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ABSTRACT
Gas detection around main sequence stars is becoming more common with around 20
systems showing the presence of CO. However, more detections are needed, especially
around later spectral type stars to better understand the origin of this gas and refine
our models. To do so, we carried out a survey of 10 stars with predicted high likeli-
hoods of secondary CO detection using ALMA in band 6. We looked for continuum
emission of mm-dust as well as gas emission (CO and CN transitions). The continuum
emission was detected in 9/10 systems for which we derived the discs’ dust masses
and geometrical properties, providing the first mm-wave detection of the disc around
HD 106906, the first mm-wave radius for HD 114082, 117214, HD 15745, HD 191089
and the first radius at all for HD 121191. A crucial finding of our paper is that we
detect CO for the first time around the young 10-16 Myr old G1V star HD 129590,
similar to our early Sun. The gas seems colocated with its planetesimal belt and its
total mass is likely between 2−10×10−5 M⊕. This first gas detection around a G-type
main-sequence star raises questions as to whether gas may have been released in the
Solar System as well in its youth, which could potentially have affected planet forma-
tion. We also detected CO gas around HD 121191 at a higher S/N than previously
and find that the CO lies much closer-in than the planetesimals in the system, which
could be evidence for the previously suspected CO viscous spreading owing to shield-
ing preventing its photodissociation. Finally, we make estimates for the CO content
in planetesimals and the HCN/CO outgassing rate (from CN upper limits), which we
find are below the level seen in Solar System comets in some systems.

Key words: accretion, accretion discs – star: HD 106906, HD 114082, HD 117214,
HD 121191, HD 129590, HD 143675, HD 15745, HD 191089, HD 69830, HR 4796 –
circumstellar matter – Planetary Systems.

1 INTRODUCTION

There are currently about 20 main sequence stars known
with ages > 10 Myr that are surrounded by circumstellar
gas (e.g. Zuckerman, Forveille & Kastner 1995; Dent, et al.
2014; Cataldi et al. 2014; Marino et al. 2016; Matrà et al.
2017b; Kral et al. 2019). Thanks to many recent surveys of

? E-mail: quentin.kral@obspm.fr

this gas with ALMA (Moór, et al. 2011; Lieman-Sifry et al.
2016; Moór et al. 2017; Moór, et al. 2019), this number keeps
increasing at a high rate.

Most of this gas is found to orbit A-stars, for which CO
is detected in the sub-mm (e.g. Kóspál et al. 2013; Moór et
al. 2015; Greaves et al. 2016). Indeed, Moór et al. (2017) find
a higher detection rate of CO gas (69+9

−13%) around main-
sequence A-stars with high fractional luminosity planetesi-
mal belts compared to later-type stars (7+13

−2 %), but this is
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expected from models and observational biases (Kral et al.
2017; Matrà et al. 2019; Marino et al. 2020). Recently, neu-
tral carbon has been shown by models to potentially be a
more sensitive tracer of this gas in the sub-mm (Kral et al.
2017), and it is now targeted with ALMA, leading to the first
detections (Higuchi et al. 2017; Kral et al. 2019; Higuchi, et
al. 2019; Cataldi et al. 2018; Cataldi, et al. 2019). This car-
bon component may be more extended inwards (according
to models, e.g. Kral et al. 2016) and outwards (according
to models and hinted at by recent high resolution observa-
tions, Higuchi, et al. 2019) compared to CO. We also note
that thanks to Herschel a few systems have ionised carbon
and neutral oxygen detected (Riviere-Marichalar et al. 2012,
2014; Cataldi et al. 2014; Kral et al. 2016; Brandeker et al.
2016) as well as heavier metals (e.g. Ca, Na, Fe, ...) de-
tected in the UV and optical but only in a very few systems
(mostly β Pic, e.g. Brandeker, et al. 2004; Roberge, et al.
2013; Nilsson, et al. 2012; Wilson, et al. 2019).

CO gas masses derived from system to system can vary
by orders of magnitude, going from low gas mass discs
(∼ 10−7 M⊕, Matrà et al. 2017b) to high gas mass discs
(> 10−2 M⊕, Moór et al. 2017; Moór, et al. 2019) with
CO masses comparable to protoplanetary disc levels. In low
mass systems, CO is consistent with being colocated with
the systems’ planetesimal belts (e.g. Marino et al. 2016) and
the observed CO is always optically thin to photodissociat-
ing UV radiation (even considering unreasonable amounts
of H2 present in the systems, Matrà et al. 2017b) and there-
fore photodissociates on timescales of order 100 years (Visser
et al. 2009). Hence the observed CO must be recently pro-
duced, implying a recent release event (e.g. Cataldi, et al.
2019) or a continuous process to release gas, which is thought
to be released from planetesimals (e.g. Zuckerman & Song
2012; Kral et al. 2016).

The current framework that best explains all the ob-
servables is one where the released CO is secondary (as re-
leased from planetesimals rather than being a remnant of
the primordial phase, Zuckerman & Song 2012) and then
photodissociates into carbon and oxygen, hence creating an
atomic gas disc that can viscously spread (Kral et al. 2016).
This model also works for the most massive CO discs ob-
served, where it is thought that a lot of carbon had time
to accumulate, which then shielded CO from photodissoci-
ating, which in turn can also accumulate (Kral et al. 2019).
These massive discs are called shielded secondary discs and
in those, the longer CO lifetime allows for CO to viscously
spread as well (similar to atomic species such as carbon or
oxygen) and therefore CO gas discs could be more extended
than their planetesimal belts (Kral et al. 2019; Marino et al.
2020) as may be observed in HD 21997 (Kóspál et al. 2013).
This simple model explains most of the current detections
and non-detections (Kral et al. 2017, 2019; Marino et al.
2020).

In this picture, if most of the released gas is CO, this
secondary gas is expected to be H2-poor, in contrast with gas
in protoplanetary discs and in the ISM. There is mounting
evidence for this, including small scale heights measured in
these discs (indicative of large mean molecular weights), CO
line ratios implying low excitation temperatures and sub-
Solar H content in β Pic (Hughes et al. 2017; Matrà et al.
2017a; Wilson, et al. 2017). One important motivation of this
model is that one can start extracting the volatile compo-

sition of planetesimals in these belts around main sequence
stars. Indeed, comparing the CO and dust production rates
derived from observations, we find that the CO(+CO2) ice
mass fractions measured in these belts are similar to Solar
System comets (within one order of magnitude, Matrà et
al. 2017b), therefore making it possible to detect gas from
Solar System-like exocomets (i.e. icy planetesimals) orbiting
at tens of au.

Depending on the composition of planetesimals, and as
may be expected from Solar System comets, other species
than CO may also be released. Many gas release mecha-
nisms can co-exist and they all predict efficient outgassing:
UV photodesorption (Grigorieva, et al. 2007), high velocity
collisions (Czechowski & Mann 2007), planetesimal breakup
(Zuckerman & Song 2012), sublimation (e.g. Beust, et al.
1990), and giant impacts (e.g. Jackson, et al. 2014). There-
fore, other molecular species may be expected to be released
together with CO in these discs. Their shorter photodissocia-
tion timescales makes it difficult to detect them with current
facilities, except perhaps for HCN or CN, which may poten-
tially be detectable with ALMA in the near future (Matrà
et al. 2018a). However, products of their photodissociation,
such as atomic N, could be detected. There are indications
of this with the presence of atomic N gas in β Pic (Wilson,
et al. 2019). This is also suggested by the low C/O ratio
found in the gas phase around β Pic, which seems to show
that oxygen may also be released from, e.g., H2O or CO2

(Brandeker et al. 2016; Kral et al. 2016), but is at a level
that is undetectable with current facilities (e.g. Cavallius, et
al. 2019).

This gas may also play a key role in the late stages
of planet formation. Recently, Kral et al. (2020) showed
that gas accretion in this late phase is very efficient onto
terrestrial planets embedded in these discs and can create
massive CO atmospheres with masses going from an Earth-
atmosphere worth of mass to an atmosphere with mini-
Neptune-like pressures, hence totally resetting the initial
primordial atmospheres of these planets. Atmosphere forma-
tion can then last for tens of millions of years so this could
be the way atmospheres form around terrestrial planets af-
ter photoevaporation or giant impacts desiccated their at-
mospheres. Owing to this very efficient accretion, any planet
in these gas discs could create cavities in carbon and oxy-
gen (as well as CO in shielded discs) that could be used as
an alternative planet detection method to infer the location
of low to high mass planets at a few to tens of au from
their host stars using the high resolution and sensitivity of
ALMA. Finally, the detection of this gas is also a new op-
portunity to study mechanisms that can transport angular
momentum in discs and may be beneficial for our under-
standing of the magnetorotational instability in low density
environments (with non ideal effects such as ambipolar dif-
fusion), which may be potentially active in these discs (Kral
& Latter 2016).

In this paper, we present a new deep CO and CN survey
of 10 targets with ALMA. We start by presenting the new
dust and gas observations in Section 2. We then carry on by
modelling the data and present the results in Section 3. We
then discuss our findings in Section 4 before concluding in
Section 5.
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2 ALMA OBSERVATIONS

2.1 Observed sample

We looked for dust and gas around the 10 following stars: HD
106906, HD 114082, HD 117214, HD 121191, HD 129590,
HD 143675, HD 15745, HD 191089, HD 69830, and HR 4796.
These systems were chosen from a large set of nearby stars,
from which we prioritised systems with late spectral types
(which have less detections so far) and bright debris discs,
which were predicted to have the highest likelihood of sec-
ondary CO detection (Kral et al. 2017, using the limited
knowledge of planetesimal belt radii at the time) and could
be detected with ALMA assuming a CO mass fraction of 6%
in the planetesimals. The systems’ characteristics (fractional
luminosity, distance, blow-out size and stellar parameters)
are listed in Table 1.

Our sample is composed of 3 A stars, 5 F stars and 2 G
stars. The discs in our sample have fractional luminosities
(LIR/L?) between 0.12 − 5.8 × 10−3 and are within 140 pc
from Earth. We note that HD 69830 is much older (10.6± 4
Gyr Tanner, et al. 2015) than the other 9 targets.

2.2 ALMA observing configuration

Our sample of 10 stars were targeted by ALMA in band 6
between 7th April and 12th August 2018 as part of the cycle
5 project 2017.1.00704.S. The observations were carried out
using 43 antennas with baselines ranging from 15 to 500 m.

The ALMA correlator is divided in four spectral win-
dows, two of which focused on observing the dust continuum
with 128 channels centered at 243.1 and 245.1 GHz (band-
width of 2 GHz each). The third and the fourth spectral win-
dows targeted the CO J=2-1 line at 230.538 GHz and the
hyperfine transitions of the CN N=2-1 line at ∼227 GHz,
respectively (i.e., rest wavelengths of 1.30040 mm for CO,
and ∼1.32 mm for the strongest CN transition). The latter
two spectral windows have a channel width of 488.281 kHz
(0.635 or 0.645 km/s at the rest frequency of the CO and
dominant CN line) over 3840 channels (i.e., a bandwidth of
1.875 GHz each) centered at 230.1 GHz for CO and 227.2
GHz for CN.

The pipeline provided by ALMA was used to apply cal-
ibrations and extract the calibrated visibilities.

2.3 Dust continuum observations

As part of the procedure to extract the continuum data,
we removed the channels close to the CO J=2-1 line and
summed the four spectral windows to obtain a continuum
image at ∼ 1.27mm (∼ 236 GHz). We then used the CLEAN
algorithm to image the data using natural weightings. This
yielded the synthesised beam sizes and position angles listed
in Table 2. For each image, we extracted the rms noise (far
away from the source and across many beam widths) as
listed in Table 2.

In Fig. 1, we show the results of our continuum survey.
We see by eye that the continuum is detected in 9/10 sys-
tems. Only the observation of HD 143675 yielded no clear
detection but rather a marginal 2-σ level peak1. The detec-

1 However, this non detection puts a constraint on the slope of

tion around HD 69830 is > 3σ, but it is actually consis-
tent with detection of the stellar photosphere (as it is only
12.6 pc away from Earth) rather than a dust component
as explained in further detail in Sec.4.42. For the 9 systems
with detections, we calculated their total flux in the natural
map within an ellipse slightly larger than where the emis-
sion comes from (i.e., where S/N & 2) as listed in the last
column of Table 2 where the errors were computed from the
image noise and flux calibration uncertainties (10%) added
in quadrature (where the latter typically dominates).

2.4 Gas observations

From the calibrated visibilities and using the two spectral
windows with a higher spectral resolution (channel width
of 488.281 kHz), we also extracted data cubes around the
CO J=2-1 line (at a rest frequency of 230.538 GHz) and
close to the strongest CN transition (where the Einstein co-
efficient is the highest around 226.875 GHz, i.e. it has the
highest transition probability). To study gas emission, we
fitted and subtracted continuum emission from the cube di-
rectly from visibilities (using the task uvcontsub in CASA),
avoiding channels around the line frequencies. This yielded
naturally weighted image cubes with the synthesised beam
sizes and position angles listed in Table 3. For each cube,
we extracted the rms noise per channel (far away from the
source and across many beam widths) as listed in Table 3.
Fig. 2 shows the moment-0 (i.e. spectrally integrated) im-
ages of the CO J=2-1 transition for all systems where we
decided to be agnostic about the Keplerian velocity of a po-
tential CO gas disc (that may or may not be rotating at
the same velocity as the planetesimal belt) and integrated
the cubes in velocity between ±20km/s. This was refined
on a case-by-case basis, using multiple velocity integration
ranges for each source as well as different disc extents, and
by plotting the resulting spectra to confirm the cases with
non detections.

In total, 4/10 systems yielded CO detections (2 of
which are indeed circumstellar gas, see Sect. 3.2) and no
CN was detected. To look for gas (both CO and CN), we
analysed each cube and plotted their spectra assuming dif-
ferent spatial extents (starting with the continuum extent
and exploring around that value) and averaging spatially.
For HD 129590 and HD 121191, the CO detections are de-
tected at > 4σ and colocated with the star (see Fig. 2). For
HD 114082, the CO gas is not colocated with the star but
rather very extended and has a very different radial veloc-
ity (shifted by -60 km/s compared to the central star) and
might be due to a cloud on the line of sight (see Fig. 3).
For HD 106906, the CO putative emission is at the South
East of the dust disc a few arcsec away but it does not
seem to belong to the circumstellar disc even though it is
present over several channels and shows a double-peaked
profile (see the moment-0 image in Fig. 4 and the discussion
in Sec. 4.6). The CO would move radially with a velocity
around 1 km/s, slightly different than the radial velocity of

the modified black body (and hence size distribution of the grains)
that fits the SED as explained further in Sec. 4.1.
2 HD 69830 is surrounded by warm dust very close to its host

star, which yields almost no emission at 1.27 mm.
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Figure 1. Continuum images obtained for our survey of 10 stars. These are naturally-weighted cleaned images (see Sec. 2.3 for the
reduction method used). The physical parameters derived from the modelling part (see Sec. 3.1) for each observation are listed in
Table 5. We have rescaled the colourbar for the HD 69830 image as the flux was otherwise dominated by the bright (now saturated)

galaxy observed at the North-East of the image.
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Table 1. Disc and stellar parameters of our sample of 10 stars observed with ALMA. From left to right, we list the name of the system,

its fractional luminosity, its distance (GAIA DR2), the stellar type, luminosity, mass, temperature of the star, and the blowout size of

the grains (computed from Burns et al. 1979, using L? and M? listed, assuming QPR = 1).

Systems LIR/L? d Spectral type L? M? Teff sblow

(pc) (L�) (M�) (K) (µm)

HD 106906 1.2 × 10−3 103.3 F5V 6.6 1.6 6490 1.8

HD 114082 3.7 × 10−3 95.7 F3V 3.8 1.4 6590 1.2
HD 117214 2.4 × 10−3 107.6 F6V 5.7 1.5 6340 1.6

HD 121191 2.4 × 10−3 132.1 A5V 7.2 1.6 7690 1.9
HD 129590 5.8 × 10−3 136.0 G1V 3.0 1.3 5810 0.98

HD 143675 5 × 10−4 139.2 A5V 8.9 1.7 7890 2.2

HD 15745 8 × 10−4 72.0 F0V 4.2 1.4 6830 1.3
HD 191089 1.5 × 10−3 50.1 F5V 2.7 1.3 6460 0.91

HD 69830 1.2 × 10−4 12.6 G8V 0.6 0.9 5410 0.29

HR 4796A 3.7 × 10−3 71.9 A0V 25.7 2.3 9810 4.8

References: From Kral et al. (2017, and references therein) updated with GAIA DR2 dis-

tances (Gaia Collaboration et al. 2016a, 2018)

Table 2. Continuum observations of our sample of 10 stars. From left to right, the columns correspond to the system’s name, the

beam size and its position angle for a given observation, the rms that is reached and the total integrated flux on the source (for the
non-detection around HD 143675, we give the 3σ value in one beam).

Systems Beam size Beam PA rms Fν at 1.27mm

(′′) (◦) (µJy/beam) (mJy)

HD 106906 1.62 × 1.29 77.2 18 0.35 ± 0.04

HD 114082 1.49 × 1.42 48.6 24 0.71 ± 0.07
HD 117214 1.66 × 1.27 62.9 26 0.78 ± 0.08

HD 121191 0.92 × 0.86 -52.2 16 0.45 ± 0.05

HD 129590 1.57 × 1.14 83.0 22 1.25 ± 0.1
HD 143675 0.91 × 0.8 78.5 13 < 0.04

HD 15745 1.68 × 1.19 24.2 42 1.2 ± 0.1
HD 191089 1.57 × 1.08 74.9 16 1.83 ± 0.2

HD 69830 0.95 × 0.76 64.1 14 0.05 ± 0.01

HR 4796A 1.73 × 1.26 -87.9 25 5.7 ± 0.06

the system of 10±2 km/s (Gontcharov 2006). As for CN and
non-detections in CO, we only provide 3σ upper limits as
listed in Table 3, where we assumed the same spatial extent
as the continuum images (except for HD 143675, which is
not detected in the continuum and we assume it is extended
over only one beam based on an SED fit whose tempera-
ture measurement enables determination of a true radius of
about 50 au, i.e. well within one beam, Kral et al. 2017).

The 1σ noise level near the disc in the moment-0 images
are 6 and 7 mJy km/s/beam for HD 129590 and HD 121191,
respectively, giving peak S/N in the images of 9 and 30.
The total integrated fluxes are respectively 0.056±0.014 and
0.21±0.022 Jy km/s, which were measured by integrating
over a region that encompasses all disc emission. The quoted
errors take into account the noise in the images and flux
calibration uncertainties that were added in quadrature.

3 MODELLING RESULTS

3.1 Fit of the continuum data

We first fit our data with a simple 2-D Gaussian model to
check whether the discs are resolved and what their PAs are.
We then use a radiative transfer code and fit a Gaussian ring

model to the data to find the physical parameters that best
fit the data.

3.1.1 Fit with a simple 2-D Gaussian model

We use the CASA function imfit to find the best fit param-
eters of a 2-D Gaussian to our continuum images. The func-
tion returns the best-fit beam major and minor axes as well
as the best disc PA (when resolved or beam PA otherwise)
and the integrated flux. We list the results in Table 4 (and
verified that all integrated fluxes are consistent with values
listed in Table 2). We see that all our targets are resolved
in the continuum except for HD 69830 and HD 143675 (but
the latter is only a 2σ detection). However, we find that HD
114082 and HD 117214 are only marginally resolved (the de-
rived FWHM of the Gaussians are consistent with the beam
size).

3.1.2 Fit with an MCMC radiative transfer model

We now use an axisymmetric dust model to fit the con-
tinuum observations to place constraints on the geometry
of these discs as well as their total dust masses. We pa-
rameterise a disc as being a ring centered at a radius R0

with a Gaussian radial profile of full width at half maximum

© 2002 RAS, MNRAS 000, 1–21
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Figure 2. CO J=2-1 moment-0 images integrated between ±20km/s for our survey of 10 stars. These are naturally-weighted images

(see Sec. 2.4 for the reduction method used). The parameters derived from our model (see Sec. 3.2) associated with each observation are
listed in Table 6.
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Table 3. Gas observations of our sample of 10 stars. From left to right, the columns correspond to the system’s name, the beam size

and its position angle for a given observation, the rms that is reached per channel and the total integrated flux in a 10 km/s channel

(for CO detections we take the actual linewidth instead) on the source in the CO/CN moment-0 images. For non-detections, we give the
3σ value and assume the same spatial extent as for the continuum image, i.e. it is more than one beam when resolved.

Systems Beam size Beam PA rms CO S12CO rms CN SCN

(′′) (◦) (mJy/beam/channel) (Jy km/s) (mJy/beam/channel) (Jy km/s)

HD 106906 1.67 × 1.30 75.9 1.18 < 0.04 1.1 < 0.04

HD 114082 1.53 × 1.45 34.1 1.55 < 0.02 1.4 < 0.02
HD 117214 1.70 × 1.29 62.6 1.60 < 0.02 1.5 < 0.02

HD 121191 0.93 × 0.90 -56.8 1.02 0.21 ± 0.02 0.9 < 0.03
HD 129590 1.61 × 1.16 81.9 1.52 0.056 ± 0.014 1.3 < 0.05

HD 143675 0.93 × 0.81 73.6 0.88 < 0.01 0.8 < 0.01

HD 15745 1.78 × 1.22 29.2 2.35 < 0.1 2.3 < 0.1
HD 191089 1.61 × 1.11 73.7 0.98 < 0.05 0.9 < 0.05

HD 69830 0.97 × 0.77 63.9 0.93 < 0.01 0.85 < 0.01

HR 4796A 1.76 × 1.29 -88.6 1.6 < 0.1 1.5 < 0.1

Table 4. Results of a 2-D Gaussian fit to continuum images. From left to right, the columns correspond to the system’s name, the fitted

size (major axis × minor axis of the 2-D Gaussian, which is deconvolved from the beam when resolved and convolved otherwise), disc

(or beam if unresolved) position angle and the last column gives information on whether the disc was resolved in the observations.

Systems Fitted size Disc/Beam PA Resolved?

(′′) (◦) (yes/no/marginally)

HD 106906 2.41 ± 0.23 × 1.30 ± 0.07 102.8 ± 3.3 yes

HD 114082 1.62 ± 0.06 × 1.38 ± 0.05 93 ± 8 marginally
HD 117214 1.69 ± 0.07 × 1.43 ± 0.05 161 ± 58 marginally

HD 121191 1.30 ± 0.1 × 1.13 ± 0.07 30 ± 19 yes

HD 129590 1.87 ± 0.05 × 1.22 ± 0.02 101.2 ± 1.5 yes
HD 143675∗ 1.4 ± 0.6 × 0.9 ± 0.3 168 ± 25 no

HD 15745 2.69 ± 0.21 × 1.43 ± 0.06 38.9 ± 5.6 yes

HD 191089 2.36 ± 0.05 × 1.36 ± 0.02 72.8 ± 1.4 yes
HD 69830 1.29 ± 0.33 × 0.72 ± 0.1 15 ± 9 no

HR 4796A 2.59 ± 0.03 × 1.69 ± 0.01 25.5 ± 0.8 yes
∗We note that this disc in not considered as detected as the S/N is only of about 2-σ.

Figure 3. CO emission around HD 114082 that might be due

to a cloud along the line of sight. Moment-0 image integrated

between -61 and -45 km/s.

(FWHM) Wring. The vertical profile (in the Z direction) of
the dust disc is also assumed to be Gaussian with an aspect
ratio h = H/R (H being the scaleheight) such that the dust
density distribution is given by

ρd(R,Z) = ρ0 exp

(
− (R−R0)2

2σ2
d

)
exp

(
− Z2

2H2

)
, (1)

Figure 4. Potential extra CO emission in HD 106906, not aligned

with the dust disc and at larger distances (at the South-East) but
with a spectrum showing a double-peaked profile.

where ρ0 is the density at R0 in the midplane and σd =
Wring/(2

√
2 log 2).

The RADMC-3D code (Dullemond et al. 2012) is then
used to compute images for a given dust model at 1.27 mm to
be compared to observations (following the same procedure
as in Kral et al. 2019). To make the images, we assume that
the grains are produced from a collisional cascade, which
implies a size distribution with a power law index close to

© 2002 RAS, MNRAS 000, 1–21
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-3.5 as predicted from theory and models (Dohnanyi 1969;
Krivov et al. 2006; Thébault & Augereau 2007). We assume
a maximum grain size of 1 cm (as larger grains will not signif-
icantly contribute to the flux observed in band 6). As for the
minimum size, we use the blowout size (derived from Burns
et al. 1979), which is the size below which grains become
unbound and leave the system on a dynamical timescale3.
For the composition of the grains, we assume astrosilicates
with a density of 2.7 g cm−3 (Draine 2003) and use a mass-
weighted mean opacity of κ ∼ 1.3 cm2g−1 at 1.27 mm that
is computed using the Mie theory code from Bohren & Huff-
man (1983). The composition of the grains we chose is arbi-
trary and the mass is given mainly for comparative purposes
but it should be understood that it has large systematic un-
certainties.

We use a Bayesian Markov Chain Monte Carlo
(MCMC) approach to find the best fits to our free param-
eters that are: R0,Wring, h, inclination (i), PA and Mdust,
where the latter is the total dust mass up to 1 cm bodies.
To account for astrometric uncertainties in the ALMA data
on the star position, we allow an offset in RA (offset x) and
Dec (offset y). We fit the dirty images (i.e. not cleaned) di-
rectly, which is closest to fitting the visibilities and allow for
a more accurate derivation of the error bars. For the MCMC
method to converge fast and accurately, we use the emcee
module (see Goodman & Weare 2010; Foreman-Mackey et
al. 2013, for the details of the method). We assume uniform
priors and the posterior distributions of our parameters are
given by the product of the prior distribution function and
the likelihood function assumed to be ∝ exp(−χ2/2), with
χ2 =

∑
pixels(Fobs − Fmod)2/σ2

F , where σF is the variance
of the data taking into account the number of independent
beams in the image. Fobs and Fmod are the observed and
model (which we convolve with the dirty beam) fluxes in a
given pixel and the χ2 is computed over an area much larger
than where the disc produces emission, including side-lobes
from the dirty beam down to the noise level. The MCMC
simulations were run with 100 walkers and for 1000 steps
after the burn-in period.

In Fig. 5, we show the result of the MCMC simulation
for the system HR 4796A for the 4 most important parame-
ters and the derived best-fit parameters are listed in Table 5
for all systems.We analyse the results for HR 4796A and
compare to the study by Kennedy et al. (2018) to familiarise
the reader with what we extract from the ALMA data for all
systems. Our MCMC simulation converges toward a Gaus-
sian profile centered at R0 = 77.4± 1.6 au with Wring < 50
au and an aspect ratio h < 0.26. There is no lower limit on
the width of the belt due to the limited resolution of our
observations (∼ 1.5 arcsec). The upper limits in this paper
are given at the 99.7% level. This is consistent with the re-
sults by Kennedy et al. (2018), who did a similar analysis
with ALMA data at higher resolution in band 7. Indeed,
they find R0 = 78.6 ± 0.2 au with a FWHM 10 ± 1 au and
an aspect ratio of 0.04± 0.01. We also find good agreement
for the inclination > 72◦ and position angle 25.9◦ ± 1.2 (to

3 We note that there could be a copious amount of unbound

grains in the most luminous belts in our sample (with LIR/L?
close to 5×10−3, see Thébault & Kral 2019) but the contribution

of these small submicron-sized grains is negligible in the mm.

be compared to 76.6◦ ± 0.2 and 26.7◦ ± 0.1, respectively).
Our results for the total mass of bodies up to 1 cm are also
quite similar as we find 0.32 ± 0.01 M⊕ to be compared to
0.35 ± 0.04 M⊕. However, we note that the final mass de-
pends on the assumptions concerning the stellar luminosity
(which affects the dust temperature) and also on the com-
position of the bodies, which were slightly different between
the two studies. Finally, the offsets in RA and Dec are also
consistent with the ALMA astrometric uncertainties (i.e. a
maximum accuracy of one tenth of the beam size, see ALMA
technical handbook4).

Not all observations provide as many constraints on the
free parameters of our model. We have 3 different cases.
Either the continuum is not detected (HD 143675), or it
is detected but not resolved (HD 69830), or it is detected
and resolved (e.g. HR 4796A), which is the case for the
8 other sources (though HD 114082 and HD 117214 are
only marginally resolved). For the non-detection around HD
143675, we only derive an upper limit on the mass of the
system. When it is unresolved, we cannot constrain the in-
clination and position angle of the system. Some systems are
marginally resolved, which leads to a variety of other cases,
with all of the results summarised in Table 5 and where
unconstrained parameters are indicated with “-”.

3.2 Fit of the gas data

3.2.1 Fit with a simple 2-D Gaussian model

We have started by fitting the moment-0 images for the two
detections (HD 129590 and HD 121191) with a 2-D Gaus-
sian following the same procedure as for the dust. We find
that the disc around HD 121191 is not spatially resolved and
that around HD 129590 is at best marginally resolved. Con-
versely, HD121191’s mm-dust disc was resolved, implying a
smaller radial extent in CO compared to the dust (which
we will now investigate further). In the following subsection
we model these images using radiative transfer models to
extract spatial information for data at a range of velocities
and also because it includes the other less than 2σ pixels,
which implicitly place upper limits on the emission further
out.

3.2.2 Fit with an MCMC radiative transfer model

We now fit the gas cubes we have for our ten targets. The
method we use to fit the gas data is similar to what is de-
scribed in the previous section 3.1 for the continuum images
and was already used in Kral et al. (2019) to fit the [CI] fine
structure line at 609.14µm in HD 131835. What differs from
the previous section is that we now fit a whole cube using
the above method on each frequency channel (which traces
the different radial velocities of the gas) of the data cube.
As described in Sec. 2.4, we subtract the continuum from
the cube. We then produce dirty cubes (i.e. without clean-
ing the images) around the CO line and use RADMC-3D to
produce CO model cubes to compare to our observations in

4 https://almascience.eso.org/documents-and-tools/

cycle6/alma-technical-handbook
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Figure 5. Corner plot from our MCMC fitting procedure of the ALMA continuum image observed for HR 4796A. R0 is the centre of

a Gaussian ring of FWHM equal to Wring with an aspect ratio equal to h. Mdust corresponds to the total dust mass up to 1 cm bodies.

The three vertical dashed lines are the median and the 16th and 84th percentiles of the marginalised distributions.

Table 5. Table describing the best-fit parameters for the continuum images of our sample of 10 stars using an MCMC method (see

Sec. 3.1). We list the median ± uncertainties, which are based on the 16th and 84th percentiles of the marginalised distributions.

Systems R Wring Mdust h i PA RA offset Dec offset

(au) (au) (M⊕) (◦) (◦) (′′) (′′)

HD 106906 85.4+12.4
−13.1 < 101 0.054+0.007

−0.006 < 0.5 > 59 112.1+7.1
−6.9 −0.04+0.07

−0.07 −0.12+0.05
−0.05

HD 114082 24.1+11.0
−8.8 < 41 0.07+0.01

−0.02 - - - 0.1+0.04
−0.04 −0.16+0.03

−0.03

HD 117214 32.0+8.9
−9.1 < 41 0.1+0.02

−0.02 - - - 0.1+0.04
−0.03 −0.19+0.03

−0.03

HD 121191b 52.1+10.2
−10.5 < 61 0.1+0.01

−0.01 - - - 0.38+0.03
−0.03 0.14+0.03

−0.03

HD 129590 74.2+6.1
−5.9 < 75 0.39+0.02

−0.02 < 0.33 > 65 117.0+4.5
−4.5 0.11+0.02

−0.02 −0.18+0.02
−0.01

HD 143675 - - < 0.08 - - - - -

HD 15745b 72.0+6.6
−6.4 < 82 0.10+0.01

−0.01 < 0.55 > 52 38.8+5.4
−5.2 −0.02+0.05

−0.05 −0.59+0.06
−0.05

HD 191089 43.4+2.8
−2.9 < 45 0.06+0.004

−0.004 < 0.52 > 52 72.7+4.1
−3.9 0.11+0.04

−0.04 −0.07+0.03
−0.02

HD 69830a < 12 < 12 < 0.00011 - - - 0.28+0.18
−0.34 0.14+0.36

−0.28

HR 4796A 77.4+1.6
−1.6 < 50 0.32+0.01

−0.01 < 0.26 > 72 25.9+1.2
−1.2 0.12+0.01

−0.01 −0.09+0.02
−0.01

a The fit was carried out without subtracting the stellar contribution so that it is a conservative upper limit.
b The astrometric errors on the star position for these two targets are slightly larger than expected from ALMA
astrometric accuracy. Besides phase stability effects, these errors could be due to several reasons according to the

ALMA helpdesk. For instance, HD 15745 was at 29◦ elevation on the sky due to its very Northern declination

and moreover the phase calibrator QSO J0237+2848 was 8◦ away from the source, which may have impacted the
phase transfer. We also note that part of the asymmetry may be real and could be due to these dust discs being

asymmetric.
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an MCMC fashion. For the χ2 fit, we account for the correla-
tion between adjacent channels (using 2.667 as the number
of channels per effective spectral resolution element5) and
the number of independent beams in the image. For the de-
tections, we run the simulations with 100 walkers and for
∼10,000 steps (which takes about 4 weeks per target run-
ning on 40 cpus).

To interpret our results, we first assume that CO is
in local thermal equilibrium (LTE), which is likely a good
approximation for CO in most systems that can be detected
with ALMA in band 6 at > 50 pc as explained in detail
in Kral et al. (2017). For completeness, we will also provide
simplified non-LTE results at the end of this section to give a
plausible range of masses corresponding to our observations.
For massive gas discs, CO lines can be optically thick, which
RADMC-3D takes into account. We note however that our
non-LTE results assume optically thin emission.

As the two circumstellar gas detections (see Fig. 2) do
not show any obvious asymmetries, we restrict ourselves to
an axisymmetric gas model. In a similar way as the dust con-
tinuum fitting procedure, we assume a ring with a Gaussian
radial profile and the gas surface density follows

Σ(R) = Σ0 exp

(
− (R−R0)2

2σ2
g

)
, (2)

where Σ0 is the surface density at R0 and with σg =
∆R/(2

√
2 log 2), where ∆R is the width (FWHM) of the

gas disc. We then assume that the temperature follows a
double power law profile (motivated from Kral et al. 2016)
defined by

T (R) =

T0

(
R
R0

)−βt
1

for R < R0

T0

(
R
R0

)−βt
2

for R > R0

. (3)

We then set the scaleheight of the disc from T (R)
such that H = cs/Ω, where Ω is the orbital frequency and
cs =

√
kT/(µmH) is the sound speed. As explained in detail

in Kral et al. (2017, 2019), the mean molecular mass µ in
secondary discs can be much higher than in protoplanetary
discs as most of the gas is in the form of carbon, oxygen or
CO, rather than H2. To be consistent with previous studies,
we assume µ = 14. From preliminary test runs, we found
that βt1 and βt2 were not constrained and we fixed them to 0
(motivated from the thermodynamical model in Kral et al.
2016) for exploring the parameter space of interest faster.

We also fit for the radial velocity of the star v? to verify
that indeed the gas is co-moving with the star when de-
tected. The free parameters of this gas model are thus R0,
∆R, Σ0, T0, v?, and (similar to the dust model) i, PA and
the offsets in RA and Dec. We show an example of the re-
sults of our fitting procedure for the case of HD 121191 in
Fig. 6. We list the results for the 10 systems, i.e., the best-fit
parameters for each system, in Table 6.

We compare our results on the CO detection in HD
121191 to Moór et al. (2017). They find a total CO flux of

5 as described in the ALMA spectral response docu-
ment that follows: https://safe.nrao.edu/wiki/pub/Main/

ALMAWindowFunctions/Note_on_Spectral_Response.pdf

0.23 ± 0.04 Jy km/s, where we have 0.21 ± 0.02 Jy km/s.
They find a radial velocity for the star equal to 9± 1 km/s
(in barycentric coordinates), where we find 10.1±0.25 km/s,
consistent with their value. The total CO mass they find
(from fitting the 13CO line) is equal to 2.7 ± 0.9 × 10−3

M⊕, which is in agreement with the value derived from our
MCMC simulations equal to 2.3+2.3

−0.9 × 10−3 M⊕. We also
derive the geometrical and thermal properties of this disc for
the first time. We find that the gas disc can be modelled with
a Gaussian of centre R0 = 22+2

−3 au, with width ∆R = 16±4
au, with a surface density equal to Σ0 = 0.87+2.3

−0.6 × 10−5

kg/m2 at R0. The inclination and position angle found from
our MCMC simulations are i = 28+1

−3 deg and 160 <PA< 240
deg, respectively. Finally, we constrain the temperature to
be T0 = 22+9

−6 K.

In Fig. 7 (left), we show the 1-D spectrum for HD
121191 along with the best-fit we find. The large width of
the line (extending from 6 to 14 km/s, i.e. a disc with a ra-
dial velocity of ∼ 4 km/s) is indeed best-fit with a gas belt
closer-in (at ∼ 20 au) than the dust belt (at ∼ 52 au) owing
to the Keplerian velocity at 20 au which is equal to 8.4 km/s
(i.e. a radial velocity of 4 km/s for a 28 deg inclination). We
checked that indeed a belt further out would not provide
such a wide line and would not as well fit the 1-D spectrum.

For HD 129590, the signal-to-noise is equal to 4 in the
moment-0 image and our MCMC fit using individual chan-
nels (with less than 3σ signals) gives no constraints on the
physical parameters of the disc. However, we find a total flux
of 0.056±0.014 Jy km/s, i.e. roughly a factor 4 smaller than
for HD 121191. The radial velocity of the star (from fitting
the spectrum in Fig. 7) is 2.3+1.3

−0.6 km/s, which is consistent
with that found from previous studies (2.3 ± 1.3 km/s, see
Kharchenko, et al. 2007). From the spectrum we also evalu-
ate the width of the line to be 12 km/s across, which places
the position of the inner part of the disc at ∼30 au (assum-
ing an inclination of 75 deg as observed in scattered light,
Matthews et al. 2017). From our 2D-Gaussian fitting of the
moment-0 image, we also find that the disc should be smaller
than 82 au (if not it would be resolved).

We also derive mass estimates from non-LTE calcula-
tions assuming the CO line is optically thin (and including
fluorescent excitation, Matrà et al. 2018a) from the upper
limits as well as for the detections. The CO/electron colli-
sion rates where taken from Dickinson & Richards (1975)
and for CN/electron, we use Allison & Dalgarno (1971) and
the LAMDA database (Schöier, et al. 2005). We show the
results from the non-LTE calculations in Fig. 8, where it
can be seen that the derived masses depend on the level of
excitation of the gas and its temperature (except in the ra-
diation regime when the collider density is small, Matrà et
al. 2015). In these gas discs the main colliders are electrons
(Kral et al. 2016) and it can be seen on the right hand side
of plots in Fig. 8 that when the electron density goes beyond
a certain level (critical collider density), LTE is reached and
the obtained masses only depend on the kinetic tempera-
ture (which we vary from 10 to 250 K). To account for our
lack of knowledge of the temperature and electron density
in each system, we assume wide ranges for both and then
give a mass range estimate computed as being the mini-
mum and maximum values reached on these plots and we
list the derived non-LTE mass ranges (or upper limits for
non-detections) for each target in Table 7.
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Figure 6. Corner plot from our MCMC fitting procedure with a Gaussian ring model of the ALMA image cube observed for HD 121191.
R0 is the centre of a Gaussian ring of FWHM equal to ∆R whose surface density at R0 equals Σ0. The temperature is defined as being

constant and equal to T0. The disc’s inclination, position angle and stellar velocity are i, PA, and v? respectively. The three vertical
dashed lines are the median and the 16th and 84th percentiles of the marginalised distributions.

For HD 129590, we find that (the optically thin) mass
range is 2.1 × 10−5 - 1.3 × 10−4 M⊕. This translates to a
surface density range of 3×10−7−2×10−6 kg/m2 (assuming
a disc centered on the planetesimal belt at 74 au, with a 40
au total width, i.e. colocated with its planetesimal belt).

We note that indeed the non-LTE (low collider density)
masses derived are larger than previously derived in LTE.
This is mainly because in the radiation dominated regime
(i.e. far from LTE), it is common for ∼ 10 K gas to not

be as excited as in LTE, therefore needing a larger mass to
reproduce the same flux upper limit. For the fluorescence
calculation, we have taken SEDs from Kral et al. (2017)
and assumed that stellar radiation is absorbed at the radial
locations6 derived in Table 5. We show an example of the

6 For the radius of HD 143675, we assumed a real to black body
radius ratio of 2.87 (the average of the mm-resolved sample from

the R-L? relationship, Matrà et al. 2018b) and use the GAIA

© 2002 RAS, MNRAS 000, 1–21
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Figure 7. Observed spectra of HD 121191 (left) and HD 129590 (right) in black along with our best-fit model for the gas disc around

HD 121191 in dashed blue and a fit for HD 129590 to estimate its linewidth.

Table 6. Best-fit parameters for the gas images of our sample of 10 stars using an MCMC method (see Sec. 3.2). We list the median

± uncertainties, which are based on the 16th and 84th percentiles of the marginalised distributions. For HD 129590, we list results from
non-LTE calculations (see text).

Systems R ∆R Σ0 T0 v? i PA

(au) (au) (kg/m2) (K) (km/s) (◦) (◦)

HD 106906 - - < 4 × 10−8 - - - -
HD 114082 - - < 2 × 10−7 - - - -

HD 117214 - - < 1.6 × 10−7 - - - -

HD 121191 22+2
−3 16 ± 4 0.87+2.3

−0.6 × 10−5 22+9
−6 10.1 ± 0.25 28+1

−3 −155 ± 5

HD 129590 30 − 82 < 52 9 × 10−7 − 6 × 10−6 - 2.3+1.3
−0.6 - -

HD 143675 - - < 1.5 × 10−7 - - - -

HD 15745 - - < 8 × 10−8 - - - -

HD 191089 - - < 6 × 10−8 - - - -
HD 69830 - - < 1 × 10−6 - - - -

HR 4796A - - < 1.5 × 10−7 - - - -

flux seen by a molecule at the radius of the dust belt in Fig. 9
for HD 117214 (the other SEDs are shown in the appendix
A1), where the orange line is the ISRF, compared to the
blue being the star at the belt radius. In addition, vertical
grey lines delimit the CO photodissociation range. Red lines
are electronic (UV) and rovibrational (IR) transitions that
are accounted for in the non-LTE code used (which lead to
fluorescence and can modify the rotational excitation). For
the case of HD 117214, we find that the ISRF dominates in
the CO photodissociation range but the stellar contribution
is more important for the electronic (UV) and rovibrational
(IR) excitation.

For the systems without clear detections, we assume the
same geometrical parameters as the dust disc (see Table 5)
as these would be unconstrained and fit for the temperature
(assuming a uniform prior between 1 and 100 K) and Σ0

to estimate an upper limit on the total mass of CO that
could be hidden and not detected. We always find that the

updated black body radius found in Kral et al. (2017) of 16.4 au,

leading to a true radius of 47 au. For the radius of HD 69830, we
assumed 2 au, consistent with the range given in Smith, Wyatt

& Haniff (2009), i.e. within 0.05-2.4 au.

temperature is unconstrained, indicating that the CO mass
that could be hidden for these non-detections may not be
optically thick. We then derive an upper limit on the sur-
face density Σ0, which we list in Table 6. For all systems,
we estimate the CO mass or upper limits from our MCMC
simulations, which we list in Table 7.

We also compute CN masses in non-LTE assuming op-
tically thin emission for the two discs with CO detected
HD 121191 and HD 129590 in Fig. 10. We find very low
upper limits in CN mass for both stars, between 1.2×10−7-
6.5×10−7 M⊕ for HD 121191 and 2.0×10−7-1.2×10−6 M⊕
for HD 129590 (see Table 7). We further discuss these values
in Sec. 4.5 as to what it means for the production mecha-
nism of the gas in debris discs and how the upper limit we
find can be translated to an upper limit in HCN to CO and
compared to comets in our Solar System.

4 DISCUSSION

4.1 New continuum detections

Our main addition to the literature for the continuum sec-
tion is given in Table 5 as we derive fits of the geometry and
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Figure 8. CO mass Vs. electron density for a range of kinetic temperatures (from 10 to 250 K). The masses are estimated from fluxes
shown in Table 3 using a non-LTE code (including fluorescent excitation, Matrà et al. 2015, 2018a).
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Table 7. CO/CN masses computed from our models. The first column is the system’s name, the second is yes if circumstellar CO is

detected and no otherwise, and the last three columns are the LTE, non-LTE CO masses and CN masses (or upper limits) for CO
detections (and non-detections) derived from our study.

Systems CO detection MLTE
CO MNLTE

CO MNLTE
CN

(yes/no) (M⊕) (M⊕) (M⊕)

HD 106906 n < 8.5 × 10−6 < 7.5 × 10−6 - 4.6 × 10−5 -
HD 114082 n < 5 × 10−6 < 4.6 × 10−6 - 2.4 × 10−5 -

HD 117214 n < 5.2 × 10−6 < 4.8 × 10−6 - 3.2 × 10−5 -

HD 121191 y 2.3+2.3
−0.9 × 10−3 7.1 × 10−5 - 4.6 × 10−4 < 1.2 × 10−7 - 6.5 × 10−7

HD 129590 y 3 × 10−5 - 1.6 × 10−4 2.1 × 10−5 - 1.3 × 10−4 < 2.0 × 10−7 - 1.2 × 10−6

HD 143675 n < 5.3 × 10−6 < 3.9 × 10−6 - 2.6 × 10−5 -
HD 15745 n < 1.2 × 10−5 < 1.0 × 10−5 - 6.4 × 10−5 -

HD 191089 n < 2.9 × 10−6 < 2.5 × 10−6 - 1.6 × 10−5 -

HD 69830 n < 7.8 × 10−8 < 3.8 × 10−8 - 2.2 × 10−7 -
HR 4796A n < 1.4 × 10−5 < 1.3 × 10−5 - 8.8 × 10−5 -
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Figure 9. Irradiation of the disc around HD 117214 at the belt

radius (32 au). The orange line is the ISRF and the blue line is
the star emission at the belt radius. Vertical grey lines delimit

the CO photodissociation range. Red lines are electronic (UV)

and rovibrational (IR) transitions that are accounted for in our
non-LTE fluorescence calculation (Matrà et al. 2015, 2018a).

mass of the dust discs surrounding the 10 stars of our sam-
ple. We now list some more detailed outcomes that emerge
from our work.

4.1.1 HD 106906

Our observations of HD 106906 provide the first continuum
detection in the mm for this target, which we also resolved.
This system had already been targeted in Lieman-Sifry et
al. (2016), which led to a non-detection and an upper limit
of 0.4 mJy (assuming it is extended over 3 beams) in agree-
ment with our detection of 0.35±0.1 mJy (our observations
reached an rms ∼2.5 smaller than their observation). This
new measurement can be used (together with Herschel flux
measurements, Marton, et al. 2017) to put some constraints
on the size distribution of grains which is linked to the slope
of the modified black body x (defined as Fν ∝ λx) that
can fit the Rayleigh-Jeans region of the SED (e.g. Ricci et
al. 2012). We find a spectral index 160 µm-1.27 mm equals

to −2.64 ± 0.15 and assume it is the same as the modified
black body slope (as the Rayleigh-Jeans regime starts to
kick-in around 160 microns for HD 106906), which leads to
a size distribution in−3.36±0.13 (using the relation between
slope and size distribution from Draine 2006). We find that
this value is consistent with the size distribution expected
from numerical simulations, though slightly shallower (e.g.,
Gáspár et al. 2012; Kral et al. 2013, find values close to -3.6),
which may indicate differences in composition and porosity
leading to different collisional evolution.

Images in scattered light with GPI (Kalas, et al. 2015)
and SPHERE that show the location of µm-sized dust also
exist (Lagrange, et al. 2016). These images lead to a best fit
with a clear inner hole inside of 50 au and a ring peaking at
about 73 au (after correcting for the new GAIA distance) de-
tected to > 100 au with a strong needle-like SE/NW asym-
metry, with an inclination of ∼ 85◦ and a PA of ∼ 104◦.
The geometrical values that fit the mm-disc from our work
are in agreement with these results as we find a disc cen-
tered at 85 ± 13 au, an inclination greater than 59◦ and a
PA of 112 ± 7 deg. In the mm-image, we do not see any
obvious asymmetry but an image at higher resolution would
be needed to assess whether an asymmetry is present. No
asymmetry in the mm would seem to disfavour that the
asymmetry observed in scattered light would be due to the
otherwise (potentially eccentric) detected 11 MJup compan-
ion at a projected separation of 650 au (Nesvold, Naoz &
Fitzgerald 2017).

4.1.2 HD 114082

SPHERE obtained the first resolved scattered light image of
HD 114082 recently (Wahhaj, et al. 2016). They find that
the µm-sized dust disc has a clear inner hole and is best fit
as having an inner edge of 27.7+2.8

−3.5 au followed by a steep
decreasing power law. This compares well to the value of
24+11
−9 au we find for the centre of this disc (although it is

marginally resolved) and is the first mm-radius as it was not
derived (see HIP 64184) in Lieman-Sifry et al. (2016).

4.1.3 HD 117214

We have also improved the signal-to-noise of the previously
observed system HD 117214 (we have a 16σ detection while
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Figure 10. Upper limits on the CN ice mass fractions for HD 121191 and HD 129590 using the non-LTE fluorescence calculation from

Matrà et al. (2015, 2018a).

it was detected at ∼ 5σ in Lieman-Sifry et al. 2016). For HD
117214, because of the low S/N, Lieman-Sifry et al. (2016)
did not fit a model to the data. We find that the mm-dust
is located at 32 ± 9 au with a FWHM< 41 au and a total
dust mass of 0.1 M⊕. This disc was detected for the first
time in scattered light recently with SPHERE (Engler, et
al. 2019) after several unsuccessful attempts (e.g. Gibbs, et
al. 2019). They find that the µm sized dust traced by optical
wavelengths is located at around 45 au, which is consistent
with our observations.

4.1.4 HD 121191

We have also improved the signal-to-noise of the previously
observed system HD 121191 (we have a 9σ detection while
it was detected at ∼ 5σ in Moór et al. 2017). In Moór et
al. (2017), they only detect one side of the dust disc, which
led to an underestimation of the total dust mass, which we
find is close to 0.1 M⊕. Thanks to our deeper observation,
we do not see any visual asymmetries in the continuum im-
age of HD 121191 as was tentatively seen in Moór et al.
(2017). However, we find a displacement of the disc center
from the expected stellar position, which could be either real
or be due to ALMA calibration issues, and new observations
would be needed to clarify this. According to our work, the
mm-dust disc around HD 121191 is located at 52.1± 11 au.
The mm-radius is smaller than the 195 au found by Vican,
et al. (2016) with marginally resolved Herschel observations.
As they note, their large size leads to a large observed-to-
black body disc radius, and the simplest explanation is that
the disc radius is closer to the 52 au measured with ALMA
but we note that Herschel emission could still be larger be-
cause it is sensitive to smaller grains in the halo, which are
pushed on eccentric orbits by radiation pressure.

4.1.5 HD 129590

HD 129590 was recently detected in scattered light with
SPHERE (Matthews et al. 2017). They find a disc with an
inclination of ∼ 75◦ and a PA of ∼121 degrees. The best fit
of the dust distribution is for a single bright ring of radius
60-70 au and an inner clearing. In the mm, Lieman-Sifry
et al. (2016) constrained the inclination of the disc around
HD 129590 (HIP 72070) to be > 50◦ (with a best-fit value
of 70◦) and a PA of 121+17

−12 degrees. They best fit the data

with a disc having an inner edge < 40 au and an outer edge
at 110+50

−30 au. This is in agreement with our results as we
find an inclination >65 deg and a PA of 117±5 deg and the
radius of the ring to be 74± 6 au.

4.1.6 HD 143675

The disc around HD 143675 has never been detected at
wavelengths longer than 70 µm. Our new mm-observation
put an upper limit on the total dust mass in the system equal
to 0.08 M⊕. In addition, this non detection puts a constraint
on the slope of the modified black body (and hence size dis-
tribution of the grains) that fits the SED, which should be
steeper than -2.36 as otherwise the disc would have been
detected. This leads to a size distribution steeper than -3.2.
A recent observation in scattered light with GPI puts con-
straints on the µm sized-dust distance to its host star of
∼ 50 au (Hom, et al. 2019).

4.1.7 HD 15745

HD 15745 was detected in the sub-mm thanks to the JCMT
(at 850 µm, see Holland et al. 2017). The main improve-
ment of our study is the resolution of the observation as the
FWHM of the JCMT is around 13′′ at 850 µm to be com-
pared to ∼ 1.5′′ in our ALMA survey. There were doubts
concerning contamination by background galaxies in the
JCMT images (as the mm-slope from far-IR to JCMT wave-
length was close to -2, which is suspiciously flat), which we
can now test. We can actually see two background galaxies
within the JCMT field of view in our ALMA image. One
galaxy (with a total integrated flux of 1.3 mJy) can be seen
at the North-East of the image (see Fig. 1) offset from HD
15745 by 9.4” in RA and 6” in Dec, and the main contami-
nating galaxy (with a total integrated flux of 2.9 mJy) is out
of the image on the East, offset from HD 15745 by 15.2” in
RA and -2.8” in Dec. Extrapolating the observed JCMT flux
for HD 15745 at 850 µm (12±1.4 mJy) to 1.27 mm gives 4.2
mJy (using a Rayleigh-Jeans slope of -2.6). With our new
observations, we found a total flux of 1.2 ± 0.32 mJy (see
Table 2), which indeed seems inconsistent with the JCMT
observations. We find that the slope of the modified black
body would have to be close to -5.7 to agree with our new
ALMA data. As this is too extreme, we conclude that the
JCMT observations of HD 15745 were indeed contaminated
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by some extra flux from background galaxies. Ignoring the
JCMT flux and using our new ALMA result, we find that
the mm-slope is of −2.6 ± 0.08, which is typical for debris
discs (MacGregor, et al. 2016).

For HD 15745, we find an offset compared to the star of
0.59” in declination, which may potentially be real (as it is
roughly aligned with the PA of the disc) and indicating that
there would be a NE/SW asymmetry in this disc in the mm.
Indeed, in scattered light, Schneider et al. (2014) find a clear
NE/SW asymmetry, which we may see in the mm. Higher
resolution data would be needed to confirm it. In scattered
light the disc’s inclination and PA are constrained to be ∼
67◦ and ∼ 23◦, respectively, but it is not trivial to constrain
in scattered light due to the fan shape of the disc (Kalas et
al. 2007; Schneider et al. 2014). We find that our lower limit
of 52 deg in inclination is consistent with these observations
but the PA we derive of 39 ± 5 deg is slightly larger than
in scattered light, which may reveal something yet to be
understood about the underlying mechanism producing fan-
like shaped debris discs. The µm-sized dust radial location
is also constrained to be at ∼ 68 au (after correcting for the
new GAIA distance) from the scattered light image (Kalas
et al. 2007), which is close to the value found in our mm-
study of 72± 6 au.

4.1.8 HD 191089

HD 191089 was also detected in the sub-mm thanks to the
JCMT (at 850 µm, see Holland et al. 2017). Proceeding in
a similar way as for HD 15745, we find that for HD 191089,
the JCMT flux is consistent with our new observation for
a modified black body slope of -2.45, typical of values in
other debris discs (i.e., the JCMT flux was probably not
contaminated by background galaxies as for HD 15745).

The first resolved image of HD 191089 was in the mid-
IR (Churcher et al. 2011). They found a PA of 80± 10 deg
and the emission was best-fitted with a belt from 26 to 84
au (using new GAIA distance), inclined at 55 ± 5 deg with
an inner hole inside of 26 au. The first resolved scattered
light observation was with the HST where they found incli-
nation and PA consistent with mid-IR observations and that
the disc should be within 70 au (using new GAIA distance).
More recent work coupling HST (STIS and NICMOS), and
GPI data, place the µm-sized dust traced at optical wave-
lengths at 46 au with a FWHM of 25 au, an inclination of
59+4
−2 deg and a PA of 70+4

−3 deg (Ren, et al. 2019). We find
that the sub-mm dust traced by ALMA is at a radius ∼43
au (with a FWHM< 45 au), inclined by at least 52 deg, with
a PA of 73± 4 deg consistent with previous findings. We do
not see any obvious asymmetry (as in scattered light) in the
mm-image and more work that goes beyond the scope of
this paper would be needed to characterise that in further
detail.

4.1.9 HD 69830

We do not detect mm-dust but rather the star’s photosphere
in this case as is explained in further detail in subsection 4.4.

4.1.10 HR 4796 A

As shown in Sec. 3.1, we find that our findings are consistent
with previous studies but we do not derive new updated
constraints as our observations are at a lower resolution than
previous work (e.g. Kennedy et al. 2018).

4.2 First gas detection around a G-type star: HD
129590

A crucial result of this paper for the gas part is the new CO
gas detection around the G1V (i.e. Sun-like) star HD 129590.
HD 129590 is a young star member of the ScoCen association
with an age of 10-16 Myr (Chen, et al. 2011). The very first
detections of CO were around A-type stars, which led people
to believe it was an A-star phenomenon. The model by Kral
et al. (2017) showed that it was expected that gas would be
released at a lower rate (on average) around later-type stars
(see their Eqs. 1 and 2), which was later better quantified by
Matrà et al. (2019). Other than A-stars, we now know of two
F stars7 surrounded by CO gas (HD 146897 and HD 181327,
Lieman-Sifry et al. 2016; Marino et al. 2016), one around a
G star (this work) and one around an M star (Matrà et al.
2019). We have to integrate for longer to reach the sensitivity
necessary to detect gas around these later spectral types but
ALMA has the sensitivity to do so (Kral et al. 2017) and
will likely lead to the first detection around a K-type star in
the coming years.

We derive a mass range (in non-LTE assuming optically
thin emission) of 2.1 × 10−5 - 1.3 × 10−4 M⊕. Higher S/N
data and/or looking for CO isotopologues or neutral carbon
would be needed to pinpoint the gas mass in this system
and assess whether the line is optically thin and if this disc
is shielded or not (Kral et al. 2019).

This new finding is important to understand the origin
of our Solar System as it shows that this late gas can be
present around G-type stars very similar to our Sun. Such a
quantity of gas in the early time of our Solar System could
have influenced the late stages of planet formation by chang-
ing the metallicity or C/O ratio of giant planets and provid-
ing some volatiles to the already formed terrestrial planets
from early active planetesimal belts (Kral et al. 2020).

4.3 New constraints from the CO gas detection in
HD 121191

Our MCMC modelling finds that both the temperature T0

and surface density Σ0 at the gas disc centre is constrained
(see Fig. 6). Given that these parameters should be degener-
ate we tried to understand where these potential constraints
come from, for example whether optical depth effects cause
the line shape to vary in ways that are inconsistent with the
data. At low-T, the gas becomes even more optically thick
and most of the emission comes from large radii (where ra-
dial velocities are small) and the line becomes single-peaked,
leading to a fit that is not as good as for the fiducial best-fit

7 There is also CO marginally detected around the F-star η Crv

but very close-in and the gas origin is expected to be different
and coming from exocomets being sent into the inner region of

the system rather than being released in the debris belt itself

(Marino, et al. 2017).
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model. At high-T the constraint is harder to understand.
We find that the CO disc becomes smaller because it is less
optically thick, which does not allow for a good fit. Some
more dedicated efforts would be needed such as exploring a
larger parameter space and/or a different density profiles to
validate these constraints but the cpu resources needed for
that go beyond what is doable in a reasonable amount of
time. New data at higher resolution and in a different band
would help to further confirm our constraints on Σ0 and T0.

We now test whether the gas disc around HD 121191 is
self-shielded. We find that Σ0 ∼ 10−5 kg/m2, i.e. the (ver-
tical) column at R0 ∼ 22 au is 2 × 1016cm−2. Using Visser
et al. (2009), we find that for such a CO column, the CO
photodissociation timescale is longer than if unshielded by a
factor ∼30. Neutral carbon could also provide some shield-
ing, which would lower the predicted gas production rate
and affect the predictions of the composition of exocomets
in this system (Kral et al. 2019). This shielding may also
explain why the CO gas disc is observed in the inner region
of the system (at ∼20 au) rather than at the parent belt
location (at ∼ 60 au). Indeed, hydrodynamical simulations
taking into account carbon and CO self-shielding (Kral et
al. 2019; Moór, et al. 2019; Marino et al. 2020) show that
the CO surface density can go up with decreasing distance
to the host star when CO is shielded. Higher resolution im-
ages of this system along with new carbon observations with
ALMA would be able to test the spreading model in great
detail but it goes beyond the scope of this paper to model
more precisely the low-resolution image we have at present.

Detecting CO gas closer to its parent belt is not un-
precedented. The inner radius of the gas disk around the
A3V star HD 21997 is located at < 26 au (Kóspál et al.
2013) and at 22± 6 au (similar to HD 121191) for the ten-
tative gas detection around the F2V star η Crv (Marino, et
al. 2017). Viscous evolution in a shielded disk might better
explain the former while comets being sent inwards from
an outer belt may better explain the latter. In HD 121191,
shielding may be able to explain the results but we cannot
rule out that comets are being sent inwards in this system
that has an unusual mid-infrared emission feature and large
quantities of warm dust (Melis, et al. 2013). These comets
would then release molecular species closer than the parent
belt. Comets at 22 au around HD 121191 would have an
equilibrium temperature close to 92 K, which is close to 80
K where desorption rates are maximum for CO2 in isolation
(Collings, et al. 2004). CO2 could then be released and cre-
ate some CO, by dissociating into CO+O and/or because
CO trapped in CO2 ices would also be released. Desorption
of water ice could also release trapped CO and/or CO2 but
it reaches a maximum at ∼140 K, which is at about 10 au in
HD 121191. Higher resolution observations would allow us
to distinguish between the CO2 ice line and shielding mod-
els by looking at the radial distribution of the gas and its
velocity at different locations in the disk.

4.4 Detection of the star HD 69830

There is a disc of warm (> 200K) dust (Beichman, et al.
2005) detected at a few au from HD 69830 but does this
system also possess a colder belt? Very little emission is ex-
pected in the mm from this warm component, and Herschel
did not detect cold dust in the infrared (Sibthorpe, et al.

2018). We detect some continuum emission at the star lo-
cation but this system being very nearby (12.6 pc), it is
possible that we actually detect continuum emission from
the star itself. To test that hypothesis, we fit a PHOENIX
stellar spectrum (Husser, et al. 2013) to the SED of that
G8V star and allow for some extra emission coming from
warm dust. We find that the emission at 1.27 mm is indeed
dominated by the stellar flux, which reaches 0.0507± 0.002
mJy. This is clearly in agreement with the observed flux of
0.05 ± 0.01 mJy (see Table 2). We thus confirm that there
is no significant mm-wavelength emission coming from the
warm dust beyond a few tens of microns and we do not
detect any colder belt either. The total flux we detect is
in agreement with expectations from emission from a G8V
star and we do not detect any extra excess that could be
attributed to chromospheric stellar emission such as in the
α Cen system (Liseau et al. 2015).

4.5 Constraints on exocomet compositions

4.5.1 CO content

We do not attempt to derive the CO content in the plan-
etesimals of HD 121191 and HD 129590 as these discs are
most probably self-shielded and may be shielded by carbon.
However, we note that the total CO mass we found for HD
121191 agrees with our predictions from Kral et al. (2017)
(but there could be some extra shielding from carbon which
is not accounted for in the 2017 model). For HD 129590, the
gas model in Kral et al. (2017) predicts masses of order 10−2

M⊕, which is much higher than found in our study. For these
systems more observations are needed and more careful self-
consistent modelling must be done to account for shielding
to give a coherent CO content. However, for non-detections
(with much lower masses), we convert the upper limits in
mass we found in Sec. 3.2 (Table 7) to an upper limit in
CO(+CO2) ice mass fraction on the planetesimals of these
systems. To do so, we assume that the production rate of gas
and dust are at steady state and compare them to get the
CO mass fraction, which we calculate from Eq. 2 in Matrà et
al. (2017b), where we use Kral et al. (2017) to compute CO
photodissociation timescales. We note that these CO discs
(if they exist at all) are most likely not self-shielded because
the upper limits in surface density we find in Table 6 are at
least 2 orders of magnitude smaller than for HD 121191 and
checking in Visser et al. (2009), these discs would have very
little self-shielding8. We show the results in Figure 11, where
the black arrows are for upper limits from our LTE MCMC
calculations and the red arrows account for the non-LTE
range of masses we found. In Figure 11, the grey shaded re-
gion corresponds to the range of CO(+CO2) mass fractions
observed for comets in our Solar System, i.e. between 6 and
50% (Bockelée-Morvan 2011).

We conclude that the upper limits we obtained with
ALMA are, so far, not at odds with the composition of Solar

8 With no carbon observations at hand, we cannot say that car-

bon shielding is non-existent. If carbon is present in sufficient
quantity to shield CO then we would predict even lower amount
of CO ice trapped on the grains, hence our upper limits would

still be valid.
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System comets. Assuming that the LTE upper limits are cor-
rect and using the width of belts obtained from other studies
(Kennedy et al. 2018; Wahhaj, et al. 2016; Lagrange, et al.
2016; Schneider et al. 2014; Churcher et al. 2011; Engler, et
al. 2019; Hom, et al. 2019), we can put even stronger con-
straints on the CO content of planetesimals in these systems
(see black arrows in Fig. 11). For instance, we find that the
CO content in HD 114082 (<1.6%) and HR 4796A (<1.9%)
is already below the range of CO content compared to the
Solar System comets. This result for HR 4796A was already
pointed out in Kennedy et al. (2018) where they used CO
upper limits in band 7 to put a constraint of <1.8%, which
may mean that the composition of planetesimals in this sys-
tem is different to what can be found in our Solar System
or that CO is not released for some reasons yet to be under-
stood (e.g. Marino et al. 2020, suggest that the belt in that
system may have formed within the CO snowline and thus
its planetesimals are CO depleted compared to comets). We
also find that the CO content in the planetesimals of HD
106906 (<8%) and of HD 117214 (< 7%) is already at the
lower end of the composition range seen in Solar System
comets.

4.5.2 HCN content

For the two systems with CO detections (HD 121191 and
HD 129590), we estimate the maximum ratio of HCN/CO
production rate. We use Eq. 3 in Matrà et al. (2018a) to
compute this outgassing rate assuming no shielding and
where we derived the level populations xu,CN and xu,CO us-
ing the same NLTE excitation code including fluorescence.
Photodissociation timescales are mainly driven by the ISRF.
As CN is not detected in both cases, we obtain upper lim-
its (assuming that all CN comes from photodissociation of
HCN, which is mostly true in our Solar System) on the
HCN/[CO(+CO2)] outgassing rate ratio from exocomets of
< 2.4% for HD 129590 and < 0.46% for HD 121191. For HD
121191, this is about 5 times more constraining than the up-
per limit on the HCN/CO production rate derived in β Pic
(of ∼ 2.5%, Matrà et al. 2018a). It leads to much stronger
constraints when comparing to measured outgassing rates in
our Solar System. For instance, we find that these values for
the HCN/CO production rate are much lower than observed
for comets with short perihelia but is close to values observed
for comets at greater distances (> 5 au, see Fig. 5 in Matrà
et al. 2018a). We note that these calculations assumed no
shielding for either CO or CN (and that the emission is opti-
cally thin); CO could self-shield and carbon could shield CO
even more, but CN should be less affected. For HD 121191,
we found that CO could be shielded by at least a factor of
30 (see Sec. 4.3), which means that less CO per unit time is
produced than assumed in our first guess estimate and the
HCN/CO production rate will go up by at least a factor 30
(unless CN is strongly shielded). For HD 129590, this effect
may be less important but still has to be quantified better
from deeper observations of CO, CN and targeting carbon
with ALMA.

These results could be explained by different scenarios.
Either HCN is truly depleted compared to CO in these ex-
ocomets (similar to the low HCN/CO ratio found for the
interstellar comet 2I/Borisov, Cordiner, et al. 2020), or CO
is being preferentially released (which would favour some re-

lease mechanisms over others) or this ratio is actually higher
due to CO shielding that makes CO more easily observable.
The latter is certainly true for HD 121191 and should be
checked further for HD 129590.

4.6 Unexplained CO gas detection close to HD
106906

We also detect some significant CO emission on the SE side
of HD 106906 at about 3-4” when following the continuum
disc PA (see Fig. 4). The coordinates of the brightest pixel of
the CO emission are RA 12:17:53.425 and Dec -55:58:35.776
(ICRS, observed on the third June 2018). However, the PA
of the CO putative detection seems to be almost perpendic-
ular to the PA of the continuum, so the CO may be due to
a cloud along the line of sight. But we note that the cloud
is roughly at the stellar velocity and the spectrum shows a
double peaked profile, which is usually due to circumstellar
discs. We just report this unexplained CO detection without
finding convincing explanations owing to its origin. If it is a
cloud then its intra-cloud motions could be complex enough
to create a double peaked profile and if it is circumstellar
then the PA of the gas disc is definitely not well oriented
compared to the PA of the dust disc. HD 106906 is, how-
ever, a complex system with a planet at hundreds of au on
the NW side of the star and with, supposedly, recent fly-bys,
which may have influenced its evolution and created asym-
metries, which we see in the dust component (De Rosa &
Kalas 2019) that may have impacted any gas disc present.
Further observations at higher resolution would be needed
to confirm whether or not this CO is bound to the star and
start investigating different possible scenarios.

5 SUMMARY AND CONCLUSIONS

In this study, we carried out a survey with ALMA (band
6) of the 10 following stars: HD 106906, HD 114082, HD
117214, HD 121191, HD 129590, HD 143675, HD 15745,
HD 191089, HD 69830 and HR 4796. We looked for dust,
as well as gas emission (CO and CN). We detect continuum
emission in 9/10 systems, sometimes for the first time, and
are able to derive the geometry (position, extent, inclination,
PA) and masses of these dust discs. For instance, we provide
the first detection in the mm for HD 106906, which we also
resolve (see Fig. 1). We also provide the first mm-radius
for HD 114082, 117214, HD 15745, HD 191089 and the first
radius at all for HD 121191 (see Table 5). We detect emission
from the star HD 69830 (located at 12.6 pc) with ALMA,
which seems consistent with model expectations of emission
of a G8V star with no excess that could be attributed to
chromospheric stellar emission.

We also detect circumstellar gas around HD 121191 and
HD 129590 (see Fig. 2) as well as some CO gas at a few arc-
sec from HD 106906 (which does not seem to orbit the star
itself, see Fig. 4) and some CO along the line-of-sight of HD
114082 (not at the stellar velocity, see Fig. 3). This is the
first detection of gas around HD 129590 and around any
G-type star. The gas around HD 129590 may be colocated
with its planetesimal belt (∼ 70 au) and its total mass is
likely between 2 − 10 × 10−5 M⊕. This detection around a
star similar to our Sun raises questions as to whether gas
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Figure 11. Upper limits on the CO(+CO2) ice mass fractions for the 7 systems listed on the x-axis of the plot. In red, we show the

extent of upper limits based on non-LTE calculations for a wide range of temperatures and electron densities (see Fig. 8). In black, we
show the upper limit derived from our LTE MCMC calculations where we fixed the FWHM to observed values (see Sec. 4.5.1). The grey

shaded region is the range of CO(+CO2) ice mass fractions in comets in the Solar System (Bockelée-Morvan 2011).

Figure 12. Upper limits on the HCN to CO outgassing rate for HD 121191 and HD 129590.

could also have been released early in the Solar System life-
time and contributed to feeding the atmospheres of its 8
(giant and terrestrial) planets early-on with gas released by
its early planetesimal belts (Kral et al. 2020). From our gas
detection around HD 121191 (at higher S/N than previous
study), we are able to derive the position of the belt, which
we find is very close in (∼ 20 au, see Table 6) compared
to the planetesimal belt that is located at ∼ 50 au. We
speculate that this discrepancy may be explained from CO
self-shielding and shielding from carbon that would prolong
the CO lifetime and allow CO to viscously spread in the
inner region (see Kral et al. 2019, for more detail).

For the systems with no CO detections, we derive up-
per limits in CO mass as well as upper limits on the CO
content in planetesimals of these belts. We find systems (as-
suming LTE) where the CO ice mass fraction is already low
compared to Solar System comets (HD 106906, HD 114082,
HD 117214, HR 4796 A), which may indicate that the CO
content in these planetesimals is very different than in our
Solar System or that CO is not released at all (or much less
efficiently) in these systems for reasons that are yet to be
understood. Finally, we derive an HCN/CO outgassing rate
for planetesimals orbiting HD 121191 and HD 129590, which
we find similar to Solar System comets orbiting at large dis-

tances (>5 au) from the Sun but should be refined with
further observations to quantify shielding that may happen
in these systems and could affect the HCN/CO predictions.
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MNRAS, 475, 3046

Smith R., Wyatt M. C., Haniff C. A., 2009, A & A, 503,
265

Soummer, R., Perrin, M. D., Pueyo, L., et al. 2014, ApJ,
786, L23

Tanner A., et al., 2015, ApJ, 800, 115
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Figure A1. Irradiation of the discs for our sample of 10 stars. The orange line is the ISRF and the blue line is the star emission at the

belt radius. Vertical grey lines delimit the CO photodissociation range. Red lines are electronic (UV) and rovibrational (IR) transitions
that are accounted for in the non-LTE code we use (Matrà et al. 2015).
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