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Debris disks and gas
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• Byproduct of planet formation
• Collisional cascade between um- to km-sized bodies  (see Wyatt 2008) 
• Kuiper belt analogues present in at least 20% of FGK stars (e.g. Eiroa+2013) 
• ~8 gas detections (4 CO) until now, but only around young A stars (Moor+2015).  
• Ongoing debate about gas origin: Primordial or secondary?

The Astrophysical Journal, 776:77 (8pp), 2013 October 20 Kóspál et al.

-4 -2 0 2 4 6 8
vLSR (km s-1)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

S C
O
 (J

y)

12CO(3-2)
12CO(2-1)
13CO(3-2)
13CO(2-1)
C18O(2-1)

-4 -2 0 2 4 6 8
vLSR (km s-1)

 

 

 

N
or

m
al

iz
ed

 S
C

O

Figure 1. CO spectra of HD 21997 observed with ALMA. The left panel shows integrated flux densities in Jy, while the right panel displays spectra normalized to
their respective line areas, to better show the similarities in the line profiles. In the right panel, an additional thick gray line shows the best-fit model described in
Section 3.4.
(A color version of this figure is available in the online journal.)

Figure 2. Left panel: zeroth moment (with contours) and first moment (with color scale) of the 12CO (2–1) emission. The major and minor axes are plotted with
straight black lines. The gray ellipse in the lower left corner indicates the beam. Right panel: position–velocity diagram of 12CO (2–1) emission along the major axis.
Overplotted in white is a Keplerian rotation curve for M∗ = 1.8 M⊙ and i = 32.◦6 (see Section 3.4).
(A color version of this figure is available in the online journal.)

in the local standard of rest (LSR) system), which agrees with
the radial velocity of the central star. The intensity-weighted
average velocity for all lines is the same (1.29 ± 0.05 km s−1)
as well. The symmetric profiles suggest that the rotating material
is distributed axisymmetrically around the central star.

Table 1 presents the line fluxes integrated from −4 km s−1 to
6.6 km s−1, a velocity interval that covers the whole line, as well
as the peak fluxes. The strongest CO line is the 3–2 transition
of 12CO, followed by the 2–1 line of the same isotopologue,
then the 3–2 and 2–1 transitions of 13CO, while the 2–1 line
of C18O is the faintest among our detections. If we normalize
the line profiles (Figure 1, right panel), we find that the lines
have very similar profiles. We checked which velocity channels
contain significant emission above the 3σ level and found that
these span a range of ±4.3 km s−1 around the systemic velocity.

3.2. Spatially Resolved CO Emission

The disk was spatially resolved in all CO transitions. We
calculated zeroth and first moment maps for each data cube
(for an example, see Figure 2, left panel). Figure 2 shows that
the intensity profile peaks at the stellar position and smoothly
decreases with radial distance. The velocity maps indicate that
to the north of the star, material is approaching, while in the
south, material is receding, with respect to vsys. The same
characteristics can be seen for the other lines as well. Assuming
rotating disk kinematics, we can determine the rotation axis by
fitting a line to those pixels in the first moment map where the

velocity equals vsys. This axis also marks the minor axis of the
inclined disk image. We determined the P.A. of the major axis on
each image and obtained an average of 22.◦6 ± 0.◦5. The extent
of the emission along the minor and major axes defined by the
3σ contour in Figure 2 (left panel) is 3.′′5 × 4.′′0.

Figure 2 (right panel) shows a position velocity diagram
measured along the major axis of the disk marked in Figure 2
(left panel). Most of the emission comes from two well-
separated regions. The highest velocities are observed closest
to the stellar position and velocity gradually decreases with
increasing distance, a pattern characteristic of Keplerian-like
disk rotation. In Figure 3 (left panel), we plot the observed CO
emission in nine different velocity channels between −3.2 and
3.2 km s−1 relative to vsys, in steps of 0.8 km s−1. The plots show
that the emission in the most extreme velocity channels is rather
compact and is located close to the stellar position. Toward
lower velocities, the peak of the emission appears farther from
the stellar position. For velocities close to the systemic velocity,
the emission is double-peaked. The morphology of the images is
very similar on either side of the systemic velocity, apart from a
mirroring. It is evident from the plots that the different CO lines
exhibit the same emission pattern, allowing for the differences
in the beam shape/size and the signal-to-noise ratio.

3.3. Temperature and Mass of the CO Gas

Despite their very different abundances, the fact that the
intensities of the three different CO isotopologues are of the
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HD 181327 debris disk
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Figure 3. Static PSF residuals common to all images in the SIAF frame,
smoothed by a 3 × 3 boxcar median (central 200 × 200 pixels). We remove
these residuals from each individual image to create an improved multi-roll
median image.
(A color version of this figure is available in the online journal.)

asymmetry at this level by enhancing the NE flux and reducing
the SW flux.

Although we cannot remove time-dependent PSF residuals
with this method, we can better mitigate static PSF residuals.
We did this using the following “multi-roll residual removal
routine” (MRRR, pronounced “myrrh”):

1. form the 12-image median, oriented north-up;
2. subtract the 12-image median from each individual masked

image, oriented north-up, to form 12 disk-less residual
images;

3. de-rotate each disk-less residual image to the SIAF-oriented
frame;

4. take the median of the 12 disk-less residual images to
produce a map of static residuals;

5. smooth the static residual map using a 3 × 3 median boxcar
to remove pixel-to-pixel noise, retaining only larger scale
correlated residuals;

6. subtract the smoothed, correlated residual map from each of
the 12 images in the SIAF frame, rotate each to the north-up
frame, and form a new residual-removed 12 image median.

Figure 3 shows the smoothed, correlated residual map for the
inner 200 × 200 pixels of our observations of the HD 181327
disk (displayed on a saturated scale for illustration). Figure 4
shows the final residual-removed 12-image median, and the
fractional difference between the original 12-image median and
the residual-removed 12-image median. In this case, MRRR
dims the ansae by ∼5% and brightens the SW side of the ring
by ∼5%. Not surprisingly, the regions of the disk impacted
most significantly are the regions with small values of npix (see
Figure 1). We use the MRRR-corrected image for all subsequent
analysis.

One could in principle run MRRR several times over, iter-
atively removing the correlated static residuals. A preliminary
implementation of an iterative MRRR appears to converge in
only a few iterations, with higher order iterations predominantly
brightening the SW side of the disk by an additional ∼2%. How-
ever, MRRR requires the correlated PSF residual amplitudes to
be larger than the Poisson noise remaining in the disk-less im-
ages. It is unclear to us at what point this assumption breaks
down, so for this work we conservatively perform only a single
iteration.

Modeling our MRRR-corrected image of the HD 181327
debris disk requires an understanding of the uncertainty in the
PSF-subtracted flux in each pixel. On average, the standard
deviation of the flux measurements within each pixel greatly
exceeds what is expected for Poisson noise alone, so the
observations are dominated by systematic noise, as is typical
for HST PSF template-subtracted imaging. In principle, one
could use the standard deviation in each pixel as an estimate of
each pixel’s uncertainty. However, with a median npix = 6 near
the ring’s peak flux, a large number of pixels will, by chance,
have a standard deviation that is much smaller than the true
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Figure 4. Left: final multi-roll image of HD 181327 after processing it with one iteration of MRRR. Right: fractional updates to the image produced by MRRR.
(A color version of this figure is available in the online journal.)
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Figure 9. Left: semi-major axis profile of the illumination-corrected flux density, median binned using a width ∆a = 1 pixel, along the apparent major and minor
axes. Right: median semi-major axis profile of the deprojected optical depth shown in panel (h) of Figure 6 (solid black line) along with three power-law fits (colored),
where a0 = 90.5 AU. The dotted line shows the deprojected optical depth profile when normalizing the empirical SPF to a scattering angle of 60◦; the FWHM of the
radial optical depth profile is degenerate with a radial-varying SPF.
(A color version of this figure is available in the online journal.)
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Figure 10. Optical depth deviations from a uniform disk. Left: the on-sky projected plane. Middle: smoothed residuals in the deprojected face-on plane. Right:
detection confidence of the smoothed, deprojected residuals.
(A color version of this figure is available in the online journal.)

depth ∝ a−3.7, while from 150–250 AU the optical depth is
∝ a−1.7. The dotted line shows the median radial profile of the
deprojected normalized optical depth when normalizing the SPF
to a scattering angle of 60◦. The radial optical depth profile is
degenerate with a radially dependent SPF.

3.5. Detected Asymmetries

The normalized optical depth in Figure 6(h) shows one
obvious asymmetry: a density enhancement in the birth ring
extending ∼90◦ counter-clockwise from periastron. To reveal
other less evident asymmetries, we took the difference between
Figure 6(h) and its smooth counterpart, i.e., a uniform eccentric
disk. To create the deprojected optical depth for a uniform

eccentric disk, we could simply calculate the median of the
deprojected optical depth as a function of a. However, we chose
to interpret any asymmetries as density enhancements, so we fit
the optical depth as a function of a using a smoothly varying
polynomial, then set the optical depth of the smooth disk equal
to the minimum of this function.

Figure 10 shows the fractional optical depth residuals from
what would be expected for a flat, thin, uniform disk. The left
panel shows these normalized residuals in the projected sky
plane. The middle panel shows the same residuals smoothed
using a 3 × 3 median boxcar in the deprojected, face-on plane
with periastron located along the positive x axis. The right panel
shows the detection confidence of the smoothed, deprojected
residuals.
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Optical depth assuming 
axisymmetric PF

• F6V ~23 Myr old star 
• Debris disk of radius 90 AU 
• e ~ 0.02 
• Asymmetric in scattered light: 

• Giant collision 
• or warping by ISM
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Figure 1. ALMA dust continuum maps at 220 GHz (Band 6). a) MEM non-parametric model (regularized with the maximum entropy method). b) Restored
image adding residuals and convolving with a synthetic beam corresponding to Briggs weighting (0.0047 ⇥ 0.0036). c) Restored image adding residuals and
convolving with a synthetic beam corresponding to natural weighting (0.0069⇥0.0058). The respective beams are represented by white ellipses. The x- and y-axes
indicate the o�set from the stellar position in R.A. and decl. in arcsec, i.e. north is up and east is left. The stellar position is marked with a white star.

0.022 mJy beam�1 on the Briggs map, while 0.015 mJy beam�1 on
the natural map, estimated from the median absolute deviation and
from the rms on the dirty map of the residuals. The total flux in the
Natural map inside a ellipse of semi-major axis 400 and oriented as
the best-fit model (see Sec. 3) is 7.9 ± 0.2 mJy, the error in which
comes from the image noise and does not take into account the
error on the absolute flux calibration (⇠ 10%). This is consistent
with the trend of the spectral energy distribution (SED) between
170 µm (Moór et al. 2006, ISO) and 3.2 mm (Lebreton et al. 2012,
ATCA), but too low compared to the 0.05 Jy at 870 µm observed
by LABOCA-APEX (Nilsson et al. 2009), possibly due to a back-
ground galaxy in the primary beam. Inside the primary beam we
also detect two compact sources with peak intensities of 0.14 and
0.08 mJy beam�1, located at 800 with a PA=9.5� and 900 with a PA
of 210�, respectively. These are probably background galaxies (see
Figure 9) as the position of the southern compact source is consis-
tent with an edge-on galaxy observed in the STIS/HST observations
in 2011 (Stark et al. 2014).

Similar to previous observations of scattered light, the disc
presents a ring-like morphology. The bulk of the emission is radi-
ally confined between ⇠ 50 � 125 AU (⇠ 1.000 � 2.004) with a peak
intensity at 85.8 ± 0.3 AU obtained by fitting an ellipse to the peak
intensities along the ring of the MEM model. When we compare
these results with the HST observations we find that the ring is
slightly narrower and shifted inwards in the millimetre, while the
inner edge in scattered light (82.3±1.1) is close to the peak radius in
the millimetre. This is consistent with what would be expected from
grain size segregation due to radiation pressure, previously sug-
gested in this disc by Stark et al. (2014). Radiation pressure causes
small dust grains to extend farther out in radius compared with
millimetre grains, shifting the density maximum of small grains to
larger radii (See discussion in Sec. 4.3).

The disc emission appears consistent with an axisymmetric
ring and most of the observed intensity variations along the ring
in the panels of Figure 1 and the small o�set from the star can be
explained by the PA of the beam, the noise level and the ALMA

astrometric error (See Sec. 4.1). In Sec. 3.1 we compare with an
axisymmetric model.

In Figure 2 we present intensity profiles of the maps presented
in Figure 1a and 1b, along the ring’s major and minor axis, together
with the deprojected mean intensity at all azimuths extracted from
Figure 1c. In the top and middle panels the MEM model profile
is represented by a red line, while the Briggs map profile is repre-
sented in blue with blue shaded areas equivalent to 1 � = 0.022/

p
2

mJy beam�1 (the factor 1/
p

2 is due to the mean between the oppo-
site sides of the disc). The projected Briggs Clean beam is presented
with dashed black lines. The radial extent of the emission both along
the major and minor axis is wider than the beam, demonstrating that
we can marginally resolve the width of the ring. The full width half
maximum (FWHM) of the ring is ⇠ 0.005, which at a distance of 51.8
pc translates to ⇠ 25 AU. A more accurate estimation is presented
in Sec. 3.1. The bottom panel shows that the disc emission extends
out to ⇠ 400 (200 AU) in either a second ring or a halo component.
The grey area in the bottom panel represents the 99.7% confidence
region equivalent to 3 � = 0.015/

p
Nbeams mJy beam�1 (the factor

1/
p

Nbeams is due to the mean at all azimuth and the number of
independent points). In Figure 1c this emission is also just visible
as a broad ring around 400. To test the significance of this detec-
tion and whether this could be a product of our image synthesis
method, we produce Clean images obtaining roughly the same re-
sults. Moreover, the second component is recovered in the dirty map
of the residuals when a best-fit ring model is subtracted to the data
(see Sec. 3 for a description of the ring model). A brief discussion
about the origin of this emission and the dirty map of the residuals
is presented in Sec. 4.

2.2 12CO (2-1)

To study the 12CO (2-1) transition line at 230.538 GHz (rest fre-
quency), we first subtract the continuum emission from the visibil-
ities fitting a polynomial of the first order at the frequencies where
no line emission is expected. The dirty map of the continuum sub-

MNRAS 000, 1–12 (2015)

Marino+2016• Band 6 (1.3 mm) 
• S/N ~ 30  
• Radius ~90 AU 
• Axisymmetric 
• Width of ring marginally resolved:

4 S. Marino et al.

Figure 2. Intensity radial profiles of the dust continuum vs distance to the star
along the major (top panel) and minor axis of the disc (middle panel). In the
bottom panel we present the mean intensity at all azimuths vs the deprojected
distance to the star. The red, blue, black dashed and black continuous lines
represent the MEM model, Briggs map, projected Briggs Clean beam and
natural map, respectively. The blue and grey areas represent the 68% and
99.7% confidence regions, respectively.

tracted data does not show any significant emission above 3� which
could be attributed to CO. With natural weights we obtain a noise
level of 1.0 mJy beam�1 per channel. To search for any low level CO
emission we compute the total flux inside an elliptic mask and be-
tween a frequency or velocity range that we vary, both spatially and
in frequency, to maximise the S/N of the integrated flux. The S/N
is maximised inside an elliptic mask of minimum and maximum
semi-major axes of 1.004 and 2.001 (assuming the same orientation
and aspect ratio as the main ring) and a velocity range of -2.8 to
2.0 km s�1(Barycentric reference frame). These parameters match
the location of the main ring and the expected Doppler shift due to
Keplerian rotation, i.e. v0 = 0.1 ± 0.4 km s�1 (Gontcharov 2006)
and vmax = 1.9 km s�1 for M? = 1.36 M� (Lebreton et al. 2012).
The spectrum extracted from the data cube inside the elliptic mask
and smoothed with a Gaussian kernel is presented in Figure 3. The
horizontal lines represent ±1, 3, 4 and 5� levels. The line peak is
⇠ 5�. The integrated flux where the S/N is maximised is 30.1± 5.4
mJy km s�1 (5.6�). Moreover, we find that the CO emission in

Figure 3. Continuum subtracted integrated spectrum inside an elliptic mask
of minimum and maximum semi-major axis of 1.004 and 2.001, and oriented
as the dust continuum ring. The original spectrum was smoothed with a
Gaussian kernel with standard deviation of 4 channels. The horizontal lines
represent ±1, 3, 4 and 5� levels. The grey region represents velocities be-
tween -2.8 km s�1and 2.0 km s�1where the S/N is maximised. The velocities
represent the Doppler shift with respect to 230.538 GHz in the Barycentric
reference frame.

Figure 4. Mean intensity at all azimuths (black line) integrating from -2.8
km s�1and 2.0 km s�1with respect to 230.538 GHz, in the Barycentric
reference frame. The profile is extracted from the dirty map with natural
weights of the continuum subtracted visibilities. The grey area represents
the 68% confidence region. In blue we also present the mean intensity of the
dust continuum presented in Fig. 2 in an arbitrary scale.

the south east and north west side of the disc are consistent with
being blue and red shifted, respectively. As the disc north side is the
brightest in scattered light due to forward scattering, we can infer
that it is also the closest side. This implies that the disc is rotating
clockwise in the sky.

In Figure 4 we present the integrated intensity over the velocity
range specified above and averaging at all azimuths. The grey area
represents the 99.7% confidence region. The CO line peaks at 90±4
AU (error=0.5⇥ beam semi-major axis ⇥ distance / (S/N)), close to
the ring radius in the continuum, suggesting that gas and dust are co-
located. This favours a secondary origin scenario, where the CO is
being released from icy bodies in the disk. We study the azimuthal
profile of the emission along the ring and we find no evidence for
non-axisymmetry, similar to the dust continuum. In Sec. 3.2 we
study the CO gas distribution by modeling the CO emission in the
non-LTE regime, with di�erent excitation temperatures and electron
densities which act as the main collisional partner. Using an MCMC
technique we find constraints on the distribution of CO gas in the
disc to quantify its similarity to the dust distribution.

MNRAS 000, 1–12 (2015)
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Figure 2. Intensity radial profiles of the dust continuum vs distance to the star
along the major (top panel) and minor axis of the disc (middle panel). In the
bottom panel we present the mean intensity at all azimuths vs the deprojected
distance to the star. The red, blue, black dashed and black continuous lines
represent the MEM model, Briggs map, projected Briggs Clean beam and
natural map, respectively. The blue and grey areas represent the 68% and
99.7% confidence regions, respectively.

tracted data does not show any significant emission above 3� which
could be attributed to CO. With natural weights we obtain a noise
level of 1.0 mJy beam�1 per channel. To search for any low level CO
emission we compute the total flux inside an elliptic mask and be-
tween a frequency or velocity range that we vary, both spatially and
in frequency, to maximise the S/N of the integrated flux. The S/N
is maximised inside an elliptic mask of minimum and maximum
semi-major axes of 1.004 and 2.001 (assuming the same orientation
and aspect ratio as the main ring) and a velocity range of -2.8 to
2.0 km s�1(Barycentric reference frame). These parameters match
the location of the main ring and the expected Doppler shift due to
Keplerian rotation, i.e. v0 = 0.1 ± 0.4 km s�1 (Gontcharov 2006)
and vmax = 1.9 km s�1 for M? = 1.36 M� (Lebreton et al. 2012).
The spectrum extracted from the data cube inside the elliptic mask
and smoothed with a Gaussian kernel is presented in Figure 3. The
horizontal lines represent ±1, 3, 4 and 5� levels. The line peak is
⇠ 5�. The integrated flux where the S/N is maximised is 30.1± 5.4
mJy km s�1 (5.6�). Moreover, we find that the CO emission in

Figure 3. Continuum subtracted integrated spectrum inside an elliptic mask
of minimum and maximum semi-major axis of 1.004 and 2.001, and oriented
as the dust continuum ring. The original spectrum was smoothed with a
Gaussian kernel with standard deviation of 4 channels. The horizontal lines
represent ±1, 3, 4 and 5� levels. The grey region represents velocities be-
tween -2.8 km s�1and 2.0 km s�1where the S/N is maximised. The velocities
represent the Doppler shift with respect to 230.538 GHz in the Barycentric
reference frame.

Figure 4. Mean intensity at all azimuths (black line) integrating from -2.8
km s�1and 2.0 km s�1with respect to 230.538 GHz, in the Barycentric
reference frame. The profile is extracted from the dirty map with natural
weights of the continuum subtracted visibilities. The grey area represents
the 68% confidence region. In blue we also present the mean intensity of the
dust continuum presented in Fig. 2 in an arbitrary scale.

the south east and north west side of the disc are consistent with
being blue and red shifted, respectively. As the disc north side is the
brightest in scattered light due to forward scattering, we can infer
that it is also the closest side. This implies that the disc is rotating
clockwise in the sky.

In Figure 4 we present the integrated intensity over the velocity
range specified above and averaging at all azimuths. The grey area
represents the 99.7% confidence region. The CO line peaks at 90±4
AU (error=0.5⇥ beam semi-major axis ⇥ distance / (S/N)), close to
the ring radius in the continuum, suggesting that gas and dust are co-
located. This favours a secondary origin scenario, where the CO is
being released from icy bodies in the disk. We study the azimuthal
profile of the emission along the ring and we find no evidence for
non-axisymmetry, similar to the dust continuum. In Sec. 3.2 we
study the CO gas distribution by modeling the CO emission in the
non-LTE regime, with di�erent excitation temperatures and electron
densities which act as the main collisional partner. Using an MCMC
technique we find constraints on the distribution of CO gas in the
disc to quantify its similarity to the dust distribution.

MNRAS 000, 1–12 (2015)
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Table 1. Best fit values for the dust continuum model. Median ± uncer-
tainty based on the 16th and 84th percentile of the marginalised distributions.

Parameter Best fit value

Mdust [M�] 0.422 ± 0.005
r0 [AU] 86.0 ± 0.4
�r [AU] 23.2 ± 1.0

h 0.07 ± 0.03
PA [�] 98.8 ± 1.4
i [�] 30.0 ± 0.7

RA o�set [mas] 96 ± 5
Dec o�set [mas] �42 ± 5

3 DISC MODELLING

3.1 Dust continuum

To constrain the location of the millimetre-sized dust population, we
compare the observations with an axisymmetric debris disc model
in the Visibility space. The dust density distribution is parametrized
as a ring of radius r0, with a Gaussian radial profile of width �r
(FWHM) and a Gaussian vertical profile with a scale height H
(vertical standard deviation) or aspect ratio h = H/r:

⇢(r, z) = ⇢0 exp
"
� (r � r0)2

2�2
r

� z2

2H2

#
,�r =

�r
2
p

2 log 2
. (1)

For the dust optical properties we use a mass-weighted mean
opacity of astrosilicate grains with an internal density of 3.5 g cm�3

(Draine 2003). We assume a Dohnanyi-like size distribution
with a power law index of -3.5, and minimum and maximum
grain size amin = 1.3µm and amax = 1.0 cm. These values were
roughly estimated comparing the model and observed SED in
an iterative procedure. The mass-weighted absorption opacity
abs = 1.1 cm2 g�1 at 1.3 mm, computed using the “Mie Theory”
code written by Bohren & Hu�man (1983). While (amin, amax),
abs and the derived total dust mass are highly dependent on our
choice on the grain composition and size distribution, these assump-
tions have very little e�ect on the derived disc structure. A detailed
study on the grain properties of this disc can be found in Lebreton
et al. (2012). Synthetic images are computed using RADMC-3D1

(Dullemond et al. 2015), while the corresponding visibilities were
derived using our tool uvsim. The free parameters in our model im-
age and visibilities are r0, h, �r , Mdust, PA, inclination (i) and RA-
and decl-o�set. The last two to account for astrometric uncertainty
and disc eccentricity.

We use a Bayesian approach to constrain the di�erent param-
eters of the ring model, sampling the parameter space to recover
the posterior distribution with the public python module emcee that
implements the Goodman & Weare’s A�ne Invariant MCMC En-
semble sampler (Foreman-Mackey et al. 2013). The posterior dis-
tribution is defined as the product of the likelihood function and the
prior probability distribution functions for each parameter, which we
assume are uniform. The likelihood function is defined proportional
to exp[��2/2], where �2 is the sum over the squared di�erence of
the model and measured visibilities, divided by the variance. In our
priors, we impose a lower limit to h equivalent to 0.03. This value
is consistent with the minimum aspect ratio expected in the absence
of perturbing planets (Thébault 2009).

1 http://www.ita.uni-heidelberg.de/⇠dullemond/software/radmc-3d/

Figure 5. Posterior distribution of h = H/r , r0 and �r . The marginalised
distributions of�r , h = H/r and r0 are presented in the top, middle right and
bottom right panel, respectively. The vertical dashed lines represent the 2.5th,
50th and 97.5th percentiles. Left middle panel: marginalised distribution of
h and�r . Left bottom panel: marginalised distribution of r0 and�r . Middle
bottom panel: marginalised distribution of r0 and h. Contours correspond
to 68%, 95% and 99.7% confidence regions and the black dots to points of
the MCMC outside the 99.7% confidence region. This plot was generated
using the python module corner (Foreman-Mackey et al. 2014).

The posterior distribution of h, �r and r0 is presented in Fig-
ure 5, while in Table 1 we summarise the best fit values extracted
from the marginalised distribution. As we previously mentioned,
the ring is marginally resolved in the radial direction with an expec-
tation value h�ri = 23.2±1.0 AU, where the uncertainty represents
the standard deviation derived from the marginalised posterior dis-
tribution. The width of the ring can be well constrained with the
assumption of a Gaussian radial profile, but as it is of the order of the
beam size a detailed analysis of the radial structure of the main ring
is impossible with the current angular resolution. The width of the
ring is significantly larger than in the Fomalhaut ring (Boley et al.
2012). This could be related to the age of the systems as well as any
possible planet- or star-disc interactions in the case of Fomalhaut
(Faramaz et al. 2015; Shannon et al. 2014). In agreement with the
ring radius derived in Sec. 2, we find hr0i = 86.0 ± 0.4 AU.

On the other hand the scale height is not fully constrained. In
principle, it should be possible to derive h from the ratio of the
ring’s width or surface brightness along the major and minor axis
of the projected ring, causing h and �r to be correlated. In addition
to this, in our case the estimation of h is limited as our observations
only marginally resolve the ring’s width. However, we can put a
99.7% confidence upper limit of 0.14 for h. Both upper limit and
best fit value (see Table 1) are consistent with the upper limit of 0.11
from Stark et al. (2014) and 0.09 from Schneider et al. (2006). The
same figure shows that h and �r are anticorrelated (see Sec. 4.9).
In Sec. 4.9 we discuss about determining h in future observations
and in other discs. The derived total dust mass in the main ring is
0.442 ± 0.005 M� . This value is highly dependant on our choice

MNRAS 000, 1–12 (2015)

• MCMC+RADMC fitting in visibility space 
• Radius = 86.0±0.4 AU  
• ∆r = 23±1 AU  
• H/r ≤0.14
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Peak radius smaller than in scattered light  
—> grain size segregation?
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Figure 2. Intensity radial profiles of the dust continuum vs distance to the star
along the major (top panel) and minor axis of the disc (middle panel). In the
bottom panel we present the mean intensity at all azimuths vs the deprojected
distance to the star. The red, blue, black dashed and black continuous lines
represent the MEM model, Briggs map, projected Briggs Clean beam and
natural map, respectively. The blue and grey areas represent the 68% and
99.7% confidence regions, respectively.

tracted data does not show any significant emission above 3� which
could be attributed to CO. With natural weights we obtain a noise
level of 1.0 mJy beam�1 per channel. To search for any low level CO
emission we compute the total flux inside an elliptic mask and be-
tween a frequency or velocity range that we vary, both spatially and
in frequency, to maximise the S/N of the integrated flux. The S/N
is maximised inside an elliptic mask of minimum and maximum
semi-major axes of 1.004 and 2.001 (assuming the same orientation
and aspect ratio as the main ring) and a velocity range of -2.8 to
2.0 km s�1(Barycentric reference frame). These parameters match
the location of the main ring and the expected Doppler shift due to
Keplerian rotation, i.e. v0 = 0.1 ± 0.4 km s�1 (Gontcharov 2006)
and vmax = 1.9 km s�1 for M? = 1.36 M� (Lebreton et al. 2012).
The spectrum extracted from the data cube inside the elliptic mask
and smoothed with a Gaussian kernel is presented in Figure 3. The
horizontal lines represent ±1, 3, 4 and 5� levels. The line peak is
⇠ 5�. The integrated flux where the S/N is maximised is 30.1± 5.4
mJy km s�1 (5.6�). Moreover, we find that the CO emission in

Figure 3. Continuum subtracted integrated spectrum inside an elliptic mask
of minimum and maximum semi-major axis of 1.004 and 2.001, and oriented
as the dust continuum ring. The original spectrum was smoothed with a
Gaussian kernel with standard deviation of 4 channels. The horizontal lines
represent ±1, 3, 4 and 5� levels. The grey region represents velocities be-
tween -2.8 km s�1and 2.0 km s�1where the S/N is maximised. The velocities
represent the Doppler shift with respect to 230.538 GHz in the Barycentric
reference frame.

Figure 4. Mean intensity at all azimuths (black line) integrating from -2.8
km s�1and 2.0 km s�1with respect to 230.538 GHz, in the Barycentric
reference frame. The profile is extracted from the dirty map with natural
weights of the continuum subtracted visibilities. The grey area represents
the 68% confidence region. In blue we also present the mean intensity of the
dust continuum presented in Fig. 2 in an arbitrary scale.

the south east and north west side of the disc are consistent with
being blue and red shifted, respectively. As the disc north side is the
brightest in scattered light due to forward scattering, we can infer
that it is also the closest side. This implies that the disc is rotating
clockwise in the sky.

In Figure 4 we present the integrated intensity over the velocity
range specified above and averaging at all azimuths. The grey area
represents the 99.7% confidence region. The CO line peaks at 90±4
AU (error=0.5⇥ beam semi-major axis ⇥ distance / (S/N)), close to
the ring radius in the continuum, suggesting that gas and dust are co-
located. This favours a secondary origin scenario, where the CO is
being released from icy bodies in the disk. We study the azimuthal
profile of the emission along the ring and we find no evidence for
non-axisymmetry, similar to the dust continuum. In Sec. 3.2 we
study the CO gas distribution by modeling the CO emission in the
non-LTE regime, with di�erent excitation temperatures and electron
densities which act as the main collisional partner. Using an MCMC
technique we find constraints on the distribution of CO gas in the
disc to quantify its similarity to the dust distribution.
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• No significant asymmetries 

• Significant residuals at R~200 AU 

• Visible in azimuthal average 

• Origin: 

• Dust/planetesimals in eccentric orbits? 

• Gap?  

• Planet disk secular interactions? 
(Pearce & Wyatt 2015)
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Figure 2. Intensity radial profiles of the dust continuum vs distance to the star
along the major (top panel) and minor axis of the disc (middle panel). In the
bottom panel we present the mean intensity at all azimuths vs the deprojected
distance to the star. The red, blue, black dashed and black continuous lines
represent the MEM model, Briggs map, projected Briggs Clean beam and
natural map, respectively. The blue and grey areas represent the 68% and
99.7% confidence regions, respectively.

tracted data does not show any significant emission above 3� which
could be attributed to CO. With natural weights we obtain a noise
level of 1.0 mJy beam�1 per channel. To search for any low level CO
emission we compute the total flux inside an elliptic mask and be-
tween a frequency or velocity range that we vary, both spatially and
in frequency, to maximise the S/N of the integrated flux. The S/N
is maximised inside an elliptic mask of minimum and maximum
semi-major axes of 1.004 and 2.001 (assuming the same orientation
and aspect ratio as the main ring) and a velocity range of -2.8 to
2.0 km s�1(Barycentric reference frame). These parameters match
the location of the main ring and the expected Doppler shift due to
Keplerian rotation, i.e. v0 = 0.1 ± 0.4 km s�1 (Gontcharov 2006)
and vmax = 1.9 km s�1 for M? = 1.36 M� (Lebreton et al. 2012).
The spectrum extracted from the data cube inside the elliptic mask
and smoothed with a Gaussian kernel is presented in Figure 3. The
horizontal lines represent ±1, 3, 4 and 5� levels. The line peak is
⇠ 5�. The integrated flux where the S/N is maximised is 30.1± 5.4
mJy km s�1 (5.6�). Moreover, we find that the CO emission in

Figure 3. Continuum subtracted integrated spectrum inside an elliptic mask
of minimum and maximum semi-major axis of 1.004 and 2.001, and oriented
as the dust continuum ring. The original spectrum was smoothed with a
Gaussian kernel with standard deviation of 4 channels. The horizontal lines
represent ±1, 3, 4 and 5� levels. The grey region represents velocities be-
tween -2.8 km s�1and 2.0 km s�1where the S/N is maximised. The velocities
represent the Doppler shift with respect to 230.538 GHz in the Barycentric
reference frame.

Figure 4. Mean intensity at all azimuths (black line) integrating from -2.8
km s�1and 2.0 km s�1with respect to 230.538 GHz, in the Barycentric
reference frame. The profile is extracted from the dirty map with natural
weights of the continuum subtracted visibilities. The grey area represents
the 68% confidence region. In blue we also present the mean intensity of the
dust continuum presented in Fig. 2 in an arbitrary scale.

the south east and north west side of the disc are consistent with
being blue and red shifted, respectively. As the disc north side is the
brightest in scattered light due to forward scattering, we can infer
that it is also the closest side. This implies that the disc is rotating
clockwise in the sky.

In Figure 4 we present the integrated intensity over the velocity
range specified above and averaging at all azimuths. The grey area
represents the 99.7% confidence region. The CO line peaks at 90±4
AU (error=0.5⇥ beam semi-major axis ⇥ distance / (S/N)), close to
the ring radius in the continuum, suggesting that gas and dust are co-
located. This favours a secondary origin scenario, where the CO is
being released from icy bodies in the disk. We study the azimuthal
profile of the emission along the ring and we find no evidence for
non-axisymmetry, similar to the dust continuum. In Sec. 3.2 we
study the CO gas distribution by modeling the CO emission in the
non-LTE regime, with di�erent excitation temperatures and electron
densities which act as the main collisional partner. Using an MCMC
technique we find constraints on the distribution of CO gas in the
disc to quantify its similarity to the dust distribution.
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Figure 2. Intensity radial profiles of the dust continuum vs distance to the star
along the major (top panel) and minor axis of the disc (middle panel). In the
bottom panel we present the mean intensity at all azimuths vs the deprojected
distance to the star. The red, blue, black dashed and black continuous lines
represent the MEM model, Briggs map, projected Briggs Clean beam and
natural map, respectively. The blue and grey areas represent the 68% and
99.7% confidence regions, respectively.

tracted data does not show any significant emission above 3� which
could be attributed to CO. With natural weights we obtain a noise
level of 1.0 mJy beam�1 per channel. To search for any low level CO
emission we compute the total flux inside an elliptic mask and be-
tween a frequency or velocity range that we vary, both spatially and
in frequency, to maximise the S/N of the integrated flux. The S/N
is maximised inside an elliptic mask of minimum and maximum
semi-major axes of 1.004 and 2.001 (assuming the same orientation
and aspect ratio as the main ring) and a velocity range of -2.8 to
2.0 km s�1(Barycentric reference frame). These parameters match
the location of the main ring and the expected Doppler shift due to
Keplerian rotation, i.e. v0 = 0.1 ± 0.4 km s�1 (Gontcharov 2006)
and vmax = 1.9 km s�1 for M? = 1.36 M� (Lebreton et al. 2012).
The spectrum extracted from the data cube inside the elliptic mask
and smoothed with a Gaussian kernel is presented in Figure 3. The
horizontal lines represent ±1, 3, 4 and 5� levels. The line peak is
⇠ 5�. The integrated flux where the S/N is maximised is 30.1± 5.4
mJy km s�1 (5.6�). Moreover, we find that the CO emission in

Figure 3. Continuum subtracted integrated spectrum inside an elliptic mask
of minimum and maximum semi-major axis of 1.004 and 2.001, and oriented
as the dust continuum ring. The original spectrum was smoothed with a
Gaussian kernel with standard deviation of 4 channels. The horizontal lines
represent ±1, 3, 4 and 5� levels. The grey region represents velocities be-
tween -2.8 km s�1and 2.0 km s�1where the S/N is maximised. The velocities
represent the Doppler shift with respect to 230.538 GHz in the Barycentric
reference frame.

Figure 4. Mean intensity at all azimuths (black line) integrating from -2.8
km s�1and 2.0 km s�1with respect to 230.538 GHz, in the Barycentric
reference frame. The profile is extracted from the dirty map with natural
weights of the continuum subtracted visibilities. The grey area represents
the 68% confidence region. In blue we also present the mean intensity of the
dust continuum presented in Fig. 2 in an arbitrary scale.

the south east and north west side of the disc are consistent with
being blue and red shifted, respectively. As the disc north side is the
brightest in scattered light due to forward scattering, we can infer
that it is also the closest side. This implies that the disc is rotating
clockwise in the sky.

In Figure 4 we present the integrated intensity over the velocity
range specified above and averaging at all azimuths. The grey area
represents the 99.7% confidence region. The CO line peaks at 90±4
AU (error=0.5⇥ beam semi-major axis ⇥ distance / (S/N)), close to
the ring radius in the continuum, suggesting that gas and dust are co-
located. This favours a secondary origin scenario, where the CO is
being released from icy bodies in the disk. We study the azimuthal
profile of the emission along the ring and we find no evidence for
non-axisymmetry, similar to the dust continuum. In Sec. 3.2 we
study the CO gas distribution by modeling the CO emission in the
non-LTE regime, with di�erent excitation temperatures and electron
densities which act as the main collisional partner. Using an MCMC
technique we find constraints on the distribution of CO gas in the
disc to quantify its similarity to the dust distribution.
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Azimuthally averaging:

• FCO = 30.1 ± 5.4  mJy km/s 

• No signs of asymmetries 

• Gas co-located with dust 
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Figure 7. Posterior distribution of MCO, r0 and �r of the CO disc. The
marginalised distributions of MCO, r0 and �r are presented in the top, mid-
dle right and bottom right panel, respectively. The vertical dashed lines rep-
resent the 16th, 50th and 84th percentiles. Left middle panel: marginalised
distribution of MCO and r0. Left bottom panel: marginalised distribution of
�r and MCO. Middle bottom panel: marginalised distribution of r0 and �r .
Contours correspond to 68%, and 95% confidence regions and the black
dots to points of the MCMC outside the 99.7% confidence region. This
plot was generated using the python module corner (Foreman-Mackey et al.
2014).

Table 2. Best fit values for the CO model. Median ± uncertainty based on
the 16th and 84th percentile of the marginalised distributions.

Parameter Best fit value

MCO [M�] 1.2 ± 0.4 ⇥ 10�6 - 2.9 ± 0.9 ⇥ 10�6

r0 [AU] 81+10
�9

�r [AU] 48+17
�21

the radiation in the ring is actually dominated by the dust ther-
mal emission rather than the CMB, as it was found to be the
case in the Fomalhaut debris ring (Matrà et al. 2015). We also
find that the derived values of r0 and �r are independent of n0

e�and
the gas kinetic temperature. Table 2 summarises the best fit values
of the CO distribution.

The radius of the CO ring matches with the dust ring, con-
firming what we found averaging the data in Sec. 2.2, that gas and
dust are co-located. Given the derived dust and CO densities it is
unlikely that the CO is self shielded enough to avoid the photodis-
sociation due to the ISM radiation field, which occurs in a timescale
of ⇠ 120 yr (Visser et al. 2009) (see discussion in Sec. 4.6). This
implies that the CO must be replenished and produced in the main
ring; therefore, we conclude that the CO is of secondary origin and
released by icy bodies. In Sec. 4.6 we discuss its origin. We also
find that the CO ring could have a radial width similar to the dust
distribution, although it is not very well constrained.

Figure 8. Blue line: model spectrum. Black line: continuum subtracted
integrated spectrum inside an elliptic mask of minimum and maximum
semi-major axis of 1.004 and 2.001, and oriented as the dust continuum ring.
The horizontal lines represent ±1, 3, 4 and 5� levels. The grey region
represents velocities between -2.8 km s�1and 2.0 km s�1. The velocities
represent the Doppler shift with respect to 230.538 GHz in the Barycentric
reference frame.

In figure 8 we compare the model spectrum with the spec-
trum extracted from the dirty map only integrating over the
south east half of the disk for negative radial velocities, and
over the north west half of the disk for positive radial velocities.
With this approach we obtain an integrated flux of 21.8 ± 4.3
mJy km s�1, matching our best fit model and still consistent with
the integrated flux presented in Sec. 2.2 (30.1±5.4 mJy km s�1)
within the uncertainties. The model spectrum matches roughly
the observed CO line profile.

4 DISCUSSION

4.1 Axisymmetry

In Sec. 3 we analysed the observations assuming an axisymmetric
disc, however Stark et al. (2014) found large scale asymmetries
consistent with either a recent catastrophic disruption of a large
body or disc warping due to interactions with the ISM. Figure 9
shows the best axisymmetric ring model image (a), the dirty map of
the residuals when the best model is subtracted from the observed
visibilities using natural weighting (b), and when the best double
ring model is subtracted (c, see Section below). The map of residuals
of a single ring is consistent with pure thermal noise without any
peak intensity greater than 3� along the main ring or where scattered
light observations suggested an increase in the optical depth (black
contours). The same image shows the two compact sources at ⇠ 800
N and 900 SW from the star described in Sec. 2.1. We can put
an upper limit on any fractional enhancement of emission in the
millimetre of ⇠10%, which is lower than the asymmetries derived
in scattered light (10-42%). This can be translated to a mass upper
limit of any dust density enhancement of 5 ⇥ 10�3 M� beam�1

(⇠ 3 Pluto mass), assuming the dust composition and grain size
distribution (amax = 1.0 cm) described in Sec. 3. This mass upper
limit scales roughly as (amax/1 cm)1/2 with the Dohnanyi-like size
distribution, as noted in Sec. 3.1.

In a giant collision scenario, the small dust produced from the
collision would initially form a trailing outward-propagating spiral
structure due to radiation pressure that would orbit the star (Kral
et al. 2013). After one orbit the fragments would collide again in
the “pinch point” and would continually produce new debris in this
region where the density is higher. The small dust produced by col-
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of dust internal density (4.0 g cm�3) and for our assumed dust
size distribution scales as (amax/1 cm)0.5, noting that amax is un-
constrained. Moreover, the uncertainty on the dust mass quoted
above does not include the uncertainty on the absolute flux cal-
ibration, or the uncertainty on the stellar distance. Including
these systematics, the uncertainty should be ⇠ 12%.

Our best axisymmetric model has �2
red ⌘ �2/(N � ⌫ � 1) =

1.54, where N and ⌫ are the number of independent measurements
(visibilities) and free parameters and equal to 74888 and 8, respec-
tively. When we compare the �2 of our best axisymmetric model
with the MEM model we find a di�erence of 0.2%. Hence, we con-
clude the continuum emission is consistent with an axisymmetric
ring.

3.2 12CO (2-1)

To derive the CO gas distribution we follow a procedure similar to
the dust continuum modeling in the previous Section. We fit the
data with an axisymmetric disc of gas with a density distribution
parametrized similar to the dust density distribution, but with a
fixed vertical aspect ratio h of 0.07 and fixed disc orientation, that
corresponds to the best fit of the dust continuum (see Table 1). The
gas is in Keplerian circular orbits with a fixed systemic radial ve-
locity of 0.1 km s�1 in the Barycentric frame. Instead of simulating
visibilities as in the dust continuum analysis, we fit the data with
our gas models in the image space. The model images produced
with RADMC-3D at di�erent frequencies (tracing di�erent radial
velocities) are convolved with the dirty beam and then compared
directly with the dirty map of the CO data, both corresponding
to natural weights. This method is analogous to comparing model
visibilities with gridded visibility data. The likelihood function is
defined proportional to exp[��2/2], where �2 is the sum over the
image and frequency space of the squared di�erence between the
model and observed dirty map, divided by the variance, and taking
into account the number of independent beams in the image and
the correlation between adjacent channels in ALMA data. The free
parameters in the MCMC are the CO gas mass (MCO), ring radius
(r0) and FWHM of the ring (�r).

However, the CO emission is not only constrained by the den-
sity distribution. Matrà et al. (2015) showed that local thermody-
namic equilibrium (LTE) does not necessarily apply in the low gas
density environments of debris discs. Depending on the gas kinetic
temperature and collisional partner densities, the derived gas mass
can vary by orders of magnitude. Thus, to model the 12CO (2-1)
emission it is necessary to include non-LTE e�ects, i.e to solve
the population levels including (de-)excitations through radiative
process, where the CMB photons and dust thermal emission dom-
inate the radiation field at 230 GHz, as well as through collisions.
The similarity between the dust and gas distribution showed in Sec.
2.2 suggest that the CO is of secondary origin, e.g. produced by
collisions between icy planetesimals that release volatile species
such as CO or H2O. This implies that the main collisional partner
of CO molecules are electrons produced by carbon ionization and
H2O, which we neglect as is a much less e�cient collider com-
pared to electrons. However, we stress that the derived CO gas
distribution and total mass (in both the extremes of radiation
dominated and LTE) are independent of the specific collisional
partner, because it is the density of the partners that matters.
That is, a di�erent partner would yield a di�erent range of val-
ues on the x-axis, but the same CO masses. We computed the
CO-e� collisional rates using expressions described by Dickin-
son & Richards (1975). In Sec. 4.6 we discuss the origin of the CO

Figure 6. Best fit CO gas mass values obtained from our MCMC analy-
sis using di�erent kinetic temperatures and electron densities (n0

e� , main
collisional partner). The blue, black and red lines correspond to kinetic
temperatures equal to 0.5, 1 and 2.0 times the dust temperature in the disc,
respectively. The grey area represents the 68% confidence region with gas
temperatures ranging between 0.5 � 2.0 times the dust temperature.

gas. We also use as input our best fit model of the dust continuum
to compute the dust contribution to the radiation field at 230 GHz.

We consider di�erent kinetic temperatures ranging from half
to twice the dust temperature derived in the previous section
(50 K at the ring radius). The electron density is defined as
ne� (r)=n0

e� (r/86 AU)�1.1, where the power law index was assumed
equal to the one derived for � Pic (Matrà et al. prep). We vary
n0

e�between 10�2-107 cm�3 to cover from the radiation-dominated
regime to LTE. Scattered light images suggest that the north east
side of the disc is the closest as it is brighter in scattered light be-
cause of forwards scattering; thus, if the CO is in Keplerian rotation
we should be able to determine the direction at which the CO moves
in the sky. Hence, we consider models of the disc rotating clock-
wise as well as anticlockwise. We find a best fit with the gas rotating
clockwise on the sky. The best model is five times more likely than
the best anticlockwise model and 300 times more likely than no CO
emission. In Sec. 4.1 we discuss the implications for the observed
asymmetries in scattered light. Below, we concentrate only on the
clockwise case.

In Figure 6 we present the CO gas masses derived with our
MCMC-modeling technique for di�erent kinetic temperatures and
electron densities. We find that our best fit value of MCO can
vary due to the uncertainty in the excitation temperature between
1.2 ± 0.4 ⇥ 10�6 - 2.9 ± 0.9 ⇥ 10�6 M� in the worst case (LTE),
while it is very well constrained around 1.8 ± 0.6 ⇥ 10�6 M� in
the radiation dominated regime (low ne� ). Recent ALMA observa-
tions of the � Pic disc suggest n0

e�⇠ 102 cm�3 (Matrà et al. prep),
which for HD 181327 corresponds to a scenario very close to the
radiation dominated regime. In Figure 7 we present the posterior
distributions, assuming n0

e�= 102 cm�3 and equal gas and dust tem-
peratures. We find MCO = 1.8±0.6⇥10�6 M� , r0 = 81+10

�9 AU and
�r = 48+17

�21 AU. This model has a total flux of ⇠ 18 mJy km s�1,
a CO peak density of ⇠0.15 cm�3 and peak optical depth of
⇠ 0.007. We also notice that when both gas and dust tempera-
ture are equal, the di�erence in the derived CO mass between
the radiation dominated regime and LTE is negligible because
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• MCMC+RADMC+non-LTE CO fitting 
• MCO ~ 1.2-2.9 x 10-6 M⊕, rCO=81 ± 10 AU 

• Gas co-located, but ∆r unconstrained 
• CO/dust ratio 2 orders of magnitude lower 

than in ß Pic at the same age !!
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• Gas co-located with dust and planetesimals
• Nco (+ NH2 if primordial) —> photodissociation timescale ~150-200 yr      

—> secondary origin  
• CO gas must be released from:  

• Icy bodies in collisions 
• Through photodesorption 
• Product of CO2  photodissociation (~30 yr)
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Figure 2. Intensity radial profiles of the dust continuum vs distance to the star
along the major (top panel) and minor axis of the disc (middle panel). In the
bottom panel we present the mean intensity at all azimuths vs the deprojected
distance to the star. The red, blue, black dashed and black continuous lines
represent the MEM model, Briggs map, projected Briggs Clean beam and
natural map, respectively. The blue and grey areas represent the 68% and
99.7% confidence regions, respectively.

tracted data does not show any significant emission above 3� which
could be attributed to CO. With natural weights we obtain a noise
level of 1.0 mJy beam�1 per channel. To search for any low level CO
emission we compute the total flux inside an elliptic mask and be-
tween a frequency or velocity range that we vary, both spatially and
in frequency, to maximise the S/N of the integrated flux. The S/N
is maximised inside an elliptic mask of minimum and maximum
semi-major axes of 1.004 and 2.001 (assuming the same orientation
and aspect ratio as the main ring) and a velocity range of -2.8 to
2.0 km s�1(Barycentric reference frame). These parameters match
the location of the main ring and the expected Doppler shift due to
Keplerian rotation, i.e. v0 = 0.1 ± 0.4 km s�1 (Gontcharov 2006)
and vmax = 1.9 km s�1 for M? = 1.36 M� (Lebreton et al. 2012).
The spectrum extracted from the data cube inside the elliptic mask
and smoothed with a Gaussian kernel is presented in Figure 3. The
horizontal lines represent ±1, 3, 4 and 5� levels. The line peak is
⇠ 5�. The integrated flux where the S/N is maximised is 30.1± 5.4
mJy km s�1 (5.6�). Moreover, we find that the CO emission in

Figure 3. Continuum subtracted integrated spectrum inside an elliptic mask
of minimum and maximum semi-major axis of 1.004 and 2.001, and oriented
as the dust continuum ring. The original spectrum was smoothed with a
Gaussian kernel with standard deviation of 4 channels. The horizontal lines
represent ±1, 3, 4 and 5� levels. The grey region represents velocities be-
tween -2.8 km s�1and 2.0 km s�1where the S/N is maximised. The velocities
represent the Doppler shift with respect to 230.538 GHz in the Barycentric
reference frame.

Figure 4. Mean intensity at all azimuths (black line) integrating from -2.8
km s�1and 2.0 km s�1with respect to 230.538 GHz, in the Barycentric
reference frame. The profile is extracted from the dirty map with natural
weights of the continuum subtracted visibilities. The grey area represents
the 68% confidence region. In blue we also present the mean intensity of the
dust continuum presented in Fig. 2 in an arbitrary scale.

the south east and north west side of the disc are consistent with
being blue and red shifted, respectively. As the disc north side is the
brightest in scattered light due to forward scattering, we can infer
that it is also the closest side. This implies that the disc is rotating
clockwise in the sky.

In Figure 4 we present the integrated intensity over the velocity
range specified above and averaging at all azimuths. The grey area
represents the 99.7% confidence region. The CO line peaks at 90±4
AU (error=0.5⇥ beam semi-major axis ⇥ distance / (S/N)), close to
the ring radius in the continuum, suggesting that gas and dust are co-
located. This favours a secondary origin scenario, where the CO is
being released from icy bodies in the disk. We study the azimuthal
profile of the emission along the ring and we find no evidence for
non-axisymmetry, similar to the dust continuum. In Sec. 3.2 we
study the CO gas distribution by modeling the CO emission in the
non-LTE regime, with di�erent excitation temperatures and electron
densities which act as the main collisional partner. Using an MCMC
technique we find constraints on the distribution of CO gas in the
disc to quantify its similarity to the dust distribution.

MNRAS 000, 1–12 (2015)
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CO Cometary composition

Sebastian Marino

• CO production rate determined by Mass loss rate of planetesimals. 
• Then in steady state: 

• —> fco ~ 0.3%-11% given all the uncertainties in MCO and dM/dt. 
• Solar system comets have fco~ 0.3-16% (Mumma & Charnley 2011) 
• It is roughly consistent with Solar system comets, despite the age difference.

Ṁ+
co = fCO ⇥ Ṁ =

MCO

⌧co
= Ṁ�

co
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Scattered light asymmetries?

Sebastian Marino

The Astrophysical Journal, 789:58 (16pp), 2014 July 1 Stark et al.
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Figure 9. Left: semi-major axis profile of the illumination-corrected flux density, median binned using a width ∆a = 1 pixel, along the apparent major and minor
axes. Right: median semi-major axis profile of the deprojected optical depth shown in panel (h) of Figure 6 (solid black line) along with three power-law fits (colored),
where a0 = 90.5 AU. The dotted line shows the deprojected optical depth profile when normalizing the empirical SPF to a scattering angle of 60◦; the FWHM of the
radial optical depth profile is degenerate with a radial-varying SPF.
(A color version of this figure is available in the online journal.)
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Figure 10. Optical depth deviations from a uniform disk. Left: the on-sky projected plane. Middle: smoothed residuals in the deprojected face-on plane. Right:
detection confidence of the smoothed, deprojected residuals.
(A color version of this figure is available in the online journal.)

depth ∝ a−3.7, while from 150–250 AU the optical depth is
∝ a−1.7. The dotted line shows the median radial profile of the
deprojected normalized optical depth when normalizing the SPF
to a scattering angle of 60◦. The radial optical depth profile is
degenerate with a radially dependent SPF.

3.5. Detected Asymmetries

The normalized optical depth in Figure 6(h) shows one
obvious asymmetry: a density enhancement in the birth ring
extending ∼90◦ counter-clockwise from periastron. To reveal
other less evident asymmetries, we took the difference between
Figure 6(h) and its smooth counterpart, i.e., a uniform eccentric
disk. To create the deprojected optical depth for a uniform

eccentric disk, we could simply calculate the median of the
deprojected optical depth as a function of a. However, we chose
to interpret any asymmetries as density enhancements, so we fit
the optical depth as a function of a using a smoothly varying
polynomial, then set the optical depth of the smooth disk equal
to the minimum of this function.

Figure 10 shows the fractional optical depth residuals from
what would be expected for a flat, thin, uniform disk. The left
panel shows these normalized residuals in the projected sky
plane. The middle panel shows the same residuals smoothed
using a 3 × 3 median boxcar in the deprojected, face-on plane
with periastron located along the positive x axis. The right panel
shows the detection confidence of the smoothed, deprojected
residuals.

9

• The asymmetry can be explained by 
• Very recent giant collision (<5 orbits) 
• Big body releasing small dust 

However, no counterpart in mm-sized dust 
or in the CO distribution. 

• PF effect caused by a warp? 
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Summary and Conclusions

Sebastian Marino

• Ring of planetesimals at 86 AU and ∆r = 23 AU. 

• No signs of a giant collision. —> warped disk? 

• CO gas co-located with dust. CO mass ~10-6 M⊕. 

• CO/dust mass <<  ß Pic (F vs A star?). 

• Gas is of secondary origin. 

• CO ice fraction consistent with Solar System comets.



ESO - 2016 - Planet formation

Thanks!

Sebastian Marino
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Gas - dust interactions

Sebastian Marino
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⌘
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Total gas mass assuming: 
- gas composed by CO+H2O+photodissociation products 
- CO/H2O in comets 
- C/CO in ß Pic

—> It is unlikely that dust distribution is shaped by gas (Lyra & Kuchner 2013)
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CO as a result of CO2

Sebastian Marino

CO2 photodissociates in ~30 yr << 𝜏co  

—> NCO traces primordial NCO+NCO2 

—> (NCO+NCO2) /NH2O ~ 0.4 -18%  

Consistent with Solar system comets (2-27%) 


