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DESIGN MOTIVATIONS
➤

Get away from sphNG (in speed and pain)

➤

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

➤

Code should include physics relevant to stars and planets

➤

Take the best from my other codes and make it fast

➤

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

➤

Low memory footprint

INITIAL APPLICATIONS

Price & Federrath (2010): Comparison of driven turbulence

PHANTOM

FLASH

Lodato & Price (2010) - warped discs
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DISC TEARING

MHD (AROUND 2012)

Price et al. (2017)

Advection of current loop (Gardiner & Stone 2005, 2008)
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with ALL dissipation turned on

Performed with all dissipation, shock capturing and divergence cleaning turned on

SELF-GRAVITY
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STAR CLUSTER FORMATION
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PHANTOM IS NOW PUBLIC

Price et al. (2017), submitted to PASA
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RECENT SCIENCE

YOUNG STARS BEFORE WE HAD GOOD TELESCOPES

T-Tauri stars

Herbig Ae/Be stars

Credit: Schütz et al. (2005)

HL TAU

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

Companions or other physics?

CRAZY EXPLANATIONS FOR HL TAU
➤

Magnetic flux rings (Lesur, Bai, Lyra+)

➤

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

➤

Clumping/photoelectric instability
(Lyra & Kuchner 2013)

➤

Condensation fronts (Zhang, Blake &
Bergin 2015)

➤

Counter-rotating infall (Vorobyov)

➤

Secular gravitational instability
(Takahashi & Inutsuka 2012;
Stoyanovskaya)

➤

Hall eﬀect (Lesur)

➤

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

➤

Dust instability (Loren-Aguilar & Bate
2015)

➤

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

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

ONE OF OUR BETTER ATTEMPTS

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

PLAUSIBLE EXPLANATIONS
➤

ALMA image is of mm dust,
not gas

➤

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

➤

Easier to carve gaps in dust
compared to gas

➤

Need dust-gas simulations

DUST SETTLING IN PROTOPLANETARY DISCS

DUST, GAS AND PLANETS IN HL TAU

Gas

mm grains

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

COMPARISON
Computed using RADMC3D radiative transfer
code plus ALMA simulator
Observed

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
Dipierro, Price,
outer part of the second and third planet orbits are generated by the

Goldreich P., Tremaine S., 1982, ARA&A, 20, 249
et al.
(2015), MNRAS 453, L73-L77
Greaves J. S., Richards A. M. S., Rice W. K. M., Muxlow T. W. B.,

HL TAU: CONCLUSIONS
➤

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

ABSTRACT

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

caused by planetary bodies. Given the young age of this system, if confirmed,
this finding would imply very short timescales for planet formation, probably in a

➤

No spirals in the dust

gravitationally unstable disk. To test this scenario, we searched for young planets
by means of direct imaging in the L0 -band using the Large Binocular Telescope

➤

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

Suggests rapid planet formation

close to the central star in the system, and specifically at the location of two
prominent dips in the dust distribution at ⇠70 AU from the central star. We
did not detect any point source at the location of the rings down to a contrast of
⇠7.5 mag with respect to the central point source. Using evolutionary models we
derive upper limits of ⇠10-15 MJup at  0.5-1 Ma for the possible planets. Our

Hunting for planets in the HL Tau disk
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limits suggest that there are no massive giant planets formed by gravitational

Th. Henning

instability in the outer disk and that the gaps seen in the dust distribution
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at ⇠1 mm by ALMA are not be caused by giant planets opening gaps in the

V. Bailey, D. Defrère, Ph. Hinz, J. Leisenring, A. Vaz

gaseous disk. The structures detected at mm-wavelengths could be gaps in the
distributions of large grains on the disk midplane, caused by smaller planets or
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planetary cores. Future ALMA observations of the molecular gas density profile
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and kinematics as well as higher contrast infrared observations may be able to
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provide a definitive answer.
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DUST GAPS WITH NO GAS GAPS?

Dipierro, Laibe, Price & Lodato (2016)
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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 mi
surface densities in a dusty disc hosting planets of mass 0.05 MJ (top row) and 0.1 MJ (bottom row). While the 0.05 MJ creates
planet location, the 0.1 MJ planet is able to carve a gap in the dust. Neglecting the gravity between the planet and the dust (right pa
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 (to

Small planets only carve a gap in the dust

2.2

Initial conditions

We setup a disc as in Lodato & Price (2010). We assume a central
star of mass 1.3 M⊙ surrounded by a gas disc made of 5 × 105 gas

3

RESULTS

Gap formation is a competition between to
competition is between the tidal torque fr
open a gap and the viscous torque trying to

“TRANSITION" DISCS

“TRANSITION” DISCS
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TABLE 2 ABSTRACT
We present Spitzer Infrared Spectrograph (IRS) observations of two objects of the Taurus population that show
Stellar and Model Properties
unambiguous signs of clearing in their inner disks. In one of the objects, DM Tau, the outer disk is truncated at
3 AU; this object is akin to another recently reported in Taurus, CoKu Tau/4, in that the inner disk region is
Parameter
GM Aur
DM Tau
free of small dust. Unlike CoKu Tau/4, however, this star is still accreting, so optically thin gas should still
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has evolved into an outer optically thick disk and an inner op3
tically
thin disk populated by a small amount of micron-size
particles
0.15 (Calvet et al. 2002, hereafter C02; Uchida et al. 2004).
The
2.2study by Rice et al. (2003) of the transitional disk around

GM Aur showed that the peculiarities of the spectral energy
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configurations
Disk in
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PHOTOEVAPORATION OF DISCS
Origin of evolution of transition discs
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Photoevaporative Wind

Gas Disc

Photoevaporative
gap opening

Dust Disc
Inner dust disc removal

4

Δt<10 years
Outwards photoevaporation
of outer disc

Accreting transition
disc
Viscous draing of inner gas disc

5

Δt~10 years

Non-accreting
transition disc

Further outwards
photoevaporation of outer disc

Δt=??

Disc-less
Young Star

Thermal Sweeping?

~0.03 AU

~1 AU

~10 AU

Owen (2016)

~100 AU

~1000 AU

Figure 8. Schematic picture of photoevaporation driven dispersal of a protoplanetary disc and the various transition disc stages (c.f.
Alexander et al. 2014). After gap opening (stage I) the dust in the inner disc rapidly drains onto the star due to dust drag in . 104 years
leaving an accreting transition disc (stage II). The inner dust-free gas disc viscouly drains onto the central star in a few 105 years leaving

ARE TRANSITION DISCS TRANSITIONAL?

ara et al.: X-Shooter study of accretion and winds in Transitional Disks
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IRS48: A DUST VORTEX?

Van der Marel et al. (2013, 2016)

HD135344B

Van der Marel et al. (2016)

SR21

DOAR44

HORSESHOES IN TRANSITIONAL DISCS
gas

q=0.01

q=0.05

Ragusa+ (2017)
Horseshoes in transitional discs
q=0.10

q=0.20

0

1 2
log ∫ ρg dz

dust

-3 -2 -1
log ∫ ρd dz

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

arge grains

adopted stellar UV radiation, the dust composition, and vertical

HD142527

LETTER

doi:10.1038/nature11769

Flows of
gas through a protoplanetary gap
RESEARCH
LETTER
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

0

0.1

Angular position north (arcsec)

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
2 around the young star
the gas2–4). Infrared observations of the disk
a Earth) found
HD 142527 (at a distance of about 140 parsecs from
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 indi1 at about 90 AU. Radio
cative of a perturbing planetary-mass body
8,9
observations 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
0 the outer disk and cross
accretion matter must therefore flow from
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 gapcrossing filaments. The estimated flow rate
–1 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
Continuum
formation of gaseous giant planets. The orientation
of the disk is well
–2
understood. Multiwavelength data are consistent with an inclination
of about 20u, indicating that the disk is almost face-on to our line of
2 east of north, and the
sight11. The disk position angle is about 220u
c
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.
1
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
0
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 distances from the central star have revealed spectroscopically resolved
gas tracers, such as rovibrational CO emission at a wavelength of
4.67 mm and [O I] emission at 6,300 Å,–1
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 sub2 μm
millimetre wavelengths inside a dust gap.–2
1

0.2

0.3

The dust gap that we see in the radio continuum (Fig. 1a) indicates
2 density of 1millimetrea decrease by a factor of at least 300 in the surface
sized grains, judging from the contrast ratio between the peak on the
horseshoe-shaped outer disk (the northern flux peak at 360 mJy per
b the gap (namely the
beam) and the faintest detected signal inside
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 optically 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 westwards. 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 (Supplementary 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
d 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 visualization, 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 features are faint and grow away from the edges of the horseshoe-shaped
outer disk. Estimates of physical conditions are given in Supplementary Information.
The molecular and filamentary flows near the star are nonKeplerian. 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
HCO+ of the inner disk,
separated by about 0.2 arcsec, that is, by the diameter

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

Casassus et al. 2015b
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Figure 2. Impact of the inner disk orientation on the H-band light scattered off the outer disk. (a) NACO-PDI H-band image from Avenhaus et al. (2014) compared
with the C18 O(2–1) emission at systemic velocity from Perez et al. (2014). The C18 O(2–1) emission, represented here as one white contour at 0.75 maximum, shows
that the position angle (P.A.) of the outer disk is at −20◦ east of north, and perpendicular to the solid gray double arrow, while the position angle of the intensity nulls
is indicated by the dashed double arrow (−8◦ ). (b)–(f) Radiative transfer prediction for polarized intensity in the H band for different inner disk P.A.s (indicated in
degrees on the plots) and for different relative inclinations α between the inner and the outer disks. The x− and y−axes indicate offset along R.A. and decl., in arcsec.

so that it is inconsistent with the observations. In parallel, for low

(Hunter & Toomre 1969). Christiaens et al. (2014) propose that
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with Rs = 148 AU and w
density on
is set to c = 10.0
Detailed observations of gaps in protoplanetary disks have revealed structures that drive current research
circumstellar disks. One such feature is the two intensity nulls seen along the outer disk of the HD 142527
system,vertical Gaussian
standard
ABSTRACT

which are particularly well traced in polarized differential imaging. Here we propose that these are shadows cast
by the inner disk. The inner and outer disk are thick, in terms of the unit-opacity surface in the H band, so that the
shape and orientation of the shadows inform on the three-dimensional structure of the system. Radiative transfer ρg (r, z, φ) =
predictions on a parametric disk model allow us to conclude that the relative inclination between the inner and
outer disks is 70◦ ± 5◦ . This finding taps the potential of high-contrast imaging of circumstellar disks, and bears
with
H (r) = 20.0(r/(13
consequences on the gas dynamics of gapped disks, as well as on the physical conditions in the shadowed
regions.
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1. INTRODUCTION
in theinHpreparation),
band is driven by
(Casassus et al. 2013a; S. Casassus et al. 2015a,
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The study of planet formation is rapidly being revolutionized
trapping
in theThe
outer disk
different orientations between the outer and
inner disks.
by observational breakthroughs, such as the direct images of
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larly interesting target is the Herbig Ae/Be star HD 142527, at
at the H band
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2.1. Underlying physical structure

“FAST RADIAL FLOWS” = DISC TEARING?
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Intra-cavity kinematics

Figure 7. Comparison of observed and model CO(6-5) kinematics in the central regions of HD 142527. The origin of coordinates⇠40
is set
kmto
s 1
the stellar position. Velocity-integrated intensity in CO(6-5) is shown in grey scale. The colored contours for vlsr have constant interval and
trometric o↵
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
uniformonor e
the radiative transfer prediction, after smoothing to the resolution of the MEM datacubes. c): same as b) but in native model resolutions,
We check
without smoothing. Regions without contours near the origin correspond to higher velocities. d): same as b) but with a slowofvelocity
our disk m
component perpendicular to the disk plane (vwarp in the text).
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predicted
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2015; Doğan et al. 2015), where nodal precession torques
its current orbit will not extend out to the 100 AU
sion,scale
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Require infall motions from cavity edge
at the free-fall velocity!

DISC TEARING?

Nixon et al. (2012, 2013), Nealon et al. (2015), Dogan et al. (2015)

BUT WHAT ABOUT IN PROTOSTELLAR DISCS?

CIRCUMBINARY DISCS = ECCENTRIC CAVITIES

Ragusa et al. (2016)

See also: MacFadyen & Milosavljevic (2008), D’Orazio+ (2013), Farris+ (2014), Miranda+ (2016)
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thinnest case with H/R = 0.02 that overestimates the accretion rate
with respect to Ṁscale . Due to the higher value of ⟨h/H⟩ throughout
the disc, the artificial viscosity gives a non-negligible contribution
with respect to the physical one resulting in a slight overestimate

ν

as Ttid ∝ (H/R)−3 . The radius at which the two contrasting torque
contributions are equal approximately gives the truncation radius of
the disc (for a more accurate discussion see Artymowicz & Lubow
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Circumbinary dynamics in the HD142527 disc

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.
20

6. Discussion
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6.1. Summary

B1
B2
B3
R1
R2
R3

0

3

200

100

0

y [mas]

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

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 difficult to be conclusive about
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the mass.
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See almost polar alignment of binary to disc, c.f. Aly et al. (2015), Martin & Lubow (2017)

See also Ogilvie & Lubow (2002), Rafikov (2002),
Fung & Dong (2015)
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Figure 2. Gas surface densities after 20 orbital periods of the binary for the calculations with Rin = 50 au, showing the initial dynamical carving of the
Figure 3. High resolution simulation of the R1 orbit (left) compared to
cavity for binary orbits shown in Figure 1 and listed in Table 1. Top row shows the ‘blue’ orbits (binary just past periastron) while bottom row corresponds to
the scattered
light
image
from
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al. (2017) (right), showing the
the ‘red’ orbits (binary approaching periastron) from L16. Cavity size scales with apastron separation,
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Price et al. (2018)

100 au
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 .
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account for the temperature dip caused by the shadows from the circumprimary disc.
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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 (600900nm) 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.
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intra-cavity flows in circumbinary discs.
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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 occur naturally in
the models caused by the streamers which penetrate the cavity.
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a steady-state mass flow fixed at the observed stellar
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2 flows are also consistent with this stellocentric accretion,
but with an emissivity that is somehow modulated in azimuth. 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,
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SUMMARY
➤

Modelling discs with dust and gas can shed light on
observations

➤

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

➤

Are all transitional discs circumbinary?– 8 –

