
Mon. Not. R. Astron. Soc. 000, 1–27 (2002) Printed 3 April 2017 (MN LATEX style file v2.2)

Predictions for the secondary CO, C and O gas content of
debris discs from the destruction of volatile-rich
planetesimals
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ABSTRACT
This paper uses observations of dusty debris discs, including a growing number of
gas detections in these systems, to test our understanding of the origin and evolution
of this gaseous component. It is assumed that all debris discs with icy planetesimals
create second generation CO, C and O gas at some level, and the aim of this paper
is to predict that level and assess its observability. We present a new semi-analytical
equivalent of the numerical model of Kral et al. (2016) allowing application to large
numbers of systems. That model assumes CO is produced from volatile-rich solid
bodies at a rate that can be predicted from the debris discs fractional luminosity.
CO photodissociates rapidly into C and O that then evolve by viscous spreading.
This model provides a good qualitative explanation of all current observations, with
a few exceptional systems that likely have primordial gas. The radial location of the
debris and stellar luminosity explain some non-detections, e.g. close-in debris (like HD
172555) is too warm to retain CO, while high stellar luminosities (like η Tel) result in
short CO lifetimes. We list the most promising targets for gas detections, predicting
> 15 CO detections and > 30 CI detections with ALMA, and tens of CII and OI
detections with future far-IR missions. We find that CO, CI, CII and OI gas should
be modelled in non-LTE for most stars, and that CO, CI and OI lines will be optically
thick for the most gas-rich systems. Finally, we find that radiation pressure, which can
blow out CI around early-type stars, can be suppressed by self-shielding.

Key words: accretion, accretion discs hydrodynamics interplanetary medium plan-
etdisc interactions circumstellar matter Planetary Systems.

1 INTRODUCTION

Gas is observed around a growing number of planetary sys-
tems where planets are likely to be formed and the proto-
planetary discs in which they formed are already gone. All
these gas detections are in systems where secondary dust
is created from collisions by bigger bodies orbiting in a de-
bris belt similar to the Kuiper or asteroid belt in our so-
lar system. Similarly, the observed gas around these mature
systems may also be of secondary origin and being released
from debris belt planetesimals/dust owing to grain-grain col-
lisions (Czechowski & Mann 2007), planetesimal breakup
(Zuckerman & Song 2012), sublimation (e.g. Beust et al.
1990), photodesorption (Grigorieva et al. 2007) or giant im-
pacts (Lisse et al. 2009; Jackson et al. 2014). For some sys-
tems such as HD 21997, the observed gas may be of primor-
dial origin (Kóspál et al. 2013).

? E-mail: qkral@ast.cam.ac.uk

Molecular CO gas is observed in the sub-mm with both
single-dish telescopes (JCMT, APEX) and interferometers
such as ALMA, the SMA or NOEMA. For the brightest tar-
gets, ALMA’s high-resolution and unprecedented sensitivity
allow us to obtain CO maps for different lines and isotopes
showing the location of CO belts and giving an estimate of
their mass (see the CO gas disc around β Pic, Dent et al.
2014; Matrà et al. 2017). Atomic species are also detected
around a few debris disc stars. In particular, Herschel was
able to detect the OI and CII fine structure lines in two
and four systems, respectively (e.g. Riviere-Marichalar et
al. 2012; Roberge et al. 2013; Riviere-Marichalar et al. 2014;
Cataldi et al. 2014; Brandeker et al. 2016). Also, metals have
been detected, using UV/optical absorption lines, around β
Pictoris (Na, Mg, Al, Si, and others, Roberge et al. 2006),
49 Ceti (CaII, Montgomery & Welsh 2012), and HD 32297
(NaI, Redfield 2007). Some of these metals are on Keplerian
orbits but should be blown out by the ambient radiation
pressure (Olofsson et al. 2001). It is proposed that the over-
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2 Q. Kral

abundant ionised carbon observed around β Pic, which is
not pushed by radiation pressure could brake other ionised
species due to Coulomb collisions with them (Fernández et
al. 2006). A stable disc of hydrogen has not yet been ob-
served in these systems (Freudling et al. 1995; Lecavelier
des Etangs et al. 2001) but some high velocity HI compo-
nent (presumably falling onto the star) was detected recently
with the HST/COS around β Pic (Wilson et al. 2017). All
these observations need to be understood within the frame-
work of a self-consistent model. Models of the emission of
the gas around main sequence stars have been developed,
but gas radial profiles were not derived self-consistently and
often assumed to be gaussian (e.g., Zagorovsky et al. 2010)
or not to be depleted in hydrogen compared to solar (as
expected in debris discs, e.g., Gorti & Hollenbach 2004) or
both (e.g., Kamp & Bertoldi 2000).

One self-consistent model has been proposed in Kral
et al. (2016) (KWC16) that can explain gas observations
around β Pictoris. It proposes that CO gas is released from
solid volatile-rich bodies orbiting in a debris belt as first
proposed by Moór et al. (2011); Zuckerman & Song (2012),
and verified by Dent et al. (2014); Matrà et al. (2017). CO is
then photodissociated quickly and produces atomic carbon
and oxygen gas that evolves by viscous spreading, param-
eterised with an α viscosity, resulting in an accretion disc
inside the parent belt and a decretion disc outside. A steady
state is rapidly reached (on a viscous timescale), meaning
that it is unlikely that we observe a system in a transient
phase. The α viscosity could be provided by the magneto-
rotational instability (MRI) as presented in Kral & Lat-
ter (2016). Gas temperature, ionization state and popula-
tion levels are computed using the photodissociation region
(PDR) model Cloudy at each time step (Ferland et al. 2013).

This model is generic and could apply to all debris discs
as long as they are made up of volatile-rich bodies and their
CO content is released as gas as they are ground down within
a steady-state collisional cascade as proposed in Matrà et al.
(2015). To apply the KWC16 model to a given system, we
assume that the CO released is a proportion γ of the mass
lost through the collisional cascade. That mass loss rate can
be determined from the fractional luminosity of the debris
disc LIR/L? and its temperature from which the planetesi-
mal belt location R0 can be determined. These combine to
give the CO input rate of ṀCO, which is one of the param-
eters in the KWC16 model, along with R0, the α viscosity,
the amount of radiation coming from the central star (L?)
and the interstellar radiation field (LIRF) as well as the dis-
tance to Earth d. That model can then provide as an output
the radial structure of the atomic gas disc in terms of den-
sity, temperature, ionization fraction for different elements,
line fluxes, and make predictions/produce synthetic images
for observations with ALMA or any other instruments.

In this paper, we will provide a semi-analytical model
(simpler than the complex numerical model described
above) to model secondary gas in debris discs and apply
it to a large sample of debris disc systems in order to pre-
dict the abundance and detectability of CO, CI, CII and
OI for each system. Previous observations, both detections
and non-detections, will provide tests of these predictions,
and allow us to assess whether the model can be used as a
reliable predictor for unobserved systems.

We assume γ, α, and LIRF are same for all stars (we

take the local interstellar radiation field derived by Draine
2011), in which case the detectability of gas in the model
depends only on R0, ṀCO, L? and d. We will explain which
parts of this parameter space should be preferentially ob-
served when trying to detect CO, CI, CII or OI with dif-
ferent instruments. This will give a general understanding
of gas observations in debris discs and is particularly well
suited for planning mm-wave APEX/ALMA line observa-
tions and considering the science that could be done with
future missions such as SPICA (Swinyard et al. 2009) or
NASA’s far-IR surveyor concept (FIRS, now called the Ori-
gins Survey Telescope) that may be built within the next 15
years.

In section 2, a summary of gas detections around nearby
main sequence stars is presented. In section 3, we present CO
abundance predictions for a large sample of debris discs and
explain which systems are more likely to have CO detected.
In section 4, we present a similar analysis for CI and CII
and go on with OI predictions in section 5. We discuss our
findings in section 6 before concluding in section 7.

2 GAS OBSERVATIONS IN DEBRIS DISCS

The number of debris disc systems with gas detected is grow-
ing and we now have 12 systems that can help us to under-
stand the dynamics of this gas and its origin. These systems
are presented in Table 1. Ten of them have CO detections,
whilst 2 have CI detected, 4 have CII detected and 3 systems
have OI detected. All of these systems are shown in Fig. 1
in a L? versus R0 diagram (see Table 1 to find the values
used and their references).

In this plot, we show the 4 fundamental parameters that
matter in this study: R0 and L? (the x and y-axes), ṀCO

1

(the point colour) , and d (the point size). On the plot, one
can see where the 12 systems lie, and we annotate their
names, as well as the elements that have been detected so
far (we omit metals as they are not expected to make up
the bulk of the gas, Fernández et al. 2006). We overlay a
blue line showing a black body temperature of 140K. For
CO adsorbed on amorphous H2O, this is the temperature
above which CO cannot be trapped in ices (under laboratory
conditions, Collings et al. 2003). Any systems to the left of
this line should not be able to retain any CO on grains (if
no refractories are present to hold CO). A photodissociation
timescale of 10 years is shown by the green line. If only
the interstellar radiation field (IRF) were to be present (no
central star or shielding), the photodissociation timescale
would be equal to ∼120 years (Visser et al. 2009). Systems
that are above the green line are sufficiently luminous that
the central star’s radiation will act to significantly decrease
this timescale. It is thus unlikely to detect CO far above this
green line for reasonable production rates.

The CII and OI fine structure lines have been detected
with Herschel thanks to the GASPS program, which used
PACS to survey a small sample of debris discs (Dent et al.
2013; Riviere-Marichalar et al. 2014). Also, HIFI high spec-
tral resolution data have been used for probing the CII loca-
tion (and potential asymmetries) around β Pic (Cataldi et

1 Computed with Eq. 2
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Icy exocomets as the origin of gas in debris discs 3

Figure 1. L? Vs R0 for all discs with gas detected (see Table 1).
The point sizes are inversely proportional to distance to Earth and

the colour bar indicates CO input rates deduced from our model.

The blue line represents a black body temperature of 140K and
the green line a photodissociation timescale of 10 years.

al. 2014). Of the systems with CO detected, 9 out of 10 have
also been observed and detected with ALMA (see Table 2
to see the calculated CO masses from line fluxes). We in-
cluded the four new CO ALMA detections by Lieman-Sifry
et al. (2016), HD 138813, HD 146897, HD 110058 and HD
156623 (references are listed in Table 1). We do not include
the recent tentative detection of CO in η Corvi by Marino
et al. (2017), as the CO detection is not co-located with its
debris belt and the gas release mechanism may be different
than proposed in this paper.

In Fig. 1 and Table 1, one can notice several trends.
Most gas detections are around A stars (only HD 181327
and HD 146897 are F stars). Also, all systems have high frac-
tional luminosities; greater than 5× 10−4. Moreover, all the
detections are for young systems that are less than 45 Myr
old2. In terms of the gaseous species detected, CO is almost
always detected (10/12). For one system, CII is detected
without CO (η Tel), and for another, OI is the only element
detected (HD 172555). These two systems are located in
the green and blue hatched areas, respectively, which could
potentially explain a lack of CO detections so far (see sub-
sections 3.1 and 3.5.3 for a more thorough explanation). We
also note that there is an OI detection around HD 98800
(member of TW Hydrae association, Riviere-Marichalar et
al. 2013) but we do not include this system as it might still
be in an early pre-debris disc stage. All of the CO detections
are for systems with debris belts located beyond 50au.

Could these main trends be explained within the frame-
work presented in KWC16? The remainder of this paper
tackles this question. We first present the part of the semi-
analytical model that computes CO mass predictions from
the parameters of the dust belt and all the results we get
for CO in section 3. We then present the rest of the semi-
analytical model to be able to get CI, CII predictions in sec-
tion 4 and later OI predictions in section 5. We show that it

2 We note that the age of HD 32297 is not well constrained but

is likely ∼ 30Myr or younger (Kalas 2005).

is indeed possible to explain all the main trends presented
above and henceforth give some predictions for debris disc
systems without gas detected so far.

3 UNDERSTANDING CO

In this section, we explain why CO has been detected only
around 10 main sequence stars so far. To do so, we use our
model to make predictions for the CO mass around many
debris discs under the assumption that the dust is created
in the destruction of volatile-rich planetesimals, a process
which also releases CO gas (Zuckerman & Song 2012; Matrà
et al. 2015). We then compare these predictions to APEX
and ALMA mass detection limits to assess the detectability
of each system. We then make predictions of CO detectabil-
ity around a large number of debris disc host stars and pro-
vide the most promising targets to observe in the near fu-
ture. We also identify what determines the abundance of
CO in any system. We show how observations give us a way
to access the CO content of planetesimals, from which the
observed CO is released (Matrà et al. 2015; Marino et al.
2016; Matrà et al. 2017).

3.1 First check: Solid body temperature and
photodissociation timescale

Fig. 1 gives some first insights on the systems in which CO
is most likely to be detected. If the system is located in the
blue hatched area, all CO has likely been lost already as it
is released from icy grains above T ∼140K. This conclusion
assumes that there are no refractories and no CO hidden
in the core of big rocky bodies (the blue line assumes that
grains radiate like black bodies). The only possibility to have
CO in this region in a secondary scenario would be if there is
enough CO (or CI, Matrà et al. 2017) to shield the radiation
coming from both the star and IRF, but this requires a sub-
stantial amount (Matrà et al. 2017). This explains naturally
why we do not expect CO to be detected around HD 172555
but we note that if the disc is twice as large as assumed here
and/or that CO is hidden inside rocky bodies and released
when they collide, it would be possible for CO to be present.

Also, it is less likely to find CO in the green hatched
area as the photodissociation timescale is smaller than 10
years (calculated with Eq. 6, assuming no shielding) in this
region and can reach very low values. This is a natural ex-
planation for the lack of CO detection around η Tel so far.
Not accounted for in this explanation are the CO mass in-
put rate ṀCO and distance to Earth d, which we consider
further below.

3.2 CO mass predictions

To predict the CO mass within debris disc systems, we make
the assumption that gas is produced from debris created
through the collisional cascade. The mass loss rate can be
worked out from Wyatt (2008) assuming a q = −3.5 stan-
dard size distribution (e.g. Kral et al. 2013). While produc-
ing debris through the collisional cascade, we assume that

c© 2002 RAS, MNRAS 000, 1–27



4 Q. Kral

Table 1. List of all known debris discs with gas.

Star’s Atoms & L? d MCO R0 Mdust LIR/L? Star’s

name molecules observed (L�) (pc) (M⊕)a (au) (M⊕) age (Myr)

β Pic1 CO,CI,CII,OI,... 8.7 19.4 2.8 × 10−5 85 7.8 × 10−2 1.7 × 10−3 23
49 Ceti2 CO,CI,CII,OIb 15.5 59.4 1.4 × 10−4 100 0.27 1.1 × 10−3 40

η Tel3 CII 22 48.2 - 24 1.3 × 10−2 7.6 × 10−4 23
HD 219974 CO 14.4 71.9 6 × 10−2 60 0.16 5.9 × 10−4 45

HD 322975 CO,CII 5.6 112 1.3 × 10−3 110 0.37 5.4 × 10−3 30

HD 1100586 CO 5.9 107 2.1 × 10−5 50 3 × 10−3 1.9 × 10−3 10
HD 1318357 CO 9.2 122 6 × 10−2 50 0.47 1.5 × 10−3 16

HD 1388136 CO 24.5 150.8 7.4 × 10−4 100 7.6 × 10−3 1.5 × 10−3 10

HD 1468976 CO 3.1 122.7 2.1 × 10−4 100 2 × 10−2 5.4 × 10−3 10
HD 1566236 CO 14.8 118 2.0 × 10−3 75 2.4 × 10−4 5.5 × 10−3 10

HD 1725558 OI 7.8 29 - 6 4.8 × 10−4 7.8 × 10−4 23

HD 1813279 CO 3.1 51.8 1.8 × 10−6 85 0.44 2 × 10−3 23

a We computed these masses in NLTE from the most recent 12CO integrated line fluxes cited in papers below (assuming

that it is optically thin), except for HD 21997 and HD 131835 where it is based on C18O observations (see also Table 2).
b CI and OI are detected via absorption lines in the UV for 49 Ceti and their abundances are not well quantified (Roberge

et al. 2014).
1 Kral et al. (2016), 2 Hughes et al. (2008),3 Riviere-Marichalar et al. (2014),4 Kóspál et al. (2013),5 Greaves et al.
(2016),6 Lieman-Sifry et al. (2016),7 Moór et al. (2015, 2016),8 Riviere-Marichalar et al. (2012),9 Marino et al. (2016)

solid bodies are composed3 of a certain amount of CO γ
(typically equal to ∼ 10 percent in Solar System comets,
Mumma & Charnley 2011) that is released through the mass
loss process. Solid bodies ground down into dust in the col-
lisional cascade are removed by radiation pressure at a rate
Ṁloss. Unless volatiles remain in dust then the CO produc-
tion rate should only depend on the rate of dust production.
In terms of the parameter space we study in this paper, the
mass loss rate is equal to (Wyatt 2008)

Ṁloss = δ

(
LIR

L?

)2(
L?
L�

)13/12(
R0

1au

)−1/3

M⊕/Myr, (1)

where R0 is the distance from the host star to the planetes-
imal belt (in au), L? is the star’s luminosity (in L�) and δ
equals e5/3(2700/ρ)/(2.4×10−10dr/r Q∗D

5/6). LIR/L? is the
fractional luminosity of the debris disc, e the mean eccen-
tricity of the parent belt planetesimals, dr the belt width
(in au), ρ their bulk density (in kg/m3) and Q∗D their colli-
sional strength (in J/kg). For the purpose of this study, we
use typical values (as in Wyatt 2008), i.e we fix e = 0.05,
dr/r = 0.5, ρ = 3000 kg/m3, Q∗D = 500 J/kg, which gives
δ = 2.9× 105. We will study in subsection 3.6 what change
can result from varying these parameters. Therefore, the CO
mass rate can be estimated as

ṀCO = γṀloss, (2)

where γ needs to be on the order of a few percent to fit the
observed β Pic CO mass or the composition of Solar Sys-
tem comets. More precisely, we fix γ to 6%, the upper limit

3 Note that the CO2 ice may also contribute to the observed CO

gas mass (e.g. Marino et al. 2016), in which case this assumed
CO+CO2 fraction would be higher by at most a factor of a few,

increasing the CO gas mass produced (this would only change γ

by a few).

found by Matrà et al. (2017) for β Pic (when taking into ac-
count that CO2 dissociation can also contribute to observed
CO). This is consistent with the composition of Solar Sys-
tem comets for which 2% < γ < 27% (when also including
CO2 that can contribute to the observed CO, Mumma &
Charnley 2011; Matrà et al. 2017).

To get the actual CO mass, one needs to know the
photodissociation timescale tph, which is directly propor-
tional to the impinging UV radiation on the gas disc. The
main contributors to UV photons are the central star and
the interstellar radiation field. The mean intensity field (in
W/m2/Hz) is defined as

Jν =
1

4π

∫
Ω

Iν dΩ, (3)

where the intensity Iν is the sum of the stellar I? and IRF
IIRF intensities, and is integrated over the solid angle Ω sub-
tended by its source. We use Castelli & Kurucz (2004) stellar
spectra for I? and the Draine interstellar radiation field for
IIRF (Draine 2011).

Also, we take into account any attenuation of the flux
coming from the star and IRF. When CO photodissociates,
it creates atomic carbon and oxygen that spread all the way
to the star. CI will photoionize by absorbing strong UV pho-
tons with energies greater than 11.26eV (the ionization po-
tential of CI). This will attenuate the UV flux impinging
onto CO and reduce the CO photodissociation efficiency.
We take into account the attenuation in the radial direction
for radiation coming from the star but also in the vertical
direction for the IRF. We note that we do not attenuate
the photons with energies lower than 11.26eV that may still
participate in photodissociating CO. The new fluxes after at-
tenuation are I? exp(−τr) and IIRF exp(−τv), where τr and
τv are the radial and vertical optical thicknesses to UV ra-
diation defined as

c© 2002 RAS, MNRAS 000, 1–27



Icy exocomets as the origin of gas in debris discs 5

τr(R) = σion

∫ R

0

nCI(R
′) dR′, (4)

τv(R) = σion H(R)nCI(R), (5)

where nCI is the CI number density, σion is the CI ioniza-
tion cross section and H the height of the gas disc. Note
that equations 4 and 5 require knowledge of the density of
CI, the calculation of which is given in equations 14 and
15 of section 4. For simplicity we first present here all the
equations relating to CO, but note that the full model re-
quires section 4 to close the system of equations presented in
this section. However, for most targets the CO photodissoci-
ation timescale will in fact be dominated by the interstellar
radiation field (roughly outside of the green hatched area in
Fig. 1) and can be assumed to be 120yr so that Eqs. 4 and 5
are not needed to compute this timescale (see also KWC16).

The CO photodissociation timescale can now be com-
puted

tph =

(∑
ν=νi

4πJν
hν

σCO
ν

)−1

, (6)

where σCO
ν is the CO photodissociation cross section per

unit wavelength and νi are the frequencies of the lines that
produce photodissociation (mostly in the UV). The cross
sections are taken from van Hemert & van Dishoeck (2008).

Also, CO can self-shield against photodissociation if CO
column densities in the vertical direction NCO are & 1012

cm−2 (Visser et al. 2009). We define the self-shielding factor
εCO as being equal to one when CO is optically thin to UV
radiation and scales as shown on Fig. 2. For this calculation
we assume that radiation is coming from all directions (from
the interstellar radiation field), that there is no H2 around
(as it is secondary gas), that Tex=5K (small NLTE excita-
tion temperature) and that the CO linewidth is 0.3km/s.
However, for a specific system, one can use different values
for the linewidth or Tex (see Fig. 3 in Visser et al. 2009) to
refine the estimate of εCO, which could vary by a factor ∼
1.5. The total mass of CO in the disc at any one time MCO

(in M⊕) is calculated assuming a steady state balance of gas
production and loss so that

MCO = ṀCOtphεCO, (7)

where the εCO factor accounts for the fact that the pho-
todissociation timescale from Eq. 6 must be increased by
this factor due to self-shielding.

To check from which CO input rate self-shielding starts
to matter, we plot MCO as a function of ṀCO in Fig. 3. We
assume that tph = 120 years and use different disc locations
(from 0-50au in dashed, from 50-100au in solid and from 100-
150au in dotted) to convert from MCO to NCO (CO column
density in the vertical direction) assuming a constant surface
density in the disc. We iterate a couple of times as MCO

depends on NCO, to reach convergence. For ṀCO & 5×10−3

M⊕/Myrs, this effect will become important and the CO
mass will increase steeply.

However, when CO self-shielding is important, CO pho-
todissociation timescales become very long and CO may
have time to spread viscously, hence reducing the vertical

Figure 2. CO self-shield factor εCO Vs CO column densities

NCO (in cm−2) in the vertical direction (solid line). Values taken

from Visser et al. (2009) and interpolated. The dashed line shows
the maximum εCO that can be reached before photodissociation

and viscous timescales are equal, limiting the growth of εCO (see

text for details).

column density. We also implement self-shielding into our
model. To do so, we compute the viscous timescale (see
Eq. 10, where we assume α = 0.5) for each system (depend-
ing on the location of the parent belt) and compare it to the
CO photodissociation timescale that includes self-shielding.
If the latter becomes longer than the viscous timescale, we
assume no more shielding from CO and keep the value where
these two timescales are equal. We added a dashed line in
Fig. 2 showing the maximum εCO that can be reached before
photodissociation and viscous timescales are equal assuming
R0 = 85au, T=100K and α = 0.5 around a β Pic-like star.
Therefore, the CO self-shielding factor εCO cannot grow to
extremely large values.

3.3 CO predictions compared with observations

We compare our CO predictions (small red points using
Eq. 7) with observed CO masses (large green points) in
Fig. 4 that are computed from the most recent CO inte-
grated line fluxes in NLTE (see Table 1 for references). On
this plot, the systems with CO detected are also labelled
in blue. Other systems with gas detected but no CO are
labelled in black. HR 4796 is labelled in orange for informa-
tional purposes, as it stands out in most of our predictions
(except for CO), but no gas has been detected yet. Observed
masses and predictions are linked by a thin black line for
each individual system with CO detected. We also plot de-
tection thresholds for APEX (orange) and ALMA (green) at
different wavelengths to check for the detectability of each
individual system but we detail that in a coming subsection
3.5. For now, we focus on comparing mass predictions with
observed masses.

c© 2002 RAS, MNRAS 000, 1–27



6 Q. Kral

Figure 3. MCO (in M⊕) Vs ṀCO (in M⊕/Myrs) taking into
account CO self-shielding at high input rates. We compute the

relation for three disc locations, from 0-50au (dashed), from 50-

100au (solid) and from 100-150au (dotted). The thin line shows
the unshielded values.

Comparing the CO predictions with observations, we
find that 7/10 systems have 0.1 . Mobserved/Mpredicted .
10, and can be explained by a secondary gas model. Specifi-
cally, we find that β Pic, HD 181327, 49 Ceti, HD 32297, HD
110058, HD 156623 and HD 146897 can be well explained
with secondary gas being produced within the debris belt
already known to be present.

The 3/10 systems left have Mobserved/Mpredicted > 100,
while others are generally within a factor 10 or slightly more.
We check later (see subsection 3.6) that varying the parame-
ters of the model can account for a factor ∼ 10 difference but
we consider systems that have Mobserved/Mpredicted > 100 as
not possible to explain with a secondary gas model. Specifi-
cally, HD 21997, HD 131835 and HD 138813 are in this cat-
egory. We note for instance that for HD 21997, for which the
CO mass is relatively well-known (thanks to the detection
of an optically thin C18O line), the five orders of magni-
tude that separate the observation from our prediction will
never be accounted for by our model. This reinforces the
conclusion of Kóspál et al. (2013), who suggested that CO
observations in this system can only be explained if the CO
is of primordial origin. Thus, our model can also be used
to identify systems that show anomalous behaviour when
predictions do not match observations by orders of magni-
tude. For these systems, it may well indicate that they are
of primordial origin.

Our model also finds that the predicted CO mass
around η Tel is well below the predictions for systems where
CO gas is detected. This is owing to the early stellar type
(A0V) of η Tel, which reduces the CO photodissociation
timescale to a small value so that CO cannot accumulate in
this system. This may explain the non-detection of CO in
this system so far (see subsection 3.5.3).

We also find that the CO mass in HD 172555 is pre-
dicted to be relatively high (∼ 3 × 10−4 M⊕) possibly at a
detectable level. However, as the debris belt in this system

is very close-in, it might be optically thick and the line flux
not detectable with APEX (see subsection 3.5.3). Also, as
explained in subsection 3.1, it may be that grains in this sys-
tem are just too warm (in the blue hatched area in Fig. 1)
to retain any CO.

Our simple analytical model is thus able to reproduce
CO observations (within uncertainties, see section 3.6) for
these specific systems and to flag anomalous systems which
may be of primordial origin or have a secondary origin that
fails to be modelled by the gas production mechanism as-
sumed in this paper.

The variations between our predictions and observa-
tions were expected as we do not fit our model to the ob-
servations but rather use fiducial values to see if the model
reproduces the bulk of observations. For instance, we as-
sumed that γ = 6% of dust is converted into CO (as found
for β Pic Matrà et al. 2017). This value might vary from one
system to another and could potentially explain differences
between some observed values and our predictions. For ex-
ample, γ may vary with age as the more CO is depleted from
grains, the less is exposed and the less comes off grains. γ
also varies with initial composition, which depends on ini-
tial abundances in the extra-solar nebula in which grains
formed, and depends also on planetesimal formation mech-
anisms. We note that gas detections provide a way to get
back to the value of γ and then to the amount of CO in
planetesimals.

3.4 Model predictions for a large sample of debris
disc stars

We selected a sample of 189 debris disc host stars to deter-
mine which of these is predicted to have CO at a detectable
level according to our model. The goal of our star selection
process is to choose any star for which gas is likely to be de-
tectable. So the nearby stars were included as they are close,
and the bright systems because they are still potentially de-
tectable (as ṀCO ∝ (LIR/L?)

2) despite being farther away.
We assume the same fiducial parameters as in subsection 3.3
to compute CO masses. These systems without gas detected
are also shown as red points in Fig. 4 but they are not la-
belled (except for HR 4796). If the systems lie in the blue
hatched area in Fig. 1 (i.e the black body temperature of
grains is greater than 140K), we use red downward arrows
as CO masses predicted are then only upper limits. In these
cases, we do not necessarily expect to be able to detect CO.

The parameters assumed for the sample of stars can
be found in Appendix C. Most debris disc systems in our
sample are not spatially resolved and we cannot measure
R0 (the planetesimal belt location) directly from images.
Rather, for this sample, R0 comes from an SED fit of each
individual spectrum. For the parent belt radius, we do not
use the black body radius, which is always underestimated
but rather use Eq. 8 in Pawellek & Krivov (2015) to correct
this radius (assuming a composition of 50% ice and 50%
astrosilicate, see their table 4).

We see that the predicted CO masses for ∼ 20 stars
in this sample are comparable to the level of observed CO
masses in other systems. Other stars from the sample have
lower CO masses that according to our model should not be
detectable with current instruments. We will study in more
detail their detectability in the next subsection.
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Icy exocomets as the origin of gas in debris discs 7

Figure 4. CO mass (in M⊕) as a function of distance to Earth (d). Planetary systems with gas detections are labelled with their names.

If CO is detected, the label is in blue (black otherwise). The CO mass worked out from observations are shown as green points (see

Table 2). The red points are predictions from our model. The red downward arrows show systems that are in the blue hatched area on
Fig. 1, which cannot keep CO trapped on solid bodies. The thin orange lines show detection limits (assuming LTE and T=100K) with

APEX at 1.3mm and 870µm (5σ in one hour) and the thin green lines are for ALMA at the same wavelengths and 2.6mm. We also

compute the detection thresholds in NLTE, assuming an ionization fraction of 0.1 and R0=85au. The corresponding thick lines are in
orange for APEX and green for ALMA and we keep the same line style for the different wavelengths.

Table 2. NLTE calculations of CO masses from observations (op-
tically thin assumption). We indicate as a footnote where the line

fluxes were taken from. The second column provides the assumed

electron density (computed from the model presented in this pa-
per) when computing the CO mass.

Star’s CO mass Electron Density
name (M⊕) (cm−3)

β Pic1 2.8 × 10−5 240
49 Ceti2 1.4 × 10−4 350

HD 219973 6.0 × 10−2 510

HD 322974 1.3 × 10−3 360
HD 1100585 2.1 × 10−5 500

HD 1318356 6.0 × 10−2 10
HD 1388135 7.4 × 10−4 1400
HD 1468975 2.1 × 10−4 5

HD 1566235 2.0 × 10−3 10
HD 1813277 1.8 × 10−6 130

1 Matrà et al. (2017), 2 Hughes et al. (2008), 3 Kóspál
et al. (2013), 4 Greaves et al. (2016), 5 Lieman-Sifry
et al. (2016), 6 http://www.eso.org/sci/meetings/

2016/Planet-Formation2016/Contributions/Oral/

planets2016-MoorA.pdf, 7 Marino et al. (2016)

3.5 Detection thresholds for APEX and ALMA

In this subsection, we first describe in 3.5.1 how we com-
puted the APEX/ALMA detection thresholds in Fig. 4. In
3.5.2, we then explain how we compute flux predictions from
our mass predictions. We can then assess in 3.5.3 the de-
tectability of the CO mass predicted for each system. In
3.5.4, we quantify the location of the LTE/NLTE transi-
tion. In 3.5.5, we explain in more detail the NLTE calcula-
tions used throughout the paper and describe how the NLTE
regime varies compared to LTE. Finally, in 3.5.6, we explain
how we compute the optical thickness of CO transitions.

3.5.1 Detection threshold calculation

To assess the detectability of each system in Fig. 4, we com-
pute the detection thresholds with APEX (orange lines) and
ALMA (green lines), assuming gas both in LTE (thin lines,
see subsection 3.5.4) and NLTE (thick lines, see subsection
3.5.5). While NLTE provides the most accurate estimate
of the line fluxes, LTE might be a valid approximation in
certain regions of parameter space and is much simpler to
calculate. Thus we plot both to emphasise their differences
(see Matrà et al. 2015).

For an optically thin line, the integrated line flux seen
at Earth is
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8 Q. Kral

Fu,l =
hνu,lAu,lxuM

4πd2m
, (8)

where Au,l is the Einstein A coefficient for spontaneous emis-
sion, νu,l the frequency of the transition and xu the fraction
of molecules that are in the upper energy level u, M the to-
tal mass and m the mass of the studied molecule (or atom).
We assume a typical gas temperature of 100K and show
assumed sensitivities (5σ in one hour from the APEX and
ALMA online calculators) in Table 3. The assumed PWV
and elevation are given in the description of Table 3. The
sensitivity is, here, independent of baseline configuration as
we assumed that the gas discs would be unresolved, which
yields maximum detectability. Using a Boltzmann distribu-
tion for the LTE case (thin orange and green lines) or solv-
ing the full statistical equilibrium (NLTE, thick orange and
green lines), one can find the total number of CO molecules
(or CO mass) that would create a certain flux at Earth.

If the LTE approximation is valid, Fig. 4 shows that
for a gas temperature of 100K, the 870 µm transition is
more sensitive than the 1.3mm and 2.6mm transitions (but
this changes in NLTE) and the ALMA detection threshold is
better than APEX by two orders of magnitude. However, for
most debris disc systems, CO is likely out of LTE (Matrà
et al. 2015). In this case, detection limits depend on the
electron density (which can be computed from our model,
see section 4) and do not simply scale as d2 (see thick lines).
Also, for the NLTE detection thresholds, we take account
of the optical thickness of lines as explained in subsection
3.5.6.

3.5.2 Flux predictions

In Table 4, we provide mass and flux predictions for the
targets with the largest predicted CO fluxes (and later in
Appendix C for all our targets). We use the CO NLTE code
developed in Matrà et al. (2015) to convert from a given
CO mass (outcome of our model) to a flux observed from
Earth. To do so, we must provide to the code the amount
of radiation seen by the gas. When modelling low rotational
transitions of CO, their excitation is likely to be dominated
by the CMB (see Matrà et al. 2015) and our conversion will
be accurate. We also account for the optical thickness of
lines along the line-of-sight to Earth in our flux calculations
using the method described in subsection 3.5.6.

When making predictions for CI, CII and OI masses,
the conversion to fluxes is more complicated (see subsection
4.1).

3.5.3 Detectability of the specific sources used in this
paper

We can now look at the relative position of our CO mass
predictions against the detection thresholds in Fig. 4. Red
points need to be above the ALMA NLTE detection thresh-
old for a given transition to be detected at >5σ within one
hour. We note that the NLTE lines assume a certain elec-
tron density (computed assuming a carbon ionization frac-
tion equal to 0.1 and that R0=85au, KWC16) so these lines
can move up or down if the electron density is smaller or

higher, respectively (unless the lines are in a purely radia-
tive regime where only the CMB excites the lines). That is
why we leave the LTE detection thresholds (best case sce-
nario) as a guide to check the range of detection thresholds
that could be spanned if more colliders were around.

We find that systems that are predicted to be detectable
by APEX are also close to being optically thick. Both the low
sensitivity and high optical thickness explains the difficulty
to detect CO with single-dish aperture telescopes.

Our model explains why β Pic was not detected by sin-
gle dish telescopes (Dent et al. 1995; Liseau & Artymowicz
1998) as it lies below the APEX detection limits. CO was de-
tected with APEX around HD 21997 (Moór et al. 2011) and
HD 131835 (Moór et al. 2015) and with the JCMT around
HD 32297 (Greaves et al. 2016). We predict that it should be
the case for HD 32297. However, HD 21997 and HD 131835
are not predicted to be detectable and yet CO was detected.
This is because they have larger masses than predicted likely
because the CO is primordial.

We can now check whether the CO APEX non-detection
in η Tel (Moór et al. 2015) is predicted by our model. Our
prediction lies well below the APEX detection threshold.
Even ALMA should not be able to detect CO as there is
roughly two orders of magnitude between the 1.3mm NLTE
limit and the CO mass inferred by our model.

Looking at Table 4, we see that if CO can remain on
grains, HD 172555 is one of the most promising targets to
look for CO. Though, we note that our flux prediction is
still lower (by a factor 5) than the APEX upper limit of
1.6 × 10−20 W/m2 (Moór et al. 2011). This is because the
CO in this system is very close in and so optically thick (see
subsection 3.5.6 for more details on how the optical thickness
was computed).

From our mass predictions, ∼3 more systems (HD
114082, HD 117214, and HD 129590) are above the APEX
detection threshold plotted in Fig. 4. However, that detec-
tion threshold was computed for a system at 85au with an
ionization fraction of 0.1, and computing the fluxes of these
3 systems at the correct radius, we find that their CO is opti-
cally thick and so not detectable with APEX. These stars are
part of the Sco-Cen association and were observed recently
with ALMA, but this led to no detections (Lieman-Sifry et
al. 2016). These CO observations reached a sensitivity of
∼ 5 × 10−22 W/m2 (5σ) for these 3 systems which is still
a factor 2 below our predictions. We note that for these
3 systems, CO self-shielding is high but limited by viscous
spreading of CO.

The NLTE detection thresholds for ALMA are at least
10 times more sensitive in mass than for APEX at a given
distance d. This is not only due to the different instrument
sensitivities but also to the electron density and τν being
smaller for systems that lie close to the ALMA detection
thresholds compared to systems that are close to the APEX
thresholds. Our model predicts that ∼ 15 systems from the
sample lie above or close to the ALMA detection thresholds.
Furthermore, the NLTE lines could be closer to the LTE
regime for systems that are closer-in than R0=85au, due
to the higher electron density. Therefore, systems under the
NLTE lines could still be detectable. We provide a list of the
15 most promising systems in Table 4 for which we predict
CO could be detected with ALMA. For instance, we see that
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Icy exocomets as the origin of gas in debris discs 9

the CO around HR 4796A (labelled in orange) as well as HD
15745 may be detectable with ALMA.

3.5.4 Validity of LTE

To understand when CO is out of LTE, we computed the
CO-electron critical density (for the different transitions)
for an optically thin system assuming a two level system.
This critical density is simply equal to A/γc, where A is the
Einstein coefficient of the considered transition and γc the
collisional rate coefficient (from upper to lower level, taken
from Dickinson & Richards 1975). We can compute the CO
mass MCO,LTE required by our model to create an electron
density equal to this critical density. To compute the LTE
limit, we further assume that all electrons come from CI
photoionization, that the ionization fraction equals 0.1, that
R0 = 85au and that the photodissociation timescale is ∼ 120
years (and then use Eq. 14 derived later).

We find that the LTE limit (for the 870µm transition,
solid line) is located at MCO ∼ 5 × 10−4 M⊕ in Fig. 4,
above which LTE likely applies (i.e. in almost no systems).

Note that MCO,LTE scales as T
3/2
gas tphf

−1L
−1/4
? R3

0 and so the
LTE limit is different for different systems. For instance, for
a system with a debris belt at R0 = 10au, the LTE limit
might be expected to go down by a factor 600. However,
for such close-in systems, the ionization fraction would also
drop (because of higher CI densities closer in). So overall,
our prediction that almost all debris discs with gas are not
in LTE for CO is generally true, reinforcing the conclusion of
Matrà et al. (2015), and motivating the need for line ratios
to test if the gas has an exocometary origin (Matrà et al.
2017).

3.5.5 Calculations in non-LTE

We here give more details on how we computed the NLTE
detection thresholds but also give the reader a feel for the
differences it implies compared to the LTE regime. We used
the code presented in Matrà et al. (2015) to solve the statis-
tical equilibrium and work out the population of rotational
levels. For the low CO transitions considered here, it was
shown in Matrà et al. (2015) that for β Pic, the excitation
will be dominated by the CMB radiation rather than dust
emission and stellar radiation (see Fig. B1). The same also
applies to other systems as β Pic is among the most lumi-
nous debris discs and the CMB is even more dominant in
less dusty systems.

Looking at the differences with LTE is instructive. The
APEX sensitivity lines are close to LTE at larger distances.
However, there are not enough colliders (assumed to be elec-
trons) to be in full LTE even though the lines are above
the LTE limit derived above (located at MCO ∼ 5 × 10−4

M⊕). This is owing to the two population level assumption
made when computing the LTE limit. Also, for almost all
distances, the APEX 1.3mm transition in NLTE is actu-
ally more sensitive than LTE. This is expected as for these
given higher masses or electron densities (101 − 104 cm−3),
the CMB excites the 1.3mm transition more than collisions
do (see Fig. 5). Also, the 2.6mm transition is much more
excited in NLTE for electron densities smaller than ∼ 105

cm−3 (see Fig. 5). This was already shown in Matrà et al.

Figure 5. Mass in CO (in M⊕) required to result in a predicted

line flux equal to the sensitivity threshold of APEX (in orange)
and ALMA (in green) as a function of electron density (in cm−3).

The assumed sensitivities for different transitions that can be

found in Table 3. Thinner lines are for T=50K and thicker lines
for T=100K. The black vertical line shows the transition between

the LTE and NLTE regimes.

(2015) in their Fig. 6. Therefore, quite strikingly, for very
low electron densities, ALMA is more sensitive in the 2.6mm
transition rather than the 870µm.

We also notice that in NLTE, the 1.3mm transition is
more sensitive than the 870µm transition for lower masses
(unlike the LTE case). This is also expected from Fig. 5,
which shows the mass needed to reproduce a given flux as
a function of the electron density. Indeed, for electron den-
sities . 5 × 102 cm−3, the 1.3mm transition needs less CO
mass than the 870µm transition and is thus more sensitive.
Hence, when observing a particular system, one should con-
sider carefully which transition is more suited.

3.5.6 Optical thickness of lines

When considering detectability, one has to take into account
the optical thickness of CO lines. An optically thick line
will saturate and become harder to detect given its mass
compared to an optically thin line. To estimate the optical
thickness τν for a given CO mass, we assume a rectangular
line profile and use the τν definition (Matrà et al. 2017)

τν =
hνul

4π∆ν
(xlBlu − xuBul)N, (9)

where ∆ν is the linewidth in Hz, xu and xl are the fractional
populations of the upper and lower levels of the given tran-
sition, Blu and Bul are the Einstein B coefficients for the
upward and downward transitions (that can be expressed
as a function of the Einstein A coefficient) and N is the
column density along the line-of-sight. We fix τν = 1 and
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Table 3. Instrument sensitivities to reach 5σ in one hour on

source (overhead excluded) at 45◦ elevation assuming unresolved
gas discs. We assumed a PWV of 2mm for CO observations and

0.5mm for CI. We used 40 antennas for ALMA. For species ob-

served with Herschel, we assumed the typical sensitivities reached
by real observations (Riviere-Marichalar et al. 2014). For SPICA

and for FIRS the sensitivities are taken from the SPICA and FIR

surveyor documentations.

Instrument Line Sensitivity (W/m2)

APEX CO (1.3mm) 3.3 × 10−20

CO (870µm) 8.5 × 10−20

CI (610µm) 3.9 × 10−19

CI (370µm) 1.2 × 10−18

ALMA CO (2.6mm) 2.0 × 10−22

CO (1.3mm) 2.1 × 10−22

CO (870µm) 4.1 × 10−22

CI (610µm) 2.5 × 10−21

CI (370µm) 7.9 × 10−21

Herschel/PACS CII (158µm) 8 × 10−18

OI (63µm) 6 × 10−18

SPICA/SAFARI CII (158µm) 3 × 10−19

OI (63µm) 3 × 10−19

FIRS (10m) CII (158µm) 1.5 × 10−21

OI (63µm) 1.5 × 10−21

compute the column density N of CO needed to become op-
tically thick. In order to do this, we assume a disc located
between 70 and 100au, with a constant surface density, and
a constant scale height equal to 0.2R (as found for β Pic,
Nilsson et al. 2012) and work out the CO mass needed to re-
produce this column density along the densest line-of-sight
for an edge-on configuration. We choose the linewidth to
be 2 km/s, which is close to the intrinsic linewidth found
for β Pic (see Crawford et al. 1994; Cataldi et al. 2014).
This linewidth is the combination of thermal and turbulent
broadening. This τν = 1 line will vary depending on the ex-
tension of the disc, its scale height, the linewidth and gas
temperature. Also, we assumed LTE to compute the popu-
lation levels. We can check a posteriori that the approxima-
tion works as we find that the τν = 1 line for CO masses is
∼ 8× 10−4M⊕, which is dense enough to be above the LTE
threshold (see subsection 3.5.4).

Thus, we are able to compute τν for every given mass
and transition in Fig. 4 and take the optical thickness into
account when computing mass detection limits from the tele-
scope flux sensitivities. We applied the correction when plot-
ting the NLTE detection thresholds in Fig. 4, assuming that
systems are edge-on, by applying a factor τν/(1−e−τν ) to the
previously computed mass detection limit. Therefore, when
MCO is much above the τν = 1 limit, the mass detection
limit at a given distance is increased by a factor τν . One can
see that our NLTE detection limits in Fig. 4 start increasing
more steeply with distance when approaching CO masses of
10−3M⊕ due to this reason, which hinders CO detections
with APEX for targets at large distances. τν is computed
for every transition and the corrections are applied with the
corresponding τν . This is why the APEX 1.3mm line starts
steepening before the 870µm line.

Table 4. List of ALMA promising targets to look for CO and

their predicted masses and fluxes at 1.3mm and 870µm.

Star’s CO mass FCO 1.3mm FCO 870µm

name (M⊕) (W/m2) (W/m2)

HR 4796 1.1×10−04 3.8×10−21 1.4×10−20

HD 15745 6.8×10−05 2.1×10−21 2.5×10−21

HD 172555 3.2×10−04 1.9×10−21 3.2×10−21

HD 114082 4.3×10−03 1.2×10−21 1.9×10−21

HD 191089 1.3×10−05 1.1×10−21 1.1×10−21

HD 129590 1.1×10−02 9.9×10−22 1.6×10−21

HD 117214 3.4×10−03 9.2×10−22 1.6×10−21

HD 106906 2.7×10−05 6.9×10−22 7.8×10−22

HD 69830 5.6×10−06 4.6×10−22 9.2×10−22

HD 121191 6.3×10−03 3.3×10−22 8.7×10−22

HD 95086 1.1×10−05 2.2×10−22 8.4×10−23

HD 143675 9.7×10−06 1.5×10−22 2.3×10−22

HD 61005 1.8×10−06 1.4×10−22 2.2×10−23

HD 169666 1.3×10−06 1.3×10−22 2.9×10−22

HD 221853 2.9×10−06 1.2×10−22 5.0×10−23

3.6 CO mass variation when changing parameters

Fig. 6 can be used to work out the effect of varying one pa-
rameter of the model while keeping others fixed. For each
parameter, the fiducial values and range of variations used to
make the plot are listed in Table 5. The downwards and up-
wards arrows in Fig. 6 show the sense of CO mass variation
if a parameter is increased. The blue boxes are for parame-
ters that can be deduced from observations. For those, the
rate of variation will correspond to the error bars from ob-
servations. We assume that L? is known within 10% (Heiter
et al. 2015), R0 is computed from the SED (temperature)
for the sample, and is known within a factor 2 (Pawellek
& Krivov 2015). Also, if the SED has more than 2-3 far-
IR detections (which is the case for the sample we use), the
fractional luminosity is known within about 10% (most discs
in our sample are bright so have far-IR photometry with a
signal-to-noise ratio >10, meaning that the disc tempera-
ture and normalisation, and thus the fractional luminosity,
are well constrained).

For the fawn boxes in Fig. 6, we vary the parameters
over a larger region (see Table 5). Note that each parameter
is varied across a reasonable range for the given parameter so
that the planetesimal eccentricity varies by a factor 20, while
L? varies by 10% and tph by 300% (because of uncertain-
ties on the interstellar radiation field around these far-away
discs). We assume a uniform distribution while varying each
parameter. We then compute the result for each variation.
Then, the box sizes show where 50% of the distribution lies
and the whiskers contain 95% of the distribution. The red
line shows the median of the distribution.

The parameters imposing the biggest variations (see
Eq. 1) are the planetesimal eccentricity e, the width of the
belt, and the factor γ giving the composition of planetes-
imals. Thus, a factor ∼ 10 variation can be explained if
the parameter values are different from the fiducial values
we picked. This can explain some discrepancies between our
model predictions and the observations. A thorough study
of each individual system would be needed to reduce these
uncertainties but this is not the aim of this general study.
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Figure 6. CO mass variation whilst varying parameters one by one. The fiducial values and amplitude of variations of the different

parameters are given in Table 5. The blue boxes are for parameters where we have a good observational handle and only error bars on
the predicted values are taken into account. For fawn boxes, there are more uncertainties and we allow for a large physical variation for

each parameter. Box sizes show where 50% of the distribution is located, while the whiskers contain 95% of the distribution. The red line

is the median value. We indicate with an upwards or downwards arrow the sense of variation for MCO if a given parameter is increased.

Table 5. Parameters of the CO model that can be varied. We
indicate the fiducial value picked for each parameter as well as a

typical range of variations.

Parameters Fiducial Range of

value variation

L? (L�) 10 10%
R0 (au) 85 factor 2
LIR/L? 10−4 10%

dr/r 0.5 0.1-1.5

e 0.05 0.01-0.2
ρ (kg/m3) 3000 1000-3500

Q?D (J/kg) 500 100-1000
tph (yr) 120 factor 3

εCO 1 factor 2

γ (in %) 6 2 − 60

3.7 CO succinct conclusion

To conclude, using a simple model with LIR/L?, R0, L? and
d as free parameters, we are able to explain most CO ob-
servations to date. We also explain why CO was not easy
to detect with single dish telescopes (e.g. Dent et al. 2005;

Moór et al. 2011; Hales et al. 2014; Moór et al. 2015; Greaves
et al. 2016). Given a large sample of debris disc systems, we
show that ALMA will still detect CO over the next few years
but one expects integration times longer than one hour to
reach a large number of systems. In Fig. 1, we show the
part of the L?, R0 parameter space that should be avoided
when looking for CO, and in Fig. 4 we study the rest of the
parameter space and give a way to calculate the predicted
CO mass within each individual system and compare to de-
tection thresholds. With our method, the whole parameter
space is then studied and we show that the most impor-
tant parameters (if one excludes the hatched zones plotted
in Fig. 1) are the fractional luminosities LIR/L? and the
distance to Earth d that have a quadratic dependence on
CO mass. One should therefore look for CO with ALMA by
picking systems with large IR-excesses, close to Earth and
having L? small enough and R0 large enough not to lie in
the hatched exclusion areas in Fig. 1. We also show that
the parameters that are not observable directly that matter
the most are the dynamical excitation of the disc, γ and
the belt width (see Fig. 6). The belt width is not known for
unresolved debris discs. For systems that have their main
belt resolved, the less extended, the better. The composi-
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tion of planetesimals (γ) is also an important parameter as
it provides the CO mass content in planetesimals.

4 UNDERSTANDING CARBON

In the same way as we calculated CO predictions from a
simple analytical model, we will now do the same for car-
bon observations (CI and CII). To do so, we use the sce-
nario presented in KWC16 where CO is input within the
system and photodissociates quickly into carbon and oxy-
gen, which viscously spreads. As deduced from β Pic obser-
vations, α, which parameterises the viscous evolution, should
be high and the corresponding viscous timescale is ∼ 105yr
(see KWC16). We will assume that α = 0.5 throughout this
paper, which sets the viscous timescale

tν = R2
0Ω/(αc2s), (10)

where Ω is the orbital frequency and cs =
√
RgT/µ, the

sound speed fixed by the gas temperature T (both esti-
mated at R0), with Rg being the ideal gas constant and µ the
mean molecular mass of the carbon+oxygen fluid (assumed
to be 14). Assuming steady state, one can then estimate the
amount of carbon within each system from the CO mass, as
follows

MtotC = 0.43× ṀCOtν , (11)

where 0.43 = 12/28 is the molar mass ratio between car-
bon and CO, and ṀCO is worked out using Eq. 2. Thus, we
can already conclude from Eq. 1 that a high carbon mass
is favoured by a high fractional luminosity, a dynamically
hot belt, a high L? and a small belt width-to-distance ratio
dr/r. The blue hatched area in Fig. 1 should still be avoided
as all CO should be removed rapidly and no replenishment
is possible over time (unless carbon or oxygen is produced
through other less volatile molecules). On the contrary, sys-
tems that have a high carbon mass can be located in the
green hatched zone in Fig. 1 as at steady state the carbon
mass does not depend on tph.

To compare our model to observations we must com-
pute the carbon ionization fraction for each system to work
out the CI and CII masses. To do so, we assume that the
recombination rate Rrecomb equals the ionization rate Rion.
The total recombination rate (in m−3s−1) is dominated by
CII recombination and is equal to

Rrecomb = αRC (T )nCIIne, (12)

where αRC (T ) is the recombination rate coefficient for CII
that depends slightly on temperature and is taken from Bad-
nell (2006). nCII and ne are the number densities of CII and
electrons respectively, which we assume are equal, as in our
model we assume that electrons are only produced when CI
photoionizes into CII. The photoionization rate for carbon
is

Rion = nCI

∫ ∞
νion

4πJν
hν

σion dν, (13)

where nCI is the neutral carbon number density, νion =

11.26eV is the smallest energy that can ionize CI and
σion is the carbon ionization cross section taken from van
Hemert & van Dishoeck (2008). Also, at steady state as
the gas disc is an accretion disc, the surface density Σ =
ṀCO/(3πν

′)=2ρgH, with ν′ the gas disc viscosity and ρg
the gas number density. To convert between Σ and the par-
ticle number density n, we use n = ρg/(µmp) to find the
carbon number density at steady state

nC =
0.43ṀCOΩ2

3πµmpc3s
, (14)

where mp is the proton mass and we assumed α = 0.5.
From this equation, one can compute the electron density
anywhere in the system as ne = fnC. One can solve for the
carbon ionization fraction f by equating Rion to Rrecomb and
using f = nCII/(nCI + nCII) to find that

f =
−R∗ion +

√
R∗ion

2 + 4R∗ionnCαRC

2nCαRC
, (15)

where R∗ion = Rion/nCI , and nC = nCI + nCII . Hence the
ionization fraction can be calculated knowing the radiation
impinging on the disc Jν and the carbon number density.
There is also a slight temperature dependence through αRC .

We estimate the temperature Tgas at each location in
the disc by equating cooling by the CII fine structure line
and heating by CI photoionization and iterate a few times
with the ionization fraction calculation until it converges.
The calculations are described in appendix A and we check
that the analytical formulation reproduces well previous
published numerical simulations (see Fig. A1) for the gas
disc around β Pictoris (see KWC16).

We are now able to compute the CI mass MtotC(1 −
f) and the CII mass MtotCf for any given system. f
depends on R and is taken to be an average of the
ionization fraction along R, by weighting with the sur-
face density R-dependence. We thus find that MCII ∝
(LIR/L?)

1/8R
1/2
0 ṀCOT

−1
gasf , where Tgas is the gas tempera-

ture. As explained in the previous paragraph, we computed
the temperature in the disc numerically but as a convenience
for the reader, the following formula gives the CII mass (in
M⊕) when assuming a power law for the gas temperature

MCII = δ′
(
L?
L�

)1/8(
R0

1au

)1/2+ζ (
ṀCO

0.23M⊕/Myr

)
f,

(16)
where δ′ = 0.024/(αT0(RT0/1au)ζ). In this equation, the
temperature profile is fixed to Tgas = T0(R/RT0)−ζ , where
ζ is taken to be 0.5 in most studies, and we assume α = 0.5.
Substituting ṀCO from Eqs. 1 and 2, we find that MCII ∝
L

13/12
? R

1/6+ζ
0 (LIR/L?)

17/8f for a fixed dr/r.
Also, we can define the total CI mass with the same

parameters using

MCI = MCII
1− f
f

. (17)

This set of equations will be used in the coming sub-
sections to predict the CII and CI abundances in different
systems. They can also be used theoretically to understand
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Icy exocomets as the origin of gas in debris discs 13

the system’s parameters that matter the most to optimise
the chances of finding new systems with gas.

4.1 Flux predictions for atoms

When making predictions for CI, CII and OI masses, the
conversion to fluxes is more complicated than with CO
where the excitation is dominated by the CMB (see sub-
section 3.5.2). Since these lines are at shorter wavelengths,
the dust radiation field can become dominant (see Fig. B1).
While the dust radiation field seen by the gas is not easy
to assess, especially as most of our targets are unresolved,
it is well known for β Pic. Thus, we use the same radiation
field as found in Matrà et al., (in prep) for that system. For
other targets, we fit each SED individually and use the ratio
of the dust fluxes at 158, 610 and 63µm to those of β Pic
to scale up or down the β Pic radiation field and so get pre-
dictions for the fluxes of each individual system for CII, CI
and OI (see Appendix B). Note that we also take account
of the optical thickness of each line in our flux calculations
using the method described in subsection 3.5.6.

4.2 CII model predictions and results

We start off by comparing our CII model predictions to Her-
schel observations. In Fig. 7, we plot our predictions of CII
mass as a function of distance to the star. To do so, we
use our analytical model using Eq. 11 to get the total car-
bon mass and Eq. 15 to get the ionization fraction and then
compute MCII. The predicted CII masses are shown as red
points in Fig. 7. We keep the same style as the CO plot
(Fig. 4), i.e systems with gas detected are labelled with their
names. If in addition, they have CII detected, the label is
blue (not black). NLTE detection thresholds are computed
using the same code as described to compute CO population
levels in NLTE (see appendix B for details). We overplot the
detection limits at 5σ in one hour in both LTE (thin lines)
and NLTE (thick lines) for Herschel/PACS (in red) where
we assumed the typical sensitivity reached for non detec-
tions (Riviere-Marichalar et al. 2014), for SPICA/SAFARI
(in orange) and for a future far-IR mission (such as FIRS)
with a 10m aperture (in green) where the sensitivities are
taken from the SPICA and FIR surveyor documentation4.
The assumed sensitivities are summarised in Table 3. We
compute the electron density as a function of the CII mass
(using Eq. 14) with our model to compute the NLTE lines.

We also compute the LTE limit in the same way as
described in the previous section for CO. We find that the
transition between LTE and NLTE is at MCII ∼ 7 × 10−5

M⊕. Note that all the debris disc systems above the PACS
detection threshold are most likely in LTE. The LTE Her-
schel detection threshold is, therefore, a good indicator of
detectability unlike the case with CO.

We also compute when the CII line becomes optically
thick for an edge-on configuration. We use the same assump-
tions as for CO. Most of our predictions lie below the τν = 1
(edge-on) line located at MCII ∼ 2 × 10−3M⊕. Therefore,
we do not predict CII gas discs to be highly optically thick.
The NLTE lines are corrected for optical thickness (which is

4 https://firsurveyor.atlassian.net/

why the PACS sensitivity line steepens for large d). When
the CII mass reaches ∼ 10−4M⊕, NLTE effects start af-
fecting the Herschel and SPICA detection thresholds. New
instruments as sensitive as FIRS will be able to detect gas
discs in the NLTE regime.

Fig. 7 shows that our predictions for η Tel, 49 Ceti,
HD 32297 and β Pic all lie above or close to the PACS
detection threshold. The Herschel archive shows that these
targets were observed for at least 1.2 hours with PACS (HD
32997, which lies a bit below the threshold was observed for
2.6 hours). Note that the LTE mass detection threshold is
for a temperature of 100K but scales as T 1/2.

For CII detections, only lower limits on CII masses can
be calculated from observations (as the excitation tempera-
ture is not known), which are represented as green arrows in
Fig. 7. Our predictions are all above these lower limits. For
the CII mass in β Pic, our prediction is about one order of
magnitude below that observed. This can be explained from
KWC16, where it was found that the UV flux impinging on
the disc should be higher than that assumed here to explain
the CII observation. However, to be as general as possible in
this study, we assume standard spectra for stars and a stan-
dard IRF. This illustrates that our predictions have roughly
order of magnitude uncertainty.

In addition to using our CO predictions to compute the
CII masses, we show the results when using the observed
CO masses MCOobs as purple points. We can then calculate
ṀCO (= MCOobs/(tphεCO)) in Eq. 11 to make another pre-
diction for CII. For most cases, a higher observed CO mass
than predicted means a higher CII mass prediction. How-
ever, this is not straightforward for small CO mass variations
(between the predicted and observed masses) as increasing
the CO mass will also decrease the ionization fraction (due
to a higher carbon mass), which might be stronger than
the increase in carbon mass. Also, increasing the CO mass
can create more self-shielding, reducing the CO input rate
and hence the CII mass. Using these new predictions does
not change our previous conclusion that the 4 systems with
CII detected should have been detected. Three other sys-
tems, namely HD 21997, HD 138813 and HD 156623 cross
the PACS detection threshold with these new predictions.
However, as explained before, we cannot fit HD 21997 with
a second generation scenario and this new prediction rein-
forces this idea as CII was not detected by Herschel. Indeed,
for a primordial gas origin, H2 will shield CO photodisso-
ciation and carbon atoms will not be as abundant. As for
HD 138813 and HD 156623, the line was not observed with
Herschel.

HR 4796 (labelled in orange) is the only star from the
sample well above the PACS detection threshold in the op-
tically thick region. However, we note that the flux will
be lower than predicted because the CII line becomes op-
tically thick. We find that indeed, CII could not be detected
with PACS but could be with SPICA. However, HR 4796 is
an A0V star and the radiation pressure on CI is high and
could force CI to leave the system on dynamical timescales
(Fernández et al. 2006). We discuss radiation pressure effects
in more detail in subsection 6.1.

Fomalhaut (the non-labelled red dot at 7.7pc) lies close
to the detection threshold. Our flux prediction in Table 6 is
still lower than the published upper limit from PACS (2.2×
10−18 W/m2, Cataldi et al. 2015). Other systems lie below
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14 Q. Kral

Figure 7. CII mass (in M⊕) as a function of distance to Earth (d). Planetary systems with gas detections are labelled with their names.

If CII is detected, the label is in blue (black otherwise). The CII mass lower limits worked out from observations are shown as green

arrows, and for β Pic we show the mass derived from Herschel observations using Kral et al. (2016) as a green point. The red points are
predictions from our model. The red downward arrows show systems that are in the blue hatched area on Fig. 1, which cannot keep CO

trapped on solid bodies. The purple points show predictions from our model when the observed CO mass is used rather than the CO

mass predicted from LIR/L?. Detection limits at 5σ in one hour are shown for Herschel/PACS (in red), SPICA/SAFARI (in orange) and
FIRS (in green) for a 10m aperture. The thin lines are for LTE calculations and thick lines for more realistic NLTE calculations (using

the same assumptions as described in section 3.5).

the PACS detection threshold and, for those observed are
indeed not detected.

New far-IR instruments such as SPICA or FIRS are
needed to detect more CII gas discs. It is interesting to note
that an instrument such as SPICA would increase our num-
ber of detections by a factor ∼ 7. For SPICA, targets with
small CII masses will be out of LTE. According to our flux
predictions, SPICA could detect ∼ 25 new CII gas discs
among which are Fomalhaut, HD 156623, HD 181327 and
HR 4796. Using the NLTE detection threshold for FIRS, we
predict that it could detect CII in at least 100 systems. In
Table 6, we provide a list of the most promising targets to
look for CII with new missions.

4.3 CI model predictions and results

CI has only been observed around β Pic and 49 Ceti in
absorption with the HST/STIS (Roberge et al. 2000, 2014).
APEX has only provided upper limits so far (KWC16). We
here investigate whether ALMA is likely to detect CI around
other debris disc hosts, and which are the favoured systems
in which to search for it.

In Fig. 8, we repeat the same procedure as for CO
and CII. We also compute the critical density for the CI
to be in LTE and find that MCI ∼ 3× 10−2M⊕ is required.
This is high enough that most detections that can be made

with APEX and ALMA will be in NLTE. We computed
the population levels in NLTE in Eq. 9 to work out the
τν = 1 line. For an edge-on configuration, we find that
MCI ∼ 3 × 10−4M⊕. Thus, the CI line is likely to be op-
tically thick for the most distant systems with CO detected.
For this reason, the CI detection limits increase faster than
distance squared beyond some distance, meaning that these
systems should not be detected with APEX even for the
most CO-rich debris discs. Only β Pic, 49 Ceti and HD
21997 for the predictions from the observed CO in purple,
and HR 4796 are close to the APEX detection threshold
(though note that HD 21997 is thought to be made of pri-
mordial gas). For other systems, only ALMA will be able to
offer detections as can be seen from our flux predictions in
Table 7.

One can see that the CI mass predicted for β Pic in
KWC16, shown as a green point in Fig. 8, is well below
the APEX detection threshold. Indeed, CI in β Pic was not
detected with APEX (20 minutes on source, KWC16). Sim-
ilarly to CII, we expect the flux impinging on the β Pic
gas disc to be higher than assumed here (as was found in
KWC165), therefore, the CI mass will go down and our β

5 Here, we emphasise that this is a specific feature of β Pic, prob-

ably due to its high stellar activity as explained in KWC16. How-

ever, we expect the flux impinging on other debris discs to be
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Figure 8. CI mass (in M⊕) as a function of distance to Earth (d). Planetary systems with gas detections are labelled with their names.

If CI is detected, the label is in blue (black otherwise). The CI mass for β Pic, derived from Kral et al. (2016) is shown as a green point.

The red points are predictions from our model. The red downward arrows show systems that are in the blue hatched area on Fig. 1, which
cannot keep CO trapped on solid bodies. The purple points show predictions from our model when the observed CO mass is used rather

than the CO mass predicted from LIR/L?. Detection limits at 5σ in one hour are shown for APEX (in orange) and ALMA (in green) at

370 (dotted) and 610 microns (solid). The thin lines are for LTE calculations and thick lines for more realistic NLTE calculations (using
the same assumptions as described in section 3.5).

Pic prediction will in reality be closer to the observation
and even farther below the 20 minute APEX threshold (not
shown here but ∼ 1.7 times higher than the one hour line).
Our flux prediction of 2.3× 10−19 W/m2 (even without in-
creasing the impinging radiation) is close to the APEX up-
per limit from KWC16 and ALMA should detect CI easily
in this system.

From our sample of debris disc stars, we find that with
ALMA we could detect at least 30 systems (at 5σ in an hour)
that are listed in Table 7. By pushing the integration time
to 5 hours, we could reach ∼ 45 systems. We also plot the
detection limits at 370µm, which correspond to the higher
CI transition. This transition can be more sensitive with
APEX for temperatures higher than ∼ 65K.

Our flux predictions in Table 7 show that β Pic and 49
Ceti, the two systems with CI detected, are indeed among
the three most favourable targets. Systems such as η Tel,
HD 156623, HD 172555, HD 32297, HD 181327, HD 110058
that have detected gas should be searched for CI first, as a
combination of CO+CI or CII+CI (for η Tel) can provide
much more information on the systems (e.g. value of the
viscosity α, ionization fraction).

Therefore, we predict that ALMA observations of CI
are a promising way to detect secondary gas in debris discs.

closer to the sum of the standard interstellar and stellar radia-

tion fields.

Also, thanks to ALMA’s very high-resolution, it will be pos-
sible to explore the inner parts of planetary systems and
might provide a new complementary picture compared to
dust observations. These CI observations could be used to
study the gas distribution in the inner regions of planetary
systems, which might trace the location of new inner planets
(if structures are observed in these atomic gas discs). Also,
the discovery of more of these new atomic gas discs will en-
rich our knowledge of the gas dynamics and more values for
α (which parameterises the viscosity) could be calculated
and compared to the MRI theory (e.g. Kral & Latter 2016).

4.4 Atomic mass variation when changing
parameters

We here study the impact on our atomic mass predictions
when varying parameters. Fig. 9 shows the variations ex-
pected when parameters vary from their fiducial values
within the allowed range (see Table 8). The upwards and
downwards arrows show the direction of a change in atomic
mass when a given parameter is increased. Compared to CO,
some new parameters come into play. Indeed, the atomic
masses depend on α, Tgas and f but do not depend on tph

or εCO.
One can see that for atoms, the most important param-

eters are α, the belt width and γ. By varying these param-
eters, one can account for a factor ∼ 10 in either direction
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Figure 9. CI, CII or OI mass variations whilst varying parameters one by one. The fiducial values and amplitude of variations of the

different parameters are given in Table 8. The blue boxes are for parameters where we have a good observational handle and only error
bars on the predicted values are taken into account. For fawn boxes, there are more uncertainties and we allow for a large physical

variation for each parameter. Box sizes show where 50% of the distribution is located, while the whiskers contain 95% of the distribution.

The red line is the median value. We indicate with an upwards or downwards arrow the sense of variation for Matoms if a given parameter
is increased.

between our predictions and observations. These variations
are the same for CI, CII or OI except for the last two param-
eters fCI and fCII listed in Fig. 9, which are the variations
implied by a change of f on CI and CII masses, respectively.

5 UNDERSTANDING OXYGEN

We proceed in the same way as described in previous sections
to produce Fig. 10. We assume that oxygen stays neutral as
its ionization potential is 13.6eV and UV photons with such
high energies are depleted around A type or later-type stars
(Zagorovsky et al. 2010). OI was detected in absorption with
HST around 49 Ceti. Herschel only detected OI around β
Pic and HD 172555. We know that HD 172555 is in the blue
hatched area in Fig. 1 and so grain temperatures might be
too high to maintain CO on solids. In this particular system,
it could be that OI is created from SiO photodissociation or
evaporation of O-rich refractories rather than CO (Lisse et
al. 2009). However, we decided to show our model prediction
for OI if CO could survive on solid bodies in HD 172555.
We notice that HD 172555 stands out compared to other

systems with gas detected as the OI mass predicted is the
lowest.

The LTE limit for OI (63 µm) is at 38 M⊕. Indeed,
the OI critical electron density is very high because the
Einstein A coefficients (and hence spontaneous decays) are
higher than other cases. Therefore, the whole parameter
space shown in Fig. 10 is out of LTE. LTE is a very bad ap-
proximation for OI and should not be used. The LTE/NLTE
detection thresholds are shown in red for PACS, orange for
SAFARI and green for FIRS (10m). The thick NLTE lines
are ∼3 orders of magnitude less sensitive than LTE. There-
fore, one needs a 1000 times higher OI mass (compared to
LTE) to detect a system that is out of LTE.

The PACS NLTE detection threshold shows that in-
deed the detection of OI around β Pic is above the one-hour
detection limit. We note however that our prediction for β
Pic (in red) lies below the detection threshold. Indeed, in
KWC16, we found by fitting the OI PACS spectrum that
the OI mass needed some extra oxygen coming from water
in addition to the oxygen coming from CO to fully explain
the observed flux (1.7 × 10−17 W/m2) with a total oxygen
mass of 5 × 10−2 M⊕ (green point in Fig. 10). Including
oxygen coming from water photodissociation in other tar-
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Table 6. List of the promising CII targets and their predicted

masses, fluxes and observed fluxes.

Star’s CII mass FCII 158µm FCII(obs) 158µm

name (M⊕) (W/m2) (W/m2)

Fomalhaut A 3.1×10−05 1.2×10−18 < 2.2 × 10−18a

HD 86087 1.8×10−03 1.2×10−18 -

HD 61005 2.0×10−04 1.0×10−18 -

HD 156623 3.9×10−03 8.3×10−19 -
HD 182681 6.5×10−04 8.3×10−19 -

HR 4796 1.8×10−02 8.2×10−19 < 2.2 × 10−18∗

HD 131885 2.1×10−03 7.6×10−19 -

HD 38678 1.2×10−05 5.9×10−19 < 4.2 × 10−18∗

HD 95086 7.3×10−04 5.7×10−19 -
HD 138813 4.0×10−03 5.7×10−19 -

HD 164249 2.0×10−04 5.7×10−19 < 3.6 × 10−18b

HD 181327 2.2×10−04 5.3×10−19 < 7.6 × 10−18b

HD 138965 4.8×10−04 4.6×10−19 -

HD 221354 5.7×10−05 4.6×10−19 -

HD 10647 3.4×10−05 4.2×10−19 -
HD 124718 2.4×10−04 3.8×10−19 -

HD 15745 2.3×10−04 3.8×10−19 -

HD 191089 1.5×10−04 3.8×10−19 -
HD 21997 2.5×10−04 3.4×10−19 < 1.4 × 10−18∗

HD 76582 1.3×10−04 3.3×10−19 -

HD 192758 2.4×10−04 3.0×10−19 -
HD 30447 3.3×10−04 3.0×10−19 -

HD 6798 2.8×10−04 2.7×10−19 -
HD 161868 7.4×10−05 2.6×10−19 < 2.8 × 10−18∗

HD 54341 4.3×10−04 2.3×10−19 -

HD 111520 4.8×10−04 2.0×10−19 -
HD 38206 2.1×10−04 2.0×10−19 -

HD 106906 2.5×10−04 2.0×10−19 -

a Cataldi et al. (2015), b Riviere-Marichalar et al. (2014).
∗ We obtained Herschel PACS CII data from the Herschel Science

archive, and extracted spectra from Level 2 data products following
the procedure described in the PACS Data Reduction Manual using

HIPE v15.0.0. For pointed observations, spectra were obtained from

the central 9.4” spaxel (HD38678, HD164249, HR4796, HD161868)
of the rebinned data cubes. For mapping observations (HD21997),
we extracted a spectrum from the drizzle map by spatially integrat-

ing over spaxels over which continuum emission is detected. For all
spectra, we first removed edge channels with extreme noise levels,

then checked that the continuum level is in agreement with pub-
lished measurements from the PACS photometer and subtracted it

using a second order polynomial fit in spectral regions sufficiently
distant from the CII line wavelength. As any emission present is
expected to be spectrally unresolved at the resolution of the in-
strument (239 km/s), the 3σ upper limits reported are simply the

RMS of the final spectrum multiplied by the spectral resolution of
the data.

gets would increase their OI mass and the extra HI may act
as an extra collider together with electrons to make the OI
line easier to detect. Our flux prediction for β Pic would
change from 1.1× 10−18 W/m2 to 1.4× 10−17 W/m2 when
adding extra water (see Table 9). We discuss this idea fur-
ther in section 6. We find that HR 4796 lies well below the
PACS detection limit. OI observations for this system were
attempted with PACS but led to no detection, as predicted
by our model. This system is however the most promising
as shown in Table 9 which shows our flux predictions for
systems that could be observed with SPICA. Other systems

Table 7. List of ALMA promising CI targets and their predicted

masses and fluxes.

Star’s CI mass FCI 610µm

name (M⊕) (W/m2)

β Pic 3.4×10−03 2.3×10−19

HR 4796 1.7×10−01 4.9×10−20

49 Ceti 2.2×10−03 4.9×10−20

HD 156623 7.0×10−02 4.3×10−20

η Tel 1.1×10−03 2.1×10−20

HD 138813 6.7×10−03 2.0×10−20

HD 21997 5.4×10−04 1.5×10−20

HD 131835 2.7×10−03 1.4×10−20

HD 191089 1.2×10−03 1.4×10−20

HD 15745 2.9×10−03 1.3×10−20

HD 172555 4.9×10−05 1.2×10−20

HD 32297 2.2×10−02 9.6×10−21

HD 181327 1.3×10−03 9.6×10−21

HD 114082 7.0×10−03 7.9×10−21

HD 95086 2.6×10−03 7.9×10−21

HD 86087 4.1×10−04 7.6×10−21

HD 61005 2.7×10−04 6.8×10−21

HD 106906 2.2×10−03 6.5×10−21

HD 129590 1.9×10−02 6.5×10−21

HD 107146 2.1×10−04 6.4×10−21

HD 117214 8.5×10−03 6.3×10−21

HD 146897 1.0×10−02 5.7×10−21

HD 164249 3.9×10−04 5.6×10−21

HD 110058 2.6×10−03 5.4×10−21

HD 131885 6.6×10−04 4.9×10−21

HD 221853 5.4×10−04 4.4×10−21

HD 121191 2.8×10−03 3.8×10−21

HD 69830 3.3×10−06 3.2×10−21

HD 170773 2.1×10−04 2.7×10−21

HD 124718 3.6×10−04 2.6×10−21

HD 38678 3.3×10−06 2.0×10−21

HD 182681 6.4×10−05 1.8×10−21

HD 35841 5.9×10−04 1.8×10−21

HD 106036 7.2×10−05 1.8×10−21

Table 8. Parameters of the CI, CII, OI model that can be varied.
We indicate the fiducial value picked for each parameter as well
as a typical range of variations.

Parameters Fiducial Range of
value variation

L? (L�) 10 10%
R0 (au) 85 factor 2

LIR/L? 10−4 10%
dr/r 0.5 0.1-1.5

e 0.05 0.01-0.2
ρ (kg/m3) 3000 1000-3500
Q?D (J/kg) 500 100-1000
γ (in %) 6 2 − 60

α (log) 0.5 0.01-2
Tgas (K) 10 factor 3
f 0.1 factor 3
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lie below the PACS detection threshold. This is once again
consistent with observations that have been made so far.

For HD 172555, we recomputed a new mass from the
observed PACS flux equal to 9 × 10−18 W/m2 (Riviere-
Marichalar et al. 2012), taking into account NLTE effects
and optical thickness of the line. We find an OI mass of
3 × 10−3 M⊕ (green point on Fig. 10). We also compute
the observed mass if some extra water (and then hydrogen)
comes off the grain while releasing CO (see subsection 6)
and find an OI mass of 3×10−5 M⊕ (second green point for
HD 172555), which is closer to our prediction. From Table 9,
we see that we also predict that the OI flux for HD 172555 is
∼ 3×10−19 W/m2, which is below the PACS sensitivity and
∼ 2.5×10−17 W/m2 with extra water, which is detectable
with PACS (see the discussion). The flux prediction for this
system is high given its low predicted mass in Fig. 10. Be-
cause HD 172555 parent belt is within a few au, the electron
density will be much higher than assumed when plotting the
detection threshold in Fig. 10, making this oxygen line much
closer to the LTE regime and the new detection threshold
much closer to the thin lines shown in Fig. 10. While HD
172555 is not predicted to have detectable levels of OI, it is
the third highest flux prediction and it could be that (as in
β Pic), some water is also released together with CO, which
would boost our prediction and explain the PACS detection
(see section 6). OI could also be produced from gas released
from refractory elements as suggested in Lisse et al. (2009).

Fig. 10 also shows that the new far-IR instrument SA-
FARI on SPICA may lead to a few more detections. The
orange line is 20 times more sensitive than PACS and would
obtain ∼ 3 new detections if we integrate on source 5 hours.
More detections would be possible if water is released to-
gether with CO. A mission such as FIRS could detect de-
bris disc stars with OI. The NLTE FIRS detection threshold
(thick green) is ∼ 200 times more sensitive than the NLTE
SAFARI (thick orange) line and could enable detection of ∼
35 new systems.

Detections of OI with SPICA would be a great way to
assess the amount of water in these systems and see how
much it contributes to the overall OI flux. In Table 9, we
provide a list of the most promising targets that should be
looked for with any new facility that can target the OI 63µm
line.

6 DISCUSSION

6.1 Radiation pressure on CI, CII and OI

Here, we discuss the effect of having an accretion disc which
extends all the way to the star on the radiation pressure
force felt by atoms.

In Fig. 11, we show how β, the radiation pressure force
relative to gravity, varies with the CO input rate ṀCO and
L? for different species. The radiation pressure on atoms
comes from the star as the IRF is assumed to be isotropic
so has a zero net overall effect on radiation pressure. For
high enough ṀCO, the accretion disc will become optically
thick to UV radiation in the radial direction, decreasing the
effectiveness of the star’s radiation pressure.

For β Pic, it is predicted that with sufficiently high
CII mass in the system, metals will brake due to Coulomb

collisions with CII, which is not affected by radiation pres-
sure (Fernández et al. 2006). However, for early stellar types
(earlier than A5V), βCI , the effective β for CI, can become
greater than 0.5. Therefore, without any shielding from the
star, CI would be blown out from the system. Carbon could
not be kept in its ionized form CII as it constantly trans-
forms into CI on an ionization timescale but rather all the
carbon would be blown out. In Fig. 11, we quantify the lumi-
nosity at which this transition happens and also how much
mass is required to stop CI from being blown out. To do so,
we compute β as (Fernández et al. 2006)

β =
R2

8πc2GM?m

∑
i<j

gj
gi
Ajiλ

4
ijFλ, (18)

where M? is the stellar mass and m is the mass of the consid-
ered atom (here, carbon or oxygen) for which β is computed.
gj and gi are the j-th and i-th statistical weights, Aji the
Einstein A coefficient corresponding to the j to i transition,
and λij the transition wavelength (all the transitions were
downloaded from the NIST database6). Note that β does
not depend upon R as the stellar flux Fλ and gravity both
scale as R−2.

We find that without shielding, CI should start to be
blown out in systems with stellar luminosity greater than ∼
8 L�. However, for a relatively small value of ṀCO, βCI goes
below 0.5 even around these highly luminous stars because
of self-shielding. We predict that in all systems with ṀCO >
10−4 M⊕/Myrs, CI can be protected from being blown out.
We also predict that without shielding CII would be blown
out for systems with L? >15 L� but OI would stay bound
up to 25 L�.

According to our predictions, a system with a CO mass
input rate ∼ 1000 times smaller than in β Pic is enough to
keep CI or CII from being blown out. Thus, it is likely that
this effect will only affect systems with very low CO mass
input rates. We can check on Fig. 4 that a system with one
thousandth of the β Pic mass would not be detectable with
ALMA.

6.2 Caveats

Analytical version of the code: The semi-analytical model
presented here has a few caveats. First of all, we assume
Eq. 1 to compute the mass lost through the cascade. This
equation is only valid at steady state for a typical -3.5 size
distribution. Some more refined numerical models could be
used to derive the lost mass using more realistic particle size
distributions (e.g. Wyatt et al. 2011) or departing from the
steady state assumption (e.g. Thébault & Augereau 2007;
Löhne et al. 2008; Kral et al. 2015). In this equation, some
parameters are not directly accessible to observers such as
the planetesimal eccentricity, their bulk density or their colli-
sional strength Q∗D. Also, in Eq. 2, we assume that a fraction
γ of the dust mass is converted into CO. For instance, vary-
ing γ can give us a way to fit the prediction with the observa-
tion and thus constrain the amount of CO on planetesimals.
However, through Figs. 6 and 9, we were able to quantify
the impact of each parameter variation. We concluded that

6 https://www.nist.gov/pml/atomic-spectra-database
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Figure 10. OI mass (in M⊕) as a function of distance to Earth (d). Planetary systems with gas detections are labelled with their

names. If OI is detected, the label is in blue (black otherwise). The OI mass for β Pic, derived from PACS observations (Kral et al. 2016;

Brandeker et al. 2016) is shown as a green point as well as the observed mass for HD 172555 considering the flux observed with PACS
(Riviere-Marichalar et al. 2012). The second green point (at a lower mass) for HD 172555 considers that some extra hydrogen comes

off the grains at the same time as CO is released (see section 6). The red points are predictions from our model. The red downward

arrows show systems that are in the blue hatched area on Fig. 1, which cannot keep CO trapped on solid bodies. The purple points show
predictions from our model when the observed CO mass is used rather than the CO mass predicted from LIR/L?. Detection limits at 5σ

in one hour are shown for Herschel/PACS (in red), SPICA/SAFARI (in orange) and FIRS (in green) for a 10m aperture. The thin lines

are for LTE calculations and thick lines for more realistic NLTE calculations (using the same assumptions as described in section 3.5).

Table 9. List of SPICA promising targets to look for OI and their predicted masses and fluxes without (2 first columns) and with

extra water released together with CO (2 following columns). The last column gives observed fluxes or upper limits when systems were
observed with Herschel.

Star’s OI mass FOI 63µm OI mass (with H2O) FOI 63µm (with H2O) FOI(obs) 63µm

name (M⊕) (W/m2) (M⊕) (W/m2) (W/m2)

β Pic 5.1×10−03 1.1×10−18 1.5×10−02 1.4×10−17 1.7×10−17a

HR 4796 2.5×10−01 3.7×10−19 7.5×10−01 4.4×10−18 < 4.7 × 10−18b

HD 172555 6.6×10−05 3.1×10−19 2.0×10−04 2.5×10−17 9.2 ± 2.4 × 10−18c

HD 121191 3.9×10−03 9.9×10−20 1.2×10−02 1.7×10−18 -
η Tel 2.2×10−03 8.9×10−20 6.6×10−03 1.6×10−18 6.2×10−18d

Fomalhaut A 4.1×10−05 5.9×10−20 1.2×10−04 2.4×10−19 1.0×10−17e

HD 138923 1.6×10−05 4.3×10−20 4.7×10−05 2.7×10−18 -
HD 156623 9.9×10−02 4.2×10−20 3.0×10−01 3.0×10−18 -

49 Ceti 4.4×10−03 3.5×10−20 1.3×10−02 3.2×10−18 < 1.1 × 10−17f

HD 106036 1.8×10−04 1.3×10−20 5.5×10−04 1.1×10−18 -
HD 138813 1.4×10−02 1.2×10−20 4.3×10−02 1.2×10−18 < 1.3 × 10−17g

HD 181327 2.0×10−03 1.1×10−20 6.0×10−03 5.5×10−19 < 8.2 × 10−18d

a KWC16, b Riviere-Marichalar et al. (2013), c Riviere-Marichalar et al. (2012), d Riviere-Marichalar et al. (2014), e

Cataldi et al. (2015), f Roberge et al. (2013), g Mathews et al. (2013).
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Figure 11. β as a function of L? computed for three different

atomic species CI (in red), CII (in yellow) and OI (in blue) for
different CO input rates 10−5 M⊕/Myrs (solid line), 3.6 × 10−5

(dashed) and 1.3× 10−4 (dotted). The black line shows the loca-

tion of β = 0.5, above which atoms are unbound.

for a given system, the predicted mass can vary by a fac-
tor 10. This can explain some of the differences between
observations and predictions and ultimately could lead to
constraints on some of these free parameters.

Cooling/heating: Another assumption is that the only
coolant is the CII fine structure line and that the only heat-
ing mechanism is CI photoionization. For the low tempera-
tures expected in debris discs and given the amount of dust
in these systems, this is likely to be a good approximation.
Indeed, as shown in KWC16, one needs very dusty discs for
photoelectric heating to dominate over CI photoionization.
To be more specific, one needs dustier systems than β Pic
with an optical depth & 10−2, which is never the case for
debris discs (by definition). Thus, this assumption is likely
to always be valid. Cooling by the OI fine structure line
at 63.2µm may also be important. However, when carbon
is present, and for the range of temperatures expected in
these gas discs, the CII line is always the dominant coolant
as shown in Zagorovsky et al. (2010) and using Cloudy sim-
ulations in KWC16. It is mainly due to the OI line being in
strong NLTE in debris discs.

Extra water released together with CO: In this paper,
we assumed that there was no extra water released at the
same time as CO. However, if CO (+CO2 which contributes
to providing more CO when photodissociating) is trapped
in water ice, a certain amount of H2O may also be released
in the process (see KWC16). Water photodissociates a lot
faster than CO and this will add more oxygen in the system,
but also excite the OI line more due to extra collisions with
neutral hydrogen. The amount of water released at the same
time as CO is not known yet and thus the amount of extra
colliders or extra oxygen can only be assumed.

We compute new predictions for OI assuming that the
(CO+CO2)/H2O abundance ratio is ∼ 30% (i.e. an aver-
age Solar System composition, 2-60%, Mumma & Charnley
2011). Therefore, the new oxygen mass released is ∼ 3 times
higher than without extra water. The new OI predictions are
plotted in Fig. 12 and the most favourable targets are listed

in Table 9. We see that the new prediction for β Pic is closer
to the observation. Also, SPICA would be able to detect OI
in more systems due to both higher OI masses and higher
excitation of the OI energy levels. Indeed, in this case, we
computed the NLTE lines taking into account the extra HI
colliders that will further excite the OI energy levels. We
assume that the ionization fraction is 0.1 so the correspond-
ing nH/ne ∼ 60 is input in the NLTE code. In this case
the detection thresholds go down and it becomes easier to
detect OI as it is more excited. If the amount of water re-
leased is close to that assumed, SPICA could detect ∼ 30
systems with OI (see Table 9 or Appendix C to get the full
list) instead of 3 for the case without extra water.

When adding extra water in HD 172555, our flux pre-
diction comes closer to the observed flux (see section 5 for
the calculations without extra water). This can already be
seen in Fig. 12, where we computed the mass from the ob-
served flux by PACS (Riviere-Marichalar et al. 2012) taking
into account some extra hydrogen in the same proportion
as given in the previous paragraph. This new mass is much
smaller than when there is no water (3 × 10−5 M⊕) but
will produce the observed flux as it is more excited (by HI).
Our prediction for HD 172555 when extra water is released
provides a total OI mass of 2.0×10−4 M⊕ and a flux of
2.5×10−17 W/m2 which is close to the observed flux. We
find that assuming a standard CO/H2O abundance ratio
consistent with the composition of Solar System’s comets is
able to explain the observed flux and we then predict that
the OI mass in HD 172555 is ∼ 10−4 M⊕. A better knowl-
edge of the position of the gas in this system could help to
know whether water can still remain on these warm grains.

Interestingly, new missions such as SPICA could assess
the amount of water released together with CO (as was done
in KWC16 using the OI line). We notice that the more col-
liders, the more the NLTE lines get closer to the LTE regime,
which is favourable for detections. However, in Fig. 12 the
NLTE line is still 3 orders of magnitude above LTE even
when assuming a Solar System comet composition to derive
the amount of extra water released. Releasing water together
with CO will not affect our predictions for CI, CII and CO
masses but it may slightly change the NLTE lines that are
plotted on the corresponding figures. It would make systems
that are in NLTE easier to detect. We concluded in KWC16
that the hydrogen was not playing any role in the thermal
bugdet of the gas disc and we assume the same here, i.e.
that the temperature will not vary when adding more water
in the system.

Mass predictions: The predictions presented in this pa-
per are not guaranteed to exactly fit all new coming obser-
vations as there are some uncertain free parameters. How-
ever, our default set of parameters still allows our model to
work for a wide range of systems. For instance, we fixed the
planetesimal eccentricity to be 0.05 but from one system to
another, this could easily vary from 0.01 to 0.2. The masses
predicted vary as e5/3 and could explain part of the differ-
ences with observations. For an individual system, one can
refine the estimates for the free parameters. For instance, for
a resolved belt, its width dr is known better than within a
factor 15 (that was assumed here in our error calculations).
Therefore, our results should be used with caution (large
error bars should be given) when dealing with the fiducial
values rather than the specific parameters derived from a
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Figure 12. OI mass (in M⊕) as a function of distance to Earth (d) when water + CO are released from solid bodies. Planetary systems

with gas detections are labelled with their names. If OI is detected, the label is in blue (black otherwise). The OI mass for β Pic, derived

from PACS observations (Kral et al. 2016; Brandeker et al. 2016) is shown as a green point as well as the observed mass for HD 172555
considering the flux observed with PACS (Riviere-Marichalar et al. 2012). The second green point (at a lower mass) for HD 172555

considers that some extra hydrogen comes off the grains at the same time as CO is released (see section 6). The red points are predictions

from our model. The red downward arrows show systems that are in the blue hatched area on Fig. 1, which cannot keep CO trapped on
solid bodies. The purple points show predictions from our model when the observed CO mass is used rather than the CO mass predicted

from LIR/L?. Detection limits at 5σ in one hour are shown for Herschel/PACS (in red), SPICA/SAFARI (in orange) and FIRS (in

green) for a 10m aperture. The thin lines are for LTE calculations and thick lines for more realistic NLTE calculations (using the same
assumptions as described in section 3.5).

given system. However, all general results given here can
be used as a guide to further our understanding of gas and
increase the amount of actual detections.

Flux predictions: The flux predictions given in this pa-
per should also be taken with caution. Our model computes
a prediction for the mass that has to be converted to a
flux. For CO, where the CMB dominates the excitation, the
conversion is straighforward when the line is optically thin.
However, when lines become optically thick, the predicted
flux will depend on optical thickness τν . To compute τν ,
we here assume that CO is in a ring centered at R0 with
a width dr/r = 0.5 and that the surface density is con-
stant. This could be refined for some systems in the future
when ALMA provides resolved CO maps. Also, we assume
an edge-on configuration when computing τν , which is the
most constraining case and so some of our flux predictions
could be slightly underestimated.

The conversion from mass to fluxes for CI, CII and OI
is more complicated and thus more uncertain. On top of the
optical thickness assumptions cited above, the dust radiation
field matters. The CMB at these shorter wavelengths is not
dominant and it is mainly the dust radiation field which
drives the excitation of the lines. The dust radiation field
that we know best at these wavelengths is for β Pic. Thus,

we assume that dust radiation field and scale it up or down
for the different systems by comparing the flux found by
fitting an SED to the β Pic flux. We thus do not expect
that our flux predictions match exactly future observations
but they rather give an order of magnitude estimate to check
which systems are most likely to be detectable. One should
not rule out a target with a slightly lower predicted flux as
this could go up if we underestimated the dust radiation
field impinging on the gas disc.

Value of the viscosity parameter α: The atomic mass
predicted will vary depending on α. Throughout this paper,
we assumed that α = 0.5 as predicted for the gas disc around
β Pic. α could be smaller around less ionized systems and
our mass predictions for CI or CII could go up by a fac-
tor 0.5/α. From our results, α is constrained to be relatively
large for systems with high atomic masses as otherwise these
could have been detected with PACS (for CII) or APEX (for
CI). However, for systems lying at the bottom of our plots,
one cannot rule out that α is smaller. The mean free path of
a gas atom goes up and one might reach another regime to
transport angular momentum. Thus our atomic mass pre-
dictions could go up and increase the numbers predicted for
discoveries by ALMA, SPICA and FIRS.

If the sample with CO+CI gas detected grows signifi-
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cantly thanks to ALMA, and some free parameters can be
refined (e.g. dr, ionization fraction, Tgas, ...) with these same
observations, our model will lead to an estimate for α. It
could also show how α varies with ionization fraction. These
new α estimates could then be compared to the most promis-
ing models at transporting angular momentum in discs, such
as the MRI (e.g. Kral & Latter 2016).

Detectability: We emphasise that our predictions for de-
tectability are to be taken as a guide rather than a fixed
threshold. Indeed, the NLTE lines depend on the elec-
tron density, which vary with radial location. We picked
R0 = 85au in our study to plot the different lines but this
should be updated when targeting a specific system, or one
should rather look at the flux predictions bearing in mind
the caveats described above concerning these fluxes. Also,
the optical thickness that is predicted depends on the sys-
tem’s geometry. Thus, these predictions should be made for
each system individually when computing, for instance, the
required total integration time to detect a specific transi-
tion of a specific species. Finally, the fluxes we provide in
Appendix C are also to be taken with caution. The outcome
of our model are masses and we have to convert to a flux
making some assumptions, as explained in the flux predic-
tion caveat paragraph above.

6.3 Link to future observations

The spatial distribution of the gas compared to the dust is
very important to distinguish between different gas release
mechanisms (since gas and dust will be colocated or at dif-
ferent positions for different scenarios), making ALMA the
perfect tool to understand the origin of the gas.

One of the main outcomes of this study is that we find
that ALMA could detect CI gas around at least 30 systems
(and ∼ 15 with CO). Using ALMA’s high-resolution to re-
solve gas in inner regions of planetary systems could reveal
some hidden components of planetary systems. It would en-
able us to probe the inner parts of planetary systems (for
the brightest systems that can be spatially resolved) in a
way that cannot be done using dust observations because
the dust is located farther from the central star. This could,
for instance, enable to resolve structures in gas discs that
are created by giant planets located in the inner regions.

We predict that OI observations with SPICA will give
only a handful of detections if no water is released in the pro-
cess of releasing CO, or ∼ 30 detections otherwise. However,
having CO, CI or CII and OI detections can lead to predic-
tions of the amount of water in exocomets and the amount
of hydrogen in the gas phase as we have already shown for β
Pic in KWC16. Our prediction from KWC16 that hydrogen
(together with carbon and oxygen) should be accreted on β
Pic has just been confirmed observationally by Wilson et al.
(2017). Our model could be used to make predictions on the
detectability of HI around other systems than β Pic. Probing
the composition of exocomets and the amount of hydrogen
observationally using the OI line provides motivation for a
sensitive far-IR mission (such as FIRS). This would lead to
the first extensive taxonomy of exocomets.

We find that only a small CO input rate (> 10−4

M⊕/Myrs) is sufficient to prevent CI from being pushed
away by radiation pressure. However, we note that the im-
plications of this depend on the formation history of the

gas in the system. Indeed, if there were no shielding from
the very beginning, the CI or CII gas disc that would be
building up over a viscous timescale would be blown out be-
fore reaching a sufficient amount of self-shielding. One can
imagine that these secondary discs are born at the end of
the protoplanetary disc phase and that there were already
some shielding from the star at that stage to prevent carbon
from being blown out (Wyatt et al. 2015). It is not clear yet
which is the right scenario and it might be that both scenar-
ios can be found around different systems and explain why
some early type stars would have carbon observed and some
others not. HR 4796 could be a case where a gas disc was
never optically thick enough to prevent carbon gas from be-
ing blown out. However, the narrowness of the disc could be
explained if gas was present (Takeuchi & Artymowicz 2001).
New observations with APEX or ALMA of the CI line could
distinguish between these two scenarios.

We here suggest a new method to distinguish between
a primordial versus secondary origin. Indeed, if our model
cannot reproduce observations even assuming extreme val-
ues for our free parameters, we claim that the specific sys-
tems are likely to have a primordial origin. In this paper,
we show that this is the case for HD 21997, HD 131835 and
HD 138813. It is complementary to other methods such as
observing optically thin line ratios to check whether there is
enough molecular hydrogen around to be in LTE (Matrà et
al. 2017).

7 CONCLUSION

We tested our new gas model developed for β Pic in KWC16
on all systems with gas detected to check whether our model
could explain all observations so far and then give predic-
tions concerning future observations. The model assumes
that CO gas observed around debris disc stars is secondary
and is created from the solid volatile-rich bodies residing in
the parent belt of the discs. Once CO gas is created, it pho-
todissociates into carbon and oxygen atoms, which viscously
spread to form an atomic accretion disc inside the parent
belt and a decretion disc outside. The model calculates the
ionization fraction of carbon, the gas temperature and pop-
ulation levels at different radial locations in the disc. It also
takes into account CO self-shielding against photodissoci-
ation and CI self-shielding against photoionization. When
computing the detectability, we take into account NLTE ef-
fects and optical thickness of lines.

We find that our model is able to explain most current
observations. Systems that we predict to be detectable are
indeed detected and systems that lie under the detection
threshold are not. Only for 3 systems our model cannot re-
produce observations. We suggest that these 3 systems, HD
21997, HD 131835 and HD 138813 are not made only of
secondary gas but still possess some primordial gas. In this
sense, our model can rule out a secondary origin for some
discs, suggesting rather a primordial origin.

We provide an analytical formulation of our model
through a set of equations in this paper. We clearly identify
the most important parameters that lead to enhance CO, CI,
CII or OI abundances. We define some regions of the param-
eter space in terms of star’s luminosity versus planetesimal
belt location where CO is not expected to be observed. For
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instance, if grains are too warm (& 140K), we do not expect
CO to be retained on grains (e.g. HD 172555) or if the star is
too luminous, the CO photodissociation timescale gets too
short to detect CO (e.g. η Tel). We find that we should ob-
serve systems with the highest fractional luminosities, clos-
est to Earth and having L? small enough and the parent
belt radial location far enough not to lie in the hatched ex-
clusion areas defined in Fig 1. Also, we study the effect of
a change in the assumed fiducial parameter values and give
the maximum variations expected for each parameter.

Someone wanting to make predictions for the amount
of CO in a specific system can use Eq. 7 (that uses Eqs 1
and 2). The CO photodissociation timescale can be assumed
to be 120 years for systems with debris far from their host
star, with the latter not being too luminous (see Fig. 1). The
self-shielding factor εCO can be computed using Fig. 3. To
derive the total carbon mass or OI mass (assuming no extra
water), one should use Eq. 11. If extra water is assumed to
be released together with CO, the OI mass will increase and
depends on the assumed H/C ratio. Eqs. 16 and 17 can be
used to predict the CII and CI masses in a specific system,
where the carbon ionization fraction f can be computed
using Eq. 15 (or assumed to have a typical value of 0.1 for
a first guess).

Based on these results, we can use our model to make
predictions for systems that have no gas detected so far. To
this aim, we have taken a sample of 189 debris disc stars and
ran our model for each of them. We make predictions for new
detections with ALMA, and with potential future missions
such as SPICA and a far-IR 10m telescope (e.g. FIRS). We
predict that ALMA could detect at least 15 systems with CO
and 30 with CI (with less than an hour of integration time
for each target). CI seems the most promising avenue for
the near future and one could use ALMA’s high resolution to
probe the inner regions of planetary systems through CI that
extends all the way to the star (accretion disc), which may
indirectly reveal some hidden planets. SPICA will enable us
to detect at least 25 new systems with CII and ∼ 30 with OI
(depending on the amount of water released together with
CO). To detect OI around a fair number of stars, a new far-
IR 10m telescope (such as FIRS) is needed. We give a list of
the systems that are most likely to be detected with ALMA
in CO and CI in Tables 4 and 7 and with SPICA in CII and
OI in Tables 6 and 9.

We also recomputed the OI mass in HD 172555 with
our NLTE model from the observed flux with PACS and
find 3× 10−5 M⊕, which can be explained with our second
generation gas model.

We find that CO, CI, CII and OI gas should be modelled
in non-LTE for almost all systems, and for the most gas-rich
debris discs, CO, CI and OI lines will be optically thick.

In this paper, we also study the effect of radiation pres-
sure on carbon and oxygen. Around luminous stars, CI is
expected to be blown out. We find that a small CO input
rate (∼ 1000 times smaller than in β Pic) is enough to create
a shielding from the star that significantly reduces radiation
pressure and allows for CI to stay bound. Therefore, our
model explains self-consistently for the first time why car-
bon was detected around early type stars.
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Grigorieva, A., Thébault, P., Artymowicz, P., & Brandeker,
A. 2007, A & A, 475, 755

Hales, A. S., De Gregorio-Monsalvo, I., Montesinos, B., et
al. 2014, AJ, 148, 47
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465, 2595

Mathews, G. S., Pinte, C., Duchêne, G., Williams, J. P., &
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Matrà, L., Dent, W. R. F., Wyatt, M. C., et al. 2017, MN-
RAS, 464, 1415

Montgomery, S. L., & Welsh, B. Y. 2012, PASP , 124, 1042
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Wyatt, M. C., Panić, O., Kennedy, G. M., & Matrà, L.
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APPENDIX A: CALCULATIONS OF THE
TEMPERATURE IN OUR MODEL

The main heating mechanism in our model is assumed to be
photoionization of carbon (see KWC16). Each ionized neu-
tral will give away an electron that will contribute to heating
the gas. The amount of energy given to the gas is the dif-
ference between the initial photon energy and the ionization
potential needed to get ionized. Therefore, the total rate of
energy created per unit volume due to photoionization is

Γion = nCI

∫ ∞
νIP

4πJν
hν

h(ν − νIP)σion(ν) dν, (A1)

where νIP = c/λIP is the minimum frequency to get ionized.
λIP = 1100 Å, which corresponds to an ionization potential
of 11.26eV. For carbon, the ionization cross section does not
vary with wavelength and is equal to σion(ν) = 1.6× 10−17

cm2 between 912 (Lyman break) and 1100 Å (van Hemert
& van Dishoeck 2008).

The main coolant in our model is assumed to be the
CII fine structure line at 157.7µm (see KWC16). Cooling
by the OI fine structure line at 63.2µm can also be impor-
tant. However, when carbon is present, and for the range
of temperatures expected in gas discs, the CII line is al-
ways the dominant coolant (Zagorovsky et al. 2010). Statis-
tical equilibrium requires that the upward transitions (colli-
sional excitations) balance the downwards ones (collisional
de-excitations and spontaneous radiative decays). For a two-
level atom model that represents well the CII line, it gives
(following Zagorovsky et al. 2010)

nen1q1,2 = nen2q2,1 + n2A2,1, (A2)

where ne, n1 and n2 are the number densities of electrons
and atoms in the lower and upper levels, respectively. q1,2
and q2,1 are the collisional excitation and de-excitation rates
and A2,1 is the Einstein coefficient. The gas cooling rate is
then defined as (Zagorovsky et al. 2010)

Λ1,2 = (n2q2,1 − n1q1,2)nehν1,2, (A3)

which can be expressed in terms of CII number density
nCII = n1 + n2 using Eq. A2
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Figure A1. Gas temperature radial profile predicted with
our analytical model (solid line) and from the numerical model

CLOUDY (dashed line).

Λ1,2 = ξ

(
1− A2,1 + neq2,1

A2,1 + ne(q2,1 + q1,2)

×(1 +
g2

g1
e−hν1,2/kBTgas)

)
, (A4)

where g1 and g2 are the statistical weight of the lower
and upper level, ξ = q2,1nenCIIhν1,2, and q1,2 =
q2,1e

−hν1,2/kBTgas .
We can then solve for Tgas equating Γion to Λ1,2 to get

the temperature as a function of the radial position in the
gas disc. We applied this method and compare with the nu-
merically calculated temperature profile (using CLOUDY)
for β Pictoris.

In KWC16, the best-fit model was for an interstellar
radiation field that was ∼60 times the standard value. To
have a meaningful comparison, we do not use the best-fit
model but rather one of the other models with a standard
IRF presented in KWC16. In Fig. A1, we plot the gas tem-
perature for this case coming from a CLOUDY numerical
simulation (dashed line) and compare it to the gas profile
we obtain from our analytical model (solid line). We find
that our analytical model well reproduces the overall shape
of the gas profile.

APPENDIX B: NLTE CALCULATIONS

Deriving a total gas mass from an observed integrated line
flux for a particular transition of a given species requires
knowledge of the fractional population of the upper energy
level of the transition. In other words, we need to know the
fraction of mass populating the upper level in question rel-
ative to the total mass of the species. Non-local thermody-
namic equilibrium treatment of the excitation of gas species
is crucial for calculating these fractional level populations in

low density astrophysical environments, where the density of
collisional partners is likely to drop below the critical den-
sity necessary for the LTE approximation to be valid. Here,
based on the formalism developed in Matrà et al. (2015) for
the CO molecule, we extend our excitation code to solve the
full NLTE statistical equilibrium for atomic species OI, CI
and CII. Given the local radiation field Jνul at the frequency
of each transition between any two upper (u) and lower (l)
levels, the density of main collisional partners ncoll and the
kinetic temperature of the gas Tkin, the code solves the sta-
tistical equilibrium and outputs the fractional population xi
of all energy levels i of the species considered. We direct the
reader to Sect. 2 in Matrà et al. (2015) for a more extensive
description of the method and the theory behind it.

For each species, we obtain energy levels, transition fre-
quencies and Einstein coefficients from the Leiden Atomic
and Molecular DAtabase (LAMDA, Schöier et al. 2005). In
addition, we assume electrons released from carbon pho-
toionization to be the dominant collisional partner (see Dis-
cussion), and obtain collisional rate coefficients from the
same database. The radiation field Jνul at the wavelengths of
each transition between any two levels is made up of 3 con-
tributions; the cosmic microwave background (CMB), the
dust emission, and the stellar emission. The stellar emis-
sion is calculated using stellar models matching the spectral
type of the star as described in Sect. 3.2, whereas the ra-
diation field due to dust emission is calculated using the
RADMC-3D code7 for the best-fit model to high-resolution
1.3 millimetre observations of the β Pictoris disc (Matrà et
al. in prep.). We then assume that the spatial distribution
of dust emission is independent of wavelength (i.e. there is
no spatial segregation of grains), and calculate the radiation
field at other wavelengths by simply scaling it using fluxes
from the SED (Kennedy & Wyatt 2014). For other stars,
we scale this radiation field up or down to match the total
intensity predicted from the SED of the star at the given
wavelength. Fig. B1 shows an example comparison of the
stellar, CMB and dust contributions for the β Pictoris disc
as a function of distance from the central star, for transi-
tions of the species relevant to this work. As expected, we
see that the CMB dominates the radiation field at long mm
wavelengths, with the dust contribution from the β Pic belt
becoming more important already at 610 µm and shorter
wavelengths. The stellar contribution, on the other hand,
only becomes comparable to that of the dust within a few
AU from the star.

Given this total radiation field for all transitions, the
assumed electron density and temperature as discussed in
Sect. 3.5.1 and 3.5.3, we solve the full NLTE statistical equi-
librium for OI, CI and CII to derive the fractional level pop-
ulation xi for all levels i of each species. For a given observed
transition, the upper level fractional population can then be
used through Eq. 8 to derive a gas mass from an observed
flux, and vice versa.

7 http://www.ita.uni-heidelberg.de/dullemond/software/

radmc-3d
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Figure B1. Radiation field impinging for different species assuming a β Pic like dust and star emission. Solid lines are for dust radiation,
dashed for the CMB and dotted for star’s radiation at the transition wavelength.

APPENDIX C: TABLES DESCRIBING OUR
SAMPLE OF 189 STARS AND GIVING OUR
PREDICTIONS FOR EACH STAR
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Description of the 189 stars used in this study. Column 1: Star’s name. Column 2: Distance to Earth (in pc). Column 3:
Star’s temperature (in K). Column 4: Star’s Luminosity (in L�). Column 5: Dust fractional luminosity. Column 6: Location
of the belt (au). Column 7,8,9: Flux at 60, 160, 610 microns (in W/m2).

Name d Teff L? LIR/L? R0 F60 F160 F610

(pc) (K) (L�) (au) (Jy) (Jy) (Jy)

β Pic 19.4 7405 8.7 1.7×10−03 85 1.3×10+01 4.1×10+00 1.7×10−01

η Tel 48.2 9379 22 7.6×10−04 24 4.7×10−01 7.6×10−02 2.0×10−03

49 Ceti 59.4 8922 15.5 1.1×10−03 100 1.8×10+00 1.1×10+00 3.7×10−02

HD 110058 107 8006 5.9 1.9×10−03 50 3.7×10−01 4.8×10−02 1.2×10−03

HD 131835 122 7984 9.2 1.5×10−03 50 6.3×10−01 3.7×10−01 2.3×10−02

HD 138813 150.8 8941 24.5 1.5×10−04 100 4.1×10−01 6.7×10−02 1.7×10−03

HD 146897 122.7 6256 3.1 5.4×10−03 100 6.6×10−01 1.0×10−01 2.8×10−03

HD 156623 118 8576 14.8 5.5×10−03 75 9.8×10−01 1.1×10−01 2.7×10−03

HD 172555 29 7120 7.8 7.8×10−04 6 3.2×10−01 2.9×10−02 8.1×10−04

HD 181327 51.8 6507 3.1 2.0×10−03 85 1.4×10+00 9.3×10−01 8.7×10−02

HD 21997 71.9 8412 14.4 5.9×10−04 60 6.0×10−01 4.3×10−01 2.5×10−02

HD 32297 112 7676 5.6 5.4×10−03 110 1.0×10+00 5.2×10−01 4.5×10−02

AU Mic 9.91 3280 0.0878 3.9×10−04 107 1.8×10−01 1.8×10−01 2.6×10−02

CE Ant 19.2 3592 0.0463 1.7×10−03 42 9.2×10−02 4.4×10−02 1.7×10−03

Fomalhaut A 7.7 8579 16.5 7.1×10−05 138 9.7×10+00 5.9×10+00 2.2×10−01

Fomalhaut C 11.2 3239 0.0112 1.4×10−04 387 3.1×10−03 2.1×10−02 2.5×10−03

HD 10008 24 5336 0.465 7.0×10−05 59.4 3.2×10−02 6.7×10−03 2.2×10−04

HD 102647 11 8560 13.9 2.1×10−05 53.2 9.2×10−01 1.6×10−01 5.2×10−03

HD 102870 10.9 6185 3.58 6.7×10−07 670 1.4×10−01 4.6×10−02 3.7×10−03

HD 103703 98.9 6536 3.2 2.9×10−04 11.1 5.2×10−03 4.8×10−04 1.8×10−05

HD 104600 106 10000 48.5 1.1×10−04 47.3 1.1×10−01 1.5×10−02 3.9×10−04

HD 10472 67.2 6751 3.3 2.6×10−04 168 1.3×10−01 4.5×10−02 1.7×10−03

HD 104860 45.5 5990 1.19 6.1×10−04 200 1.5×10−01 2.3×10−01 1.5×10−02

HD 105 39.4 6024 1.29 2.9×10−04 153 1.2×10−01 1.2×10−01 5.8×10−03

HD 105211 19.8 7030 6.91 3.6×10−05 239 4.5×10−01 2.1×10−01 8.6×10−03

HD 106036 101 8625 14 3.0×10−04 20.5 3.2×10−02 2.9×10−03 7.7×10−05

HD 10638 69.3 7625 7.77 4.2×10−04 218 3.5×10−01 3.1×10−01 1.2×10−02

HD 10647 17.4 6183 1.57 3.8×10−04 105 9.4×10−01 6.3×10−01 7.7×10−02

HD 106797 96 9552 34.7 1.6×10−04 24.2 4.7×10−02 4.4×10−03 1.2×10−04

HD 106906 92.1 6515 5.28 1.4×10−03 63.8 3.4×10−01 5.1×10−02 1.4×10−03

HD 10700 3.65 5478 0.492 7.4×10−06 75.6 3.6×10−01 1.1×10−01 1.1×10−02

HD 107146 27.5 5902 0.999 1.2×10−03 244 5.6×10−01 1.2×10+00 7.7×10−02

HD 107649 93.7 6423 2.07 1.5×10−04 27.9 8.5×10−03 2.3×10−03 6.1×10−05

HD 108857 97 5943 3.18 4.8×10−04 11.5 8.9×10−03 8.1×10−04 2.8×10−05

HD 109085 18.3 6802 5.21 1.4×10−05 340 2.5×10−01 2.1×10−01 2.8×10−02

HD 109832 112 6930 5.9 4.9×10−04 50 7.6×10−02 1.2×10−02 3.1×10−04

HD 110897 17.4 5929 1.1 1.9×10−05 111 5.2×10−02 2.8×10−02 1.3×10−03

HD 111520 109 6353 2.5 1.6×10−03 188 2.1×10−01 8.7×10−02 3.4×10−03

HD 111631 10.6 3927 0.0917 1.3×10−05 588 1.6×10−02 1.9×10−02 2.5×10−03

HD 11171 23.2 7102 5.83 5.7×10−06 382 5.0×10−02 5.8×10−02 1.0×10−02

HD 112429 29.3 7186 5.65 1.8×10−05 65.6 6.6×10−02 1.1×10−02 4.1×10−04

HD 114082 85.5 6637 3.07 3.3×10−03 40.8 4.0×10−01 1.3×10−01 3.4×10−03

HD 115617 8.56 5609 0.833 3.0×10−05 82.2 2.3×10−01 1.0×10−01 1.2×10−02

HD 117214 110 6341 5.91 2.5×10−03 45.2 3.6×10−01 5.3×10−02 1.3×10−03

HD 118972 15.7 5215 0.403 4.0×10−05 43.7 3.8×10−02 6.4×10−03 2.4×10−04

HD 119124 25.3 6189 1.59 7.2×10−05 91 8.6×10−02 1.8×10−02 6.2×10−04

HD 119718 132 6534 9.13 2.6×10−04 33.1 2.0×10−02 2.2×10−03 6.3×10−05

HD 120534 73.7 7252 6.79 4.0×10−04 80.6 2.3×10−01 3.9×10−02 1.1×10−03

HD 121189 119 6603 3.78 3.7×10−04 25.4 1.2×10−02 1.2×10−03 3.5×10−05

HD 121191 151 7724 9.59 2.7×10−03 12.1 8.1×10−02 1.7×10−02 4.7×10−04

HD 122652 39.3 6222 1.75 1.2×10−04 123 8.9×10−02 2.5×10−02 8.8×10−04

HD 12467 70.6 8297 16 1.1×10−04 172 2.0×10−01 7.0×10−02 2.4×10−03

HD 124718 63.2 5639 0.969 1.8×10−03 107 2.1×10−01 1.5×10−01 6.6×10−03

HD 125451 26.1 6748 3.85 1.6×10−05 110 6.7×10−02 1.6×10−02 6.1×10−04

HD 125541 113 7245 2.9 2.1×10−04 24.8 6.2×10−03 6.4×10−04 1.9×10−05

c© 2002 RAS, MNRAS 000, 1–27
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continued from previous page

Name d Teff L? LIR/L? R0 F60 F160 F610

(pc) (K) (L�) (au) (Jy) (Jy) (Jy)

HD 126265 70.4 5987 5.46 3.5×10−04 78.3 1.8×10−01 3.1×10−02 9.1×10−04

HD 127821 31.8 6616 3.03 2.0×10−04 210 2.8×10−01 2.9×10−01 1.2×10−02

HD 129590 133 5836 2.79 5.7×10−03 59.7 3.6×10−01 6.7×10−02 1.8×10−03

HD 131885 123 8913 23.6 5.4×10−04 136 3.6×10−01 7.9×10−02 2.4×10−03

HD 132254 25.1 6286 2.9 9.5×10−06 73.6 3.4×10−02 5.3×10−03 2.5×10−04

HD 13246 44.2 6189 1.63 3.8×10−05 81.5 2.9×10−02 8.0×10−03 2.4×10−04

HD 133803 125 6984 6.94 3.8×10−04 18.9 2.2×10−02 5.0×10−03 1.2×10−04

HD 134888 89.9 6429 2.01 7.3×10−04 67.8 8.1×10−02 1.7×10−02 4.8×10−04

HD 135599 15.8 5262 0.388 1.1×10−04 75 1.0×10−01 2.7×10−02 8.8×10−04

HD 135953 133 6242 2.58 7.3×10−04 120 5.1×10−02 3.6×10−02 3.7×10−03

HD 136482 136 10000 39.7 3.6×10−05 59.9 3.1×10−02 8.6×10−03 2.9×10−04

HD 137057 169 6634 9.75 2.5×10−04 34.3 1.2×10−02 1.3×10−03 3.9×10−05

HD 138923 106 10000 34.8 1.1×10−04 9.83 1.1×10−02 9.7×10−04 4.0×10−05

HD 138965 78.5 8849 13.7 4.1×10−04 160 4.5×10−01 3.3×10−01 1.4×10−02

HD 139006 23 9287 60.2 1.6×10−05 49.6 5.8×10−01 7.5×10−02 2.6×10−03

HD 139664 17.4 6728 3.46 8.0×10−05 124 5.6×10−01 1.5×10−01 5.0×10−03

HD 140817 147 9047 36.9 1.4×10−04 22.8 2.9×10−02 3.0×10−03 8.1×10−05

HD 14082B 27.3 5843 0.487 2.0×10−04 37.8 4.8×10−02 7.9×10−03 2.2×10−04

HD 140840 126 10000 18.4 1.9×10−04 73 8.3×10−02 1.5×10−02 4.0×10−04

HD 141943 38.8 5808 0.935 1.1×10−04 56.7 3.2×10−02 6.2×10−03 1.9×10−04

HD 143675 113 7932 6.2 5.4×10−04 27.5 5.1×10−02 5.4×10−03 1.3×10−04

HD 144981 170 7538 14.1 2.1×10−04 12.1 7.9×10−03 7.1×10−04 2.3×10−05

HD 145229 34.5 5966 1.07 1.1×10−04 104 5.2×10−02 3.3×10−02 1.1×10−03

HD 1461 23.2 5773 1.2 4.5×10−05 89 6.5×10−02 1.6×10−02 5.5×10−04

HD 147594 142 5681 3.34 1.2×10−04 17.7 2.5×10−03 2.7×10−04 1.2×10−05

HD 151044 29.3 6157 1.86 6.4×10−05 124 8.8×10−02 2.9×10−02 1.0×10−03

HD 15115 45.2 6666 3.26 4.7×10−04 167 3.9×10−01 2.7×10−01 9.8×10−03

HD 151376 136 6231 3.67 3.4×10−04 6.34 3.5×10−03 6.0×10−04 2.1×10−05

HD 15257 49.8 7295 14.7 9.4×10−05 340 2.8×10−01 4.3×10−01 2.5×10−02

HD 15745 63.5 6870 3.34 2.0×10−03 62.6 6.3×10−01 2.5×10−01 2.3×10−02

HD 157728 42.7 7726 7.67 1.4×10−04 139 5.2×10−01 1.1×10−01 3.5×10−03

HD 158633 12.8 5331 0.418 2.3×10−05 135 5.1×10−02 1.9×10−02 8.0×10−04

HD 159492 44.6 7916 12.5 1.2×10−04 47.6 2.1×10−01 5.5×10−02 1.4×10−03

HD 161868 31.5 8923 26.1 8.3×10−05 148 1.2×10+00 5.8×10−01 1.8×10−02

HD 164249 48.1 6295 3.12 8.7×10−04 101 5.8×10−01 1.9×10−01 6.0×10−03

HD 165908 15.6 5951 2.06 1.4×10−05 195 9.2×10−02 7.2×10−02 4.9×10−03

HD 165908B 7.19 4592 0.19 4.5×10−05 120 1.2×10−01 9.1×10−02 4.6×10−03

HD 166 13.7 5515 0.629 6.8×10−05 53.7 1.2×10−01 2.6×10−02 8.4×10−04

HD 16743 58.9 6979 5.38 3.5×10−04 183 2.9×10−01 2.1×10−01 7.7×10−03

HD 169666 53.2 6565 4.91 2.1×10−04 9.73 2.8×10−02 2.8×10−03 9.8×10−05

HD 170773 37 6697 3.62 5.3×10−04 241 5.8×10−01 9.1×10−01 6.7×10−02

HD 17390 48 6918 4.71 1.7×10−04 222 2.1×10−01 1.2×10−01 4.7×10−03

HD 17925 10.4 5145 0.401 2.2×10−05 122 7.1×10−02 3.0×10−02 1.2×10−03

HD 182681 69.9 9621 25.6 2.7×10−04 98.3 5.8×10−01 2.6×10−01 1.3×10−02

HD 191089 52.2 6513 3.01 1.4×10−03 56.8 5.5×10−01 2.2×10−01 1.2×10−02

HD 191849 6.2 3786 0.0532 1.2×10−05 530 2.9×10−02 2.6×10−02 1.0×10−02

HD 192758 68.5 7149 5.87 5.5×10−04 136 3.5×10−01 1.8×10−01 6.1×10−03

HD 195627 27.8 7278 7.66 6.0×10−05 168 3.1×10−01 2.5×10−01 3.2×10−02

HD 199260 22 6323 2.12 1.8×10−05 58.8 4.8×10−02 1.5×10−02 6.1×10−04

HD 201219 38.1 5663 0.796 1.2×10−04 107 3.8×10−02 1.5×10−02 5.2×10−04

HD 202628 24.4 5815 1.03 1.0×10−04 151 9.0×10−02 8.9×10−02 4.4×10−03

HD 202917 43 5508 0.594 2.5×10−04 57.8 3.8×10−02 7.9×10−03 2.3×10−04

HD 203 39.4 6854 4.22 1.1×10−04 30.2 7.4×10−02 1.3×10−02 3.5×10−04

HD 205674 51.8 6753 2.93 3.5×10−04 149 1.9×10−01 1.6×10−01 1.1×10−02

HD 206860 17.9 5989 1.13 9.9×10−06 51.3 3.0×10−02 7.5×10−03 5.9×10−04

HD 206893 38.3 6608 2.55 2.7×10−04 183 2.3×10−01 2.1×10−01 8.1×10−03
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Name d Teff L? LIR/L? R0 F60 F160 F610

(pc) (K) (L�) (au) (Jy) (Jy) (Jy)

HD 207129 16 5977 1.28 8.0×10−05 162 2.2×10−01 1.8×10−01 1.8×10−02

HD 218340 56.6 5904 1.16 1.2×10−04 121 2.6×10−02 9.0×10−03 3.2×10−04

HD 218511 15 4307 0.159 1.8×10−05 374 1.2×10−02 1.4×10−02 1.1×10−03

HD 219482 20.5 6302 1.92 3.4×10−05 51.5 7.6×10−02 1.4×10−02 4.8×10−04

HD 219623 20.5 6196 2.04 1.8×10−05 57.6 5.6×10−02 9.5×10−03 3.7×10−04

HD 22049 3.22 5099 0.336 9.3×10−05 84.9 1.7×10+00 1.0×10+00 1.0×10−01

HD 221354 16.9 5253 0.543 8.5×10−04 141 8.9×10−01 3.7×10−01 1.4×10−02

HD 22179 68.9 5867 1.12 2.8×10−04 82.2 3.5×10−02 8.7×10−03 2.7×10−04

HD 221853 68.4 6785 4.32 7.8×10−04 70.2 2.9×10−01 1.2×10−01 3.3×10−03

HD 223340 44 5259 0.427 3.9×10−04 72.5 4.2×10−02 2.3×10−02 7.5×10−04

HD 22484 14 6036 3.16 1.1×10−05 51.5 1.4×10−01 2.9×10−02 1.2×10−03

HD 2262 23.8 8011 11.9 7.9×10−06 43.3 8.7×10−02 1.2×10−02 5.4×10−04

HD 23484 16 5169 0.401 9.8×10−05 125 8.2×10−02 7.4×10−02 6.5×10−03

HD 24636 54.1 6781 3.35 1.1×10−04 41.2 4.0×10−02 5.8×10−03 1.7×10−04

HD 25457 18.8 6307 2.06 7.4×10−05 143 2.8×10−01 1.5×10−01 5.3×10−03

HD 25998 21 6317 2.25 2.6×10−05 77.3 7.7×10−02 1.3×10−02 4.9×10−04

HD 27290 20.5 7224 6.57 1.9×10−05 128 1.8×10−01 1.0×10−01 9.6×10−03

HD 274255 18.8 4025 0.0892 1.8×10−04 81.2 3.0×10−02 8.6×10−03 3.1×10−04

HD 27638B 45.3 5616 0.69 3.3×10−04 127 6.1×10−02 2.1×10−02 7.7×10−04

HD 30447 80.3 6760 3.75 9.0×10−04 143 2.6×10−01 2.0×10−01 1.9×10−02

HD 30495 13.3 5835 0.971 2.3×10−05 147 9.6×10−02 4.7×10−02 1.9×10−03

HD 3126 40.9 6468 2.38 1.2×10−04 115 1.0×10−01 3.0×10−02 1.0×10−03

HD 31392 25.2 5367 0.533 1.3×10−04 253 5.4×10−02 5.8×10−02 3.0×10−03

HD 33636 28.4 5978 1.08 3.6×10−05 191 2.9×10−02 2.2×10−02 9.5×10−04

HD 34324 74.6 8231 9.07 8.7×10−05 378 1.1×10−01 7.6×10−02 3.8×10−03

HD 35650 18 4195 0.126 1.5×10−04 99.7 3.3×10−02 2.7×10−02 1.0×10−03

HD 35841 103 6585 2.39 1.2×10−03 102 1.3×10−01 8.0×10−02 9.0×10−03

HD 35850 27 6090 1.87 3.0×10−05 88.4 4.7×10−02 2.2×10−02 2.4×10−03

HD 3670 86.8 6492 3.16 4.7×10−04 168 1.1×10−01 5.8×10−02 2.1×10−03

HD 36968 145 6839 4.01 1.2×10−03 142 1.2×10−01 4.6×10−02 1.6×10−03

HD 37484 56.8 6742 3.27 1.3×10−04 148 1.2×10−01 3.2×10−02 1.1×10−03

HD 37594 42.6 7247 6.01 2.5×10−04 150 4.2×10−01 2.7×10−01 9.1×10−03

HD 377 39.1 5876 1.2 3.2×10−04 92.2 1.2×10−01 7.4×10−02 8.9×10−03

HD 38206 75.1 9850 27.3 1.4×10−04 153 3.5×10−01 1.8×10−01 5.8×10−03

HD 38207 94.4 6794 2.96 7.5×10−04 181 1.5×10−01 7.2×10−02 2.7×10−03

HD 38678 21.6 8477 15 8.9×10−05 20.9 3.9×10−01 3.7×10−02 1.2×10−03

HD 38858 15.2 5780 0.829 8.7×10−05 112 1.7×10−01 1.2×10−01 1.6×10−02

HD 40136 14.9 7108 5.83 1.1×10−05 23.8 1.2×10−01 1.6×10−02 8.2×10−04

HD 40540 81 7262 4.69 3.5×10−04 102 1.4×10−01 7.2×10−02 2.2×10−03

HD 45184 21.9 5859 1.16 8.9×10−05 108 1.2×10−01 6.2×10−02 2.1×10−03

HD 50554 29.9 6030 1.38 4.5×10−05 100 4.0×10−02 2.2×10−02 2.2×10−03

HD 50571 33.6 6601 3.29 1.2×10−04 181 2.0×10−01 9.7×10−02 3.7×10−03

HD 52265 29 6143 2.11 2.5×10−05 75.8 3.8×10−02 1.5×10−02 6.0×10−04

HD 53143 18.3 5415 0.581 1.7×10−04 53.4 1.4×10−01 2.3×10−02 7.1×10−04

HD 54341 102 9757 26.7 2.0×10−04 167 2.7×10−01 9.2×10−02 3.0×10−03

HD 59967 21.8 5826 0.894 2.8×10−05 81.1 3.7×10−02 8.6×10−03 3.1×10−04

HD 60491 24.6 5037 0.337 1.7×10−04 56.4 4.7×10−02 1.1×10−02 3.4×10−04

HD 61005 35.3 5491 0.584 2.2×10−03 100 4.8×10−01 3.6×10−01 3.0×10−02

HD 6798 82.8 9095 35.2 1.4×10−04 115 3.2×10−01 1.5×10−01 1.6×10−02

HD 6963 27.1 5549 0.569 8.6×10−05 94.7 4.1×10−02 1.3×10−02 4.3×10−04

HD 69830 12.5 5439 0.597 2.7×10−04 2.8 3.5×10−02 4.1×10−03 2.4×10−04

HD 71722 69.4 8924 16.6 9.0×10−05 116 1.6×10−01 4.5×10−02 1.4×10−03

HD 72905 14.4 5899 0.987 1.1×10−05 59.5 4.8×10−02 8.0×10−03 3.5×10−04

HD 73350 24 5818 0.989 1.3×10−04 126 1.2×10−01 9.6×10−02 3.4×10−03

HD 7590 23.2 5996 1.05 1.6×10−04 167 1.9×10−01 9.7×10−02 3.8×10−03

HD 76151 17.4 5815 1.03 1.4×10−05 52.6 3.7×10−02 5.9×10−03 2.6×10−04
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Name d Teff L? LIR/L? R0 F60 F160 F610

(pc) (K) (L�) (au) (Jy) (Jy) (Jy)

HD 76543 45.7 8145 13.2 1.2×10−04 108 3.4×10−01 1.7×10−01 5.0×10−03

HD 76582 46.1 7758 8.88 2.7×10−04 129 5.4×10−01 3.4×10−01 3.1×10−02

HD 80950 82 9681 28.1 8.1×10−05 30.8 6.8×10−02 1.6×10−02 5.0×10−04

HD 82443 17.8 5294 0.458 5.1×10−05 35.4 3.5×10−02 5.5×10−03 2.0×10−04

HD 82943 27.5 5987 1.52 1.1×10−04 125 1.2×10−01 9.0×10−02 3.1×10−03

HD 84075 68 5991 1.47 2.0×10−04 90.7 3.4×10−02 9.1×10−03 2.9×10−04

HD 84870 88 7482 7.65 2.6×10−04 291 1.5×10−01 2.0×10−01 1.6×10−02

HD 85672 107 8096 8.39 5.3×10−04 95 1.9×10−01 3.7×10−02 1.1×10−03

HD 86087 92.9 9465 39.8 3.5×10−04 111 6.9×10−01 3.2×10−01 1.2×10−02

HD 87696 28.2 7920 10.3 1.6×10−05 19.7 5.3×10−02 9.7×10−03 3.9×10−04

HD 8907 34.8 6323 2.17 2.5×10−04 173 2.1×10−01 2.3×10−01 2.1×10−02

HD 90089 21.5 6714 3.07 1.0×10−05 463 3.6×10−02 7.3×10−02 1.4×10−02

HD 92945 21.4 5118 0.37 6.6×10−04 184 2.2×10−01 3.4×10−01 2.4×10−02

HD 95086 90.4 7416 6.97 1.2×10−03 126 5.0×10−01 3.2×10−01 3.9×10−02

HD 95418 24.4 9255 59.3 1.5×10−05 69 5.4×10−01 7.0×10−02 2.5×10−03

HD 95698 56.1 7127 8.19 1.1×10−04 135 1.4×10−01 9.1×10−02 3.0×10−03

HIP 11437 40 4283 0.223 1.0×10−03 71.4 6.9×10−02 4.2×10−02 1.4×10−03

HIP 1368 15 3975 0.108 1.1×10−04 302 1.8×10−02 6.4×10−02 5.2×10−03

HIP 32480 16.7 6048 1.88 7.0×10−05 163 2.6×10−01 2.0×10−01 7.8×10−03

HIP 43534 16.5 4151 0.0995 2.6×10−04 376 1.6×10−02 1.1×10−01 3.2×10−02

HIP 63942 18.8 4087 0.118 1.9×10−04 88.6 4.1×10−02 1.4×10−02 5.2×10−04

HIP 74995 6.3 3245 0.0121 7.0×10−05 137 1.5×10−02 2.0×10−02 1.0×10−03

HR 4796 72.8 8763 23.4 4.9×10−03 56.8 6.3×10+00 1.6×10+00 4.1×10−02
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Model predictions for the 189 stars used in this study (masses are in M⊕ and fluxes in W/m2). Column 1: Star’s name.
Column 2: CO mass. Column 3,4: CO flux at 1.3mm, 870microns. Column 5: CI mass. Column 6: CI flux at 610microns.
Column 7: CII mass. Column 8: CII flux at 158microns. Column 9: OI mass (with extra water, see Sect. 6.2). Column 10: OI
flux at 63microns (with extra water).

Name MCO FCO 1300 FCO 870 MCI FCI 610 MCII FCII 158 MOI FOI 63

(M⊕) (W/m2) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2)

β Pic 4.6×10−05 2.4×10−20 1.9×10−20 3.4×10−03 2.3×10−19 3.8×10−04 6.9×10−18 1.5×10−02 1.4×10−17

η Tel 8.5×10−08 1.1×10−23 4.9×10−23 1.1×10−03 2.1×10−20 5.6×10−04 4.0×10−19 6.6×10−03 1.6×10−18

49 Ceti 4.0×10−06 3.6×10−22 3.7×10−22 2.2×10−03 4.9×10−20 1.0×10−03 1.8×10−18 1.3×10−02 3.2×10−18

HD 110058 1.9×10−04 9.5×10−22 1.3×10−21 2.6×10−03 5.4×10−21 1.3×10−04 8.1×10−20 1.1×10−02 3.0×10−19

HD 131835 2.6×10−05 5.6×10−22 8.5×10−22 2.7×10−03 1.4×10−20 1.7×10−04 8.8×10−20 1.2×10−02 8.5×10−19

HD 138813 2.5×10−06 4.2×10−23 1.0×10−22 6.7×10−03 2.0×10−20 4.0×10−03 5.7×10−19 4.3×10−02 1.2×10−18

HD 146897 2.9×10−03 1.1×10−21 1.4×10−21 1.0×10−02 5.7×10−21 4.6×10−04 1.9×10−19 4.3×10−02 3.3×10−19

HD 156623 1.2×10−03 5.7×10−21 1.2×10−20 7.0×10−02 4.3×10−20 3.9×10−03 8.3×10−19 3.0×10−01 3.0×10−18

HD 172555 3.2×10−04 1.9×10−21 3.2×10−21 4.9×10−05 1.2×10−20 4.4×10−07 2.2×10−20 2.0×10−04 2.5×10−17

HD 181327 2.6×10−05 1.2×10−21 6.1×10−22 1.3×10−03 9.6×10−21 2.2×10−04 5.3×10−19 6.0×10−03 5.5×10−19

HD 21997 6.8×10−07 4.6×10−23 6.1×10−23 5.4×10−04 1.5×10−20 2.5×10−04 3.4×10−19 3.2×10−03 1.3×10−18

HD 32297 6.1×10−03 1.8×10−21 2.3×10−21 2.2×10−02 9.6×10−21 1.3×10−03 5.6×10−19 9.4×10−02 5.5×10−19

AU Mic 4.8×10−09 4.7×10−25 8.4×10−27 1.6×10−08 6.3×10−25 1.6×10−06 3.3×10−21 6.4×10−06 3.1×10−22

CE Ant 7.3×10−08 9.9×10−24 8.4×10−25 6.0×10−06 2.8×10−22 5.5×10−06 8.4×10−20 4.6×10−05 2.2×10−20

Fomalhaut A 1.2×10−08 3.4×10−24 9.9×10−26 3.1×10−07 4.8×10−22 3.1×10−05 1.2×10−18 1.2×10−04 2.4×10−19

Fomalhaut C 4.6×10−11 3.3×10−27 5.6×10−29 1.6×10−08 8.9×10−26 6.6×10−09 1.3×10−26 8.9×10−08 2.1×10−25

HD 10008 1.2×10−09 2.0×10−26 3.7×10−28 3.5×10−09 5.1×10−27 3.5×10−07 2.4×10−22 1.4×10−06 1.1×10−23

HD 102647 7.4×10−10 1.3×10−25 4.6×10−27 1.1×10−07 7.8×10−24 1.7×10−06 4.8×10−20 7.4×10−06 3.4×10−21

HD 102870 4.3×10−13 3.3×10−29 5.6×10−31 5.1×10−10 5.1×10−27 5.5×10−11 2.2×10−28 2.3×10−09 1.3×10−26

HD 103703 2.7×10−06 5.4×10−23 9.2×10−23 3.1×10−05 5.0×10−22 7.7×10−07 1.3×10−21 1.3×10−04 2.0×10−20

HD 104600 4.8×10−09 1.6×10−25 2.9×10−25 4.3×10−05 8.7×10−22 1.7×10−04 1.1×10−19 8.4×10−04 2.4×10−19

HD 10472 9.7×10−08 2.8×10−25 7.0×10−27 1.9×10−05 1.3×10−23 4.4×10−05 1.5×10−20 2.5×10−04 1.2×10−21

HD 104860 1.6×10−07 9.2×10−25 2.0×10−26 3.9×10−05 1.1×10−22 6.2×10−05 3.4×10−20 4.0×10−04 3.2×10−21

HD 105 4.3×10−08 3.1×10−25 6.7×10−27 3.8×10−06 8.8×10−24 2.0×10−05 1.3×10−20 9.5×10−05 8.0×10−22

HD 105211 3.6×10−09 8.5×10−26 1.5×10−27 1.1×10−06 1.1×10−23 2.1×10−06 2.1×10−22 1.2×10−05 1.1×10−22

HD 106036 5.4×10−08 1.8×10−24 7.9×10−24 7.2×10−05 1.8×10−21 6.6×10−05 1.5×10−19 5.5×10−04 1.1×10−18

HD 10638 6.1×10−07 2.2×10−24 7.1×10−26 3.1×10−04 5.8×10−22 1.7×10−04 9.3×10−20 1.9×10−03 1.7×10−20

HD 10647 1.1×10−07 8.8×10−24 3.9×10−25 1.5×10−05 9.0×10−22 3.4×10−05 4.2×10−19 2.0×10−04 5.2×10−20

HD 106797 2.4×10−09 8.5×10−26 3.7×10−25 5.8×10−05 1.6×10−21 1.5×10−04 1.4×10−19 8.1×10−04 3.3×10−19

HD 106906 2.7×10−05 6.9×10−22 7.8×10−22 2.2×10−03 6.5×10−21 2.5×10−04 2.0×10−19 1.0×10−02 3.7×10−19

HD 10700 1.3×10−11 8.6×10−27 1.5×10−28 4.3×10−11 7.6×10−27 4.3×10−09 1.1×10−24 1.7×10−08 2.1×10−24

HD 107146 4.8×10−07 7.6×10−24 1.7×10−25 2.1×10−04 6.4×10−21 1.1×10−04 1.8×10−19 1.3×10−03 5.3×10−20

HD 107649 4.1×10−08 5.2×10−25 1.0×10−25 5.9×10−06 2.8×10−23 2.0×10−06 1.8×10−21 3.2×10−05 1.7×10−21

HD 108857 3.5×10−05 9.1×10−23 1.5×10−22 1.1×10−04 7.4×10−22 2.9×10−06 3.5×10−21 4.3×10−04 3.3×10−20

HD 109085 3.5×10−10 9.5×10−27 1.6×10−28 2.2×10−07 2.8×10−24 1.2×10−07 1.2×10−24 1.4×10−06 1.3×10−23

HD 109832 2.0×10−06 4.0×10−23 2.7×10−23 2.9×10−04 1.4×10−21 6.1×10−05 3.6×10−20 1.4×10−03 8.4×10−20

HD 110897 1.8×10−10 5.4×10−27 9.4×10−29 8.3×10−10 2.4×10−27 8.2×10−08 3.8×10−24 3.3×10−07 6.3×10−25

HD 111520 3.5×10−06 1.2×10−23 8.4×10−25 1.2×10−03 1.1×10−21 4.8×10−04 2.0×10−19 6.8×10−03 5.8×10−20

HD 111631 3.0×10−12 2.4×10−28 4.1×10−30 2.0×10−09 1.2×10−26 3.4×10−10 5.9×10−28 9.3×10−09 2.2×10−26

HD 11171 6.4×10−11 1.1×10−27 1.9×10−29 4.8×10−08 1.3×10−25 2.0×10−08 2.8×10−26 2.7×10−07 4.3×10−25

HD 112429 1.1×10−09 1.4×10−26 2.7×10−28 5.0×10−09 6.7×10−27 4.9×10−07 3.5×10−22 2.0×10−06 1.6×10−23

HD 114082 4.3×10−03 1.2×10−21 1.9×10−21 7.0×10−03 7.9×10−21 1.7×10−04 1.5×10−19 2.9×10−02 4.5×10−19

HD 115617 3.7×10−10 4.6×10−26 8.1×10−28 1.4×10−09 4.5×10−26 1.4×10−07 1.2×10−22 5.7×10−07 1.7×10−23

HD 117214 3.4×10−03 9.2×10−22 1.6×10−21 8.5×10−03 6.3×10−21 2.6×10−04 1.2×10−19 3.5×10−02 3.6×10−19

HD 118972 3.5×10−10 1.4×10−26 2.5×10−28 9.0×10−10 2.7×10−27 8.9×10−08 1.1×10−22 3.6×10−07 4.7×10−24

HD 119124 4.0×10−09 6.5×10−26 1.3×10−27 1.8×10−08 3.5×10−26 1.8×10−06 1.6×10−21 7.1×10−06 7.5×10−23

HD 119718 5.6×10−07 1.1×10−23 1.2×10−23 1.2×10−04 7.8×10−22 2.8×10−05 1.4×10−20 5.9×10−04 4.8×10−20

HD 120534 9.0×10−07 2.2×10−23 5.5×10−24 2.1×10−04 1.5×10−21 1.0×10−04 1.3×10−19 1.2×10−03 1.0×10−19

HD 121189 1.2×10−06 2.3×10−23 2.3×10−23 9.1×10−05 5.3×10−22 9.1×10−06 5.8×10−21 4.0×10−04 2.9×10−20

HD 121191 6.3×10−03 3.3×10−22 8.7×10−22 2.8×10−03 3.8×10−21 1.6×10−04 1.4×10−19 1.2×10−02 1.7×10−18
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Name MCO FCO 1300 FCO 870 MCI FCI 610 MCII FCII 158 MOI FOI 63

(M⊕) (W/m2) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2)

HD 122652 1.2×10−08 8.0×10−26 1.6×10−27 6.0×10−08 5.9×10−26 6.0×10−06 2.7×10−21 2.4×10−05 1.3×10−22

HD 12467 3.7×10−08 1.2×10−25 3.7×10−27 2.8×10−06 2.7×10−24 6.8×10−05 3.2×10−20 2.8×10−04 2.0×10−21

HD 124718 2.1×10−06 5.2×10−23 9.0×10−24 3.6×10−04 2.6×10−21 2.4×10−04 3.8×10−19 2.4×10−03 1.8×10−19

HD 125451 4.8×10−10 6.5×10−27 1.1×10−28 2.6×10−09 2.6×10−27 2.6×10−07 2.0×10−23 1.0×10−06 1.3×10−24

HD 125541 1.8×10−07 3.2×10−24 1.7×10−24 2.0×10−05 1.4×10−22 4.2×10−06 2.9×10−21 9.7×10−05 8.2×10−21

HD 126265 4.9×10−07 1.1×10−23 2.1×10−24 1.1×10−04 7.6×10−22 7.0×10−05 9.4×10−20 7.1×10−04 5.5×10−20

HD 127821 4.5×10−08 4.5×10−25 8.5×10−27 1.2×10−05 7.0×10−23 2.1×10−05 9.4×10−21 1.3×10−04 1.2×10−21

HD 129590 1.1×10−02 9.9×10−22 1.6×10−21 1.9×10−02 6.5×10−21 6.1×10−04 1.7×10−19 8.0×10−02 3.8×10−19

HD 131885 4.4×10−07 8.3×10−24 6.6×10−24 6.6×10−04 4.9×10−21 2.1×10−03 7.6×10−19 1.1×10−02 6.3×10−19

HD 132254 1.4×10−10 2.1×10−27 3.7×10−29 6.2×10−10 4.7×10−28 6.1×10−08 4.8×10−24 2.5×10−07 2.8×10−25

HD 13246 1.2×10−09 5.8×10−27 1.0×10−28 4.9×10−09 1.8×10−27 4.8×10−07 6.2×10−23 2.0×10−06 2.8×10−24

HD 133803 5.0×10−06 8.0×10−23 1.6×10−22 1.7×10−04 1.0×10−21 1.0×10−05 7.7×10−21 7.1×10−04 4.6×10−20

HD 134888 9.2×10−07 1.5×10−23 3.9×10−24 1.6×10−04 7.9×10−22 6.4×10−05 5.5×10−20 9.1×10−04 5.0×10−20

HD 135599 2.3×10−09 9.2×10−26 1.7×10−27 7.8×10−09 3.7×10−26 7.7×10−07 1.1×10−21 3.1×10−06 5.5×10−23

HD 135953 7.8×10−07 2.8×10−24 3.0×10−25 1.7×10−04 1.9×10−22 1.7×10−04 5.6×10−20 1.3×10−03 1.6×10−20

HD 136482 6.3×10−10 3.2×10−27 5.1×10−28 8.1×10−07 1.5×10−24 1.9×10−05 6.9×10−21 7.8×10−05 1.6×10−21

HD 137057 4.4×10−07 5.1×10−24 6.0×10−24 1.2×10−04 4.8×10−22 3.0×10−05 9.4×10−21 5.8×10−04 3.1×10−20

HD 138923 2.7×10−10 5.4×10−27 3.3×10−26 5.9×10−06 1.2×10−22 5.9×10−06 2.2×10−20 4.7×10−05 2.7×10−18

HD 138965 8.6×10−07 1.1×10−23 1.4×10−24 3.6×10−04 1.6×10−21 4.8×10−04 4.6×10−19 3.4×10−03 1.3×10−19

HD 139664 1.0×10−08 3.6×10−25 7.2×10−27 5.8×10−08 7.2×10−25 5.8×10−06 1.3×10−20 2.3×10−05 7.6×10−22

HD 140817 1.7×10−09 2.5×10−26 1.1×10−25 3.1×10−05 3.8×10−22 1.2×10−04 5.4×10−20 6.2×10−04 1.2×10−19

HD 14082B 1.1×10−08 4.9×10−25 2.7×10−26 8.5×10−07 1.2×10−23 1.8×10−06 1.1×10−20 1.1×10−05 1.5×10−21

HD 140840 2.8×10−08 4.7×10−25 3.0×10−25 2.9×10−05 2.2×10−22 1.9×10−04 8.4×10−20 8.8×10−04 7.6×10−20

HD 141943 5.9×10−09 5.9×10−26 1.6×10−27 1.7×10−07 3.5×10−25 1.7×10−06 2.4×10−21 7.6×10−06 1.5×10−22

HD 143675 9.7×10−06 1.5×10−22 2.3×10−22 3.7×10−04 1.4×10−21 2.1×10−05 1.4×10−20 1.6×10−03 7.0×10−20

HD 144981 9.1×10−09 1.1×10−25 4.8×10−25 1.7×10−07 1.4×10−24 1.7×10−05 2.3×10−20 6.7×10−05 1.1×10−18

HD 145229 5.7×10−09 4.8×10−26 9.2×10−28 2.5×10−08 3.0×10−26 2.5×10−06 1.0×10−21 1.0×10−05 4.9×10−23

HD 1461 1.2×10−09 2.1×10−26 3.7×10−28 5.0×10−09 7.4×10−27 4.9×10−07 1.6×10−22 2.0×10−06 7.9×10−24

HD 147594 6.7×10−08 8.2×10−25 4.9×10−25 6.7×10−06 3.7×10−23 1.3×10−06 6.4×10−22 3.2×10−05 2.1×10−21

HD 151044 3.4×10−09 3.8×10−26 6.8×10−28 1.8×10−08 2.2×10−26 1.8×10−06 4.3×10−22 7.2×10−06 2.2×10−23

HD 15115 3.2×10−07 3.2×10−24 1.1×10−25 8.9×10−05 4.2×10−22 1.1×10−04 1.7×10−19 8.0×10−04 2.1×10−20

HD 151376 2.3×10−05 1.9×10−23 2.7×10−23 1.4×10−05 1.8×10−22 7.8×10−08 1.6×10−22 5.5×10−05 1.7×10−19

HD 15257 3.2×10−08 1.2×10−25 2.2×10−27 3.8×10−05 1.3×10−22 1.7×10−05 1.2×10−21 2.2×10−04 7.0×10−22

HD 15745 6.8×10−05 2.1×10−21 2.5×10−21 2.9×10−03 1.3×10−20 2.3×10−04 3.8×10−19 1.3×10−02 7.0×10−19

HD 157728 7.1×10−08 6.6×10−25 2.1×10−26 8.8×10−06 2.8×10−23 3.9×10−05 5.4×10−20 1.9×10−04 4.1×10−21

HD 158633 8.4×10−11 4.6×10−27 8.0×10−29 3.8×10−10 1.6×10−27 3.8×10−08 6.0×10−25 1.5×10−07 2.9×10−25

HD 159492 3.9×10−08 4.1×10−24 1.8×10−24 2.0×10−05 8.8×10−22 2.9×10−05 1.1×10−19 1.9×10−04 1.0×10−19

HD 161868 8.7×10−09 2.1×10−25 8.6×10−27 7.5×10−07 1.3×10−23 7.4×10−05 2.6×10−19 3.0×10−04 2.2×10−20

HD 164249 1.8×10−06 9.0×10−23 1.9×10−23 3.9×10−04 5.6×10−21 2.0×10−04 5.7×10−19 2.4×10−03 3.5×10−19

HD 165908 1.5×10−10 5.5×10−27 9.4×10−29 9.8×10−10 6.7×10−27 9.7×10−08 1.3×10−24 3.9×10−07 1.7×10−24

HD 165908B 1.4×10−10 2.5×10−26 4.3×10−28 5.5×10−10 2.2×10−26 5.4×10−08 6.1×10−24 2.2×10−07 5.8×10−24

HD 166 1.6×10−09 8.9×10−26 1.8×10−27 4.6×10−09 4.0×10−26 4.6×10−07 1.8×10−21 1.9×10−06 8.7×10−23

HD 16743 2.8×10−07 1.4×10−24 4.4×10−26 9.5×10−05 2.0×10−22 1.1×10−04 7.9×10−20 8.1×10−04 9.3×10−21

HD 169666 1.3×10−06 1.3×10−22 2.9×10−22 1.5×10−05 1.3×10−21 3.5×10−07 3.5×10−21 6.0×10−05 4.9×10−19

HD 170773 3.9×10−07 3.6×10−24 8.5×10−26 2.1×10−04 2.7×10−21 1.0×10−04 1.0×10−19 1.2×10−03 2.6×10−20

HD 17390 5.4×10−08 2.4×10−25 4.5×10−27 1.9×10−05 2.4×10−23 2.4×10−05 4.9×10−21 1.7×10−04 5.0×10−22

HD 17925 7.6×10−11 6.5×10−27 1.1×10−28 3.3×10−10 2.7×10−27 3.2×10−08 1.0×10−24 1.3×10−07 5.8×10−25

HD 182681 4.8×10−08 2.8×10−24 2.2×10−24 6.4×10−05 1.8×10−21 6.5×10−04 8.3×10−19 2.9×10−03 7.7×10−19

HD 191089 1.3×10−05 1.1×10−21 1.1×10−21 1.2×10−03 1.4×10−20 1.5×10−04 3.8×10−19 5.2×10−03 7.7×10−19

HD 191849 1.6×10−12 3.9×10−28 6.6×10−30 9.2×10−10 2.0×10−26 2.1×10−10 1.5×10−27 4.5×10−09 4.4×10−26

HD 192758 1.1×10−06 1.4×10−23 1.5×10−24 2.9×10−04 1.3×10−21 2.4×10−04 3.0×10−19 2.2×10−03 9.1×10−20

HD 195627 1.2×10−08 1.6×10−25 3.0×10−27 5.3×10−07 3.7×10−24 8.5×10−06 4.5×10−21 3.6×10−05 3.7×10−22

HD 199260 4.0×10−10 7.9×10−27 1.4×10−28 1.5×10−09 2.5×10−27 1.4×10−07 7.3×10−23 5.8×10−07 3.5×10−24

HD 201219 5.1×10−09 3.5×10−26 6.5×10−28 2.2×10−08 1.5×10−26 2.2×10−06 5.5×10−22 9.0×10−06 2.5×10−23

HD 202628 4.1×10−09 6.5×10−26 1.1×10−27 2.2×10−08 7.8×10−26 2.2×10−06 4.3×10−22 8.9×10−06 3.7×10−23

HD 202917 1.9×10−08 2.4×10−25 9.5×10−27 1.3×10−06 4.3×10−24 4.6×10−06 8.9×10−21 2.3×10−05 8.1×10−22
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(M⊕) (W/m2) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2)

HD 203 5.0×10−08 4.8×10−24 1.3×10−24 7.2×10−06 2.7×10−22 3.8×10−06 2.0×10−20 4.4×10−05 1.9×10−20

HD 205674 1.6×10−07 1.1×10−24 3.8×10−26 3.2×10−05 8.7×10−23 6.6×10−05 7.0×10−20 3.9×10−04 6.8×10−21

HD 206860 6.3×10−11 1.8×10−27 3.1×10−29 2.0×10−10 3.2×10−28 1.9×10−08 3.0×10−24 7.9×10−08 1.8×10−25

HD 206893 7.3×10−08 5.6×10−25 1.2×10−26 1.4×10−05 5.1×10−23 3.4×10−05 2.2×10−20 1.9×10−04 1.8×10−21

HD 207129 3.3×10−09 1.2×10−25 2.1×10−27 1.9×10−08 2.8×10−25 1.8×10−06 6.2×10−22 7.5×10−06 1.0×10−22

HD 218340 6.9×10−09 2.1×10−26 4.0×10−28 3.4×10−08 9.3×10−27 3.3×10−06 4.1×10−22 1.3×10−05 1.8×10−23

HD 218511 1.3×10−11 5.1×10−28 8.8×10−30 5.6×10−09 1.5×10−26 2.8×10−09 2.0×10−27 3.4×10−08 3.1×10−26

HD 219482 1.3×10−09 3.6×10−26 7.7×10−28 8.9×10−09 3.6×10−26 4.3×10−07 1.1×10−21 1.8×10−06 5.1×10−23

HD 219623 3.8×10−10 8.6×10−27 1.6×10−28 1.3×10−09 2.4×10−27 1.3×10−07 7.7×10−23 5.4×10−07 3.6×10−24

HD 22049 1.3×10−09 1.1×10−24 2.0×10−26 4.4×10−09 8.1×10−24 4.4×10−07 6.3×10−21 1.8×10−06 2.7×10−21

HD 221354 1.5×10−07 8.6×10−24 2.5×10−25 1.6×10−05 5.5×10−22 5.7×10−05 4.6×10−19 2.9×10−04 3.9×10−20

HD 22179 4.2×10−08 2.0×10−25 7.6×10−27 4.4×10−06 5.5×10−24 1.3×10−05 8.9×10−21 6.8×10−05 8.5×10−22

HD 221853 2.9×10−06 1.2×10−22 5.0×10−23 5.4×10−04 4.4×10−21 1.2×10−04 1.7×10−19 2.6×10−03 2.5×10−19

HD 223340 3.1×10−08 3.1×10−25 1.1×10−26 1.8×10−06 5.0×10−24 8.4×10−06 1.3×10−20 4.1×10−05 1.0×10−21

HD 22484 2.3×10−10 1.1×10−26 2.1×10−28 8.3×10−10 4.7×10−27 8.2×10−08 1.0×10−22 3.3×10−07 5.3×10−24

HD 2262 1.8×10−10 3.6×10−27 7.6×10−29 1.1×10−08 3.3×10−26 1.9×10−07 3.7×10−22 8.1×10−07 1.8×10−23

HD 23484 1.5×10−09 5.3×10−26 9.3×10−28 6.5×10−09 4.5×10−26 6.4×10−07 1.3×10−22 2.6×10−06 1.6×10−23

HD 24636 2.7×10−08 5.7×10−25 5.8×10−26 4.3×10−06 3.1×10−23 3.7×10−06 7.9×10−21 3.2×10−05 2.5×10−21

HD 25457 4.9×10−09 1.3×10−25 2.3×10−27 2.8×10−08 2.6×10−25 2.7×10−06 1.6×10−21 1.1×10−05 1.3×10−22

HD 25998 8.1×10−10 1.8×10−26 3.2×10−28 3.4×10−09 6.2×10−27 3.4×10−07 1.7×10−22 1.4×10−06 8.1×10−24

HD 27290 1.2×10−09 2.6×10−26 4.5×10−28 7.2×10−09 3.9×10−26 7.1×10−07 1.6×10−22 2.9×10−06 1.7×10−23

HD 274255 1.1×10−09 3.0×10−26 5.2×10−28 3.3×10−09 5.5×10−27 3.2×10−07 9.9×10−23 1.3×10−06 4.7×10−24

HD 27638B 3.1×10−08 1.8×10−25 3.9×10−27 1.4×10−07 1.4×10−25 1.4×10−05 7.7×10−21 5.8×10−05 3.8×10−22

HD 30447 1.9×10−06 2.0×10−23 2.2×10−24 5.1×10−04 1.7×10−21 3.3×10−04 3.0×10−19 3.4×10−03 1.0×10−19

HD 30495 2.1×10−10 1.1×10−26 1.9×10−28 1.1×10−09 7.7×10−27 1.1×10−07 4.4×10−24 4.5×10−07 1.9×10−24

HD 3126 1.6×10−08 1.1×10−25 2.5×10−27 2.6×10−07 3.4×10−25 8.2×10−06 5.6×10−21 3.4×10−05 2.8×10−22

HD 31392 2.6×10−09 3.8×10−26 6.6×10−28 6.7×10−07 1.5×10−24 1.0×10−06 1.9×10−23 6.8×10−06 1.0×10−23

HD 33636 5.1×10−10 5.8×10−27 9.9×10−29 3.1×10−09 2.9×10−27 3.1×10−07 2.9×10−24 1.2×10−06 6.2×10−25

HD 34324 2.3×10−08 3.9×10−26 6.7×10−28 2.0×10−05 6.7×10−24 6.1×10−06 5.3×10−23 1.1×10−04 3.0×10−23

HD 35650 1.0×10−09 3.0×10−26 5.1×10−28 3.5×10−09 9.6×10−27 3.5×10−07 6.1×10−23 1.4×10−06 4.3×10−24

HD 35841 2.9×10−06 3.5×10−23 8.6×10−24 5.9×10−04 1.8×10−21 2.5×10−04 1.6×10−19 3.4×10−03 1.1×10−19

HD 35850 8.6×10−10 1.1×10−26 2.0×10−28 3.8×10−09 4.5×10−27 3.8×10−07 7.7×10−23 1.5×10−06 4.0×10−24

HD 3670 3.1×10−07 8.1×10−25 2.8×10−26 8.6×10−05 6.5×10−23 1.1×10−04 4.3×10−20 7.8×10−04 4.9×10−21

HD 36968 3.8×10−06 1.7×10−23 2.8×10−24 1.0×10−03 1.1×10−21 4.8×10−04 1.4×10−19 6.0×10−03 6.6×10−20

HD 37484 2.5×10−08 8.5×10−26 1.8×10−27 1.6×10−06 9.2×10−25 1.4×10−05 3.6×10−21 6.1×10−05 1.9×10−22

HD 37594 1.7×10−07 2.0×10−24 7.3×10−26 4.0×10−05 2.2×10−22 7.5×10−05 1.3×10−19 4.6×10−04 1.4×10−20

HD 377 6.0×10−08 9.0×10−25 3.6×10−26 5.9×10−06 2.9×10−23 2.0×10−05 4.5×10−20 1.0×10−04 4.3×10−21

HD 38206 2.6×10−08 2.2×10−25 1.7×10−26 2.2×10−06 7.1×10−24 2.1×10−04 2.0×10−19 8.7×10−04 2.5×10−20

HD 38207 7.6×10−07 2.0×10−24 8.6×10−26 2.5×10−04 2.1×10−22 2.0×10−04 7.9×10−20 1.8×10−03 1.3×10−20

HD 38678 2.1×10−09 1.7×10−24 3.3×10−24 3.3×10−06 2.0×10−21 1.2×10−05 5.9×10−19 5.9×10−05 2.2×10−18

HD 38858 2.7×10−09 1.1×10−25 2.0×10−27 1.2×10−08 1.5×10−25 1.2×10−06 8.9×10−22 4.9×10−06 7.5×10−23

HD 40136 5.6×10−10 5.6×10−26 2.2×10−27 1.5×10−08 4.6×10−25 1.3×10−07 2.5×10−21 5.8×10−07 1.6×10−22

HD 40540 3.6×10−07 3.2×10−24 3.1×10−25 7.9×10−05 2.3×10−22 8.3×10−05 7.2×10−20 6.5×10−04 2.0×10−20

HD 45184 4.1×10−09 8.4×10−26 1.6×10−27 1.9×10−08 7.2×10−26 1.9×10−06 1.3×10−21 7.6×10−06 7.0×10−23

HD 50554 1.3×10−09 1.3×10−26 2.4×10−28 5.8×10−09 5.7×10−27 5.7×10−07 9.2×10−23 2.3×10−06 4.8×10−24

HD 50571 1.8×10−08 1.6×10−25 3.0×10−27 2.1×10−06 4.6×10−24 1.0×10−05 3.2×10−21 5.0×10−05 2.3×10−22

HD 52265 6.7×10−10 7.6×10−27 1.4×10−28 2.8×10−09 2.6×10−27 2.8×10−07 6.3×10−23 1.1×10−06 3.0×10−24

HD 53143 8.7×10−09 4.4×10−25 1.4×10−26 4.4×10−07 5.6×10−24 2.1×10−06 1.6×10−20 1.0×10−05 1.2×10−21

HD 54341 6.1×10−08 3.7×10−25 4.0×10−26 2.1×10−05 4.7×10−23 4.3×10−04 2.3×10−19 1.8×10−03 3.8×10−20

HD 59967 3.5×10−10 6.7×10−27 1.2×10−28 1.3×10−09 1.5×10−27 1.3×10−07 1.7×10−23 5.3×10−07 8.9×10−25

HD 60491 4.7×10−09 9.7×10−26 2.2×10−27 1.6×10−07 5.3×10−25 1.2×10−06 2.6×10−21 5.4×10−06 1.5×10−22

HD 61005 1.8×10−06 1.4×10−22 2.2×10−23 2.7×10−04 6.8×10−21 2.0×10−04 1.0×10−18 1.9×10−03 4.3×10−19

HD 6798 2.3×10−08 4.3×10−25 9.8×10−26 2.8×10−06 2.1×10−23 2.8×10−04 2.7×10−19 1.1×10−03 8.4×10−20

HD 6963 1.8×10−09 2.4×10−26 4.2×10−28 7.2×10−09 7.2×10−27 7.2×10−07 1.6×10−22 2.9×10−06 7.7×10−24

HD 69830 5.6×10−06 4.6×10−22 9.2×10−22 3.3×10−06 3.2×10−21 1.6×10−08 1.4×10−21 1.3×10−05 1.9×10−19

HD 71722 1.6×10−08 1.0×10−25 5.5×10−27 4.9×10−07 1.0×10−24 4.8×10−05 4.3×10−20 1.9×10−04 3.9×10−21

c© 2002 RAS, MNRAS 000, 1–27



34 Q. Kral

continued from previous page

Name MCO FCO 1300 FCO 870 MCI FCI 610 MCII FCII 158 MOI FOI 63

(M⊕) (W/m2) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2) (M⊕) (W/m2)

HD 72905 6.8×10−11 3.0×10−27 5.2×10−29 2.3×10−10 5.6×10−28 2.3×10−08 3.5×10−24 9.1×10−08 2.4×10−25

HD 73350 6.8×10−09 1.2×10−25 2.1×10−27 3.3×10−08 1.4×10−25 3.3×10−06 1.8×10−21 1.3×10−05 1.1×10−22

HD 7590 1.0×10−08 1.8×10−25 3.3×10−27 3.2×10−07 1.4×10−24 5.5×10−06 2.1×10−21 2.3×10−05 1.6×10−22

HD 76151 1.1×10−10 3.4×10−27 5.9×10−29 3.5×10−10 5.9×10−28 3.4×10−08 8.6×10−24 1.4×10−07 4.5×10−25

HD 76543 5.5×10−08 1.1×10−24 7.9×10−26 3.5×10−06 2.8×10−23 5.8×10−05 1.4×10−19 2.5×10−04 1.7×10−20

HD 76582 3.5×10−07 7.8×10−24 6.2×10−25 7.7×10−05 7.5×10−22 1.3×10−04 3.3×10−19 8.5×10−04 6.4×10−20

HD 80950 7.4×10−10 4.2×10−26 8.2×10−26 9.6×10−06 3.6×10−22 4.1×10−05 6.2×10−20 2.0×10−04 1.3×10−19

HD 82443 7.3×10−10 2.6×10−26 5.5×10−28 2.4×10−08 1.1×10−25 1.4×10−07 4.4×10−22 6.7×10−07 2.3×10−23

HD 82943 8.2×10−09 1.1×10−25 2.1×10−27 4.2×10−08 1.4×10−25 4.2×10−06 2.6×10−21 1.7×10−05 1.4×10−22

HD 84075 2.8×10−08 9.8×10−26 2.9×10−27 2.4×10−06 1.9×10−24 9.6×10−06 5.0×10−21 4.8×10−05 3.6×10−22

HD 84870 2.0×10−07 2.7×10−25 5.3×10−27 1.4×10−04 8.3×10−23 5.0×10−05 3.9×10−21 7.7×10−04 9.3×10−22

HD 85672 1.9×10−06 2.6×10−23 7.9×10−24 4.9×10−04 1.7×10−21 2.2×10−04 1.3×10−19 2.8×10−03 1.1×10−19

HD 86087 1.8×10−07 7.0×10−24 8.4×10−24 4.1×10−04 7.6×10−21 1.8×10−03 1.0×10−18 8.7×10−03 1.2×10−18

HD 87696 5.6×10−10 3.0×10−26 2.4×10−27 2.3×10−09 1.4×10−25 2.3×10−07 5.6×10−21 9.4×10−07 1.8×10−21

HD 8907 5.5×10−08 5.1×10−25 1.1×10−26 8.6×10−06 3.9×10−23 2.6×10−05 1.9×10−20 1.4×10−04 1.6×10−21

HD 90089 9.3×10−11 1.8×10−27 3.2×10−29 8.1×10−08 3.0×10−25 2.0×10−08 3.7×10−26 4.0×10−07 9.1×10−25

HD 92945 5.4×10−08 1.2×10−24 2.3×10−26 5.6×10−06 8.6×10−23 2.3×10−05 2.3×10−20 1.1×10−04 2.4×10−21

HD 95086 1.1×10−05 2.2×10−22 8.4×10−23 2.6×10−03 7.9×10−21 7.3×10−04 5.7×10−19 1.3×10−02 4.4×10−19

HD 95698 4.4×10−08 2.1×10−25 5.9×10−27 2.9×10−06 4.4×10−24 2.7×10−05 1.8×10−20 1.2×10−04 1.2×10−21

HIP 11437 1.2×10−07 2.7×10−24 1.6×10−25 1.0×10−05 7.4×10−23 2.2×10−05 6.4×10−20 1.3×10−04 9.4×10−21

HIP 1368 3.5×10−10 1.4×10−26 2.4×10−28 1.1×10−07 7.3×10−25 9.4×10−08 5.3×10−25 8.1×10−07 3.3×10−24

HIP 32480 3.8×10−09 1.3×10−25 2.2×10−27 2.3×10−08 3.5×10−25 2.3×10−06 8.7×10−22 9.1×10−06 1.3×10−22

HIP 43534 1.6×10−09 5.5×10−26 9.4×10−28 7.4×10−07 6.7×10−24 3.0×10−07 2.6×10−24 4.2×10−06 2.5×10−23

HIP 63942 1.6×10−09 4.3×10−26 7.5×10−28 5.1×10−09 1.0×10−26 5.0×10−07 1.8×10−22 2.0×10−06 8.7×10−24

HIP 74995 1.7×10−11 3.8×10−27 6.5×10−29 4.9×10−11 8.6×10−28 4.8×10−09 5.6×10−26 1.9×10−08 1.4×10−25

HR 4796 1.1×10−04 3.8×10−21 1.4×10−20 1.7×10−01 4.9×10−20 1.8×10−02 8.2×10−19 7.5×10−01 4.4×10−18
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