + Usin (2¢), @)
Ugp = —0sin(2¢) + U cos (2¢), 2)

where ¢ is the position angle of the location of interest (Schmid
et al. 2006). With these definitions, positive Qg values corre-
spond to azimuthally polarised light, while negative signal is
radially polarised light. Uy contains all signal with 45° offset
from radial or azimuthal.

3. The disk
3.1. Disk morphology
3.1.1. Intensity images

Figure 2 shows the central part of the HD 100546 disk as
obtained applying the RDI technique both for IFS and IRDIS.
The light distribution appears elliptical, oriented in agreement
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Fig. 3. ADI images obtained for HD 100546. Top panels: IFS cADI images. Panel a: YJ from June 2015; Panel b: YH from May 2015; Panel c: JH
no coronagraphic image from April 2016. Bottom panels: IRDIS TLOCI images. Panel d: H2H3 from June 2015; Panel e: K1K2 from May 2015;
Panel f: K1K2 no coronographic image from Feb 2017. In all the images north is up, east is left.

with PA=146° and the ratio between major and minor axis is
consistent with an inclination of 42° as found by Ardila et al.
(2007) using HST/ACS observations of HD 100546. The south-
east (SE) part in both images appears brighter than the northwest
(NW) part. The southwest (SW) part of the disk along the minor
axis represents the near side to the observer and shows a strong
depletion in the light distribution at a separation of >0.2"”". The
two wings detected in the H2H3 and K1K?2 bands by Garufi et al.
(2016) are also distinguishable at IFS shorter wavelengths, espe-
cially the northern one. Hereafter, we use Garufi et al. (2016)
nomenclature for these two structures since they appear sym-
metric with respect to the minor axis, and do not have the same
concavity, as expected in the case of disks with multiple spi-
rals. In these images we do not detect the spiral arm seen by
Avenhaus et al. (2014), but in the IRDIS K1K2 data there is
a thin spiral-arm-like structure, almost circular, at a separation
of 0.2"” from PA~ 100° to ~4°, that is barely visible also in
the IFS images. No relevant features are detected at separations
greater than ~0.8” in both these images, so they are masked. The
bright ring seen in IFS data at a separation of 0.65” corresponds
to the SPHERE AO control radius®>. The control radius at the

2 Within r = 20 X A/D (with 20 being half the number of deformable
mirror actuators along one side) the SPHERE AO system efficiently
suppresses the PSF down to the level of a residual stellar halo. At this
radius, the AO-corrected image may show a circular artifact which is
highlighted by the spatial filtering.

wavelengths of IRDIS K1K2 bands is at a separation of 1.1”,
therefore not visible in Fig 2.

Figure 3 shows the results of the cADI analysis of the SHINE
observations of HD 100546, where several disk structures are
easily visible.

In the first row, we report for the first time SPHERE/IFS
images of the disk-bearing HD 100546. YJ collapsed image
(Fig. 3a) shows the two wings described in Garufi et al. (2016)
with a higher angular resolution that allows for detection of an
additional curved structure in the NW side, between 284° and
350°, at a separation of about 0.3” and a southern spot. The
IFS also recovered the SE fainter arm and the IFS YH collapsed
image (see Fig. 3b) reveals a single wider northern wing that
barely reaches the expected position of CCb. The prominent
southern wing extends up to 0.7 and PA = 90°. Two addi-
tional spiral-arm-like features are also clearly visible. Referring
to Follette et al. (2017), who provide a clear description of the
innermost structure of HD 100546, these two arms may be iden-
tified with “S4” and “S6”; the southern one corresponds to the
SE arm. In our image, an additional arm that lies above the
southern wing, and starts from it, seems to extend to the east
up to ~0.6” and PA = 90° (eastern arm in Fig. 3b) and can be
properly reproduced with a logarithmic spiral with a large pitch
angle (~50°). There is also a hint of the “S2” spiral structure
observed by Follette et al. (2017), east of the northern wing.
No bright PSF-like knots are recovered along the arms at these
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Filtered Qo

Filtered Qo

Fig. 4. Polarised light images of HD100546 from SPHERE/IRDIS. Panel a: the Q4 image in the J band. Panel b: the U4 image in the J band.
Panel c: unsharp masking of the Q4 image in the J band (see text). The inner box defines the region displayed in the bottom row. Panel d: labelled
version of panel c. The inner inset circle is from panel g. Panel e: inner detail of the Qg4 image in the J band. Panel f: inner detail of the Qg
image in the K band. Panel g: unsharp masking (see text) of panel e. The grey circle indicates the IRDIS control radius at r = 20 X A/D (see text).
Panel h: unsharp masking (see text) of panel f. Features visible from both panels g and h are labelled. The purple dot indicates the location of CCb
from Quanz et al. (2013). In all images, the central star is in the middle of the grey circle, symbolizing the instrument coronagraphic mask. The
logarithmic colour stretch is relatively arbitrary and refers to positive values, except in panels a and b where it is the same. North is up, east is left.

wavelengths. We confirm the presence of a dark area just offset
from the wings in the west direction, up to ~0.3”, also detected
in the RDI, where the disk shape is less altered thanks to a
negligible self subtraction. This dark area is also present in the
IFS YJ images where it looks less deep. In Fig. 3c the non-
coronagraphic YH collapsed image clearly reveals the two bright
wings and the SE arm and it appears clear that the distribution
of light is uninterrupted between the wings, with only a small
depletion along the minor axis that is likely an artifact of the
ADI analysis: the two wings appear then as a unique structure,
symmetric to the minor axis, whose central part lies very close
to the star. The darker area in the west is still visible.

In the bottom row of Fig. 3 we present IRDIS TLOCI images.
In Fig. 3d and e, we show the median H2H3 and K1K2 images,
respectively. The two wings, the SE arm, the east arm and the
dark area appear clearly visible in both images, but show some
differences with respect to shorter wavelengths. A diffuse signal
is visible on the top of the northern wing in H2H3 and also in
K1K2, but is less luminous. This is located close to the expected
position for CCb (Quanz et al. 2015; Currie et al. 2015). The east
arm extends up to » = 0.7 and PA = 64° in the H2H3 filter pair
but only to r ~0.4” and PA ~ 90° in K1K2. In the H2H3 image,
a second dark area is visible to the west side starting at ~0.6”
until ~0.9”. At larger separations, at least two spiral arms are
visible in the south, ranging from ~1.1” to ~2.3".

We notice that the SPHERE data were obtained under worse
seeing conditions than those recorded when using GPI. The
greatest difference in the disk structures concerns the dimen-
sion of the “S4” spiral (Follette et al. 2017) which looks more
extended in the GPI observations than in the SPHERE data.
Moreover, a few differences between GPI and SPHERE observa-
tions can be noted on the extended structures around the location
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of the candidate companion CCb. This is discussed further in
Sect. 4.

3.1.2. Polarimetric images

The polarimetric images resulting from the data reduction
described in Sect. 2.3 are shown in Fig. 4. We found that the
outer disk (>1”) is well imaged in the short exposure in the
J band. The K-band image, however, is affected by thermal
background in the detector, which prevents us from obtaining
similarly good images at larger radii.

The Q4 image of the whole system is shown in Fig. 4a,
whereas the respective Ug, is shown in Fig. 4b. Strong sig-
nal is detected from both images. In particular, the Uy image
shows positive values to the north and south and negative val-
ues to the east and west. Four prominent stellar spikes are left
from the data reduction in both images. A possible explanation
for these artifacts is related to the bright (J/=6.42 mag) cen-
tral star polarization degree which leads to the spikes being
imperfectly cancelled throughout the process of subtraction of
the beams with different polarization states. There is indeed a
compact polarised inner ring (0.24-0.7 au; Pani¢ et al. 2014,
unresolved from the star in our images) that can contribute, even
if the NIR excess originating from that region is not particularly
large for this source and this effect is not appreciable in other
stars with similar sub-au disks.

The circumstellar disk is clearly visible in Fig. 4a. To image
a larger flux range, the images are shown in logarithmic scale.
In the image, a number of wrapped arms at radii 1.5”-3" from
the central star are visible at all azimuthal angles. In particu-
lar, we recover the arms to the south imaged by Boccaletti et al.
(2013) and Garufi et al. (2016) and those to the north visible
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Fig. 5. IRDIS PDI J band Qg image (left panel) and the results of a simulated cADI analysis on this image. Overplotted in cyan are the isophotes

of IRDIS cADI H2 observations.

from the Hubble Space Telescope (HST) image by Ardila et al.
(2007).

To highlight elusive disk features from Fig. 4a, we applied
an unsharp masking to the image similarly to what is described
by Garufi et al. (2016). This technique consists in subtract-
ing a smoothed version of the original image from the image
itself. The result of the unsharp masking, obtained by smooth-
ing Fig. 4a by approximately times the angular resolution of the
observations, is shown in Fig. 4c. Looking at this image, it is
possible that the majority of the structures visible from Fig. 4a
are part of a unique arm which is wrapping for at least 540°,
as indicated by the green line in Fig. 4d and as already noticed
by Garufi et al. (2017). Another bright arm visible to the south
seems to have a similar origin but is seen to extend eastward with
a larger aperture angle (see the cyan line of Fig. 4d).

In the inner zone of the disk, inside ~1”, the polarised flux
is dramatically higher, even though two regions with reduced
flux (appearing black in the image) are visible at PA ~ 160° and
PA ~300° (Fig. 4a), similarly to what was found by Quanz et al.
(2011) and Avenhaus et al. (2014).

Figure 4e and f show the zoomed Qg, image in J and K bands
of the innermost disk region. Two bright lobes are visible to the
SE and to the NW, with the former being brighter than the lat-
ter. Inward of these lobes, the disk cavity is marginally visible
just outside of the instrument coronagraphic mask. Similar to
Fig. 4a, disk features are not easily recognisable. Therefore, we
also apply an unsharp masking to these images, with smooth-
ing by approximately six times the FWHM, which results in
Fig. 4g and h. In both images, a number of possible features
are visible. Among them, we only give credit to those that are
persistent across unsharp masking procedures (i.e. by varying
the smoothing factor) and, more importantly, across wavebands.
Features that are radially distributed at r ~ 20 X A/D (~60 au)
are masked out in Fig. 4g, because this region corresponds to
the SPHERE control radius (see Fig. 4g). Features present in
both the J and K band images are labelled in red in Fig. 4h. The
morphology of the identified structures resembles the shape of

the arms at larger radii and is consistent with the known disk
geometry. The innermost of these features was also detected by
Avenhaus et al. (2014) and Garufi et al. (2016), whereas the
others were not. Interestingly, the location of CCb, as defined
by Quanz et al. (2013), is very close to one of these arm-like
structures. From this data set, we cannot infer whether a spatial
connection between the inner arms (in red) and the outer arm (in
green) exists.

3.2. Comparison between ADI and PDI

While the southern spiral arms of the outer disk (>1"") in the
IRDIS H and K images are well detected also in the IRDIS PDI J
(Figs. 3d and e, and 4a), the central part of the PDI data do not
show any axis-asymmetric structure. Using the unsharp mask-
ing technique on PDI data, we found three spiral arms in the
innermost region (Fig. 4h) that have no counterpart in the inten-
sity image. To compare ADI results with the PDI ones, we then
performed pseudo-ADI on the IRDIS DPI J-band images as fol-
lows: we used the parallactic angle values of the three different
IRDIFS_EXT observations to simulate a simple cADI analysis
based on the IRDIS DPI image. The results are given in Fig. 5:
the simulation generates an image that is in better agreement
with the IRDIS cADI images. On the other hand, PDI images
are directly comparable with RDI images. These two methods
allow us to better study the light distribution in the disk without
self-subtraction effects.

3.3. Disk spectrum

In general, disk flux in the NIR is dominated by scattered light,
while the brightness of a young planet is dominated by thermal
emission. Therefore, to distinguish between a self shining planet
and the disk we studied the total spectrum of the HD 100546
disk. Previous attempts to derive the spectrum of the disk of
HD 100546 were done by Mulders et al. (2013) using HST data,
and by Stolker et al. (2016) using data from NACO at VLT.
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Fig. 6. Disk mean spectrum of HD 100546 along the wings. The blue
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tainty. The green line represent the best fit obtained with light reflected
by dust with constant albedo A = 0.65. In the bottom-right inset panel,
the area selected for the spectrum extraction on the RDI images is
delimited in blue.

In order to derive the disk spectrum, we estimated the ratio
between the total disk flux and the stellar one. We used the RDI
datacube obtained with IFS in May 2015, where self subtrac-
tion is less aggressive. The target to reference intensity ratio is
measured in a specific region of the image, defined as the pix-
els of the wavelength-combined RDI image with a value above a
determined threshold. This procedure yielded an elliptical region
with a deprojected radius of ~40 au, without the central region
that corresponds to the coronagraph, as shown in the small inset
in Fig. 6. An adequately rescaled mask, in order to sample the
same area of the disk, was also applied to the IRDIS RDI frames.
Several reference stars were tested to confirm that the choice of
the HD 100546 data set and the reference star do not affect the
final contrast spectrum (all data sets considered have correlation
coefficient >0.98 with that of HD 100546).

The relative flux spectrum is shown in Fig. 6. Since we are
interested in the disk albedo, the flux calibration of the disk
is based on broadband photometry. The uncertainties on each
wavelength (blue bars) were estimated as the standard deviation
of the mean of the spectra for individual pixels. Moreover, we
also show the intensity 10 range over the population of individ-
ual pixels (light blue area). The regions between 1.08-1.15 um
and 1.35-1.48 um are affected by strong water absorption due to
the Earth’s atmosphere that cannot be perfectly recovered during
the RDI process and were therefore removed.

The difference in contrast magnitude is close to zero between
H and K bands (K—-H ~ 0.03, in agreement with similar analy-
sis presented by Avenhaus et al. 2014 exploiting NACO H, K
and L’ filters), and the spectrum appears featureless, with the
disk reflecting about 8% the stellar light in the Y band and about
11% in K band. This is very similar to the spectrum obtained by
Mulders et al. (2013). We tried to represent this spectral distri-
bution assuming light reflected by dust with a constant albedo.
Mulders et al. (2013) suggested that in the NIR regime, light
scattered off the HD 100546 outer disk surface is not only scat-
tered stellar light, but the contribution of the light reprocessed
by the inner disk (0.24-0.7 au; Panic¢ et al. 2014) is not negli-
gible. Therefore, we took into account a possible reddening due
to the presence of the inner disk that can absorb stellar light,
done following Cardelli et al. (1989). The free parameters are
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subsequently reddening and the (total) disk reflectivity. The first
is related via extinction (Ay) and reddening (Ry) to the slope
of the spectrum, the latter is the combination of the albedo and
the disk-emitting area defined above’. The best solution gives
Ay =2.11 and albedo A=0.96 that is very high and not credi-
ble. An alternative more palatable explanation is that the albedo
of dust is not constant with wavelength. A similar explanation
was already suggested by Mulders et al. (2013) and Stolker et al.
(2016). A variation of the scattering efficiency from 0.43 at 1 yum
up to 0.63 in the K-band may explain the observations. This
points towards relatively large particle sizes.

The reddened spectrum we derive was also seen in
HD 100546 HST data and was explained by the effect of for-
ward scattering of micron-sized particles (Mulders et al. 2013).
Further analysis based on the PDI data confirmed the presence
of these particles, determining the phase function (Stolker et al.
2016).

3.4. Disk geometrical model

The disk structure of HD 100546 has been investigated in dif-
ferent wavelength regimes. ALMA observations suggest that the
millimetre-sized grains are located in two rings: a compact ring
centred at 26 au with a width of 21 au, and an outer ring centred
at 190 + 3 au with a width of 75 + 3 au (Walsh et al. 2014). The
same two-ring structure was suggested by Pani¢ et al. (2014),
who used MIDI/VLTI data to probe micron-sized grains. They
also came to the conclusion that there is an additional inner disk
that extends no farther than 0.7 au from the star. The gap is about
10 au wide and free of detectable MIR emission. Much larger
dust, rocks, and planetesimals are not efficient H-band emitters,
and our data do not exclude their presence inside this gap. Anal-
ysis of the SED of HD 100546 shows that the radial extent of
the gas is ~400 au (e.g. Benisty et al. 2010). The presence of an
extended disk is clearly indicated also by scattered light, NIR,
and sub-millimetre imaging (Pantin et al. 2000; Ardila et al.
2007; Quanz et al. 2013; Avenhaus et al. 2014; Currie et al. 2014,
Garufi et al. 2016; Follette et al. 2017).

To constrain some of the HD 100546 disk properties we built
a simple geometrical model based on analytic functions that can
describe the inner part of the system between 10 and 200 au. This
model is similar to that described by Stolker et al. (2016). The
basic assumption of this model is that the disk photometry can
be described by light scattering on a single surface. In our model,
the scattering function for total intensity images is described by
a two-component Henyey—Greenstein (HG) function (Henyey &
Greenstein 1941) with coefficients as defined in Milli et al. (2017)
for HR 4796. For PDI data we used the function given by Stolker
et al. (2016), cf. Eq. (8). The light from the star is reflected by
the optically thick disk surface, that lies above the disk midplane
as described by the power law:

b
H= C(L) (au), 3
1o

where ry corresponds to 1 au and c is in astronomical units. Gaps
present in the disk are modelled by decreasing the disk height
H to 0 au. This does not mean that the gaps are really empty,
but simply that we cannot model emission from these regions
with our approximation. Assuming the disk geometry as found
from the MIDI data, which trace micron-sized grains, and the

3 Using the model derived in Sect. 3.4, the disk height at 40 au
corresponds to 7.7° above the disk mid-plane.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201732332&pdf_id=0

E. Sissa et al.: High-contrast study of the candidate planets and protoplanetary disk around HD 100546

T T
Major Axis IFS

1.0000F

T
|
|
i
|
i
0.1000/—  south east i north west
E |
F i
|
2 i
2 i
) !
£ 0.0100 I _
C | 3
] F i Yo,
[id ‘ "
| AT
| N .
0.0010 - i , _
E | .
F |
|
|
i
0.0001 P | S I
-100 -50 0 50 10
sep [AU]
41,0000 T T T B S R S S SRR
L Major Axis IRDIS
0.1000 — south east north west -
2
2
o
£ 0.0100}
T; E
o
v
0.0010

0.0001
-200 0
sep [AU]

1.0000F
E Minor Axis IFS

T
|
|
i
|
i
o0.1000 farside i near side i
E | =
F i
|
= 7 i
5 f
£ 00100, o | . AN
— Eoa ! ow N
¢ L ! <
b | .
|
|
0.00101, I _
E |
F |
|
|
i
0.0001 P I
100 50 0 10
sep [AU]
1.0000 T T B B T AR
Minor Axis IRDIS
0.1000 far side near side .
=
2
o
£ 0.0100
3 g
o L
Faed
5
0.0010
0.0001L. .+ .

200

Fig. 7. Radial profile along the semi-major and semi-minor axes of HD 100546 RDI images (red dots) compared with the best-fit model (green

line) obtained for IFS and IRDIS.

ALMA data, which trace millimetre-sized grains, we have also
assumed the same disk geometry for the scattered light traced
by SPHERE, being aware that different wavelengths probe of
course grains of different sizes and that grains of different sizes
may occupy different physical locations in the disk. Therefore,
we set the rings range between ~10 and ~40 au (hereafter ring 1)
and then from ~150 to ~230 au (hereafter ring 2).

The thin inner ring (hereafter ring 0) extending between 0.24
and 0.7 au is behind the SPHERE coronagraph and therefore is
not included. The positions of the inner and the outer edge of
the ring 1 are well constrained by the observed radial profiles:
the inner edge must be at least partly behind the coronagraph,
otherwise the disk wall will be clearly visible on the semi-minor
axis radial profile on our images, while the outer edge is visible
on the semi-major axis. The flaring parameter b is derived by the
flux ratio between the peak of the near and the far side of the
semi minor axis while the scale factor ¢ impacts the shadowing
effect of the disk.

We first compared our model to RDI images; we did it for IFS
and applied the same model also to IRDIS. We found out that a
disk with 5=1.08 and ¢=0.13 best reproduces the HD 100546
radial profiles (Fig. 7), quite similar to the T=1 disk surface for
H and K band derived by Stolker et al. (2016). The disk rings 1
and 2 extend between ~12 and ~44 au and between ~110 and
250 au, respectively, consistent with previous results based on
ALMA observations (e.g. Walsh et al. 2014). The model for the
outer disk is however fainter than observed, suggesting a larger
flaring at large separations, though it should be considered that
the RDI images are not very accurate at very high contrast levels.

However, this model is also in quite good agreement with the
IRDIS PDI images in broad J band as shown in Fig. 8. We
notice that the inner edge of ring 2 and the outer edge of ring 1
might correspond to resonances 3:2 and 1:2 with a hypotheti-
cal massive object located at an orbit of 70 au in radius, which
is not far from the observed location of CCb (see following
section).

The resulting RDI images are shown in Fig. 9. The residuals
clearly show the presence of the two wings, that are even more
evident when applying the ADI method to this model. To show
this, we constructed a data cube (x, y, lambda, time) made of the
sum of the disk model and of the reference image used in our
RDI analysis, that is, the data set of HD 95086. This datacube
was then processed by the same ADI routine used for the original
HD 100546 datacube. In this case, the two bright wings visible
in all the images in Fig. 3 can only be reproduced by assuming a
much thicker disk, with a value of H ~ 30au at r ~ 40 au. This
is because the bright wings visible in the ADI images, which
correspond to the edge of the disk, are described by an ellipse
whose centre is far from the star.

A similar result has been found for several disks, a classi-
cal example being HD 97048 (Ginski et al. 2016). As explained
in their Fig. 5, disk images that may be described by off-centre
ellipses indicate the presence of material located well above the
disk mid-plane. This was also demonstrated by recent hydrody-
namical simulations performed by Dong et al. (2016) coupled
with simple radiative transfer models. These simulations demon-
strate that a giant planet can open a gap in a disk creating a ring
that, when seen at an intermediate viewing angle, and reinforced
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Fig. 9. From left to right: IFS RDI image, model and residuals. Image are displayed with the same linear colour bar from 6 x 10~ to 1 dex. North

is up, east is left.

by the ADI process as explained above, appears as two pseudo-
arms placed symmetrically around the minor axis winding in
opposite directions. They conclude that these simulations can
describe HD 100546 as well. They also predicted the presence
of a “dark lane” parallel to these disk pseudo-arms that is due to
the self shadowing by the disk. In the case of HD 100546, the
elliptical light distribution may indicate the presence of a ring of
material at ~40 au, close to the outer edge of the intermediate
disk, but at a height of ~30au on the disk plane. This is about
four times the value obtained with Eq. (2), using the best value
we obtained for b and c. The origin of this ring is not clear; we
reiterate however that the edge of the intermediate disk can be
explained by a 2:1 resonance with a hypothetical massive object
located at about 70 au.

In order to agree with PDI and RDI data, we have to assume
that this material is optically thin, contributing only marginally
to the total emission from the disk. However, the higher (about a
factor 25) sensitivity provided by ADI allows its detection.

We note that a multi-ring configuration similar to that
observed in HD 100546 is also seen around other objects. We
mention in particular HD 141569A, where rings and outer spi-
ral arms were observed with HST in the visible (Augereau et al.
1999; Mouillet et al. 2001; Clampin et al. 2003), and the NIR
with NICI (Biller et al. 2015; Mazoyer et al. 2016) and SPHERE
(Perrot et al. 2016). Moreover, the face-on disk surrounding
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TW Hya (van Boekel et al. 2017) presents three rings and three
gaps within ~2" of the central star. These features were identified
using optical and NIR scattered light surface-brightness distribu-
tion observed with SPHERE. Multiple rings were also observed
in the inclined system RX J1615.3-3255 (de Boer et al. 2016)
combining both visible polarimetric images from ZIMPOL with
IRDIS and IFS in scattered light.

Finally, we notice that a planet sculpting a cavity is not
a unique explanation for the gaps. In addition some models
with planets located outside of the gap can reproduce the gaps,
or a single planet can open multiple gaps under particular
circumstances (Dong et al. 2017).

4. The candidate planets
4.1. Detection limits

Two candidate companions around HD 100546 have been pro-
posed over the years (Quanz et al. 2013, 2015; Brittain et al.
2014; Currie et al. 2015). We investigated IFS and IRDIS images
to find signatures of the already proposed candidate companions
or new signatures. None of the IFS images shows evidence of
new candidate companions above detection threshold. while in
the IRDIS images seven objects were identified as background
stars (see Appendix A).
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To properly discuss our data, we should consider the detec-
tion limits we used for point sources. The IRDIS 5o detection
limits for point sources were obtained through the SpeCal soft-
ware (Galicher et al. 2018); it estimates the noise level o as the
azimuthal standard deviation of the flux in the reduced image
inside annuli of two times FWHM in width at increasing sepa-
rations, and rescales it as a function of the stellar flux derived
from the off-axis PSF images, taking into account the transmis-
sion of the neutral density filter used to avoid the star image
saturation. We evaluated the IFS 50 contrast limits in the PCA
images following the method described in Mesa et al. (2015).
In summary, the algorithm determines for each pixel the stan-
dard deviation of the flux in a 1.5 X 1.5A/D box, centred on the
pixel itself and divides it by the proper stellar flux (as described
above). For a given separation, the 50 is then computed as five
times the standard deviation of the values obtained for all the
pixels at that separation. Finally, both IRDIS and IFS 50 val-
ues are corrected for the algorithm throughput and for the small
number statistics (Mawet et al. 2014). To this purpose, fake com-
panions, ten times more luminous than the noise residuals in the
final reduced image, were injected in the pre-processed frames at
various separations from the star and the datacube is reduced as
before. This is then repeated at several different position angles
and the throughput final value is the average of fake planets flux
depletion at the same distance, corrected for the coronagraph
attenuation.

In Fig. 10 (top panel), we show the deepest So contrast curves
obtained with IRDIS and IFS for HD 100546 in the H band.
The TLOCI-based analysis shows that IRDIS could reach a 5o
contrast >12 mag at separation >0.5" and even 15 mag at sep-
arations of 1.5” in both H2 and H3 bands. The deepest IFS
contrast is reached when applying SDI and PCA. However, all
these approaches, widely used for isolated point-like sources,
likely underestimate the contrast limits in the presence of a bright
disk such as that of HD 100546, because the disk flux enters both
in the estimation of the background and in the attenuation effect
and therefore a less aggressive approach (e.g. monochromatic
PCA with low number of modes) is more suitable. We consid-
ered the HD 95086 data set mentioned above to demonstrate the
expected contrast limit in absence of the disk (red dash-dotted
line in Fig. 10). In this figure, we also show the H magnitudes of
the two candidate companions around HD 100546 from Currie
et al. (2015) using GPI. The impact of the disk on the contrast
limit for IFS images is not negligible at separations of both CCc
(~2.2 mag) and CCb (~1.5 mag). We note here that CCc with
a contrast of 7.12 mag should be nominally visible in the IFS
May 2015 and May 2016 datasets, where the contrast limits at the
candidate separation are 7.3 and 7.8 mag, respectively. The CCb
(AH = 13.44, r ~ 0.47"), instead, is below the detection limit
in the H band. However, it would be above the detection limit
if we were to consider the limits applicable to a star without a
luminous disk.

4.2. The candidate companion ¢

No obvious point-like structure is visible at the expected position
of CCc in any of our IFS and IRDIS data sets in all epochs. Using
a different reduction approach, Garufi et al. (2016) identified a
bright knot in the SE arm (» ~ 0.120 = 0.016”, PA ~ 165 + 6°)
at least in the H band for the May 2015 data. On one hand, one
could try to associate CCc with this knot, as it may lie at or
just inside the disk cavity and is counterclockwise from the posi-
tion noted by Currie et al. (2015), as expected for an orbiting
object predicted from Brittain et al. (2013). On the other hand,
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Fig. 10. Top panel: contrast curves for HD 100546 obtained in the Hgg
band for the two best IFS datasets applying SDI+PCA and for IRDIS
H2H3 dataset applying TLOCI. Bottom panel: The IFS May 2015 con-
trast curve shown above is compared with the result obtained with
a two-mode monochromatic PCA (orange curve) and with the con-
trast curve in the Higs band for HD 95086 applying SDI+PCA (in red
dashed-dotted line). The planets contrast values measured in the H band
obtained by Currie et al. (2015) with GPI are reported in both panels.

these results do not establish CCc as a companion since there
are equally compelling alternatives. We detect bright, elongated
emission at a similar location in all of our IFS and IRDIS H2H3
data sets, suggesting confusion between bright disk emission and
that of any point source. Moreover, all our data sets have a light
distribution along the two wings that is nearly symmetric around
the disk semi-minor axis, with the NW side being more lumi-
nous, as already found by Follette et al. (2017). The emission
could simply be a non-polarised hot spot in the disk. Further-
more, this structure is detected at locations compatible with a
stationary object with respect to the star, despite the fact that a
planet orbiting the star on the disk plane as detected by Brittain
et al. (2014) should move by ~15° (one resolution element at
that separation) during our campaign; the feature is clearly visi-
ble only when using non-aggressive reduction methods, such as
monochromatic PCA with only one component.

A key challenge in interpreting these data is the effect of pro-
cessing. At CCc’s angular separation, parallactic angle motion
is small (1.2A/D for our data) and self-subtraction due to pro-
cessing is severe. Processing could anneal the disk wings to
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Fig. 11. Intensity profile as a function of phase of the two wings at
different epochs. Phase O corresponds to the near side of the semi-minor
axis and negative values correspond to the SE wing. The dashed profile
corresponds to a point-like source located at the expected position of
CCc crossing the ring with the contrast upper limit given by Currie et al.
(2015). The April 2016 data set was scaled by an arbitrary factor of 1.6
to overlap other profiles.

look like a point source (a shock, a convergence of spiral fea-
tures, etc.). Alternatively, processing might preferentially anneal
a point source, making it appear radially elongated and indis-
tinguishable from the disk wings. Additionally, the proximity of
CCc to the coronagraph edge when a mask was used might affect
both GPI and SPHERE results. With the coronagraph removed,
the brightest part of both southern and northern wings shifts
closer to the minor axis (Fig. 11). The SPHERE coronagraph
we used, indeed, is 0.03”” smaller than that used in GPI H-band
observations and this technical difference could explain the dif-
ference in the results obtained with the two instruments. Finally,
we should consider that the observation taken by Currie et al.
(2015) is not simultaneous to IFS and IRDIS observations and
that the sky conditions were better. This leaves open the addi-
tional possibility that we could not recover the same feature
detected by Currie et al. (2015) because the orbital motion moved
it behind the coronagraph or the circumstellar disk during this
interval of time.

Investigating the nature of the claimed CCc further requires
a detailed forward-model of both the point sources and the disk
over multiple data sets, taking into account the impact of the
coronagraphs, which is beyond the scope of this paper.

4.3. The candidate companion CCb

Since the initial discovery of HD100546 b by Quanz et al. (2013),
its re-detection has been reported by different groups using dif-
ferent instruments and in multiple wavelengths (Quanz et al.
2013, 2015; Currie et al. 2014). However, the debate over the
nature of CCb was recently reactivated by the results obtained
by Currie et al. (2015) and Rameau et al. (2017), both with GPI
H-band observations. In both cases, a clear signal is detected
at a location possibly compatible with CCb, but, on one hand,
Currie et al. (2015, 2017) identified this with CCb (a point source
superimposed on a flat disk component), and on the other hand,
Rameau et al. (2017) interpreted it as stellar scattered light, being
point-like or extended depending on the processing method used.

In the following discussion we use a non-aggressive
monochromatic PCA approach with only one component over
the whole IFS field of view simultaneously, and over the inner
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Fig. 12. Run of deprojected separation (left panel) and of position angle
(right panel) of CCb with time. Data are from Quanz et al. (2013, 2015;
blue dots), Currie et al. (2014) and this paper (open diamonds). Dashed
lines are predictions for a circular orbit on the plane of the disk.

Table 2. Astrometry of CCb in the SPHERE K band at different epochs.

Date r(mas) PA (deg)
May 32015 454+10 10415
May 31 2016 456+ 10 12.5+1.5

circle of 0.8” for IRDIS one. Moreover, we exploit the very
wide spectral range simultaneously offered by the SPHERE
IRDIFS_EXT setup (from 0.95 up to 2.2 um). All IRDIS K1K2
datasets show a clear diffuse emission on top of the northern
wing (as already noticed by Garufi et al. 2016 for the 2015
datasets) that is compatible with the CCb detections in L' and
M bands using NACO.

In order to obtain a more precise characterisation of this
feature, we focused on the two best IRDIFS_EXT datasets and
found that the position of this source varies a little between the
two epochs, as shown in Table 2. From the disk velocity retrieved
from spectroastrometric analysis of different molecules (see e.g.
Acke & van den Ancker 2006; Panic et al. 2010; Brittain et al.
2009) and with ALMA observations (Walsh et al. 2014), it was
derived that the disk rotates counterclockwise, with the SW part
being the closest to the observers. We discover that the feature we
detect is moving counterclockwise and its astrometry, combined
with previous detections, is compatible with a Keplerian motion
on the disk plane. This is shown in Fig. 12, where we present the
run of the separation and position angle of this source with time,
using data from Quanz et al. (2013, 2015) and Currie et al. (2014)
and the two best K1K2 epochs from SPHERE. We adopted the
disk plane inclination of 42° and position angle of 146° (Pineda
et al. 2014), obtaining an orbital radius of 545 + 15 mas that cor-
responds to 59.5 + 2 AU at the distance of HD 100546. Given
the stellar mass of 2.4 M, (see e.g. Quanz et al. 2013), the corre-
sponding period is 299 yr. We superimposed the predictions for a
similar orbit on the run of separation and position angles shown
in Fig. 12, dashed lines. The agreement between expectation and
observations is fairly good, in view of the relatively large error
bars associated with all these data. We conclude that the motion
of CCb is compatible with a circular orbit on the plane of the
disk, in the same direction as the disk rotation, although there is
room for different orbital solutions and also a scenario whereby
the object is stationary, given the uncertainties on the positions.
If this orbital solution is correct, we could therefore predict that
in Spring 2019 CCb will have moved enough to disentangle the
motion from being a stationary object, or it will disappear behind
a disk structure. For example, assuming a nominal co-planar,
circular orbit at 59.5 au, CCb should appear at a separation of
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Fig. 13. Comparison of HD 100546 images in different band filters. One-component PCA images of IRDIS H2H3 taken on May 29, 2015
(left panel), K1K2 taken on May 3, 2015 (middle panel), and their combination (right panel). Contours refer to IRDIS H2H3. The cross rep-
resents Currie et al. (2015) detection in GPI H band, the arrow in the central panel indicates the motion of CCb between the Quanz et al. (2015)
detection in NACO L’ band and our May 2016 K1K2 detection of CCb. The grey circle represents the resolution element of the images.

~440 mas and PA ~ 17° in May 2019, which is roughly three res-
olution elements away from its position in May 2015. However,
the astrometric points hint at a slower motion, which could be
due to an eccentric and/or non-coplanar orbit, and would mean
that an even longer time period is needed to confirm the CCb
movement.

This object has a contrast of 12.08 + 0.49 mag in K1 and
11.68 + 0.60mag in K2, compatible with the NACO non-
detection by Boccaletti et al. (2013), while its H band upper limit
is 13.75 £ 0.05 mag. On the other hand, the IRDIS H2H3 data
set and the H part of the IFS images (simultaneous to the K1K2
IRDIS data sets) show a diffuse emission, located ~70 mas NW
with respect to the previous one in continuation with the north-
ern wing, as shown in Fig. 13. This emission, with median
position » = 477 + 12 mas and PA = 7.2+ 1.5°, is consistent with
the detection in the H-band by Currie et al. (2015) and Rameau
et al. (2017). This source is clearly distinct from that detected at
longer wavelengths, and appears extended. However, given the
angular resolution of GPI and the different H-band filter used
in GPI and SPHERE, the detection of Currie et al. (2015, 2017),
intermediate between the H and K detections with SPHERE, can
be interpreted as a combination of these two. Finally, only very
weak diffuse emission was visible at wavelengths shorter than
1.1 ym.

Additional information on CCb cannot be retrieved by the
polarimetric data: no emission is seen in the IRDIS Qg images
as shown in Fig. 4h, while in the PDI+ADI image the residuals
due to the telescope spider are not negligible and fall at the loca-
tion of CCb, meaning that it is impossible to tell whether or not
a disk structure at that location could be interpreted as a point
source after filtering by ADIL

4.4. Interpreting CCb as an extended source

Previous works suggested that CCb is surrounded by a circum-
planetary disk (Quanz et al. 2015; Currie et al. 2015; Rameau
et al. 2017). In Quanz et al. (2015), the presence of a spa-
tially unresolved circumplanetary disk (r ~ 1.4 au around a
2Mj object) is considered as an explanation of the discrepancy
between the observed values of radius and effective tempera-
ture and those obtained by models for very young gas giant
planets.

Table 3. Star magnitude m., the contrast of CCb or its upper limit
(conty,) and the associated uncertainty (err.o,) at different wavelengths.

A m,  conty my Reference
(um) (mag) (mag) (mag)

4.8 413 9.2 13.33+0.16 1
3.8 4.2 9.0 132 +0.4 2
3.8 4.52 94 13.92 +0.1 1
3.8 13.06 £ 0.51 3
2.25 5.42  11.68 17.10 £0.60 4
2.2 542  >9.09 >14.51 5
2.1 5.42 >9.60 >15.02 1
2.11 542  12.08 17.50 +£0.49 4
1.60 19.40 + 0.32¢ 6
1.58 596 >12.5 >18.46 4
1.25 6.42 >13.6 >20.02 4

Notes. The values obtained during this study are not corrected for dust
extinction. This value refers to the apparent magnitude of the source
identified by Currie et al. (2015) and located at about 28 mas (~0.7A/D)
from the expected position of the source detected at longer wavelengths.
References. 1. Quanz et al. (2015) 2. Quanz et al. (2013) 3. Currie et al.
(2014) 4. This work 5. Boccaletti et al. (2013) 6. Currie et al. (2015).

At wavelengths shorter than 2 ym, we evaluated the 5o limit
to the magnitudes of a point source at the presumed location
of CCb. With IFS we obtain that it is fainter than the appar-
ent magnitude 19.84 in the J band (1.20-1.30 um), fainter than
19.80 mag in J broad band (1.15-1.35um), and fainter than
19.05 mag in H; uncertainties on these values came from the
noise distribution estimation at the CCb location.

Putting together all the results and the literature ones (see
Table 3) we obtain the CCb SED plotted in Fig. 14. Some
important arguments that one should take into account while
interpreting this SED are as follows. (a) CCb is below detec-
tion threshold in our IFS images, so we only estimated the
contrast limits in the corresponding area of CCb, while in the
H2H3 filter we only detect a very weak diffuse emission at its
location. (b) What we see in the IRDIS data at positions corre-
sponding to CCb could be simply a bright structure of the disk.
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Fig. 14. SED of CCb planet and disk combining previous results (black)
with our upper limits (orange). The green line represents a black body of
932 K with an absorption Ay = 28 mag (see text). The grey curve repre-
sent a grey contrast of 14 mag fitting the short-wavelength observations.
In particular, only data corresponding to black filled circles were consid-
ered for the relative astrometry. The black star symbol refers to apparent
magnitude of a source located at about 28 mas (~0.7A/D) from the posi-
tion of the source detected at longer wavelengths, as given by Currie
et al. (2015).

(c) We are not subtracting the disk contribution to the flux. Sim-
ilar to what is discussed above, the self subtraction on extended
sources is not negligible even with this non-aggressive reduc-
tion method and it is difficult to estimate because it depends on
the specific distribution of light, which cannot be easily mod-
elled. This implies that the ADI technique alters the photometry
of the extended object. What we can conclude is simply that
the structure seen in our K1K2 images is compatible with an
extended object whose apparent magnitude is brighter than what
is expected for a point source at the same location and is com-
patible, within the uncertainties, with the flux observed at longer
wavelengths.

Given the small difference of contrast between the J/H-band
diffuse source and the strong difference with the L/M-band puta-
tive point-source, we may represent this emission as the sum of
two different sources: a very red compact source and a more
extended one with a flatter spectrum. It is clear in fact that this
source is redder than the star and cannot be explained as stel-
lar scattered light alone, since a flat contrast (grey line) that
fits the short-wavelength points largely fails to reproduce the L
and M data. The green line represents the SED of a black body
with T ~ 800K and no absorption, which implies a radius
of the emitting area R = 12.5 Ry. Taking into account the new
determination of HD 100546 distance, this result is in fair agree-
ment with Quanz et al. 2015 (Teg = 932723 K, R = 6.9°2] Ry).
It is noteworthy that given the small number of photometric
points and limited spectral range, absorption and temperature are
degenerate, and therefore many combinations of temperature and
reddening can efficiently reproduce the SED. However, given its
very young age, the object likely does not emit as a black-body,
but the accreting disk shock contribution to the total luminosity
is not negligible, and could also be dominant (Mordasini et al.
2017). Also, the filters used are built to provide information on
absorbing molecules and therefore can play a role in the flux
estimation at given wavelengths.

The luminosity of a forming and accreting planet in different
formation scenarios is evaluated in Mordasini et al. (2017). They
analysed the case of HD 100546 b in detail, starting from the
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physical parameters derived by Quanz et al. (2015), and could
constrain the mass of this source, albeit with large uncertainties
due to different mechanisms allowed. To disentangle the emit-
ting sources and hence estimate the CCb mass, we need to better
characterise the SED, which could be possible with space obser-
vations with new facilities (like JWST) or with the ELT class
instruments. Alternatively, a better spatial resolution will allow
us to resolve the circumplanetary region and retrieve the mass of
CCb through dynamical models.

The nature of the extended emission detected in the H2H3
filter is not clear. It could either be a source physically bound
to CCb, or a bright structure of the disk. Further deep obser-
vations and/or a longer (3—4 yr) temporal coverage may help to
choose between these possibilities. If we assume that the object
is a unique extended source, we obtain that the radius is of the
order of r=34 mas (=~3.7 au), compatible with previous esti-
mations. If this were a circumplanetary disk, the corresponding
Hill’s radius (Ryjy;) of the planet would be expected to be about
three times larger, following models by e.g. Shabram & Boley
(2013), Ayliffe & Bate (2009) and Quillen & Trilling (1998).
Therefore, the observed structure is compatible with circumplan-
etary material around a massive planet that could be responsible
for carving the gap as demonstrated by hydrodynamical models
(e.g. Pinilla et al. 2015; Dong et al. 2016).

To justify the extended emission, we further consider a spher-
ical cloud around CCb, located at a separation of d=65 %
5 au from the star, that reflects stellar light. If its optical
depth is T< 1, then we expect that the total reflected light
is c=Amr?/(4md%) where A is the albedo. If A=0.5 then the
expected contrast is ¢=4.2 x 107*, which corresponds to 8.6
mag, in agreement with our observations. This feature would be
unresolved at L and M wavelengths and therefore contributes to
the flux of the compact source but should be far less than the
contribution due to the companion: its luminosity is compatible
within the uncertainties with reflected stellar light from the J to
the K band.

We finally note that, in this scenario we are not considering
the absorption due to the circumstellar disk material between the
star and the circumplanetary disk. This depends on the thickness
of the circumstellar disk and on the height of the planet over the
circumstellar disk plane at the epoch of our observations. This
effect, and the presence of shadows due to the circumstellar disk
that may affect the amount of light incident on a circumplanetary
disk, could be not negligible and possibly cause an irregular illu-
mination of the circumplanetary disk. Of course, the true picture
could be a combination of all these factors.

We conclude that the origin of this emitting area is still
unclear. While its appearance and the SED are compatible with
a highly reddened substellar object surrounded by a dust cloud,
we cannot exclude other interpretations, such as the superimpo-
sition of two spiral arms, the northern wing and the small IRDIS
North arm (see Fig. 3), or disk material flowing to a planet due
to its perturbation induced on the disk.

5. Conclusion

We observed HD 100546 with SPHERE using its subsystems
IRDIS and IFS in direct imaging and in polarimetry. Our obser-
vations confirm the presence of a very structured disk and
reveal additional features. The different post-processing tech-
niques reveal different characteristics of this complicated disk.
RDI and PDI images are dominated by the almost symmetric
intermediate and outer disks, while more aggressive differen-
tial imaging techniques tell a different story, featuring strongly
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de-centred rings and spirals. These two views can be reconciled
in a picture as follows.

The two bright wings, dominant structures in the IR at sepa-
rations closer than 500 mas, are a unique structure. This is quite
evident from the non-coronagraphic images. The presence of the
coronagraph and the use of the ADI technique contributed to
cancel out the light in the rings region closest to the star.

The new PDI data confirm the presence of a unique arm
warping for 540°. In the innermost regions, three small spiral
arms are detected in both J and K bands.

Modelling a geometrical representation of the disk coupled
with an analytic scattering function, we obtain that the disk rings
1 and 2 extend between ~15 and ~40 au and between ~110 and
250 au, respectively, consistent with previous results. The inner
edge of the ring 2 and the outer edge of the ring 1 correspond to
resonances 3:2 and 1:2 with a 70 au radius orbit, suggesting the
presence of a massive object located at that separation.

We do not exclude the presence of additional spiral arms
inside the disk rings. In particular, we confirm detection of
the two possible spiral arms east and south of HD 100546,
previously identified by Follette et al. (2017).

The spectrum of this disk does not show obvious evidence
for segregation of dust of different sizes and is well explained by
micron-sized particles.

Concerning the planets, we have no clear evidence of the
CCec as detected by Currie et al. (2015); processing could cause
the disk wings to look like a point source or anneal a point
source to be indistinguishable from disk emission. This does not
exclude that the planet has moved behind the disk in the time
between Currie et al. (2015) observations and the time SPHERE
data were acquired.

We identify a spatially diffuse source in K band broadly con-
sistent with CCb. When combined with previous measurements,
its photometry is consistent with a blackbody-like-emitting
source of ~800 K, compatible with a highly reddened mas-
sive planet or brown dwarf surrounded by a dust cloud or its
circumplanetary disk. The astrometry of this source may have
revealed evidence for orbital motion, a result that could be con-
firmed with future observations. This object could indeed be the
disk perturber suggested by the disk modelling. However, other
hypotheses are also possible, such as the superimposition of two
spiral arms at the location of the L and M’ detections.
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Appendix A: Background objects in the IRDIS
field of view

Table A.1. Separation in « and § of the background objects in the IRDIS
FoV of HD 100546 considering data from 4 May 2015, May 29th 2015

and May 31st 2016.
Date cc_id ARA ARA Ad Aoy
(mas) (mas) (mas) (mas)
5/4/15 0 -—2887 1 4263 1
5/30/15 0 —2887 1 4261 1
6/1/16 0 -2850 1 4253 2
5/4/15 1 =759 1 —4371 1
5/30/15 1 =760 1 —4383 1
6/1/16 1 -718 1 —-4378 1
5/4/15 2 2682 1 —4743 2
5/30/15 2 2686 1 -4756 1
6/1/16 2 2723 1 —4751 1
5/4/15 3 -504 7 =3151 9
5/30/15 3 =505 2 =3167 2
6/1/16 3 —490 0 =321 0
5/4/15 4 3137 0 5233 0
5/30/15 4 3137 1 5227 2
6/1/16 4 3162 4 5232 4
5/4/15 5 -2286 7 4042 8
5/30/15 5 -2292 5 4045 5
6/1/16 5 =2230 0 4044 0
5/4/15 6 4574 12 2626 14
5/30/15 6 4574 5 2617 5
6/1/16 6 4645 0 2623 0

Notes. Epochs with italic shape values correspond to those observed
points not represented in Fig. A.1.

As described in Sect. 3, seven points sources are detected in the
IRDIS field of view. Their astrometry and photometry are listed
in Table A.1, and Fig. A.1 unambiguously shows that all of them
are background objects.
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Fig. A.1. Top panel: proper motion in & and § of the background objects in the IRDIS FoV of HD100546 considering data from May 4, 2015 (filled
black), May 29, 2015 (open black), May 31, 2016 (filled red). Dotted points and error bars represent the expected position for a background object.
Middle panel: observed time variation of the separation compared with the expected one for a background object. Bottom panel: observed time
variation of the position angle compared with the expected one for a background object.
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