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CHAOTIC STAR FORMATION



CHARACTERISTICS OF CHAOTIC STAR FORMATION
➤ Fast, occurs on dynamical time(~1-2Myr) 

➤ Chaotic; dynamical interactions common 

➤ Initial mass function arises from competition for mass 

➤ Binary and multiple stars usual outcome 

➤ Massive, gravitationally unstable discs in early phase 

➤ Filaments! (A

e.g. Larson (1978, 1981), Pringle (1989), Bate & Bonnell 
(1994a,b), Mac Low et al. (1999), Stone et al. (1998), 
Bate et al. (2003), Elmegreen (2000), Mac Low & Klessen 
(2004), Bate & Bonnell (2005), Bonnell & Bate (2006), 
Offner et al. (2008), Bate (2009, 2012), Bate, Lodato & 
Pringle (2010), Chabrier & Hennebelle (2010, 2011), 
Hennebelle & Chabrier (2008, 2009, 2011)

Figure 1. ALMA and VLA images of the disk and triple protostar system
L1448 IRS3B. (a) ALMA 1.3 mm image of the extended disk, showing an
evident bright source on the left (IRS3B-c) in the outer disk and another
blended source on the right near the disk center (IRS3B-a and IRS3B-b).
(b) VLA 8 mm image smoothed to a similar resolution as the ALMA image,
capturing some of the faint, extended disk at longer wavelengths. The contours
in panel (b) are from a higher-resolution VLA 8 mm image13 clearly showing
the individual protostars with corresponding designations. All three protostars
are embedded within apparent spiral arms that emerge from IRS3B-a/IRS3B-b
and extend to IRS3B-c in the outer disk. The positions of the three protostars
identified from the VLA data are shown by red crosses in panel (a). The
contours start at and increase with 5�, where � = 0.009 mJy beam�1. The
resolution of each image is shown with an ellipse(s) drawn in the lower right
corner, corresponding to 0.0027⇥0.0016 (62 AU ⇥ 37 AU) for the ALMA image in
panel (a), 0.0024⇥0.0020 (55 AU ⇥ 46 AU) for the VLA image in panel (b), and
0.0018⇥0.0016 (41 AU ⇥ 37 AU; blue ellipse) for the contour image in panel (b).

Tobin et al. (2016)



PLANET FORMATION - FAST OR SLOW?

FIGURE 1. Age of stellar sample vs. fraction of stars with primordial disks (the “Haisch-Lada2” plot)
either through Hα emission or infrared excess diagnostics. The best fit exponential decay curve is plotted
with timescale τdisk = 2.5 Myr. Disk fraction data are plotted for (in age order) NGC 2024 [0.3 Myr; 29],
NGC 1333 [1 Myr; 30], Taurus [1.5 Myr; 31], Orion Nebula Cluster [1.5 Myr; 28], NGC 7129 [2 Myr;
32], NGC 2068/71 [2 Myr; 33], Cha I [2.6 Myr; 34, 27], IC 348 [2.5 Myr; 21], σ Ori [3 Myr; 35], NGC
2264 [3.2 Myr; 28], Tr 37 [4.2 Myr; 36], Ori OB1b [4 Myr; 35], Upper Sco [5 Myr; 22], NGC 2362 [5
Myr; 37], γ Vel [5 Myr; 38], λ Ori [5 Myr; 39], η Cha [6 Myr; 40], TW Hya [8 Myr; 31], 25 Ori [8 Myr;
35, 38], NGC 7160 [11.8 Myr; 36], β Pic [12 Myr; 41], UCL/LCC [16 Myr; 42].

by the authors as being likely due to primordial disk due to the SED shape or strength
of the IR excess. The nature of some disks is unclear. Lada et al. [21] and others have
identified stars with weak IR excesses whose nature as stars with either accretion disks
of lower optical depth or simply warm dusty debris disks is at present ambiguous. Given
the rarity of “transition disks2” (disks with large inner holes), their inclusion or exclusion
is usually within the disk fraction uncertainties, and will have negligible impact on this
analysis. The fraction of stars in the transition phase has been noted to be very high
in a young sample [e.g. ∼1 Myr CrA; 46]. I have not yet attempted to disentangle the
effects of stellar mass in Fig. 1, so the reader should simply interpret the disk fractions as
being most representative of the low-mass population of stars (<2 M⊙) as they dominate
the stellar samples. I have omitted results for more distant clusters whose disk fraction

2 A glossary for common terminology for young stellar objects with disks (the “diskionary”) was recently
compiled by Evans et al. [45].

Lifetime of protoplanetary disc ~ 10 Myr

Mamajek (2009)
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PLANET FORMATION IS INTIMATELY LINKED TO STAR FORMATION

ALMA collaboration et al. (2015)



Gas mm grains

DUST, GAS AND PLANETS IN HL TAU Dipierro et al. (2015)



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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But need 3 x Saturn-mass planets in less than 1 million years!
Similar conclusions reached by Jin+(2016), Picogna+(2016)



DUST GAPS WITH NO GAS GAPS?

➤ Small planets only carve a gap in the dust

2 Dipierro et al.

gas

0.05 MJ
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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)

But lots of other explanations for dust gaps in discs! e.g. Lesur et al. (2014), Pinilla et al. 
(2012), Meheut et al. (2012b), Lyra & Kuchner (2013), Zhang, Blake & Bergin (2015), 
Takahashi & Inutsuka (2012), Flock et al. (2015), Loren-Aguilar & Bate  (2015, 2016), 
Gonzalez et al. (2015, 2017)

For planets, see also Wolf et al. (2002); Fouchet et al. (2007; 2012); Gonzalez et al. (2012)
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Figure 1. Left panel : The TW Hya disk in polarized intensity at 1.62 µm, scaled by R2. The position of the star is denoted by the +
sign. A distance of 54 pc has been adopted. The dark and bright patch near [-1,-2] arcseconds are artefacts. Right panel : the same image
with annotations. The adopted nomenclature of bright “rings” and radial “gaps” has been indicated. The region under the coronagraphic
mask of 93mas radius has been greyed out. The “dark spiral” is indicated with a dashed line. The ⇥ symbol denotes the position of the
compact HCO+ source found by Cleeves et al. (2015).

Hence, determining the proper value of ✓ by minimizing
the resulting U� signal in an annulus around the star is
a commonly adopted technique. If the astrophysical po-
larized signal has a non-tangential component then this
minimization will generally not yield an “empty” U� im-
age, because the spatial signature of the astrophysical
signal (e.g., Canovas et al. 2015) di↵ers from that of the
instrumental crosstalk. Conversely, if a U� image with
approximately zero signal can be obtained by an appro-
priate choice of ✓, then this means the non-tangential
component of the astrophysical polarized signal must be
very close to zero.
We selected the 18 cycles with the best signal to noise

ratio in the H-band observations to be combined into a
final image, and used the entire data set of 16 cycles
for the J-band image. For each polarimetric cycle i we
determined the appropriate value for ✓ by minimization
of the U� signal. After each ✓i was determined, Q�,i &
U�,i were computed for each polarimetric cycle. The final
Q� and U� images were obtained by median combination
of all cycles.

2.3. Data quality and PSF

The Strehl ratio of the polarimetric observations, de-
fined as the fraction of the total flux that is concentrated
in the central Airy disk, relative to the corresponding
fraction in a perfect di↵raction-limited PSF (⇡ 80% for
a VLT pupil), is approximately 13% in the R0-band and
approximately 69% in the H-band in our data. The PSF
core in the R0-band is substantially less “sharp” than that
of a perfect Airy pattern due to the combination of mod-
erate conditions and the relatively low flux of TW Hya in
the R-band, where the wavefront sensor operates. The
central PSF core is slightly elongated with a fwhm of
56⇥48mas with the major axis oriented ⇡ 127� E of N,

and contains ⇡ 30% of the total flux. In comparison, a
perfect Airy disk would have a fwhm of 16mas. The H-
Band data have a nearly di↵raction-limited PSF shape
with fwhm⇡ 48.5 mas, compared to 41.4 mas for a per-
fect Airy disk.

2.4. H-band angular di↵erential imaging

The cosmetic reduction of the coronagraphic images
included subtraction of the sky background, flat field
and bad pixel correction. One image out of 64 had to
be discarded due to an open AO loop. Image registra-
tion was performed based on “star center” frames which
were recorded before and after the coronagraphic obser-
vations. These frames display four crosswise replicas of
the star, which is hidden behind the coronagraphic mask,
with which the exact position of the star can be deter-
mined. The modeling and subtraction of the PSF is per-
formed using a principal component analysis (PCA) after
Absil et al. (2013), which is in turn based on Soummer
et al. (2012). We apply the following basis steps: (1)
Gaussian smoothing with half of the estimated FWHM;
(2) intensity scaling of the images based on the measured
peak flux of the PSF images; (3) PCA and subtraction
of the modeled noise; (4) derotation and averaging of the
images.

3. RESULTS

3.1. A first look at the images

In the left panel of Fig. 1 we show the H-band Q� im-
age of the TW Hya disk, with an e↵ective wavelength
of 1.62 µm. In the right panel we show an annotated
version of the same image to graphically illustrate the
adopted nomenclature and identification of various struc-
tural features in the TW Hya disk. The Q� image con-
tains only positive signal and the corresponding U� im-

November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

These raw data were calibrated by NRAO staff. After
applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s integra-
tions and flagged for problematic antennas and times. The
bandpass response of each spectral window was calibrated
using the observations of J1058+0133. The amplitude scale
was determined from J1037–2934 and J1107–4449. The
complex gain response of the system was calibrated using the
frequent observations of J1103–3251. Although images
generated from these data are relatively free of artifacts and
recover the integrated flux density of the target (1.5 Jy), folding
in additional ALMA observations with a higher density of short
antenna spacings improves the image reconstruction.

To that end, we calibrated three archival ALMA data
observations of TW Hya, from 2012 May 20, 2012 November
20, and 2014 December 31, using 16, 25, and 34 antennas
spanning baselines from 15 to 375 m. The first two observa-
tions had four 59MHz wide spectral windows centered at
333.8, 335.4, 345.8, and 347.4 GHz. The latter had two
235MHz windows (at 338.2 and 349.4 GHz), one 469MHz
window (at 352.0 GHz), and one 1875MHz window (at
338.4 GHz). J1037–2934 was employed as a gain calibrator,
and Titan and 3C 279 (May 20), Ceres and J0522-364
(November 20), or Ganymede and J0158+0133 (December 31)
served as flux or bandpass calibrators. The weather for these
observations was excellent, with PWV levels of 0.5–1 mm. The
combined on-target integration time was 95 minutes. The basic
calibration was as described above. As a check, we compared
the amplitudes from each individual data set on overlapping
spatial frequencies and found exceptional consistency.

The calibrated visibilities from each observation were shifted
to account for the proper motion of the target and then
combined after excising channels with potential emission from
spectral lines. Some modest improvements were made with a
round of phase-only self-calibration. Continuum images at a
mean frequency of 345.9 GHz (867 μm) were generated by
Fourier inverting the visibilities, deconvolving with a multi-
scale, multi-frequency synthesis version of the CLEAN
algorithm, and then restoring with a synthesized beam. All
calibration and imaging were performed with the CASA
package (v4.5.0).

After some experimentation, we settled on an analysis of two
images made from the same composite data set. The first used a
Briggs weighting (with a robust parameter of 0) to provide a
24×18 mas synthesized beam (at P.A.=78°). While this
provides enhanced resolution, it comes at the cost of a dirty
beam with ∼20% sidelobes (due to the sparse coverage at long
baselines) that degrades the image quality. A second image was
made with a robust parameter of 0.5 and an elliptical taper to
create a circular 30 mas beam with negligible sidelobes. Both
images are consistent (within the resolution differences) and
have rms noise levels around 35 μJy beam−1.

3. RESULTS

Figure 1 shows a high-resolution map of the 870 μm
continuum emission from the TW Hya disk, revealing a series
of concentric bright and dark rings out to a radial distance of
60 au from the host star with a nearly pole-on viewing
geometry. To aid in the visualization of this substructure,
Figure 2 shows the image transformed into polar coordinates

and azimuthally averaged into a radial surface brightness
profile.
The inner disk includes an unresolved (<0.5 au in radius)

0.93± 0.04 mJy source coincident with the stellar position and
a bright ring that peaks at 2.4 au; between them is a dark
annulus centered at 1 au. The bright ring and dark annulus are
unresolved (<1 au across). Because it is unresolved, the depth
of the dark annulus is difficult to determine unambiguously: we
find at least a 30% brightness reduction.

Figure 1. Synthesized image of the 870 μm continuum emission from the TW
Hya disk with a 30 mas FWHM (1.6 au) circular beam. The rms noise level is
∼35 μJy beam−1. The inset shows a 0 2 wide (10.8 au) zoom using an image
with finer resolution (24×18 mas, or 1.3×1.0 au, FWHM beam).

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.
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led zonal

flows)
. Othe

r featu
res, p

articul
arly a narrow

dark annulu
s loca

ted only 1 au from
the star, c

ould

indica
te interac

tions
betwe

en the disk and young
planet

s. The
se data signal

that o
rdered

substr
ucture

s on ∼au

scales
can be

comm
on, fu

ndame
ntal fa

ctors i
n disk

evolut
ion an

d that
high-r

esolut
ion m

icrow
ave im

aging
can he

lp

charac
terize

them
during

the ep
och of pla

net fo
rmatio

n.

Key w
ords:

planet
–disk

interac
tions

– protop
laneta

ry disks
– stars:

indivi
dual (

TW Hydra
e)

1. INT
RODU

CTIO
N

The disks
aroun

d young
stars

are the forma
tion sites

of

planet
ary system

s. Howe
ver, the smoot

h, mono
tonic

radial

distrib
utions

of gas
tempe

rature
s and

densit
ies ass

umed
in mo

st

theore
tical m

odels
of pla

netary
forma

tion create
a fund

ament
al

dilem
ma. T

he millim
eter-si

zed particl
es neede

d to assem
ble

larger
planet

esima
ls (Orme

l & Klahr
2010;

Lamb
rechts

&

Johan
sen 2012)

experi
ence a

erody
namic

drag with the ga
s that

results
in their

rapid
migra

tion towar
d the host star (Wei-

densc
hilling

1977;
Takeu

chi &
Lin 2002).

Yet, t
his pr

edicte
d

deplet
ion of sol

ids is
not co

mmen
surate

with observ
ations

that

routin
ely detect

micro
wave

contin
uum

emiss
ion from

such

particl
es ext

ending
over a

large
range

of dis
k radii,

out to
tens

or hun
dreds

of au
(see review

s by William
s & Cieza

2011
or

Andre
ws 2015).

The hypot
hesize

d solutio
n to this confli

ct

invok
es sub

structu
re in the fo

rm of loc
al gas

pressu
re ma

xima,

which
slow

or stop
the migra

tion of these
particl

es and

conce
ntrate

the solid
densit

ies to levels
that might

trigge
r

efficie
nt planet

esima
l growt

h (e.g.,
Whipple

1972;
Pinilla

et al.
2012).

The y
oung

solar a
nalog

TW Hya is
an especi

ally interes
ting

target
to charac

terize
disk substr

ucture
s, for three

prima
ry

reason
s. Firs

t, it is
the clo

sest ga
s-rich

disk to
Earth

(54±
6 pc;

van L
eeuwe

n 2007
), prov

iding
uniqu

e acce
ss to i

ts prop
erties

at

incom
parabl

y fine le
vels o

f deta
il. Sec

ond, i
t is th

e benc
hmark

case study
for an evolve

d popul
ation

of disk solids
, with

a

radiall
y conce

ntrated
popul

ation
of larger

(cm)
particl

es

(Wilner
et al. 20

05; Menu et al. 20
14) and a sharp

radial

decrea
se in the solids

-to-ga
s mas

s ratio
(Andr

ews e
t al. 2

012;

Birnst
iel &

Andre
ws 20

14) th
at ann

ounce
s subs

tantial
growt

h

and inwar
d migra

tion. T
he predic

ted deplet
ion of mi

crowa
ve

emiss
ion due to radial

drift (T
akeuc

hi & Lin 2005)
should

be

especi
ally p

romin
ent at

the rel
atively

advan
ced ag

e of T
W Hya

(∼10M
yr; e.g

., Weinber
ger et

al. 20
13), b

ut sin
ce that is

not

what
is observ

ed, th
e case for relaxin

g the assum
ption

of a

global
ly negati

ve pre
ssure

gradie
nt is b

olstere
d. Thi

rd, the
re is

alread
y tantali

zing
eviden

ce for substr
ucture

in this disk,

includ
ing a cent

ral de
pletio

n (Calve
t et al

. 2002
; Hug

hes et
al.

2007)
and tentati

ve signat
ures of “gaps

” or “break
s” in the

infrare
d scatter

ed light
emiss

ion (Debe
s et al. 2013,

2016;

Akiya
ma et

al. 20
15; R

apson
et al.

2015).

In this L
etter,

we pr
esent

and analyz
e obse

rvatio
ns tha

t shed

new light o
n the substr

ucture
in the TW Hya disk.

We have

used
the long

baseli
nes of the Ataca

ma Large
Millime

ter/

submi
llimet

er Array
(ALM

A) to measu
re the 870 μ

m con-

tinuum
emiss

ion from
this disk at an

unpre
ceden

ted spatia
l

resolu
tion of ∼1 au.

Sectio
n 2 presen

ts these
observ

ations
,

Sectio
n 3 descri

bes a broad
brush

analys
is of the contin

uum

data,
and Sectio

n 4 consid
ers potent

ial int
erpret

ations
of the

results
in the co

ntexts
of dis

k evolut
ion and planet

forma
tion.

2. OB
SERV

ATIO
NS AND

DATA
CALI

BRAT
ION

TW Hya was observ
ed by ALMA on 2015

Novem
ber 23

and 30 and Decem
ber 1.

The array
includ

ed 36, 31
, and

34

antenn
as, respec

tively
, config

ured
to span

baseli
ne length

s

from
20 m

to 14 km
. The

correl
ator proces

sed four spectr
al

windo
ws ce

ntered
at 344

.5, 34
5.8, 3

55.1,
and 357.1

GHz w
ith

bandw
idths

of 187
5, 469

, 1875
, and

1875M
Hz, re

specti
vely.

The observ
ations

cycled
betwe

en the target
and J1103

–3251

with a
1 min

ute ca
dence

. Addi
tional

visits
to J11

07–30
43 we

re

made
every

15 minut
es. J1037

–2934
, J1058

+0133
, and

J1107
–4449

were
briefly

observ
ed as calibra

tors.
The pre-

cipitab
le water

vapor
(PWV) levels

were
∼1.0 m

m on
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THREE RADIAL GAPS IN THE DISK OF TW HYDRAE IMAGED WITH SPHERE
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ABSTRACT

We present scattered light images of the TW Hya disk performed with SPHERE in PDI mode at
0.63, 0.79, 1.24 and 1.62 µm. We also present H2/H3-band ADI observations. Three distinct radial
depressions in the polarized intensity distribution are seen, around ⇡ 85, ⇡ 21, and . 6 au1. The
overall intensity distribution has a high degree of azimuthal symmetry; the disk is somewhat brighter
than average towards the South and darker towards the North-West. The ADI observations yielded
no signifiant detection of point sources in the disk.
Our observations have a linear spatial resolution of 1 to 2 au, similar to that of recent ALMA

dust continuum observations. The sub-micron sized dust grains that dominate the light scattering
in the disk surface are strongly coupled to the gas. We created a radiative transfer disk model with
self-consistent temperature and vertical structure iteration and including grain size-dependent dust
settling. This method may provide independent constraints on the gas distribution at higher spatial
resolution than is feasible with ALMA gas line observations.
We find that the gas surface density in the “gaps” is reduced by ⇡ 50% to ⇡ 80% relative to an

unperturbed model. Should embedded planets be responsible for carving the gaps then their masses
are at most a few 10M�. The observed gaps are wider, with shallower flanks, than expected for planet-
disk interaction with such low-mass planets. If forming planetary bodies have undergone collapse and
are in the “detached phase”, then they may be directly observable with future facilities such as METIS
at the E-ELT.
Subject headings: instrumentation: adaptive optics — techniques: polarimetric, high angular resolu-

tion — protoplanetary disks — planet–disk interactions — TW Hya
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10 Université Grenoble Alpes, IPAG, F-38000 Grenoble, France
11 CNRS, IPAG, F-38000 Grenoble, France
12 Anton Pannekoek Institute for Astronomy, University of

Amsterdam, Science Park 904, 1098 XH Amsterdam, The Nether-
lands

13 Kiepenheuer-Institut für Sonnenphysik, Schöneckstrasse 6,
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1. INTRODUCTION

The distribution of gaseous and solid material in the
circumstellar disks around young stars, the physical and
chemical properties of this material, and the temporal
evolution of these quantities provide important bound-
ary conditions for modeling of the formation of planets
and other bodies in the solar system and other plane-
tary systems. However, the small angular scales involved
pose great observational challenges. Recent ALMA dust
continuum observations of TW Hya, the nearest young
system with a gas-rich disk, provide a detailed map of
the spatial distribution of large, ⇡mm-sized dust, at a
linear spatial resolution of ⇡ 1 au (Andrews et al. 2016).
Studying the distribution of gas at the same spatial scales
is not feasible with ALMA but on larger scales the gas
distribution can be mapped (e.g. Schwarz et al. 2016)
using trace species like CO isotopologues as a proxy for
the bulk mass of H2 and He gas, which is not directly
observable.
In this work we apply a qualitatively di↵erent method

to constrain the bulk gas density distribution. We use the

19 Observatoire astronomique de l’Université de Genève, 51 ch.
des Maillettes, 1290 Versoix, Switzerland

20 Núcleo de Astronomı́a, Facultad de Ingenieŕıa, Universidad
Diego Portales, Av. Ejercito 441, Santiago, Chile
1Throughout this work we have assumed a distance of 54 pc to
TW Hya. This is ⇡ 10% less than the new GAIA distance of
59.5+0.96

�0.93 pc (Gaia Collaboration et al. 2016). We discuss the im-
plications of the new, somewhat larger distance in Section 5.5.3.
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TW HYA: OUR NEAREST PROTOPLANETARY DISC

See also Huang et al. (2018) for CO data
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Right: 
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(2017)

Super-earths in TW Hya 5

Figure 4. Post-processed image of dust thermal continuum at 870µm (left), compared with ALMA observations from Andrews et al. (2016) at the same
wavelength (right). The beam size is 28⇥21 mas in our image, compared with 30 mas FWHM (1.6 au) circular beam in the ALMA image. We obscure the
inner ⇡15 au as we do not simulate that region. This missing material leads to a steeper temperature profile.

Figure 5. Post-processed image of scattered light at 1.6µm in polarized intensity (left), compared with SPHERE observations from van Boekel et al. (2017)
at the same wavelength (right). [ TODO: Fix scattered light image: probably rotate a bit counter-clockwise, maybe change PA or incl, maybe add au
axis tick marks, align better. ]

differently to the planet torque. This may fill in the emission at the
gap location.

There is a freedom in choosing the total dust mass used in the
radiative transfer calculation. As we simulate only a small fraction
of the total dust mass, i.e. one particular grain size bin, we can
recover different total dust masses by changing the assumed width
of the bin. In our simulation we have taken the 100 µm dust mass
to be 1 % of the gas mass. We then take the total dust mass to be
3.75⇥ 10�4M�, i.e. a dust-to-gas ratio of 0.5.

[ TODO: spiral arm too bright and contrast too great:

check new calculation; try different inclination: 5 degrees; see
(Huang et al. 2018). ]

5 CONCLUSIONS

(i) We explain the gaps in dust emission in the ALMA observa-
tions of TW Hya with two super-Earth mass planets at ⇡24 au and
⇡41 au, respectively.

(ii) We show that a Saturn mass planet at ⇡94 au can explain the
main gap in scattered light observations. We predict the presence

MNRAS 000, 1–6 (2017)
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Figure 4. Post-processed image of dust thermal continuum at 870µm (left), compared with ALMA observations from Andrews et al. (2016) at the same
wavelength (right). The beam size is 28⇥21 mas in our image, compared with 30 mas FWHM (1.6 au) circular beam in the ALMA image. We obscure the
inner ⇡15 au as we do not simulate that region. This missing material leads to a steeper temperature profile.

Figure 5. Post-processed image of scattered light at 1.6µm in polarized intensity (left), compared with SPHERE observations from van Boekel et al. (2017)
at the same wavelength (right). [ TODO: Fix scattered light image: probably rotate a bit counter-clockwise, maybe change PA or incl, maybe add au
axis tick marks, align better. ]

differently to the planet torque. This may fill in the emission at the
gap location.

There is a freedom in choosing the total dust mass used in the
radiative transfer calculation. As we simulate only a small fraction
of the total dust mass, i.e. one particular grain size bin, we can
recover different total dust masses by changing the assumed width
of the bin. In our simulation we have taken the 100 µm dust mass
to be 1 % of the gas mass. We then take the total dust mass to be
3.75⇥ 10�4M�, i.e. a dust-to-gas ratio of 0.5.

[ TODO: spiral arm too bright and contrast too great:

check new calculation; try different inclination: 5 degrees; see
(Huang et al. 2018). ]

5 CONCLUSIONS

(i) We explain the gaps in dust emission in the ALMA observa-
tions of TW Hya with two super-Earth mass planets at ⇡24 au and
⇡41 au, respectively.

(ii) We show that a Saturn mass planet at ⇡94 au can explain the
main gap in scattered light observations. We predict the presence

MNRAS 000, 1–6 (2017)

Super Earths



“TRANSITION” DISCS

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

2.1 Spectral Energy Distributions

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

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

SED classification

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

A&A 585, A58 (2016)

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

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

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

A&A 560, A105 (2013)

Fig. 1. Reflection nebulosity around SAO 206462. First two rows, from left to right: P⊥ image, P∥ image, and P⊥ image with blue and pink stripes
indicating the position of the major and minor axis, respectively. The first row is H band, the second is Ks band. Third row, from left to right:
comparison between the P⊥ image in Ks band and continuum emission from sub-mm observations by Brown et al. (2009), polar mapping of H
and Ks band with angles measured with respect to north. Images are upscaled by a factor 3 to minimize smoothing effects throughout the sub-pixel
data shifting and are scaled with r2 to compensate for stellar light dilution. The color scale is linear and arbitrary. The red central region indicates
the area on the detector with non-linear pixels. Continuum contours are drawn at 3σ intervals starting from 3σ.

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

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

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

The two spirals are starting from axisymmetric locations on
the rim. The contrast of the spiral with the surrounding disk
varies from 1.5 to 3.0. S1 appears as the most prominent arm.
It covers an angle of ∼240◦ and shows an enhancement to the
SW (almost twice as luminous in surface brightness as the con-
tiguous part of the arm). S2 covers a smaller angle (∼160◦) but
also shows a “knot” (to the SE, factor 1.5 brighter in surface
brightness than the contiguous part of the arm).
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and at a position angle orthogonal to that expected from close-in high-
velocity material in Keplerian rotation. Very blueshifted emission
could reach out to 0.2 arcsec from the star (channel at 22.4 km s21

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

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

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

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

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

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

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

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

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

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

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

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

1Departamento de Astronomı́a, Universidad de Chile, Casilla 36-D, Santiago, Chile. 2Joint ALMA Observatory, Alonso de Córdova 3107, Vitacura 763-0355, Santiago, Chile. 3European Southern
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emission (Ohashi 2008) 
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Figure 8. Summary of Cycle 0 band 7 observations, from MEM
maps, with continuum in red, HCO+(4-3) in green, and CO(3-2)
in blue. Velocities have been restricted to highlight the fainter
structures seen in HCO+, which are otherwise dwarfed by the fast
HCO+ central emission.

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

3 .

5. CONCLUSION

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

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

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

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

Based on observations acquired at the ALMA Observa-
tory, through program ALMA#2011.0.00465.S. ALMA is
a partnership of ESO, NSF, NINS, NRC, NSC, ASIAA.
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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 0.3000 ⇥ 0.2500), with a noise level of
0.08 Jy beam�1 clearly dominated by systematics rather than thermal noise. After self calibration, the peak signal
increased to 0.67 Jy beam�1, while the rms noise level decreased to 0.04 Jy beam�1.
Continuum subtraction under CO(6-5) was performed with a first-order fit to the continuum in the visibility domain.

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

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

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

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

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

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

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

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

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

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

VLT-SPHERE Image of 
HD142527 

(Avenhaus+ 2017)
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Figure 1. Schematic view with arbitrary orientation of the parametric model
presented in Section 2. The central star is placed at the origin. The outer disk lies
in the x–y plane. The angle α is the relative inclination between the midplane of
the outer disk and the plane of the inner disk. The dust mass density distribution
of the inner disk and outer disk sections are rendered in false color. The gap is
shown devoid of material for simplicity. The inner disk is scaled up in size and
density for better visualization.

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

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

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

Σ̄g(r < rc) = Σc

(
r

rc

)−γ

exp

[

−
(

1 − r/rc

w

)3
]

, (1)

Σ̄g(r ! rc) = Σc

(
r

rc

)−γ

, (2)

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

Σg(r,φ) = Σ̄g(r)
[
1 + A(r) sin

(
φ +

π

2

)]
, (3)

A(r) = c − 1
c + 1

exp
[
− (r − Rs)2

2H 2

]
, (4)

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

ρg(r, z,φ) = Σg(r,φ)
√

2πH
exp

[
− z2

2H 2

]
, (5)

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

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

2.1.1. Emergent intensities

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

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

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

3. RESULTS

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

3 http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
4 The outer disk defines the plane of the system.

2
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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?

Intra-cavity kinematics 7

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 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)
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4 Ragusa et al.

�1.0 �0.5 0.0 0.5 1.0
�1.0

�0.5

0.0

0.5

1.0

R
el

at
iv

e
D

ec
lin

at
io

n
(a

rc
se

c)

q=0.01
0 3 6 9 12 15 18 21 24

�1.0 �0.5 0.0 0.5 1.0
1.0

0.5

0.0

0.5

1.0

q=0.05
0 3 6 9 12 15 18 21 24

�1.0 �0.5 0.0 0.5 1.0

Relative Right Ascension (arcsec)

�1.0

�0.5

0.0

0.5

1.0

R
el

at
iv

e
D

ec
lin

at
io

n
(a

rc
se

c)

q=0.10
0 4 8 12 16 20 24 28 32

�1.0 �0.5 0.0 0.5 1.0

Relative Right Ascension (arcsec)

1.0

0.5

0.0

0.5

1.0

q=0.20
0 5 10 15 20 25 30 35

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

4 DISCUSSION

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

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

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

MNRAS 000, 1–7 (2016)
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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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Circumbinary mayhem in the HD142527 disc 3

a e i ⌦ ! f

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

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

3.1.2 Binary orbit

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

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

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

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

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

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

3.1.3 Circumbinary disc

We initialise a gas disc around the binary extending from 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
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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.
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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).
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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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See almost polar alignment of binary to disc, c.f. Aly et al. (2015), Martin & Lubow (2017)
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Figure 10. Dereddened photometry (blue dots) and spectral energy distribution model of HD 142527. Photometric data points have been obtained from Verhoeff et al.
(2011). We have added the new ALMA continuum photometry at 1.2 mm. 5σ error bars are shown. The model contributions are: stellar spectrum alone (dashed yellow
curve), scattered light from the star (dash-dotted light blue curve), thermal emission from inner and outer disks (dotted green curve), and scattered light from the dust
thermal emission (dash triple dotted orange curve). The resulting model is the red solid curve.

ment of the optically thin lines and forward modeling using
an axisymmetric disk. The total mass of gas surviving inside
the cavity is high (1.7 ± 0.6) × 10−3 M⊙.

2. We find that the inner cavity is rather small in CO gas,
compared to its size in dust millimeter and infrared scattered
light, with a best-fit radius of 90 ±5 AU.

3. The drop in density inside the cavity can be modeled as a
reduction in gas column density of a factor of 50 (cavity
depth of 0.02), given our model for the outer disk, which
gives a total mass of 0.1 M⊙.

4. The gap wall appears diffuse and tapered-off in the gas
distribution, while in dust continuum is manifestly sharper.

5. The disk inclination is well constrained by the resolved
velocity information of the CO gas and it attains 28 ± 0.5
degrees, after fixing the central star mass to 2.2 M⊙.

6. The center of the disk appears shifted from a central
continuum emission by a deprojected distance of ∼16 AU
toward the East, assuming a distance of 140 pc to HD
142517.
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APPENDIX

SPECTRAL ENERGY DISTRIBUTION

We tested the consistency of our disk structure model by
comparing its predicted SED against observed HD 142527
photometry. We obtained observed continuum fluxes from
Verhoeff et al. (2011, see references therein). The observed SED
was dereddened by using a standard extinction curve (Cardelli
et al. 1989), for AV = 0.6 (Verhoeff et al. 2011) and an assumed
RV of 3.1.

Synthetic fluxes were calculated using the Monte Carlo
radiative transfer code MCFOST (Pinte et al. 2006). We
used an MCFOST model consistent with the disk struc-
ture described in Section 4.1. Previous attempts to model
the HD 142527 SED invoked a puffed-up rim to explain the
large excess of emission in the near infrared (Verhoeff et al.
2011). This excess could be explained by the dust emission
coming from very near the star that we see at 345 GHz
(see Section 3.2).

We distributed dust grains (mainly silicates and amorphous
carbons) with sizes between 0.1 and 1000 µm across the disk
model. We used the Mie theory and assumed a gas-to-dust ratio
of 100.

Figure 10 shows the SED calculated from our model. Our
model consists of: (1) an inner disk extending from 0.2 to 6 AU
with 10−9 M⊙ of dust. This dust mass, together with an aspect
ratio h/r of 0.18, are enough to reproduce the large near-infrared
excess; (2) a dust-depleted gap between 6 and 90 AU in radii
almost depleted of gas and dust; (3) a second gap extending
from 90 to 130 AU with enough gas to explain our isotopologues
observations; and (4) a large outer disk stretching from 130 to
300 AU. The flaring exponent ranges between 1 and 1.18 for
each zone. The aspect ratio of all the zones was 0.18 except for
the outer disk which covers a larger solid angle, attaining an h/r
of 0.23.

It is important to note that the gas model presented in
Section 4.1 assumes a constant aspect ratio, since it only aims
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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 observations with ALMA (top; credit: Boehler et al. 2017 C⃝AAS, reproduced with permission).

may be responsible for the central cavity, spiral arms, and other
features 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 statistics of the
field binary population (e.g. Raghavan et al. 2010). Massive planets,
however, could perform a similar role in carving 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 HD 142527.
The main one from our perspective is the secular change in both
the binary and outer disc orientation on long time-scales (!100
orbits). That is, the binary and the disc in our simulations are
not in a steady configuration. Recent works by Aly et al. (2015),

Martin & Lubow (2017), and Zanazzi & Lai (2018) suggest that the
equilibrium 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
reproduce the disc features with a binary in such an equilibrium
configuration, to see whether it can be ruled in or out (a binary
orbit with HD 142527B at 90◦ to the outer disc seems possible; see
L16). An equilibrium configuration is likely given the typical align-
ment time-scale of order 1000 orbital periods (Martin & Lubow
2017) –105 yr in HD 142527 – is much shorter than the disc lifetime
(∼Myr). 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.

A second caveat is the mismatch in the orientation of the streams
seen in HCO+ emission. Better orbital constraints should also help
to solve this problem, since there are currently a wide range of
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Since orbit R2 produces a cavity close to the observed size
with a prominent asymmetry seen in the gas in the position angle
similar to the observed mm horseshoe, we computed two additional
simulations using grain sizes of 1 mm and 100µm, respectively. We
set up dust disc initially between Rin = 120 and Rout = 250 au
using 2.5⇥104 dust particles, with an (arbitrary) initial dust-to-gas
ratio of 0.01 and properties otherwise reflecting the gas disc (com-
posed of the usual 106 SPH particles). The slightly smaller dust
disc is merely to avoid numerical problems during the initial disc
response to the binary. This also ensures that any dust migration to
the cavity edge occurs naturally rather than as a result of the initial
conditions.

Figure 7 shows the dust column density in these two simula-
tions (left and right, respectively), shown after 62 and 63 binary or-
bits, respectively. We find that the dust in both simulations drifts in
radius, concentrating at the cavity edge within a few tens of orbits.
The larger grains, with St ⇠ 1, form a thin ring around the cavity
edge (left panel). We also observe dust grains collecting into az-
imuthally distinct structures, trapped by the pressure bumps at the
launch points of the spiral arms. Although these grains are nom-
inally ‘mm-sized’ in our simulations, the resulting dust structures
appear more similar to what is seen at cm wavelengths. Figure 8
shows a direct comparison with the ATCA 34GHz image from
Casassus et al. (2015b) (top left shows the ATCA image; bottom
left shows our simulation). To make this comparison we simply
convolved our dust column density image to a beam size of 20 au
(0.12”). In hindsight this is not surprising, since the peak emission
in wavelength is roughtly 2⇡ times the grain size.

Using grains ten times smaller produces slower migration to
the cavity edge and, as a result, a more radially extended dust dis-
tribution (right panel of Figure 7). The asymmetry driven by the
binary in the gas produces a horseshoe remarkably similar to the
observed mm horseshoe. Figure 8 makes the direct comparison.

The main disagreement between the simulations and observa-
tions concerns the prominent dip seen in the mm-horseshoe at a
position angle of ⇠ 10� (top right). Some caution is required in
making this comparison since our visualisation shown in Figure 8
assumes optically thin dust emission where spectral index varia-
tions show that the continuum emission is optically thick (Casas-
sus et al. 2015b). Our models also do not account for any azimuthal
variation in temperature. This is interesting, because a temperature
decrement is indeed observed at this position angle caused by the
shadow from the circumbinary disc. Such a temperature decrement
will affect the dust emission and would need to be accounted for
in making accurate radiative transfer predictions from our simula-
tions. Moreover, it suggests that thermodynamic effects from the
shadow may be important.

Two conclusions stand out: i) decoupled dust dynamics around
a binary-carved cavity can naturally explain the observed asymme-
tries in HD142527 without recourse to vortices or additional com-
panions; and ii) the distinct ‘blobs’ seem in the radio emission may
be real and not just artefacts of noisy observations.

4.6 Gas density contrast

Casassus et al. (2015b) note that some of the asymmetry seen in
the dust emission is also seen in the gas. To quantify this, Figure 9
compares the predicted 13CO J=3–2 and C18O J=3–2 (moment 0)
emission maps from simulation R2 (bottom row) to the ALMA cy-
cle 3 observations recently published by Boehler et al. (2017) (top
row). For both spectral lines we find a bright, asymmetric ring of

Figure 9. Predicted 13CO 3-2 and C18O emission (moment 0) from sim-
ulation R2 after 50 orbits (bottom two panels), compared to Boehler et al.
(2017) cycle 3 data (top two panels). The ring-like feature seen in both spec-
tral 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.

emission surrounding the cavity at a radius between 0.5 and 1” from
the central source, as seen in the observations.

The main source of disagreement is that we do not reproduce
the two dips in emission at the position angles coincident with the
scattered light shadows. This again suggests that the shadowing of
the outer disc by the circumprimary disc needs to be accounted for
in the CO emission. Our models suggest that the underlying gas
density structure is more axisymmetric. If one neglects the dips
caused by the shadows, then the contrast in emission around the
cavity is similar between our simulations and the observations (i.e.
roughly a factor of two).

Again, the close match with the observed line emission does
not suggest alternative hypotheses other than the binary are needed.

4.7 Fast radial flows

Can the streamers seen in Figure 2 explain the fast radial flows?
Figure 10 shows the radial velocity of the SPH particles, binned
as a function of radial distance from the centre of mass (red line),
compared to the model used to fit the kinematic data by Casassus
et al. (2015b) (blue line). Although the comparison is only quali-
tative, inflow speeds can be seen to reach 10 km/s at a distance of
20–30 au, consistent with the ‘fast radial flows’ needed to fit the
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+ emis-
sion in a particular range of velocity channels. Figure 11 compares
the predicted HCO+ emission from our simulations (right panel) to
the corresponding figure from Casassus et al. (2015a) (left panel).
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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

MNRAS 000, 1–12 (2017)
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Explains why inner holes are dust-free! 
e.g. Dominik & Dullemond (2011)
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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

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 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).

MNRAS 000, 1–12 (2017)
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Figure 10. Fast radial flows. Maximum inflow velocity on the SPH particles
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−1 occur naturally in the
models caused by the streamers that penetrate the cavity.

Andrews & Muzerolle 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 simply used up the
dust to form planets. We have shown that the cavity in HD 142527
can be satisfyingly explained by dynamical interaction with the ob-
served binary companion, hereby reclassifying it as a circumbinary
disc. The streams of gas across the cavity provide a natural expla-

nation for the high accretion rate. Indeed, the average accretion rate
in circumbinary discs with H/R ∼ 0.05 is expected to be similar
(within a factor of a few) to that in a disc around a single object
(e.g. Farris et al. 2014; Ragusa et al. 2016). In our simulations we
measure a mass accretion rate of ≈10−7 M⊙ yr−1 on to the primary,
consistent with observational estimates of 2(±1) × 10−7 M⊙ yr−1

(Mendigutı́a et al. 2014).
Interestingly, HD 142527 is not the first transition disc to have

been reclassified as circumbinary. Similar reclassifications were
made for CoKu Tau/4 (Ireland & Kraus 2008) (inspiring the first
part of our title) and CS Cha (Espaillat et al. 2007; Guenther et al.
2007). This is largely due to the difficulty in detecting close-in
companions. HD 142527 demonstrates that it is easy to hide even
relatively massive companions inside discs, given that the compan-
ion 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 circumbinary
discs could naturally explain the cavity-edge rings, asymmetries,
and horseshoes seen in ALMA images of mm-bright transition
discs including HD 135344B, HD 142527, SR 21, DoAr 44, and
Lk Hα 330. Stellar mass companions were only required for the
largest asymmetries (i.e. in HD 142527). Substellar companions
still produce large cavities, but with lumpy rings around the cavity
edge, rather than horseshoes. They found that the required compan-
ion 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 companions in
several other cases of discs with large cavities, including HD 100546
(Quanz et al. 2013, 2015; Brittain et al. 2014; Currie et al. 2014,
2015), LkCa 15 (Sallum et al. 2015), and even more intriguingly in
MWC 758 (Reggiani et al. 2018). There are strong hints in other
cases (e.g. HD 100453; Wagner et al. 2015). It does not require a
great leap of imagination to suppose that the observed companions

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

MNRAS 477, 1270–1284 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/477/1/1270/4937802
by Monash University user
on 30 April 2018

Casassus et al. (2015) Price et al. (2018)



SUMMARY

➤ Every disc imaged so far shows signs of interaction with 
already-formed planets or low mass companions 

➤ Lots of discs similar to HD142527 - disturbed morphologies, 
asymmetries, spirals. Suggests highly misaligned, eccentric 
companions are common? 

➤ Discs with holes telling us about chaotic star formation - how 
discs are born - not how they die 

➤ Suggests planet formation occurs on < 5 Myr timescales



NEW VIEW?

Time

Star formation 
(1-2 Myr)

Planet formation 
(1-2 Myr)

Planets
Tran
sitio

Hypothesis: Star and planet formation 
are both fast, dynamical processes



Lodato & Price (in prep)

➤ Expect lots more discs with companions on wild orbits 

➤ Discs around more massive stars should be more disturbed 

➤ Rings and gaps caused by planets will be found everywhere 

➤ Tidal encounters common!

PREDICTIONS:

Credit: Nicolás Cuello



BUT WHERE ARE THE 
PLANETS?
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ABSTRACT10

Discs of gas and dust surrounding young stars are the birthplace of planets. However, direct detection11

of protoplanets forming within discs has proved elusive to date. We present the detection of a large,12

localized deviation from Keplerian velocity in the protoplanetary disc surrrounding the young star13

HD163296. The observed velocity pattern is consistent with the dynamical e↵ect of a two Jupiter-14

mass planet orbiting at a radius ⇡ 260 au from the star.15

Keywords: stars: individual (HD 163296) — protoplanetary discs — planet-disc interaction — sub-16

millimeter: planetary systems — hydrodynamics — radiative transfer17

1. INTRODUCTION18

Direct observations of forming planets in protoplan-19

etary discs is the ultimate goal of disc studies. The20

disc usually outshines the planet, requiring observations21

at high contrast and angular resolution. Detections22

by direct imaging have been reported in several discs:23

HD 100546 (Quanz et al. 2013a; Brittain et al. 2014;24

Quanz et al. 2015; Currie et al. 2015), LkCa 15 (Kraus25

& Ireland 2012; Sallum et al. 2015), HD 169142 (Quanz26

et al. 2013b; Biller et al. 2014; Reggiani et al. 2014),27

and MWC 758 (Reggiani et al. 2018). Yet, most of the28

detections to date have been subsequently challenged29

(e.g., Thalmann et al. 2015, 2016; Rameau et al. 2017;30

Ligi et al. 2018). The quest continues.31

An alternative approach is to search for indirect sig-32

natures imprinted by planets on their host disc. ALMA,33

and adaptive optics systems have revealed a variety of34

structures: gaps and rings (ALMA Partnership et al.35

2015; Andrews et al. 2016; Isella et al. 2016), spirals36

(e.g. Benisty et al. 2015; Stolker et al. 2016), that could37

be signposts of planets, but numerous other explana-38

tions exist that do not require planets (e.g. Takahashi &39

Inutsuka 2014; Flock et al. 2015; Zhang et al. 2015; Gon-40

zalez et al. 2015; Lorén-Aguilar & Bate 2015; Béthune41

christophe.pinte@monash.edu

et al. 2016). Embedded planets in circumstellar discs42

will launch spiral waves at Lindblad resonances both in-43

side and outside of their orbit (e.g. Ogilvie & Lubow44

2002), disturbing the local Keplerian velocity pattern.45

Hydrodynamical simulations show that the impact on46

the velocity pattern should be detectable by high spec-47

tral resolution ALMA line observations (Perez et al.48

2015). Deviations from Keplerian rotation have been49

detected around circumbinary discs, with streamers at50

near free-fall velocities (Casassus et al. 2015; Price et al.51

2018) and radial flows or warps (Walsh et al. 2017).52

HD 163296 is a ⇠4.4Myr old Herbig Ae star located53

at a distance of 101.5± 1.2 pc from the Sun (Gaia Col-54

laboration et al. 2018). We rescaled all relevant quanti-55

ties from previous papers based on the new Gaia dis-56

tance. HD 163296 has a mass of 1.9M� (e.g. Fla-57

herty et al. 2015), a luminosity of 25 L� (Natta et al.58

2004) and a A1Ve spectral type, with e↵ective tem-59

perature 9 300K. Observations with the Hubble Space60

Telescope revealed a disc in scattered light that ex-61

tends as far out as 375 au (Grady et al. 2000). Inter-62

estingly, Grady et al. (2000) inferred the presence of63

a giant planet at ⇡ 270 au based on the gap observed64

in scattered light at that radius. de Gregorio-Monsalvo65

et al. (2013) presented ALMA data and showed that the66

gaseous component of the disc extends to distances of67

at least Rout�CO =415 au in CO while the continuum is68
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Figure 1. Kinematic asymmetry in HD163296. Band 6 continuum emission (top left) and channel map of 12CO line emission
at +1km/s from the systemic velocity (top right, with close up shown in bottom right) shows a distinct ‘kink’ in the emission
(highlighted by the dotted circle). Comparison with the continuum emission (top left) locates this outside the outermost dust
ring. The corresponding emission on the opposite side of the disc (bottom left; showing �1km/s channel) shows no corresponding
feature, indicating the disturbance to the flow is localised in both radius and azimuth. The channel width is �v = 0.1 km.s�1.
The white contour shows the 5-� (� = 0.1mJy/beam) level of the continuum map. The dashed line is the expected location of
the isovelocity curve on the upper surface of a disc with an opening angle of 15� and an inclination of 45�. Dotted lines in the
bottom right figure indicate 15% deviations (⇡ 0.4 km.s�1) from Keplerian flow around the star. The potential planet location
is marked by a cyan dot, assuming it is located in the midplane.
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Figure 4. Left: Surface density in 3D hydrodynamics simulations of the HD163296 disc, shown after 35 orbits of a 2Mjup

planet and viewed at a face-on inclination. Dots mark the star and planet. Right: Deviation of the azimuthal velocity from
Keplerian velocity.

systems. A 2MJup planet is consistent with the upper315

limits (for an unobscured planet) obtained by adaptive316

optics systems, such as SPHERE (Muro-Arena et al.317

2018) and Keck L’ (Guidi et al, submitted). Using the318

formalism developed in Pinte et al. (2018), we find that319

the velocity kink is located at a distance of ⇡ 260 au,320

and an elevation above the midplane of ⇡ 70 au. As-321

suming the potential planet is located in the midplane,322

it would be at a projected distance of 2.3±0.2” and PA323

= -3±5� from the star, where we estimated the uncer-324

tainties by locating the velocity deviation with half a325

beam accuracy. If the planet orbit is slightly inclined326

compared to the disc’s plane, the position on the sky327

will be shifted along a line going from the North-East to328

the South-West directions.329

Can massive planets form at a distance of 250 au from330

the star? While the location of giant planets in the outer331

regions of discs would be broadly consistent with grav-332

itational instability. On the other hand the timescale333

for core accretion may also be reasonable given that334

HD163296 is a relatively old disc (⇡ 5Myr). The planet335

may also have undergone outwards migration, depend-336

ing on the initial profile of the disc. It is beyond the337

scope of this paper to speculate further.338

5. SUMMARY339

We detected a 15% deviation from Keplerian flow340

around the star in the disc around HD163296. The de-341

viation was detected in both Band 6 and Band 7 in two342

di↵erent transitions of 12CO and matches the kinematic343

signature predicted for an embedded protoplanet.344

Comparing the observations to a series of 3D hydro-345

dynamical and radiative transfer models of embedded346

planets suggests the kinematic feature is caused by a347

planet of of ⇡ 2 MJup in the midplane. Such a planet348

would be located at a distance of ⇡ 260 au.349
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Figure 5. Comparison of 12CO J=2–1 ALMA observations (top row) with synthetic channel maps from our 3D hydrodynamics
calculations with embedded planets of 1, 2, 3 and 5 MJup (from top to bottom). Channel width is 0.1km.s�1. Synthetic maps
were convolved to a Gaussian beam to match the spatial resolution of the observations .
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