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DESIGN MOTIVATIONS

➤ Get away from sphNG (in speed and pain) 

➤ Cosmology codes are not ideal for star and planet formation 
(they don’t care about the same things) 

➤ Code should include physics relevant to stars and planets 

➤ Take the best from my other codes and make it fast 

➤ Needed a public code that stays up to date with our group’s 
algorithm development (MHD, dust, etc) 

➤ Low memory footprint



INITIAL APPLICATIONS



Price & Federrath (2010): Comparison of driven turbulence

PHANTOM FLASH



Lodato & Price (2010) - warped discs



Results
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DISC TEARING



MHD (AROUND 2012)
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SELF-GRAVITY

Price, Tricco & Bate (2012)
Price, Tricco & Bate (2012)



STAR CLUSTER FORMATION

Liptai et al. (2017)



PHANTOM IS NOW PUBLIC

Price et al. (2017), submitted to PASA  
arXiv:1702.03930 

https://phantomsph.bitbucket.io

https://phantomsph.bitbucket.io


RECENT SCIENCE



YOUNG STARS BEFORE WE HAD GOOD TELESCOPES

Credit: Schütz et al. (2005)

T-Tauri stars

Herbig Ae/Be stars



HL TAU



…BUT PLENTY OF THESE (ALL TAKEN WITH VLT-SPHERE)

Companions or other physics?



CRAZY EXPLANATIONS FOR HL TAU

➤ Counter-rotating infall (Vorobyov) 

➤ Secular gravitational instability 
(Takahashi & Inutsuka 2012; 
Stoyanovskaya) 

➤ Hall effect (Lesur) 

➤ Magnetic field dead zones (Flock; Lyra 
et al. 2015, Dzyurkevich et al. 2010, 
2013) 

➤ Dust instability (Loren-Aguilar & Bate 
2015) 

➤ Dust growth/pressure traps at ice 
lines (Kretke et al. 2007, Dzyurkevich)

WHAT ABOUT PLANETS?

➤ Magnetic flux rings (Lesur, Bai, Lyra+) 

➤ Rossby-wave instabilities (Pinilla et al. 
2012, Meheut et al. 2012b, Zhu and 
Stone 2014) 

➤ Clumping/photoelectric instability 
(Lyra & Kuchner 2013) 

➤ Condensation fronts (Zhang, Blake & 
Bergin 2015)

e.g. Wolf et al. (2002); Fouchet et al. (2007; 2012); Gonzalez et al. (2012); ALMA partnership et al. (2015)



ONE OF OUR BETTER ATTEMPTS

BUT: lots of spirals and require very thin disc (H/R ~ 0.01)



PLAUSIBLE EXPLANATIONS

➤ ALMA image is of mm dust, 
not gas 

➤ Perhaps inferred gas disc mass 
too high because dust has 
migrated inwards? 

➤ Easier to carve gaps in dust 
compared to gas 

➤ Need dust-gas simulations



DUST SETTLING IN PROTOPLANETARY DISCS



Gas mm grains

DUST, GAS AND PLANETS IN HL TAU



DIFFERENT GRAIN SIZES

4 Dipierro, Price, Laibe, Hirsh & Lodato
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Figure 3. Rendered images of dust surface density for a disc containing three embedded protoplanets of mass 0.26, 0.30 and 0.35 MJ initially located at the
same distance as the gaps detected in HL Tau. Each panel shows the simulation with gas+grains of a particular size (as indicated).

the planets produce clean gaps in the gas disc (Fig. 2), but as ex-
pected, the dust density perturbations induced by protoplanets de-
pend strongly on the grain size (e.g. Fouchet et al. 2007; Ayliffe
et al. 2012). The density distribution of µm-sized particles (top left
and centre) are similar to the gas distribution due to the stronger
coupling. The micrometer sized grains (top left) capture the spiral
density wave launched by the protoplanets. Millimetre-sized parti-
cles (bottom left) are most affected by the density waves induced by
the protoplanets, exhibiting the largest migration towards the gap
edges. Interestingly, the dust density distributions of 10 mm and
cm-sized particles (bottom centre and right) show axisymmetric
waves launched by the planets propagating across the whole disc.
The gaps carved by protoplanets in cm grains show the formation
of horseshoe regions. As expected, the formation of the horseshoe
region in planetary gaps depends on the dust-gas coupling, since
poorly coupled large particles tend to have frequent close encoun-
ters with the planet.

Fig. 4 compares the ALMA simulated observation of our disc
model at band 6 (right) with the publicly released image of HL
Tau (left). The pattern of bright and dark rings is readily detectable
with ALMA using a selection of observation parameters that ensure
a resolution close to the one reached in the real ALMA image. As
expected, the emission probes the mid-plane disc surface density in
large grains (0.1-10 mm), due to their high opacity at these wave-
length (Dullemond et al. 2007; Williams & Cieza 2011). However,
the intensity in the ALMA simulated observation of this model is
lower than in the HL Tau image. This difference is likely due to the
low dust mass, suggesting that the higher disc mass from a steeper
surface density profile would produce better signal-to-noise ratio.
Importantly, the ALMA simulated observation axisymmetric gaps
even though not fully carved by the protoplanet (Fig. 2).

4 SUMMARY

Inspired by the recent ALMA image of HL Tau, we have performed
3D dust/gas SPH simulations of a disc hosting multiple planets
aimed at reproducing the peculiar morphology of alternating dark
and bright rings shown in the observation. We used 3D radiative
transfer modelling to produce synthetic ALMA observations of our
disc model in order to test whether dust features induced by em-
bedded protoplanets can explain those detected. We find:

(i) The absence of spiral structure observed in HL Tau is due to
the different response of the dust compared to the gas to embedded
planets. Axisymmetric rings such as those observed are a natural
product of embedded planets in the disc when observing the dust.
Spiral structure may still be present in the gas. Hence dust/gas mod-
elling is crucial for interpreting these systems.

(ii) In agreement with previous authors, we find it is easier to
carve gaps in dust than in gas. Hence gaps at mm-wavelengths do
not necessarily indicate gaps in the gas.

(iii) We can reproduce all the major features of HL Tau obser-
vations with three embedded planets at 13.2, 32.3 and 68.8 au with
planet masses of 0.26, 0.30 and 0.35 MJ, respectively. This sup-
ports the conclusion that embedded protoplanets are responsible
for the observed structure.

(iv) The dust density structures for grains with St ! 10 (cm-
size and larger in our simulations; bottom centre and right panels of
Fig. 3) show axisymmetric features identified as waves excited by
the embedded protoplanets (Goldreich & Tremaine 1982). These
waves can freely propagate across the dusty disc without being
damped by dissipative phenomena (Rafikov 2002). The low drag
on cm particles make these waves more visible since the drag ef-
fect on the radial dust motion is negligible. We therefore suggest

© 2014 RAS, MNRAS 000, 1–5



COMPARISON

Dust and gas in HL Tau 5

Figure 4. Comparison between the ALMA image of HL Tau (left) with simulated observations of our disc model (right) at band 6 (continuum emission at 233
GHz). The white colour in the filled ellipse in the lower left corner indicates the size of the half-power contour of the synthesized beam: (left) 0.035 arcsec ×
0.022 arcsec, P.A. 11°; (right) 0.032 arcsec × 0.024 arcsec, P.A. 6°.

that the axisymmetric perturbations in the ALMA images in the
outer part of the second and third planet orbits are generated by the
lower coupling of cm-particles. Further simulations with a steeper
surface density profile should be able to reproduce this.

There are many caveats to our results, and we stress that these
are preliminary investigations. Nevertheless they illustrate that the
ALMA observations of HL Tau can be understood from the inter-
action between dust, gas and planets in the disc.
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HL TAU: CONCLUSIONS

➤ Can reproduce major features in HL Tau with dust/gas 
simulations using 3 ~Saturn mass planets (0.2, 0.27 and 0.55 
MJup) 

➤ No spirals in the dust 

➤ Suggests rapid planet formation

Hunting for planets in the HL Tau disk
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ABSTRACT

Recent ALMA images of HL Tau show gaps in the dusty disk that may be

caused by planetary bodies. Given the young age of this system, if confirmed,

this finding would imply very short timescales for planet formation, probably in a

gravitationally unstable disk. To test this scenario, we searched for young planets

by means of direct imaging in the L0-band using the Large Binocular Telescope

Interferometer mid-infrared camera. We reached an unprecedented contrast very

close to the central star in the system, and specifically at the location of two

prominent dips in the dust distribution at ⇠70 AU from the central star. We

did not detect any point source at the location of the rings down to a contrast of

⇠7.5 mag with respect to the central point source. Using evolutionary models we

derive upper limits of ⇠10-15 MJup at  0.5-1 Ma for the possible planets. Our

limits suggest that there are no massive giant planets formed by gravitational

instability in the outer disk and that the gaps seen in the dust distribution

at ⇠1 mm by ALMA are not be caused by giant planets opening gaps in the

gaseous disk. The structures detected at mm-wavelengths could be gaps in the

distributions of large grains on the disk midplane, caused by smaller planets or

planetary cores. Future ALMA observations of the molecular gas density profile

and kinematics as well as higher contrast infrared observations may be able to

provide a definitive answer.

Subject headings: giant planet formation — protoplanetary disks — stars: individual

(HL Tau)



DUST GAPS WITH NO GAS GAPS?

➤ Small planets only carve a gap in the dust

2 Dipierro et al.

gas

0.05 MJ

-2 -1.5 -1
0.1 MJ

-4 -3.5 -3 -2.5 -2

Figure 1.Gap opening via Mechanism I, where low mass planets carve a gap in the dust but not the gas. Plots show gas (left) and millimetre dust grain (centre)
surface densities in a dusty disc hosting planets of mass 0.05MJ (top row) and 0.1MJ (bottom row). While the 0.05MJ creates a depletion of dust at the
planet location, the 0.1MJ planet is able to carve a gap in the dust. Neglecting the gravity between the planet and the dust (right panels) shows that the gap is
opened by the tidal torque. The drag torque acts to close the gap due to the radial migration of dust particles from the outer disc (top centre panel).

2.2 Initial conditions

We setup a disc as in Lodato & Price (2010). We assume a central
star of mass 1.3M⊙ surrounded by a gas disc made of 5× 105 gas
particles and a dust disc made of 3 × 105 dust particles. The two
discs extend from rin = 1 au to rout = 120 au. Wemodel the initial
surface density profiles of the discs using power-laws of the form
Σ(r) = Σin(r/rin)−p. We adopt p = 0.1 and set Σin such that the
total gas mass contained between rin and rout is 0.0002 M⊙. We
assume 1 mm dust grains with a corresponding Stokes number (the
ratio between the stopping time and the orbital timescale), St ∼ 10.
The initial dust-to-gas ratio is 0.01 and St ∝ 1/Σg ∼ r0.1 in the
disc. We simulate only the inner part of the disc since this is what
can be observed with ALMA e.g. in HL Tau. If the gas phase were
to extend to rout = 1000 au, the total mass of the system is≃ 0.01
M⊙. We assume a vertically isothermal equation of state P = c2sρ
with cs(r) = cs,in(r/rin)−0.35 and an aspect ratio of the disc that
is 0.05 at 1 au. We set an SPH viscosity parameter αAV = 0.1 giv-
ing an effective Shakura & Sunyaev (1973) viscosity αSS ≈ 0.004.
We setup a planet located at 40 au and evolve the simulations over
40 planetary orbits. This is sufficient to study the physics of dust
gap opening with our assumed grain size, though we caution that
further evolution occurs over longer timescales. We vary the planet
mass in the range [0.05, 0.1, 0.5, 1]MJ to evaluate the relative con-
tributions of the tidal and drag torques.

3 RESULTS

Gap formation is a competition between torques. In a gas disc the
competition is between the tidal torque from the planet trying to
open a gap and the viscous torque trying to close it. Dust, by con-
trast, is pressureless and inviscid, and the competition is between
the tidal torque and the aerodynamic drag torque.

Dust efficiently settles to the midplane in our simulations,
forming a stable dust layer with dust to gas scale height ratio of
∼

!

αSS/St ∼ 0.02, consistent with the Dubrulle et al. (1995)
model and other SPH simulations of dusty discs (e.g. Laibe et al.
2008). Settling of grains is expected to slightly reinforce the con-
tribution from the tidal torque by local geometric effects.

3.1 Mechanism I — low mass planets

Fig. 1 demonstrates gap-opening when the planet is not massive
enough to carve a gap in the gas disc. The gas shows only a weak
one-armed spiral density wake supported by pressure, as predicted
by linear density wave theory (Ogilvie & Lubow 2002).

The general expression for the drag torque is

Λd = −r
K
ρd

(vφd − vφg ), (1)

where K is the drag coefficient, ρd is the dust density and vφd

MNRAS 000, 1–5 (2016)

Dipierro, Laibe, Price & Lodato (2016)
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DISKS IN TRANSITION IN THE TAURUS POPULATION: SPITZER IRS SPECTRA OF GM AURIGAE AND DM TAURI
N. Calvet,1 P. D’Alessio,2 D. M. Watson,3 R. Franco-Hernández,1 E. Furlan,4 J. Green,3 P. M. Sutter,3
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ABSTRACT
We present Spitzer Infrared Spectrograph (IRS) observations of two objects of the Taurus population that show

unambiguous signs of clearing in their inner disks. In one of the objects, DM Tau, the outer disk is truncated at
3 AU; this object is akin to another recently reported in Taurus, CoKu Tau/4, in that the inner disk region is
free of small dust. Unlike CoKu Tau/4, however, this star is still accreting, so optically thin gas should still
remain in the inner disk region. The other object, GM Aur, also accreting, has ∼0.02 lunar masses of small dust
in the inner disk region within ∼5 AU, consistent with previous reports. However, the IRS spectrum clearly
shows that the optically thick outer disk has an inner truncation at a much larger radius than previously suggested,
∼24 AU. These observations provide strong evidence for the presence of gaps in protoplanetary disks.
Subject headings: accretion, accretion disks— circumstellar matter— stars: formation—

stars: pre–main-sequence
Online material: color figures

1. INTRODUCTION

Observations from instruments on board the Spitzer Space
Telescope are providing important clues for understanding the
first stages of planet formation and disk clearing. Disks are ex-
pected to evolve from initial optically thick configurations in
which gas and dust are well mixed, due to viscous processes by
which mass is transfered to the star as the disk expands (see
Hartmann et al. 1998). In addition, solids in the disk are expected
to grow in size and settle toward a dense midplane (Weiden-
schilling 1997), where the probability of forming cores of plan-
etesimals, the seeds of planets, is high. In general terms, prop-
erties of protoplanetary disks around classical (accreting) T Tauri
stars appear to depend on age, as predicted by these theories.
Mass accretion rates decrease with time, consistent with simple
viscous evolution models (see Calvet et al. 2005 and references
therein), and a systematic decrease of infrared flux with age is
observed in the near-infrared and mid-infrared (Haisch et al.
2001; Calvet et al. 2005; Sicilia-Aguilar et al. 2005), consistent
with dust grain growth and settling. In addition, dust evolution
is clearly indicated by optically thin inner regions in disks in the
∼10 Myr old TW Hya association (Jayawardhana et al. 1999),
in the 1–2 Myr old Taurus population (Jensen & Mathieu 1997),
and even in extremely young embedded clusters using photom-
etry from IRAC and MIPS on board Spitzer (Muzerolle et al.
2004). These transitional objects are characterized by near-in-
frared fluxes much closer to the photosphere than to the Taurus
median, silicate emission at 10 mm, and mid-infrared and far-
infrared fluxes comparable to or higher than the Taurus median.
Detailed analysis of the disk around TW Hya indicated that it

1 Smithsonian Astrophysical Observatory, 60 Garden Street, Cambridge,
MA 02138; ncalvet@cfa.harvard.edu.

2 Centro de Radioastronomia y Astrofisica, UNAM, Apartado Postal 3-72
(Xangari), 58089 Morelia, Michoacan, Mexico.

3 Department of Physics and Astronomy, University of Rochester, Rochester,
NY 14627-0171.

4 Center for Radiophysics and Space Research, Space Sciences Building,
Cornell University, Ithaca, NY 14853-6801.

5 Department of Physics, Ithaca College, Ithaca, NY 14850.
6 National Optical Astronomy Observatory, 950 North Cherry Avenue, Tuc-

son, AZ 85719.

has evolved into an outer optically thick disk and an inner op-
tically thin disk populated by a small amount of micron-size
particles (Calvet et al. 2002, hereafter C02; Uchida et al. 2004).
The study by Rice et al. (2003) of the transitional disk around
GM Aur showed that the peculiarities of the spectral energy
distribution (SED) could be explained by a disk gap opened by
a planet. The sharp rise of flux at ∼10 mm was due to frontal
illumination of the wall of the optically thick outer disk, in
agreement with C02 modeling of the TW Hya disk. In both
cases, the remaining inner disk region, traced by small dust, was
consistent with the fact that material still had to be fed to the
accretion flows of the stars, known to be accreting from veiling
and UV excess measurements.
Even more extreme, a disk in Taurus has been discovered

with the Spitzer Infrared Spectrograph7 (IRS; Houck et al.
2004), in which inner disk emission is negligible, even though
outer disk mid-infrared fluxes are high. This object, CoKu Tau/
4 (Forrest et al. 2004; D’Alessio et al. 2005b) is a nonaccreting,
weak-line T Tauri star, consistent with the absence of small
dust grains in the inner disk. The spectrum of this star is pho-
tospheric below ∼10 mm and rises at longer wavelengths, show-
ing a weak silicate emission; this SED can be explained by
emission of a wall of an outer disk at 10 AU from the star,
with a weak silicate emission arising in the atmosphere of the
wall (D’Alessio et al. 2005b). Hydrodynamic simulations again
indicate that such system may be due to the formation of a
planet (Quillen et al. 2004).
In this contribution, we present and analyze IRS spectra of

two transitional disks in Taurus, GM Aur and DM Tau. The
status of these objects as transitional disks was suggested by
Marsh & Mahoney (1992) and Jensen & Mathieu (1997) and
confirmed by Bergin et al. (2004) using ground-based near and
mid-infrared spectra around 10 mm. The IRS spectra presented
here allow us to determine much more precisely the structure
of the disks in these objects. In § 2 we describe the observa-

7 The IRS was a collaborative venture between Cornell University and Ball
Aerospace Corporation funded by NASA through the Jet Propulsion Labo-
ratory and the Ames Research Center.
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TABLE 2
Stellar and Model Properties

Parameter GM Aur DM Tau

(M,) . . . . . . . . . .M∗ 1.2 0.65
(R,) . . . . . . . . . . .R∗ 1.5 1.2
(K) . . . . . . . . . . . . .T∗ 4730 3720

i (deg) . . . . . . . . . . . . . 55 40
AV . . . . . . . . . . . . . . . . . 1.2 0.5
(M, yr!1) . . . . . .Ṁ 10!8 2 # 10!9

Wall

Tw (K) . . . . . . . . . . . . . 130 215
Rw (AU) . . . . . . . . . . . 24 3
zw (AU) . . . . . . . . . . . 1.9 0.15

a . . . . . . . . . . . . . .z /Hw 1.05 2.2

Outer Disk

e . . . . . . . . . . . . . . . . . . . 0.1 0.1
a . . . . . . . . . . . . . . . . . . 0.005 0.0015
Md (M,) . . . . . . . . . . 0.09 0.05

a H is the scale height.

Fig. 2.—SEDs of GM Aur and DM Tau. IRS from Fig. 1. Optical (open
circles) data from Kenyon & Hartmann (1995, hereafter KH95) and 2MASS
(solid circles) corrected for reddening with extinctions in Table 2 and theAV
Mathis (1990) reddening law. Millimeter fluxes (pentagons) are from Dutrey
et al. (1996). The short-dashed line is the median SED of Taurus with quartiles
(error bars; D’Alessio et al. 1999). Photospheric fluxes (dotted lines) have
being constructed from colors for standard stars in KH95, scaled at J. The
model components are as in Fig. 1. [See the electronic edition of the Journal
for a color version of this figure.]

accretion rate determined from veiling measurements for the
calculation of the structure of the outer disk, although there is
no reason why this , which pertains to properties of the innerṀ
disk, should be adequate to describe the outer disk. The relevant
quantity in the calculation is , which determines the massṀ/a
surface density and thus the disk mass (see D’Alessio et al.
1999). By varying a for fixed , we are effectively findingṀ
the distribution of surface density and thus the disk mass Md

that better fits the observations.
The spectrum from the inner regions is calculated as the sum

of the emergent flux from optically thin annuli in a region
extending from the dust destruction radius to a given radius,
determined by the best fit, where the dust in each annulus is
heated by stellar radiation. For a given dust mixture of several
compounds and size distribution, the temperature is cal-T(R)
culated using the mean opacities. The total emission is param-
eterized in terms of the vertical optical depth at 10 mm, ,t0
which we allow to vary as a power law in radius (see C02).
Here we aim for a gross characterization of the dust content
of the inner disk; a detailed analysis will be published elsewhere
(B. Sargent et al. 2005, in preparation). Stellar parameters and
mass accretion rates for both sources are taken from White &
Ghez (2001) and given in Table 2, along with inclinations
consistent with those in Simon et al. (2000).
Figure 2 shows the SEDs of both sources, with the IRS

spectra of Figure 1 and optical, near-infrared, IRAS, and mil-
limeter data from references given in the caption. We also show
the Taurus median from D’Alessio et al. (1999); the flux deficit
at near-infrared and excess at mid- and far-infrared relative to
the median clearly characterize these objects as transitional
disks. Figures 1 and 2 also show fluxes predicted by the best
models with parameters in Table 2.
The SED of GM Aur requires an optically thick disk trun-

cated at ∼24 AU. The atmosphere of the wall of this disk
produces little emission at 10 mm; most of this emission arises
in an optically thin inner region with , which is alsot ∼ 0.0020
responsible for the excess above photospheric fluxes in the near-
infrared region. To explain the spectral distribution of this ex-
cess we use a dust mixture consisting of 48% amorphous sil-
icates (glassy ; Dorschner et al. 1995), 3% ofMg Fe SiO0.7 0.3 3
amorphous carbon (optical constants from Mathis & Whiffen
1989), 42% of organics and 3% of troilite (optical constant
from Pollack et al. 1994), and 2% of forsterite (opacities from

Koike et al. 1999). The opacity of this mixture (except for-
sterite) is calculated with Mie theory, for a power-law size
distribution with exponent 3.5, between mm anda p 0.005min

mm. The outer boundary of the optically thin re-a p 0.25max
gion cannot extend much beyond 5 AU; otherwise the flux
ratio between 20 mm and 10 mm increases and it is not possible
to fit the observed spectrum. Also, the optical depth of the dust
in this region does not seem to vary significantly with radius.
The total mass of small dust grains in the optically thin inner
region is equal to , or about 0.02 lunar masses.!107# 10 M,

The interpretation of the SED of DM Tau requires only an
outer optically thick disk with a wall frontally exposed to stellar
radiation, consistent with the fact that there is no excess above
photospheric fluxes shortward of 10 mm. The weak silicate
emission can be explained in terms of interstellar medium
grains in the wall atmosphere, similar to the case of CoKu Tau/
4 (D’Alessio et al. 2005b). Assuming the same composition as
the inner disk in GM Aur, we estimate an upper limit of

, or about 0.0007 lunar masses for the mass of!112# 10 M,

small grains in the inner disk of DM Tau, assuming it extends
out to the wall of the outer disk.
In both cases, the outer disks are fairly substantial. They can

be fitted with models where the mass fraction of small grains in
the upper layers has decreased to 10% of the standard ratio
( ). The best fit requires very low values of a (Table 2),e p 0.1
implying relatively high disk masses, 0.09 for GM Aur andM,

0.05 for DM Tau. Our mass estimates are higher by ∼2 thanM,

previous determinations by Dutrey et al. (1996) and Kitamura
et al. (2002), which can be explained by the fact that our opacity

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

2.1 Spectral Energy Distributions

SEDs are a powerful tool in disk studies as they pro-
vide information over a wide range of wavelengths, trac-
ing different emission mechanisms and material at differ-

!"##$%&'( 

)*+,'&-.,+#$%&'( 

/*01)*+,'&-.,+#$%&'( 

Fig. 2.— Schematic of full (top), pre-transitional (middle), and
transitional (bottom) disk structure. For the full disk, progressing
outward from the star (black) is the inner disk wall (light gray) and
outer disk (dark brown). Pre-transitional disks have an inner disk
wall (light gray) and inner disk (dark brown) followed by a disk
gap (white), then the outer disk wall (light gray) and outer disk
(dark brown). The transitional disk has an inner disk hole (white)
followed by an outer disk wall (light gray) and outer disk (dark
brown).

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

SED classification

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

3



PHOTOEVAPORATION OF DISCS
Origin of evolution of transition discs 11
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Figure 8. Schematic picture of photoevaporation driven dispersal of a protoplanetary disc and the various transition disc stages (c.f.
Alexander et al. 2014). After gap opening (stage I) the dust in the inner disc rapidly drains onto the star due to dust drag in . 104 years
leaving an accreting transition disc (stage II). The inner dust-free gas disc viscouly drains onto the central star in a few 105 years leaving
a non-accreting transition disc (stage III) where photoevaporation erodes the disc to large radius where something like thermal sweeping
finally destroys the disc leaving behind a disc-less yong star (stage IV). The lifetime of stage III is highly uncertain theoretically. The
approximate radial scales are shown at the bottom for reference. Stage III is not observed.

such that the hole erodes to a radius . 20 AU. Once the
inner disc has fully drained onto the central star pho-
toevaporation becomes more e�cient (due to the large
exposed area at the inner edge of the gap) and the disc is
photoevaporated to large hole sizes (Alexander, Clarke,
& Pringle 2006b; Owen, Ercolano, & Clarke 2011b). The
disc will now appear as a non-accreting transition disc
with a large hole & 20 AU until it is eventually de-
stroyed possibly by “thermal sweeping” (Owen et al.
2013).

Photoevaporation can only form transition discs at
the end of the discs’ lifetime, with small hole sizes .
10 AU and low accretion rates . 10�8 M� yr�1. There-
fore the photoevaporation model is consistent with the
properties of mm-faint transition discs. Photoevapora-
tion alone cannot explain any properties of mm-bright
transition discs.
The photoevaporation model alone predicts a long

non-accreting transition disc phase comparable with,
if not longer than, the accreting transition disc
phase (Clarke, Gendrin, & Sotomayor 2001; Alexan-

PASA (2015)

Owen (2016)



ARE TRANSITION DISCS TRANSITIONAL?
Manara et al.: X-Shooter study of accretion and winds in Transitional Disks

Table 5. Derived properties of [OI] line at � 630 nm

Name F[OI]�630 v0,[OI]�630 FWHM[OI]�630
[erg s�1 cm�2] [km/s] [km/s]

LkH↵330 (6.1 ± 1.9) ⇥ 10�14 7.7 24
DM Tau (9.1 ± 1.8) ⇥ 10�15 -4.3 38
LkCa 15 (4.6 ± 1.9) ⇥ 10�14 -8.7 43
GM Aur (3.9 ± 1.0) ⇥ 10�14 -2.2 42
Sz Cha (2.4 ± 0.9) ⇥ 10�14 -4.7 30
TW Hya (9.0 ± 0.8) ⇥ 10�14 -4.8 24
CS Cha (2.8 ± 1.5) ⇥ 10�14 -4.4 37
CHXR22E < 8.0 ⇥ 10�16 ... ...
Sz18 < 2.6 ⇥ 10�15 ... ...
Sz27 (5.4 ± 0.3) ⇥ 10�14 -7.6 49
Sz45 (1.8 ± 0.5) ⇥ 10�14 -4.8 50
Sz84 (2.4 ± 0.2) ⇥ 10�15 -6.5 44
RX J1615 (1.7 ± 0.8) ⇥ 10�14 -8.7 49
Oph22 < 7.3 ⇥ 10�15 ... ...
Oph24 (3.0 ± 1.3) ⇥ 10�14 -13.0 67
SR 21 < 6.4 ⇥ 10�14 ... ...
ISO�Oph196 (1.4 ± 0.4) ⇥ 10�15 -20.4 68
DoAr 44 (2.6 ± 1.2) ⇥ 10�14 -7.7 50
Ser29 < 4.2 ⇥ 10�16 ... ...
Ser34 (4.1 ± 0.8) ⇥ 10�15 -7.3 47
RX J1842.9 (5.0 ± 0.8) ⇥ 10�14 -5.5 43
RX J1852.3 (2.6 ± 1.3) ⇥ 10�14 -3.8 36

Notes. Fluxes are reported in the format (flux ± err) multiplied by the
order of magnitude.

analyzed with a similar methodology. For these reasons we se-
lect as a comparison sample the objects studied by Alcalá et al.
(2014). These are located in the Lupus I and III clouds and have
ages ⇠ 3 Myr, similar to the objects in our sample. The analysis
of that sample was carried out with the same methodology as
the one we used here. We show in Fig. 9 the logarithmic rela-
tion between Ṁacc and M⇤ for these two samples. Our data are
reported as blue circles, while data from Alcalá et al. (2014) as
green diamonds. The solid line on the plot is the best fit rela-
tion from Alcalá et al. (2014), and the dashed lines represent the
dispersion of 0.4 dex around this best fit relation. The typical
errors on the quantities are shown as a black cross. We see that
⇠80% of the TDs have values of Ṁacc consistent with the val-
ues found by Alcalá et al. (2014) for Lupus objects of the same
M⇤. Therefore, for these objects we do not see any di↵erence in
the accretion properties with respect to those in cTTs. We also
perform on these two samples a Kolmogorov-Smirnof statistical
test (K-S test). When restricting to objects in the same M⇤ range
the probability that the two samples are drawn from the same di-
stribution is 80%. We can then conclude that for our sample, the
amount of accretion depends on the mass of the central object,
and not on the evolutionary stage (cTTs or TD) of the system.

This result di↵ers from what found in the literature. For ex-
ample, Najita et al. (2007) noted that TDs have a sistematically
smaller value of Ṁacc at any given value of the mass of the
disk (Md). They inferred that the accretion rates for TDs are in
general smaller than for cTTs. Similarly, various further anal-
yses of larger samples of TDs found values of Ṁacc typically
lower than those of cTTs by a factor ⇠10 (e.g., Kim et al., 2009,
2013; Muzerolle et al., 2010; Espaillat et al., 2012). These results
are reported in the recent review by Espaillat et al. (2014), to-
gether with other results that di↵er somehow from the ones listed
above. In particular, Espaillat et al. (2014) report values of Ṁacc
for 3 TDs in ⇢-Ophiucus which are compatible with the locus
of cTTs in the same region and in Taurus on the Ṁacc-Md plane.

Fig. 8. Logarithm of the mass accretion rate vs inner hole size
for our sample. Di↵erent symbols are used to distinguish the
methods used in the literature to derive the size of the inner
hole. Blue squares are adopted when this has been derived using
IR-SED fitting, while red circles when the values are derived
from resolved mm-interferometry observations. Downward ar-
rows are upper limits. The two lowest points are, from left
to right, CHXR22E and Ser29. The object at Rin=25 AU and
logṀacc=�9.8 is Ser34.

They suggest that results di↵ering from those found in previous
works may arise from di↵erent sample selection and/or di↵erent
methods to estimate Ṁacc. To avoid this possible methodological
bias, we have shown here only the comparison between our sam-
ple of TDs and the sample of cTTs in Lupus, which is analyzed
in the same way as our objects. We stress here again that our TDs
have been selected to be mostly strong accretors, thus our sample
selection is not representative of all the TDs and that we do not
derive conclusions for the whole TD population. Nevertheless,
our results prove that there are TDs that accrete at the same rate
of cTTs.

The two main outliers in Fig. 8-9 are the object with an up-
per limit on Lacc, Ser29, and CHXR22E. The lower intensity of
accretion for these targets implies that the gas density in the in-
ner disk is substantially depleted with respect to the one of cTTs.
These objects do not have any peculiar property reported in the
literature. From Fig. 9 we note that in the same range of M⇤ of
these objects there are other TDs with values of Ṁacc compara-
ble or even higher than cTTs. Therefore, these objects are not
peculiar in their stellar properties. We will discuss in more detail
about these objects later after considering their wind and dusty
inner disk properties. It is possible that these objects are part of
a population of TDs with lower values of Ṁacc not included in
our sample.

5.2. Wind properties

As discussed in Sect. 4, we have measured the flux of the LVC
of the [OI]�630 nm line, which is a tracer of winds in YSOs.
To determine whether the wind properties of our objects de-
pend on the disk morphology we compare in Fig. 10 the loga-
rithmic luminosity of this line with the values of Rin available
from the literature. We do not see any clear correlation between
these quantities. The luminosity of the LVC of the [OI]�630 nm
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N. van der Marel et al.: Gas cavities in transitional disks

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

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

3.2. Model-fitting approach

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

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

visibility curve, followed by small adjustments on the inner disk
parameter (δdust) and vertical structure to fit the SED. For the
fit to the 12CO data, the gas surface density was taken initially
assuming a gas-to-dust ratio of 100, and the amount of gas in-
side the cavity was subsequently constrained by varying the δgas
parameter, where Σgas = δgasΣgas for r < rcav. The dust den-
sity inside the cavity (between rgap and rcavdust) was set to be
entirely empty of dust grains. SR21 is an exception: a small
amount of dust was included between 7 and 25 AU, following
van der Marel et al. (2015b). The dust structure of DoAr44 is
analyzed in a similar way in Appendix B through SED and dust
345 GHz continuum visiblity modeling. For IRS 48, we used the
model derived by Bruderer et al. (2014), although we chose to
use an exponential power-law density profile instead of a normal

A58, page 5 of 14
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Fig.1.ALMAobservationsofthecontinuum,13COandC18O3−2linesofthefirstthreetargets.Topleft:zero-moment13COmap.Topmiddle:
continuummap.Topright:13COspectrumintegratedovertheentiredisk.Bottomleft:zero-momentC18Omap.Bottommiddle:firstmoment
13COmap(velocitymap).Bottomright:C18Ospectrumintegratedovertheentiredisk.Thebeamisindicatedineachmapbyawhiteellipsein
thelowerleftcorner.Thedottedwhiteellipseindicatesthedustcavityradius.

fractionoflargegrainsflsandthescaleheightofthelargegrains
χareusedtodescribethesettling.Moredetailsonthestar,the

adoptedstellarUVradiation,thedustcomposition,andvertical
structurearegiveninvanderMareletal.(2015b).
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Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

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

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

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

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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Horseshoes in transitional discs 3

q=0.01gas q=0.05 q=0.10

0 1 2
log ∫ ρg dz
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dust

-3 -2 -1
log ∫ ρd dz

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

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

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

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

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

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

The right panel of Fig. 3 shows a snapshot of the vorticity
! = r⇥ v, scaled to the Keplerian value !K = r⇥ vK, where
vK is the keplerian velocity field. The flow is close to keplerian
in the outer regions of the disc, while in the overdense region the
value of the vorticity is 0 . !/!K < 1. The extended region out-
side the overdense crescent where ! > !K is due to the steeper
than keplerian gradient of the azimuthal velocity. Vortices induced
by the Rossby wave instability typically result in much higher vor-
ticities, with anti-cyclonic vortices reaching |!/!K| ⇠ 2 (Owen
& Kollmeier 2016).

MNRAS 000, 1–7 (2016)

HORSESHOES IN TRANSITIONAL DISCS

See also Lyra & Lin (2013), Zhu & Stone (2014), Mittal & Chiang (2015), 
Zhu & Baruteau (2016), Baruteau & Zhu (2016)
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Figure 2. Comparison of ALMA simulated observations at 345 GHz of disc models with a mass ratio q = 0.01 (upper left), q = 0.05 (upper right), q = 0.1
(bottom left) and q = 0.2 (bottom right). Intensities are in mJy beam�1. The white colour in the filled ellipse in the upper left corner indicates the size of the
half-power contour of the synthesized beam: 0.12⇥ 0.1 arcsec (⇠ 16⇥ 13 au at 130 pc.).

4 DISCUSSION

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

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

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

MNRAS 000, 1–7 (2016)

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

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

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

3.2. Model-fitting approach

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

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

visibility curve, followed by small adjustments on the inner disk
parameter (δdust) and vertical structure to fit the SED. For the
fit to the 12CO data, the gas surface density was taken initially
assuming a gas-to-dust ratio of 100, and the amount of gas in-
side the cavity was subsequently constrained by varying the δgas
parameter, where Σgas = δgasΣgas for r < rcav. The dust den-
sity inside the cavity (between rgap and rcavdust) was set to be
entirely empty of dust grains. SR21 is an exception: a small
amount of dust was included between 7 and 25 AU, following
van der Marel et al. (2015b). The dust structure of DoAr44 is
analyzed in a similar way in Appendix B through SED and dust
345 GHz continuum visiblity modeling. For IRS 48, we used the
model derived by Bruderer et al. (2014), although we chose to
use an exponential power-law density profile instead of a normal
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Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

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

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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Fig. 1. ALMA observations of the continuum, 13CO and C18O 3−2 lines of the first three targets. Top left: zero-moment 13CO map. Top middle:
continuum map. Top right: 13CO spectrum integrated over the entire disk. Bottom left: zero-moment C18O map. Bottom middle: first moment
13CO map (velocity map). Bottom right: C18O spectrum integrated over the entire disk. The beam is indicated in each map by a white ellipse in
the lower left corner. The dotted white ellipse indicates the dust cavity radius.

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

adopted stellar UV radiation, the dust composition, and vertical
structure are given in van der Marel et al. (2015b).
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and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

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

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

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

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

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

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

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

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

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

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

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

The molecular and filamentary flows near the star are non-
Keplerian. Blueshifted emission extends to the east from the central
intensity peak (Fig. 1d). This velocity component is broad near the star,
with emission ranging from 23.4 to 111 km s21 (Supplementary
Fig. 2), and is marginally resolved (the central HCO1 peak extends
over about 0.65 3 0.38 arcsec2). In the deconvolved images of the inset
to Fig. 1d, the peak intensity in the blue- and red-outlined regions are
separated by about 0.2 arcsec, that is, by the diameter of the inner disk,
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Observatory, Casilla 19001, Vitacura, Santiago, Chile. 4National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, Virginia 22903-2475, USA. 5Observatoire de Genève, Université de
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flect an equally lopsided gas distribution. However, a
theoretical question remains as to the impact of enhanced
cooling in the dust trap on the physical conditions. In
observational terms, the use of gas tracers such as CO
or the infrared (IR) emission from small grains are both
very optically thick where the ALMA thermal continuum
originates, so that the previous observations (Casassus
et al. 2013; van der Marel et al. 2013; Pérez et al. 2014)
could not test the trapping predictions. For instance,
in IRS 48 the outer ring is optically thick in the mid-
IR emission (Bruderer et al. 2014, their Sec. 4.1), as is
CO(6-5) whose azimuthal structure is largely determined
by foreground absorption.
Since emission at a given wavelength is dominated by

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

2. AN OPTICALLY THICK SUB-MM CONTINUUM

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

as a function of position is the spectral index map ↵(~x),
with a power-law parameterisation of the specific inten-
sity I⌫ = I⌫�(⌫/⌫�)↵(~x). We find that the spectral in-
dex between 345 GHz and 700 GHz, ↵700

345, as well as the
slope of the spectrum across the 0.13 GHz frequency lever
within ALMA band 7, ↵345, both anti-correlate with the
continuum crescent (see Sec. A.6), meaning that the az-
imuthal extension is greater at shorter wavelength. How-
ever, while the band 7 and band 9 continua peak be-
tween 10h and 11h as a function of azimuth along the
outer ring, the spectral index maps exhibit a common
minimum at ⇠1h, i.e. at the northern ansa of the ring.
This coincidence is indicative of a projection e↵ect, as in
limb-brightening: if column densities are greater at 1h,
the increased optical depths will result in flatter spectra.
The spectral variations inferred from the multi fre-

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

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

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

I
m
⌫ (~x) = B⌫(Ts(~x)) [1� exp(�⌧(~x))] .

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

345 and ↵345) is minimum,
thus in agreement with an interpretation of the spectral
index variations in terms of optical depth e↵ects, rather
than genuine variations of the underlying dust grain pop-
ulations. Another consequence of the high submm opti-
cal depths is that the double-peaked crescent morphol-
ogy, best seen in band 9, reflects structure in the tem-
perature field rather than in the density field inside the
dust trap. The local band 9 emission maxima, at 10.5h
and 1.5h, are separated by a minimum in temperature at
0.5h.

3. ATCA/ALMA MULTI-FREQUENCY RESULTS

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

crescent

Dust trapping in HD 142527 9

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

the following temperature profile:

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

T =70 K(r/(30 AU)�0.5 if r � 30 AU.

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

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

Casassus et al. 2015b

“the large sub-mm crescent mostly reflects 
the gas background, with relatively 
inefficient trapping, so that the observed 
contrast ratio of ∼ 30 is accounted for 
with a contrast of 20 in the gas”  
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Figure 2. Impact of the inner disk orientation on the H-band light scattered off the outer disk. (a) NACO-PDI H-band image from Avenhaus et al. (2014) compared
with the C18O(2–1) emission at systemic velocity from Perez et al. (2014). The C18O(2–1) emission, represented here as one white contour at 0.75 maximum, shows
that the position angle (P.A.) of the outer disk is at −20◦ east of north, and perpendicular to the solid gray double arrow, while the position angle of the intensity nulls
is indicated by the dashed double arrow (−8◦). (b)–(f) Radiative transfer prediction for polarized intensity in the H band for different inner disk P.A.s (indicated in
degrees on the plots) and for different relative inclinations α between the inner and the outer disks. The x− and y−axes indicate offset along R.A. and decl., in arcsec.

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

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

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

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

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

4. DISCUSSION

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

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

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

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

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

3
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Fig. 1.— Final Q� and U� images, shown in the same stretch (r2 scaling normalized to peak intensity and using a square-root stretch,
2015 and 2016 data combined). Top two panels: Entire field of view. Bottom two panels: Same data, but zoomed in to the inner regions
and enhanced (see color bar). Orange hues denote positive, blue hues negative values. The red X marks the position of the primary, the
small green X the position of the secondary (latest published position of May 12, 2014, Lacour et al. (2016), separation 77.2 mas). Data
within our inner working angle of 25 mas has been masked out. Note the square-root stretch, which reduces overall contrast, but better
shows faint features of the disk and also enhances the visibility of noise in the U� images.

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

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

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

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

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

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

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

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

Detailed observations of gaps in protoplanetary disks have revealed structures that drive current research on
circumstellar disks. One such feature is the two intensity nulls seen along the outer disk of the HD 142527 system,
which are particularly well traced in polarized differential imaging. Here we propose that these are shadows cast
by the inner disk. The inner and outer disk are thick, in terms of the unit-opacity surface in the H band, so that the
shape and orientation of the shadows inform on the three-dimensional structure of the system. Radiative transfer
predictions on a parametric disk model allow us to conclude that the relative inclination between the inner and
outer disks is 70◦ ± 5◦. This finding taps the potential of high-contrast imaging of circumstellar disks, and bears
consequences on the gas dynamics of gapped disks, as well as on the physical conditions in the shadowed regions.

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

1. INTRODUCTION

The study of planet formation is rapidly being revolutionized
by observational breakthroughs, such as the direct images of
protoplanetary gaps in near-infrared scattered light. A particu-
larly interesting target is the Herbig Ae/Be star HD 142527, at
a distance of ∼140 pc. The disk surrounding HD 142527 boasts
the largest inner cavity known, with a 1′′ radius and seen at a
close to face-on orientation, with an inclination of about 24◦

(Fukagawa et al. 2006; Fujiwara et al. 2006). Improvements in
Ks-band coronography revealed fine structures in the outer disk,
including two intriguing intensity nulls (Casassus et al. 2012)
that break the continuity of the outer disk. In this Letter, we
propose that these are shadows cast by a warped inner disk.

Recent polarized differential imaging (PDI) of HD 142527
at the H and Ks bands revealed a striking view of its dust-
depleted gap, outer disk, and spiral structures (Canovas et al.
2013; Avenhaus et al. 2014; Rodigas et al. 2014). These H-band
polarized intensity images outline the outer-disk nulls with the
best available detail thus far. One null is found ∼11.5 hr (north
of the star), and the other is found at 7 hr (south). The northern
null is particularly puzzling as it coincides with the location of
the dust density peak, whose spatial distribution is shaped into
a large crescent (Ohashi 2008; Casassus et al. 2013b; Fukagawa
et al. 2013). Thus, the northern null cannot be interpreted as a
lack of material.

As witnessed by a bright thermal IR central point source,
well in excess of the photospheric emission, the large dust-
depleted cavity of the HD 142527 disk is in fact a gap (Fujiwara
et al. 2006; Verhoeff et al. 2011; Rameau et al. 2012). While
knowledge of the outer edge of the gap is limited by theory rather
than observational detail, the inner regions of the gap are poorly
resolved. A ∼10−7 M⊙ yr−1 stellar accretion rate (Garcia Lopez
et al. 2006) would quickly deplete the inner disk, whose dust
mass is estimated at ∼10−9 M⊙ (Verhoeff et al. 2011). This inner
disk can be thought of as a transient feature of stellar accretion:
it is the convergence point of matter being accreted from the
mass reservoir in the outer disk (Casassus et al. 2013a, 2013b;
S. Casassus et al. 2015a, in preparation). Long-baseline optical
interferometry (VLTI) has resolved this inner disk, and found it
to be highly chrystalline (van Boekel et al. 2004). However, its
orientation and extent remain ellusive.

Motivated by our research on the intra-cavity gas kinematics
(Casassus et al. 2013a; S. Casassus et al. 2015a, in preparation),
we considered the possibility of a continuous warp linking
different orientations between the outer and inner disks. The
underlying parametric disk model is documented in Section 2,
along with the radiative transfer setup we implemented to
calculate the emergent specific intensity fields. Our results are
presented in Section 3. While the inner disk intercepts stellar
light, shadows are cast on the outer disk such that their shape and
orientation are sensitive measures of the inner disk orientation.
We briefly consider the consequences of this finding in Section 4.

2. PARAMETRIC MODELING

2.1. Underlying physical structure

We constructed a synthetic model of HD 142527 inspired
by multiwavelength observations and gas kinematics, and de-
tailed enough to provide a comparison point with the near-IR
scattered light images as well as the radio continuum emis-
sion and gas kinematics. As explained in a companion paper
(S. Casassus 2015b, in preparation), this synthetic model
matches the observed spectral energy distribution. Here we doc-
ument the aspects of the model that are relevant to this report
on the H-band images.

The model consists of a star at the center of a dusty disk
separated into three zones with different density structures,
dust grain size distributions, and compositions: an inner disk,
a gap, and an outer disk. A schematic render of the model is
provided in Figure 1. We model the star using a Kurucz template
spectrum (Castelli & Kurucz 2003) at a temperature of 7750 K
and with a radius of 3.3 R⊙ to be consistent with the extinction
of AR = 1.3 ± 0.3 reported in Close et al. (2014).

The inner disk starts at 0.3 AU and cuts off at 10.0 AU. It is
described by a surface density proportional to r−1 and a scale
height of 1.0 AU at 10 AU with a flaring exponent of 1.1. It is
composed of amorphous carbon and silicate grains with sizes
between 0.1 to 2.5 µm, with a total dust mass of 5.0 × 10−9 M⊙.
We introduce an inclination of α = 70◦ to this region with respect
to the outer disk midplane.

The gap spans 120 AU from 10.0 AU. It is described by a
surface density proportional to r−1 and a scale height of 18 AU
at 100 AU with a flaring exponent of 1.6. It is composed of
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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:
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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)
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2H 2
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with H (r) = 20.0(r/(130 AU))1.17. The exact value of this
flaring exponent is not well constrained.

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

2.1.1. Emergent intensities

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

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

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

3. RESULTS

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

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

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

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

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

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

4.4. Long term Kozai oscilations and the large cavity

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

4.5. Non-axial symmetry in the cavity. Signature of

obscured planets?

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

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

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

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

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

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

4. DISCUSSION

4.1. Ro-vibrational CO

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

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

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

4.2. What about an outflow?

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

4.3. Origin of the free-falling velocities

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

aligned binary-disk systems can undergo a process

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

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

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

Ṁ0,theor ≈ 3πν!. (15)

4.2 Binary simulations

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

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

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

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

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

4.3 Suppression of accretion for thin discs

Fig. 3 shows the accretion rate across the cavity edge Ṁbin for our
binary simulations compared to the corresponding value obtained

MNRAS 460, 1243–1253 (2016)
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Figure 1. Snapshots of surface density in the inner disc after reaching a quasi-steady state (see Section 3.1). The snapshot for each
simulation is taken at its corresponding time tend, as given in Table 1, at which the binary is always at pericenter. The binary orbit is
shown in the center of each panel. Note that for eB = 0 (and, to a lesser extent, eB = 0.05), an m = 1 lump develops near the disc inner
edge.

boundary. The disc is eccentric, as seen by the shape of the
cavity edge (see Section 5 for a detailed discussion of the
eccentricity dynamics of the inner disc). Finally, for circu-
lar, or nearly circular (eB < 0.1) binaries only, there is a
overdense lump, i.e., radially localized feature with approx-
imate m = 1 symmetry, at the edge of the cavity. The lump
orbits the binary with approximately the local Keplerian or-
bital period, while exhibiting a continuous cycle of creation
and destruction with the same period. This process is asso-
ciated with modulation of the mass accretion rate through
the inner boundary at the frequency ⇠ ⌦B/5 (see Section
4).

3.2 Inner Disc Truncation

Figure 2 shows the double-averaged (i.e., azimuthally-
averaged and time-averaged) surface density profiles for
most of the runs depicted in Fig. 1. Generically, h⌃i has
a positive slope (dh⌃i/dr > 0) in the inner disc (within a
few aB’s from the binary), then reaches a maximum at a
few aB’s and has negative slope beyond that. For some pa-
rameters, the maximum manifests as a sharp peak, while
for others, it is broader and less well-defined. This is as-
sociated with variation in the value of the specific angu-
lar momentum eigenvalue l0 for each simulation (see Sec-
tion 7), with smaller values of l0 corresponding to sharper
peaks. The asymptotic behavior of h⌃i for

p
r/aB � 1 is

c� 0000 RAS, MNRAS 000, 000–000
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a e i ⌦ ! f

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

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

3.1.2 Binary orbit

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

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

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

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

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

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

3.1.3 Circumbinary disc

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

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

a e i ⌦ ! f

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

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

& Price 2010 and Price et al. 2017 for details of the disc setup used
in PHANTOM. We adopt a mean Shakura-Sunyaev disc viscosity
↵SS = 0.005, corresponding to a fixed artificial viscosity parame-
ter ↵AV = 0.25 in the code input file.

We assume a locally isothermal equation of state T =
28K(R/90au)�0.3, consistent with the disc model fit by Casassus
et al. (2015a) to the observational temperature profile. This cor-
responds to H/R = 0.066 at R = Rin and H/R = 0.11 at
R = Rout. Further modelling of the temperature changes in the
disc due to the companion is beyond the scope of this paper.

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

MNRAS 000, 1–7 (2017)

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

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

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

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

5.2. Full determination of the orbital parameters

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

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

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

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

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

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

6. Discussion

6.1. Summary

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

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

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

6.2. Age of the system

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

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

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

This system thus seems to confirm the existence of a dis-
agreement between ages derived from low-mass star models and
that from intermediate-mass star models. Since the source of un-
certainties in the physics and modeling of these two families of
objects is di↵erent, more e↵orts and more of those systems are
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Figure 1. Left: Orbital fits for HD142527B (credit: Lacour et al. 2016). Right: Selected trial orbits for HD142527B used in this paper, corresponding to the
orbital elements listed in Table 1. We assume the GAIA distance of 156pc. The star gives the location of the primary. Motion is clockwise.

be created by the binary. However, the orbit is poorly constrained,
with best fitting orbits from L16 suggesting significant eccentricity.

3 NUMERICAL METHODS

We perform 3D hydrodynamics simulations of the disc-binary in-
teraction using the PHANTOM smoothed particle hydrodynamics
(SPH) code (Price et al. 2017; for reviews of SPH see Monaghan
2005; Price 2012). We also perform several models with dust and
gas to see if we can simultaneously produce the dust horseshoe.
Our approach to dust-gas modelling is similar to that used in our
previous papers (Dipierro et al. 2015b, 2016), where we model the
dust using a separate set of particles coupled to the gas via a drag
term (Laibe & Price 2012a,b; Price et al. 2017).

3.1 Initial conditions

3.1.1 Binary

We model the binary using sink particles that interact with the gas
disc only via gravity and by accreting gas (Bate, Bonnell & Price
1995). The sink particles are free to migrate and also change mass
and orbital parameters due to interaction with the gas disc. We
set the primary mass to 1.8M� (from the spectral type), and con-
strained by the total mass estimate of ⇠ 2.1 ± 0.2M� from the
Keplerian motion of the outer disc (Casassus et al. 2015a) we set
the companion mass to 0.4 M� (the latest observational estimates
based on XX are in the range 0.3–0.4 M�; Christaeans et al. in
prep). We fix the accretion radii for both sinks to 1 au. The change
in mass due to accretion is negligible in our simulations.

3.1.2 Binary orbit

After a few trial simulations with binaries of various semi-major
axes and eccentricities, and building on preliminary work by Dun-
hill et al. (unpublished; reported by Cuadra 2016) we realised the
importance of the known observational constraints on the orbit.
To this end we employed the IMORBEL program1 written by Tim

1 http://github.com/drgmk/imorbel

a e i ⌦ ! f

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

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

Pearce and Grant Kennedy (Pearce et al. 2015), used by L16 to fit
the orbit of HD142527B.

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

Table 1 lists the orbital elements used for the six representative
orbits shown in this paper, with the resultant orbits shown in Fig-
ure 1. For clarity we show three representative “blue” orbits (B1,
B2, B3) and three “red” orbits (R1, R2, R3) listed in order of in-
creasing semi-major axis. The most tightly constrained parameter
is the inclination, which is i = 120� for all but one of the orbits.
We choose eccentricities ranging from 0.24 to 0.7. The two classes
of orbits are ‘families’ only in a projected sense, as the values of ⌦
and ! change dramatically. The main similarity between each fam-
ily is simply the location of the periastron in position angle on the
sky and thus whether the binary is approaching (red) or receding
(blue) from periastron.

We adopt slightly different conventions for the orbital ele-
ments to those used in Pearce et al. (2015) and L16. In particular,
we removed the assumption by Pearce et al. (2015) that the angle
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Figure 2. Gas surface densities after 20 orbital periods of the binary for the calculations with Rin = 50 au, showing the initial dynamical carving of the
cavity for binary orbits shown in Figure 1 and listed in Table 1. Top row shows the ‘blue’ orbits (binary just past periastron) while bottom row corresponds to
the ‘red’ orbits (binary approaching periastron) from L16. Cavity size scales with apastron separation, with more eccentric binaries (R2, R3) producing cavity
sizes consistent with those observed in HD142527. Transient circumprimary discs are visible in all calculations except B1.

between the binary and the sky is restricted to be less than 180�

(thus flipping the observer from +z to �z depending on the orbit).
Since the absolute orientation of the disc and binary are irrelevant
in SPH, for convenience we define the observer to be viewing the
disc down the z�axis (i.e. from z = 1). This means we tilt both
the disc and binary in the initial setup, but simplifies the analysis
since replicating the observers view of HD142527 simply means
making an x-y plot in our computational coordinates. Finally, we
adapted the setup routine in PHANTOM to use orbital elements from
IMORBEL in the form given in Table 1, such that the public codes
are now mutually compatible.

3.1.3 Circumbinary disc

We performed two sets of calculations, with a 0.01 M� circumbi-
nary gas disc, with inner radius set initially to either 50 or 90 au.
The Rin = 50 au calculations ensure that clearing of the inner re-
gions is entirely due to tidal effects, while starting with Rin = 90
au avoids transient formation of circumprimary and circumsec-
ondary discs. We set the outer radius to Rout = 350 au (purely
for computational efficiency; the real disc extends to ⇠ 600 au).
We assume an initially power law surface density profile ⌃ / R

�1

and model the disc with 106 SPH particles assuming a total gas
mass of 0.01 M� — see Price et al. (2017) for details of the disc
setup used in PHANTOM. We adopt a mean Shakura-Sunyaev disc
viscosity ↵SS = 0.005 by setting a fixed artificial viscosity param-

eter ↵AV = 0.25 in the code and using the ‘disc viscosity’ flag (see
Lodato & Price 2010).

We prescribe temperature as a function of (spherical) radius
according to T = 28K(r/rin)�0.3, consistent with the disc model
fit by Casassus et al. (2015a) to the observational temperature pro-
file (we use spherical rather than cylindrical radius to avoid confu-
sion when the disc is warped or inclined; see Lodato & Price 2010).
This corresponds to H/R = 0.066 at R = Rin and H/R = 0.11
at R = Rout. Further modelling of the temperature changes in the
disc due to the companion is beyond the scope of this paper but
may be important (Verhoeff et al. 2011).

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

3.2 Radiative transfer

To perform a direct comparison with observations of HD142527 we
post-processed a subset of our simulations using the Monte Carlo
radiative transfer code MCFOST (Pinte et al. 2006). MCFOST is
particularly suited to post-processing data from SPH codes because
it uses a Voronoi tesselation where each cell corresponds to the
position of an SPH particle. Properties such as density, temperature
and velocity may then be mapped directly from the particles to the
radiative transfer grid without interpolation.

To irradiate the disc we used the two sink particles as point
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Figure 2. Gas (and dust?) surface densities after 100 orbital periods of the binary

t=1870 yrs

100 au

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

4 RESULTS

4.1 Spirals

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

4.2 Cavity size

For both sets of orbits the cavity size scales with semi-major axis
(left to right). Based on the cavity size seen in scattered light we can
further exclude binary orbits with a & 50 au. That we can already
produce a cavity size too big solves one of the major mysteries
of HD142527 — how a binary with a projected separation of 13
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Figure 9. Gas. Predicted 13CO J=3–2 and C18O J=3–2 emission (moment 0) from simulation R2 after 50 orbits (bottom two panels), compared to Boehler
et al. (2017) Cycle 3 data (top two panels; credit: Figure 1 of Boehler et al. (2017), ApJ 840, 60, reproduced with permission). The ring-like feature seen
in both spectral lines is reproduced in our simulations. The ‘broken ring’ effect seen in the observations is not reproduced in our models because we do not
account for the temperature dip caused by the shadows from the circumprimary disc.

kinematic data. This suggests that these flows indeed originate in
the streams of material that feed the inner disc.

4.8 Gap-crossing filaments

One of the great mysteries in HD142527 concerns the origin of
the ‘filaments’ of gas seen across the cavity in HCO+ emission by
Casassus et al. (2013). These were seen only in HCO+ emission in
a particular range of velocity channels. Figure 11 compares the pre-
dicted HCO+ J=4–3 emission from our simulations (right panel) to
the corresponding figure from Casassus et al. (2015a) (left panel).
Rather than choose a specific range of velocity channels we show
the sum of the HCO+ emission across all channels.

Our predicted HCO+ emission shows a thin, faint filament
crossing the cavity (right panel), remarkably similar to what is ob-
served (left panel). This suggests that this feature is indeed of phys-
ical origin, originating in the streams of material that feed the cir-
cumprimary disc across the cavity. This serves as further confir-

mation that the dynamical interaction with the binary companion
is the source of almost all of the mysterious features present in
HD142527. It also demonstrates that HCO+ is a powerful tracer of
intra-cavity flows in circumbinary discs.

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 Cy-
cle 3 data (top; see also Muto et al. 2015). Although the broad pat-
tern is similar, there is a small discrepancy between the inner
disc kinematics in the observations (top) compared to our sim-
ulations (bottom). We attribute this to the secular change in the
disc orientation caused by the torque from the binary. This oc-
curs 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
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13CO 3-2 C18O 3-2

Figure 5. Top: Maps of the velocity centroid for the 13CO and C18O J=3-2 lines plotted between 0.8 to 6.5 kms�1. Contours
start from 1.75 km s�1 and are spaced by 0.5 kms�1. The systemic velocity is 3.75 km s�1. Bottom: map of the velocity
dispersion plotted between 0 to 0.65 km s�1. As a reference, contours have been drawn at 0.2, 0.4 and 0.6 km s�1.

This region coincides with the faint compact continuum
source discussed above (source c). It is also in this region
that Casassus et al. (2013) claimed to have observed gas
streamers in HCO+.

A 13CO J=3-2 line spectrum extracted from the region
of large velocity dispersion is shown on the top panel of
Figure 7. The spectrum presents a large shoulder in
the velocity range -1.150 km s�1 to 0.3 km s�1. The
integrated intensity map of the line emission in this ve-
locity range is displayed on the bottom panel of Figure

7. Due to its association with the local dust continuum
emission c, we argue that this emission might arise from
a planetary disk or streamers accreted through a giant
planet.

4. ANALYSIS

4.1. On the anti-correlation between dust and
molecular line emission

A decrease in the molecular line intensity from the disk
region corresponding to the dust continuum crescent has
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Figure 12. Kinematics. Predicted moment 1 emission maps in 13CO 3–2 and C18O from our simulation R2 (bottom left and right, respectively) compared to
the observed maps using Cycle 3 ALMA data (top; credit: Boehler et al. (2017), ApJ 840, 60, reproduced with permission).

major axis oriented north-south, fed by streams from the outer disc.
This orientation of the inner disc is consistent with the radiative
transfer model used by Marino et al. (2015a) to fit the shadows.

(v) We find radial velocities across the cavity of order 10 km/s,
consistent with the observed ‘fast radial flows’. We thus offer an
explanation for fast radial flows in terms of the streams of material
connecting the inner and outer discs.

(vi) We find gas and dust are decoupled in HD142527, with dust
migration to the cavity edge producing features consistent with the
observed dust emission, including the prominent horseshoe seen at
mm wavelengths.

Given that all of the features present in HD142527 are present
in some or all of the class of mm-bright transition discs, explaining
them may help to understand this class of discs in general. For

example, spirals and shadows seen in scattered light around the ⇠
45 au dust cavity in the disc of HD135344B (Garufi et al. 2013)
are best explained by an ‘inner dust ring’ inclined by 22� and an
‘accretion funnel flow’ onto the star (Stolker et al. 2016). In the
context of the model we have presented in this paper, these phrases
sound eerily familiar.
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Figure 4. Gas surface densities after 50 binary orbital periods in calculations with initial Rin = 90 au, showing the spiral arms. As in Figure 2, top row shows
the ‘blue’ orbits (binary just past periastron) while bottom row corresponds to the ‘red’ orbits (binary approaching periastron) from L16. Comparison with the
observed spiral structure (right panel of Figure 5) favours the latter. Comparison with Fig. 2 shows the cavity size is independent of the initial Rin.

t=2358 yrs

100 au

Figure 5. Column density in the R1 orbit simulated with initial Rin = 50au
after 20 orbits at the observed orbital phase (left), showing the orientation
of the (transient) circumprimary disc, compared to the scattered light (600-
900nm) ZIMPOL polarisation image from Avenhaus et al. (2017) (right).
Dotted line indicates the expected shadow from our simulated inner disc
(left), which lies close to the orientation of the observed shadows (right)
despite the orbital uncertainty.

spiral (in position angle), corresponding to PA ranges [180�
, 225�]

(third column) and [225�
, 270�] (fourth column).

Orbits B1 and B2 in particular show pitch angles too small
and little or no asymmetry in the gas distribution around a cavity
which is close to circular. Orbit B3 shows promising spirals to the
north-east of the cavity, but the spiral arms to the south-west show
a series of almost-circular tightly wrapped arms that are not seen in
the observations. The red orbits, by contrast, produce spiral struc-

Figure 6. Predicted 12CO J=2–1 from simulation R2 (right), compared to
Perez et al. (2015) ALMA observations (left). Sufficient gas remains inside
the cavity to produce optically thick 12CO emission, as observed.

ture and asymmetry in both the cavity and the gas distribution more
similar to what is observed (bottom row). In particular, orbit R1 is
the only simulation to show a bifurcation in the spiral arms to the
south-west of the cavity, as seen in the scattered light image (see
Table 3.2). Orbit R2 is closest to the observed cavity size (Fig. 3)
and develops an eccentric cavity similar to those found in other cir-
cumbinary disc simulations (e.g. Farris et al. 2014; D’Orazio et al.
2016; Ragusa et al. 2016) and used by Ragusa et al. (2017) to ex-
plain dust horseshoes. The spiral arms appear fixed in relation to
the binary orbit, but superimposed on this is a precessing overden-
sity which precesses on a timescale of 2–3 orbital periods, similar
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to the findings of Dunhill, Cuadra & Dougados (2015). Orbit R3
shows the most open spiral arms (Table 3.2) but the overdensity
around the cavity is less prominent, making it less promising for
the observed dust structures. The cavity size is also too big (Fig. 3).

4.4 Shadows

Figure 2 shows the formation of transient circumprimary discs In
the Rin = 50 au calculations during the first 20 orbits, caused by
the clearing of the inner disc material. The orientation of these inner
discs are highly sensitive to the orbit of the companion. For exam-
ple, the circumprimary disc in calculation B3 is formed with major
axis aligned east-west in our images (i.e. horizontal in Figure 2) ,
while orbits R1 and R2 produce a disc aligned north-south (i.e. ver-
tical in Figure 2) — a second piece of possible evidence favouring
the red orbit family. Caution is required, however, since the inner
disc precesses with time. Furthermore, starting with Rin = 90au
we find rotationally supported circumprimary discs only in the R3
calculation at this resolution (Figure 4; this mainly indicates that
the disc mass in other calculations is too low or that the numerical
viscosity drains the disc too fast at this resolution; not that circum-
primary discs do not exist).

Figure 5 shows the resultant inner disc structure after 20 orbits
(left), shown alongside the scattered light image taken from Aven-
haus et al. (2017) (right). Despite the remaining uncertainty in the
orbital dynamics the position angle of the expected shadow is con-
sistent with the northern shadow seen in the scattered light image,
and within 10� of the southern shadow. A difference of 10� is not
significant — e.g. the shadows do not exactly fall in the projected
plane of the inner disc due to the vertical extension of the discs
(Min et al. 2017). We do not imply that this is the only possible or-
bital configuration which can explain the shadows — nor even the
most probable — merely that it is possible to produce a satisfactory
orientation of the inner disc to produce the correct shadow from our
calculations. We also demonstrate that the orbital dynamics of the
companion naturally produces a circumprimary disc with an ori-
entation and size consistent with the structure invoked by Marino
et al. (2015a) to explain the observed shadowing.

4.5 Dust horseshoe

Ragusa et al. (2017) found that dust horseshoes similar to those ob-
served by ALMA could be naturally produced by eccentric cavities
in gas and dust around binary stars. However, that paper assumed
tightly coupled dust grains such that the dust structures merely re-
flected those in the gas. Whether or not this is the case for the mm
continuum emission in HD142527 (see discussion in Casassus et al.
2015b) depends on the Stokes number, the ratio of the dust stopping
time to the disc orbital period.

Assuming subsonic Epstein drag the Stokes number depends
only on the gas surface density, according to (Dipierro et al. 2015b)

St = 1

✓
⌃

0.2 g cm�2

◆�1✓
⇢grain

3g cm�3

◆✓
sgrain

1 mm

◆
, (1)

where ⇢grain is the intrinsic grain density and sgrain is the grain
size. Modelling dust-gas dynamics in discs is usually uncertain be-
cause the gas surface density is poorly constrained, being measured
only from multiplying the dust continuum emission by a factor
(typically 100). For HD142527 we are already confident in our as-
sumed surface density profile — at least as far as one trusts the
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dust column density [g/cm2]

R2 + large dust

0 5×10-3 0.01 0.015 0.02
dust column density [g/cm2]

R2 + medium dust

Figure 7. Dust column density in dust-gas simulations using orbit R2 with
mm grains (left panel) and 100µm-sized grains (right panel). Our ‘large’
(mm) grains are close to Stokes number of unity, and hence quickly migrate
to form a thin ring at the cavity edge. Decreasing the grain size by a factor
of ten (right panel) produces a more radially extended dust structure.

Dust trapping in HD 142527 9

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

the following temperature profile:

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

T =70 K(r/(30 AU)�0.5 if r � 30 AU.

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

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

0 0.02 0.04
dust column density [g/cm2]

R2 + large dust

0 5×10-3 0.01 0.015 0.02
dust column density [g/cm2]

R2 + medium dust

Figure 8. Dust column density comparing observations (top) to our simu-
lations (bottom). We show orbit R2 with grain sizes of 1mm (‘large’) and
100µm (‘medium’) (bottom panels, left and right respectively) smeared to a
beam size of 20 au (white circle). The larger grains (bottom left) show dust
column densities consistent with the ATCA emission at cm wavelengths
while the smaller grains (bottom right) produce an overdense ‘horseshoe’
in the dust surface density at the correct position angle to explain the ob-
served mm-horseshoe. Top row is reproduced from Casassus et al. (2015b).

CO-to-H2 conversion — because of our match to the measured gas
mass inside the cavity and to the surface density profile (Fig. 3).

Our assumed gas disc mass of 0.01 M� corresponds to ⌃ =
0.6 g cm�2 at R = Rin, giving a Stokes number for mm grains
of ⇡ 0.3 at 90 au and ⇡ 1 at 300 au (see Fig. 3). Thus we expect
decoupling of grains in the outer disc, since St = 1 corresponds to
maximal settling and radial drift (Weidenschilling 1977).
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to the findings of Dunhill, Cuadra & Dougados (2015). Orbit R3
shows the most open spiral arms (Table 3.2) but the overdensity
around the cavity is less prominent, making it less promising for
the observed dust structures. The cavity size is also too big (Fig. 3).

4.4 Shadows

Figure 2 shows the formation of transient circumprimary discs In
the Rin = 50 au calculations during the first 20 orbits, caused by
the clearing of the inner disc material. The orientation of these inner
discs are highly sensitive to the orbit of the companion. For exam-
ple, the circumprimary disc in calculation B3 is formed with major
axis aligned east-west in our images (i.e. horizontal in Figure 2) ,
while orbits R1 and R2 produce a disc aligned north-south (i.e. ver-
tical in Figure 2) — a second piece of possible evidence favouring
the red orbit family. Caution is required, however, since the inner
disc precesses with time. Furthermore, starting with Rin = 90au
we find rotationally supported circumprimary discs only in the R3
calculation at this resolution (Figure 4; this mainly indicates that
the disc mass in other calculations is too low or that the numerical
viscosity drains the disc too fast at this resolution; not that circum-
primary discs do not exist).

Figure 5 shows the resultant inner disc structure after 20 orbits
(left), shown alongside the scattered light image taken from Aven-
haus et al. (2017) (right). Despite the remaining uncertainty in the
orbital dynamics the position angle of the expected shadow is con-
sistent with the northern shadow seen in the scattered light image,
and within 10� of the southern shadow. A difference of 10� is not
significant — e.g. the shadows do not exactly fall in the projected
plane of the inner disc due to the vertical extension of the discs
(Min et al. 2017). We do not imply that this is the only possible or-
bital configuration which can explain the shadows — nor even the
most probable — merely that it is possible to produce a satisfactory
orientation of the inner disc to produce the correct shadow from our
calculations. We also demonstrate that the orbital dynamics of the
companion naturally produces a circumprimary disc with an ori-
entation and size consistent with the structure invoked by Marino
et al. (2015a) to explain the observed shadowing.

4.5 Dust horseshoe

Ragusa et al. (2017) found that dust horseshoes similar to those ob-
served by ALMA could be naturally produced by eccentric cavities
in gas and dust around binary stars. However, that paper assumed
tightly coupled dust grains such that the dust structures merely re-
flected those in the gas. Whether or not this is the case for the mm
continuum emission in HD142527 (see discussion in Casassus et al.
2015b) depends on the Stokes number, the ratio of the dust stopping
time to the disc orbital period.

Assuming subsonic Epstein drag the Stokes number depends
only on the gas surface density, according to (Dipierro et al. 2015b)
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where ⇢grain is the intrinsic grain density and sgrain is the grain
size. Modelling dust-gas dynamics in discs is usually uncertain be-
cause the gas surface density is poorly constrained, being measured
only from multiplying the dust continuum emission by a factor
(typically 100). For HD142527 we are already confident in our as-
sumed surface density profile — at least as far as one trusts the
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Figure 7. Dust column density in dust-gas simulations using orbit R2 with
mm grains (left panel) and 100µm-sized grains (right panel). Our ‘large’
(mm) grains are close to Stokes number of unity, and hence quickly migrate
to form a thin ring at the cavity edge. Decreasing the grain size by a factor
of ten (right panel) produces a more radially extended dust structure.
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Figure 6. Statistics of the multi-frequency morphological di�erences inferred from Monte-Carlo (MC) simulations. All images
have been restored from uvmem models. a): restored ATCA image at 34 GHz. b): average of ATCA observations with 200
realizations of noise on the band 7 data. c): average of the MC simulations for band 9 d)-g): di�erent realizations of noise.
h): rms scatter of the band 9 simulations. i): rms scatter of the band 7 simulations.

the following temperature profile:

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

T =70 K(r/(30 AU)�0.5 if r � 30 AU.

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

the underlying optical depth field. The decrements are
reproduced by the above prescription for the gas temper-
ature because the gas temperatures in the crescent, at
r = 140 au, are �30 K, and cooler than the continuum
temperatures in the model, which reach 50 to 60 K. Thus
in this case the gas acts like a cold foreground on a hot-
ter continuum background, which after continuum sub-
traction appears like foreground absorption. In fact, CO
at higher altitudes could be hotter than the background
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Figure 8. Dust column density comparing observations (top) to our simu-
lations (bottom). We show orbit R2 with grain sizes of 1mm (‘large’) and
100µm (‘medium’) (bottom panels, left and right respectively) smeared to a
beam size of 20 au (white circle). The larger grains (bottom left) show dust
column densities consistent with the ATCA emission at cm wavelengths
while the smaller grains (bottom right) produce an overdense ‘horseshoe’
in the dust surface density at the correct position angle to explain the ob-
served mm-horseshoe. Top row is reproduced from Casassus et al. (2015b).

CO-to-H2 conversion — because of our match to the measured gas
mass inside the cavity and to the surface density profile (Fig. 3).

Our assumed gas disc mass of 0.01 M� corresponds to ⌃ =
0.6 g cm�2 at R = Rin, giving a Stokes number for mm grains
of ⇡ 0.3 at 90 au and ⇡ 1 at 300 au (see Fig. 3). Thus we expect
decoupling of grains in the outer disc, since St = 1 corresponds to
maximal settling and radial drift (Weidenschilling 1977).
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Figure 10. Fast radial flows. Maximum inflow velocity on the SPH parti-
cles binned as a function of radius, in our model R2 (red), compared to the
radial velocity model used to fit the kinematic data (from Casassus et al.
2015b; solid blue line). Fast radial flows of order 10 km/s occur naturally in
the models caused by the streamers which penetrate the cavity.

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 discussion below).

5 DISCUSSION

If the observed companion can explain the otherwise unex-
plained features observed in HD142527 disc, this has poten-
tial implications for our understanding of mm-bright transition
discs in general (c.f. Casassus 2016; Owen 2016). These repre-
sent the fraction of transition discs with large, mm-bright cav-
ities and high mass accretion rates. Observations of transition
discs with mass flow onto the central star continuing unabated
despite the presence of a large cavity already led numerous au-
thors to conclude that the transition disc population is not a
homogeneous class (Najita et al. 2007; Alexander & 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
either photoevaporation or companions — the latter either by
dynamical clearing, similar to gap opening, or by having sim-
ply used up the dust to form planets. We have shown that the
cavity in HD142527 can be satisfyingly explained by dynamical
interaction with the observed binary companion, hereby reclas-
sifying it as a circumbinary disc. The streams of gas across the
cavity provide 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 ac-
cretion rate of ⇡ 10�7M�/yr onto the primary, consistent with
observational estimates 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) (which in-
spired 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 companions. HD142527 demonstrates that
it is easy to hide even relatively massive companions inside
discs, given that the companion in this case is massive (stellar!)
but was only discovered in 2012 due to its close proximity to the
central star (Biller et al. 2012).

In a recent study, Ragusa et al. (2017) found that circumbi-
nary discs could naturally explain the cavity-edge rings, asym-
metries and horseshoes seen in ALMA images of mm-bright
transition discs including HD135344B, HD142527, SR21, DoAr
44 and Lk H↵ 330. Stellar mass companions were only re-
quired for the largest asymmetries (i.e., in HD142527). Sub-
stellar companions still produce large cavities, but with lumpy
rings around the cavity edge, rather than horseshoes. They
found that the required companion masses were consistent with
the observational upper limits for the above discs, with IRS 48
a possible exception.

There are already tentative detections of central compan-
ions in several other cases of discs with large cavities, includ-
ing HD100546 (Quanz et al. 2013; Brittain et al. 2014; Cur-
rie et al. 2014; Quanz et al. 2015; Currie et al. 2015), LkCa
15 (Sallum et al. 2015) and even more intriguingly in MWC758
(Reggiani et al. 2017). There are strong hints in other cases (e.g.
HD100453; Wagner et al. 2015). It does not require a great leap
of imagination to suppose that the observed companions may
be responsible for the central cavity, spiral arms, and other fea-
tures in these cases too.

Whether or not our conclusions can be applied beyond the
mm-bright subclass is more speculative and beyond the scope of
this paper. Certainly stellar mass companions are ruled out in
many cases (Pott et al. 2010; Kohn et al. 2016; Ruı́z-Rodrı́guez
et al. 2016), nor would they be expected from the known statis-
tics of the field binary population (e.g. Raghavan et al. 2010).
Massive planets, however, could perform a similar role in carv-
ing central holes in discs, as shown by Ragusa et al. (2017).

No modelling is perfect, and despite some success, there are
a number of remaining caveats to our modelling of HD142527.
The main one from our perspective is the secular change in both
the binary and outer disc orientation on long timescales (&100 or-
bits). That is, the binary and the disc in our simulations are not in
a steady configuration. Recent work by Aly et al. (2015), Martin
& Lubow (2017) and Zanazzi & Lai (2018) suggests that the equi-
librium configuration for eccentric binaries inclined by more than
⇠60� is for the disc to align perpendicular to the binary (i.e. in a
polar alignment). An interesting follow up would be to try to re-
produce the disc features with a binary in such an equilibrium con-
figuration, to see whether it can be ruled in or out (a binary orbit
with HD142527B at 90� to the outer disc seems possible; see L16).
An equilibrium configuration is likely given the typical align-
ment timescale of order one thousand orbital periods (Martin
& Lubow 2017) — 105 years in HD142527 — is much shorter
than the disc lifetime (⇠ Myrs). Using better orbital constraints
to determine whether the binary is in or out of equilibrium with
the disc could therefore place strong constraints on formation
models.

Companions on polar orbits might also explain why massive
companions might be found preferentially at smaller projected
separations. That is, if large cavities are produced by eccentric mas-
sive companions in the disc plane they should be observed, on av-
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Figure 8. Summary of Cycle 0 band 7 observations, from MEM
maps, with continuum in red, HCO+(4-3) in green, and CO(3-2)
in blue. Velocities have been restricted to highlight the fainter
structures seen in HCO+, which are otherwise dwarfed by the fast
HCO+ central emission.

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

3 .

5. CONCLUSION

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

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

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

While the data are consistent with a continous, yet
abrupt and fast warp linking the two non-coplanar disks,
further observations are required to understand the de-
tailed structure of the intra-cavity kinematics and the
inner warp. For instance, the large relative inclination
observed between the inner and outer disks suggests that
the fast accretion could be due to disk tearing. If the
low-mass companion is contained in the inner disk and
is breaking the disks, then its orbit would also be highly
inclined with respect to the outer massive disk. The com-
panion may then undergo Kozai oscillations, with high-
eccentricity periods that may perhaps explain the large
cavity.
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tory, through program ALMA#2011.0.00465.S. ALMA is
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The Joint ALMA Observatory is operated by ESO,
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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.

Filaments

Observations Simulation

Figure 11. Streamers. Predicted HCO+ emission from simulation R2 (right), compared to the corresponding Cycle 0 image (left; credit: Figure 8 of Casassus
et al. (2015a), ApJ 811, 92, reproduced with permission). The observational image shows the mm dust horseshoe in red with HCO+ emission shown in
green, while our simulated image shows only HCO+. Nevertheless, a faint filament can be seen crossing the cavity in our simulations, similar to what is
observed. We thus identify this feature with the streams of material feeding the primary across the circumbinary cavity.

erage, at large separations, possibly even embedded in the disc (as
appears to be the case in HD100546). Polar orbits could help to
solve this since for a face on disc (such as HD142527) the range in
projected separation on the sky is much smaller if the orbit is polar,
which could help to solve the coincidence problem. For the or-
bits we chose for HD142527, the companion spends 48%, 43%
and 31% of its period at projected separations less than 20 au
(0.13”) for orbits B1, B2 and B3, respectively. In orbits R1, R2
and R3 this fraction is 19%, 22% and 15%, respectively. So the
coincidence problem is not too severe with our chosen orbits.

The most valuable observational follow up would thus be to
better constrain the binary orbit and the companion mass, since this
directly influences the modelling. Better observations of the inner
disc similar to recent observations by Avenhaus et al. (2017) would
be very valuable in helping to constrain its geometry, mass and
orientation. Finally, we found that kinematic data provides a rich
source of information on the cavity dynamic. In particular, HCO+
is a powerful probe of the streams of gas crossing the cavity.

That such eccentric and inclined binaries appear to exist in na-
ture opens many fruitful avenues for theoretical investigation into
warped and inclined discs around binaries. For example, Owen &
Lai (2017) proposed that large misalignments of inner and outer
discs as in HD142527 may occur through a resonance between the
precession period of the inner disc and the precession of the sec-
ondary. However, they predict that the orbital plane of the binary
should be aligned with the outer disc, which does not appear to be
true in HD142527 based on L16 and our models.

Another interesting direction (in our view) would be to try to
infer the binary orbit from the spiral pattern induced around the
cavity, which seems like it should be possible given sufficient ob-
servational constraints on the temperature structure of the disc. Cur-

rent analytic prescriptions for spiral arms from companions work
only in the linear regime (i.e. for low mass companions; see Ogilvie
& Lubow 2002; Rafikov 2002), leading to potentially misleading
conclusions regarding the number and mass of the required com-
panions (e.g. Stolker et al. 2016).

The dynamical and thermodynamical influence of the circum-
primary disc shadow on the outer disc in HD142527 also presents
an interesting avenue for further investigation. For example, Mon-
tesinos et al. (2016) showed that shadows can trigger additional
spiral arms in the outer disc.

6 CONCLUSIONS

We conclude:

(i) The cavity, spiral arms, shadows, dust horseshoe, gap-
crossing filaments and fast radial flows seen in HD142527 can all
be explained, in part or in full, by the interaction with the observed
central binary companion. HD142527 should therefore be firmly
reclassified as a circumbinary rather than transitional disc.

(ii) Orbits drawn from the best fitting orbits considered by L16
readily produce a cavity of the required size in HD142527, imply-
ing that the observed binary is likely the origin of the large ⇡ 90 au
dust cavity in this disc. Constraints from the cavity size imply a
binary semi-major axis a . 50 au.

(iii) Comparison of the spiral structure and shadows with the
observations favours the ‘red’ family of orbits considered by L16
with the binary approaching periastron, with large eccentricity e =
0.6–0.7, and almost polar inclination with respect to the outer disc.

(iv) Binary orbits from L16 with the companion approaching
periastron naturally produce an inclined circumprimary disc with
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SUMMARY

➤ Modelling discs with dust and gas can shed light on 
observations 

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

➤ Are all transitional discs circumbinary?– 8 –

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Osorio et al. 2014).

4.2. Companions and other objects in the field of view

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

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

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

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


