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Fig. 2.— Surface brightness (azimuthal average) and detection strengths of the polarimetric signal. Left: Surface brightness of Q� relative
to the detection limit. The error bars show the internal variation along the azimuthal ring, as calculated from the standard deviation within
the respective ring. This does not take into account the flux loss due to PSF smearing (see below). Middle: Q� and U� brightnesses after
scaling with r2, relative to the peak brightness. While the surface brightness of the inner dust is much higher than that of the outer
disk, the scattering strength seems weaker. Right: Detection strength (SNR) determined from comparing to the U� data (conservatively
assumed to contain random noise). Within the whole range (IWA of 25 mas to 1.1 arcsec displayed here), Q� is detected everywhere with
at least 8.5� confidence (the dotted line represents 10�). Note the change of scale at 50�.
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Fig. 3.— Test of the severity of the signal suppression close to
the star (description in main text). After correction, the inner dust
structure brightens up significantly, getting close in brightness to
the outer disk in this r2-corrected images. The outer disk gets
brighter, too, showing that signal suppression due to PSF smearing
plays a role even at >100.

in Figure 2. The polarization signal close to the star is
detected at more than 20�, with � calculated from the
U� data as described in Avenhaus et al. (2014b). This
does take into account the (systematic) errors close to
the star discussed above. We can thus clearly state that
the inner dust structure is detected.

3.2.1. Signal dampening through PSF smearing e↵ects and

brightness of the inner disk

It is worth noting that when corrected for the fall-o↵ of
the stellar illumination by multiplying the data with r

2,
r being the projected distance from the stellar position
(right side of Figure 2), the dust scattering close to the
star seems to be significantly fainter than the outer disk.
However, this does not take into account the dampening
e↵ect of PSF smearing in PDI. This can reduce the po-
larimetric flux close to the star when employing the PDI
method (see Avenhaus et al. 2014a). The magnitude of
this e↵ect depends both on the distribution of scattered
light itself and on the shape of the PSF. It is weaker
for stable, high-Strehl PSFs and further away from the
star. The ZIMPOL Very Broad Band filter (590-881nm)
is more strongly a↵ected by this problem compared to the

near-IR IRDIS filters because of the significantly lower
Strehl ratios at this wavelength. The inner dust struc-
ture is particularly a↵ected because of its proximity to
the star.
In principle, the best way to understand these e↵ects

is a forward-modeling of scattered-light images produced
with a radiative transfer code, which are then (Stokes Q
and U vectors) convolved with the PSF retrieved from
the observations. Because developing a radiative transfer
model is beyond the scope of this paper, specifically for
the complex asymmetric dust structure we observe, we
instead use the derived Q� image in order to estimate
the magnitude of signal suppression within our scattered-
light data. The process works as follows:

1. Produce an azimuthally averaged image Q�,avg of
the Q� image and smooth it with a small (⇠25
mas) Gaussian kernel in order to avoid e↵ects from
small-scale structures and noise

2. Split this image into the Stokes Q and U vectors
using the inverse of the formulas shown in Section
2

3. Convolve the obtained Stokes vectors with the PSF
obtained from the unsaturated science frames

4. Calculate Q�,avg,damp

from these convolved Stokes
vectors

5. Calculate the local damping factor as F

damp

=
Q�,avg

Q�,avg,damp

. We then get an approximation of the

real (undamped) polarimetric scattered-light signa-
ture by multiplying Q� with F

damp

.

Both Q� and Q� · F
damp

are displayed alongside each
other in Figure 3. As can be seen, the inner dust struc-
ture brightens up significantly with this processing (fac-
tor of ⇠5). The outer disk brightens as well (showing
that PSF smearing has an e↵ect even at >100), but by a
smaller factor. We then produce averaged radial surface
brightness plots again, which show that the inner disk is
indeed as bright as the outer disk when corrected for the
drop-o↵ in stellar illumination (see Figure 5, left side).
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TRANSITION DISCS

Fig. 1.— SEDs of an evolved disk (top; RECX 11; Ingleby et al.
2011), a pre-transitional disk (middle; LkCa 15; Espaillat et al.
2007), and a transitional disk (bottom; GM Aur; Calvet et al.
2005). The stars are all K3-K5 and the fluxes have been corrected
for reddenning and scaled to the stellar photosphere (dot-long-
dashed line) for comparison. Relative to the Taurus median (short-
dashed line; D’Alessio et al. 1999), an evolved disk has less emis-
sion at all wavelengths, a pre-transitional disk has a MIR deficit
(5–20 µm, ignoring the 10 µm silicate emission feature), but com-
parable emission in the NIR (1–5 µm) and at longer wavelengths,
and a transitional disk has a deficit of emission in the NIR and
MIR with comparable emission at longer wavelengths.

2.1 Spectral Energy Distributions

SEDs are a powerful tool in disk studies as they pro-
vide information over a wide range of wavelengths, trac-
ing different emission mechanisms and material at differ-
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Fig. 2.— Schematic of full (top), pre-transitional (middle), and
transitional (bottom) disk structure. For the full disk, progressing
outward from the star (black) is the inner disk wall (light gray) and
outer disk (dark brown). Pre-transitional disks have an inner disk
wall (light gray) and inner disk (dark brown) followed by a disk
gap (white), then the outer disk wall (light gray) and outer disk
(dark brown). The transitional disk has an inner disk hole (white)
followed by an outer disk wall (light gray) and outer disk (dark
brown).

ent stellocentric radii. In a SED, one can see the signa-
tures of gas accretion (in the ultraviolet; see PPIV review
by Calvet et al. 2000), the stellar photosphere (typically
∼1 µm in TTS), and the dust in the disk (in the IR and
longer wavelengths). However, SEDs are not spatially re-
solved and this informationmust be supplemented by imag-
ing, ideally at many wavelengths (see § 2.2–2.3). Here
we review what has been learned from studying the SEDs
of (pre-)transitional disks, particularly using Spitzer IRS,
IRAC, and MIPS.

SED classification

A popular method of identifying transitional disks is to
compare individual SEDs to the median SED of disks in the
Taurus star-forming region (Fig. 1, dashed line in panels).
The median Taurus SED is typically taken as representative
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Espaillat et al. (2014)

A&A 585, A58 (2016)

Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

fraction of large grains fls and the scale height of the large grains
χ are used to describe the settling. More details on the star, the

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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fraction of large grains fls and the scale height of the large grains
χ are used to describe the settling. More details on the star, the

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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N. van der Marel et al.: Gas cavities in transitional disks

Fig. 2. ALMA observations of the continuum, the 13CO and C18O 6−5 lines of the fourth target. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment 13CO
map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in the lower
left corner. The dotted white ellipse indicates the dust cavity radius.

Fig. 3. Normalized intensity cuts through the major axis of each disk of
the 13CO 3−2 emission (red) and the dust continuum emission (blue). In
case of IRS 48, the deprojected intensity cut of the minor axis is taken so
as to cover the (asymmetric) continuum profile. The cuts clearly reveal
that the gas cavity radii are smaller than the dust cavity radii.

3.2. Model-fitting approach

The best-fit models from Table 4 in van der Marel et al.
(2015b) were used as initial model for the vertical structure and
dust density structure for SR21 and HD 135344B, based on a
combination of SED, dust 690 GHz continuum visibility, and
12CO 6−5 modeling. These models were fit by eye, starting from
a surface density and cavity size consistent with the millimeter

Fig. 4. Generic surface density profile for the gas and dust.

visibility curve, followed by small adjustments on the inner disk
parameter (δdust) and vertical structure to fit the SED. For the
fit to the 12CO data, the gas surface density was taken initially
assuming a gas-to-dust ratio of 100, and the amount of gas in-
side the cavity was subsequently constrained by varying the δgas
parameter, where Σgas = δgasΣgas for r < rcav. The dust den-
sity inside the cavity (between rgap and rcavdust) was set to be
entirely empty of dust grains. SR21 is an exception: a small
amount of dust was included between 7 and 25 AU, following
van der Marel et al. (2015b). The dust structure of DoAr44 is
analyzed in a similar way in Appendix B through SED and dust
345 GHz continuum visiblity modeling. For IRS 48, we used the
model derived by Bruderer et al. (2014), although we chose to
use an exponential power-law density profile instead of a normal
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Fig. 1. Reflection nebulosity around SAO 206462. First two rows, from left to right: P⊥ image, P∥ image, and P⊥ image with blue and pink stripes
indicating the position of the major and minor axis, respectively. The first row is H band, the second is Ks band. Third row, from left to right:
comparison between the P⊥ image in Ks band and continuum emission from sub-mm observations by Brown et al. (2009), polar mapping of H
and Ks band with angles measured with respect to north. Images are upscaled by a factor 3 to minimize smoothing effects throughout the sub-pixel
data shifting and are scaled with r2 to compensate for stellar light dilution. The color scale is linear and arbitrary. The red central region indicates
the area on the detector with non-linear pixels. Continuum contours are drawn at 3σ intervals starting from 3σ.

calibration. No significant difference in the brightness profile is
found between H and Ks band (apart from the polarized flux be-
ing a factor 2.5−3 higher in the former than that in the latter).

We average the radial profiles over all angular directions
neglecting any geometrical effect due to the disk inclination.
Since the disk is known to be almost face-on (11◦, Andrews
et al. 2011), we assume that this approach does not introduce
large systematic errors. The azimuthally-averaged profile of both
bands is fitted by a power-law with β = −2.9± 0.1. However, we
find that a spatially separate fit with a broken power-law pro-
vides a better match. A slope of −1.9±0.1 is found for the range

0.2′′−0.4′′ (∼28−56 AU) and a slope of −5.7±0.1 (H band) and
−6.3 ± 0.1 (Ks band) for the range 0.4′′−0.8′′ (∼56−114 AU)
(see Fig. 3).

The two spirals are starting from axisymmetric locations on
the rim. The contrast of the spiral with the surrounding disk
varies from 1.5 to 3.0. S1 appears as the most prominent arm.
It covers an angle of ∼240◦ and shows an enhancement to the
SW (almost twice as luminous in surface brightness as the con-
tiguous part of the arm). S2 covers a smaller angle (∼160◦) but
also shows a “knot” (to the SE, factor 1.5 brighter in surface
brightness than the contiguous part of the arm).
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Photoevaporation or companions?
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Muto et al. 2012), and 160 AU in MWC 758 (at a distance of
280 pc; Grady et al. 2013). They can be excellent targets for
direct imaging observations. However, the waves may also be
excited by a recent flyby, or a companion on a very eccentric
orbit. Lastly, it has been speculated that the cavities in
transitional disks are opened by multiple giant planets.
Observed global-scale m = 2 arms so far are all found outside
the central cavities in transitional disks. The hypothetical
outer companion suggested in our work cannot be associated
with the putative cavity-opening planets; the latter would
reside inside the cavity and their density waves are unlikely
to be detectable.

We thank Eugene Chiang, Barbara Whitney, Eric Pantin,
Eduard Vorobyov, and Jun Hashimoto for insightful discus-
sions and help in this work. We also thank the anonymous
referee for constructive suggestions that largely improved the
quality of the paper. We thank Myriam Benisty for kindly
sharing with us the VLT/SPHERE image of MWC 758. This
project is partially motivated by the Subaru based SEEDS
program (PI: M. Tamura). This project is supported by NASA
through Hubble Fellowship grants HST-HF-51333.01-A (Z.Z.)
and HST-HF-51320.01-A (R.D.) awarded by the Space
Telescope Science Institute, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., for
NASA, under contract NAS 5-26555. All hydrodynamic
simulations are carried out at the Texas Advanced Computing
Center (TACC) at The University of Texas at Austin using
Stampede through XSEDE grant TG-AST130002.
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Figure 3. Rendered images of dust surface density for a disc containing three embedded protoplanets of mass 0.2, 0.27 and 0.55 MJ initially located at the
same distance as the gaps detected in HL Tau. Each panel shows the simulation with gas plus grains of a particular size (as indicated).

Figure 4. Comparison between the ALMA image of HL Tau (left) with simulated observations of our disc model (right) at band 6 (continuum emission at
233 GHz). Note that the colour bars are different. The white colour in the filled ellipse in the lower left corner indicates the size of the half-power contour of
the synthesized beam: (left) 0.035 arcsec × 0.022 arcsec, P.A. 11◦; (right) 0.032 arcsec × 0.027 arcsec, P.A. 12◦.

the grain size (e.g. Fouchet et al. 2007; Ayliffe et al. 2012), or
more specifically on the Stokes number. The density distribution
of µm-sized particles (top left and centre) are similar to the gas
distribution due to the stronger coupling. The micron-sized grains
(top left) capture the spiral density wave launched by the proto-
planets. Millimetre-sized particles (bottom left) are most affected
by the density waves induced by the protoplanets, exhibiting the
largest migration towards the gap edges. Interestingly, the dust den-
sity distributions of 10 mm and cm-sized particles (bottom centre
and right) show axisymmetric waves launched by the planets prop-
agating across the whole disc. The gaps carved by protoplanets
in cm grains (St ≈ 10) show the formation of horseshoe regions.
As expected, the formation of the horseshoe region in planetary
gaps depends on the dust–gas coupling, since poorly coupled large

particles tend to have frequent close encounters with the planet.
We stress that the important parameter is the Stokes number rather
than the actual grain size, so equivalent dynamics can be produced
in different grains by changing the gas density or with different
assumptions about the grain composition (see equation 3).

An intriguing possibility is to infer the disc viscosity from the
morphology of the gaps. Since our results show that the planets
are not massive enough to open gaps in the gas or, equivalently,
the viscosity is high enough to effectively smooth the density profile,
we can only evaluate a lower limit for αSS below which planets are
able to carve gaps in the disc model adopted here. Using the criterion
in Crida, Morbidelli & Masset (2006) we infer αSS ! 0.0002.

Fig. 4 compares the ALMA simulated observation of our disc
model at band 6 (right) with the publicly released image of HL Tau
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and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

in Supplementary Fig. 2, taking into account the beam). A blueshifted
CO(3–2) high-velocity component can also be seen at the base of this
feature, near the star (at 22.1 km s21 in Supplementary Fig. 5).

The non-Keplerian HCO1 is probably not consistent with a central
outflow. Stellar outflows are not observed27 in disks with inner cavities
and no molecular envelopes (that is, transition disks). For an outflow
orientation, the low velocities measured by the lines imply that the
filaments in HD 142527 would stand still and hover above the star
(Supplementary Information, section 3). Even the blueshifted emis-
sion is slow by comparison with the escape velocity. A slow disk wind
(for example one photoevaporative or magnetically driven) can also be
excluded on the basis of the high collimation shown by the HCO1

emission. Indeed, the CO 4.67-mm emission seen in the inner disk26 is
purely Keplerian, it does not bear the signature of the disk winds seen
in other systems and its orientation is the same as that of the outer
disk. An orthogonal inner disk can also be discounted on dynamical
grounds (Supplementary Information, section 3).

It is natural to interpret the filaments as planet-induced gap-
crossing accretion flows, or ‘bridges’. Because the eastern side is the
far side, the blueshifted part of the eastern bridge is directed towards
the star and is a high-velocity termination of the accretion flow onto
the inner disk. These bridges are predicted by hydrodynamical simula-
tions when applied to planet-formation feedback in HD 142527 (ref. 7).
In these simulations, the bridges straddle the protoplanets responsible
for the dynamical clearing of the large gap in HD 142527. They are
close to Keplerian rotation in azimuth, but have radial velocity com-
ponents of>0.1 of the azimuthal components. In our data, we see that
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Figure 1 | ALMA observations of HD 142527, with a horseshoe dust
continuum surrounding a gap that still contains gas. We see diffuse CO gas
in Keplerian rotation (coded in Doppler-shifted colours), and filamentary
emission in HCO1, with non-Keplerian flows near the star (comparison
models illustrative of Keplerian rotation are shown in Supplementary
Information). The near-infrared emission abuts the inner rim of the horseshoe-
shaped outer disk. The star is at the origin of the coordinates. North is up and
east is to the left. a, Continuum at 345 GHz, with specific intensity units in
Janskys per beam. It is shown on an exponential scale (colour scale). A beam
ellipse is shown in the bottom right of b, and contours are drawn at 0.01, 0.1, 0.3,
0.5, 0.75 and 0.9 times the peak value. The noise level is 1s 5 0.5 mJy per beam.
b, CO(3–2) line intensity shown by white contours at fractions of 0.3, 0.5, 0.75
and 0.95 of the peak intensity value, 2.325 3 10220 W per beam. The underlying
red–green–blue image also shows CO(3–2) line intensity, but integrated in
three different velocity bands, whose velocity limits are indicated in the spectra
of Supplementary Fig. 8. c, Near-infrared image from Gemini that traces
reflected stellar light, shown on a linear scale. We applied a circular intensity
mask to the stellar glare, some of which immediately surrounds the mask. See

Supplementary Fig. 1 for an overlay with the continuum. d, HCO1(4–3) line
intensity shown by white contours at fractions of 0.1, 0.3, 0.5, 0.75 and
0.95 of the peak intensity value, 0.40 3 10220 W per beam, overlaid on a
red–green–blue image of HCO1 intensity summed in three different colour
bands (see Supplementary Fig. 8 for definitions). Insets show magnified views
of the central features that cross the dust gap. The cross indicates the star at the
origin, with a precision of 0.05 arcsec, and the arrows point at the filaments.
Inset to a: same as in a, with a narrow exponential scale highlighting the
gap-crossing filaments. These features appear to grow from the eastern and
western sides of the horseshoe. Contours are at 0.0015 and 0.005 Janskys per
beam. Inset to d: deconvolved models (Supplementary Information) of the
HCO1 emission (green) at velocities where the gap-crossing filaments are seen,
that is, from 3.2 to 4.3 km s21. Intensity maps for the blue and red velocity
ranges (see Supplementary Fig. 8 for definitions) are shown in contours, with
levels at 0.5 and 0.95 times the peak values. These red and blue contours are an
alternative way to present the intensity field shown in d, but deconvolved for
ease of visualization.
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Flows of gas through a protoplanetary gap
Simon Casassus1, Gerrit van der Plas1, Sebastian Perez M1, William R. F. Dent2,3, Ed Fomalont4, Janis Hagelberg5, Antonio Hales2,4,
Andrés Jordán6, Dimitri Mawet3, Francois Ménard7,8, Al Wootten4, David Wilner9, A. Meredith Hughes10, Matthias R. Schreiber11,
Julien H. Girard3, Barbara Ercolano12, Hector Canovas11, Pablo E. Román13 & Vachail Salinas1

The formation of gaseous giant planets is thought to occur in the
first few million years after stellar birth. Models1 predict that the
process produces a deep gap in the dust component (shallower in
the gas2–4). Infrared observations of the disk around the young star
HD 142527 (at a distance of about 140 parsecs from Earth) found
an inner disk about 10 astronomical units (AU) in radius5 (1 AU is
the Earth–Sun distance), surrounded by a particularly large gap6

and a disrupted7 outer disk beyond 140 AU. This disruption is indi-
cative of a perturbing planetary-mass body at about 90 AU. Radio
observations8,9 indicate that the bulk mass is molecular and lies
in the outer disk, whose continuum emission has a horseshoe
morphology8. The high stellar accretion rate10 would deplete the
inner disk11 in less than one year, and to sustain the observed
accretion matter must therefore flow from the outer disk and cross
the gap. In dynamical models, the putative protoplanets channel
outer-disk material into gap-crossing bridges that feed stellar
accretion through the inner disk12. Here we report observations
of diffuse CO gas inside the gap, with denser HCO1 gas along gap-
crossing filaments. The estimated flow rate of the gas is in the range
of 7 3 1029 to 2 3 1027 solar masses per year, which is sufficient to
maintain accretion onto the star at the present rate.

The HD 142527 system offers an unhindered view of its large central
gap, and is a promising ‘laboratory’ in which to observe the ongoing
formation of gaseous giant planets. The orientation of the disk is well
understood. Multiwavelength data are consistent with an inclination
of about 20u, indicating that the disk is almost face-on to our line of
sight11. The disk position angle is about 220u east of north, and the
eastern side is the far side of the disk, as suggested by a clear view of the
outer disk’s inner rim in the mid-infrared spectral range11,13 and by a
clockwise rotation suggested by what is probably a trailing spiral arm
to the west6.

We find that the CO(3–2) emission (that is, emission of CO with
J 5 3–2, where J is the CO rotational quantum number) peaks inside
the gap. Other disks have been observed to have a CO decrement
within dust cavities14,15, and may represent later evolutionary stages
or different gap-clearing mechanisms. Gas inside dust cavities has
previously been directly observed very close to the central star (inside
the dust evaporation radius) using near-infrared interferometry16–18.
Other indirect observations of gas inside19–23 dust gaps at larger dis-
tances from the central star have revealed spectroscopically resolved
gas tracers, such as rovibrational CO emission at a wavelength of
4.67mm and [O I] emission at 6,300 Å, under the assumption of
azimuthal symmetry and Keplerian rotation. Spectro-astrometry in
combination with Keplerian disk models and azimuthal symmetry
have also been used to infer the presence of CO gas inside disk
gaps24–26. Our data provide a well-resolved observation of gas at sub-
millimetre wavelengths inside a dust gap.

The dust gap that we see in the radio continuum (Fig. 1a) indicates
a decrease by a factor of at least 300 in the surface density of millimetre-
sized grains, judging from the contrast ratio between the peak on the
horseshoe-shaped outer disk (the northern flux peak at 360 mJy per
beam) and the faintest detected signal inside the gap (namely the
western filament at 1 mJy per beam; see below). Yet there is no
counterpart in the CO(3–2) map (Fig. 1b) of the arc that we see in
the radio continuum. CO(3–2) is probably optically thick, as reflected
by its diffuse morphology, so that it traces the temperature profile
rather than the underlying density field. Detailed modelling of optical-
ly thin isotopologue data is required to constrain accurately the depth
of the gaseous gap. To study the distribution of dense gas inside the
gap, we use the tracer HCO1.

The second result from our observations is that gas showing
HCO1(4–3) emission, expected in the denser regions (molecular
hydrogen number density, nH2 < 106 cm23) exposed to ultraviolet
radiation, is indeed found in the exposed rim of the dense outer disk,
but also along gap-crossing filaments. The most conspicuous filament
extends eastwards from the star, and a fainter filament extends west-
wards. Both filaments subtend an angle of about 140 6 10u with the
star at its vertex. The central regions of these filaments correspond
to the brightest features in the HCO1 line intensity maps (Fig. 1c),
although the outer disk is brighter in peak specific intensity (Sup-
plementary Fig. 7). Thus, line velocity profiles are broader on the stellar
side of the filaments than in the outer disk, where they merge with the
outer-disk Keplerian rotation pattern. These narrow, systemic-velocity
HCO1 filaments are best seen in intensity maps integrated over
the filament velocities (Fig. 1d, inset). No central peak is seen in the
channel maps (Supplementary Fig. 2), and so a beam-elongation effect
can be ruled out. The eastern filament also is notable in terms of peak
HCO1 specific intensity (Supplementary Fig. 7e). For ease of visuali-
zation, we show deconvolved models of the HCO1 intensity images in
the inset to Fig. 1d. A related feature is seen in CO(3–2) emission,
whose intensity peaks in the more diffuse regions surrounding the
eastern HCO1 filament. We note from the inset to Fig. 1 that the
continuum also shows features under the HCO1 filament. These fea-
tures are faint and grow away from the edges of the horseshoe-shaped
outer disk. Estimates of physical conditions are given in Supplemen-
tary Information.

The molecular and filamentary flows near the star are non-
Keplerian. Blueshifted emission extends to the east from the central
intensity peak (Fig. 1d). This velocity component is broad near the star,
with emission ranging from 23.4 to 111 km s21 (Supplementary
Fig. 2), and is marginally resolved (the central HCO1 peak extends
over about 0.65 3 0.38 arcsec2). In the deconvolved images of the inset
to Fig. 1d, the peak intensity in the blue- and red-outlined regions are
separated by about 0.2 arcsec, that is, by the diameter of the inner disk,

1Departamento de Astronomı́a, Universidad de Chile, Casilla 36-D, Santiago, Chile. 2Joint ALMA Observatory, Alonso de Córdova 3107, Vitacura 763-0355, Santiago, Chile. 3European Southern
Observatory, Casilla 19001, Vitacura, Santiago, Chile. 4National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, Virginia 22903-2475, USA. 5Observatoire de Genève, Université de
Genève, 51 Chemin des Maillettes, 1290, Versoix, Switzerland. 6Departamento de Astronomı́a y Astrofı́sica, Pontificia Universidad Católica de Chile, Santiago, Chile. 7UMI-FCA, CNRS/INSU France (UMI
3386), and Departamentode Astronomı́a, UniversidaddeChile, Santiago, Chile. 8CNRS/UJFGrenoble 1,UMR 5274, Institut dePlanétologie et dAstrophysiquede Grenoble (IPAG), F-48041Grenoble Cedex
9, France. 9Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138, USA. 10Department of Astronomy, UC Berkeley, 601 Campbell Hall, Berkeley, California
94720, USA. 11Departamento de Fı́sica y Astronomı́a, Universidad Valparaiso, Avenida Gran Bretana 1111, Valparaiso, Chile. 12University Observatory, Ludwig-Maximillians University, D-81679 Munich,
Germany. 13Center of Mathematical Modeling, University of Chile, Avenida Blanco Encalada 2120 Piso 7, Santiago, Chile.
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Figure 8. Summary of Cycle 0 band 7 observations, from MEM
maps, with continuum in red, HCO+(4-3) in green, and CO(3-2)
in blue. Velocities have been restricted to highlight the fainter
structures seen in HCO+, which are otherwise dwarfed by the fast
HCO+ central emission.

ing the UV radiation required to produce HCO+ in the
cavity, resulting in HCO+ filaments with wide opening
angles, as opposed to the thin protoplanetary stream-
ers predicted in hydrodynamic simulations. A problem
with this interpretation is that the outer ring is fairly
round in HCO+, there are no obvious counterparts in
HCO+ of the scattered-light shadows. Perhaps this re-
flects a di↵erent production chain for HCO+ in the outer
disk, where it could be driven by charge-exchange with
cosmic-ray induced H+

3 .

5. CONCLUSION

The new CO(6-5) data, along with the orientation of
the disk inferred from the scattered light shadows, have

allowed us to understand the intra-cavity kinematics in
HD 142527. Stellocentric accretion, starting from the
outer disk and reaching close to free-fall velocities, with
a steady-state mass flow fixed at the observed stellar
accretion, is consistent with the bulk properties of the
available CO isotopologue data. The observed HCO+

flows are also consistent with this stellocentric accretion,
but with an emissivity that is somehow modulated in az-
imuth. Fine structure in CO(6-5) also suggests non-axial
symmetry inside the cavity.
While the data are consistent with a continous, yet

abrupt and fast warp linking the two non-coplanar disks,
further observations are required to understand the de-
tailed structure of the intra-cavity kinematics and the
inner warp. For instance, the large relative inclination
observed between the inner and outer disks suggests that
the fast accretion could be due to disk tearing. If the
low-mass companion is contained in the inner disk and
is breaking the disks, then its orbit would also be highly
inclined with respect to the outer massive disk. The com-
panion may then undergo Kozai oscillations, with high-
eccentricity periods that may perhaps explain the large
cavity.

Based on observations acquired at the ALMA Observa-
tory, through program ALMA#2011.0.00465.S. ALMA is
a partnership of ESO, NSF, NINS, NRC, NSC, ASIAA.
The Joint ALMA Observatory is operated by ESO,
AUI/NRAO and NAOJ. Financial support was provided
by Millennium Nucleus RC130007 (Chilean Ministry
of Economy), and additionally by FONDECYT grants
1130949, 1141175, 3140601, 3140634, 3140393. S.M.
acknowledges CONICYT-PCHA / Magister Nacional /
2014-22140628. PR and VM acknowledge support from
CONICYT-ALMA grant alma-conicyt 31120006. AD ac-
knowledges CONICYT-ALMA grant 31120007. PJA ac-
knowledges support from NSF award AST 1313021. MM
acknowledges CONICYT-Gemini grant 32130007. This
work was partially supported by the Chilean supercom-
puting infrastructure of the NLHPC (ECM-02).

APPENDIX

OBSERVATIONS

ALMA CO(6-5) data

Details on the instrumental setup are described in a companion article on the continuum emission (Casassus et al.
2015). We used self-calibration to improve the dynamic range of the continuum images. Applying the same gain
corrections to the line data also resulted in improved dynamic range. Before self calibration, the peak signal in the
systemic velocity channel reached 0.42 Jy beam�1, in natural weights (beam of 0.3000 ⇥ 0.2500), with a noise level of
0.08 Jy beam�1 clearly dominated by systematics rather than thermal noise. After self calibration, the peak signal
increased to 0.67 Jy beam�1, while the rms noise level decreased to 0.04 Jy beam�1.
Continuum subtraction under CO(6-5) was performed with a first-order fit to the continuum in the visibility domain.

The subset of channels neighboring the line was then split o↵ into another datafile, and subsequently re-sampled in
frequency into the LSRK frame.
The CO(6-5) dataset is presented in channel maps in Figs. 9 and 10, with three-channel bins. We chose to present

both the restored image and the underlying MEM model.
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flect an equally lopsided gas distribution. However, a
theoretical question remains as to the impact of enhanced
cooling in the dust trap on the physical conditions. In
observational terms, the use of gas tracers such as CO
or the infrared (IR) emission from small grains are both
very optically thick where the ALMA thermal continuum
originates, so that the previous observations (Casassus
et al. 2013; van der Marel et al. 2013; Pérez et al. 2014)
could not test the trapping predictions. For instance,
in IRS 48 the outer ring is optically thick in the mid-
IR emission (Bruderer et al. 2014, their Sec. 4.1), as is
CO(6-5) whose azimuthal structure is largely determined
by foreground absorption.
Since emission at a given wavelength is dominated by

grains of a matching size, multi-wavelength radio obser-
vations can confirm if the crescent-shaped continua seen
in transition disks are indeed due to the dust trap phe-
nomenon. In this work we compare new ALMA high-
frequency radio continuum observations of HD 142527,
obtained at 700 GHz (ALMA band 9; wavelengths of
⇠0.43 mm, described in Appendix, Sec. A.1), with re-
solved images at 34 GHz (8.8 mm) acquired at the Aus-
tralia Telescope Compact Array (ATCA, see Sec. A.2).
In Section 2 we show that the optical depths are of or-
der ⇠1 at 345 GHz, so that the sub-mm spectral trends
observed with ALMA correspond to optical depths ef-
fects rather than to dust trapping. In Sec. 3 we explain
that the ATCA observations reveal a compact clump at
34 GHz embedded in the sub-mm crescent, which is re-
flected by an opacity spectral index corresponding to
larger grains, as expected in the dust trapping scenario.
In Sec. 4 we discuss the observational results in terms of
radiative transfer predictions based on a parametric dust
trap mode. Sec. 5 summarises our results.

2. AN OPTICALLY THICK SUB-MM CONTINUUM

The ALMA band 9 continuum (Figure 1) has a mor-
phology that is intermediate between the broken ring
seen in the thermal IR at 18 µm (Fujiwara et al. 2006;
Verhoe↵ et al. 2011) and the 345 GHz crescent seen in
ALMA band 7 (Casassus et al. 2013). The maximum
radial width of the crescent, measured at half-maximum,
is about 0.600, so is resolved with a beam size of 0.2500.
A traditional means to quantify the spectral variations

as a function of position is the spectral index map ↵(~x),
with a power-law parameterisation of the specific inten-
sity I

⌫

= I
⌫�(⌫/⌫�)↵(~x). We find that the spectral in-

dex between 345 GHz and 700 GHz, ↵700

345

, as well as the
slope of the spectrum across the 0.13 GHz frequency lever
within ALMA band 7, ↵

345

, both anti-correlate with the
continuum crescent (see Sec. A.6), meaning that the az-
imuthal extension is greater at shorter wavelength. How-
ever, while the band 7 and band 9 continua peak be-
tween 10h and 11h as a function of azimuth along the
outer ring, the spectral index maps exhibit a common
minimum at ⇠1h, i.e. at the northern ansa of the ring.
This coincidence is indicative of a projection e↵ect, as in
limb-brightening: if column densities are greater at 1h,
the increased optical depths will result in flatter spectra.
The spectral variations inferred from the multi fre-

quency morphological trends can be cast into sky maps
for the optical depth ⌧(~x) = ⌧�(~x) ⇥ (⌫/⌫�)�s(~x) and
line-of-sight temperature T

s

(~x), as a function of angular

Figure 1. ALMA band 9 observations of HD 142527, and
comparison with synthetic predictions. x� and y� axes indi-
cate angular o↵set in arcsec along right-ascension (RA) and
declination (Dec) relative to the stellar position, at the origin
of coordinates. The color scale shows a restored image of the
ALMA band 9 at 700 GHz, with contours at 0.5 and 0.75
times the peak intensity. The wedge indicates specific inten-
sity in Jy beam�1, with a beam of 0.21⇥0.17 arcsec (the beam
ellipse is shown on the upper right corner). The inset shows
emergent intensities predicted from the dust trap model (see
Sec. 4), including the impact on grain temperatures due to
shadowing from a tilted inner disk. Contours are at 0.5 and
0.75 times the peak, no smoothing has been applied. The side
of the inset corresponds to 3.5 arcsec.

position ~x. We fit the observations with the intensities
emergent from a uniform slab (hereafter ‘grey-body’, see
Sec. A.5 and Sec. E),

Im
⌫

(~x) = B
⌫

(T
s

(~x)) [1� exp(�⌧(~x))] .

The inferred temperature field approximates the opacity-
weighted average temperature along the line of sight (see
Sec. 4.1 for a discussion of biases). In synthesis, as ex-
plained in Sec. E) and illustrated in Fig. 8, the crescent
reaches optical depths close to 1 at 345 GHz, even in a
rather coarse beam (which dilutes the signal). The opti-
cal depth maximum is coincident with the location where
the sub-mm spectral index (↵700

345

and ↵
345

) is minimum,
thus in agreement with an interpretation of the spectral
index variations in terms of optical depth e↵ects, rather
than genuine variations of the underlying dust grain pop-
ulations. Another consequence of the high submm opti-
cal depths is that the double-peaked crescent morphol-
ogy, best seen in band 9, reflects structure in the tem-
perature field rather than in the density field inside the
dust trap. The local band 9 emission maxima, at 10.5h
and 1.5h, are separated by a minimum in temperature at
0.5h.

3. ATCA/ALMA MULTI-FREQUENCY RESULTS

3.1. A 34 GHz clump embedded in the sub-mm
crescent

Dust trapping in HD 142527 9

Figure 6. Statistics of the multi-frequency morphological di↵erences inferred from Monte-Carlo (MC) simulations. All images
have been restored from uvmem models. a): restored ATCA image at 34 GHz. b): average of ATCA observations with 200
realizations of noise on the band 7 data. c): average of the MC simulations for band 9 d)-g): di↵erent realizations of noise.
h): rms scatter of the band 9 simulations. i): rms scatter of the band 7 simulations.

the following temperature profile:

T =70 K, if r < 30 AU, or (C1)

T =70 K(r/(30 AU)�0.5 if r � 30 AU.

However, setting the gas temperature to a representative
dust species in the outer disk (we chose the average popu-
lation of amorphous carbon grains) attenuates the depth
of the decrements - they are restricted to the outline of

the underlying optical depth field. The decrements are
reproduced by the above prescription for the gas temper-
ature because the gas temperatures in the crescent, at
r = 140 au, are ⇠30 K, and cooler than the continuum
temperatures in the model, which reach 50 to 60 K. Thus
in this case the gas acts like a cold foreground on a hot-
ter continuum background, which after continuum sub-
traction appears like foreground absorption. In fact, CO
at higher altitudes could be hotter than the background

Casassus et al. 2015b

“the large sub-mm crescent mostly reflects 
the gas background, with relatively 
inefficient trapping, so that the observed 
contrast ratio of ~30 is accounted for 
with a contrast of 20 in the gas” 

THE DUST HORSESHOE
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ABSTRACT
We discovered a unique morphology in a disk around the Herbig Ae star HD 142527 by near-infrared (H and

K bands) adaptive optics imaging observations. The almost face-on disk consists of two bright arcs facing one
another along the east-west direction (banana-split structure) and one spiral arm extending to the north from the
western arc. The eastern arc is located at ∼100–400 AU in radius from the star, and the western one is detected at
∼150–490 AU. The stellar position is displaced from the center of the disk by about 20 AU to the north, and also
from the center of the inner hole. The two arcs show an asymmetry in their size and brightness; the larger western
arc is brighter than the east one by about 2 mag. The morphology of the disk, consisting of a banana-split structure
and a spiral arm, most likely suggests the presence of an unseen eccentric binary and a recent stellar encounter.
Subject headings: stars: pre–main-sequence— planetary systems: protoplanetary disks—

stars: individual (HD 142527)

1. INTRODUCTION

Circumstellar disks are ubiquitous around low- to intermediate-
mass ( ) pre–main-sequence (PMS) stars with excessM ! 5 M∗ ,

infrared emission. Their existence and properties have been es-
tablished on the basis of observed spectral energy distributions
(SEDs). However, knowledge of theirmorphology is indispensable
to a better understanding of disk formation and evolution. Recent
images of outer disks with a resolution of !0".1 obtained using
space- and ground-based telescopes revealed various detailed spa-
tial structures of disks, and these structures are hard to predict
from SEDs (Fukagawa et al. 2004). The morphological variety
may result from the fact that the disk property depends on a
combination of parameters such as stellar age, multiplicity, and
initial disk mass. As a new example of disk morphology, in this
Letter we present the near-infrared (NIR) images of a disk around
HD 142527.
HD 142527 (F6 IIIe) is classified as a Herbig Ae star, as

confirmed by its spectra and photometry, which exhibit the typ-
ical characteristics of a PMS star (Waelkens et al. 1996). The
Hipparcos measurements suggest that its distance is 200 pc, but
with a large uncertainty in parallax of over 20%. Since HD
142527 ( , ) is a probable member of Lupusl p 335".7 b p 8".5
(Upper Centaurus Lupus; de Zeeuw et al. 1999; Teixeira et al.
2000), we adopt the mean distance of that moving group,

pc, as the distance to HD 142527. The stellar age andd p 140
mass are Myr and , respectively, estimated!22 1.9# 0.3 M"1 ,

from its stellar luminosity in the UV and optical wavelengths
and from the isochrone of Palla & Stahler (1999).
The uniqueness in its SED has been recognized; its infrared

excess is larger than the stellar luminosity, which is difficult

1 Based on data collected at the Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan.

2 Spitzer Science Center, California Institute of Technology, Mail Code 220-
6, Pasadena, CA 91125; misato@ipac.caltech.edu.

3 Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan.
4 National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, To-

kyo 181-8588, Japan.
5 Department of Astronomical Science, The Graduate University for Ad-

vanced Studies (SOKENDAI), 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan.
6 Graduate School of Science and Technology, Kobe University, 1-1 Rok-

kodai, Nada, Kobe 657-8501, Japan.
7 Subaru Telescope, National Astronomical Observatory of Japan, 650 North

A’ohoku Place, Hilo, HI 96720.

to reconcile with a simple reprocessing disk, even though there
is no strong rise in the mid-infrared (MIR) SED like those often
seen in young stars with active accretion (Dominik et al. 2003).
HD 142527 has also been identified by the resemblance of its
infrared spectra to those seen in solar comets and by the highest
crystallinity of circumstellar dust among other Herbig Ae disks
with similar or older ages (van Boekel et al. 2004).
The unique SED and dust processing timescale may be due

to unique density and temperature distributions in the disk that
should be reflected in the morphology. In addition, the disk
structure and its evolution might depend on such environmental
effects as companion stars. Resolving the circumstellar envi-
ronment may thus provide an important insight into the nature
of the protoplanetary disk around HD 142527. For this purpose,
we conducted the adaptive optics (AO) imaging of HD 142527
with a spatial resolution of 0".13, using the coronagraphic cam-
era CIAO (Coronagraphic Imager with Adaptive Optics; Ta-
mura et al. 2000) on the Subaru Telescope.

2. OBSERVATIONS AND DATA REDUCTION

We carried out coronagraphic imaging observations of HD
142527 in the H and K bands on 2004 June 5 and 6, respectively.
CIAO utilizes the InSb ALADDIN II array at the1024# 1024
second focal plane. The pixel scale was 21.3 mas pixel"1. We
used the coronagraph, a combination of a circular occultingmask
at the first focal plane and a circular Lyot stop at the pupil plane,
to block out the outer 20% of the pupil diameter. The corona-
graphic mask has a transmission of 1%–2%, which allows us to
measure the position of an occulted star and to detect a com-
panion star even inside the mask if it exists.
For the H-band imaging, we used the occulting mask with

a diameter of 1".0. The spatial resolution (FWHM) of 0".13 was
achieved by using the AO under the natural seeing of 0".5 (at
optical) at the time of this observation. The exposure time was
5 s for each data frame, and 272 frames were taken in total.
Because the obtained images suffered from seeing variation, 92
frames were combined to produce the disk image after unusable
frames were rejected, as described later. As point-spread function
(PSF) reference stars, we observed HD 137785 and HD 145191
before and after HD 142527, respectively. Both stars are located
within 10" from HD 142527. They have the same R magnitudes
as that of HD 142527 after their fluxes were attenuated with the
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Fig. 1.—H- (top) and K-band (bottom) images of the disk around HD 142527.
The central software mask has a radius of (top) and (bottom).r p 0!.66 r p 0!.75
The images are displayed in logarithmic scale. In the upper left-hand corner of the
bottom panel, the image taken with the smaller occulting mask (0!.6 in diameter)
is presented in order to show that the inner hole extended to the southwest is not
an artifact. The image is linearly scaled. In all images, the white dotted lines indicate
the secondary spider directions. North is up, and east is to the left.

neutral density filters for the AO (both HD 142527 and reference
stars were too bright for the AO) to obtain similar PSFs as that
of HD 142527. The total exposure time was 660 s for each ref-
erence star. TheK-band images were obtained with a smallermask
of 0!.6 diameter in addition to the images with a 1!.0 one, in order
to confirm the inner hole that we detected in the H-band images
taken on the night before. For the 1!.0 mask images, the exposure
time was 3 s, and two exposures were co-added into one frame.
The seeing condition was worse, and we chose 27 frames to
produce the final image among the obtained 110 frames. For the
0!.6 mask images, six exposures of 1 s were co-added into one
frame, and a total of 60 frames was taken. In order to obtain the
same spatial resolution as that of the H band, only seven frames
were usable. It was, however, sufficient to confirm the existence
of the inner hole. In the same manner as for the H-band imaging,
we observed HD 137785 and HD 145191 as PSF reference stars.
The total exposure time of PSF stars was 240 and 840 s for 1!.0
and 0!.6 mask imaging, respectively.
The obtained images were first processed using the IRAF pack-

ages for dark subtraction, flat-fielding with sky flats, bad pixel
correction, and sky subtraction. Although the existence of circum-
stellar structure was obvious even in the unreduced images, PSF
subtraction was required to investigate the structure buried in the
halo of the central bright star. First, we excluded the frames in
which the PSFs had larger sizes than others for the data set of
HD 142527. The PSF size was evaluated based on the brightness
ratio between the peak and the halo at . Second, in ther p 1!.5
same manner, appropriate frames were adopted for the PSF ref-
erence images, in order for the stellar PSF sizes to be similar to
those of HD 142527. Because of the very bright structure around
HD 142527, the brightness ratio between peak and halo was not
valid as a quantitative measure for matching PSFs between HD
142527 and the reference stars. We therefore checked the results
of the PSF subtraction to see whether or not the stellar halo was
subtracted sufficiently, selecting the acceptable PSF size as the
reference PSF. After careful selection, the reference PSFwasmade
by combining the adopted reference star images. The PSF was
shifted to match the position of the occulted star, rotated to match
the direction of the spider pattern, and subtracted from each data
frame of HD 142527. The flux scaling of the PSF was performed
so that no region had negative intensity after the subtraction, in
particular, just outside the mask (the inner hole). Although this
scaling method gave the lower limit to the disk brightness, the
brightness uncertainty was within 15% in order to subtract the
circular halo of the star. After the frames with mismatched PSF
shapes were excluded, 92 PSF-subtracted frames (460 s integra-
tion) were combined for the H band, 27 frames (162 s) for the K
band with the 1!.0 mask, and seven frames (42 s) for the K band
with the 0!.6 mask.

3. RESULTS

The bright circumstellar structure was detected in both H
and K bands with very similar appearances, as is shown in
Figure 1. In the deeper H-band images, the scattered light was
detected out to the radius where the brightness dropsr p 3!.5
to the 1 j level in the most extended southwest direction along
P.A. ∼ 240!. At a distance pc of HD 142527, thed p 140
outer radius corresponds to 490 AU, which is the typical size
for the protoplanetary disks observed so far.
Of particular interest is the disk morphology shown by our

images. Basically, the disk resembles a ring with an inner hole.
The inner hole is a real structure, not an artifact caused by the
PSF subtraction. This has been confirmed by observations at

the two wave bands H and K and with a smaller mask imaging
in the K. The stellar position and the center of the hole differ
noticeably; the edge of the hole is located at AU onr ∼ 100
the east side of the star, and AU on the west side whenr ∼ 150
measured along P.A. p 60!. The displacement is also signif-
icant when we compare the stellar position with the center of
the disk defined by the center of a fitted ellipse. The star is
located ∼0!.16 (p20 AU) north from the center of the ellipse
with P.A. p 60!. Taking a closer look at the ring in Figure 2,
we see that the circular emission is not continuous. The bright-
ness distribution is better represented by two elliptical arcs
facing one another rather than a ring with northern and southern
gaps. In addition, a spiral arm is observed, extending to the
north from the western arc. No counterarm is detected.
A strong brightness asymmetry exists between the south-
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The images are displayed in logarithmic scale. In the upper left-hand corner of the
bottom panel, the image taken with the smaller occulting mask (0!.6 in diameter)
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ABSTRACT

In view of both the size of its gap and the previously reported asymmetries and near-infrared spiral arms, the
transition disk of the Herbig Fe star HD 142527 constitutes a remarkable case study. This paper focuses on the
morphology of the outer disk through ALMA observations of 12CO J = 2–1, 12CO J = 3–2, and 13CO J = 2–1.
Both 12CO J = 2–1 and 12CO J = 3–2 show spiral features of different sizes. The innermost spiral arm (S1)
is a radio counterpart of the first near-infrared spiral observed by Fukagawa, but it is shifted radially outward.
However, the most conspicuous CO spiral arm (S2) lies at the outskirts of the disk and has not been detected before.
It corresponds to a cold density structure, with both brightness and excitation temperatures of order 13±2 K and
conspicuous in the 12CO J = 2–1 peak-intensity map, but faint in 12CO J = 3–2. There is also a faint counterarm
(S3), at a point-symmetric location of S2 with respect to the star. These three spirals are modeled separately with
two different formulae that approximate the loci of density maxima in acoustic waves due to embedded planets. S1
could be fit relatively well with these formulae, compared to S2 and S3. Alternative scenarios such as gravitational
instability or external tidal interaction are discussed. The impact of channelization on spectrally and spatially
resolved peak intensity maps is also briefly addressed.

Key words: planet–disk interactions – protoplanetary disks – stars: individual (HD 142527)
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1. INTRODUCTION

The young circumstellar disks that host a large annular
gap or central cavity, the so-called transition disks (TDs),
could be crucial in the context of planetary formation as
their morphologies may result from dynamical clearing due
to planet(s) (Dodson-Robinson & Salyk 2011; Zhu et al. 2012,
2013), rather than dust grain, growth, or photo-evaporation alone
(Rosotti et al. 2013).

Asymmetric features, warps, or spirals in TDs can also be
evidence of the presence of stellar or planetary companions
(e.g., Goldreich & Tremaine 1979). Spiral features have mostly
been detected in optical or near-infrared (NIR) wavelengths
(e.g., Grady et al. 2001, 2013; Clampin et al. 2003; Fukagawa
et al. 2004; Muto et al. 2012), and in the disk of AB Aur at radio
wavelengths (Corder et al. 2005; Lin et al. 2006), although in
counter-rotation with the disk, thus probably stemming from a
late envelope infall (Tang et al. 2012).

The disk around the Herbig Fe star HD 142527 constitutes an
outstanding example of a nearly face-on TD (i ∼28◦ ± 3◦; Perez
et al. 2014), showing both a large asymmetric dust depleted gap
and a spiral arm observed in NIR scattered light (Fukagawa et al.
2006). Its mass and age were estimated to be ∼1.9–2.2 M⊙ and
1–12 Myr old, respectively (Fukagawa et al. 2006; Verhoeff
et al. 2011), for a distance of 145 ± 15 pc (de Zeeuw et al. 1999;
Acke & van den Ancker 2004). Fujiwara et al. (2006) concluded
that the disk’s rotation axis was inclined so that the east side
was the far side, with a position angle (P.A.) of ∼−20◦. With
K-band imaging, Casassus et al. (2012) reported the presence of
smaller spiral structures at the outer edge of the gap, confirmed
by Rameau et al. (2012) and in NIR polarized intensity studies
(Canovas et al. 2013; Avenhaus et al. 2014, the latter work
identifies two new spirals).

ALMA provided substantial insight into the structure of
HD 142527. Casassus et al. (2013b) found gap-crossing
HCO+(4–3) filaments, diffuse CO(3–2) inside the cavity, and

confirmed the horseshoe morphology of the dust continuum re-
ported by Ohashi (2008), which they interpreted as a dust trap.
Fukagawa et al. (2013) reported on another ALMA data set in
13CO J = 3–2, C18O J = 3–2, and underlying continua.

Here, we focus on the outskirts of the HD 142527 disk and
report on the discovery of several CO spiral arms.

2. OBSERVATIONS

2.1. Data Sets

The observations were obtained with ALMA on 2012 June
(Cycle 0) and cover 12CO J = 2–1 (230.538 GHz, hereafter
CO 2–1), 12CO J = 3–2 (345.796 GHz, CO 3–2), and 13CO
J = 2–1 (220.399 GHz, 13CO 2–1), with baselines comprised
between 21 (resolution of ∼12.′′8) and 379 m (∼0.′′71). For
details on the instrumental setup and calibration, we refer to
Perez et al. (2014) and Casassus et al. (2013b), respectively, for
bands 6 (CO 2–1 and 13CO 2–1) and 7 (CO 3–2).

Spectral line imaging was achieved with the CASA package.
The continuum was first subtracted in the visibility domain. We
binned the original spectral channels to 0.2 km s−1bin-width.
Next, visibility data were cleaned (Cotton–Schwab CLEAN).
As faint extended structures were sought, natural weighting
was preferred over Briggs weighting, and masks were drawn
manually in the dirty maps for each velocity channel. To avoid
spurious detections, the masks delimited signal at ∼5σ . For
comparison, an elliptical mask identical in all velocity channels,
embracing the whole butterfly pattern, yielded similar moment
maps.

2.2. Moment Maps

Inspection of the channel maps for the different CO
transitions confirms the LSR systemic radial velocity of
3.7 ± 0.2 km s−1 (Casassus et al. 2013b; Perez et al. 2014).
Both CO 2–1 and CO 3–2 (but not 13CO 2–1) channels with
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(a) (b)

(c) (d)

Figure 3. Modeling of the spirals observed in the CO 2–1 and CO 3–2 Ipeak maps. Legends follow from Figures 1(b) and (f). For comparison, we indicate the position
of the H-band spiral arm from Fukagawa et al. (2006; diamonds) and the Ks-band spiral root from Casassus et al. (2012; squares). (a) Points tracing the spirals used
for modeling. (b) Modeling of the spiral arms as in Muto et al. (2012; solid dark gray lines) and Kim (2011; solid black lines). The dashed dark gray and dashed black
spirals represent the point-symmetric location of S2 models with respect to the star. (c) and (d) Identical to (a) and (b) with the CO 3–2 Ipeak map.
(A color version of this figure is available in the online journal.)

Equation (1) after θc instead of the minus sign given in Muto
et al. (2012) since the disk of HD 142527 is rotating clockwise.

First fits with Equation (1) were computed by fixing the
values of α to 1.5 (Keplerian rotation) and β to 0.25 (see q
in Section 2.3.1). We found plausible values of hc (between
0.01 and 1.0) with the points of the CO 2–1 Ipeak map for S1
(hc = 0.15) and S3 (hc = 0.27), but not for S2, and for neither
spiral with the points of the CO 3–2 Ipeak map. In order to further
reduce the parameter space, a second set of fits was run fixing
as well the value of hc to 0.15. The best fit models are shown in
solid dark gray lines in Figures 3(b) and (d); the inflection point
in the spiral curves represents the best fit location of the planet.
The values of the best fit rc, θc, and χ2 are given in Table 1.

Sweeping β from 0.15 (Perez et al. 2014) to 0.30 (corre-
sponding to q = 0.6) does not significantly change χ2 (relative
to the spread of values for different spirals) and the value of
the other parameters. On the contrary, the best fit parameters
depend strongly on hc; a difference of a few hundredths induces
significantly different results, confirming the degeneracy al-
ready noted by Muto et al. (2012) and Boccaletti et al. (2013).
Since χ2 depends on the estimated error bars, which are not in-
dependently determined, we use χ2 to compare different models

Table 1
Values of the Best Fit Parameters with Equations (1) and (2)

Equation (1)a S1 S2 S3

rc (arcsec) 1.71 ± 0.04 2.13 ± 0.24 2.62 ± 0.08
CO 2–1 θc (deg) 283 ± 5 146 ± 64 83 ± 10

χ2 2.38 18.0 4.66

rc (arcsec) 1.62 ± 0.04 2.69 ± 0.38 /
CO 3–2 θc (deg) 255 ± 7 235 ± 45 /

χ2 2.05 36.0 /

Equation (2) S1 S2 S3

a (arcsec rad−1) 0.58 ± 0.05 0.20 ± 0.05 0.65 ± 0.06
CO 2–1 b (arcsec) −0.86 ± 0.29 3.05 ± 0.29 2.34 ± 0.16

χ2 0.16 0.30 0.40

a (arcsec rad−1) 0.45 ± 0.03 0.25 ± 0.10 /
CO 3–2 b (arcsec) −0.02 ± 0.17 2.88 ± 0.52 /

χ2 0.18 2.94 /

Note. a For Equation (1), we fixed α = 1.5 (Keplerian rotation), β = 0.25 (from
q found in Section 2.3.1), and hc = 0.15 (best fit value when hc is set free for
S1 in the CO 2–1 Ipeak map).
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Fig. 4. PI radial cuts: H- and Ks-band cuts are plotted in black asterisks
and red diamonds, respectively. Innermost regions have been masked
out due to their significantly higher noise. Each point represents the
mean value of the PI image at a given distance from the center, within
a squared piece of 3 ⇥ 3 px (0.0800 ⇥ 0.0800). The error bars are
the standard deviation inside each piece. The number at the upper-right
corner in each plot indicates the PA (measured east of north) of the cut.
The plot at 0� shows a cut from north (top) to south (bottom). In the
other plots, the radial cuts start from the eastern side (left-side) of the
images to the western side (right-side) of the images.

is also brighter at H band, while both sides have a similar peak
brightness at Ks band, as shown in Fig. 3. Furthermore, the disk
shows strong asymmetries along its inner rim. To further test this
asymmetry we generated radial cuts on the PI images at di↵erent
orientations instead of computing the radial brightness distribu-
tion along the major or minor axis of the disk, as is usually done.
The results are shown in Fig. 4. The H- and Ks-band results
are represented by black stars and red diamonds, respectively.
The two images are very similar only along the vertical direc-
tion (0� plot), which is the major axis of the disk (Casassus et al.
2012). The other plots clearly show that the disk’s asymmetries
between the east and west sides in PI are more accentuated in
the H than in the Ks band. We show the polarized-color of the
disk in Fig. 5. This image was smoothed with a Gaussian filter
of 4-px kernel to reduce the noise and focus on the large-scale
structures. In that figure, we outline the position of the disk as
seen in polarized intensity at H band (see Fig. 3, top left) with
black contours. We see that at the position of the two nulls the
polarized color is redder than in the rest of the disk. In particular,
there is a di↵erence of ⇡0.5 mag between the northern and the
southern null, with the southern null the redder.

4.2. Spiral features

We used di↵erent edge-filter operators over the PI images to
bring out morphological features of the disk such as spiral fea-
tures. In Fig. 6 we show the result of applying a Sobel filter
(or operator, see Gonzalez & Woods 2002) to the PI image at
H band (with the inner regions of the image masked out to re-
move artifacts). This filter highlights regions of the image with
strong gradients. High values of the gradient magnitude corre-
spond to places with a rapid change in the image values and vice
versa. To reduce the e↵ects of noise, the total polarized intensity
image was convolved with a two-dimensional Gaussian kernel
with � = 1 pixel before applying the Sobel operator. Both H and
Ks band clearly show the spiral features labeled “2” in Fig. 2 of
Casassus et al. (2012) (see also Rameau et al. 2012), as well as
a faint, tentative spiral feature that matches the one labeled “3”

Fig. 5. PI color. Inner regions have been masked out to remove artifacts.
The black contours outline the position of the disk seen in polarized
intensity at H band (Fig. 3, top left). The image has been smoothed
with a 4-px Gaussian kernel. The two nulls have more neutral colors.

Fig. 6. PI images at H band after applying a Sobel filter to highlight the
regions of the image with edges. The three arrows indicate spiral arms
on the disk. For comparison, we used the same notation as in Casassus
et al. (2012) (see also Rameau et al. 2012) to label the spiral arms. The
spiral arm labeled “2” perfectly matches its equivalent in Casassus et al.
(2012). The spiral arm labeled “3” is barely visible in our images. The
spiral arm on the east side is detected for the first time. Color bar is in
arbitrary units.

in that figure. We also clearly detect a new spiral feature on the
east side at a position angle of PA ⇡ 60� (see Fig. 6). These spi-
ral features are also visible when using di↵erent edge-detection
filters, so we conclude that the new spiral on the eastern side is
real and no artifact.

4.3. Polarization degree and azimuthal variations

As explained in Sect. 3.3, our Idisk image provided us with a
lower limit of the real intensity of the disk, although we can use
the sky regions to estimate the upper limits. This translates into
lower and upper limits to the true polarization degree of the disk.
We used a two pixel-thick ellipsoid divided into 36 10�-sectors
to compute the azimuthal variation of the I, Q and U images.
We computed the average values of these quantities inside each
sector, from which we derived the associated PI and P, as ex-
plained in Sect. 3. For the ellipsoid, we used the same parame-
ters as those derived by Casassus et al. (2012) to fit the disk of
HD 142527. The azimuthal profiles are plotted in Figs. 7 and 8.
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ABSTRACT

Context. HD 142527 is a pre-transition disk with strong evidence for ongoing planet formation. Recent observations show a disrupted
disk with spiral arms, a dust-depleted inner cavity and the possible presence of gas streams driving gas from the outer disk toward the
central star.
Aims. We aim to derive the morphology of the disk and the distribution and properties of the dust at its surface.
Methods. We have obtained polarized di↵erential images of HD 142527 at H and Ks bands with NaCo at the VLT. Combining these
images with classical PSF-subtraction, we are able to derive the polarization degree of this disk.
Results. At H band the polarization degree of the disk varies between 10% and 25%. This result cannot be reproduced by dust dis-
tributions containing highly porous material. The polarization is better matched by distributions of compact particles, with maximum
sizes at least up to a few microns, in agreement with previous observations. We also observe two regions of low emission (nulls) in
total and in polarized intensity. In particular, one of these nulls is at roughly the same position as the maximum of the horse-shoe
shape observed in submillimeter continuum emission ALMA band-7 (345 GHz) observations. We discuss the possible link between
these two features.

Key words. protoplanetary disks – stars: variables: T Tauri, Herbig Ae/Be – techniques: polarimetric

1. Introduction

Transition disks are a particular type of protoplanetary disks.
Their identifying characteristic is a decrement of near-,
mid-infrared flux when compared to the median of the classi-
cal T Tauri stars (CTTs) in the Taurus cloud (e.g. Williams &
Cieza 2011, and references therein). This observational feature
is explained by a drop in the optical depth (⌧⌫). This drop can
be caused by a decrement in opacity or by a drop of dust den-
sity (i.e., a gap/cavity). Binarity, planet formation, dust growth
and photoevaporation are the proposed mechanisms to explain
these “optical depth” holes (e.g. Dodson-Robinson & Salyk
2011; Dullemond & Dominik 2004; Owen et al. 2012). Each
one of them can be identified by measuring observables such
as accretion rates, spectral energy distribution (SED) shapes

? Based on observations made with the VLT as part of program
089.C-0480(A).
?? Reduced NaCo/VLT images (as FITS files) are only 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?J/A+A/556/A123

or disk masses (Najita et al. 2007; Cieza et al. 2012; Romero
et al. 2012). Recent studies combining observations at di↵erent
wavelengths have tried to identify the dominant mechanism in a
sample of transition disks (among others, Andrews et al. 2011;
Mathews et al. 2012; Isella et al. 2012; Hashimoto et al. 2012;
Cieza et al. 2012; Casassus et al. 2013). In any case, it is evident
that transition disks represent a very important phase in the evo-
lution of the protoplanetary disk, and that understanding them is
fundamental for explaining planet formation.

In this paper we focus on HD 142527, a remarkable transi-
tional disk around a Herbig Ae star. This disk features an in-
ner disk, a dust-depleted gap and an outer disk, which places
it in the category of pre-transition disks (Espaillat et al. 2007).
Verhoe↵ et al. (2011) found that the inner disk can be fitted as-
suming a radius of 30 AUs, the gap extends up to ⇡130 AUs,
and that the scale height at the inner wall of the outer disk must
be extremely high (⇡60 AUs). HD 142527 has been imaged at
near-infrared (NIR) by Fukagawa et al. (2006), Casassus et al.
(2012) and Rameau et al. (2012), showing several spiral features
on the innermost parts of the outer disk. The disk is believed to
be inclined by ⇡20�, as suggested by mid-infrared (MIR) and

Article published by EDP Sciences A123, page 1 of 10

H. Canovas et al.: Near-infrared imaging polarimetry of HD 142527

Fig. 1. Processed images of HD 142527 (top row) and HD 161743 (bottom row) in H band. From left to right: intensity image (I) in logarithmic
scale, Stokes Q, U and PI images in linear scale. For comparison purposes, HD 161743 has been scaled by an arbitrary factor. Units are given in
counts. The area corresponding to the saturated pixels (rsat  0.3200) in HD 142527 has been masked out in all images. The polarized images of
HD 142527 show a complex structure, while the comparison star only shows remnant noise. In all images north is up and east is left. This applies
to all the figures in this paper.

Fig. 2. Idisk images at H band. Left: without rotating the flux-scaled
HD 161743 image. Right: rotating the HD 161743 image to match the
spider’s pattern (indicated by dashed-lines) in the HD 142527 image.
The innermost (r  0.6700) regions are masked out to remove arti-
facts. The white arrows point to previously identified ghosts, which are
enhanced when rotating the PSF to correct for the spiders. Bar units
are given in counts. The bright path to the east, immediately above the
dotted spider line, is an artifact of the PSF-subtraction process.

PI (top row) and Idisk (bottom row) images at H (left column)
and Ks band (right column). The two PI images are plotted with
the same color scale, as is done with the Idisk images in the bot-
tom row. All the bright clumps in the Idisk image at Ks band are
caused by instrumental, unpolarized artifacts. The overall disk
structure recovered from the PSF-subtracted images matches
previous images at Ks band (Fukagawa et al. 2006; Casassus
et al. 2012) and L band (Rameau et al. 2012) well. The polar-
ized signal inside the gap is within 3�PI of the sky background.
We estimated �PI of the background by computing the median
of the standard deviation in four sky regions (5 ⇥ 5 px each) of
the PI image. There is a marginal detection of the spiral feature
(PA ⇡ 260�) labeled as “2” in Fig. 2 by Casassus et al. (2012).
Both the PSF-subtracted and the PI images at H and Ks bands
show two nulls or gaps at position angles of PA: [340� to 10�]
(northern null) and PA: [130� to 165�] (southern null). Inside the
cavity, the best detection limit for a point source in the intensity

Fig. 3. PI (top row) and Idisk (bottom row) images at H (left column) and
Ks band (right column) of HD 142527. Masked area in the PI images
cover the saturate region, while in the PSF-subtracted images cover the
artifact-dominated regions. The PI are plotted with the same scale to
enhance di↵erences/similarities. The same is done with the Idisk images.
The bright patch in the Idisk image at north-east direction in Ks band is
an artifact due to the PSF-subtraction (as it is the bright path on the east
direction in the Idisk image at H band, see also the caption in Fig. 2).
Color bar units are given in counts.

image is �mH = 5.5 mag at 0.600 from the central star. In polar-
ized intensity, the best 3� limit is 13.5 mags/arcsec2 at the same
position. With these limits we do not detect the HCO+ streamers
claimed by Casassus et al. (2013) and cannot verify the putative
companion claimed by Biller et al. (2012).

4.1. Brightness asymmetries and color of the P
I

images

The eastern side of the disk is more extended than the western
side in the PI images at both H and Ks bands. The eastern side

A123, page 5 of 10
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Figure 2. Impact of the inner disk orientation on the H-band light scattered off the outer disk. (a) NACO-PDI H-band image from Avenhaus et al. (2014) compared
with the C18O(2–1) emission at systemic velocity from Perez et al. (2014). The C18O(2–1) emission, represented here as one white contour at 0.75 maximum, shows
that the position angle (P.A.) of the outer disk is at −20◦ east of north, and perpendicular to the solid gray double arrow, while the position angle of the intensity nulls
is indicated by the dashed double arrow (−8◦). (b)–(f) Radiative transfer prediction for polarized intensity in the H band for different inner disk P.A.s (indicated in
degrees on the plots) and for different relative inclinations α between the inner and the outer disks. The x− and y−axes indicate offset along R.A. and decl., in arcsec.

so that it is inconsistent with the observations. In parallel, for low
and negative α, the inclination and orientation of the shadows
do not fit the shape of the nulls (see Figures 2(c) and (f)). A
qualitative match with the observations is obtained with an inner
disk inclined at α = 70◦ relative to the outer disk, and along a
P.A. of −8◦ (Figure 2(b)). We can rule out configurations with
P.A.s beyond 10◦ of −8◦ so that the 1σ error bar is about 5◦.
Likewise, the relative inclination is constrained within 60◦–80◦

so that the 1σ error is also ∼5◦.
An inner disk orientation along a P.A. of ∼60◦ has been

proposed by Pontoppidan et al. (2011) based on the long-
slit spectroscopy of the CO 4.67 µm line along with a purely
Keplerian disk model. However, as illustrated in Figure 2(d),
such an orientation can be discarded from the H-band imaging.
It is possible that non-Keplerian kinematics may have biased
the orientation inferred from the ro-vibrational CO.

It is interesting that our models predict a peak H -band
intensity at the same position as in the observations, at ∼1.5 hr
(north–northwest). However, the second peak in the PDI image
to the northeast does not coincide with our radiative transfer
predictions. This can be due to an effect of fine structure in the
outer disk, or to deviations from a perfect ring, or to the stellar
offset from the center of the cavity. These details are beyond the
scope of our model.

The width of the shadows in the outer disk is dominated by
the scale height of the inner disk, as it covers a wider solid
angle of the star. A more detailed study could lead to a better
constraint on the aspect ratio and flaring of the inner disk.

4. DISCUSSION

Warped disks are found in varied astrophysical contexts.
Galactic warps may be due to a misalignement between a
galaxy’s angular momentum and its surrounding dark matter
halo (Binney 1992) or by tidal encounters with nearby galaxies

(Hunter & Toomre 1969). Christiaens et al. (2014) propose that
the two-armed spirals in the outer disk of HD 142527 might be
indicative of a recent close stellar encounter (see also Quillen
et al. 2005). Although a flyby could also explain the tilt between
the inner and outer disks, no partner for such a stellar encounter
has been identified.

In the prototypical T-Tauri disk TW Hya, Rosenfeld et al.
(2012) proposed a warp to understand the sinusoidal (m = 1)
azimuthal modulation seen in Hubble Space Telescope images,
as well as features of the CO gas kinematics of the innermost
regions. They found that a standard Keplerian disk model
was unable to account for the CO line wings and spatially
resolved emission near the central star and explored three
possible interpretations to account for the observed kinematics:
(1) scaling up the temperature by a factor of three inside the
cavity, (2) allowing super-Keplerian tangential velocities near
the star, and (3) invoking a warped disk model in which the
line-of-sight disk inclination increases toward the star.

Dynamical interaction between circumstellar disks and
(proto)planets or sub-stellar companions may lead to warps
(Mouillet et al. 1997). In the β Pictoris debris disk, the in-
ner disk warp may have been dynamically induced by β Pic b
(Dawson et al. 2011), whose orbit is found to be aligned with
the inclined warped component (Lagrange et al. 2012; Chauvin
et al. 2012).

A warped inner disk in HD 142527 bears consequences on the
physical conditions in the outer disk. The shadowed regions in
the outer disk behind and along the inner disk midplane can be
diagnosed in terms of temperature decrements in sub-millimeter
continuum imaging (S. Casassus 2015b, in preparation). There
are other interesting consequences on the dynamics of the
system. A question arises as to the origin of this warped disk,
which is probably driven by the low-mass companion (Biller
et al. 2012; Rodigas et al. 2014; Close et al. 2014), although it
could also be linked with the disk–envelope interaction leading

3
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Figure 1. Schematic view with arbitrary orientation of the parametric model
presented in Section 2. The central star is placed at the origin. The outer disk lies
in the x–y plane. The angle α is the relative inclination between the midplane of
the outer disk and the plane of the inner disk. The dust mass density distribution
of the inner disk and outer disk sections are rendered in false color. The gap is
shown devoid of material for simplicity. The inner disk is scaled up in size and
density for better visualization.

amorphous carbon and silicate grains with sizes between 1.0 to
10.0 µm. The total dust mass of this section is 1.0 × 10−8 M⊙.
The disk in this section connects the inner and outer regions
varying the inclination linearly from 70◦ to 0◦ between 10 and
15 AU, where it matches the outer disk orientation. A larger
warp would have been obvious in the 12CO kinematics inside
the gap (Perez et al. 2014), with a concomitantly larger region
where the inclination crosses the plane of the sky.

Finally, the outer disk extends over 115 AU to 300 AU with
a rounded disk wall between 115 to 140 AU. It is composed of
3.0 × 10−6 M⊙ of amorphous carbon grains with sizes ranging
from 1 to 10 µm and 1.0 × 10−2 M⊙ of silicate grains with sizes
ranging from 100 µm to 5 cm. The dust masses inferred in our
models are biased by the lack of grain porosity. The resulting
dust masses are also directly affected by uncertainties on the
internal densities.

We assume that the small grains that account for the bulk of the
near-IR opacity approximately follow the gas background, and
we define an axisymmetric gas distribution with a rounded disk
wall (Mulders et al. 2013; Lubow & D’Angelo 2006) described
by the following surface density:

Σ̄g(r < rc) = Σc

(
r

rc

)−γ

exp

[

−
(

1 − r/rc

w

)3
]

, (1)

Σ̄g(r ! rc) = Σc

(
r

rc

)−γ

, (2)

where γ = 6, w = 0.1, and rc = 148.0 AU. Then we modulate
this distribution to create a maximum gas pressure in azimuth,
which is described by the following equations:

Σg(r,φ) = Σ̄g(r)
[
1 + A(r) sin

(
φ +

π

2

)]
, (3)

A(r) = c − 1
c + 1

exp
[
− (r − Rs)2

2H 2

]
, (4)

with Rs = 148 AU and where the azimuthal contrast in surface
density is set to c = 10.0. The volume density follows with a
standard vertical Gaussian distribution:

ρg(r, z,φ) = Σg(r,φ)
√

2πH
exp

[
− z2

2H 2

]
, (5)

with H (r) = 20.0(r/(130 AU))1.17. The exact value of this
flaring exponent is not well constrained.

This parametric model also includes the effect of dust
trapping, following the procedure described in Birnstiel et al.
(2013) and Pinilla et al. (2012). However, the bulk of the opacity
in the H band is driven by particles well below the sizes required
for efficient aerodynamic coupling, and so the effects of dust
trapping in the outer disk are not relevant to this report. The
runs detailed in Section 3 confirm that the outer disk is optically
thick at the H band and that the scattered light does not trace the
crescent shape seen in the submillimeter.

2.1.1. Emergent intensities

We use radmc3d3 for radiative transfer computations (ver-
sion 0.38; Dullemond et al. 2014). Scattering and polarization
for the last scattering are treated with scattering matrices for our
different dust species, each one with a power-law distribution in
grain sizes with an exponent of −3.5. To compute the full dust
opacity and scattering matrices, we made use of complementary
codes in RADMC3D and a code from Bohren & Huffman (1983)
for “Mie solutions” to scattering by homogeneous spheres. We
used the optical constant tables for amorphous carbon grains
from Li & Greenberg (1997), and for silicate grains we used
Henning & Mutschke (1997).

We implemented our model in RADMC3D using spherical
coordinates, with regular spacing for the azimuthal angle and
logarithmic spacing in radius and colatitude (polar coordinate).
Thus, the grid is naturally refined near the inner disk and the
midplane. The radial grid is additionally refined as it approaches
the inner wall of the outer disk (near 140 AU) to ensure a gradual
transition from the optically thin gap to the optically thick outer
disk. We used 106 cells in total, half of them covering the inner
disk and gap and the rest sampling the outer disk. The number
of points in the radial, azimuthal, and polar grid meshes is
100 each.

As proposed by Fujiwara et al. (2006), the eastern side is
probably the far side since it is broader and brighter in the
thermal IR. This orientation also implies that the observed IR
spiral pattern is consistently trailing (Fukagawa et al. 2006;
Casassus et al. 2012; Canovas et al. 2013; Avenhaus et al.
2014), even in their molecular line extensions into the outer disk
(Christiaens et al. 2014). Hence, we calculated the synthetic H-
band images by inclining the system at 24◦ with respect to the
plane of the sky,4 along a position angle (P.A.) of −20◦.

3. RESULTS

In order to constrain the P.A. of the inner disk and α, its
inclination with respect to the outer disk, we studied different
orientations while trying to reproduce the shape and position
of the nulls seen in scattered and polarized light. In Figure 2,
we summarize the radiative transfer predictions of five different
configurations. P.A.s much different from −8 are ruled out, as
even a P.A. of 0◦ (see Figure 2(e)) displaces the southern shadow

3 http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
4 The outer disk defines the plane of the system.
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Figure 7. Comparison of observed and model CO(6-5) kinematics in the central regions of HD 142527. The origin of coordinates is set to
the stellar position. Velocity-integrated intensity in CO(6-5) is shown in grey scale. The colored contours for vlsr have constant interval and
are spread over [0.21, 7.87] km s�1 (as in Fig. 1). a): Observed moment maps extracted on the MEM datacubes. b): moments extracted on
the radiative transfer prediction, after smoothing to the resolution of the MEM datacubes. c): same as b) but in native model resolutions,
without smoothing. Regions without contours near the origin correspond to higher velocities. d): same as b) but with a slow velocity
component perpendicular to the disk plane (vwarp in the text).

dubbed disk tearing (Nixon et al. 2013; Nealon et al.
2015; Doğan et al. 2015), where nodal precession torques
induced by the binary produce a warp at the inner edge
of the disk. If the disk is unable to communicate the
warp e�ciently, then the disk will e↵ectively break at
some radius Rbreak. Annuli of gas then begin to tear
o↵ of the inner edge and can precess freely, undergo-
ing self-interaction and angular momentum cancellation
causing a subsequent infall of gas driving very high ac-
cretion rates (Nixon et al. 2012).
To date this process has primarily been studied in the

thin-disk regime appropriate for black hole accretion,
where the dimensionless viscosity parameter is larger
than the disk aspect ratio, i.e. ↵ > H/R (Nixon et al.
2012, 2013). Nevertheless it has also been shown to work
in the thick-disk regime where ↵ < H/R (Nealon et al.
2015), which is more likely to hold true for circumstellar
disks like HD 142527.
It is possible to estimate a value for the radius Rbreak

at which disk tearing will occur (see Eq. A3 of Nixon
et al. 2013) using the parameters of the disk and binary.
With appropriate values for HD 142527, we expect that
the disk could break at Rbreak ⇠ a, where a is the binary
semimajor axis. However, Nealon et al. (2015) found a
consistent o↵set between the estimated minimum value
and the true breaking radius in a series of SPH simu-
lations, by a factor of 2–3. Estimates of a ⇠ 15 AU
are therefore entirely consistent with a breaking radius
of 30 AU, as demanded by our model. However, as this
is likely very sensitive to the parameters of the system a
more quantitative comparison of this scenario with the
observed data is out of the scope of this paper, requiring
the development of targeted numerical simulations.
We also note that while this scenario seems to ade-

quately explain both the inner warp and the free-falling
velocities, it does not explain the presence of the ⇠
130 AU cavity in the system. This should not be sur-
prising, given the large di↵erence in scale between the
warp and the cavity (and therefore di↵erent timescales
associated with physical processes at these radii), but
means that the model is not yet a complete description
of the system.

4.4. Long term Kozai oscilations and the large cavity

The dynamical influence of the low-mass companion on
its current orbit will not extend out to the 100 AU scale
needed to explain the large extent of the cavity. It is
possible, however, that its orbit may have changed over
time. The highly inclined orbit of the companion relative
to that of the massive outer disk could trigger Kozai os-
cillations (Teyssandier et al. 2013), with a period of the
order of 105 yr if the outer disk has a mass of 0.1 M�.
A Kozai cycle would result in (damped) oscillations be-
tween the current inclined circular orbit, and a highly
eccentric coplanar orbit which would perturb the disk
out to greater radii. Numerical simulations are needed
to determine if such a cycle is possible in HD 142527.

4.5. Non-axial symmetry in the cavity. Signature of
obscured planets?

Observationally we cannot test directly for past copla-
nar eccentric orbits, as in the Kozai oscilations, but we
can instead look for other mechanisms that could account
for the clearing, such as additional bodies at ⇠100 AU.
Stringent limits are available (Casassus et al. 2013c),
⇠4 Mjup bodies should have been detected unless they
are obscured.
An interesting feature of the Cycle 0 HCO+(4-3) data

is the faint filament crossing the cavity to the East, at
low velocites, with perhaps another filament to the West
(see Fig. 8 for a summary, Casassus et al. 2013c). It is
tempting to associate these HCO+ features with planet-
induced accretion flows, i.e. gaseous streamers due to ob-
scured protoplanets inside the cavity, that feed the faster
flows at the disk breaking radius. As the critical density
for the excitation of HCO+(4-3) is nH2 ⇠ 106 cm�3, and
higher than the CO(3-2) critical density of ⇠ 103 cm�3,
in the streamer interpretation the HCO+ filaments and
high-velocity flows would trace the densest regions of the
general accretion flow across the gap, which is also re-
flected in the ‘twisted’ CO kinematics. If the free-falling
accretion is initially fed by planet accretion at ⇠ 100AU,
there should be corresponding azimuthal modulations of
the H2 density field. Perhaps this is reflected in the struc-
ture of the faint, low-velocity HCO+(4-3) inside the cav-
ity.
An alternative to azimuthal modulations of the H2 den-

sity field in the cavity, is that only the abundance of
HCO+ is modulated. The tilted inner disk is shadow-

“FAST RADIAL FLOWS” = DISC TEARING?
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Figure 5. Radial cuts for the surface density profiles (red) and
magnitude of the radial velocity component (blue). The CO abun-
dance is modulated with a Gaussian taper inside 30 AU, to account
for photo-dissociation.

Figure 6. Intensity maps (moments 0) extracted from the
RADMC3D predictions, after smoothing to the resolution of the
deconvolved CO(6-5) datacubes.

the cavity ‘twist’ with the inner disk, corresponding to
the loci of bluest and redest velocities in Fig. 7 b. These
ridges are missing in the model without vwarp (Fig. 7d).

4. DISCUSSION

4.1. Ro-vibrational CO

The CRIRES observations by Pontoppidan et al.
(2011) assign bright rovib CO to an inner disk, with
similar inclination as the outer disk but o↵set in PA, at
61± 3� - so within uncertainties coincident with the di-
rection of the high-velocity HCO+. The total line-widths
in CO(v=1-0) at 4.67µm, at zero-intensity, are close to

⇠40 km s�1 (Pontoppidan et al. 2011). With a spectroas-
trometric o↵set of only 0.2 AU, CO(v=1-0) is either fairly
uniform or else confined to the central few milli-arcsec.
We check the astrometric signal of a modified version

of our disk model and find it to be in agreement with the
spectro-astrometric CRIRES observations. We take the
predicted CO(6-5) emission and transform the intensity
with an 1/r↵ mask to mimic the CO ro-vibrational emis-
sion, which traces higher temperatures and emits closer
to the star compared to the CO rotational lines. We
manually add continuum emission scaled to reproduce a
line to continuum ratio of 1.1, as in the observed rovibra-
tional CO, and convolve with a 0.192” FWHM Gaussian
to mimic the PSF of the AO-assisted CRIRES observa-
tions. After superimposing a 0.2” arcsecond wide slit
positioned at 150 degrees, we recover a line profile and
spectro-astrometric signal similar in shape and magni-
tude to that reported by Pontoppidan et al. (2011) when
using ↵ ⇠ 2.5.

4.2. What about an outflow?

The orientation of the disk is well known. As explained
in Secs. 1 and Sec. 3.1, the shadows seen in scattered
light imply that the inclination of the outer disk is such
that the far side lies to the East. The Eastern side being
brighter in the mid-IR is also in support of this orienta-
tion (Fujiwara et al. 2006). In addition several near-IR
spirals have been found that are all consistently trailing
(Fukagawa et al. 2006b; Casassus et al. 2012; Canovas
et al. 2013; Avenhaus et al. 2014), even in their radio
extensions into the outer disk (Christiaens et al. 2014).
Given this orientation, we can rule out an outflowing
disk wind: the velocity component orthogonal to the disk
would broaden the lines and preserve reflection symme-
try about the outer disk PA, while the radial component
in the plane of the disk would twist the kinematics in the
opposite direction than observed.

4.3. Origin of the free-falling velocities

The radial velocity in a warped viscous disk is pre-
dicted to be greater than in a flat disk (Pringle 1992), but
is not expected to exceed the sound speed cs = (h/r)vK .
Supersonic disk inflow is in principle possible in re-
gions of the disk that lose angular momentum rapidly
through a magnetized wind, rather than via internal vis-
cous transport, though whether this can occur without
equally rapid mass loss (for which there is no evidence
in HD 142527) is not clear. Alternatively, the free-fall
velocity signal could be a consequence of strong dynam-
ical perturbations. If the low-mass companion detected
in the system (Biller et al. 2012; Close et al. 2014) is mis-
aligned to the outer disk in the same way as the inner
disk, which is known to be inclined by 70� (Marino et al.
2015), then an observable dynamical impact is highly
likely. The alignment of the companion in the plane of
the inner disk seems a natural way to explain the incli-
nation of the inner disk itself. Miranda & Lai (2015)
have recently shown that large o↵sets between the or-
bital planes of circumprimary disks and the plane of the
binary can be stable for several Myrs, longer than the
expected lifetime of the disk.
It has been shown recently that such strongly mis-

aligned binary-disk systems can undergo a process

Require infall motions from cavity edge  
at the free-fall velocity!
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Figure 2. Colour plots of the column density normalized to !0 of our simulations (logarithmic scale). From left on the top row H/R = 0.12; 0.1; 0.08, bottom
row H/R = 0.06; 0.04; 0.02. Snapshots were taken at times t ∼ 0.2tν in any case, except H/R = 0.02 which was taken at time t ∼ 0.07tν .

thinnest case with H/R = 0.02 that overestimates the accretion rate
with respect to Ṁscale. Due to the higher value of ⟨h/H⟩ throughout
the disc, the artificial viscosity gives a non-negligible contribution
with respect to the physical one resulting in a slight overestimate
of the accretion rate in this case. This effect is less visible but
already present in the other regimes. It should be noticed that the
lowest curve is the thickest case H/R = 0.13 (that shows the lowest
⟨h/H⟩), while Ṁ0/Ṁscale progressively grows as ⟨h/H⟩ increases
for thinner regimes.

The lower panel in Fig. 1 confirms that the outcome of the sim-
ulations for Ṁ0 are consistent with the analytical predictions both
for the scaling, i.e. Ṁ0 ∝ (H/R)2, and for the magnitude

Ṁ0,theor ≈ 3πν!. (15)

4.2 Binary simulations

Fig. 2 shows column density in our binary systems after t ∼ 0.2tν for
H/R = {0.12; 0.1; 0.08; 0.06; 0.04} and at time t ∼ 0.07tν for the
case H/R = 0.02. We observe the formation of circumprimary and
circumsecondary discs around each sink for the cases H/R = {0.12;
0.1; 0.08; 0.06} but not for the cases H/R = {0.04; 0.02}. This
is probably a numerical effect related to the previously discussed
increase of the ratio h/H inside the cavity, which results in an
unwanted excess of the artificial viscosity in the two thinnest cases.

The size of the cavity is larger for low H/R. This is expected.
The criteria for gap opening state that, for lower H/R, the gap
can be opened by progressively less massive binary companions
(Lin & Papaloizou 1993; Crida, Morbidelli & Masset 2006). This
occurs because the viscous torques that are responsible for driving
the gas inward scale as Tvisc ∝ ν ∝ (H/R)2, while the tidal torques,
responsible for the ‘dam’ effect at the edge of the cavity, scale

as Ttid ∝ (H/R)−3. The radius at which the two contrasting torque
contributions are equal approximately gives the truncation radius of
the disc (for a more accurate discussion see Artymowicz & Lubow
1994).

Fig. 2 also shows that each simulation has developed an eccentric
cavity, characterized by an overdense lump of material at its edge.
This effect has been widely observed in the literature (Papaloizou,
Nelson & Masset 2001; D’Angelo, Lubow & Bate 2006; Kley &
Dirksen 2006; MacFadyen & Milosavljević 2008; D’Orazio et al.
2013; Farris et al. 2014; Dunhill et al. 2015), interpreted as be-
ing due to the unstable growth of spontaneous deviations of the
gas from circular motion, starting from super-hump theory (Lubow
1991). This interpretation relates to the size of the cavity and, more
specifically, to whether the resonances believed to damp this insta-
bility fall in the disc region or not, as suggested by Papaloizou et al.
(2001). However, we caution that even though this interpretation
applies to low-mass ratios (10−3 ≤ q ≤ 3 × 10−2 Papaloizou et al.
2001; D’Angelo et al. 2006; Kley & Dirksen 2006), the extension
of the model to higher companion masses is not straightforward and
still needs further investigation. D’Orazio et al. (2016) pointed out
that a transition between circular and lopsided discs occurs for mass
ratios q > 0.04 as a consequence of the loss of stable orbits across
the corotation region in the restricted three-body problem (orbits
around L4 and L5 Lagrangian points) in that range of masses, and
other viscous effects.

It can be also noticed that the prominence of the lump appears to
be influenced by the disc thickness, in particular the overdensity is
more marked when the disc is thinner.

4.3 Suppression of accretion for thin discs

Fig. 3 shows the accretion rate across the cavity edge Ṁbin for our
binary simulations compared to the corresponding value obtained
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Figure 1. Snapshots of surface density in the inner disc after reaching a quasi-steady state (see Section 3.1). The snapshot for each
simulation is taken at its corresponding time t

end

, as given in Table 1, at which the binary is always at pericenter. The binary orbit is
shown in the center of each panel. Note that for e

B

= 0 (and, to a lesser extent, e
B

= 0.05), an m = 1 lump develops near the disc inner
edge.

boundary. The disc is eccentric, as seen by the shape of the
cavity edge (see Section 5 for a detailed discussion of the
eccentricity dynamics of the inner disc). Finally, for circu-
lar, or nearly circular (e

B

< 0.1) binaries only, there is a
overdense lump, i.e., radially localized feature with approx-
imate m = 1 symmetry, at the edge of the cavity. The lump
orbits the binary with approximately the local Keplerian or-
bital period, while exhibiting a continuous cycle of creation
and destruction with the same period. This process is asso-
ciated with modulation of the mass accretion rate through
the inner boundary at the frequency ⇠ ⌦

B

/5 (see Section
4).

3.2 Inner Disc Truncation

Figure 2 shows the double-averaged (i.e., azimuthally-
averaged and time-averaged) surface density profiles for
most of the runs depicted in Fig. 1. Generically, h⌃i has
a positive slope (dh⌃i/dr > 0) in the inner disc (within a
few a

B

’s from the binary), then reaches a maximum at a
few a

B

’s and has negative slope beyond that. For some pa-
rameters, the maximum manifests as a sharp peak, while
for others, it is broader and less well-defined. This is as-
sociated with variation in the value of the specific angu-
lar momentum eigenvalue l

0

for each simulation (see Sec-
tion 7), with smaller values of l

0

corresponding to sharper
peaks. The asymptotic behavior of h⌃i for

p
r/a

B

� 1 is

c� 0000 RAS, MNRAS 000, 000–000
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ON THE ORIGIN OF HORSESHOES IN TRANSITIONAL DISCS
Ragusa et al. (2017), MNRAS 464, 1449

➤ Predict horseshoes and rings at cavity edge 

➤ Horseshoes require massive companion q > 0.04 

➤ Does not require low disc viscosity



Horseshoes in transitional discs 3

q=0.01gas q=0.05 q=0.10

0 1 2
log ∫ ρg dz

q=0.20

dust

-3 -2 -1
log ∫ ρd dz

Figure 1. Gas (top row) and dust (middle row) surface density in units of g/cm2 in logarithmic scale after 140 binary orbits for four different binary mass ratios;
q = {0.01, 0.05, 0.1, 0.2} (left to right, respectively). High mass ratio binaries drive the formation of a large eccentric cavity leading to non-axisymmetric
overdensities in both gas and dust (q & 0.05; right columns). Low binary mass ratios, by contrast, produce more axisymmetric overdensities around a smaller
central cavity (q . 0.05; left columns). The bottom row shows the column averaged dust-to-gas ratio in logarithmic scale for the different mass ratios. Note
that, for the millimetre size particles we simulate, no dust trapping occurs in the overdense region. Simulated observations of these calculations are shown in
Figure 2.

ing e = 0.1 for our highest mass ratio case (q = 0.2; last right
column).

For lower mass ratios (q = 0.01 and q = 0.05; left two
columns), the dust and gas density distribution are more axisym-
metric, showing a ring-like overdensity at the cavity edge. For
q & 0.05, an asymmetric crescent-shaped overdensity develops at
the cavity edge, with surface densities up to a factor ⇠ 10 denser
than the surrounding gas, consistent with previous numerical sim-
ulations in the context of black hole binaries (D’Orazio et al. 2013;
Farris et al. 2014; Shi et al. 2012; Ragusa et al. 2016). The over-
density is a Lagrangian feature that rotates with the local orbital
frequency.

For fixed mass ratio, the level of contrast in the surface density
across the crescent-shaped region is similar in both in the gas and
in the dust. This is due to the fact that the high gas density in the
lump produces a strong aerodynamical coupling between the gas
and the dust in the disc. Interestingly, the sharpness of the region
increases with increasing mass ratio.

Fig. 2 shows mock ALMA images of our disc models at band
7 for the four different mass ratios. The simulated ALMA images

reflect the density structures observed in Fig. 1. In particular, a cres-
cent or ‘dust horseshoe’ is evident for q > 0.05, with the contrast
increasing with increasing mass ratio: for q = 0.1 the typical con-
trast is ⇡ 5, while for q = 0.2 we obtain a contrast ⇡ 7. For
q = 0.05, the ALMA image shows a double-lobed feature with a
low contrast ⇠ 1.5, similar to those observed in SR21 or DoAr 44
(van der Marel et al. 2016b). For q = 0.01 a ring-like structure can
be observed, as observed e.g. in Sz 91 (Canovas et al. 2016).

The right panel of Fig. 3 shows a snapshot of the vorticity
! = r⇥ v, scaled to the Keplerian value !

K

= r⇥ v
K

, where
v
K

is the keplerian velocity field. The flow is close to keplerian
in the outer regions of the disc, while in the overdense region the
value of the vorticity is 0 . !/!

K

< 1. The extended region out-
side the overdense crescent where ! > !

K

is due to the steeper
than keplerian gradient of the azimuthal velocity. Vortices induced
by the Rossby wave instability typically result in much higher vor-
ticities, with anti-cyclonic vortices reaching |!/!

K

| ⇠ 2 (Owen
& Kollmeier 2016).

MNRAS 000, 1–7 (2016)

HORSESHOES IN TRANSITIONAL DISCS

See also Lyra & Lin (2013), Zhu & Stone (2014), Mittal & Chiang (2015), 
Zhu & Baruteau (2016), Baruteau & Zhu (2016)

Ragusa+ (2017) 
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Figure 2. Comparison of ALMA simulated observations at 345 GHz of disc models with a mass ratio q = 0.01 (upper left), q = 0.05 (upper right), q = 0.1
(bottom left) and q = 0.2 (bottom right). Intensities are in mJy beam�1. The white colour in the filled ellipse in the upper left corner indicates the size of the
half-power contour of the synthesized beam: 0.12⇥ 0.1 arcsec (⇠ 16⇥ 13 au at 130 pc.).

4 DISCUSSION

The idea that large scale asymmetries might be due to a plane-
tary companion was explored by Ataiee et al. (2013), who con-
cluded that planetary mass objects only produce ring-like features
in the disc, in contrast to the observed horseshoe. However, we
have shown the dynamics induced in the disc by low and high mass
companions is markedly different. It is known that low-mass com-
panions, with q ⇠ 10�3 can produce eccentric cavities, that pre-
cess slowly around the star-planet system (Papaloizou et al. 2001;
Kley & Dirksen 2006). In contrast, more massive companions, with
q & 0.04 (Shi et al. 2012; D’Orazio et al. 2016) produce strong
non-axisymmetric lumps that orbit at the local Keplerian frequency.

We have explored the latter case in this paper. For sufficiently mas-
sive companions (binary mass ratio q = 0.2) we obtain an az-
imuthal contrast of the order of ⇠ 10 in mm-wave map, with the
contrast an increasing function of the binary mass ratio.

The mechanism causing the formation of the gas overdensity
at the cavity edge is still unclear (Shi et al. 2012), but is thought
to be related to shocks in the gas at the cavity edge, arising from
the intersection of gas flows within the cavity. Thus, it might be ex-
pected that the chemistry would be affected by shocks. Processes
such as desorption of various chemical species from the surface of
disc dust grains and gas-phase chemical reactions due to shocks
occurring in the cavity wall, produce clear chemical signatures of
the disc dynamics (see e.g. Ilee et al. 2011 in the case of shocks

MNRAS 000, 1–7 (2016)
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A&A 585, A58 (2016)

Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

fraction of large grains fls and the scale height of the large grains
χ are used to describe the settling. More details on the star, the

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).

A58, page 4 of 14

A&A 585, A58 (2016)

Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

fraction of large grains fls and the scale height of the large grains
χ are used to describe the settling. More details on the star, the

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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flect an equally lopsided gas distribution. However, a
theoretical question remains as to the impact of enhanced
cooling in the dust trap on the physical conditions. In
observational terms, the use of gas tracers such as CO
or the infrared (IR) emission from small grains are both
very optically thick where the ALMA thermal continuum
originates, so that the previous observations (Casassus
et al. 2013; van der Marel et al. 2013; Pérez et al. 2014)
could not test the trapping predictions. For instance,
in IRS 48 the outer ring is optically thick in the mid-
IR emission (Bruderer et al. 2014, their Sec. 4.1), as is
CO(6-5) whose azimuthal structure is largely determined
by foreground absorption.
Since emission at a given wavelength is dominated by

grains of a matching size, multi-wavelength radio obser-
vations can confirm if the crescent-shaped continua seen
in transition disks are indeed due to the dust trap phe-
nomenon. In this work we compare new ALMA high-
frequency radio continuum observations of HD 142527,
obtained at 700 GHz (ALMA band 9; wavelengths of
⇠0.43 mm, described in Appendix, Sec. A.1), with re-
solved images at 34 GHz (8.8 mm) acquired at the Aus-
tralia Telescope Compact Array (ATCA, see Sec. A.2).
In Section 2 we show that the optical depths are of or-
der ⇠1 at 345 GHz, so that the sub-mm spectral trends
observed with ALMA correspond to optical depths ef-
fects rather than to dust trapping. In Sec. 3 we explain
that the ATCA observations reveal a compact clump at
34 GHz embedded in the sub-mm crescent, which is re-
flected by an opacity spectral index corresponding to
larger grains, as expected in the dust trapping scenario.
In Sec. 4 we discuss the observational results in terms of
radiative transfer predictions based on a parametric dust
trap mode. Sec. 5 summarises our results.

2. AN OPTICALLY THICK SUB-MM CONTINUUM

The ALMA band 9 continuum (Figure 1) has a mor-
phology that is intermediate between the broken ring
seen in the thermal IR at 18 µm (Fujiwara et al. 2006;
Verhoe↵ et al. 2011) and the 345 GHz crescent seen in
ALMA band 7 (Casassus et al. 2013). The maximum
radial width of the crescent, measured at half-maximum,
is about 0.600, so is resolved with a beam size of 0.2500.
A traditional means to quantify the spectral variations

as a function of position is the spectral index map ↵(~x),
with a power-law parameterisation of the specific inten-
sity I

⌫

= I
⌫�(⌫/⌫�)↵(~x). We find that the spectral in-

dex between 345 GHz and 700 GHz, ↵700

345

, as well as the
slope of the spectrum across the 0.13 GHz frequency lever
within ALMA band 7, ↵

345

, both anti-correlate with the
continuum crescent (see Sec. A.6), meaning that the az-
imuthal extension is greater at shorter wavelength. How-
ever, while the band 7 and band 9 continua peak be-
tween 10h and 11h as a function of azimuth along the
outer ring, the spectral index maps exhibit a common
minimum at ⇠1h, i.e. at the northern ansa of the ring.
This coincidence is indicative of a projection e↵ect, as in
limb-brightening: if column densities are greater at 1h,
the increased optical depths will result in flatter spectra.
The spectral variations inferred from the multi fre-

quency morphological trends can be cast into sky maps
for the optical depth ⌧(~x) = ⌧�(~x) ⇥ (⌫/⌫�)�s(~x) and
line-of-sight temperature T

s

(~x), as a function of angular

Figure 1. ALMA band 9 observations of HD 142527, and
comparison with synthetic predictions. x� and y� axes indi-
cate angular o↵set in arcsec along right-ascension (RA) and
declination (Dec) relative to the stellar position, at the origin
of coordinates. The color scale shows a restored image of the
ALMA band 9 at 700 GHz, with contours at 0.5 and 0.75
times the peak intensity. The wedge indicates specific inten-
sity in Jy beam�1, with a beam of 0.21⇥0.17 arcsec (the beam
ellipse is shown on the upper right corner). The inset shows
emergent intensities predicted from the dust trap model (see
Sec. 4), including the impact on grain temperatures due to
shadowing from a tilted inner disk. Contours are at 0.5 and
0.75 times the peak, no smoothing has been applied. The side
of the inset corresponds to 3.5 arcsec.

position ~x. We fit the observations with the intensities
emergent from a uniform slab (hereafter ‘grey-body’, see
Sec. A.5 and Sec. E),

Im
⌫

(~x) = B
⌫

(T
s

(~x)) [1� exp(�⌧(~x))] .

The inferred temperature field approximates the opacity-
weighted average temperature along the line of sight (see
Sec. 4.1 for a discussion of biases). In synthesis, as ex-
plained in Sec. E) and illustrated in Fig. 8, the crescent
reaches optical depths close to 1 at 345 GHz, even in a
rather coarse beam (which dilutes the signal). The opti-
cal depth maximum is coincident with the location where
the sub-mm spectral index (↵700

345

and ↵
345

) is minimum,
thus in agreement with an interpretation of the spectral
index variations in terms of optical depth e↵ects, rather
than genuine variations of the underlying dust grain pop-
ulations. Another consequence of the high submm opti-
cal depths is that the double-peaked crescent morphol-
ogy, best seen in band 9, reflects structure in the tem-
perature field rather than in the density field inside the
dust trap. The local band 9 emission maxima, at 10.5h
and 1.5h, are separated by a minimum in temperature at
0.5h.

3. ATCA/ALMA MULTI-FREQUENCY RESULTS

3.1. A 34 GHz clump embedded in the sub-mm
crescent



SUMMARY OF THINGS THAT NEED EXPLAINING IN HD142527

➤ Shadows 

➤ Fast radial flows 

➤ Spiral arms 

➤ Central cavity 

➤ Dust horseshoe 

➤ Gap-crossing filaments 

➤ Accretion of gas at “normal rates” through cavity 

➤ Warp/inclined inner disc? 

➤ Highly variable accretion rate
Understanding HD142527 could 

help to understand all the 
various features seen in 

transition discs!



IS THERE A BINARY?
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INSIDE THE GAP OF TRANSITIONAL DISK HD 142527∗

L. M. Close1, K. B. Follette1, J. R. Males1,6, A. Puglisi2, M. Xompero2, D. Apai1,3, J. Najita4,
A. J. Weinberger5, K. Morzinski1,6, T. J. Rodigas1, P. Hinz1, V. Bailey1, and R. Briguglio2

1 Steward Observatory, University of Arizona, Tucson, AZ 85721, USA; lclose@as.arizona.edu
2 INAF-Osservatorio Astrofisico di Arcetri, I-50125, Firenze, Italy

3 Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, USA
4 NOAO, 950 N Cherry Ave. Tucson, AZ 85719, USA

5 Carnegie Institution DTM, 5241 Broad Branch Rd, Washington, DC 20015, USA
Received 2013 October 10; accepted 2013 December 16; published 2014 January 10

ABSTRACT

We utilized the new high-order 585 actuator Magellan Adaptive Optics system (MagAO) to obtain very high-
resolution visible light images of HD 142527 with MagAO’s VisAO science camera. In the median seeing conditions
of the 6.5 m Magellan telescope (0′′.5−0′′.7), we find MagAO delivers 24%–19% Strehl at Hα (0.656 µm). We detect
a faint companion (HD 142527B) embedded in this young transitional disk system at just 86.3 ± 1.9 mas (∼12 AU)
from the star. The companion is detected in both Hα and a continuum filter (∆mag = 6.33 ± 0.20 mag at Hα and
7.50 ± 0.25 mag in the continuum filter). This provides confirmation of the tentative companion discovered by
Biller and co-workers with sparse aperture masking at the 8 m Very Large Telescope. The Hα emission from the
∼0.25 solar mass companion (EW = 180 Å) implies a mass accretion rate of ∼5.9 × 10−10 Msun yr−1 and a total
accretion luminosity of 1.2% Lsun. Assuming a similar accretion rate, we estimate that a 1 Jupiter mass gas giant
could have considerably better (50–1000×) planet/star contrasts at Hα than at the H band (COND models) for
a range of optical extinctions (3.4–0 mag). We suggest that ∼0.5–5 Mjup extrasolar planets in their gas accretion
phase could be much more luminous at Hα than in the NIR. This is the motivation for our new MagAO GAPplanetS
survey for extrasolar planets.

Key words: instrumentation: adaptive optics – open clusters and associations: individual (Sco OB-2 association) –
planetary systems – planet-disk interactions – stars: individual (HD 142527)

Online-only material: color figures

1. INTRODUCTION

While it is well established that planet formation is one of the
most poorly understood problems in astrophysics today, there
has been very little progress made toward the goal of directly
imaging very young giant planets during the brief but luminous
phase when they are accreting most of their gaseous atmosphere
(Fortney et al. 2008; Mordasini et al. 2012; Spiegel & Burrows
2012).

1.1. Very Brief Overview of Past Work in Field: No Images of
Hα Accreting Extrasolar Planets

While direct detection of accreting gas giants at r > 5 AU is
a key goal of modern direct imaging surveys it has not yet been
achieved. Several wide planetary systems have been discovered,
notably HR8799bcde (Marois et al. 2008; Skemer et al. 2012)
and the hot-start planet Beta-Pic b (Lagrange et al. 2009;
Bonnefoy et al. 2013); however, these systems lie in debris disks
and have passed the gas-accretion phase of formation. Young
planetary mass objects that might still be weakly accreting have
been imaged. One such planet is 2MASS1207b, a ∼4–8 Jupiter
mass companion ∼50 AU from an 8 Myr old ∼25 Jupiter mass
primary (Chauvin et al. 2005; Skemer et al. 2011). 2M1207b
likely formed by fragmentation and so did not form from a disk,
similar to planetary-mass object OTS44 which has Paschen-β

∗ This Letter includes data gathered with the 6.5 m Magellan Telescopes
located at Las Campanas Observatory (LCO), Chile.
6 NASA Sagan Fellow.

emission (Joergens et al. 2013). All other known “planetary
mass accreting companions” also likely formed as brown dwarfs
through gravitational instability and/or fragmentation.

Enigmatic “resolved” (by binary sparse aperture models)
companion planet candidates such as LkCa Hα 15b and T Cha b
(Kraus & Ireland 2012; Huélamo et al. 2011) lie in the gap
regions of transitional disks. More work is needed to establish if
these interesting objects are real (Olofsson et al. 2013) and
actively accreting. In this Letter we will, for the first time,
characterize the Hα accretion of a stellar companion, well inside
a transitional disk gap, and introduce a survey to detect planetary
mass objects using the same methodology.

1.1.1. How Can We Detect Accreting Gas Giants?

A survey of young disks at Hα would be very sen-
sitive to low-mass planets if they have even moderate
accretion rates (Ṁ > 10−10 Msun yr−1). With the novel
MagAO Simultaneous Differential Imaging (SDI) mode (see
Section 1.2.1) we can obtain simultaneous point spread
function (PSF) and photometric calibration through the
642 nm continuum image. Using continuum scaling from
non-accreting flat-spectrum (unpolarized) calibration stars,
simultaneous acquisition of the continuum allows for robust
PSF subtraction, isolating any Hα point sources and allowing
us to quantify the amount of accretion through Hα excess.

1.1.2. Will Extinction Absorb All the Hα Emission?

In the case of most young stars, extinction due to disk material
would preclude us from directly observing the midplane, where

1

But how can a binary with a projected separation of ~13 au 
explain a 100 au cavity?
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ABSTRACT

With the uniquely high contrast within 0.′′1 (∆mag(L′) = 5–6.5 mag) available using Sparse Aperture Masking with
NACO at Very Large Telescope, we detected asymmetry in the flux from the Herbig Fe star HD 142527 with a
barycenter emission situated at a projected separation of 88 ± 5 mas (12.8 ± 1.5 AU at 145 pc) and flux ratios
in H,K , and L′ of 0.016 ± 0.007, 0.012 ± 0.008, and 0.0086 ± 0.0011, respectively (3σ errors), relative to the
primary star and disk. After extensive closure-phase modeling, we interpret this detection as a close-in, low-mass
stellar companion with an estimated mass of ∼0.1–0.4 M⊙. HD 142527 has a complex disk structure, with an inner
gap imaged in both the near and mid-IR as well as a spiral feature in the outer disk in the near-IR. This newly
detected low-mass stellar companion may provide a critical explanation of the observed disk structure.

Key words: brown dwarfs – circumstellar matter – planetary systems – stars: emission-line, Be – stars: low-mass
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1. INTRODUCTION

Transition disks may trace a key step in the process of forming
planets and dissipating primordial stellar disks. Transition disks
are primordial disks characterized by weak mid-IR emission
(at ∼15 µm) relative to the Taurus median spectral energy
distribution (i.e., the median SED of primordial disks in the
young (<2 Myr) Taurus star-forming region; Najita et al. 2007).
A number of transition disks possess gaps either posited from
SED studies or directly imaged (Andrews et al. 2011; Fukagawa
et al. 2006; Pott et al. 2010; Brown et al. 2009) which may be due
to clearing of dust by a forming planet or brown dwarf and thus
may produce the observed mid-IR deficit. Transition disks have
therefore been popular targets for high-contrast high-resolution
imaging planet searches.

While transition disks have previously been searched for plan-
ets using high contrast imaging techniques (e.g., adaptive optics
and coronagraphy), most of these techniques currently do not
extend to the inner 0.′′1, which corresponds to the crucial planet-
forming regions (∼10 AU) of the disk for objects at distances
>100 pc. Only interferometric techniques possess the resolu-
tion to reveal these inner regions (see, e.g., Pott et al. 2010). The
interferometric technique of Sparse Aperture Masking (SAM)
uniquely allows us to both probe the inner 0.′′1 of transitional
disks and reach high contrasts of ∆mag(L′) = 5–6.5 mag. Prob-
ing this region enables us to understand how planets form in
their native disk and how they impact the surrounding material.
Indeed, observations using SAM have already yielded two plan-
etary or brown dwarf candidate companions to transition disk
stars (Huélamo et al. 2011; Kraus & Ireland 2012).

The transition disk star HD 142527 is a Herbig Fe star with
spectral type of F6 IIIe (Houk 1978; Henize 1976; Waelkens
et al. 1996). HD 142527 notably possesses a very complex and

interesting disk that has long been posited as a possible site
of planet formation. Recent SED modeling and VISIR imaging
suggests a disk gap from 30 to 130 AU (Verhoeff et al. 2011).
The outer edge of the gap as well as a spiral feature in the outer
disk have been imaged in the near-IR (Fukagawa et al. 2006).
Fukagawa et al. (2006) also find an offset of 20 AU between
the star center and disk center, which they posit is caused by an
unseen eccentric binary companion. Baines et al. (2006) note
this system as a possible (but unconfirmed) binary detection
from spectroastrometry. The disk of HD 142527 also possesses
an extremely high fraction of crystalline silicates, possibly
formed by a massive companion inducing spiral density waves
in the disk material (van Boekel et al. 2004). Here we report
the discovery of a likely close-in, low-mass stellar companion
(12.8 ± 1.5 AU at 145 pc and flux ratios in H,K , and L′ of
0.016 ± 0.007, 0.012 ± 0.008, and 0.0086 ± 0.0011, respec-
tively) to this star. This is the first confirmation of the binarity
of HD 142527 and may provide a critical explanation of the
observed disk structure.

2. STELLAR PARAMETERS

Hipparcos measurements for HD 142527 yield a distance
of 230+70

−40 pc (van Leeuwen 2007). Alternately, HD 142527 has
been associated with both the Sco OB-2 association (Acke & van
den Ancker 2004) and Upper Centaurus Lupus (de Zeeuw et al.
1999; Teixeira et al. 2000). Membership in either association
(indeed, both are part of the larger Sco-Cen association) place
HD 142527 at a distance of 140–145 pc (de Zeeuw et al. 1999)
and an age of 2–10 Myr. We consider the evidence of association
within Sco-Cen to be very strong and thus adopt a distance of
145 ± 15 pc, which still lies within 2σ of the rather uncertain
Hipparcos measurement.

1
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Figure 1. Left: L′ 2013 July NACO Vortex image. We find a point-like feature in the disk with ∆mag = 6.4 ± 0.2, at a separation of 0.′′11 ± 0.′′03 and P.A. of 0◦ ± 14◦.
Right: 3.9 µm 2014 April PSF-subtracted MagAO CLIO-2 image. Dark pixels in the core are due to saturation/nonlinearity. The 2014 April MagAO image reached
shallower contrasts than the original vortex image, hence the faint point-like feature is not retrieved. Our non-coronagraphic data set was too shallow to retrieve the
candidate (∆mag = 5.6 at 0.′′11).
(A color version of this figure is available in the online journal.)
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Figure 2. Top left and right: H-band 2014 April MagAO CLIO-2 images over two consecutive nights; bottom left: K-band MagAO CLIO-2 image; bottom right:
z′-band 2014 April MagAO VisAO image. All images have been reduced with PCA. The position of the L′ point-like feature is circled.
(A color version of this figure is available in the online journal.)
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MODELLING HD142527 Price et al. (2017), in prep.
Circumbinary mayhem in the HD142527 disc 3

a e i ⌦ ! f

Orbit B1 26.5 0.24 119.9 349.7 218.0 25.93
Orbit B2 28.8 0.40 120.4 340.3 201.5 33.78
Orbit B3 34.3 0.50 119.3 159.2 19.98 35.04
Orbit R1 31.4 0.74 131.3 44.95 27.88 249.3
Orbit R2 38.9 0.61 120.3 19.25 354.0 268.3
Orbit R3 51.3 0.70 119.3 201.4 173.3 270.4

Table 1. Orbital elements for HD142527B for 6 trial orbits, drawn from fits
to the orbital data with IMORBEL. From left to right: semi-major axis (a),
eccentricity (e), inclination (i, deg), position angle of ascending node (⌦,
deg), argument of pericentre (!, deg) and true anomaly (f , deg)

3.1.2 Binary orbit

After a few trial simulations with binaries of various semi-major
axes and eccentricities, we realised it was important to use the
known observational constraints on the orbit. To this end we em-
ployed the IMORBEL program written by Tim Pearce and Grant
Kennedy (Pearce et al. 2015), used by L16 to fit the orbit of
HD142527B.

Rather than taking the orbital fits directly from L16, we pro-
duced a revised set of orbital fits using the GAIA distance measure-
ment and with our assumed primary and secondary masses. IMOR-
BEL produces a plot similar to Figure 5 in L16 from which one may
interactively select orbits with given parameters that match the ob-
servational constraints. Our guiding wisdom in selecting trial orbits
was i) to examine orbits similar to the ‘blue’ and ‘red’ orbit fami-
lies found in the Monte Carlo fitting shown in Figure 6 of L16; and
ii) to ensure an apastron separation for the binary large enough to
plausibly explain the cavity size.

Table 1 lists the orbital elements used for the six trial orbits
shown in this paper, with the resultant orbits shown in Figure 1. We
selected three “blue” orbits (B1, B2, B3) and three “red” orbits (R1,
R2, R3) listed in order of increasing semi-major axis. The most
tightly constrained parameter is the inclination, which is i = 120�

for all but one of the orbits. We choose eccentricities ranging from
0.24 to 0.7. We adopt slightly different conventions for the orbital
elements to those used in Pearce et al. (2015) and L16. In particular
we removed the assumption by Pearce et al. (2015) that the angle
between the binary and the sky is restricted to be less than 180�

(thus flipping the observer from +z to �z depending on the orbit).
Since the absolute orientation of the disc and binary are irrelevant
in SPH, for convenience we define the observer to be viewing the
disc down the z�axis (i.e. from z = 1). This means we tilt both
the disc and binary in the initial setup, but simplifies the analysis
since replicating the observers view of HD142527 simply means
making an x-y plot in our computational coordinates.

We adapted the subroutine for setting up a sink particle binary
in PHANTOM to adopt the orbital elements in the form given in Ta-
ble 1. We also pushed the changes back to the IMORBEL repository
so that the publicly available codes are mutually compatible.

3.1.3 Circumbinary disc

We initialise a gas disc around the binary extending from R
in

= 90
au to R

out

= 350 au (the real disc extends to ⇠ 600 au in
HD142527; the smaller outer radius is simply for computational
efficiency), assuming an initially power law surface density profile
⌃ = 0.62(R/90au)�1 g cm�2, corresponding to a disc mass of
0.01 M�. We model the disc with 106 SPH particles — see Lodato

x

y

-50 0 50

-50

0

50

B1
B2
B3
R1
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R3

Figure 1. Selected trial orbits for HD142527B used in this paper, corre-
sponding to the orbital elements listed in Table 1. Motion is clockwise.

a e i ⌦ ! f

15A 31.36 0.74 131.34 44.95 27.89 249.27
15B 38.95 0.61 120.29 19.25 354.02 268.32
15C 51.26 0.70 119.32 201.47 173.30 270.39
15D 38.95 0.51 117.69 13.02 338.02 281.76
15E 40.30 0.53 117.60 193.56 158.71 281.38
15F 57.51 0.51 112.51 186.99 117.13 321.72
15G 67.09 0.62 112.95 11.12 317.87 302.69
15H 55.53 0.64 116.00 195.38 157.30 284.19

Table 2. Orbital elements for HD142527B for attempt 15, drawn from fits
to the orbital data with IMORBEL. From left to right: semi-major axis (a),
eccentricity (e), inclination (i, deg), position angle of ascending node (⌦,
deg), argument of pericentre (!, deg) and true anomaly (f , deg)

& Price 2010 and Price et al. 2017 for details of the disc setup used
in PHANTOM. We adopt a mean Shakura-Sunyaev disc viscosity
↵
SS

= 0.005, corresponding to a fixed artificial viscosity parame-
ter ↵

AV

= 0.25 in the code input file.
We assume a locally isothermal equation of state T =

28K(R/90au)�0.3, consistent with the disc model fit by Casassus
et al. (2015a) to the observational temperature profile. This cor-
responds to H/R = 0.066 at R = R

in

and H/R = 0.11 at
R = R

out

. Further modelling of the temperature changes in the
disc due to the companion is beyond the scope of this paper.

The disc was oriented by i = 160� with respect to the z = 0
plane, i.e. 20� to the line of sight but with the disc rotating clock-
wise on the sky, consistent with observational estimates (e.g. Casas-
sus et al. 2015a).
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a e i ⌦ ! f

Orbit B1 26.5 0.24 119.9 349.7 218.0 25.93
Orbit B2 28.8 0.40 120.4 340.3 201.5 33.78
Orbit B3 34.3 0.50 119.3 159.2 19.98 35.04
Orbit R1 31.4 0.74 131.3 44.95 27.88 249.3
Orbit R2 38.9 0.61 120.3 19.25 354.0 268.3
Orbit R3 51.3 0.70 119.3 201.4 173.3 270.4

Table 1. Orbital elements for HD142527B for 6 trial orbits, drawn from fits
to the orbital data with IMORBEL. From left to right: semi-major axis (a),
eccentricity (e), inclination (i, deg), position angle of ascending node (⌦,
deg), argument of pericentre (!, deg) and true anomaly (f , deg)

3.1.2 Binary orbit

After a few trial simulations with binaries of various semi-major
axes and eccentricities, we realised it was important to use the
known observational constraints on the orbit. To this end we em-
ployed the IMORBEL program written by Tim Pearce and Grant
Kennedy (Pearce et al. 2015), used by L16 to fit the orbit of
HD142527B.

Rather than taking the orbital fits directly from L16, we pro-
duced a revised set of orbital fits using the GAIA distance measure-
ment and with our assumed primary and secondary masses. IMOR-
BEL produces a plot similar to Figure 5 in L16 from which one may
interactively select orbits with given parameters that match the ob-
servational constraints. Our guiding wisdom in selecting trial orbits
was i) to examine orbits similar to the ‘blue’ and ‘red’ orbit fami-
lies found in the Monte Carlo fitting shown in Figure 6 of L16; and
ii) to ensure an apastron separation for the binary large enough to
plausibly explain the cavity size.

Table 1 lists the orbital elements used for the six trial orbits
shown in this paper, with the resultant orbits shown in Figure 1. We
selected three “blue” orbits (B1, B2, B3) and three “red” orbits (R1,
R2, R3) listed in order of increasing semi-major axis. The most
tightly constrained parameter is the inclination, which is i = 120�

for all but one of the orbits. We choose eccentricities ranging from
0.24 to 0.7. We adopt slightly different conventions for the orbital
elements to those used in Pearce et al. (2015) and L16. In particular
we removed the assumption by Pearce et al. (2015) that the angle
between the binary and the sky is restricted to be less than 180�

(thus flipping the observer from +z to �z depending on the orbit).
Since the absolute orientation of the disc and binary are irrelevant
in SPH, for convenience we define the observer to be viewing the
disc down the z�axis (i.e. from z = 1). This means we tilt both
the disc and binary in the initial setup, but simplifies the analysis
since replicating the observers view of HD142527 simply means
making an x-y plot in our computational coordinates.

We adapted the subroutine for setting up a sink particle binary
in PHANTOM to adopt the orbital elements in the form given in Ta-
ble 1. We also pushed the changes back to the IMORBEL repository
so that the publicly available codes are mutually compatible.

3.1.3 Circumbinary disc

We initialise a gas disc around the binary extending from R
in

= 90
au to R

out

= 350 au (the real disc extends to ⇠ 600 au in
HD142527; the smaller outer radius is simply for computational
efficiency), assuming an initially power law surface density profile
⌃ = 0.62(R/90au)�1 g cm�2, corresponding to a disc mass of
0.01 M�. We model the disc with 106 SPH particles — see Lodato

x

y

-50 0 50

-50

0

50

B1
B2
B3
R1
R2
R3

Figure 1. Selected trial orbits for HD142527B used in this paper, corre-
sponding to the orbital elements listed in Table 1. Motion is clockwise.

a e i ⌦ ! f

15A 31.36 0.74 131.34 44.95 27.89 249.27
15B 38.95 0.61 120.29 19.25 354.02 268.32
15C 51.26 0.70 119.32 201.47 173.30 270.39
15D 38.95 0.51 117.69 13.02 338.02 281.76
15E 40.30 0.53 117.60 193.56 158.71 281.38
15F 57.51 0.51 112.51 186.99 117.13 321.72
15G 67.09 0.62 112.95 11.12 317.87 302.69
15H 55.53 0.64 116.00 195.38 157.30 284.19

Table 2. Orbital elements for HD142527B for attempt 15, drawn from fits
to the orbital data with IMORBEL. From left to right: semi-major axis (a),
eccentricity (e), inclination (i, deg), position angle of ascending node (⌦,
deg), argument of pericentre (!, deg) and true anomaly (f , deg)

& Price 2010 and Price et al. 2017 for details of the disc setup used
in PHANTOM. We adopt a mean Shakura-Sunyaev disc viscosity
↵
SS

= 0.005, corresponding to a fixed artificial viscosity parame-
ter ↵

AV

= 0.25 in the code input file.
We assume a locally isothermal equation of state T =

28K(R/90au)�0.3, consistent with the disc model fit by Casassus
et al. (2015a) to the observational temperature profile. This cor-
responds to H/R = 0.066 at R = R

in

and H/R = 0.11 at
R = R

out

. Further modelling of the temperature changes in the
disc due to the companion is beyond the scope of this paper.

The disc was oriented by i = 160� with respect to the z = 0
plane, i.e. 20� to the line of sight but with the disc rotating clock-
wise on the sky, consistent with observational estimates (e.g. Casas-
sus et al. 2015a).

MNRAS 000, 1–7 (2017)

Orbital arc fits using IMORBEL 
(Pearce, Kennedy & Wyatt 2015)

S. Lacour et al.: An M-dwarf star in the transition disk of Herbig HD142527

Fig. 6. Likely orbits for HD142527B, from MCMC simulation.
The red and blue curves correspond to maximum likelihood pa-
rameters. The gray curves are possible solution from the MCMC
computations. The SAM observation are the black squares. The
green losange corresponds to a MagAO observation reported by
Rodigas et al. (2014).

Without any prior knowledge or probabilistic knowledge on
z and ż, Fig. 5 can be interpreted that any semi-major axis, ec-
centricity, or inclination within the dashed contours is possible.
For example, the semi-major axis can go from 52 mas to infinity.

5.2. Full determination of the orbital parameters

We also investigate possible orbits using an MCMC analysis, as
an alternative to the small arc technique presented in the previ-
ous section. Such alternative technique has already been used for
small arc dataset (e.g., on Fomalhaut by Kalas et al. 2013). This
method also has the advantage to better benefit from individual
observational errors over multiple observations.

We used the MCMC python library emcee (Foreman-
Mackey et al. 2013). We computed the walkers for the vari-
ables (x, z, ẋ, ẏ, ż) and converted them to a probability distribu-
tion function for the orbital parameters. Any corresponding or-
bital element with an eccentricity above 1 was given a probabil-
ity of zero. Within this boundary condition, the z and ż are given
uniform prior distributions. The position angle of the ascending
node was forced to lie between -90 and 90 degrees. The relation
between (x, y, z, ẋ, ẏ, ż) and the orbital parameters are given in
Appendix B of Pearce et al. (2015).

The results from the MCMC simulation are presented in
Fig. 7. Unfortunately, the small range of position angles covered
by our dataset does not strongly constrain the orbital elements.
Within 1 sigma probability (68% of the results), they are the
following: a semi-major axis a = 140+120

�70 mas, an eccentricity
e = 0.5 ± 0.2, an inclination of i = 125 ± 15 degrees, and an
angular position of the right ascending node of �5 ± 40 degrees.

The angle of the periastron is the least constrained parame-
ter. Two distinct families of orbits emerged from this simulation:
one with a periastron around 40 degrees, and the other at a pe-
riastron around 200 degrees. These two families of orbits are
presented in Fig. 6. In this figure, all the gray curves have equal
probabilities. The blue and red curves correspond to a maximum
of probability. The first family – highlighted by the blue curve –

correspond to a trajectory where the companion has just passed
the periastron. The second family – highlighted by the red curve
– correspond to a trajectory where the companion is going to
pass the periastron.

6. Discussion

6.1. Summary

Biller et al. (2012) observed a NIR excess around HD142527B.
Without a proper estimation of the level of NIR emission from
the circumsecondary disk, it was di�cult to be conclusive about
the mass. In this work, we extended our observational baseline
to the M band, but more importantly to the J band. We were
able to model the NIR emission and conclude that the J band
was mostly una↵ected by the circumsecondary emission (to the
10% level).

If we assume that the NIR emission is caused by a circum-
secondary environment, we can focus on the shorter wavelength
observations (R and J band observations) to determine the pa-
rameters of the star. It results that HD142527B is a fairly “stan-
dard” low mass star, that match standard evolution mechanisms.

However, at least according to the Bara↵e et al. (2015) mod-
els, this last statement is only valid if we assume an age of
1.0+1.0
�0.75 Myr.

6.2. Age of the system

On the other hand, if we increase the age of the system to 5 Myr
(according to Mendigutı́a et al. 2014), then the colors of the com-
panion start to disagree with its absolute magnitudes. To recon-
cile a more advanced age with our observations, we would have
to increase the apparent magnitude (make the star fainter). For
the magnitudes to agree in the HR diagrams of Fig. 4 with an age
of 5±1.5 Myr, we would have to add 1.0 and 1.5 mag to, respec-
tively, the R and J band magnitudes. That would put the target at
70 pc, not compatible with the distance estimated in Section 3.1.
Note that dust absorption would only decrease the absolute mag-
nitude, giving an opposite e↵ect.

Although previous episodes of intense accretion can change
the structure and thus the position of a young object in a
magnitude-temperature diagram, it seems di�cult to invoke ac-
cretion e↵ects to get an age of 5 Myr, instead of 1 Myr, for the
observed luminosity of the low mass companion. As discussed
in Bara↵e et al. (2009, 2012), cold accretion would have the op-
posite e↵ect. The only, very unlikely possibility, would be for
the low mass star to have had a previous episode of intense hot
accretion that would increase its luminosity and radius. The ob-
ject would thus look younger than its non accreting counterpart.
But this accretion episode should have just happened, if not, the
object would have time to contract back to a “normal” position.

It has to be noted that the age estimations of HD142527
A&B rely on evolutionary models that have their own intrin-
sic source of errors. It has been showed that these uncertainties
can be well above a few millions years (Soderblom et al. 2014).
Especially, it has been showed that the ages of intermediate-mass
stars tend to disagree with the ages of the T Tauri stars in same
clusters (Hartmann 2003).

This system thus seems to confirm the existence of a dis-
agreement between ages derived from low-mass star models and
that from intermediate-mass star models. Since the source of un-
certainties in the physics and modeling of these two families of
objects is di↵erent, more e↵orts and more of those systems are

6

Lacour et al. (2016)



BLUE ORBIT Price et al. (2017), in prep.



RED ORBIT Price et al. (2017), in prep.

See almost polar alignment - see Rebecca Martin’s talk, also work of Lai group
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Fig. 1.— Final Q� and U� images, shown in the same stretch (r2 scaling normalized to peak intensity and using a square-root stretch,
2015 and 2016 data combined). Top two panels: Entire field of view. Bottom two panels: Same data, but zoomed in to the inner regions
and enhanced (see color bar). Orange hues denote positive, blue hues negative values. The red X marks the position of the primary, the
small green X the position of the secondary (latest published position of May 12, 2014, Lacour et al. (2016), separation 77.2 mas). Data
within our inner working angle of 25 mas has been masked out. Note the square-root stretch, which reduces overall contrast, but better
shows faint features of the disk and also enhances the visibility of noise in the U� images.

of 3s per frame, very slightly saturating the PSF core
(2s and no saturation for the 2016 data). The data were
taken using the P2 polarimetric mode (field stabilized) of
ZIMPOL in 2015, and using the P1 (not field stabilized,
i.e. the field rotates) and P2 modes for equal amounts of
time in 2016 (this was done in order to compare the per-
formance of the P1 and P2 modes for ZIMPOL). The in-
strument was set up to maximise the flux on the detector
while enabling the study of the very smallest separations
(down to ⇠25 fmas) and the gap of the disk as deeply
as possible. The setup is not optimised for a high-SNR
detection of the outer disk.
In order to minimize suspected systematic e↵ects close

to the star (see section 3.2), images were taken in four
blocks with di↵erent de-rotator angles in 2015 (0, 35,
80, 120 degrees). In 2016, the two polarimetric modes
used naturally gave two di↵erent field rotations, with the
field slightly rotating (⇠4 degrees) in the P1 mode. The
P1 and P2 mode observations were interleaved, with 3

blocks for each. For each of these blocks, the number of
integrations (NDIT) was set to 14 (18 for the 2016 data),
with the number of polarimetric cycles (NPOL) set to 6
(5 and 4 for the two last rotations after frame selection,
6 for the 2016 data). Using the QU cycle (full cycle of all
four half-wave plate rotations), this adds up to a total
on-source integration time of 3528s (3s * 14 (NDIT) *
(6+6+5+4 (NPOL)) * 4 (HWP rotations)) in 2015 and
5184s (2s * 18 (NDIT) * 6 (NPOL) * 4 (HWP rotations)
* 3 (blocks) * 2 (P1+P2)) in 2016, for a grand total of
8712s (2h 25.2min) of on-source integration time in both
epochs combined.
The most critical step in PDI is the centering of the in-

dividual frames. ZIMPOL data are special because of the
way the detectors work (see Thalmann et al. 2008, and
the SPHERE user manual). The pixels cover an on-sky
area of 7.2mas x 3.6mas each. The stellar position is de-
termined before re-scaling the images by fitting a skewed
(i.e. elliptical) 2-dimensional Gaussian to the peak. The
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Fig. 1.— Final Q� and U� images, shown in the same stretch (r2 scaling normalized to peak intensity and using a square-root stretch,
2015 and 2016 data combined). Top two panels: Entire field of view. Bottom two panels: Same data, but zoomed in to the inner regions
and enhanced (see color bar). Orange hues denote positive, blue hues negative values. The red X marks the position of the primary, the
small green X the position of the secondary (latest published position of May 12, 2014, Lacour et al. (2016), separation 77.2 mas). Data
within our inner working angle of 25 mas has been masked out. Note the square-root stretch, which reduces overall contrast, but better
shows faint features of the disk and also enhances the visibility of noise in the U� images.

of 3s per frame, very slightly saturating the PSF core
(2s and no saturation for the 2016 data). The data were
taken using the P2 polarimetric mode (field stabilized) of
ZIMPOL in 2015, and using the P1 (not field stabilized,
i.e. the field rotates) and P2 modes for equal amounts of
time in 2016 (this was done in order to compare the per-
formance of the P1 and P2 modes for ZIMPOL). The in-
strument was set up to maximise the flux on the detector
while enabling the study of the very smallest separations
(down to ⇠25 fmas) and the gap of the disk as deeply
as possible. The setup is not optimised for a high-SNR
detection of the outer disk.
In order to minimize suspected systematic e↵ects close

to the star (see section 3.2), images were taken in four
blocks with di↵erent de-rotator angles in 2015 (0, 35,
80, 120 degrees). In 2016, the two polarimetric modes
used naturally gave two di↵erent field rotations, with the
field slightly rotating (⇠4 degrees) in the P1 mode. The
P1 and P2 mode observations were interleaved, with 3

blocks for each. For each of these blocks, the number of
integrations (NDIT) was set to 14 (18 for the 2016 data),
with the number of polarimetric cycles (NPOL) set to 6
(5 and 4 for the two last rotations after frame selection,
6 for the 2016 data). Using the QU cycle (full cycle of all
four half-wave plate rotations), this adds up to a total
on-source integration time of 3528s (3s * 14 (NDIT) *
(6+6+5+4 (NPOL)) * 4 (HWP rotations)) in 2015 and
5184s (2s * 18 (NDIT) * 6 (NPOL) * 4 (HWP rotations)
* 3 (blocks) * 2 (P1+P2)) in 2016, for a grand total of
8712s (2h 25.2min) of on-source integration time in both
epochs combined.
The most critical step in PDI is the centering of the in-

dividual frames. ZIMPOL data are special because of the
way the detectors work (see Thalmann et al. 2008, and
the SPHERE user manual). The pixels cover an on-sky
area of 7.2mas x 3.6mas each. The stellar position is de-
termined before re-scaling the images by fitting a skewed
(i.e. elliptical) 2-dimensional Gaussian to the peak. The

VLT-SPHERE Image of 
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Figure 2. Gas (and dust?) surface densities after 100 orbital periods of the binary
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Figure 3. High resolution simulation of the R1 orbit (left) compared to
the scattered light image from Avenhaus et al. (2017) (right), showing the
formation of the circumprimary disc. Dotted line indicates the expected
shadow from our simulated inner disc (left), which already lie close to the
orientation of the observed shadows (right) despite the orbital uncertainty.

4 RESULTS

4.1 Spirals

Figure 2 shows the column density view of the six calculations cor-
responding to the orbits listed in Table 1, shown after 50 orbital
periods. Our first conclusion? Red not blue. Comparison with the
scattered light Avenhaus et al. (2017), optical Casassus et al. (2012)
and 2 micron Casassus et al. (2013) images shows that the blue or-
bits (top row) tend to produce spirals inconsistent with the observa-
tions, with pitch angles too small and little or no asymmetry in the
gas distribution around a cavity which is close to circular. The red
orbits (bottom row), by contrast, produce spiral structure and asym-
metry in both the cavity and the gas distribution that is strikingly
similar to what is observed.

4.2 Cavity size

For both sets of orbits the cavity size scales with semi-major axis
(left to right). Based on the cavity size seen in scattered light we can
further exclude binary orbits with a & 50 au. That we can already
produce a cavity size too big solves one of the major mysteries
of HD142527 — how a binary with a projected separation of 13
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Figure 3. High resolution simulation of the R1 orbit (left) compared to
the scattered light image from Avenhaus et al. (2017) (right), showing the
formation of the circumprimary disc. Dotted line indicates the expected
shadow from our simulated inner disc (left), which already lie close to the
orientation of the observed shadows (right) despite the orbital uncertainty.

4 RESULTS

4.1 Spirals

Figure 2 shows the column density view of the six calculations cor-
responding to the orbits listed in Table 1, shown after 50 orbital
periods. Our first conclusion? Red not blue. Comparison with the
scattered light Avenhaus et al. (2017), optical Casassus et al. (2012)
and 2 micron Casassus et al. (2013) images shows that the blue or-
bits (top row) tend to produce spirals inconsistent with the observa-
tions, with pitch angles too small and little or no asymmetry in the
gas distribution around a cavity which is close to circular. The red
orbits (bottom row), by contrast, produce spiral structure and asym-
metry in both the cavity and the gas distribution that is strikingly
similar to what is observed.

4.2 Cavity size

For both sets of orbits the cavity size scales with semi-major axis
(left to right). Based on the cavity size seen in scattered light we can
further exclude binary orbits with a & 50 au. That we can already
produce a cavity size too big solves one of the major mysteries
of HD142527 — how a binary with a projected separation of 13

MNRAS 000, 1–7 (2017)

Binary must be on RED orbit!

See also Ogilvie & Lubow (2002), Rafikov (2002), 
Fung & Dong (2015) 
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Figure 3. High resolution simulation of the R1 orbit (left) compared to
the scattered light image from Avenhaus et al. (2017) (right), showing the
formation of the circumprimary disc. Dotted line indicates the expected
shadow from our simulated inner disc (left), which already lie close to the
orientation of the observed shadows (right) despite the orbital uncertainty.

4 RESULTS

4.1 Spirals

Figure 2 shows the column density view of the six calculations cor-
responding to the orbits listed in Table 1, shown after 50 orbital
periods. Our first conclusion? Red not blue. Comparison with the
scattered light Avenhaus et al. (2017), optical Casassus et al. (2012)
and 2 micron Casassus et al. (2013) images shows that the blue or-
bits (top row) tend to produce spirals inconsistent with the observa-
tions, with pitch angles too small and little or no asymmetry in the
gas distribution around a cavity which is close to circular. The red
orbits (bottom row), by contrast, produce spiral structure and asym-
metry in both the cavity and the gas distribution that is strikingly
similar to what is observed.

4.2 Cavity size

For both sets of orbits the cavity size scales with semi-major axis
(left to right). Based on the cavity size seen in scattered light we can
further exclude binary orbits with a & 50 au. That we can already
produce a cavity size too big solves one of the major mysteries
of HD142527 — how a binary with a projected separation of 13
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Figure 4. Column density view of the R1 and R2 simulations smeared to a
beam size of 20 au and with the colour bar adjusted to saturate the emission
in the peak of the overdensity.
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Figure 5. Orbits from attempt 15

au can produce a 90 au cavity. Figure 2 demonstrates that the best
fitting orbital solutions found by L16 indeed produce cavities of the
correct size. The observed binary alone explains the cavity size in
HD142527 — no further explanation required.

4.3 Shadows

Already in the lower right panel of Figure 2 we see the formation
of a circumprimary disc. The absence of this disc in the other sim-

ulations is entirely numerical, driven by our desire to resolve the
outer disc rather than the inner regions. The orientation of the inner
disc is highly sensitive to the orbit of the companion. In particular
the ‘blue’ orbits tend to produce a circumprimary disc that appears
horizontal to the viewer, while red orbits produce a disc closer to
vertical.

To examine this question in more detail, we resimulated the R1
orbit at higher resolution (107 SPH particles) in order to resolve the
inner flow. Figure 3 shows the resultant inner disc structure after 10
orbits (left), shown alongside the scattered light image taken from
Avenhaus et al. (2017) (right). Despite the remaining uncertainty in
the orbital dynamics the position angle of the shadow is consistent
with the northern shadow seen in the scattered light image, and
within ten degrees of the southern shadow.

4.4 Dust horseshoe

Ragusa et al. (2017) proposed that dust horseshoes are produced
by gas and dust overdensities caused by asymmetry in eccentric
cavities around binary stars. Here the statement by Casassus et al.
(2015b) regarding the mm-horseshoe in HD142527 is intriguing:
“the large sub-mm crescent mostly reflects the gas background, with
relatively inefficient trapping, so that the observed contrast ratio
of ⇠30 is accounted for with a contrast of 20 in the gas”. Thus
we might expect that the origins of the dust horseshoe are already
present in our gas distribution.

5 DISCUSSION

- behaviour of the disc on long time scales (Owen and Lai paper)

6 SUMMARY

Implications are profound:

(i) Cavities in transition discs, at least in some cases, are pro-
duced by the interaction with binary companions inside the cavity.
This is consistent with the recent detection of a ⇡ 10M

Jup

compan-
ion inside the inner hole in LkCa15 (Sallum et al. 2015). Thus, tran-
sition discs may simply represent discs around binary stars, rather
than being an evolutionary stage. A corollary is that discs with-
out or with smaller cavities may simply be those with either single
stars or low mass companions, respectively. The reduced accretion
rates in transitional discs (e.g. Espaillat et al. 2012) may simply
be caused by the tidal ‘damming’ of the disc by the central binary,
the efficency of which depends strongly on the disc scale height
(Rosotti et al. 2012) and thus the temperature and age of the disc.

(ii) The dust horseshoe seen in HD142527 may be explained as
a dynamical feature produced by dust trapping (CHECK THIS IS
TRUE) in an eccentric cavity. These features are thus expected to
precess slowly, at the apsidal precession rate driven by the central
binary (e.g. Bate et al. 2003; Facchini et al. 2013).

(iii) The dynamical warping of the inner disc into the plane
the central binary appears consistent with the model proposed by
Marino et al. (2015), explaining both the shadowing of the outer
disc, the size of the observed circumsecondary disc and the relative
accretion rates (CHECK THIS).

(iv) The fast radial flows can be explained by the streamers of
material feeding the primary from the edge of a tidally truncated
eccentric cavity in the HD142527 disc.
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inner flow. Figure 3 shows the resultant inner disc structure after 10
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with the northern shadow seen in the scattered light image, and
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(2015b) regarding the mm-horseshoe in HD142527 is intriguing:
“the large sub-mm crescent mostly reflects the gas background, with
relatively inefficient trapping, so that the observed contrast ratio
of ⇠30 is accounted for with a contrast of 20 in the gas”. Thus
we might expect that the origins of the dust horseshoe are already
present in our gas distribution.
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(i) Cavities in transition discs, at least in some cases, are pro-
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ion inside the inner hole in LkCa15 (Sallum et al. 2015). Thus, tran-
sition discs may simply represent discs around binary stars, rather
than being an evolutionary stage. A corollary is that discs with-
out or with smaller cavities may simply be those with either single
stars or low mass companions, respectively. The reduced accretion
rates in transitional discs (e.g. Espaillat et al. 2012) may simply
be caused by the tidal ‘damming’ of the disc by the central binary,
the efficency of which depends strongly on the disc scale height
(Rosotti et al. 2012) and thus the temperature and age of the disc.

(ii) The dust horseshoe seen in HD142527 may be explained as
a dynamical feature produced by dust trapping (CHECK THIS IS
TRUE) in an eccentric cavity. These features are thus expected to
precess slowly, at the apsidal precession rate driven by the central
binary (e.g. Bate et al. 2003; Facchini et al. 2013).

(iii) The dynamical warping of the inner disc into the plane
the central binary appears consistent with the model proposed by
Marino et al. (2015), explaining both the shadowing of the outer
disc, the size of the observed circumsecondary disc and the relative
accretion rates (CHECK THIS).

(iv) The fast radial flows can be explained by the streamers of
material feeding the primary from the edge of a tidally truncated
eccentric cavity in the HD142527 disc.
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Figure 5. Radial cuts for the surface density profiles (red) and
magnitude of the radial velocity component (blue). The CO abun-
dance is modulated with a Gaussian taper inside 30 AU, to account
for photo-dissociation.

Figure 6. Intensity maps (moments 0) extracted from the
RADMC3D predictions, after smoothing to the resolution of the
deconvolved CO(6-5) datacubes.

the cavity ‘twist’ with the inner disk, corresponding to
the loci of bluest and redest velocities in Fig. 7 b. These
ridges are missing in the model without vwarp (Fig. 7d).

4. DISCUSSION

4.1. Ro-vibrational CO

The CRIRES observations by Pontoppidan et al.
(2011) assign bright rovib CO to an inner disk, with
similar inclination as the outer disk but o↵set in PA, at
61± 3� - so within uncertainties coincident with the di-
rection of the high-velocity HCO+. The total line-widths
in CO(v=1-0) at 4.67µm, at zero-intensity, are close to

⇠40 km s�1 (Pontoppidan et al. 2011). With a spectroas-
trometric o↵set of only 0.2 AU, CO(v=1-0) is either fairly
uniform or else confined to the central few milli-arcsec.
We check the astrometric signal of a modified version

of our disk model and find it to be in agreement with the
spectro-astrometric CRIRES observations. We take the
predicted CO(6-5) emission and transform the intensity
with an 1/r↵ mask to mimic the CO ro-vibrational emis-
sion, which traces higher temperatures and emits closer
to the star compared to the CO rotational lines. We
manually add continuum emission scaled to reproduce a
line to continuum ratio of 1.1, as in the observed rovibra-
tional CO, and convolve with a 0.192” FWHM Gaussian
to mimic the PSF of the AO-assisted CRIRES observa-
tions. After superimposing a 0.2” arcsecond wide slit
positioned at 150 degrees, we recover a line profile and
spectro-astrometric signal similar in shape and magni-
tude to that reported by Pontoppidan et al. (2011) when
using ↵ ⇠ 2.5.

4.2. What about an outflow?

The orientation of the disk is well known. As explained
in Secs. 1 and Sec. 3.1, the shadows seen in scattered
light imply that the inclination of the outer disk is such
that the far side lies to the East. The Eastern side being
brighter in the mid-IR is also in support of this orienta-
tion (Fujiwara et al. 2006). In addition several near-IR
spirals have been found that are all consistently trailing
(Fukagawa et al. 2006b; Casassus et al. 2012; Canovas
et al. 2013; Avenhaus et al. 2014), even in their radio
extensions into the outer disk (Christiaens et al. 2014).
Given this orientation, we can rule out an outflowing
disk wind: the velocity component orthogonal to the disk
would broaden the lines and preserve reflection symme-
try about the outer disk PA, while the radial component
in the plane of the disk would twist the kinematics in the
opposite direction than observed.

4.3. Origin of the free-falling velocities

The radial velocity in a warped viscous disk is pre-
dicted to be greater than in a flat disk (Pringle 1992), but
is not expected to exceed the sound speed cs = (h/r)vK .
Supersonic disk inflow is in principle possible in re-
gions of the disk that lose angular momentum rapidly
through a magnetized wind, rather than via internal vis-
cous transport, though whether this can occur without
equally rapid mass loss (for which there is no evidence
in HD 142527) is not clear. Alternatively, the free-fall
velocity signal could be a consequence of strong dynam-
ical perturbations. If the low-mass companion detected
in the system (Biller et al. 2012; Close et al. 2014) is mis-
aligned to the outer disk in the same way as the inner
disk, which is known to be inclined by 70� (Marino et al.
2015), then an observable dynamical impact is highly
likely. The alignment of the companion in the plane of
the inner disk seems a natural way to explain the incli-
nation of the inner disk itself. Miranda & Lai (2015)
have recently shown that large o↵sets between the or-
bital planes of circumprimary disks and the plane of the
binary can be stable for several Myrs, longer than the
expected lifetime of the disk.
It has been shown recently that such strongly mis-

aligned binary-disk systems can undergo a process
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Figure 7. Comparison of observed and model CO(6-5) kinematics in the central regions of HD 142527. The origin of coordinates is set to
the stellar position. Velocity-integrated intensity in CO(6-5) is shown in grey scale. The colored contours for vlsr have constant interval and
are spread over [0.21, 7.87] km s�1 (as in Fig. 1). a): Observed moment maps extracted on the MEM datacubes. b): moments extracted on
the radiative transfer prediction, after smoothing to the resolution of the MEM datacubes. c): same as b) but in native model resolutions,
without smoothing. Regions without contours near the origin correspond to higher velocities. d): same as b) but with a slow velocity
component perpendicular to the disk plane (vwarp in the text).

dubbed disk tearing (Nixon et al. 2013; Nealon et al.
2015; Doğan et al. 2015), where nodal precession torques
induced by the binary produce a warp at the inner edge
of the disk. If the disk is unable to communicate the
warp e�ciently, then the disk will e↵ectively break at
some radius Rbreak. Annuli of gas then begin to tear
o↵ of the inner edge and can precess freely, undergo-
ing self-interaction and angular momentum cancellation
causing a subsequent infall of gas driving very high ac-
cretion rates (Nixon et al. 2012).
To date this process has primarily been studied in the

thin-disk regime appropriate for black hole accretion,
where the dimensionless viscosity parameter is larger
than the disk aspect ratio, i.e. ↵ > H/R (Nixon et al.
2012, 2013). Nevertheless it has also been shown to work
in the thick-disk regime where ↵ < H/R (Nealon et al.
2015), which is more likely to hold true for circumstellar
disks like HD 142527.
It is possible to estimate a value for the radius Rbreak

at which disk tearing will occur (see Eq. A3 of Nixon
et al. 2013) using the parameters of the disk and binary.
With appropriate values for HD 142527, we expect that
the disk could break at Rbreak ⇠ a, where a is the binary
semimajor axis. However, Nealon et al. (2015) found a
consistent o↵set between the estimated minimum value
and the true breaking radius in a series of SPH simu-
lations, by a factor of 2–3. Estimates of a ⇠ 15 AU
are therefore entirely consistent with a breaking radius
of 30 AU, as demanded by our model. However, as this
is likely very sensitive to the parameters of the system a
more quantitative comparison of this scenario with the
observed data is out of the scope of this paper, requiring
the development of targeted numerical simulations.
We also note that while this scenario seems to ade-

quately explain both the inner warp and the free-falling
velocities, it does not explain the presence of the ⇠
130 AU cavity in the system. This should not be sur-
prising, given the large di↵erence in scale between the
warp and the cavity (and therefore di↵erent timescales
associated with physical processes at these radii), but
means that the model is not yet a complete description
of the system.

4.4. Long term Kozai oscilations and the large cavity

The dynamical influence of the low-mass companion on
its current orbit will not extend out to the 100 AU scale
needed to explain the large extent of the cavity. It is
possible, however, that its orbit may have changed over
time. The highly inclined orbit of the companion relative
to that of the massive outer disk could trigger Kozai os-
cillations (Teyssandier et al. 2013), with a period of the
order of 105 yr if the outer disk has a mass of 0.1 M�.
A Kozai cycle would result in (damped) oscillations be-
tween the current inclined circular orbit, and a highly
eccentric coplanar orbit which would perturb the disk
out to greater radii. Numerical simulations are needed
to determine if such a cycle is possible in HD 142527.

4.5. Non-axial symmetry in the cavity. Signature of
obscured planets?

Observationally we cannot test directly for past copla-
nar eccentric orbits, as in the Kozai oscilations, but we
can instead look for other mechanisms that could account
for the clearing, such as additional bodies at ⇠100 AU.
Stringent limits are available (Casassus et al. 2013c),
⇠4 Mjup bodies should have been detected unless they
are obscured.
An interesting feature of the Cycle 0 HCO+(4-3) data

is the faint filament crossing the cavity to the East, at
low velocites, with perhaps another filament to the West
(see Fig. 8 for a summary, Casassus et al. 2013c). It is
tempting to associate these HCO+ features with planet-
induced accretion flows, i.e. gaseous streamers due to ob-
scured protoplanets inside the cavity, that feed the faster
flows at the disk breaking radius. As the critical density
for the excitation of HCO+(4-3) is nH2 ⇠ 106 cm�3, and
higher than the CO(3-2) critical density of ⇠ 103 cm�3,
in the streamer interpretation the HCO+ filaments and
high-velocity flows would trace the densest regions of the
general accretion flow across the gap, which is also re-
flected in the ‘twisted’ CO kinematics. If the free-falling
accretion is initially fed by planet accretion at ⇠ 100AU,
there should be corresponding azimuthal modulations of
the H2 density field. Perhaps this is reflected in the struc-
ture of the faint, low-velocity HCO+(4-3) inside the cav-
ity.
An alternative to azimuthal modulations of the H2 den-

sity field in the cavity, is that only the abundance of
HCO+ is modulated. The tilted inner disk is shadow-

Price et al. (2017), in prep.
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M. Benisty et al.: Shadows and spirals in the protoplanetary disk HD 100453

Fig. 1. R0 (top), I0 (middle), and J band (bottom) polarized intensity images, Q� (left) and U� (right). In the optical images, the inner bright region
corresponds to saturated pixels inside our IWA. In the NIR images, the inner dark region is masked by the coronagraph. The color scale of the Q�
and U� are the same, and arbitrary. For all images, East is pointing left.

to four positions shifted by 22.5� in order to construct a set of lin-
ear Stokes vectors. The data was reduced according to the double
di↵erence method (Kuhn et al. 2001), which is described in de-
tail for the polarimetric modes of IRDIS and ZIMPOL in de Boer
et al. (2016), and lead to the Stokes parameters Q and U. Un-
der the assumption of single scattering, the scattered light from
a circumstellar disk is expected to be linearly polarized in the
azimuthal direction. Hence, we describe the polarization vector
field in polar rather than Cartesian coordinates (Avenhaus et al.

2014) and define the polar-coordinate Stokes parameters Q� and
U� as:

Q� = +Q cos(2�) + U sin(2�), (1)

and

U� = �Q sin(2�) + U cos(2�), (2)
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the system is not seen face-on. Deriving the geometric parame-
ters of the inner disk, needs to properly take these aspect into
account.

In section 2 of this letter, we derive analytical formulas for
the location of the shadow lanes cast by a highly misaligned in-
ner disk onto the surface of a geometrically thick outer disk. In
section 3 we demonstrate how the equations can be applied to the
shadows seen in HD 100453 and compare the derived geometry
with values obtained for the innermost hot disk regions through
near-IR interferometry. In particular we show that, in contrast to
claims by Long et al. (2017), the geometric parameters derived
for HD 100453 in Benisty et al. (2017), are correct.

2. Analytic equations for shadow locations

We define the coordinate system where we put the positive
x�axis towards the North, the positive y�axis towards the East,
and the positive z�axis towards the observer. The normal vector
of the inner disk, n̂1, and outer disk, n̂2 have to be rotated ac-
cording to their respective inclination and position angles, ✓1,2
and �1,2. We rotate the vectors along the x-axis for inclination
with the rotation matrix

R✓ =

2
6666666664

1 0 0
0 cos(✓) sin(✓)
0 � sin(✓) cos(✓)

3
7777777775
, (1)

and after that for the position angle along the z-axis with the
matrix

R� =

2
6666666664

cos(�) � sin(�) 0
sin(�) cos(�) 0

0 0 1

3
7777777775
. (2)

This gives for the normal vectors of the rotated disks:

n̂ =

2
6666666664

� sin(✓) sin(�)
sin(✓) cos(�)

cos(✓)

3
7777777775
. (3)

These two normal vectors define the planes of the two disks. We
assume for the remainder that the inner disk is very thin, and
the shadows are cast on the scattering surface of the outer disk
which is lifted a distance h above the midplane. Note that the
scattering surface is the height in the disk where the radiation
hits an optical depth ⌧ = 1. This is not to be confused with the
scaleheight of the disk, H, which is usually significantly lower.

The misalignment of the disks, �✓, is simply given by the
angle between the normal vectors

�✓ = cos�1 [n̂1 · n̂2] (4)
= cos�1 ⇥

sin(✓1) sin(✓2) cos(�1 � �2) + cos(✓1) cos(✓2)
⇤
.

The angle between the shadows as measured in the plane of the
outer disk is

! = 2 tan�1

s
tan2(�✓)
(h/R)2 � 1. (5)

For a cartoon raytracing of the geometry see Fig. 1. This im-
age was generated with the 3D version of the radiative trans-
fer code MCMax (Min et al. 2009) using the special ’cartoon-
mode’. In this mode the density distribution of the disk has a
hard-edge surface instead of an exponential vertical density pro-
file. This makes it much easier to visualise the geometry of the

Fig. 1. Cartoon representation of the shadows cast on the outer disk of
a transitional disk by a misaligned inner disk. For the purpose of clarity
the inner disk is blown up significantly to be able to better visualise the
geometry. Indicated are the ellipses of the inner and outer disks showing
their position angles. Also indicated by the blue line is the connecting
line between the shadows.

disks. As a basis we use the model created for the Herbig star
HD 100453 presented in Benisty et al. (2017). We removed the
spiral arms from this model and increased the size of the inner
disk to make it clearly visible in the cartoon image. Note that
the shadow in this cartoon representation shows the shadow on
the East side as a hook due to the fact that we can see the spa-
tially resolved shadow directly on the vertical wall. On the West
side we see the shadow only on the surface of the disk due to
the geometry of the system. In an observation with finite spatial
resolution we expect the shadow on the surface to dominate on
both sides.

2.1. Position angle of the line connecting the shadows

The intersection line of the two planes of the two disks defines
the position angle of the line connecting the two shadows. Note
that the position angle of the line connecting the shadows is in-
dependent of the height of the outer disk. The intersecting line
of two planes need to be parallel to both normal vectors and thus
is defined by a = n̂1 ⇥ n̂2.

a =

2
6666666664

sin(✓1) cos(✓2) cos(�1) � cos(✓1) sin(✓2) cos(�2)
sin(✓1) cos(✓2) sin(�1) � cos(✓1) sin(✓2) sin(�2)

sin(✓1) sin(✓2) sin(�2 � �1)

3
7777777775
. (6)

The position angle of the shadows, ↵, is given by:

↵ = tan�1
 

ay

ax

!
(7)

= tan�1
 

sin(✓1) cos(✓2) sin(�1) � cos(✓1) sin(✓2) sin(�2)
sin(✓1) cos(✓2) cos(�1) � cos(✓1) sin(✓2) cos(�2)

!

This simplifies to ↵ = �1 in the case that the outer disk is face on
(i.e. ✓2 = 0) or when �1 = �2.
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Fig. 4.— Comparison of the three spiral disks around young stars resolved in high contrast imagery. The spiral

disk in HD 100453 is the smallest of these three, both in angular and projected size, and displays a high degree of

symmetry in the arms as well as several asymmetric bright features in the ring. Presented here are the images of SAO

206462 (Garufi et al. 2013), and MWC 758 (Benisty et al. 2015) alongside our tri-color (RGB=HJY) image of HD

100453. The images of HD 100453 in the three bands have been stretched independently to display a similar contrast.

The black mask in the center hides the regions that are significantly a↵ected by the coronagraph, while the dashed

circle shows the innermost radius at which structures are considered to be real (0.0015). The SAO 206462 and MWC

758 images are reprinted with permission of their respective authors and the editor of Astronomy & Astrophysics.

for giant planet formation, which may have opened one or more gaps in the inner regions of the

disk, like those seen in other disks (e.g. HD 169142, Momose et al. 2015; SAO 206462, Garufi et al.

2013; V 1247 Ori, Kraus et al. 2013, etc.). Although the coronagraphic mask limits our ability to

observe inwards of ⇠17 AU from the star, there is indeed evidence of a gap extending to ⇠21 AU

projected separation in our observations, which corresponds to the predicted location of the gap

wall at 17±2 AU found by SED modelling in Maaskant et al. (2014). Additionally, the brightness

of the ⇠21-29 AU ring may be further evidence of an inner gap in the disk structure, as features

at such large separation are likely to be in shadow of the inner regions of the disk. However, the

near infrared flux of the object (see Maaskant et al. 2014) suggests the presence of an inner disk

extending to the dust sublimation radius that is unresolved in our observations. The NIR excess,

along with the brightness of the outer disk ring, is suggestive of a close inner gap wall (.1 AU),

and a gap size comparable to suggestions for the inner gap in HD 169142 (Wagner et al. 2015 and

Osorio et al. 2014).

4.2. Companions and other objects in the field of view

Our observations show another object at 1.0005, PA=43.1±1o, and contrast relative to HD

100453 A of �K1=10.51±0.04 mag and �K2=10.57±0.05 mag. The object appears in the 2003

HST ACS/HRC images at ⇠0.008, PA=30o and is characterized as a background object in Collins et

al. (2009) from a 3 month baseline with VLT/NACO. Our observations extend the baseline to 12

Wagner et al. (2015)
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Fig. 1. SPHERE/ZIMPOL polarized light imagery of HD100546. (a): Q� images in coronagraphic SlowPol mode. (b): Q� images in FastPol
mode. (c): same as (a) with labels, where the white dashed line indicates the disk major axis and the inner grey spot the coronagraph size. (d): U�

images in SlowPol mode, with color stretch twice as hard as in (a). (e): Unsharp masking of the Q� image (see Sect. 3.1.3). The predicted locations
of b (Quanz et al. 2015) and of c in May 2015 with relative azimuthal uncertainty (Brittain S., private comm.) are shown in purple and green. All
images except (e) are scaled by the squared distance from the star and are shown with linear stretch. North is up, East is left.

(FWHM) of our observations and changed the disk inner edge
over a discrete range of values to qualitatively reproduce the
signal distribution observed along the major axis.2 Both tech-
niques led to a inner radius of 0.1100 ± 0.0100. For consistency,
we applied the same techniques to the NACO datasets and found
0.1300 ± 0.0200 for both H and KS bands. Even though the error
bars from these estimates overlap, the small o↵set from the ra-
dial profiles derived from the two datasets might be real rather
than due to the di↵erent angular resolution of the observations.

We also extracted the brightness distribution along the in-
ner rim (Fig. 2c) by averaging the contribution from a 5 pixel-
wide ellipse at 0.1500, obtained by projecting a circular ring by
i = 42�. We centered the ellipse slightly outside of the intensity
peak (0.1300) to include only regions with detectable signal. The
location of the main peak well matches the major axis. On the
contrary, the peak to the NW is ⇠ 30� o↵set toward North (con-
sistently with the NACO dataset, Avenhaus et al. 2014a). The
same amount of o↵set is found between the intensity peak on
the near side and the location of the minor axis.

3.1.2. Outer disk

The azimuthal brightness distribution at large radii is highly
asymmetric. The NE half of the image (the far side) is signifi-
cantly brighter than the SW half (the near side). The distribution
on the far side seems to be also discontinuous. As highlighted in
Fig. 1c, a dark wedge to East separates two wide bright regions

2 The elliptic annuli technique may yield di↵erent results by changing
the adopted inclination and position angle. However, we did not find
any relevant di↵erence over a reasonable range of values. The results
from the toy model are valid under the assumption that the disk inner
edge is sharp, which is not necessarily true (see Mulders et al. 2013b;
Panić et al. 2014). However, for the purpose of comparison of the two
datasets this uncertainty is not an issue.

(centered at 10� and 120�). On the near side, a bright wedge
(spanning 220�-280�) stands out. A sharp bright blob is also visi-
ble to West (marked as AO artifact in Fig. 1c). This is most prob-
ably an instrument artifact as it does not appear in di↵erently
sky-oriented frames while it is seen in the total intensity images
at the radial location of the main AO ring (corresponding to the
AO correction radius at ⇡ 20 �/D, inside of which the AO system
provides almost perfect corrections).

In Fig. 2d we show the normalized azimuthal profile from
both NACO and SPHERE images, obtained at r = 0.4700 (i.e.
the predicted radial location of b, Quanz et al. 2015) similar
to Fig. 2c. Interestingly, the intensity peak from the three wave-
bands lie at the same azimuthal position, which is ⇠ 15� farther
East of North of HD100546b. The normalized distributions from
the three wavebands are consistent within the error bars almost
everywhere. The only exception is the SW bright wedge from the
SPHERE image, which is roughly 40% brighter than the same
structures from the NACO datasets. The azimuthal width of this
wedge is similar to what we found along the rim (Fig. 2c) but it
is ⇠ 20� displaced.

3.1.3. Disk structures

No significant sub-structures can easily be spotted from the outer
disk. Only a spiral arm to the NW at r ⇠ 0.200 can be seen from
Fig. 1a and Fig. 2a. To reveal any additional elusive features in
the disk, we applied an unsharp masking technique to our im-
ages. This technique consists in adding a blurred, negative ver-
sion of the original image to sharpen its details. It has been ap-
plied to protoplanetary disks images by e.g., Ardila et al. (2007)
and Quanz et al. (2011). The resulting image must be interpreted
with caution as, although sharper, it is most certainly not a more
accurate representation of the real disk structure.
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disk. While the inner companion seems to be responsible for the
gap in the disk, and could be related to the brightness asymmetry
of the inner rim, we see no obvious effect of the outer compan-
ion. The disk at this position seems to be relatively smooth.
We do not see any evidence for a disk gap formed by the planet,
although a sufficiently small gap would not be detected with our
observations. The gap would have to be significantly smaller
than our spatial resolution, though. A causal connection to the
spiral arm is possible, but unclear. A connection to the break
in the surface brightness profile around 0.′′5 is also conceivable,
but speculative.

5. CONCLUSION

The data presented in this paper clearly resolve the circum-
stellar environment of HD100546 close to the star at high S/N.
The inner hole is detected with a radius of 14 ± 2 AU and an
inclination of less than ∼50◦. Some of the other disk features
are puzzling. The general structure of the disk is well explained
by preferentially backscattering grains, making the northeast-
ern side of the disk the far side and the southwestern side of the
disk the near side. This also gives a natural explanation for the
bright spots at the inner rim along the semi-major axis due to
the scattering angle of ∼90◦. As a side effect, these scattering
peaks allow us to constrain the position angle of the semi-major
axis to 138.◦2 ± 3.◦0. We emphasize that the error given here
does not include possible systematic errors which could arise
from intrinsic differences between the northwestern and south-
eastern sides of the inner rim, but we expect such an error to
be small (on the order of the statistical error or smaller). The
disk hole toward the north detected by Quanz et al. (2011) is not
confirmed with our new data. It seems to be an artifact of the
diminished flux in the Stokes U vector, which we could correct
for in this paper.

The dark lane in the near side of the disk is likely an effect
of the polarized scattering function of the grains. The scattering
function has a broad minimum at ∼60◦. This, together with the
differences in the scattering function derived at two different
radii, supports the interpretation of a flaring angle increasing
with radius in the disk. To understand the dust scattering in
detail, we would need a complete, self-consistent radiative
transfer model of the disk, from which artificial PDI images
could be produced. Such an analysis is beyond the scope of this
paper and is left for future investigations.

Another unexplained phenomenon is the brightness asymme-
try of the disk rim, with the southeast side being significantly
brighter in the H, Ks, and L′ filters. The asymmetry cannot be
caused by an ellipticity of the inner rim, but could be related to
the companion orbiting within this rim. This connection, how-
ever, is speculative. It would be consistent with the fact that the
inner companion should be close to the bright spot in early 2013
(Brittain et al. 2013), but the asymmetry has been detected in
the Ks band in 2006 as well.

The newly detected spiral arm could also have its origin in
the companion(s), but again, this is unclear. We do not find a
connection with any of the spiral arms detected by other authors.

ALMA observations at similar resolution would help answer the
questions about the nature of this feature, and would also allow
us to determine whether the spiral arm is a surface feature of the
disk or whether it is also present in the surface density.
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Guimarães, M. M., Alencar, S. H. P., Corradi, W. J. B., & Vieira, S. L. A.

2006, A&A, 457, 581
Hashimoto, J., Dong, R., Kudo, T., et al. 2012, ApJL, 758, L19
Houk, N., & Cowley, A. P. 1975, University of Michigan Catalogue of Two-

dimensional Spectral Types for the HD Stars, Vol. 1 (Ann Arbor, MI: Univ.
of Michigan)

Kenworthy, M., Quanz, S., Meyer, M., et al. 2010, Msngr, 141, 2
Liskowsky, J. P., Brittain, S. D., Najita, J. R., et al. 2012, ApJ, 760, 153
Liu, W. M., Hinz, P. M., Meyer, M. R., et al. 2003, ApJL, 598, L111
Mayama, S., Hashimoto, J., Muto, T., et al. 2012, ApJL, 760, L26
Mulders, G. D., Paardekooper, S.-J., Panić, O., et al. 2013, A&A, 557, A68
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ABSTRACT

Context. Protoplanetary disks around young stars harbor many structures related to planetary formation. Of particular interest, spiral
patterns were discovered among several of these disks and are expected to be the sign of gravitational instabilities leading to giant
planet formation or gravitational perturbations caused by already existing planets. In this context, the star HD 100546 presents some
specific characteristics with a complex gaseous and dusty disk that includes spirals, as well as a possible planet in formation.
Aims. The objective of this study is to analyze high-contrast and high angular resolution images of this emblematic system to shed
light on critical steps in planet formation.
Methods. We retrieved archival images obtained at Gemini in the near IR (Ks band) with the instrument NICI and processed the data
using an advanced high contrast imaging technique that takes advantage of the angular differential imaging.
Results. These new images reveal the spiral pattern previously identified with Hubble Space Telescope (HST) with an unprecedented
resolution, while the large-scale structure of the disk is mostly cancelled by the data processing. The single pattern to the southeast
in HST images is now resolved into a multi-armed spiral pattern. Using two models of a gravitational perturber orbiting in a gaseous
disk, we attempted to constrain the characteristics of this perturber, assuming that each spiral is independent, and drew qualitative
conclusions. The non-detection of the northeast spiral pattern observed in HST allows putting a lower limit on the intensity ratio
between the two sides of the disk, which if interpreted as forward scattering, yields a larger anisotropic scattering than is derived in
the visible. Also, we find that the spirals are likely to be spatially resolved with a thickness of about 5–10 AU. Finally, we did not
detect the candidate planet in formation recently discovered in the Lp band, with a mass upper limit of 16–18 MJ.

Key words. stars: individual: HD 100546 – protoplanetary disks – planet-disk interactions – stars: early-type –
techniques: image processing – techniques: high angular resolution

1. Introduction

Understanding planetary formation requires identiying and de-
scribing the many steps in this complex process and in par-
ticular, the moment they start to form in circumstellar disks.
At least two formation mechanisms have been proposed to ex-
plain the diversity of giant exoplanets as observed today. The
so-called core accretion model (Pollack et al. 1996) is able to
account for the presence of most of the exoplanets discovered
by radial velocity and located in the first ten AU from the star.
At the same time, direct imaging has provided detections of
young (>10 Myr) and massive planets at much larger separa-
tions (>50 AU, e.g. Chauvin et al. 2005) and, of which the
vast majority presumably require gravitational instabilities to
form (Boss 1998). So far, β Pictoris b (Lagrange et al. 2010)
could be the only imaged exoplanet that may have formed in the
core-accretion regime (Rameau et al. 2013). This peculiar object
also indicates that the timescale for formation can be very short
(≤10 Myr). However, it is difficult to rely solely on astrometric

⋆ Based on data retrieved from the Gemini archive.

and photometric measurements in direct images to determine
which formation model is at work in a given planetary system.
Therefore, the observation of younger (<10 Myr) protoplanetary
disks is of prime importance for detecting any signs of plane-
tary formation and ideally for catching a planet in formation. In
particular, imaging in scattered light allows the spatial distribu-
tion of the dust to be mapped on the disk surface, and can com-
plement the information collected from unresolved photometric
or spectroscopic observations, as well as from mid-infrared and
sub-mm imaging.

Among the protoplanetary disks in the solar vicinity for
which the spatial resolution is fine enough to probe the regions
of planetary formation, the system HD 100546 has recently
been the focus of a lot of attention with the announcement
by Quanz et al. (2013) of a candidate planet in formation.
The star is young (5–10 Myr, Guimarães et al. 2006) and be-
longs to the class of Herbig Ae/Be star. However, the large
amount of gas observed in absorption and emission (Panić et al.
2010; Goto et al. 2012) may suggest an age closer to the
lower limit of 5 Myr. The presence of a circumstellar disk has
been suspected since IRAS observations, and its spectral energy
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ABSTRACT

We report high-resolution NIR spectroscopy of CO and OH emission from the Herbig Be star HD 100546. We discuss

how our results bear striking resemblance to several theoretically predicted signposts of giant planet formation.

The properties of the CO and OH emission lines are consistent with our earlier interpretation that these diagnostics

provide indirect evidence for a companion that orbits the star close to the disk wall (at ∼13 AU). The asymmetry of

the OH spectral line profiles and their lack of time variability are consistent with emission from gas in an eccentric

orbit at the disk wall that is approximately stationary in the inertial frame. The time variable spectroastrometric

properties of the CO v = 1–0 emission line point to an orbiting source of CO emission with an emitting area similar

to that expected for a circumplanetary disk (∼0.1 AU2 ) assuming the CO emission is optically thick. We also

consider a counterhypothesis to this interpretation, namely that the variable CO emission arises from a bright spot

on the disk wall. We conclude with a brief suggestion of further work that can distinguish between these scenarios.

Key words: circumstellar matter – protoplanetary disks – stars: formation – stars: individual (HD 100546) –

techniques: spectroscopic

Online-only material: color figures

1. INTRODUCTION

Planet formation is a complex and poorly understood process

(Helled et al. 2013). Yet candidate forming planets have been

inferred in several protoplanetary disk systems based on studies

of their spectral energy distributions and through direct imaging

in the continuum (e.g., Quanz et al. 2013; Kraus & Ireland

2012; Huélamo et al. 2011). A low-mass accreting object in a

transition disk has also been imaged in Hα (Close et al. 2014).

The Herbig B9e star HD 100546 has attracted recent attention as

a system that may have forming low-mass, possibly planetary,

companions (e.g., Quanz et al. 2013; Mulders et al. 2013;

Brittain et al. 2013; Liskowsky et al. 2012; Panić et al. 2014).

Located at a distance of 97 ± 4 pc (van Leeuwen 2007) and with

an age of ∼3–10 Myr (Manoj et al. 2006; van den Ancker et al.

1997), HD 100546 has a spectral energy distribution (SED) with

a minimal near infrared (NIR) excess coupled with a substantial

mid/far infrared (M/FIR) excess, i.e., it is a transition disk

object. Modeling the SED, Bouwman et al. (2003) concluded

that HD 100546 has a small disk in the inner few astronomical

units and a much more massive disk beyond ∼10 AU (see also

Liu et al. 2003; Grady et al. 2005; Acke & van den Ancker

2006; Benisty et al. 2010; Quanz et al. 2011; Panić et al. 2014).

Millimeter observations indicate that the dust mass of the disk

is 5 × 10−4 M⊙ (Henning et al. 1998). The large optically thin

region between the inner disk and the outer disk suggests that

the disk structure has evolved, possibly as a result of planet

formation.

Stellar accretion is also ongoing in the system. Balmer

lines with redshifted absorption components at ∼220 km s−1 ,

consistent with magnetospheric accretion, have been observed

toward HD 100546 (Guimarães et al. 2006). Modeling the

Balmer discontinuity of HD 100546, Pogodin et al. (2012)

concluded that the accretion rate is 6 × 10−8 M⊙ yr−1 . Despite

this high accretion rate, the optically thin region of the disk

appears to be clear of molecular gas. High-resolution infrared

spectroscopy of rovibrational H2 (Carmona et al. 2011), OH

(Liskowsky et al. 2012; Paper I), and thermal-fluorescent CO

emission (Brittain et al. 2009; van der Plas et al. 2009) find

no molecular gas within ∼13 AU of the star. Similarly, Habart

et al. (2006) find that this inner region is also devoid of

polycyclic aromatic hydrocarbon emission. Some atomic gas

remains in the inner region of the disk, based on [O i] 6300 Å

spectroscopy (Acke & van den Ancker 2006), which is not

surprising given the continued stellar accretion. Thus, SED

modeling, interferometry, direct imagery, and spectroscopy of

warm molecules are all consistent with HD 100546 being an

accreting transitional disk system whose inner 13 AU has been

mostly (though not entirely) emptied of material.

Careful analysis of the CO and OH high-resolution spectro-

scopic observations provides possible evidence of an orbiting

object near the disk wall at 13 AU. The asymmetric line profiles

that we observed in the OH spectrum of HD 100546 are con-

sistent with emission from an annulus with an eccentricity of

∼0.2 (Paper I). Such a level of eccentricity can be produced by

tidal interactions with a high-mass planetary companion on a

circular orbit (Kley & Dirksen 2006). Because dynamical mod-

els predict that the semi-major axis of the eccentric annulus will

precess very slowly (∼10◦ /1000 orbits; Kley & Dirksen 2006),

we noted that if the asymmetric OH emission from HD 100546

arises from an eccentric annulus induced by a planetary compan-

ion, the line profile should not vary over timescales of months

to years (Paper I).

The presence of an orbiting companion has also been inferred

from non-axisymmetric structure in the gaseous CO v = 1–0

emission from HD 100546 (Brittain et al. 2013; Paper II).

1

“A plausible scenario is a warped geometry in the 
inner disc casting a partial shadow on the outer disc”

A. Boccaletti et al.: Multiple spiral patterns in the protoplanetary disk of HD 100546

Fig. 5. Southern spiral patterns in the LOCI image, with each pieces labeled (left), and the corresponding fits with a Muto et al. (2012) model
calculated in the deprojected image (right). The positions of the Quanz et al. (2013) candidate forming planet and the southern point-source
candidate identified in Sect. 3 are indicated by two white crosses in the deprojected image.

Fig. 6. Left: S/N map measured in the LOCI image. S4 and S6 have a higher S/N in the cADI image as seen in Fig. 1. Right: LOCI image as in
Fig. 5 together with the contour of the F606W ACS image superimposed.

to the large stellar residuals. Both S1 and S2 are seen in the
HST/ACS image as a single broken spiral2 but here are iden-
tified as two separate features. The inner part of S1, at a radius
smaller than 1.8′′, is not seen in the HST image. S3 is similar to
S1 and both are nearly parallel. Three additional patterns S4, S5,
and S6 are marginally visible in the LOCI image with S5 lying
in between S1 and S3, possibly on a different track. Both S4 and
S6 are identified well in the cADI image in Fig. 1, while they
are more attenuated by LOCI. The S/N map is shown in Fig. 6
(left) for the LOCI process where the noise is the azimuthal stan-
dard deviation for each radius. All spirals have S /N > 3, locally.
This must be considered as a minimum value since the spirals

2 S1 and S2 are noted 3a in Fig. 7 of Ardila et al. (2007).

themselves contribute to the azimuthal variations, and then to
the noise. A comparison of NICI and HST images obtained six
to seven years apart did not reveal any significant orbital motion
of the spirals (Fig. 6, right). There might be a small offset of S2,
but it is unrealistic to decide on a motion as long as the star po-
sitions match at the one-pixel-level precision, and the field ori-
entation is known to be only a few tenths of a degree. All spirals
appear clumpy, but it remains delicate to determine the impact
of the speckle noise and the reduction process in these data, so
the surface brightness inhomogeneities along the spirals might
just be an artifact. We do not detect any spirals in the northern
region, while S1 clearly has a centro-symmetrical counterpart in
the HST data (Ardila et al. 2007) where it appears fainter and
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SUMMARY

➤ All the main observational features in HD142527 can be 
explained by the presence of the binary companion 

➤ Suggests circumbinarity may be the origin of many features 
seen in transitional discs (c.f. LkCa15; Sallum et al. 2015) 

➤ Are all transitional discs circumbinary?– 8 –

Fig. 4.— Comparison of the three spiral disks around young stars resolved in high contrast imagery. The spiral

disk in HD 100453 is the smallest of these three, both in angular and projected size, and displays a high degree of

symmetry in the arms as well as several asymmetric bright features in the ring. Presented here are the images of SAO

206462 (Garufi et al. 2013), and MWC 758 (Benisty et al. 2015) alongside our tri-color (RGB=HJY) image of HD

100453. The images of HD 100453 in the three bands have been stretched independently to display a similar contrast.

The black mask in the center hides the regions that are significantly a↵ected by the coronagraph, while the dashed

circle shows the innermost radius at which structures are considered to be real (0.0015). The SAO 206462 and MWC

758 images are reprinted with permission of their respective authors and the editor of Astronomy & Astrophysics.

for giant planet formation, which may have opened one or more gaps in the inner regions of the

disk, like those seen in other disks (e.g. HD 169142, Momose et al. 2015; SAO 206462, Garufi et al.

2013; V 1247 Ori, Kraus et al. 2013, etc.). Although the coronagraphic mask limits our ability to

observe inwards of ⇠17 AU from the star, there is indeed evidence of a gap extending to ⇠21 AU

projected separation in our observations, which corresponds to the predicted location of the gap

wall at 17±2 AU found by SED modelling in Maaskant et al. (2014). Additionally, the brightness

of the ⇠21-29 AU ring may be further evidence of an inner gap in the disk structure, as features

at such large separation are likely to be in shadow of the inner regions of the disk. However, the

near infrared flux of the object (see Maaskant et al. 2014) suggests the presence of an inner disk

extending to the dust sublimation radius that is unresolved in our observations. The NIR excess,

along with the brightness of the outer disk ring, is suggestive of a close inner gap wall (.1 AU),

and a gap size comparable to suggestions for the inner gap in HD 169142 (Wagner et al. 2015 and

Osorio et al. 2014).

4.2. Companions and other objects in the field of view

Our observations show another object at 1.0005, PA=43.1±1o, and contrast relative to HD

100453 A of �K1=10.51±0.04 mag and �K2=10.57±0.05 mag. The object appears in the 2003

HST ACS/HRC images at ⇠0.008, PA=30o and is characterized as a background object in Collins et

al. (2009) from a 3 month baseline with VLT/NACO. Our observations extend the baseline to 12


