
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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Talk Overview 

1) HD142527 basics and introduction 
!

2)   ALMA CO observations of HD142527’s cavity  
(Perez et al. submitted) 

3)   Inferring the mass from hydro simulations (work in 
progress) 



HD142527 basics 

Herbig Ae star / spectral type F6IIIe 

!

Most likely in Lupus molecular cloud 
at 140 pc  

Age ~2 Myr 

Large stellar accretion rate.  

Ignacio Mendigutia’s talk: 

H-band Subaru / Fukagawa et al. 2006

M? = 2� 2.5M�

Ṁ = 2⇥ 10�7M�yr
�1
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FIG. 10.— Dereddened spectral energy distribution of HD142527 (blue
dots). Photometric data points have been obtained from Verhoeff et al. (2011).
We have added new Hershel/PACS photometric points at 70, 100 and 160 µm
(listed in Table 3). 5σ error bars are shown.

TABLE 3
HERSHEL/PACS CONTINUUM FLUXES

Band λ(µm) Fν (Jy) 3σ error

PACS-70 70 108.4 5.4
PACS-100 100 95.3 4.8
PACS-160 160 63.3 3.2

NOTE. — See Meeus et al. (2012) for a descrip-
tion of Hershel/PACS photometry.

ties in disks; photoevaporation by high-energy photons, low-
ering of dust opacity due to grain-growth and dynamical clear-
ing by a companion object. Casassus et al. (2013) argued
against photoevaporation in this source, based mainly on the
high accretion rate and large size of the cavity. Our detection
of large amounts of CO gas inside the cavity furthers the ar-
gument against photoevaporation as the main clearing mech-
anism. Moreover, there is evidence of the presence of a small
inner disk inside the cavity (van Boekel et al. 2004; Verhoeff
et al. 2011), that would hinder the power of photoevaporating
winds.

Dust continuum emission at 345 GHz has been detected
with ALMA inside the cavity, but at very low levels and at the
limit of the dynamic range. The exact morphology of this faint
signal is sensitive on the details of image sinthesis and self-
calibration process. While Casassus et al. (2013) find a fila-
mentary morphology, matched to the gap-crossing filaments
seen in HCO+(4-3), (Fukagawa et al. 2013) proposes a com-
pact signal stemming from the inner disk only. Whichever
the case, the peak signal at 345 GHz is an upper limit to the
emission from mm-sized particles inside the cavity. Thus, the
contrast between the gap depth and the outer disk in surface
density of mm-emitting grains is < 300 (gap depth of about
0.003%).

Smaller dust particles, ∼ 1 µm dust emitting in the near
and mid-IR, have eluded detection inside the 90 AU cavity
radius (Fukagawa et al. 2006; Casassus et al. 2012; Canovas
et al. 2013), although the IR rings are contained in the sub-
millimeter ring (see Supplementary information in Casassus
et al. 2013). This may imply that all the dust follows a general
drop in density inside the 90 AU cavity. The polarimetric data
provides upper limits on the surface brightness of polarized
dust emitting inside the cavity (Canovas et al. 2013).

The current paradigm in giant planet formation holds that
planets are manifested indirectly by their imprinted marks on
their progenitor disk. Wide gaps will be carved by massive or

multiple forming planets (Dodson-Robinson & Salyk 2011;
Zhu et al. 2011). The shape of the outer disk inner wall will
depend on the planet mass, disk thickness and viscosity of the
disk, and on the temperature structure in the disk wall itself
(Crida et al. 2006). The torque of the outermost planet will
affect strongly the shape of the inner wall. The tidal radius of
a planet, the so-called Hill radius, is defined by

RH = ap

(

Mp

3M⋆

)1/3

, (10)

where ap is the radius of the planet’s orbit, Mp is the mass of
the planet, and M⋆ is the mass of the central star. More mas-
sive companions have a large sphere of influence, suggesting
that they could carve larger gaps with attenuated or tapered-
off walls.

The cavity in HD 142527 has a smaller radius in gas than
in dust milimeter continuum. In HCO+(4-3) emission the
cavity is even smaller, suggesting that the disk wall is not
sharp or vertical but rather tapered off by a large gradient (see
Fig. 6). Multiple planets located closer to the star can explain
the large size of the cavity (Dodson-Robinson & Salyk 2011;
Zhu et al. 2011). A precise analysis of the gas and dust wall
in HD 142527 from ALMA band 6 and band 7 data will be
presented in a future publication.

6. SUMMARY

We detected and identified emission from inside the dust-
depleted cavity in carbon monoxide isotopologue data of the
gas-rich transition disk HD 142527, in the J = 2 − 1 line of
12CO, 13CO and C18O. The 12CO emission from the inner
cavity is optically thick, while 13CO and C18O appear to be
optically thin, providing probes of the temperature and den-
sity fields inside the cavity. The main results of our analysis
can be summarized as follows.

1. We determined the gas mass inside the gap from the
13CO and C18O emission. The total mass of gas sur-
viving inside the cavity is high 2± 1× 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 20 (cavity
depth of 0.05±0.03), 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 and it attains 28±3 degrees.

6. We propose a new spectral energy distribution model
that does not require a puffed-up rim, based on our re-
vised disk structure parameters.

We acknowledge support from the Millenium Science Ini-
tiative (Chilean Ministry of Economy), through the grant
“Nucleus P10-022-F.” This paper makes use of the follow-
ing ALMA data: ADS/ JAO.ALMA#2011.0.00465.S. ALMA

1”=140 au

HD142527’s disk 

Nearly face-on disk with a large 
dust-depleted cavity  

K-band NaCo/ Casassus et al. 2012
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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 the gap

CO(3-2) and HCO+ ALMA band 7 / 
Casassus et al. 2013 Nature

non-Keplerian gas inside the 
cavity (skewed)

accretion streamers flowing 
through the gap
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Figure 1. NACO/PDI data of HD142527 in the H and Ks bands. All images are in a linear stretch. Because P⊥ and P∥ can be negative by construction because of
noise, we use an orange hue for a positive signal while a blue hue is used for a negative one. The brightness value corresponds to the intensity of the signal, either
positive or negative. Plots (a) and (b) show the final, reduced H- and Ks-band images. North is up and east is to the left. Areas where no data are available due to
saturation effects or the polarimetric mask are marked in gray. The red cross marks the position of the star. A radial mapping of the H-band data is shown in (c). Note
that the data are plotted from 0◦–450◦ in order to show the hole in the disk at ∼0◦/360◦. In (d), we mark the features seen in the disk. Spiral arms in the disk are
marked S1–S6. Two holes in the disk can be seen in the north (H1) and in the southeast (H2) at position angles (P. A.s) of ∼0◦ and ∼160◦. The two small dots near
S6 are effects from the H-band filter and are not seen in the Ks image. There seems to be a kink in the disk in the western direction at the starting point of the S3 spiral
arm (seen in both filters). Images (c) and (d) have been scaled by r2, i.e., the distance to the central star squared, to compensate for the drop off in illumination from
the star for this nearly face-on disk and to better bring out structures in the disk, while no scaling has been applied for (a) and (b).
(A color version of this figure is available in the online journal.)

in the H band and ∼10.8(mag/arcsec2) in the Ks band in the
northwest, at a P.A. of ∼330◦. Compared with the 2MASS
H −Ks color of the star, the scattering is slightly red (by ∼0.16
mag). Further out, the surface brightness drops rapidly. Fitting
power laws to the outer parts of the disk (outside 1.′′2) leads
to the following results for the power-law exponent in the H/
Ks bands: north: −8.6 ± 1.2/−6.2 ± 0.7; south: −7.0 ± 0.6/
−6.1 ± 0.3; east: −6.8 ± 0.2 / −6.6 ± 0.4; west: −4.5 ± 0.2/
−4.5 ± 0.2. It is worth noting that starting from 1.′′2 usually
ignores the inner spiral arms. It also ignores the northern hole,
which strongly affects the surface brightness in the northern
direction between 0.′′8 and 1.′′2. The surface brightness profiles
are somewhat steeper in the H band compared with the Ks band,
especially in the northern and southern directions. However, this
result has to be interpreted with care as the number of points
usable for the fit in the northern and southern directions is limited
by the polarimetric mask.

To measure the fractional polarization of the disk, we need
a direct measure of the total scattered light. In the case of
HD142527, the scattering from the disk is so strong that it can

be seen directly in the intensity images we obtained, without a
coronagraph or PSF subtraction—even in the individual frames.
Because of this, we extract the information about the (non-
polarized) scattered light directly from our data, rather than
taking literature information, because we are then using the same
dataset taken at the same time, which is less prone to errors.

During our observation run, we not only observed HD169142
(Quanz et al. 2013), SAO206462 (Garufi et al. 2013), and
HD142527 (this paper), but also HD141569 and HD163296.
Both of these objects are known to harbor disks (e.g., Weinberger
et al. 1999; Grady et al. 2000), which, however, we did not
detect or just barely detected, meaning that we essentially see
the PSF of the star. The disk of HD169142 is rather weak and
the intensity image is also dominated by the PSF of the star; the
directly measured polarization does not exceed 2% anywhere in
the image. Furthermore, it is fairly symmetric in shape.

This means that we have three PSF reference stars at our
disposal and in our case we have the additional knowledge that
the inner part of the disk (out to ∼0.′′6) is nearly empty. Thus, by
subtracting a linear combination of the reference star intensity

4

near-IR polarimetry !
Avenhaus et al. 2014 

see also Canovas et al. 2013



Outer disk horseshoe

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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Asymmetry in dust continuum. !
!

Planet induced pressure maxima 
/ vortex?!

!
or azimuthal grain size 

segregation / varying gas-to-
dug ratio?!

!
what’s going on with the gas?

F R A N C O I S  M É N A R D ’ S  TA L K



(Perez et al. submitted)
CO gas emission from inside the cavity

Band 6 ALMA data 

Beam 0.82” x 0.56”  

4 beams inside cavity

Aim: estimate gas conditions and mass inside the cavity 
  *only gas. not continuum
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once identified the emission from inside the cavity  

isotopologues’ line ratios give us optical depth 

inside the disk cavity, 12CO is optically thick, 
while 13CO and C18O are mostly optically thin.  

13CO and C18O trace better the underlying 
density distribution

Mgas / line intensity ) Mgas ⇠ 2⇥ 10�3M�



Simple toy model 

axisymmetric tapered disk  

constant abundance 

hydrostatic equilibrium 

use LIME for radiative transfer 

fit in visibility plane
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HD 142527 cavity 9

FIG. 9.— These panels show the bestfit model for the disk structure in HD 142527 in 13CO emission. The model is presented in false colour (linear scale)
while the ALMA data are shown in contours. Left: Blue high velocity channel that shows gas coming from inside the cavity, close to the central. Contour levels
are 0.1, 0.2, 0.3 Jy beam−1. Center: Systemic velocity channel. Right: Red high velocity channel with data in contour with levels at 0.04,0.08, 0.16 Jy beam−1.

the C18O maps. The integrated density distribution of our
disk model yields a total (dust plus gas) mass of the disk of
0.1 M⊙, consistent with previous estimates based on millime-
ter continuum observations (Verhoeff et al. 2011).

It is worth mentioning that the slope of the density profile
inside the cavity does not have to be necessarily decreasing
with radius. A flat profile inside the cavity might also be valid,
which would imply a shallower gap depth value. These posi-
bilities will be further explored in a future paper.

The model parameters that match the observations are listed
in Table 2. A tapered disk slope of γ = 1 accounts for the ex-
tended size of the source in 12CO. Previous models for the
disk in HD 142527 assumed a cavity size of 140 AU, a disk
inclination of 20 degrees and a stellar mass of 2.2 M⊙ (Ver-
hoeff et al. 2011; Casassus et al. 2013). These parameters are
unable to explain the observed spatio-kinematic morphologies
of the CO emission lines generated by the disk in HD 142527.

In order to reproduce the high velocity channel maps (wings
of the lines), an increase in the projected velocity closer to
the central star is needed. With a large disk inclination,
i = 28± 0.5 degrees, as well as a slightly larger stellar mass,
M⋆ ∼ 2.5 M⊙, we obtain a good match with the ALMA data,
reproducing the 13CO morphologies both at systemic velocity
and in the high velocity wings. The excellent signal-to-noise
in the high velocity channel maps allows us to determine the
inclination of the disk with an accuracy of half a degree. Fig-
ure 8 shows a χ2 plot for a distribution of inclination angles,
calculated in the uv-plane.

Our method to estimate the inclination angle differs from
previous approaches because it relies on the dynamics of the
high velocity gas evidenced by the high velocity channels,
which spatial distribution strongly depends on inclination an-
gle. Previous methods use scattered light and continuum im-
ages of the full disk. Continuum images trace the emitting
material closer to the mid-plane hence giving a better estimate
of the inclination than using line emission images or scattered
light. However, our approach uses the dynamical model of
the gas rotation. The main caveat of our approach is a de-
generacy with the mass of the central star. We run the same
model fitting strategy for different values of Mstar (2, 2.5 and
3 M⊙), yielding an overall uncertainty upon our inclination
angle estimate of 3 degrees.

After fixing the inclination angle at 28 deg, we varied the
cavity radius in order to find a good match. The best fit for the
cavity radius in the gas is 90±5 AU. The error was obtained

from visual inspection of the plotted models against the 13CO
data.

4.3. Spectral energy distribution

We tested the consistency of our disk structure model by
comparing its predicted spectral energy distribution (SED)
against observed HD 142527 photometry. We obtained ob-
served continuum fluxes from Verhoeff et al. (2011) (see
references there in). We replaced the IRAS photometry
(large beam, probably affected by contamination) by new Her-
shel/PACS fluxes at 70, 100 and 160 µm (see Table 3). 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 ra-
diative transfer code MCFOST (Pinte et al. 2006; ?). We
used an MCFOST model consistent with the disk structure
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 Sec-
tion 3.2).

Figure 10 shows the best fit SED model to the data. Our
best-fit 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
a scale-height 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 ex-
tending from 90 to 130 AU with enough gas to explain our
isotopologues observations, and 4) a large outer disk stretch-
ing from 130 to 300 AU. The flaring exponent ranges between
1 and 1.18 for each zone. The scale height of all the zones was
0.18 except for the outer disk which covers a larger solid an-
gle, attaining an h/R of 0.23.

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.

5. DISCUSSION

We have conducted a detailed analysis of the 12CO, 13CO,
and C18O J = 2−1 line emission from HD 142527, focusing
on the gas inside the dust-depleted cavity.

There are three main scenarios for clearing of central cavi-

high velocity gas is spatially sensitive to 
inclination and central mass 

i ⇡ 28o M? ⇡ 2.5M�

Mgap = 1⇥ 10�3M�

Best fit yields: 

Rgap ⇡ 90 au
Gas cavity < dust cavity



Properties of the underlying planetary system (if 
present) may be inferred from the disk geometry.  
!
Constrain planet and disk parameters by comparing 
our data with hydro models.

Work in progress..
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Figure 3. (a, left) Continuum (643 nm) ADI reduced image. (Bottom zooms): Note the weak (∼3σ ) detection near the location of the candidate of Biller et al. (2012)
(green circle). The source is inconsistent with the background star position (white circle). (b, middle) Hα ADI images. Note the unambiguous 10.5σ Hα point source
at sep = 86.3 mas, PA = 126.◦6, hereafter HD 142527B. (c, right) ASDI data reduction, here NCP narrow-band filter ghosts are not as well removed as with ADI.
(A color version of this figure is available in the online journal.)

Figure 4. The companion (HD 142527B—red dot), inside the gap of a
transitional disk, has significant accretion emission compared to younger low
mass stars and brown dwarfs.
(A color version of this figure is available in the online journal.)

measured in the Hα and continuum filters, respectively. This
exploratory comparison highlights that HD 142527B occupies
a different parameter space than isolated accreting young brown
dwarfs/low mass stars.

We speculate that this strong Hα emission relative to the
continuum is an indicator of strong accretion, perhaps reflecting
the fact that the overall gravitational potential gas reservoir
(which determines the gas heating) is dominated by the primary
T Tauri star, while the local continuum emission is dominated
by the companion’s photosphere. Hence the luminosity in Hα is
very high even though the mass of the companion may be very
low. We derive just how high this Hα luminosity can be in the
next sections.

3.3. Extinction

It appears that this object has considerable excess dust
emission (H = 10.5; H–Ks = 0.5; Ks–L′ = 0.9; Biller et al.

2012); these very red colors are only consistent with an optically
thick circumsecondary disk around HD 142527B itself. Biller
et al. (2012) find for B MHobs = 4.7 ± 0.3. Assuming that the
disk of HD 142527B creates a small ∼0.3 mag disk H excess
(Hexcess; as estimated from Biller et al. NIR photometry) then
the true photospheric H is Htrue = Hobs + 0.3AH. Assuming a
small AH ∼ 0.3 mag extinction cancels the small 0.3 mag disk
excess at H, then MHtrue = 4.7 ± 0.3. The 5 Myr isochrones of
Baraffe et al. (1998) suggests that B (at MHtrue = 4.7 ± 0.3) is
a 0.25 Msun object in agreement with the masses of Biller et al.
(2012). The same isochrone yields MR ∼ 8.7 mag at that mass.
Since the R magnitude for component A is RA = 8.3 ± 0.1 mag
and since ∆magCont = 7.50 ± 0.25 mag then RB = 15.8 ± 0.3.
Then MR = 10 ± 0.3 is the absolute mag for B (D = 145 ±
5 pc; Biller et al. 2012). Hence the R band (and Hα) of B is
extincted by AR = 10–8.7 = 1.3 ± 0.3 mag (similar to the low
extinction observed toward A; Malfait et al. 1999). As a sanity
check, our independent extinctions of AR = 1.3 ± 0.3 mag and
AH ∼ 0.3 mag (AH/AR = 0.23 ± 0.07) are in good agreement
with the dust law of Cardelli et al. (1989) where we expect
AH/AR = 0.22.

3.4. Hα Line Luminosity

Log(LHα) luminosity can be calculated from: log[(4πD2)
Vega_0_Hα_c∗Filter_width/(10((R

A
+∆magHα−A

R
)/2.5))/Lsun]

which here is = log[4π (145∗3.1 × 1018)2∗2.339 × 10−5∗0.006/
(10((8.3+6.3−1.3)/2.5))/3.8 × 1033] = −3.3 Lsun, where the Vega
zero magnitude in our Hα filter is calculated to be 2.339 × 10−5

erg/(s cm2 µm).

3.5. Accretion Luminosity and the Mass Accretion Rate

Assuming the TTS relationship in which log (Lacc) = b +
a ∗ log (LHα) holds, then from Rigliaco et al. (2012) Lacc =
10[2.27 ± 0.23 + (1.25 ± 0.07)∗(−3.3)] ∼ 1.3% Lsun, a substantial ac-
cretion luminosity for a very low mass object. This allows

4
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!
1) resolve the disk well in 2D, and hopefully 3D 
2) cover a large range of density gradients 
3) the gap converges to a steady state 
4) planet accretion 

Simulations ⌃gap,wall(q,↵, h/r)

The Astrophysical Journal, 782:88 (11pp), 2014 February 20 Fung, Shi, & Chiang

Figure 3. Snapshots of simulations with (q,α, h/r) = (10−3, 10−3, 0.05). PEnGUIn’s snapshot is taken at t = 2 × 104Pp, while ZEUS90’s is taken at t = 1 × 104Pp.
Overall the two codes agree well on the shape and depth of the gap. ZEUS90 has more trouble converging to the desired outer boundary condition; Σ at r = 2.5 deviates
from that imposed by Equation (9) by up to ∼50%. Note that PEnGUIn does not have the problem in the outer disk that ZEUS90 does, and moreover it succeeds in
resolving fine streamers (“filaments”) within the gap. The black rectangles indicate the area over which Σgap is averaged.
(A color version of this figure is available in the online journal.)

Figure 4. Cartesian version of Figure 3.
(A color version of this figure is available in the online journal.)

cases, we keep the circular inner gap edge and the azimuthal
excision as defined above, but approximate the outer gap edge
with an ellipse having semimajor axis rp +∆, and an eccentricity
and apsidal orientation estimated by eye from snapshots (for a
sampling, jump to Figures 10 and 11).

Each simulation runs until Σgap appears to have converged in
time; see Figure 5 for an example. The time required to reach
convergence scales approximately as the viscous timescale r2

p /ν,
shortening somewhat with larger q. Each value of Σgap that we
report in Table 1 is averaged over a time interval that starts
at time tconv near the end of the simulation and that lasts for
duration ∆t . For many models, there is actually no need to time-
average because the time variability in Σgap is fractionally small
(less than a few percent). However, some models exhibit greater
variability, particularly for q approaching 10−2 or h/r = 0.1.
The fluctuations appear periodic, with periods ranging from
0.5–1 Pp and amplitudes up to order unity. For these more
strongly time-variable cases, we also record in Table 1 the
maximum and minimum values of Σgap that occur during the
averaging interval.

1 10 100 1000 10000
t / Pp

1e-3

1e-2

1e-1

1e+0

Σ ga
p / 

Σ 0 PEnGUIn
ZEUS90

Figure 5. Convergence of Σgap with time for (q,α, h/r) = (10−3, 10−3, 0.05).
For these parameters, the viscous timescale is formally r2

p /ν ∼ 6×104 planetary
orbits.
(A color version of this figure is available in the online journal.)
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Simulations ⌃gap,wall(q,↵, h/r)

A&A 557, A68 (2013)

Fig. 8. Scale height profile for our best-fit radiative transfer model (solid
line) in the range modeled with Fargo. Also plotted are the best-fit
profile in the gap (Hp(r) = 0.025 r1.39, dotted line) and that of a disk
without a gap (Hp(r) = 0.02 r1.32, dashed line). Because the radiative
transfer model is not vertically isothermal, the scale height is defined as
the height where the pressure drops off with a factor e1/2 with respect to
the midplane.

Table 2. Wall shape and location before and after iterating on the tem-
perature structure.

Model Before iteration RT After iteration
Mpl α w rexp [rpl] rexp [AU] rpl [AU] w

2 10−4 0.17 1.6 17 10.6 0.21
5 5 × 10−4 0.20 1.8 18 10.2 0.27
10 10−3 0.23 2.0 19 9.6 0.28
20 2 × 10−3 0.26 2.3 21 9.2 0.33
40 10−2 0.35 2.9 28 9.8 0.36
60 2 × 10−2 0.36 3.0 29 9.7 0.37

Notes. The wall shape w and its location rexp are defined in Eq. (1).
The location of the planet rpl follows from comparing the fitted wall
location in the radiative transfer code (rexp in column RT) with that of
the hydrodynamical simulation. This subset of models is highlighted by
triangles in the parameter study of Fig. 7.

We performed one iteration on the hydrodynamical structure
of the disk to take into account the change in temperature struc-
ture of the disk after gap opening. We started with a subset of
the hydrodynamical models presented in the previous section,
shown in Table 2 and indicated by triangles in Fig. 7. These mod-
els span the entire range of wall shapes, from steep to rounded-
off, and were initially calculated using the parameterized scale
height profile. For each wall shape w, we calculated the tem-
perature structure using our radiative transfer code, as described
in Sect. 3. The radial location of the wall depends – in addi-
tion to the planets location – also on the planet mass, because
more massive planets carve out wider gaps. Therefore we ad-
justed the location of the planet rpl – and hence that of the disk
wall (rexp, Eq. (1)) – to ensure that the radial intensity profile
peaks at 12−13 AU for each wall shape, as in Fig. 3. This is
equivalent to fitting the SED (but not the visibilities), since that
only depends on the wall location, not its shape.

From these temperature structures we can calculate the scale
height profiles, similar to Fig. 8. We used these (nonparame-
terized) profiles to rerun the hydrodynamical simulations, and
measured the new wall shapes of these iterated models using
Eq. (1). If the resulting radial location of the wall differs from

Fig. 9. Surface density around a 20-Jupiter-mass planet in a viscous
(α = 2 × 10−3) disk for two different temperature profiles. The dot-
ted line has a power-law scale height profile resulting in a steep wall
(w = 0.26), the solid line uses the scale height profile from the radiative
transfer calculation, resulting in a rounder wall (w = 0.32).

that of the radiative transfer simulation, we reran the hydro-
dynamical simulation with the planet at a different radius, to
ensure that the wall location between the two simulations is
self-consistent. The wall shapes and location before and after
iteration are shown in Table 2.

For walls that were already quite round before iterating on
the scale height profile (M > 30 MJup and α > 5 × 10−3), using
the calculated scale height from the radiative transfer model does
not affect the wall shape significantly. For lower planet masses
and disk viscosities, corresponding to steep walls before itera-
tion, the wall shape does change. Iterating on the pressure pro-
file makes these walls rounder by ∆w = 0.04 to 0.07. An ex-
ample of this is shown in Fig. 9, for a 20-Jupiter-mass planet
in a moderately viscous disk (α = 2 × 10−3). By looking at
Fig. 7, this moves down the lower limit on the possible range of
planet masses and disk viscosities from 30 to 20 Jupiter masses
and from α = 5 × 10−3 to 2 × 10−3, respectively, becoming
consistent with the estimates of Acke & van den Ancker (2006).

We show that iterating on the scale height profile in hy-
drodynamical simulations does affect the resulting wall shapes.
However, we did not take the feedback of the disk structure on
the pressure profile during the gap opening into account. To do
this, one would need to recalculate the scale height profile dur-
ing the hydrodynamical calculation, such that the wall shape and
scale height profile are always self-consistent. However, this ap-
proach is clearly beyond the scope of this paper. We leave this
for future work, but we do note that the temperature structure in
the wall may contribute to its roundness and might play a role
in other processes relevant to transitional disks, such as the ac-
cretion flow across the gap. Ideally, one would also take into ac-
count the 3D structure of the wall, though this might take a con-
siderable computational effort due to the long integration times
necessary to reach a steady state.

5.4. Gap eccentricity

Throughout this work, we assumed azimuthal symmetry for
the disk. However, toward the highest companion masses in
our simulations, the gap starts to become eccentric (see also
Casassus et al. 2012). In addition, the chromatic phases mea-
sured with MIDI also show indications for an asymmetric outer

A68, page 8 of 10

!
two different temperature profiles 
!

!
Mulders et al. 2014 
!

!
1) resolve the disk well in 2D, and hopefully 3D 
2) cover a large range of density gradients 
3) the gap converges to a steady state 
4) planet accretion 



Large gap probably carved by a companion 
object. (photoevaporation ruled out by 
accretion and amount of gas) 

For the contrast we see in gas, the planet must 
be between 1 and 10 Jupiters.  

We now know there are about 2 Jupiter masses 
of gas available inside the cavity.  

(Perez et al. submitted) 

Now let’s hear Simon, Valentin and Francois!


