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Cavities as planet formation signposts 

Giant planet formation is 
thought to clear gaps or central 
cavities  since the 80s 
(Goldreich & Tremaine 1980, Lin 
& Papaloizou 1980)

…. but definite observational 
evidence for the origin of 
resolved gaps remains elusive.



0, L1527IRS (Tobin+ 2012)
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A ,0.2-solar-mass protostar with a Keplerian disk
in the very young L1527 IRS system
John J. Tobin1, Lee Hartmann2, Hsin-Fang Chiang3,4, David J. Wilner5, Leslie W. Looney3, Laurent Loinard6,7, Nuria Calvet2

& Paola D’Alessio6

In their earliest stages, protostars accrete mass from their surround-
ing envelopes through circumstellar disks. Until now, the smallest
observed protostar-to-envelope mass ratio was about 2.1 (ref. 1).
The protostar L1527 IRS is thought to be in the earliest stages of star
formation2. Its envelope contains about one solar mass of material
within a radius of about 0.05 parsecs (refs 3, 4), and earlier observa-
tions suggested the presence of an edge-on disk5. Here we report
observations of dust continuum emission and 13CO (rotational
quantum number J 5 2 R 1) line emission from the disk around
L1527 IRS, from which we determine a protostellar mass of
0.19 6 0.04 solar masses and a protostar-to-envelope mass ratio of
about 0.2. We conclude that most of the luminosity is generated
through the accretion process, with an accretion rate of about
6.6 3 1027 solar masses per year. If it has been accreting at that rate
through much of its life, its age is approximately 300,000 years,
although theory suggests larger accretion rates earlier6, so it may
be younger. The presence of a rotationally supported disk is con-
firmed, and significantly more mass may be added to its planet-
forming region as well as to the protostar itself in the future.

The protostar L1527 IRS (hereafter L1527), at a distance of about
140 pc, is one of the nearest class 0 protostars; this is the earliest phase
of the star formation process2, and we show a schematic diagram of a
protostellar system in Fig. 1. Observations of dust continuum emission
towards L1527 were obtained with the Submillimeter Array (SMA)
and Combined Array for Millimeter-wave Astronomy (CARMA) at
wavelengths of 870mm, 1.3 mm and 3.4 mm, following up indications
from previous Gemini results5 that L1527 harboured an edge-on disk.
The 870-mm and 3.4-mm data are shown in Fig. 2 with sufficient
resolution to resolve the emission from the disk midplane, finding
it to be extended north–south, like the 3.8-mm dark lane. The ob-
served disk is ,180 6 12 astronomical units (AU) in diameter (radius
R <90 AU), measured from inside the outer contour plotted in Fig. 2;
the dust emission appears smaller than the mid-infrared dark lane
because the lower-density outer disk is fainter than the sensitivity limit.
(1 AU is the distance from the Earth to the Sun, 1.496 3 1013 cm.) Other
studies did not conclusively detect disks around L1527 and other class
0 protostars because the spatial resolution was too low to distinguish
the disk emission from the envelope and/or the disks were too small7,8.
We estimate a disk mass of 0.007 6 0.0007 M[ from the 870-mm flux
density (F870mm 5 213.6 6 8.1 mJy); details are given in Supplementary
Information section 3. We consider this mass a lower limit because the
adopted dust opacity is large (3.5 cm2 g21 at 850mm)9, and we have not
accounted for spatial filtering by the interferometer.

We observed the 13CO ( J 5 2 R 1) molecular line transition with
CARMA at a wavelength of 1.3 mm. This line traces the outflow in
most class 0 protostars10; however, Fig. 3 shows that the 13CO emission
primarily traces the inner envelope and disk in L1527. The outflow
is detected at velocities less than 61 km s–1, but does not affect our

analysis (Supplementary Information section 2). The 13CO data have
lower resolution than the 870-mm and 3.4-mm observations (10,
140 AU); however, the positional accuracy of line emission is compar-
able to the resolution divided by the signal-to-noise ratio (typically 5 or
higher), enabling us to determine the location of emission accurately in
each velocity channel. Figure 3 shows the 13CO emission from the
blueshifted and redshifted components to be on opposite sides of pro-
tostar, consistent with Keplerian rotation. The emission from the disk
is most probably confined to 610; at larger radii and lower velocities we
expect the flattened envelope to contribute to the kinematics, as shown
by lower-resolution 13CO ( J 5 1 R 0) observations11. The observa-
tions shown in Figs 2 and 3 as a whole provide definitive evidence
for a large, rotationally supported disk in this class 0 protostellar sys-
tem. Such a disk at this early phase may be inconsistent with some disk
formation models that consider strong magnetic braking12,13; however,
large disks can form at this stage in models with weak magnetic
fields14,15 or if the magnetic field is not aligned with the rotation axis16.

Assuming that the disk is rotationally supported and that the mass
of the protostar is dominant, we can use the position–velocity informa-
tion from the molecular line data to determine the protostellar mass.

1National Radio AstronomyObservatory, Charlottesville, Virginia 22903, USA. 2Departmentof Astronomy, University of Michigan, AnnArbor, Michigan 48109, USA. 3Departmentof Astronomy, University of
Illinois, Urbana, Illinois 61801, USA. 4Institute for Astronomy and NASA Astrobiology Institute, University of Hawaii at Manoa, Hilo, Hawaii 96720, USA. 5Harvard-Smithsonian Center for Astrophysics,
Cambridge, Massachusetts 02138, USA. 6Centro de Radioastronomı́a y Astrofı́sica, UNAM, Apartado Postal 3-72 (Xangari), 58089 Morelia, Michoacán, Mexico. 7Max-Planck-Institut für Radioastronomie,
Auf dem Hügel 69, 53121 Bonn, Germany.
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Figure 1 | Cartoon of a protostellar system rotated to match the orientation
of L1527. Green shading highlights the large (R < 12,500 AU) infalling
envelope surrounding the protostar and disk; the envelope geometry on
10,000-AU scales is generally more complex than shown here27. Because the
infalling material has some net rotation, it falls onto a disk due to conservation
of angular momentum rather than directly onto the protostar. The disk is
coloured with a red-to-blue velocity gradient to illustrate Keplerian rotation
around the protostar. Mass is transported from the envelope to the disk and
then it is accreted through the disk and onto the protostar. The protostar and
disk both work together and drive a bipolar outflow10 that evacuates the polar
regions of the envelope.
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This has been done for more evolved sources, but not for a class 0
protostar17,18. To determine the mass, we measured the positional off-
set of the line emission relative to the protostar (1.3-mm continuum
source) in each velocity channel (binned to 0.3 km s–1) and the
position–velocity data were fitted with a Keplerian rotation curve
(velocity v 5 (GM/r)1/2, where G is the gravitational constant, M is
the protostellar mass and r is the radius at which the velocity is being
measured). These data are plotted in Fig. 4 and least-squares fitting
yields a protostellar mass of 0.19 6 0.04 M[; the flattening of radius at
velocities less than ,1.5 km s–1 can be attributed to the superposition
of rotation velocities projected along the line of sight at large radii. We
do not expect contributions from the envelope to affect the fit because
its emission is at lower velocities and larger scales11. The almost edge-
on nature of L1527 facilitates this analysis because the ,85u inclina-
tion5,19 does not significantly affect any calculations. Although the
model fit in Fig. 4 is simplistic, it highlights the important physics of
the problem, and the method is consistent with simulated observations
of more complicated line radiative transfer models that require many
assumptions (Supplementary Information section 4).

Masses have previously been estimated for binary Class 0 protostel-
lar systems using proper motion measurements at very high resolu-
tion20, but with substantial uncertainty due to unconstrained orbital
parameters. The primary uncertainty in our measurement is whether
the protostellar mass is dominant over the disk/envelope mass at the
scales we are probing. The disk mass of 0.007 M[ could be up to a few

times higher owing to opacity uncertainties, and the envelope mass
within R 5 150 AU is only expected to be ,0.01 M[, because most
mass is on large scales. If we allow for a factor of four times higher
disk and envelope masses, they would combine to contribute at most
,35% to the total mass. The kinematic effect of this additional mass
should become apparent at larger disk radii, but the current data are
insufficient to distinguish this effect. Moreover, the possibility of addi-
tional mass would only cause the protostellar mass to be overestimated.

The ratio of protostellar mass to envelope mass in L1527 is only
,20%; all other protostellar systems with dynamical mass measure-
ments from disk rotation have protostellar masses greater than twice
the surrounding envelope mass1. Therefore, in contrast to these more
evolved systems, L1527 will probably accumulate significantly more
mass. Accreting protostars are expected to follow a ‘birthline’, with
rising effective temperature and luminosity with increasing mass; the
birthline is also the starting point of pre-main-sequence evolution once
the protostar has stopped accreting significantly21. If L1527 is on the
birthline, we can estimate its stellar parameters from the mass. We use
the birthline model21 with an accretion rate of 2 3 1026 M[ yr–1; for
a 0.19-M[ protostar, this model gives a radius of 1.7 R[, an effec-
tive temperature of 3,300 K, and a luminosity of 0.3 L[. This indicates
that ,90% of the protostar’s total luminosity (2.75 L[; ref. 19) is
supplied by accretion of mass onto the protostar. Thus, the accretion
rate of the disk onto the protostar is ,6.6 3 1027 M[ yr–1, assuming
Lacc~GM _M

!
R! (here Lacc is the luminosity generated by accretion,
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Figure 2 | Images of the edge-on disk around the protostar L1527.
a–c, High-resolution images of L1527 are shown at wavelengths of 870mm
from the SMA (a), 3.4 mm from CARMA (b) and 3.8mm from Gemini
(c), showing the disk in dust continuum emission and scattered light. The
Gemini image is shown on a larger scale to fully capture the scattered light
features, the dashed grey lines mark the outer edge of the region shown in the
submillimetre images. The submillimetre images are elongated in the direction
of the dark lane shown in c, consistent with an edge-on disk in this class 0

protostellar system. The outflow direction is indicated by the red and blue
arrows in a, denoting the respective directions of the outflow. The white cross in
c marks the central position of the disk from the SMA images. The contours in
the 870-mm and 3.4-mm images start at three times the noise level and increase
at this interval; the noise level is 5.0 mJy per beam and 0.24 mJy per beam for the
SMA and CARMA data, respectively. The ellipses in the lower right corner of
each image give the resolution of the observations, approximately 0.250
(a), 0.350 (b) and 0.350 (c). RA, right ascension; dec., declination.
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Figure 3 | 13CO emission from the disk around L1527 exhibiting a
Keplerian rotation signature. a–c, The CARMA 1.3-mm continuum image is
shown (greyscale) with the red and blue contours showing 13CO emission
integrated at low velocities (a), intermediate velocities (b) and high velocities
(c). The white cross in all panels marks the location of the protostar. The
blueshifted and redshifted emission centroids show a clear signature of rotation
on the size scale of the protostellar disk and no extension of emission along the
outflow. The low-velocity emission probably includes contributions from the

envelope, while the intermediate- to high-velocity emission is dominated by the
disk. The low-velocity range (a; in km s21) is 6.35–7.25 (shown red) and 4.55–
5.3 (shown blue); the intermediate-velocity range (b; in km s21) is 7.25–8.0
(red) and 3.8–4.55 (blue); the high-velocity range (c; in km s21) is 8.0–8.6 (red)
and 3.2–3.8 (blue). The contours start and increase in intervals three times the
noise level (s) where s 5 0.85 K km s–1 (red) and 0.75 K km s–1 (blue). The
angular resolution of these data are given by the ellipse in the lower right
corners, 1.10 3 0.950.
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The Astrophysical Journal, 774:16 (16pp), 2013 September 1 Rosenfeld et al.

Figure 1. The disk hosted by HD 163296 imaged in four CO lines. The disk orientation is indicated by the solid gray lines, the synthesized beam dimensions are shown
in the lower left corner panels. Each line has been regridded onto the same velocity resolution (written relative to the systemic velocity in km s−1). The emission is
shown in both color and with σ × [3, 6, 10 + 5n] (n = 0, 1, 2, . . .) contours (see Table 1 for noise estimates). The last panel for each line contains the zeroth (contours)
and first (color scale) integrated moment maps.
(A color version of this figure is available in the online journal.)

data package (the signal-to-noise ratio per channel improves by
a factor of ∼2–3).

The 12CO J = 3–2 emission observed toward the disk around
HD 163296 is asymmetric in its spatial morphology across the
major axis of the disk (P.A. = 312◦). For channels offset from
the line center by velocities !1 km s−1, the resolved emission
appears systematically closer to the southern semi-minor axis
(see Figure 2 and the top set of channel maps in Figure 1).
Furthermore, channel-by-channel, the southern half of the disk
is brighter than the northern. The 12CO J = 2–1 line has these
same features (refer to Figure 1), but the effect is much less
obvious; the morphological asymmetry can only be clearly seen
for a few channels, |∆v| ≈ 1.7–2.0 km s−1. The 13CO and C18O
spectral emission have no apparent spatial asymmetries (see
Figure 1).

4. ANALYSIS

Before attempting to explain the detailed morphologies of
these CO data, we provide a brief primer on molecular line
emission from a rotating disk (e.g., Omodaka et al. 1992;
Beckwith & Sargent 1993). The observed line is centered
around some transition frequency, f0, with a linewidth that is
sensitive to the quadrature sum of both the thermal velocity
and turbulent motions of the gas. If the emitting gas has some
bulk velocity along the line of sight, vlos, then the line center
will be Doppler shifted away from the transition frequency,
f0, by an amount ∆f = −vlos(f0/c). Observations taken by
(sub-)millimeter interferometers like ALMA have both spectral
and spatial resolution, and produce an image of the source for
a set of frequency, or equivalently velocity, channels. These
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II, HD162396  
(Rosenfeld+ 2013) 

III, debris, 
HR4796A (GPI)

ALMA Observations of HL Tau 3

FIG. 1.— Panel (a) shows an overview of the HL Tau region with red and blue colors mapped to the integrated intensity of the redshifted (7.25 to 20 km s−1)
and blueshifted (0.0 to 6.0 km s−1) 12CO (1-0), respectively. The ALMA 1.′′1 resolution 12CO (1-0) images (synthesized beam shown in the lower left) have
not been corrected for primary beam attenuation; the displayed field of view corresponds to the ∼ 15% power point. Green shows an HST R-band image (this
band includes stellar continuum, Hα, and [SII]). The darker diagonal stripe across the image (visible in some viewers) corresponds to a gap in the HST ACS
WFC detector. Panels (b) and (c) show zoomed in views of XZ Tau (A and B) and LkHα358, respectively. All three panels show ALMA 2.9 mm primary beam
corrected continuum contours overlaid in blue at 33×(4, 14,19) µJy beam−1 (the corresponding synthesized beam is shown in the lower left of panels (b) and (c),
also see Table 1). The HST image has been precessed to epoch 2014.83 using the proper motion derived in §3.1.1.

+20◦37′34.2649′′20 before calibration, after which excellent
position agreement for HL Tau was achieved across all three
Bands (see fitted positions in Table 1)21. Additionally, the
final LBC antenna position corrections were applied before
the data were calibrated (see ALMA partnership et al. 2015).
For each execution, the bandpass and absolute flux calibrators
were dynamically chosen by the ALMA online system and
alternated between the frequently monitored quasars J0423-
20 Both final phase calibrator positions were taken from

http://astrogeo.org/vlbi/solutions/rfc_2012b/rfc_2012b_cat.txt.
21 The small shifts in position due to proper motion over the month long

observing span have been ignored.

0120 and J0510+1800, depending on the LST start time22.
Based on comparison of the resulting calibrated phase cali-
brator flux densities across the many executions for each band,
we estimate that the absolute flux calibration is good to within
5% for the final combined data at each wavelength.
The continuum images for all three bands were made us-

ing multi-frequency synthesis, and the visibility weighting
employed was mid-way between natural and uniform (i.e.,
CASA clean parameter robust=0.0). Individually, the 1.3 mm
and 0.87 mm data have a fractional bandwidth small enough
(< 10%) to ignore spectral index effects in the imaging.
In contrast, the range of continuum spws available for the

ALMA Observations of HL Tau 5

FIG. 2.— Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm psf for the same FOV as the
other panels, as well as an inset with an enlarged view of the inner 300 mas centered on the psf’s peak (the other bands show similar patterns). Panels (e) and
(f) show the image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (α) map has been masked where
α/αerror < 4. The synthesized beams are shown in the lower left of each panel, also see Table 1. The range of the colorbar shown for panel (b), at 1.3 mm,
corresponds to −2×rms to 0.9× the image peak, using the values in Table 1. The colorscales for panels (a), (c) and (e) are the same except using the values of
rms and image peak corresponding to each respective wavelength in Table 1.

reconcile with a simple disk/outflow scenario, suggesting that
the blue-shifted outflow has broken out of the parental core
(Monin et al. 1996), or that there is another – as yet unidenti-
fied – driving source. Unfortunately, the 12CO (1-0) data are
missing significant flux (due to a lack of short spacings), and
have insufficient sensitivity in the outer portions of the field
of view to warrant deeper analysis of its properties. Figs. 1b,
and c show zoomed in views of our serendipitous detections of
XZ Tau (A and B), and LkHα358; no other continuum sources
above the local 4σ level were detected.

3.1. HL Tau

3.1.1. Position and Proper Motion

The fitted position for HL Tau in each of the ALMA
images is given in Table 1. The phase calibrator posi-
tions are accurate to < 1 mas and the positions are consis-
tent between the three observed bands to better than 2 mas
(consistent with dedicated LBC astrometry experiments, see
ALMA partnership et al. 2015); thus, we assume 2 mas as the
absolute ALMA position uncertainty. The position reported
by Kwon et al. (2011) from 1.3 mm CARMA observations is
04h31m38s.418 +18◦13′57.′′37 (J2000, epoch 2009.08). The
phase calibrator for CARMA observations (J0510+1800) had
a position accurate to better than 1 mas, and we assume an

I, HLTau 
(ALMA)



Overview of a class II disk  

• Schematics of disk structure and dust growth (Testi+ 2014, PPVI)
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Fig. 1.— Illustration of the structure, grain evolution processes and observational constraints for protoplanetary disks. On
the left side we show the main grain transport and collision mechanism properties. The different lengths of the arrows
illustrate the different velocities of the different grains. On the right hand side, we show the areas of the disk that can be
probed by the various techniques. The axis shows the logarithmic radial distance from the central star. The horizontal
bars show the highest angular resolutions (left edge of the bars) that can be achieved with a set of upcoming facilities and
instruments for at the typical distance of the nearest star forming regions.

with respect to the gas. The force exerted on them depends
not only on the relative motion between gas and dust, but
also on the particle size: small particles that are observable
at up to cm wavelength can quite safely be assumed to be
smaller than the mean free path of the gas molecules and are
thus in the Epstein regime. If the particles are larger than
about the mean free path of the gas molecules, a flow struc-
ture develops around the dust particle and the drag force is
said to be in the Stokes drag regime (Whipple, 1972; Wei-
denschilling, 1977). Large particles in the inner few AU of
the disk could be in this regime, and the transition into the
Stokes drag regime might be important for trapping of dust
particles and the formation of planetesimals (e.g. Birnstiel
et al., 2010a; Laibe et al., 2012; Okuzumi et al., 2012). An
often used quantity is the stopping time, or friction time,
which is the characteristic time scale for the acceleration or
deceleration of the dust particles ⌧s = mv/F , where m

and v are the particle mass and velocity, and F is the drag
force. Even more useful is the concept of the Stokes num-
ber, which in this context is defined as

St = ⌦K ⌧s, (1)

a dimensionless number, which relates the stopping time to
the orbital period ⌦K. The concept of the Stokes number is
useful because particles of different shapes, sizes, or com-
position, or in a different environment have identical aero-
dynamical behavior if they have the same Stokes number.

2.1.2. Radial drift

The simple concept of drag force leads to important
implications, the first of which, radial drift, was realized
by Whipple (1972), Adachi et al. (1976), and by Weiden-
schilling (1977): an orbiting parcel of gas is in a force bal-
ance between gravitational, centrifugal, and pressure forces.
The pressure gradient is generally pointing outward because
densities and temperatures are higher in the inner disk.
This additional pressure support results is a slightly sub-
Keplerian orbital velocity for the gas. In contrast, a freely
orbiting dust particle feels only centrifugal forces and grav-
ity, and should therefore be in a Keplerian orbit. This slight
velocity difference between gas and a free floating dust par-
ticle thus causes an efficient deceleration of the dust par-
ticle, once embedded in the gaseous disk. Consequently,
the particle looses angular momentum and spirals towards

3



Scope: large transition disks
• Axisymmetric SED modelling  ⇒ radial gaps or central cavities 

in  transition disks, in transition from Class II to Class III. 
• Class of  SED-selected TDs  is heterogeneous: bimodal 

distribution in dust mass 
6 Owen, J. E.
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Figure 3. The relative ratio of transition to primordial discs in
each quartile of the primordial discs’ mm distribution (Owen &
Clarke 2012). The primordial discs mm distribution has a median
1.3mm flux of ⇡ 30 mJy at a distance of 140pc.

had two distinctly di↵erent hole size and accretion rate
distributions. The population at low mm fluxes have low
accretion rates . 10�9 M� yr�1 and small hole sizes
. 20 AU and the population at high mm fluxes have
higher accretion rates ⇠ 10�8 M� yr�1 and larger hole
sizes & 20 AU.

Owen & Clarke (2012) hypothesised that the pop-
ulations at low mm-fluxes was actually a population
of young stars in the process of dispersing their discs:
i.e. actual transition discs, since they had all the evo-
lutionary hallmarks of discs at the end of their lives:
low disc masses and accretion rates. Furthermore, if all
discs went through this process they argued that this
low-mm flux population of transition discs should be
uniformly drawn in spectral type for the entire pop-
ulation of the discs. Figure 4 shows the spectral type
distributions of low-mm flux transition discs (dashed),
all discs (solid) and high-mm flux transitions discs (dot-
ted). While it is clear the spectral type distribution of
low-mm transition discs is indistinguishable from the
entire population of discs, the high-mm flux population
is clearly biased towards earlier spectral-types to a high
level of significance (4.8�) and therefore more massive
stars.

In summary, there is strong evidence for two distinct
populations of transition discs; here we label transition
discs with a low mm flux: mm-faint and a high mm-
flux: mm-bright. MM-faint transition discs consists of
a population at low mm fluxes, uniformly drawn from
the underlying population of all young stars with small
holes sizes and low accretion rates. This type of transi-
tion disc is consistent with a disc that is in the process
of dispersing, with a rapid ⇠ 105 year dispersal time.
MM-bright transition discs are a population at high

K9 G9 F9 A9 B9
0

0.2

0.4

0.6

0.8

1

Spectral Type
C

u
m

u
la

tiv
e
 P

ro
b
a
b
ili

ty

Figure 4. The distribution of spectral types for the primordial
discs (solid), mm-faint transition discs and mm-bright transition
discs (dotted). Reproduction of Figure 3 from Owen & Clarke
(2012).

mm fluxes, more commonly found around earlier type
stars; the population has large hole sizes and accretion
rates comparable to standard T Tauri stars. This type
of transition disc is inconsistent with the idea that it
is dispersing the disc. This type of disc does not have
to satisfy any time-scale arguments inferred from the
colour-colour plane, therefore, it is likely that this type
of transition disc is rare and consequently long lived,
with lifetimes of & 106 years. Owen & Clarke (2012) ar-
gued that there are comparable numbers of each type
of transition disc, with a slight preference for mm-faint
transition discs.

2.6 The Ṁ⇤ � Rhole plane

Perhaps one of the most interesting range of parame-
ters to study transition discs in is the accretion rate
hole size plane. As a transition disc evolves it should
trace out a path in this plane and it is a useful di-
agnostic tool for testing evolutionary models of transi-
tion discs (e.g. Owen, Ercolano, & Clarke 2011b; Owen,
Clarke, & Ercolano 2012; Owen & Clarke 2012; Rosotti
et al. 2013; Bae et al. 2013). Figure 5 shows a compi-
lation of observed transition discs (taken from Calvet
et al. 2002, 2005; Najita, Strom, & Muzerolle 2007; Es-
paillat et al. 2007, 2008; Cieza et al. 2008; Ercolano,
Clarke, & Robitaille 2009a; Hughes et al. 2009; Kim et
al. 2009; Hughes et al. 2010; Najita et al. 2010; Meŕın et
al. 2010; Cieza et al. 2010; Espaillat et al. 2010; Andrews
et al. 2011, 2012; Kim et al. 2013). MM-faint transition
discs are the red circles, mm-bright transition discs are
blue squares and those discs with no information on the
mm flux are labelled with open symbols. While there is
clearly a large scatter in accretion rate and hole size
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Figure 5. The mass accretion rate as a function of inner hole
size for transition discs. Blue squares are mm-bright transition
discs, whereas red circles are mm-faint transition discs based on
their mm flux. Open symbols do not have measured mm fluxes
necessary to classify them and triangles represent upper limits
in the accretion rate. Sample compiled from Calvet et al. (2002,
2005); Najita, Strom, & Muzerolle (2007); Espaillat et al. (2007,
2008); Cieza et al. (2008); Ercolano, Clarke, & Robitaille (2009a);
Hughes et al. (2009); Kim et al. (2009); Hughes et al. (2010); Na-
jita et al. (2010); Meŕın et al. (2010); Cieza et al. (2010); Espaillat
et al. (2010); Andrews et al. (2011, 2012); Kim et al. (2013). The
vertical dotted line shows the hole radius of the smallest inner
hole size directly imaged before ALMA. The vertical dashed line
shows the hole radius resolvable with ALMA, assuming the same
resolution as the HL-Tau observation (ALMA Partnership et al.
2015) at 140pc.

properties, this plane allows us to tease out important
features. MM-faint transition discs clearly occupy a dif-
ferent region of parameter space to mm-bright transi-
tion discs, with mm-faint transition discs having lower
accretion rates and smaller holes sizes. Furthermore, the
majority of transition discs are accreting, with those
transition discs that show no detectable accretion hav-
ing small . 10 AU hole sizes. In the pre-ALMA era
the smallest resolved hole with sub-mm imaging was
⇠ 15 AU. This region does not correspond to the ma-
jority of transition discs and is completely dominated
by mm-bright transition discs. However, assuming the
same resolution as the HL Tau image (ALMA Partner-
ship et al. 2015) can be achieved with future ALMA
campaigns, then this resolution limit drops to approxi-
mately 3.5 AU at the distance of Taurus (140pc). This
resolution means the vast majority of holes could be
resolved with ALMA.
There is no clear evidence for strong correlations;

there is perhaps a tentative correlation that suggests
hole size increases with accretion rate in mm-bright
transition discs. However, this may only be driven by
stellar mass rather than a specific evolutionary path.
As we shall see the strongest constraint on any model

is the significant lack of optically thick transition discs

with large & 20 AU holes and no detectable accretion.
There could plausibly be a population of “relic” discs
with low-masses, large holes, but which are still opti-
cally thick and no accretion rate that have been missed
by current observations (Owen, Ercolano, & Clarke
2011b); however, the recent study by (Hardy et al. 2015)
suggest this possibility is rapidly disappearing and more
extended ALMA surveys should easily rule out this pos-
sibility. There are a small fraction (. 20%) of weak-line
T-Tauri stars (WTTs) that do show a infra-rad excess in
Spitzer (Padgett et al. 2006; Cieza et al. 2007; Wahhaj
et al. 2010) and Herchel (Cieza et al. 2013). However,
these objects general show a lack of emission from gas
(Pascucci et al. 2006; Ingleby et al. 2009) and dust at
sub-mm wavelengths (Duvert et al. 2000; Andrews &
Williams 2005, 2007; Mathews et al. 2012). There is a
well known population of objects that show infra-red
excesses until very late times (Gyrs), which are char-
acterised by optically thin dust emission and the lack
of gas (or very high dust-to-gas ratios), referred to as
debris discs. In optically thin discs with a very low gas
content, the small dust particles are removed by stellar
radiation pressure or Ponting-Robinson drag on short
time-scales. As such these debris discs are thought to
represent discs in which a population of large km-sized
bodies are colliding releasing small dust particles (and
in some cases gas) that then give rise to optically thin
infra-red excesses (see Wyatt 2008, for a review). At
late times there must be some transition between when
primordial dust and gas from the protoplanetary disc
is dispersed and secondary dust and gas from planetes-
imal collisions in debris discs is generated. Obviously,
this could give rise to confusion into how to classify a
WTTs with an infra-red excess: is it a transition disc at
the end of its life or a young debris disc?
Cieza et al. (2013) argued that those WTTs stars

that showed the strongest infra-red excesses, those discs
perhaps consistent with an optically thick disc, were
probably still accreting at a low-level or intermedi-
ately, and as such they were previously mis-identified
as non-acrreting objects. However, those WTTs stars
that showed infra-red excesses more consistent with op-
tical thin emission similar to debris discs were unlikely
to be accreting. Additionally, Hardy et al. (2015) stud-
ied a sample of WTTs with ALMA in both continuum
and 12CO, detecting the continuum in 4/24 objects and
CO in none, with inferred gas masses ⌧ 0.1 MJ , us-
ing the Williams & Best (2014) grid of models. There-
fore, Hardy et al. (2015) concluded that the majority
of WTTs with infra-red excesses were in-fact young de-
bris discs rather than evolved transition discs. Taking
as an upper limit all the Hardy et al. (2015) contin-
uum detections to be evolved transition discs then this
puts the fraction of stars with non-accreting transition
discs with large holes close at around ⇠ 3% consider-
ably smaller than the fraction of young stars accreting

PASA (2015)
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Narrow and lopsided rings 
Cycle 2 continuum observations of HD 142527

Figure 8: Multi-frequency continuum in HD 142527, including b9. a) RGB image of the multi-
frequency continuum degraded to the resolution of band 4 (0.36600 ⇥ 0.29200 ), with band 4 in red,
band 6 in green, and band 9 in blue, all in a linear stretch. b: Band 4 continuum at 138 GHz, units
are in Jy beam�1 with a beam of (0.36600 ⇥ 0.29200 ). The contours are chosen at fractions of the
peak intensity of 0.5, 0.75 and 0.9. c: Band 6 continuum at 232 GHz (beam of 0.23900 ⇥ 0.17700 ),
and with contours as in Fig. 1b). d: Band 7 continuum at 277 GHz (beam of 0.20800 ⇥ 0.16900 ,
and contours as in Fig. 1b). e: Band 9 continuum.

Figure 9: Top:) Grey-body diagnostics inferred from b4, b6, b7 and b9, keeping beta fixed Bot-

tom:) example SEDs at selected locations
.

8

• HD142527: Factor of 30 asymmetry along ~140AU ring (Ohashi 2008, 
Casassus+ 2013 JAO PR, Muto+ 2015, Boehler+ 2017)

• IRS48: Factor of 100 asymmetry along ~140AU 
ring (van der Marel+ 2013 JAO PR, van der 
Marel+ 2016)

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

A58, page 5 of 14

• Interestingly, both cavities in  HD142527 and 
IRS48 are filled with residual 12CO emission 



Radial dust trapping
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drift speed for St = 1 is ⌘3K/2 ⇠ 4000cms�1. At these speeds, optimally coupled
solids drift towards the star on timescales of ⇠ 300 yr.

super-Keplerian 
gas velocity 

sub-Keplerian 
gas velocity 

€ 

vr,dust

€ 

vr,dust
€ 

∂P
∂r
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€ 
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Fig. 4 Left panel: total radial dust velocity as a function of grain size (Equation 14) calculated at
3 au from the star, assuming two di↵erent profiles for the gas surface density, the minimum mass
solar nebula (MMSN), and the minimum mass extrasolar nebula (MMEN). Right panel: sketch of
particle trapping in a pressure maximum.

These rapid timescales are a serious challenge to planetesimal formation by co-
agulation, which requires particle to grow gradually through St ⇠ 1. Indeed, the
infamous “meter-sized barrier” refers in part to these rapid drift speeds, and also
to the fact that particles in this size range are prone to destructive collisions, as we
discuss shortly. The association of the drift barrier with “meter sizes” is most appro-
priate near 1 au in gas rich disks. Moving to the outer disk, particles with St = 1 are
smaller, because ⌃g decreases, see Equation 5. At ⇠ 50 au, the fastest drifting solids
are only ⇠ millimeter sized in MMSN type models.

The drift speed estimates above assume a smooth disk, with dP/dr < 0 (and thus
⌘ > 0 from Equation 7). This assumption should hold for the average behavior of
disks. However disks could develop pressure bumps for a variety of reasons, as de-
tailed below. Regions where the pressure gradient is positive, dP/dr > 0 (and ⌘ < 0),
will drive the outward drift of solids. Thus particles are driven towards a pressure
maximum, from either side of the maximum. At the pressure maximum, dP/dr = 0
and drift stops. The right panel of Figure 4 depicts this particle collection mecha-
nism. While pressure minima also have dP/dr = 0, they are an unstable equilibrium;
particles will drift away from particle minimum if they are nudged in any direction.

So far, we have assumed an axisymmetric disk in our discussion of drift and par-
ticle trapping. It turns out that non-axisymmetric pressure maxima can also act as
e↵ective particle traps. For example, anti-cyclonic vortices have a pressure maxi-
mum at their center, and particles can collect near the centers of these vortices (e.g.
Barge and Sommeria, 1995; Li et al., 2000, 2005; Klahr and Bodenheimer, 2003;
Varnière and Tagger, 2006; Lin, 2014). Spiral arms in self-gravitating disks are an-
other form of non-axisymmetric pressure maximum that can collect solids (e.g. Rice
et al., 2004; Dipierro et al., 2015a). Predominantly axisymmetric particle traps could

• Pinilla, Youdin  2017



Azimuthal dust trapping

A&A 550, L8 (2013)

Fig. 3. ALMA simulated images at 345 GHz with an observation time
of 2 h. The total flux of the source is 0.13 Jy and the contour lines are
at 2, 4, 6, and 8 times the rms of 0.22 mJy.

Fig. 4. Spectral index ↵mm using simulated images at bands 7 and 9.
The antenna configuration was chosen such that the angular resolution
is similar for both bands (⇠0.1600, 22 AU at 140 pc).

and resolve regions where the dust is trapped creating a strong
azimuthal intensity variation.

The spectral slope ↵mm of the spectral energy distribu-
tion F⌫ / ⌫↵ is directly related to the dust opacity index at these
long wavelengths (e.g., Testi et al. 2003), and it is interpreted
in terms of the grain size (↵mm . 3 implies mm sized grains).
With the simulated images in Fig. 3, we compute the ↵mm map
(Fig. 4), considering an antenna configuration that provides a
similar resolution of ⇠0.1600 (⇠22 AU at 140 pc) for each band.
This resolution is enough to detect ↵mm variations along the az-
imuth, confirming that those are regions where dust accumulates
and grows due to the presence of an azimuthal pressure bump.

4. Summary and conclusions

We have shown that weak, but long-lived azimuthal asymmetries
in the gas density can cause very e�cient accumulation of dust

at the position of the azimuthal pressure maximum. We have de-
rived analytical steady-state solutions for the dust distribution for
any given azimuthal gas density distribution and the time scales
on which these distributions develop. Good agreement has been
found between the solutions and numerical simulations.

For this dust concentration mechanism to work, particles
must grow to su�ciently large sizes (St > ↵t) such that the
azimuthal drift becomes stronger than the turbulent di↵usion.
This typically corresponds to particles of sub-mm to cm sizes.
The strong concentration of the largest grains leads to a size-
sorting which is observable via low spectral indices at mm
wavelengths and also in lopsided banana-shaped structures in
resolved (sub-)mm images. Finding the size range where the bi-
furcation between concentration and di↵usion happens would
put constraints on the turbulence strength and the local gas den-
sity of the disk.

Acknowledgements. We thank Ewine van Dishoeck, Simon Bruderer, Nienke
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• Azimuthal dust trapping in anticyclonic vortices proposed in the 90s as a 
pathway for efficient core accretion (Barge & Sommeira 1995)   

• The extreme lopsidedness of HD142527 and IRS48 are suggestive 
of dust trapping in a mild pressure maximum. However, the 
predicted  grain size segregation is not yet observed.   

• Trapping in a generic  gas background  (Birnstiel+ 2013): 
T. Birnstiel et al.: Lopsided dust rings in transition disks

Fig. 1. Contrast between the dust density in the azimuthal maximum
and its surroundings for di↵erent gas density contrasts (⇢max

g /⇢
min
g ) and

Stokes numbers, as derived in Eq. (9). Turbulence parameters are ↵t =
10�2 (solid) and ↵t = 10�3 (dashed).

The ratio of these time scales is known as the Péclet number Pe
and using Eq. (5), can be written as

Pe =
tdi↵
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It describes the relative importance of advection and di↵usion
and confirms that dust accumulations occur only for particles
with St & ↵t, because otherwise di↵usion dominates over ad-
vection which means that variations in the dust-to-gas ratio are
being smeared out. It also shows that for those large particles
the advection time scale is the shorter one, thus setting the time
scale of the concentration process, which can be written as

tadv =
⇡2

�St

✓
H

r

◆�2 1
⌦k
, (11)

where H = cs/⌦k is the pressure scale height, and we have used
a mean velocity u = 1
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which for St < 1 simplifies to �St = Stmin � Stmax. Furthermore,
we define the pressure maximum and minimum to be at � = 0
and � = ⇡, respectively. As an example, at 35 AU, for
H/r = 0.07, a Stokes number of 0.2, and a gas density con-
trast of ⇢max

g /⇢
min
g = 2, the time scale is 3 ⇥ 105 years, but could

be as short as 102 orbits for optimal conditions. Any gas struc-
ture therefore has to be long-lived to cause strong asymmetries
in the dust, making the asymmetries caused by a planet or long-
lived vortices the best candidates (Meheut et al. 2012). If such
an accumulation is formed and the gas asymmetry disappears,
it still takes tdi↵ to “remove” it, which at 35 AU is of the order
of Myrs. It remains to be shown whether short-lived, but reoc-
curring structures like zonal flows are able to induce strong dust
accumulations.

3. Simulated observations

In the following, we will evaluate whether the dust structures we
expect would be observable in resolved mm images of ALMA.

Fig. 2. Azimuthal steady-state solutions for small dust grains (red line)
and large dust grains (blue line) for a given sinusoidal gas profile (black
line, identical with red line). Dashed lines show numerical solutions
at 1, 2, and 5 advection time scales.

We used the results of Pinilla et al. (2012a) for the radial profile
of the gas surface density ⌃g(r) and temperature T (r). These sim-
ulations represent a disk of mass Mdisk = 0.05 M� around a solar
mass star with a 15 Jupiter-mass planet at 20 AU. For simplicity,
as two-dimensional gas surface density we used

⌃g(r, �) = ⌃g(r)

1 + A(r) sin

✓
� � ⇡

2

◆�
(13)

A(r) =
c � 1
c + 1

exp
"
� (r � Rs)2

2 H2

#
, (14)

where c = ⌃g,max/⌃g,min is the largest contrast of the gas sur-
face density, taken to be 1.5 and Rs is the position of the ra-
dial pressure bump. The dust size distribution ⌃d(r, a) was also
taken from the simulations of Pinilla et al. (2012a) and dis-
tributed azimuthally using the analytical solution from Eq. (8)
(see Fig. 2). We also confirmed the analytical solution and time
scales by solving Eq. (7) numerically, as shown in Fig. 2. Strictly
speaking, this analytical solution only holds at the position of
the radial pressure bump, but since most of the mm emission
comes from the large grains which in the simulations of Pinilla
et al. (2012a) are trapped near the radial pressure maximum, this
should be a reasonable approximation. Full 2D simulations will
be needed to confirm this and to investigate the e↵ects of shear.

To compare directly with current ALMA observations, we
calculated the opacities for each grain size at di↵erent wave-
lengths and assumed spherical silicate grains with optical con-
stants for magnesium-iron grains from the Jena database2. The
continuum intensity maps were calculated assuming that in the
sub-mm regime most of the disk mass is concentrated in the op-
tically thin region. We assumed the same stellar parameters as
in Pinilla et al. (2012a), azimuthally constant temperature T (r),
typical source distances (d = 140 pc), and zero disk inclination.
We ran ALMA simulations using CASA (v. 3.4.0) at 345 GHz
(band 7) and 675 GHz (band 9), shown in Fig. 3. We consid-
ered 2 h of observation, the most extended configuration that is
currently available with Cycle 1, generic values for thermal and
atmospheric noises, and a bandwidth of �⌫ = 7.5 GHz for con-
tinuum. At these two di↵erent frequencies it is possible to detect

2 http://www.astro.uni-jena.de/Laboratory/Database/
databases.html
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Examples of dust rings with gas-filled cavities. 

• HD135344 + SR21 (Perez L.+ 
2014)

The Astrophysical Journal Letters, 783:L13 (6pp), 2014 March 1 Pérez et al.

Figure 1. ALMA observations of dust and gas emission for the disks surrounding SAO 206462 (top row) and SR 21 (bottom row). Ellipses indicate beam sizes listed in
Table 1. Left panels: dust continuum emission (color scale) and dust brightness temperature (contours starting at 10 K, spaced by 5 K). Middle panels: 12CO J = 6–5
moment 0 map, contours start and are spaced by 3σ , where σ is the rms noise level in the map. Right panels: 12CO J = 6–5 moment 1 map, contours are spaced by
1 km s−1.
(A color version of this figure is available in the online journal.)

Table 1
Image Properties for Dust Continuum and Spectral Line Observations

Target R.A.a Deca Continuum Spectral Line

Sν
b rms Beam Beam RMSc Beam Beam

(J2000) (J2000) (Jy) (Jy beam−1) Size P.A. (Jy beam−1) Size P.A.

SAO 206462 15:15:48.448 −37:09:16.06 4.2 0.0020 0.′′27 × 0.′′19 53◦ 0.11 0.′′29 × 0.′′22 60◦

SR 21 16:27:10.281 −24:19:12.88 3.3 0.0011 0.′′29 × 0.′′18 −81◦ 0.07 0.′′32 × 0.′′20 −79◦

Notes.
a Phase center from the Roeser et al. (2010) catalog, including proper motion (epoch J2000).
b Flux density integrated inside aperture where emission is above 3×rms noise level.
c rms noise level in a 0.5 km s−1 channel.

SAO 206462 and SR 21, respectively. A total of 25 minutes
on-source time was obtained for both targets. Visibilities were
calibrated and imaged in CASA. Given the high signal-to-noise
ratio of these observations amplitude and phase self-calibration
was performed after standard phase referencing. Table 1 lists
observational properties of the continuum and spectral line
maps, obtained using Briggs weighting with a robust of 0.5.

3. OBSERVATIONAL RESULTS

We present maps of the dust and gas emission (12CO J =
6–5) in Figure 1. These observations resolve the structure of
each transitional disk, revealing for the first time the striking
morphology in the dust continuum emission for SAO 206462

and SR 21: a non-uniform ring with a bright asymmetry located
in the southwest for SAO 206462 and in the south for SR 21. The
integrated intensity map (moment 0) and the intensity-weighted
mean velocity map (moment 1) of 12CO J = 6–5 are presented
in the middle and right panels of Figure 1. In contrast with the
dust emission, the gaseous component from the 12CO moment
0 map appears to be quite compact and mostly symmetric.
However, significant emission (>3σ ) can be found at large radii
in the 12CO moment 1 map, just as with the dust emission. Since
emission from 12CO is most likely optically thick, it is not a good
tracer of depletion inside the cavity and other tracers must be
used (Bruderer 2013). However, a large depletion of the inner
disk (>106; Bruderer 2013) can give rise to the double-peaked
structure observed in the SAO 206462 moment 0 map. Further

2

• J160421-2130 (Zhang+  2014). 

• PDS70 (Hashimoto+ 2015) 

• SZ91 (Canovas+ 2015) 

• LkCa15, RXJ1615, SR24S (van 
der Marel+ 2015)

N. van der Marel et al.: Gas in transitional disks

Fig. 1. ALMA observations of the continuum and 12CO line. The first 5 disks show the 690 GHz (440 µm) continuum and the 12CO
J=6–5 line, the 6th is the 345 GHz (880 µm) continuum and 12CO J=3–2 line. Left: Continuum image. The stellar position is
indicated by a white star, the white bar in the upper right corner indicates the 30 AU scale and the yellow contour gives the 3σ
detection limit. The colorbar units are given in Jy beam−1. ; Center: zero-moment 12CO map. The colorbar units are given in Jy
beam−1 km s−1; Right: 12CO spectrum integrated over the entire disk. The dashed line indicates the zero flux level and the grey
areas indicate the parts of the spectrum affected by foreground absorption (seen in SR21 and SR24S). The beam is indicated in each
map by a white ellipse in the lower left corner.
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A ringed concentration of mm-grains in Sz 91 L3

Figure 1. Left: cleaned continuum image at band-7 (870µm). The dotted cross shows the disc’s centre and major/minor axis derived in
Sect. 3.1. White lines contour the 12

CO integrated intensity (Moment-0) map at 2.5, 15, 31⇥ rms (22.7mJy beam
�1

km s
�1), highlighting that

the 12
CO emission is detected much further out than the continuum emission. The 12

CO emission peaks inside the ring’s hole, at ⇠ 60 au.
The asymmetric profile is a consequence of the cloud contamination (see text). Right: 12

CO velocity field (Moment-1) map. The white
lines contour the 10⇥ rms (0.1 mJy) of the continuum emission. The synthesized beam of the continuum and 12

CO observations is shown
in the bottom-left corner of the left and right figures, respectively.

exploring di↵erent possible scenarios is needed to better con-
strain the mass in the ring but this is beyond the scope of
this letter.

3.2
12

CO Moments

In order to evaluate the total extension of the gaseous disc,
we created the Moment-0 (velocity-integrated intensities)
and Moment-1 (intensity-weighted velocities) images from
the channels showing significant (> 3�) emission. Pixels with
values below 2.5⇥ the median rms (20.12 mJy beam

�1) were
excluded from these computations. A Gaussian profile was
fitted along the spectral axis at each spatial position to en-
sure that the full 12

CO profile was included at each location.
The Moment-0 has an rms of 22.7 mJy beam

�1
km s

�1 and its
integrated flux is 4.932 ± 0.023 Jy km s

�1. Fig. 1 (right) dis-
plays the Moment-1 in colours encompassing the 2.5⇥rms re-
gion of the Moment-0. The asymmetric shape of the images
is a consequence of the filtering-out of the interferometer due
to cloud emission at vLSRK > 3.8 km s

�1, which translates to
a reduced flux in the red-shifted side of the 12

CO line (pre-
viously noticed by Tsukagoshi et al. 2014; Canovas et al.
2015). The blue-shifted side, una↵ected by the cloud, shows
12

CO emission up to ⇠ 2.44 arcsec (⇠488 au) from the disc’s
centre, and peaks at 60 ± 12 au, inside the hole of the ring
and near the cavity edge observed at Ks band (Tsukagoshi
et al. 2014).

Figure 2. Cut along major axis of the Band-7 continuum disc.
Error bars represent the rms of the observations; the peak is de-
tected with a signal to noise of S/N⇠22. Positive distance points
to the north direction, and negative distance to the south direc-
tion. The ring has same width and peak values along the northern
and southern sides. Inside the hole, there is a small excess (. 3�)
of emission along the northern side when compared to its south-
ern counterpart. The solid curve represents the best fit described
in Sect. 3.3.

3.3 Surface brightness profile of mm emission

To derive further constraints on the ring geometry we use
the brightness profile along the major axis of the ring. We
find that the emission is concentrated in a narrow ring be-

MNRAS 000, 1–5 (2015)



N. van der Marel et al.: Gas cavities in transitional disks

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.

set as secondary gain calibrator, but not used in the final calibra-
tion. The total on-source integration time was 52 minutes.

The data were calibrated and imaged in CASA version 4.2.1.
Given the high signal-to-noise ratio of these observations am-

3

N. van der Marel et al.: Gas cavities in transitional disks

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.

set as secondary gain calibrator, but not used in the final calibra-
tion. The total on-source integration time was 52 minutes.

The data were calibrated and imaged in CASA version 4.2.1.
Given the high signal-to-noise ratio of these observations am-

3

N. van der Marel et al.: Gas cavities in transitional disks

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.

set as secondary gain calibrator, but not used in the final calibra-
tion. The total on-source integration time was 52 minutes.

The data were calibrated and imaged in CASA version 4.2.1.
Given the high signal-to-noise ratio of these observations am-

3

• Examples from van der Marel+ 2016

… more ring examples



• HD 34282 (van der Plas+ 2017)

Compact clumps in rings: MWC758 and HD34282
A&A proofs: manuscript no. aa-v1
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Fig. 1. Continuum image of HD 34282 for the ALMA band 7 (351.24
GHz or 0.853 mm) observations, reconstructed using superuniform
weighting resulting in a 0.10 x 0.17" beam. Over plotted are contours
at 5, 15 and 100 times the RMS value of 0.11 mJy/beam. The beam is
shown in orange in the bottom left.

The azimuthal brightness profile for the continuum emission
peaks at an azimuth of 135◦with a maximum ≈ 25% above the
median value for the disk and 18◦away from the disk major axis.
To further study the azimuthal structure of the disk we subtract a
median radial Gaussian profile from each azimuthal row in the
polar projection. We create this average Gaussian by selecting
only those radial slices with an integrated value within 1% of
the median integrated value over all azimuths (Fig. 6). The re-
maining structure peaks close to the disk major axis and is best
fit with a 2D Gaussian centered on (radius, azimuth) = (0.43′′,
18◦), with a FWHM of 0.15′′in radius and 52◦in azimuth. This
feature is discussed in §4.

3.2. CO and HCO+ emission

We detect spatially and spectrally resolved emission from the
12CO J=3-2 and HCO+ J=4-3 emission lines from the HD 34282
disk. We show the moment maps and line profiles in Figures 2
and 3 respectively.

We estimate the systemic velocity from the 12CO J=3-2
emission line at vLS R = -2.35 ± 0.10 km s−1, based on the center
of the line profile and the channel maps. The line flux, integrated
between + and - 6.75 km s−1 from the systemic velocity is 21.2±
0.3 Jy km s−1. The semi major axis, as measured from the 12CO
moment maps is 3.1′′. We detect 12CO emission coming from
within the disk cavity and see two layers of CO emission on ei-
ther side of the disk surface (Fig. 7), which shows that the 12CO
emission originates from the warm disk surface on both faces
of the disk. We calculate an upper limit on the inner radius of
the gas disk assuming Keplerian rotation for the highest veloc-
ity at which we detect the line above 3σ, and measure the radial
outer extent of the gas disk based on the presence of emission
above 3× the RMS value. We summarize the measured gas disk

Table 3. Line fluxes, spectral resolution and spatial extent for the CO
J=3-2 and HCO+ J = 4-3 lines

Line line flux errora channel width RMSb major axisc rd
in

Jy km s−1 Jy km s−1 m s−1 mJy/beam ′′ au
CO J = 3-2 21.2 0.3 200 9.4 6.2 23
HCO+ J = 4-3 2.2 0.2 200 10.4 2.6 85

Notes. Line fluxes have been calculated from the briggs-weighted im-
ages by integrating the emission around the systemic velocity at -2.35
km s−1 assuming a half line width of 3.5 km s−1 for the HCO+ J =
4-3 line and 6.75 km s−1 for the CO J = 3-2 line. a: Estimated from
the RMS of the integrated spectrum outside the line boundaries, does
not include calibration uncertainties. b: 1 σ RMS per channel. c: Major
axis is determined for all emission above 3 times the RMS per channel.
d: Calculated from the maximum velocity for which emission > 3σ is
present in the channel maps, assuming the gas is in Keplerian rotation
in a disk inclined with 59.3◦around a 1.59 M⊙ star.

size and line flux in Table 3. In the naturally weighted channel
maps CO emission > 3σ is present between -8.8 and +4.6 km
s−1. These values can be translated to an emitting radius of ≈ 23
au, assuming the gas is in Keplerian rotation in a disk inclined
by 59.3◦around a 1.59 M⊙ star.

The low-J 12CO rotational emission lines in protoplane-
tary disks become optically thick quickly and trace a verti-
cally thin region in the line of sight up to where the line be-
comes optically thick, making them a tracer of disk geome-
try (e.g. de Gregorio-Monsalvo et al. 2013; Woitke et al. 2016).
This makes it possible to infer the disk geometry and spatial ex-
tend from the 12CO J=3-2 moment 8 (peak intensity) map shown
in Figure 2, panel 3. Warmer CO gas emits stronger per unit vol-
ume, and the modulation of the peak brightness over the disk
surface can be naturally interpreted as looking into a flared disk
(bowl) where the far side of the disk is the warm and directly irra-
diated disk surface. This warm surface is shielded by the flaring
outer disk on the near (south-west) side, from which we instead
see the cooler midplane and the backside of the disk.

The HCO+ emission is less extended with a semi major axis
of 1.3′′and is, with a flux of 2.2 ± 0.2 Jy km s−1, 10 times weaker
than the CO emission. Based on the resolved emission in the
channel maps the emission comes from deeper in the disk (closer
to the midplane) and emission > 3σ is present between -5.8 and
+1.2 km s−1. These values can be translated to an emitting inner
radius of ≈ 85 au, assuming the gas is in Keplerian rotation in
a disk inclined by 59.3◦around a 1.59 M⊙ star. The HCO+ is
brightest beyond the outer radius of the continuum ring, as seen
in the moment 8 map in Figure 3. We confirm that this is an
artifact of subtracting the continuum from the HCO+ emission
by repeating our analysis using the non-continuum-subtracted
data. This suggests that the continuum is absorbing part of the
line emission mostly from the far side of the disk, or that the
HCO+ emission is optically thick.

onto the emitting CO surface through the midplane we see
colder gas, which has lower emissivity.

4. Discussion

In the following section we discuss the mass of the disk and its
components, the spatial distribution of the dust and the gas, and
possible mechanisms that can provoke such a system architec-
ture.

Article number, page 4 of 8

Figure 2 shows the continuum map obtained with super-
uniform weighting, which delivers a smaller beam size
(0 12×0 11) but a higher noise of 115μJy beam−1, visible
by dot-like features in the image. This new image better reveals
the azimuthal morphology of the dust clumps. The peak emission
is 12.3 and 10.2 mJy beam−1 for the north and south clump,
respectively. Converted in brightness temperature, the values are,
17.2 and 15.3 K, slightly larger than with the previous weighting
parameter Briggs= 0, indicating a better resolution, mainly
radially, of the dust clumps structure. Also, the dust clumps
appear to be linked to a double-ring structure, located at the same
radii. Finally, the continuum emission presents also substructures
that may trace faint spirals in the dust. A detailed discussion of
these features and a comparison with the 13CO peak emission line
and previous IR observations are done in Section 4.2.

On the right panel, an inset toward the disk center shows a
non-resolved source of continuum emission detected inside the
cavity. The peak emission of the signal is 0.83 mJy beam−1,
about 7.2 times the noise level in the outer regions of the map.
Due to the close proximity with the center of rotation of
the disk, this emission probably comes from an inner disk
in rotation around the Herbig Ae star. This is consistent

with the spectral energy distribution of the disk that present
near-IR emission, and traces warm dust close to the star
(Eisner et al. 2004; Isella et al. 2008). As the signal is not
resolved, this implies an outer radius � 8 au for the inner disk.

3.2. 13CO and C18O J=3–2 Emission

The 13CO and C18O emission lines were imaged using a
Briggs factor of 2, to optimize the signal-to-noise ratio. The top
and bottom left panels in Figure 3 show the moment 0 maps
after continuum subtraction. The white cross represents the
center of rotation of the disk, as derived from the 13CO
velocity map, shown in Figure 5. The 13CO emission is more
radially extended than the dust continuum, with signal
detected up to about 140 au from the star. On the contrary,
the radial extent of the C18O emission is about 100 au,
similarly to the dust. This difference is likely due to the lower
optical depth of C18O compared with 13CO.
The right panels in Figure 3 present the emission, the crest,

and the 3σ contours as a function of the position angle. The
radius of the crest varies between 40 and 50 au for 13CO and
from 50 to 60 au for C18O. This suggests that the gas surface

Figure 1. Top left: map of the dust continuum emission recorded at a frequency of 342 GHz. The FWHM of the synthesized beam is 0 16×0 14
(P.A.=31.1degrees) and is indicated by the white ellipse. Top right: dust emission as a function of the orbital radius and of the position angle (P.A.) measured from
the north to the east. The red solid line is the 5σ contour, corresponding to 0.4 mJy beam−1, and the black dashed line indicates the crest of the emission, defined as the
line that connects the peaks of the emission measured at each P.A. Bottom: dust emission as a function of the P.A. The black solid line is the emission along the crest.
The dashed red and blue lines are at the radii of the south and north dust clumps, respectively.
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3.2. Comparison between ALMA and VLA Ka Maps

In Figure 3we present an overlay between the restored VLA
Ka image and the ALMA Band 7 MEM model. The VLA Ka
northern peak intensity matches the location of the ALMA
Band 7 maximum. At 337 GHz we expect that most of the
emission comes from ∼millimeter-sized grains. If this intensity
maximum is tracing a maximum in the dust density distribution
of millimeter-sized grains, the VLA and ALMA maximum
could be due to dust grains being trapped in a pressure
maximum of the gas. In the dust trap scenario, we would expect
to observe at centimeter wavelengths a higher contrast between
the intensity maximum and the rest of the disk and a more
compact emission, probing the distribution of centimeter-sized
grains that are more easily trapped in gas pressure maxima.
However, the ALMA maps are not as well spatially resolved as
the VLA Ka image owing to differences in the u–v coverage. In
Section 3.3 we compare both data sets at the same resolution
level.

Figure 3 also shows disk emission to the south of the stellar
position in the VLA Ka map that matches a second peak
intensity in the ALMA MEM model. This peak is closer in than
the northern clump, at an angular distance of ∼0 3. However,
this local maximum disappears in the restored ALMA image
owing to the larger beam.

3.3. ALMA and VLA Ka Map at the Same Resolution Level

To bring both data sets to comparable resolutions, we
convolved the restored VLA Ka image with the ALMA Clean
synthetic beam of size 0 64× 0 40 after subtracting the stellar
emission. We call this map the degraded VLA image. In
Figure 4 we show the contour levels 0.6, 0.75, 0.85, and 0.92
times thepeak intensity of the degraded VLA and restored
ALMA images. The degraded VLA image presents a
morphology similar to the ALMA MEM model with two peak

intensities: to the northwest and south of the star (see Figure 2).
The northern clump in the degraded VLA image is still more
compact than in the restored ALMA image, with a larger
contrast. The solid angle inside the 0.85 intensity maximum
contour in the degraded VLA image is 0.09 arcsec2, while it is
0.23 arcsec2 in the ALMA map. This result supports the dust
trap interpretation, finding that the 33 GHz dust emission is
more compact than at 337 GHz.
The peak intensity to the south of the star in the restored

VLA Ka image remains after star subtraction and convolution
with the ALMA beam, with a morphology similar to that
observed in the ALMA MEM model. The nature of this
compact emission is not clear as it is just ∼4 times the noise
level in the restored VLA Ka image. At the ALMA resolution
the cavity is hard to distinguish, although the peak intensity is
offset from the stellar position in both maps, suggesting a
cavity depleted of big grains.
To confirm the dust trap interpretation, ALMA observations

in extended configuration are required to resolve the disk with a
similar or finer resolution than the VLA Ka observations.
Deeper VLA observations are also necessary to detect the rest
of the disk.

3.4. Parametric Nonaxisymmetric Model

We develop a parametric nonaxisymmetric disk model,
inspired by the steady-state vortex solution to the gas and dust
distribution described in Lyra & Lin (2013, hereafter LL13).
The aim is to reproduce part of the morphology seen in the
ALMA and VLA mapsand the global SED. The model
consists of a central star surrounded by a disk of gas and dust.
We model the star using a Kurucz template spectrum (Castelli
1993) with a temperature of 8250 K and a stellar radius of

Figure 3. ALMA–VLA overlay. In blue is the ALMA Band 7 MEM model in
an arbitrary color scale, while in red is the restored VLA Ka image contours set
at arbitrary levels to highlight the morphology (the lowest contour level is
4.2σ). The beam size of the restored VLA Ka image and ALMA MEM model
is represented by a red and blue ellipse, respectively. The x- and y-axes indicate
the offset from the stellar position in R.A. and decl. in arcsec, i.e., north is up
and west is right.

Figure 4. ALMA–VLA map contouroverlay. Blue contours: ALMA Band 7
restored image. Red contours: degraded VLA image (restored image after
subtracting the star and convolving with the ALMA beam). The contour levels
are 0.6, 0.75, 0.85, and 0.92 times the peak intensity of each map. The lowest
contour level of the VLA map represents ∼3σ at this resolution. The dashed
red and blue lines represent the 0.85 peak intensity level. The beam size of both
maps is represented by a black ellipse. The x- and y-axes indicate the offset
from the stellar position in R.A. and decl. in arcsec, i.e., north is up and west is
right.
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• MWC758 (ALMA 
blue, VLA red 
Marino+ 2015)

• MWC758 (Boehler+ 2018)

Are MWC758 and HD34282 
examples of anticyclonic vortices?
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Figure 2. Comparison of the 33 GHz and 342 GHz continua. x� and
y� axis show o�set in arcsec along RA and DEC, with an origin on the
star. a: Non-parametric model image of the ALMA observations, in units
of µJy pixel�1, and a pixel size of 0.01002, with an e�ective resolution
(0.1100 ⇥ 0.0800), in the direction BPA=38 deg b: Overlay of the ALMA
342 GHz image from a) in a single blue contour at 60% peak intensity,
on the VLA restored imaged from Fig. 1e, in units of µJy beam�1, and
also shown in a single red contour at 60% peak. Beam ellipses are shown in
matching colours. c: Non-parametric model image of the VLA observations,
in units of µJy pixel�1, and a pixel size of 0.01002. The e�ective resolution
is (0.03200 ⇥ 0.02500) along 66 deg, as estimated from the stellar signal. d:
tclean image of the VLA A+B+C dataset, restored with the clean beam of
the ALMA data in natural weights, (0.2800⇥0.1800) along BPA=38 deg, with
annotations. Units are µJy beam�1. e: Model image from c) smoothed to the
same beam as d), after subtraction of the star and of Clump 1, in grey-scale
and with red contours at [0.6, 0.9] times the peak. Units are µJy beam�1. A
restoration of the ALMA data, in natural weights (i.e. with the same beam)
is shown in black and white at [0.2,0.4,0.6,0.8] times the peak. f: Same VLA
contours as in e), so after subtraction of Clump 1, overlaid on the H -band
SPHERE image from Benisty et al. (2015), in arbitrary units.

GNG. Using a midplane temperature of 35 K, as suggested by
Boehler et al. (2017a) for Clump 1, the local disk scale height
should be ⇠8.5 au (with � = 1.4 and µ = 2.3), so that the total
radial width of the gaseous vortex should be ⇠ 2rs ⇠ 9.2 au for
Kida, which is comfortably larger than the observed value for �r .
The physical extention of aVLA-sized grains in the Clump 1 dust
trap is therefore well within the sonic boundary, and far from the
logarithmic vortex tails that extend beyond rs (Lesur & Papaloizou
2009; Surville & Barge 2015).

The comparison with the well resolved dust trap in HD 142527
is informative, since in that object the width of the outer ring is
⇠ 75 au, from the dust surface density profiles extracted by Boehler
et al. (2017b, their Fig. 13), at a radius of ⇠180 au, where the
midplane temperature in their model is ⇠30 K, which corresponds

Figure 3. Comparison of the azimuthal profiles for Clump 1 at 342 GHz
and 33 GHz. a: Polar map of the VLA A+B+C image from Fig. 2e, so
after subtraction of the star and Clump 1, and with a single light green
contour at 0.7 times the peak. The black and white contours correspond to
the deconvolved ALMA image from Fig. 2a, with levels at 0.2, 0.3, 0.4, 0.5,
0.6 times the peak. The origin of coordinates is o�set from the star by 60 mas
towards 28 deg, so that the star would be found at ⇠(125 deg,0.0600) b: Polar
map of the VLA A+B+C image from Fig. 1d. The contours correspond to
the deconvolved ALMA image from Fig. 2a, with levels at 0.2, 0.3, 0.4,
0.5, 0.6 times the peak. The origin of coordinates is o�set from the star
by 60 mas towards 28 deg.c: Intensity profiles, in thick lines, extracted at
constant radii along the thin dotted lines in b). The 33 GHz profile is shown
in green, while the 342 GHz profile is shown in grey. The thin black lines
correspond to Gaussian fits with polynomial baselines. The legends indicate
the size of the beam major axis at 33 GHz and 342 GHz.

to a local disk scale height of⇠7 au. The sub mm ring in HD 142527
appears to be too wide to be shaped by dust trapping in a gaseous
vortex.

4.3 The contrast between Clump 1 and Clump 2

Another outstanding feature of the VLA dataset is the absence of a
33 GHz counterpart to Clump 2 in A-array resolutions. In Fig. 2a,
the peak intensity ratio R between Clump 1 and Clump 2 at 342 GHz
is R342 = 1.51±0.01. At 33 GHz, by contrast, this ratio is R33 > 5.1
at 3 �, since the peak in Clump 1 is 30 ± 2 µJy beam�1 A+B+C
resolutions.

Clump 2 does, however, appear to be detected in B-array
(Fig. 1b). In order to quantify spectral trends, we combined
the multi-configuration A+B+C data into a single non-parametric
model, I

m

33, without regularization except for image positivity (i.e.
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Figure 2. Comparison of the 33 GHz and 342 GHz continua. x� and
y� axis show o�set in arcsec along RA and DEC, with an origin on the
star. a: Non-parametric model image of the ALMA observations, in units
of µJy pixel�1, and a pixel size of 0.01002, with an e�ective resolution
(0.1100 ⇥ 0.0800), in the direction BPA=38 deg b: Overlay of the ALMA
342 GHz image from a) in a single blue contour at 60% peak intensity,
on the VLA restored imaged from Fig. 1e, in units of µJy beam�1, and
also shown in a single red contour at 60% peak. Beam ellipses are shown in
matching colours. c: Non-parametric model image of the VLA observations,
in units of µJy pixel�1, and a pixel size of 0.01002. The e�ective resolution
is (0.03200 ⇥ 0.02500) along 66 deg, as estimated from the stellar signal. d:
tclean image of the VLA A+B+C dataset, restored with the clean beam of
the ALMA data in natural weights, (0.2800⇥0.1800) along BPA=38 deg, with
annotations. Units are µJy beam�1. e: Model image from c) smoothed to the
same beam as d), after subtraction of the star and of Clump 1, in grey-scale
and with red contours at [0.6, 0.9] times the peak. Units are µJy beam�1. A
restoration of the ALMA data, in natural weights (i.e. with the same beam)
is shown in black and white at [0.2,0.4,0.6,0.8] times the peak. f: Same VLA
contours as in e), so after subtraction of Clump 1, overlaid on the H -band
SPHERE image from Benisty et al. (2015), in arbitrary units.

GNG. Using a midplane temperature of 35 K, as suggested by
Boehler et al. (2017a) for Clump 1, the local disk scale height
should be ⇠8.5 au (with � = 1.4 and µ = 2.3), so that the total
radial width of the gaseous vortex should be ⇠ 2rs ⇠ 9.2 au for
Kida, which is comfortably larger than the observed value for �r .
The physical extention of aVLA-sized grains in the Clump 1 dust
trap is therefore well within the sonic boundary, and far from the
logarithmic vortex tails that extend beyond rs (Lesur & Papaloizou
2009; Surville & Barge 2015).

The comparison with the well resolved dust trap in HD 142527
is informative, since in that object the width of the outer ring is
⇠ 75 au, from the dust surface density profiles extracted by Boehler
et al. (2017b, their Fig. 13), at a radius of ⇠180 au, where the
midplane temperature in their model is ⇠30 K, which corresponds

Figure 3. Comparison of the azimuthal profiles for Clump 1 at 342 GHz
and 33 GHz. a: Polar map of the VLA A+B+C image from Fig. 2e, so
after subtraction of the star and Clump 1, and with a single light green
contour at 0.7 times the peak. The black and white contours correspond to
the deconvolved ALMA image from Fig. 2a, with levels at 0.2, 0.3, 0.4, 0.5,
0.6 times the peak. The origin of coordinates is o�set from the star by 60 mas
towards 28 deg, so that the star would be found at ⇠(125 deg,0.0600) b: Polar
map of the VLA A+B+C image from Fig. 1d. The contours correspond to
the deconvolved ALMA image from Fig. 2a, with levels at 0.2, 0.3, 0.4,
0.5, 0.6 times the peak. The origin of coordinates is o�set from the star
by 60 mas towards 28 deg.c: Intensity profiles, in thick lines, extracted at
constant radii along the thin dotted lines in b). The 33 GHz profile is shown
in green, while the 342 GHz profile is shown in grey. The thin black lines
correspond to Gaussian fits with polynomial baselines. The legends indicate
the size of the beam major axis at 33 GHz and 342 GHz.

to a local disk scale height of⇠7 au. The sub mm ring in HD 142527
appears to be too wide to be shaped by dust trapping in a gaseous
vortex.

4.3 The contrast between Clump 1 and Clump 2

Another outstanding feature of the VLA dataset is the absence of a
33 GHz counterpart to Clump 2 in A-array resolutions. In Fig. 2a,
the peak intensity ratio R between Clump 1 and Clump 2 at 342 GHz
is R342 = 1.51±0.01. At 33 GHz, by contrast, this ratio is R33 > 5.1
at 3 �, since the peak in Clump 1 is 30 ± 2 µJy beam�1 A+B+C
resolutions.

Clump 2 does, however, appear to be detected in B-array
(Fig. 1b). In order to quantify spectral trends, we combined
the multi-configuration A+B+C data into a single non-parametric
model, I

m

33, without regularization except for image positivity (i.e.
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HD 142527: clear case for  a 70deg warp

• Shape of the shadows unambiguously confirms  a 
dramatic warp, with a 70deg inclination 
change(Marino+ 2015). Note clean shadow → 
regular, long lived inner disk.
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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 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



• Resolved gas-rich cavities ➪  interesting kinematics (Casassus+ 2015b). 
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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-
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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

with r 130 AUg2 = , and where f = 1.1 is a factor to avoid
divergence at rg2, and
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We use a stellar accretion rate of dM dt M10 7
� = -

: (Garcia
Lopez et al. 2006). The stellar mass is set at M1.8 :; higher
masses produce higher velocities inside the cavity than
observed.

The orientation of the disk is parametrized in spherical
coordinates, where the vertical axis ẑ ¢ is the normal to the local
disk plane, and where the origin of azimuth f¢ is the local line
of nodes (i.e., the disk PA as a function r). The azimuthal
velocity vf¢ is set to Keplerian rotation v vK=f¢ , except in
regions where v 0r∣ ∣ > , where we assumed that the specific
energy density was close to 0, so that v v vrff

2 2= -f
(neglecting the internal energy).

In the warp itself, between r _ 20 AUorient in = and
r _ 23 AUorient out = , material continuously connects both orien-
tations. We investigated a range of values for the vertical
velocity component in the warp and obtained a closer match to

the observations with relatively fast velocities, v vwarp= =q¢

v sinK ( )f¢ (see Section 3.2.2).
The temperature profile we adopted is T 70 K= if
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which allows us to approximately reproduce the CO(6–5) line
profile. Equation (2) is probably not the best representation of
the actual CO temperature field. It could be improved by
adding structure, especially in the outer disk, where the gas
temperatures probably flatten out. Equation (2) results in gas
temperatures slightly lower than the dust temperatures in the
outer disk, which leads to negatives in continuum-subtracted
data. These absorption features appear to be necessary to
account for the decrements seen in the molecular-line in the
outer disk, and which are discussed in a companion paper
(Casassus et al. 2015, see also Section 3.2.1). These
temperatures are also well below the dust temperatures in the
closer-in regions. If we impose thermal equilibrium between
both solid and gas phases, the predicted flux densities soar an
order of magnitude above the observations.
Close to the star, CO is probably photodissociated. The line

intensity of CO(6–5) appears to display a decrement inside
0 2, which we accounted for with a Gaussian taper of the gas
abundance inside 30 AU, with a 1s width of 5 AU.

3.2. Radiative Transfer Predictions

3.2.1. Adopted Abundance Fields and Depth of the Cavity

We adopted a nominal H2/
12CO ratio X 10CO

4= - , and the
following molecular abundances relative to H2 (no selective
photodissociation was required). For 13CO, we used the ISM
isotopic abundance for 12C/13C of 76 (Stahl et al. 2008),

Figure 5. Illustration of the key elements of the parametric model that we
propose to explain the CO(6–5) velocity field in HD 142527. The crescent in
hues of red and purple represents the distribution of millimeter-sized grains.
The solid arrows trace the velocity field. Inside the warp that connects the two
disk inclination, material flows along the dashed and curved arrows.

Figure 6. Radial cuts for the surface density profiles (red) and magnitude of the
radial velocity component (blue). The CO abundance is modulated with a
Gaussian taper inside 30 AU, to account for photodissociation.

Figure 7. Intensity maps (moments 0) extracted from the RADMC3D
predictions, after smoothing to the resolution of the deconvolved CO(6–5)
datacubes.
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Another 70deg warp:  HD 100453
Illumination effects in HD100453 
(SPHERE 1.04um, Wagner+ 2015, 
Casassus 2016)

Figure 2. PSF-subtracted Y-, J-, and H-band IFS images of HD 100453, verifying the detection of the spiral disk in each band.

Figure 3. (Top row) Azimuthal brightness of the ring, taken at half-degree increments and smoothed by a running boxcar. (Bottom row) Surface rightness profile in
the spiral arms, with the K1 IRDIS image overlaid to show the apertures used to extract the surface brightness. Each image is normalized independently.
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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.

Article number, page 2 of 4

Min+ 2017

A&A proofs: manuscript no. output

0.4 0.2 0.0 −0.2 −0.4

−0.4

−0.2

0.0

0.2

0.4

0.4 0.2 0.0 −0.2 −0.4
∆α  [arcseconds]

−0.4

−0.2

0.0

0.2

0.4

∆
δ
  

[a
rc

se
co

n
d

s]
ALMA (sphere)

0.4 0.2 0.0 −0.2 −0.4

−0.4

−0.2

0.0

0.2

0.4

0.4 0.2 0.0 −0.2 −0.4
∆α  [arcseconds]

−0.4

−0.2

0.0

0.2

0.4

∆
δ
  

[a
rc

se
co

n
d

s]

SPHERE (alma)

0.4 0.2 0.0 −0.2 −0.4

−0.4

−0.2

0.0

0.2

0.4

0.5 0.0 −0.5
∆α  [arcseconds]

−0.5

0.0

0.5

∆
δ
  

[a
rc

se
co

n
d

s]

0.5 0.0 −0.5

−0.5

0.0

0.5

o

0.5 0.0 −0.5
∆α  [arcseconds]

−0.5

0.0

0.5

∆
δ
  

[a
rc

se
co

n
d

s]

0.5 0.0 −0.5

−0.5

0.0

0.5

o

Fig. 5. overlay of the SPHERE + ALMA data for HD 100453 (top two
panels). Note the increase in submm emission outside the shadows (are
they?) visible in the SPHERE image. Also, the continuum disk extents
farther out (thus, the SPHERE image doesn’t show the back side of the
disk as suggested in Benesty+2016?), and there is about 1 mJy of emis-
sion in the gap at the stellar position (is that the inner disk casting the
shadows?). The bottom two panels show the moment 1 maps for the
12CO (left) and 13CO (right) J=2-1 emission lines, with the approx-
imate location of the M-dwarf companion noted in the lower left (at
1.0500and 132 degrees).

7. HD 100453

Great stu↵ here. In the continuum image comparison with
SPHERE shows a very interesting feature outside the shadowed
parts (Figure 5) where the emission actually shows an increase. I
didn’t expect this since naively the part of the disk in the shadow
would be cooler and hence less bright. The companion at PA =
13200and separation = 1.0500is located just outside the 3� 12CO
emission, and thus could actually be bound and be orbiting in the
same plane as the disk. orbital direction is counter-clockwise,
which opens the possibility that the deformed velocity field
at the NE side of the disk might be due to interaction of the
companion with the disk.

I made a first attempt at modeling the continuum emission
in the uv plane using simple shapes (following the same
methodology in the HD 34282 paper). This is shown in Figure
6. Note that my use of sharp edges for the disk models leaves a
clear imprint in the residuals. Also, we appear to pick up on one
spiral arm but not the other (??), and also, the decrement behind
the shadows is almost gone.

See Figure 7 for the gas summary for the 12CO, Figure 8 for
the gas summary for the 13CO, and Figure 9 for the gas summary
for the C18O emission lines.
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Fig. 1. R
0 (top), I

0 (middle), and J band (bottom) polarized intensity images Q� (left) and U� (right) images. 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 towards left.

allows to decrease the e↵ect of instrumental polarization, was set
to four positions shifted by 22.5� in order to construct a set of lin-
ear Stokes vectors. The data is 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�, U�

as:

Q� = +Q cos(2�) + U sin(2�) (1)

U� = �Q sin(2�) + U cos(2�), (2)
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The shadowed ring of DoAr44 11

Figure A1. Summary of the non-parametric image synthesis. a: Model image, obtained by minimizing the least squares di↵erences with
the observed visibility data, and regularized by minimizing the total image Laplacian. Units are in mJy pix�1, for a pixel size of 0.0200.
The e↵ective angular resolution is given by the beam ellipse (0.17

00 ⇥ 0.13
00) b: Restored image, obtained by convolving the model image

with the clean beam (in natural weights), and by adding the residuals shown in c. Units for b) and c) are in mJy beam�1, with a beam
of 0.35

00 ⇥ 0.24
00.

Figure A2. Example simulations of image deconvolution on syn-
thetic visibility data. The semi-transparent ellipses correspond to
the optimal projected disk that fits the outer rings. a: Model im-
age obtained by minimizing �2, without regularization except for
image positivity. b: Model image obtained with Laplacian regu-
larization, as Fig. 1b. c: Radiative transfer prediction input to
the simulations in a) and b).

Figure B1. Observed and model (solid line) spectral energy
distribution for DoAr 44. The photometry from Table B1 was
dereddened by AV = 2.2mag.

Table B2. Set of parameters for the radiative transfer model.

h� � �g �cav Rh�

Rsub  R < Rgap 0.12 0.1 10
�3 1 Rgap

Rgap < R < Rcavgas 0.12 0.1 10
�10 1 Rgap

Rcavgas < R < Rcavdust 0.08 0.3 1 10
�2

Rcavdust

Rcavdust < R < Rout 0.08 0.3 1 1 Rcavdust

R
a

sub
R
a
gap R

a,b
warpin

R
a,b
warpout

0.07 5 9 10

R
a
cavgas R

a

cavdust
R
a

out
R
a

⌃�

14 32 60 25

(amin, amax)c � f
d �e

dust

small dust (0.005,1) 1 0.01 1
large dust (0.005,1000) 0.8 0.99 10

�4

a radius units are in AUs
b this narrow warp is chosen where the gas density is set ⇠0, out

of lack of observational data
c range of grain radii, given in µm, with a distribution a

�3.5

d mass fraction of each dust population
e dust depletion factor for R < Rcavdust

f the gas surface density ar R⌃� is ⌃� = 60 g cm�2
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105.7 ± 0.5 deg (Benisty et al. 2017), yields i1 = �49
+22

�13
deg,

�1 = 82
+15

�16
deg, h = 0.176

+0.14

�0.08
(or 3.9+3.1

�1.8 au), and a rel-

ative disk inclination ⇠ = 74
+26

�17
deg. While these values

are in agreement with the inner disk orientation inferred
by Min et al. (2017), we see that even optimistic errors on
the location of the shadows yield very large uncertainties. In
HD 100453, the star is clearly o↵set from the cavity center,
which should result in a bias that is not contemplated in this
error budget.

4 DISCUSSION: OBSERVING THE WARPED
HYDRODYNAMICS

Accurate knowledge of the warp kinematics is required to
guide research on the physics of warps in protoplanetary
disks, and their possible connection with the origin of large
cavities in general. Following the proposition of Owen & Lai
(2017), it is possible that some of the large transition disk
cavities could be evacuated by misaligned companions. In-
deed, Price et al. (2018) show, using state-of-the-art 3D hy-
drodynamics, that the misaligned companion HD 142527B
explains all key properties of that system, including the in-
ner disk tilt.

Unfortunately the existence of close-in companions is
very di�cult to test with high-contrast imaging: even at stel-
lar mass ratios of q ⇡ 0.1, the detection of HD 142527B was
only possible thanks to instrumental breakthroughs (Biller
et al. 2012; Close et al. 2014). The ring of DoAr 44 is already
at separations that are close to the inner working angles of
even the latest next-generation AO cameras, hampering fur-
ther detailed observations in the optical/IR.

Residual intra-cavity gas is very di�cult to trace
in 13CO, since this species is selectively photodissociated
(therefore no residual 13CO gas is seen inside the cavity,
as shown in Fig. 5 of van der Marel et al. 2016). We may,
however, trace the intra-cavity kinematics in 12CO. As re-
ported by Salyk et al. (2015), the inner disk of DoAr 44
is molecular, with ro-vibrational emission from gaseous CO
and H2O vapor requiring large columns of H2 gas. The fairly
high accretion rate of dM?/dt ⇠ 10

�8 M� yr�1 in DoAr 44
(Manara et al. 2014) would deplete the total gas mass of
the inner disk, of 4 10

�6 M�, in less than 500 yr (assum-
ing a standard gas to dust ratio of 100 and the model of
Sec. 3). This depletion time is about a couple of orbits of
the outer ring, which would make the observation of the in-
ner disk a very unlikely phenomenon. Thus, material must
cross the cavity and replenish the inner ring, much like in
HD 142527. In steady state, the radial and infalling velocity
component is directly linked to the surface density profile,
⌃(r) = (dM?/dt)/(2⇡rvr ), and the gap should correspond to
fast radial infall.

Even without the incorporation of a radial velocity com-
ponent, i.e. in pure Keplerian rotation, the proposed inner
disk tilt in DoAr 44 should be detectable with ALMA in
12CO(6–5), as shown in Fig. 7 (we confirmed that the in-
tegrated line profile of the synthetic 13CO(3-2) is consis-
tent with that reported by van der Marel et al. 2016). The
higher J lines are preferred to minimize absorption by dif-
fuse ISM screens, especially in the direction of Ophiuchus at
vLSR ⇠ 3 � 4 km s�1, so close to the systemic velocity
of DoAr 44 (vLSR ⇠ 4 km s�1). The RT predictions for

Figure 7. Expected CO(6-5) velocity centroid overlaid on the
Q� prediction (after convolution with a 30 mas beam), for an
inner-disk tilt of 30 deg. The contour colours correspond to the
velocities given by the wedge, in km s�1.

CO(6-5) have been smoothed to a 30 mas beam, which is
the best possible with ALMA in band 9. We see that the
tilt of the inner disk should correspond to a shift in PA,
and to a discontinuity in the velocity pattern. Any resid-
ual absorption by the di↵use screen near systemic
velocity would not a↵ect the higher velocity chan-
nels. Incidentally, the apparent PA of the inner disk is not
coincident with the direction of the optical/IR shadows, an
e↵ect already noted by Min et al. (2017).

In practice, the intra-cavity velocity field of DoAr 44
is unlikely to be Keplerian, and should bear similarities to
HD 142527. We have already mentioned the need for infall
to replenish the inner disk. In addition, in a continuous warp
material must be accelerated from one plane to the other.
So inside a warp there should be a velocity component or-
thogonal to the plane of the disk vwarp. Interestingly, the in-
clusion of vwarp improves the model of HD 142527, the only
warp for which we have data, with fairly point-symmetric
high velocity ridges connecting the cavity ‘twist’ with the
inner disk, which are missing in a model without vwarp (the
‘slow warp model’ in Casassus et al. 2015, see their Figs 1 b
and 1 d.). We expect similar features in DoAr 44. Resolved
observations in CO(6-5) would thus inform on the detailed
structure of the warp: the range of stellocentric radii where
the disk breaks from one plane to the other, and the radial
velocity field. We may even expect azimuthal modulations
in HCO+ (as in the HCO+(4-3) filamentary structures seen
in HD 142527 Casassus et al. 2013), if the gas connects the
two orientations along streamers.

5 CONCLUSIONS

New DPI imaging of T Tauri star DoAr 44 with
SPHERE+IRDIS reveals deep azimuthal decrements in
Q� (H). These dips have a counterpart in the radio contin-
uum at 330 GHz (from archival ALMA data), although their
profiles and locations are modulated by convolution with a
coarse and elongated beam. However, the very high dynamic

MNRAS 000, 1–10 (2017)
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Figure 1. Polarized intensity in H-band and deconvolved
330 GHz radio continuum from DoAr 44, and comparison with
radiative transfer (RT) predictions. x� and y� axis show o↵set
from the stellar position in the direction of R.A. and Dec., in
arcsec. The circular markers indicate the position of the decre-
ments along projected circles that best approximate the ring: in
green for Q� , and in grey for the 330 GHz continuum. The stel-
lar position is marked by a yellow symbol. a: H-band Q� image,
with a resolution close to the di↵raction limit of 49.5 mas. b:
330 GHz continuum image of DoAr 44, deconvolved using our
uvmem algorithm for an e↵ective angular shown by the beam el-
lipse (0.17

00 ⇥0.13
00, or about 1/3 the natural-weights clean beam),

shown in black contours and overlaid on Q� (H ). The 330 GHz
contours are linearly spaced at fractions of [0.5, 0.6, 0.7, 0.8, 0.9]
times the peak intensity. We also show green contours for Q� (H )
at [0.05,0.1,0.2,0.5] times the peak. c,d,e,f: RT predictions with
an inner disk tilt angle ⇠ as indicated in each plot. The predic-
tions at 330 GHz are shown in black contours, with levels as in
the observations, and after filtering for the same uv-plane cov-
erage and image synthesis strategy. The synthetic Q� (H ), after
smoothing to the di↵raction limit, and with a synthetic corona-
graph, is shown in colour stretch, with green contours as for the
observations. The crosses correspond to the position of the decre-
ments when fixing the center of the cavity to the stellar position.
The semi-transparent orange disk indicates the 0.100 radius of the
synthetic coronagraph.

Figure 2. Comparison of the observed and ring profiles in in-
tensity as a function of azimuth, for di↵erent model inclinations.
a: observed profiles (also reproduced in Fig. 4c). The solid lines
are the intensity profiles extracted from the ring centroid (see
Sec. 2.3), with I

�
H

(✓) for Q� in green, and with I
�
330

for the
330 GHz continuum in grey. b-e: same as a) but for the RT pre-
dictions, at inner disk tilt angles (relative inclination between the
inner and outer disks) of ⇠ = 20

�, ⇠ = 30
�, ⇠ = 40

�, and ⇠ = 60
�.

so that the shape of the ring is the closest match to a per-
fect circle (“ring centroid” hereafter), i.e. we minimized the
intensity-weighted dispersion in ⇢(✓). We searched for the
cavity centers in each dataset with a uniform grid in polar
coordinates centered on the nominal stellar position, with a
radius of 50 mas. Given a trial origin, we measured the ra-
dial location of the intensity maxima by extracting the peak
along a constant azimuth ✓, thus providing profiles for the
ring radius ⇢(✓) and peak intensity I

p (✓). We then recorded
the root-mean-square dispersion in ⇢(✓), using I

p (✓) as a
weight function, and produced the map for �(⇢(✓)) shown
in Fig. 3 (for the case of the radio data). The optimal origin
corresponds to the minimum in �(⇢(✓)).

Provided with an optimal origin, me measure the aver-
age ring radius h⇢(✓)i, again using I

p (✓) as a weight func-
tion. The profiles I

�(✓) were extracted along the circles h⇢i,
and the position of the decrements were recorded with the
position of the minima in I

�(✓).
The positions of the decrements are indicated by thin

lines in Fig. 2a (and in Fig. 4c). The polar coordinates were
then converted back to the sky plane, as indicated with cir-
cular markers in Fig. 1, and as listed in Table 1. Fig. 4
also compares the polar maps and ring profiles extracted
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Disk breaking in HD142527?
• Only 1 case of resolved cavity kinematics: HD142527 ➪ 

clear case for fast accretion (at free-fall) through an 
abrupt warp.  

• Disk breaking by a tilted companion?
HD142527B orbit 
Lacour+ 2016

• HD142527B: mass 
ratio ~0.1 (Close+ 
2014, Christiaens+ 
2018)

S. Lacour et al.: An M-dwarf star in the transition disk of Herbig HD 142527

Fig. 6. Likely orbits for HD142527B from MCMC simulation.
The red and blue curves correspond to maximum likelihood
parameters. The gray curves indicate possible solutions from
the MCMC computations. The SAM observation indicate black
squares. The green lozenge corresponds to a MagAO observa-
tion reported by Rodigas et al. (2014).

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. The result is that HD142527B is a fairly
standard young low-mass star that matches standard evolution
mechanisms. However, at least according to the Bara↵e et al.
(2015) models, 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

If we increase the age of the system to 5 Myr (according to
Mendigutı́a et al. 2014), then the colors of the companion start to
disagree with its absolute magnitudes. To reconcile a more ad-
vanced 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 the R and J band mag-
nitudes, respectively. That would put the target at 70 pc, which is
not compatible with the distance estimated in Section 3.1. Dust
absorption would only decrease the absolute magnitude, 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 nonaccreting counterpart.
This accretion episode, however, should be recent. Otherwise,
the object would have time to contract back to a size compatible
with the models.

Disk edge

Allowed

orbits

A
p
o
ce

n
te

r 
d
is

ta
n
ce

 /
 A

U

0

20

40

60

80

100

Inclination relative to outer disk / 
○

0 20 40 60 80 100 120

Fig. 8. Possible apocenter distance of the companion vs. its
inclination relative to the outer disk plane. The shaded region
shows allowed orbits and the dashed lines indicate the 1� er-
rors on this region. The thick red line is the inner edge of the
outer disk, showing that the companion cannot have an apocen-
ter close to this edge and simultaneously orbit in the same plane
as the disk. The black area in the lower right of the allowed re-
gion shows orbits lying within 5 degrees of the inner disk plane.

The age estimations of HD142527 A&B rely on evolutionary
models that have their own intrinsic source of errors. It has been
shown that these uncertainties can be well above a few million
years (Soderblom et al. 2014). Especially, it has been shown 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
those from intermediate-mass star models. Since the source of
uncertainties in the physics and modeling of these two families
of objects is di↵erent, more e↵orts and more of those systems
are needed to determine whether the remaining uncertainties are
inherent to the former or the latter models (or to both)

6.3. Interaction with the circumprimary and circumbinary
disks

The orbital elements of the binary system are not in agreement
with the orientation and inclination of the outer disk, but they are
in agreement with the parameters of the inner disk derived by
Marino et al. (2015) and Casassus et al. (2015a): an inclination
of 140 degrees with respect to the sky plane (70 degrees with
respect to the outer disk) and a PA of the ascending node at -3
degrees. It is therefore likely that the kinematics of the inner disk
are linked to the kinematics of HD142527B.

The remaining question concerns the gap. Is the inner edge
of the outer disk truncated by the companion? If there are orbital
solutions that place the companion in the outer disk plane with
its apocenter located close to the inner edge of the disk, then
the companion may have an ongoing role in sculpting the disk.
Figure 8 shows the apocenter distance of the companion versus
its inclination to the outer disk plane for all possible orbital solu-
tions. We assumed the outer disk is circular with an inner edge at
90 AU, an inclination of 28 degrees to the sky, and a major axis
position angle of 160 degrees (Verhoe↵ et al. 2011; Perez et al.
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Summary: large cavities as circumbinary disks?

PHANTOM simulations 
Ragusa+ 2017

Horseshoes in transitional discs 1451

Figure 1. Gas (top row) and dust (middle row) surface density in units of g cm−2 on a logarithmic scale after 140 binary orbits for four different binary
mass ratios; q = {0.01, 0.05, 0.1, 0.2} (left- to right-hand side, 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-hand columns). Low binary mass ratios, by contrast, produce more axisymmetric
overdensities around a smaller central cavity (q " 0.05; left-hand columns). The bottom row shows the column averaged dust-to-gas ratio on a logarithmic
scale for the different mass ratios. Note that, for the mm-size particles we simulate, no dust trapping occurs in the overdense region. Simulated observations of
these calculations are shown in Fig. 2.

Cycle 2 ALMA capabilities adopting an antenna configuration that
provides a beam of 0.12 × 0.1 arcsec2 (∼16 × 13 au).

3 R ESULTS

Fig. 1 shows the surface density after 140 binary orbits in the gas
(top panels) and dust (middle panels) for four different disc models
with increasing binary mass ratio (q = 0.01, 0.05, 0.1 and 0.2;
left- to right-hand side, respectively). As expected, the cavity size
increases with the mass ratio (e.g. Artymowicz & Lubow 1994).
The orbital eccentricity of the gas at the cavity edge also increases
with q, reaching e = 0.1 for our highest mass ratio case (q = 0.2;
last right-hand column).

For lower mass ratios (q = 0.01 and q = 0.05; two left-hand
columns), the dust and gas density distributions 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 of ∼10 denser than
the surrounding gas, consistent with previous numerical simulations
in the context of black hole binaries (Shi et al. 2012; D’Orazio,
Haiman & MacFadyen 2013; Farris et al. 2014; Ragusa et al. 2016).

The overdensity is a Lagrangian feature that rotates with the local
orbital frequency.

For a 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 crescent or
‘dust horseshoe’ is evident for q > 0.05, with the contrast increasing
with increasing mass ratio: For q = 0.1 the typical contrast is ≈5,
whereas 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, for example, in Sz 91 (Canovas et al. 2016).

The right-hand panel of Fig. 3 shows a snapshot of the Vertical
component of the vorticity ωz = (∇ × v)z, scaled to the Keplerian
value ωK,z = (∇ × vK)z, where vK is the Keplerian velocity field.

MNRAS 464, 1449–1455 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/464/2/1449/2282852
by Universidad de Chile user
on 25 March 2018

• HD142527, with q~0.1, could 
be an extreme which informs 
on other cavities with 
q~0.01-0.05
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Filaments?

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 0.30�� � 0.25��), 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.

Observations Simulation

Filaments

Figure 11. Streamers. Predicted HCO+ emission from simulation R2 (right; HCO+ in green), compared to the corresponding Cycle 0 image (left; credit:
Figure 8 of Casassus et al. (2015a) ©AAS, reproduced with permission). Both images show the mm dust horseshoe in red with HCO+ emission shown in
green, with 12CO emission in blue. A filament can be seen crossing the cavity in our simulations, similar to what is observed (albeit with a different position
angle, indicating our orbit is not the correct one). We thus identify this feature with the streams of material feeding the primary across the circumbinary cavity.

mation that the dynamical interaction with the binary companion
is the source of almost all of the mysterious features present in
HD142527. It also suggests that HCO+ should be more widely em-
ployed to detect intra-cavity flows in circumbinary discs. The main
discrepancy our comparison with observations in Figure 11 is that
the position angle of the stream differs from our simulation. This
mainly indicates that orbit R2 is not the true orbit.

4.9 Kinematics

Finally, Figure 12 compares the predicted moment 1 maps from
simulation R2 in 13CO and C18O emission (bottom row) with the
equivalent maps taken from Boehler et al. (2017) using ALMA data
(top; see also Muto et al. 2015). Although the broad pattern is sim-
ilar, there is a small discrepancy between the inner disc kinematics
in the observations (top) compared to our simulations (bottom). We
attribute this to the secular change in the disc orientation caused by
the torque from the binary. This occurs because orbit R2 is not a
stable binary-disc configuration. In particular, the torque from the
binary on the outer disc vanishes only when the binary is either
planar or perpendicular to the disc. It may therefore be fruitful in
future investigations to search for orbits which match the observed
data but are consistent with one of these arrangements (see discus-
sion below).

5 DISCUSSION

If the observed companion can explain the otherwise unexplained
features observed in HD142527 disc, this has potential implications
for our understanding of mm-bright transition discs in general (c.f.

Casassus 2016; Owen 2016). These represent the fraction of tran-
sition discs with large, mm-bright cavities and high mass accretion
rates. Observations of transition discs with mass flow onto the cen-
tral star continuing unabated despite the presence of a large cavity
already led numerous authors to conclude that the transition disc
population is not a homogeneous class (Najita et al. 2007; Alexan-
der & Armitage 2007; Owen & Clarke 2012) and that the likely
explanation for the mm-bright subclass is the presence of ‘objects
massive enough to alter the accretion flow’ (Najita et al. 2015).
Such an explanation was offered as far back as Skrutskie et al.
(1990).

Cavities in transition discs are thought to be explained by ei-
ther photoevaporation or companions — the latter either by dynam-
ical clearing, similar to gap opening, or by having simply used
up the dust to form planets. We have shown that the cavity in
HD142527 can be satisfyingly explained by dynamical interac-
tion with the observed binary companion, hereby reclassifying it
as a circumbinary disc. The streams of gas across the cavity pro-
vide a natural explanation for the high accretion rate. Indeed, the
average accretion rate in circumbinary discs with H/R ⇠ 0.05
is expected to be similar (within a factor of a few) to that in a
disc around a single object (e.g. Farris et al. 2014; Ragusa et al.
2016). In our simulations we measure a mass accretion rate of
⇡ 10�7M�/yr onto the primary, consistent with observational es-
timates of 2(±1) ⇥ 10�7M�/yr (Mendigutı́a et al. 2014).

Interestingly, HD142527 is not the first transition disc to have
been reclassified as circumbinary. Similar reclassifications were
made for CoKu Tau/4 (Ireland & Kraus 2008) (inspiring the first
part of our title) and CS Cha (Espaillat et al. 2007; Guenther et al.
2007). This is largely due to the difficulty in detecting close-in com-
panions. HD142527 demonstrates that it is easy to hide even rela-
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• Wide range of cavity radii, lopsidedness and inner disk tilts, could 
reflect wide variety of binary orbits. 

Price+ 2018
• Intermediate separation binaries 

(~1-10au) are poorly constrained 
(Duchêne & Kraus 2013)  
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Summary
• ALMA has revealed transition disks with large cavities as narrow 

continuum rings filled with residual gas. 

• These rings are lopsided at different levels,  with  spectral trends 

indicative of high optical depth at ALMA frequencies. 

• cm-wavelengths (i.e. ALMA band1) allow observing the 

segregation of grains sizes expected from anticyclonic vortices, 
as in MWC758.


• AO-assisted polarization imaging has revealed that rings are 
affected by a wide range of warps.


• Ring lopsidedness and warps are reproduced by simulations of 
binary-disk interactions on inclined orbits at low mass ratios, q~0.1.


• The convergence of theory and observations promises to soon 
allow quantitative comparisons, also in the q~0.001 regime.


