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ABSTRACT

Context. Gas is now detected in many extrasolar systems around mature stars aged between 10 Myr to ~ 1 Gyr with planetesimal
belts. Gas in these mature disks is thought to be released from planetesimals and has been modelled using a viscous disk approach
where the gas expands inwards and outwards from the belt where it is produced. Therefore, the gas has so far been assumed to be a
circumstellar disk orbiting the star but at low densities, this may not be a good assumption as the gas could be blown out by the stellar
wind instead.

Aims. In this paper, we aim to explore when the transition from a gas disk to such a gas wind happens and whether it can be used to
determine the stellar wind properties around main-sequence stars that are otherwise hard to measure.

Methods. We developed an analytical model for A to M stars that can follow the evolution of gas outflows and target when the
transition occurs between a disk or a wind to finally compare to current observations. The crucial criterion is here the gas density for
which gas particles stop being protected from stellar wind protons impacting at high velocities on radial trajectories.

Results. We find_that: 1) Belts of radial width AR with gas densities < 7 (AR/50 auw)~! cm~* would create a wind rather than a disk,
which would explain the recent outflowing gas detection in NO Lup. 2) The properties of this belt wind can be used to measure stellar
wind properties such as their densities and velocities._3) Very early-type stars can also form gas winds because of the star’s radiation
pressure rather than stellar wind._4) Debris disks with low fractional luminosities f are more likely to create gas winds, which could
be observed with current facilities.

Conclusions. The systems containing low gas masses such as Fomalhaut or TWA 7 or more generally, debris disks with fractional
luminosities f < 1073(L, /Ly) %37 or stellar luminosity 2 20 L, (AOV or earlier) would rather create gas outflows (or belt winds) than
gas disks. Gas observed to be outflowing at high velocity in the young system NO Lup could be an example of such belt winds. Future
observing predictions in this wind region should account for the stellar wind to be able to detect the gas. The detection of these gas
winds is possible with ALMA (CO and CO™ could be good wind tracers) and would allow us to constrain the stellar wind properties
of main-sequence stars, which are otherwise difficult to measure (e.g. there are no successful measures around A stars for now).

Key words. Kuiper belt: general — circumstellar matter — Planetary Systems — Solar wind — Sun: Heliosphere — interplanetary
medium

ever, there are strong indications that, even for these massive

~ Gas is now detected in most dense planetesimal belts (observed
- == as bright debris disks) around young early-type stars > 10 Myr

(Modr et al.|[2017). It is now also detected around up to Gyr-
old stars (Matra et al.|2017b; [Marino et al.||2017)) and around
later-type stars, all the way from A-to-M stars (e.g., Marino et
al.| 2016 Matra et al.|[2019; |[Kral et al.|2020b; Rebollido et al.
2022), with a remarkable diversity of CO gas masses ranging
from 0.1 (e.g. Késpal et al.[2013; Modr et al[2017,[2019) to 1077
Mg (Matra et al.|2017b). The observed CO gas and its daughter
products (C and O) are best described as being secondary (Kral
et al.[2017,|2019), i.e., the gas is released from planetesimals. It
is only for the few most massive systems that a primordial ori-
gin (i.e. the hypothesis that the gas would be a remnant of the
protoplanetary disk phase) is not completely ruled out. How-

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

systems, the observed gas is of secondary origin (Hughes et al.
2017;|Smirnov-Pinchukov et al.|2021)) and CO remains abundant
thanks to shielding by carbon naturally produced in a secondary
fashion as explained in detail in Kral et al.|(2019).

These discoveries have prompted several numerical investi-
gations aimed at understanding the origin and evolution of this
long-lived gas component. Up to now, this gas has been modelled
as a circumstellar disk orbiting the star and mostly co-located
with the planetesimal belts. In these models, the gas production
rate has been assumed to be proportional to the dust mass loss
rate of the planetesimal belt. This modelling approach was ap-
plied to ~ 200 systems and it can explain most observations to
date (Kral et al.[2017). Two exceptions to the standard scenario
are given by the detection of an atomic gas wind in n Tel in UV
(Youngblood et al.[2021)) and probably in optical (Rebollido et
al.|2018)) and also around o~ Her in UV (Chen & Jural2003)). The
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central stars being very early (~AOV), ionised carbon may also
become unbound and cannot retain other atomic species through
braking Coulomb collisions as is usually assumed (Fernandez,
Brandeker, & Wul2006), which is similar to the results of |[Kral
et al. (2017, Fig. 11).

In addition, when recently studying the low gas environment
of the Solar System Kuiper Belt (KB), |[Kral et al.| (2021 found
that the possible secondary gas released (because of progressive
internal warming of large planetesimals) by KBOs (Kuiper belt
objects) could be directly blown out by the Solar wind without
forming a disk-like structure. Indeed, the likely low gas density
in the KB would mean that gas particles are not protected from
the Solar wind and each wind proton hitting a gas particle will
lead to an ejection (at higher than the local escape velocity) of
the gas particle and hence create a gas belt wind. This KBO gas
would have a lower density than expected by current viscous gas
models and a high velocity heading outwards, characteristic of
a wind. Here, the mechanism driving the wind would be stellar
wind (SW) and not stellar radiation as presented in the previous
paragraph for  Tel. SWs can only affect low gas density systems
while radiative winds can impact any gas (that remains optically
thin to high energy photons) given that the star is roughly earlier
than AOV, which does not apply to many debris disks. The car-
toon presented in Fig. [T| shows the classical picture of a gas disk
in Keplerian rotation along with the stellar wind and radiative
wind mechanisms that become important at low gas densities
and high stellar luminosities, respectively.

In this paper, we aim to trace the behaviour of low density
gas in presence of SWs and generalize the current models to any
circumstellar gaseous system. Our main goal is, in particular, to
explore what are the crucial criteria that will determine if the be-
haviour of a given gas system will be disk-like or wind-like and
whether those “belt” winds can be detected by current instru-
ments. To do so, we developed an analytical model to describe
the gas density and velocity in low gas mass systems where the
effect of SWs can become important. We will also investigate
whether these belt winds can be used as proxies to determine
the SW properties around main-sequence stars that are other-
wise hard to measure (Johnstone et al.|[2015a), especially for A
stars where no measurements led to a detection so far (Lanz &
Catala| 1992} Krtivckal2014)). We will also explore the type of de-
bris disks in terms of fractional luminosity and stellar type that
could harbour these belt winds to be able to target them with,
e.g., ALMA.

2. The analytical model

We will describe the gas as an idealised one zone model with a
scale height H and a constant density throughout for a planetes-
imal belt located between R and R + AR.

The stellar wind velocity around M to A stars is in the range
100-1000 km/s (corresponding to the range of escape velocities
at the stellar surface, Johnstone et al.|2015a). After an elastic
collision with a wind proton of velocity vsw at an angle y (be-
tween the proton velocity vector and the normal to the surfaces
of proton and gas particle spheres at the point of contact), a gas
particle of mean molecular weight u will have a velocity equals
to

_ 2cos(y)vsw

P ey

8

provided that the initial gas particle velocity (commonly of a
few km/s along the azimuth) is small compared to the end ve-
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locity after impact (see Appendix [D] to get full expressions).
Assuming that the wind velocity is close to the escape veloc-
ity at the stellar surface (Johnstone et al.|2015a) then we ob-
tain that a gas particle will become unbound (i.e. with a ve-
locity after impact greater than the local escape velocity) for

R> W+ 1D/Q2 \/Ecos(w))R*, which we assume in our model.
Indeed, for a CO molecule suffering a head-on collision this cri-
terion translates into R > 10R, ~ 0.05 au, which will be always
verified for debris disks (even a worst case scenario of a collision
with an impact angle ¢ = 89.5 deg would imply R > 5 au, which
will also be true as belts are typically located at tens of au).

The model we present here is developed for systems with
low gas densities where the mean free path of a wind proton A,
crossing the belt is much greater than the belt’s width AR. This
means that a wind proton will at most interact with one gas par-
ticle in the disk (see cartoon in Fig. [1|for the basic mechanism).
When A,, becomes lower than AR, much less gas particles can
be ejected and the density starts building up to quickly reach
the usual steady-state gas disk regime that has been described in
the literature up to now (see Appendix [C). The main criterion to
check whether a system is in the wind regime is thus

Aw > AR. 2

If we rewrite this criterion in terms of the Knudsen number
K, = Ay /H, we obtain that K, > AR/H, and thus that K, > 1
because the scale height is much smaller than the belt’s width
even for the narrowest disks. For such high values of K, gas
will not behave like a fluid, and one should use a collisional ap-
proach to model the dynamics of the gas rather than standard
hydrodynamics as it then behaves as the sum of all individual
particles.

The mean free path of a wind proton crossing the gas in the
belt can be defined as a function of the gas density n, and its
elastic cross-section o as

1

Ay = s
NgO col

3

where oo = ﬂRgol depends on the particles that are consid-

ered to collide with each other. We find that R, depends on the
species considered. For an ionised species such as CO* or C and
O neutral atoms, it is roughly equal to the radius of the species
considered, i.e. ~ 0.78 A (Miller & Bederson|1978; Olney et al.
1997) or a cross-section of ~ 2 x 10720 m” (see Appendix [B).
Considering CO, the elastic cross-section with a high-velocity
proton is ~ 2 x 107'® m? (Niedner-Schatteburg & Toennies
1992; Dhilip Kumar, Saieswari, & Kumar|[2006), which leads
to Reo ~ 8 A. Solving for Eq.[2|and using Eq. to find the criti-
cal gas density n. below which gas is in the wind regime leads
to a gas density

1
ng < it = ARowy 4)
which can be turned into
AR\ -2/3
Merie ~ 7 cm™> 2 ©)
50 au aco

where ay is the polarisability of species X (see Appendix[B] and
we assumed that R is in the limit where its radius is fixed by
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Fig. 1. Cartoon showing the different dynamics of the gas as a function of gas density and stellar luminosity. The critical density and luminosity
showed on the figure are approximate and more precise values are presented in the paper. This paper focuses on the Stellar wind mechanism circled

in red.

the particle’s radius (case where collisions happen with ions or
C, or O). In the case of protons colliding with CO, n;; is 100
times smaller. In general, we find that proton collisions mostly
happen faster than ionisation of the gas released in the belt (see
Appendix [E). Indeed, for a wide range of host stars, interstel-
lar radiation, and also accounting for SW proton ionisation, we
find that the ionisation timescale is most often at least 10 times
greater than the time for a gas particle to get hit by a proton
at the density levels we consider (see Fig. [E.I). Therefore, it
is most likely that collisions will happen in majority between
stellar protons and neutral atoms (e.g. C, O) or molecules (e.g.
CO), but this should be checked on a case-by-case basis. We note
that it also means that a CO gas disk could be above the critical
density but after ionisation of the molecules, CO" behaves as a
wind because of its much smaller cross-section, hence why the
most constraining value of the critical density is not necessarily
that for CO collisions. Ionisation of O and CO can also happen
through charge exchange with SW protons with a cross-section
of Texe ~ 1.3%x107" m? (Izmodenov et al.|1997;|Lépez-Patifio et!
lal][2017). Comparing the charge exchange ionisation timescale
(which dominates over stellar ionisation) to that of the collisional
timescale for CO, we find that the order of magnitude for the ion-
isation fraction of CO is of order 0.1.

Now, we define a stellar wind proton mass loss rate Mgw and
a gas production rate in the disk Mg. In the case that 1,, > AR,
each proton hits AR/A,, < 1 gas particles as it passes through
the disk. The number of protons of mass m,, entering the disk per
unit time is then given by N, = (Mgw/m,)(H/R). Therefore the
number of gas particles hit per unit time is Ny = N,(AR/4,,). If
we assume that we are at steady state and that, in addition, each
gas particle exits the disk instantaneously once it is hit by a pro-
ton, then N ¢ must equal the rate at which gas particles are being
replenished, i.e. we get My/(um,) = (Msw/m,)(H/R)(AR/A,,).

From this we find the gas density at steady state in the wind
regime, which is equal to

() e
ng = " .
d Mgw /JHARO—COI

We note that nq is the density of gas in the disk, i.e. with a Keple-
rian rotation, while the gas density in the wind, moving outwards
will be described as ny, and their sum by ne. The transition be-
tween the wind and disk regimes is shown in Fig. 2] representing
the gas disk density as a function of a variety of realistic gas in-
put rate for different stellar mass loss rates. The wind regime lies
below the red line representing 7. And because ng < R in
the regime of interest, we require

ol

(6

Mg
Msw

N

The derived steady-state density assumes that gas particles
leave the disk immediately after impact but in reality it takes a
finite time fieave. Eq. [6] will then break down if the gas particle
gets hit by another proton before leaving the belt. To know when
this happens we calculate the waiting time before a gas particle
gets hit by a proton #;; and compareEﬁt tO fieave, Which is the time
taken by a gas particle to leave the main belt after impact. We
find that Eq. [6| breaks down when fieave /thic ~ 2u0coinswH > 1
(see Appendix [B). Another condition to use Eq. [f]is therefore
Mgw < (2ﬂR2vswml,) /(0cotH) or in more sensible terms

R Vsw ax 23
M 10710 M, ( ) ax )
sw <3107 Mo/yr{ 76020 N 100 kmys )\ aeg ®)

! 'We note that f;; is not linked to the mean free path of protons A,
through the disk but rather to the mean free path of a gas particle seeing
a flux of incoming protons as described in Appendix
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Fig. 2. Steady-state gas density in the belt (in Keplerian motion) pre-
dicted by our model for different values of gas production rate. The line
in red represents r;, which is the critical density below which the gas
has a wind structure (see Eq. [ for collisions between SW protons and
either C, O, or ions. Above this critical density, the gas is assumed to
form a viscous disk with @ = 107, The case of high Mgy = 10° M,
shows the regime where fieave/fyie > 1, independent of Mgy where we
assumed vgw = 100 km/s (see main text).

In the absence of external perturbers, a population of colli-
sionally interacting particles orbiting a central body always tends
to relax toward a dynamical state where relative velocities are
isotropically distributed. In terms of orbital elements this trans-
lates into (i) ~ {e)/2, with i and e the orbital inclinations and
eccentricities of solids feeding the gas, respectively, so that the
scale height of the planetesimals is ~ R{e)/2 (see[Thébault|2009,
for more details). To further simplify our model, we assumed
that H is equal to the latter and took a typical (e) ~ 0.1 value
(Thébault|2009). We also assumed that R is in the limit where
its radius is fixed by the particle’s radius (case valid for collisions
with ions or C, or O) but the result would be otherwise 10 times
greater if we had considered CO collisions instead. The typical
value found in Eq. [§] is much greater than the solar mass loss
rate of Mg = 1.4 X 1074 My/yr and should most always be true
around > 10 Myr old stars even for the youngest M-dwarfs such
as AU Mic, which wind mass loss rate estimations are in the
range 10-10° My, (Plavchan et al.|[2009; (Chiang & Fung|2017;
Sezestre et al.|2017).

We note that when Eq. [§] breaks but that Eq. [7is still valid,
it means that each gas particle scatters fieayve/fhir > 1 wind pro-
tons before it is ejected from the disk. As a first approximation
this is equivalent to reducing Msw by a factor #ii/ficave- The
new steady-state density in this case would be roughly equal
to ng(teave/thit) = 2Mg/ (4nRARvswum,), indeed independent of
Msw.

The gas density described by Eq. [6]is that of the gas that is
not yet kicked out by SW protons and it has a Keplerian velocity.
The windy part density can also be derived at the belt location.

Article number, page 4 of 18

10?2

10!

10°

nw(R)/ng
Solar wind mass loss rate

107t

1072

1073

10—13 10—12 10711 10—10

Msw (Mo /yr)

10715 10714

Fig. 3. Ratio of density between gas in the wind (spherical outward
motion) to that in the belt (in Keplerian motion in the belt) at the belt
location R as a function of the stellar wind mass loss rate. For this plot,
we use Eq.with u =28, vsw = 100 km/s, R = 100 au, AR = 50 au,
Oeol = 2% 1078 m?, and H = 0.05R. For a stellar wind mass loss rate
of a few tens that of the Sun, values of n,, become greater than n4 and
the wind becomes dominant.

The number of gas particles hit per unit time is Ng derived ear-
lier, which can then be used to derive the wind density by divid-
ing it by the velocity of gas particles after impact and the area
of solid angle of approximately ~ 7> (see Appendix @), which
leads to

— ©)
flw = T R2m,vsw’
We can therefore work out the ratio of gas in the wind (moving
outwards spherically) compared to that in the belt (moving in a
Keplerian motion) equal to

Nw _ MSWHARO—COI# (10)
ng ﬂszmstw

which can become greater than 1 for large values of Mgy and
the wind would then dominate (see Fig.[3). Typically, for a stellar
wind mass loss rate of a few tens that of the Sun (rather typical in
young systems, Johnstone et al.|[2015alb), values of n,, become
greater than ng and both components are important to consider.
When Eq. [7] breaks then the part of the disk between R and
R+A,, would behave as described before while the rest of the disk
beyond R + A,, would behave like a standard viscous disk (with
the dimensionless a value parametrizing the viscosity, [Shakural
& Sunyaev| [1973) as described in the current literature (e.g.
Kral et al.[2019) and in Appendix [C] (see Eq.[C.I). The viscous
spreading happens on rather long timescales (a few Myr to tens
of Myr depending on @) so that we can neglect its contribution to
the inner disk that reaches the previously described steady state
on much smaller timescales. In reality the transition may not be
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as abrupt as shown in Fig. 2] between the two regimes (disk Vs.
wind) but we still expect a strong discontinuity because the part
of the disk that becomes thick to incoming protons will produce
gas particles with outwards velocity of order tens of km/s, which
will collide again before leaving the disk and mostly come back
to their original velocity after a few collisions. Hence, collisions
do not produce escaping gas anymore and gas can accumulate.
A numerical model accounting for collisions in a Monte Carlo
fashion could describe this transition more accurately but this is
left for future work when clear belt wind detections will be at
hand.

To sum up, we are left with two gaseous populations after
the interaction of the stellar protons with gas released from plan-
etesimals: 1) Gas colocated with the planetesimal belt with a Ke-
plerian velocity, which accumulates before being hit by protons,
2) A spherical wind travelling outwards beyond the belt with a
mean velocity of order vsw/u (vsw being of order 100-1000 km/s
for M to A stars), or typically 5-50 km/s, which leads to a slow
moving spherical belt wind. We find that for A,, > AR then all
released gas is eventually blown out as a wind. Otherwise, only
the part between R and R + 4,, behaves as a wind and the rest
as a standard viscous disk (with 4,, quickly becoming very small
compared to R). For the case of strong Mgw when fieave/thit > 1,
a wind is still expected for 4,, > AR but the gas density will be
higher than derived in Eq. [6|because less particles can be blown
out given that one gas particle gets hit by several protons. All
these different regimes are shown in Fig. 2] We note that if there
is another belt further out releasing a substantial amount of gas
then the outward moving wind could be affected but the details
could only be captured by a more complex numerical simulation.

3. Results
3.1. Application of our model to real observations

We now use our model to compare ng and AR obtained from ob-
servations and investigate whether they lie at the top or bottom
of the ng; prediction given by Eq. [ Figure ] shows nc as a
function of AR where we assumed ions, C, or O (solid) and CO
(dashed) colliding with protons. We consider a sample of ob-
served disks with gas (described in Table [H.I)), which includes
both high-gas-density systems and low-density ones (such as the
KB, for which the gas density is taken from Kral et al.|[2021).
Above the black solid line, the gas will always have a disk-like
structure (except for very early-type stars because of the effect of
radiation pressure as explained later). Below the black solid line,
a gas wind may form for the ionised, C or O gas species and
below the dashed line for neutral CO gas. In Appendix [E} we
show that the ionisation timescale f;,, of the gas is in most cases
greater than the collisional timescale #,; between neutrals and
protons from the SW, so that gas does not ionize fast enough be-
fore it leaves the disk (except in bright FUV star systems or with
strong winds) and the ionised part will start appearing at larger
distances. However, as explained in the previous section, the ion-
isation fraction of CO is expected to be of order 0.1 because of
charge exchanges with SW protons, even at the planetesimal belt
location.

In Figure E} we notice that the gas in Fomalhaut, TWA 7 and
NO Lup (all detected with ALMA) possibly lies in the WIND
region of the parameter space given uncertainties. For NO Lup,
a wind has recently been detected (Lovell et al.|[2021)). For TWA
7 and Fomalhaut, the current gas detections were obtained after
integrating in frequency, and cannot rule out a wind with cer-
tainty. Deeper images could lead to the first confirmation of a

10°
HD 21997
] DISK
10° B Pic
49 Ceti
HD 129590

101 NO Lup,
o
| -
g 1001 | TS m=—el
= Fomalhaut " TT==—al_
s} ———
<

1073

WIND
1075,
Collisions with ions, C or O
, Kuiper belt —-——- Collisions with CO
1077
10! 102

AR (au)

Fig. 4. The lines represent the critical density ng; at which the gas
transition from a disk to a wind Vs belt’s width AR. The solid line is for
a model where ngy is given by Eq. [5]and assumes that protons collide
with ions, C or O. The dashed line is for collisions between protons
and CO. We indicate in capital letters whether the gas would be more
DISK- or WIND-like in different regions of the plot. We note that under
the black lines, winds are very likely as stated in the main text. The blue
points show the gas density n4 estimated for the different systems shown
in the plot. A vertical line joins two blue dots when a range of values
are given in the literature for the gas densities or masses. Data are given

in Table[ .11

belt wind detection in these systems. TWA 7 being younger may
be more favourable but Fomalhaut would give the first possibil-
ity to measure the stellar wind properties around an A star.
ALMA has the power to probe this “windy”” domain and deep
images targeting systems with low levels of gas could show a
wind structure (i.e. gas moving radially outwards at high veloci-
ties). For instance, NO Lup is a young K7 class III system with
a ~22 km/s outflowing wind detected in CO and it appears to lie
right at the edge of the wind/disk transition (Lovell et al.|2021).
Our model could provide the first explanation to this unexpected
observation. NO Lup could be in a late T-Tauri stageﬂ where
stellar mass loss rates would be of order 1079 Mg/yr or slighter
larger (Hartigan, Edwards, & Ghandour|[1995) explaining why
the wind would dominate over the gas in Keplerian motion (i.e.
ny/ng > 1, see Fig. E]) but observations at higher resolution are
needed to confirm our hypothesis. The age of NO Lup is not very
well constrained because of the unknown membership to either
Lupus or Upper Centaurus Lupus, and could be around 1-3 Myr
(Lupus), or 12-15 Myr (UCL) (Luhman!2020). We note that in
the T-Tauri case, we expect CO™ to dominate (which is possible
if ionisation is faster than the time to escape the disk in young
T-Tauri stars, |[Heays et al.|2017) as otherwise a wind would not
be present. The observed CO would then only come from re-
combination, which could be tested with ALMA. For more typi-
cal lower stellar mass loss rates if CO impact ionisation is faster

2 Given the uncertainties on the age of the system, NO Lup could also
be a main sequence star of 12-15 Myr (member of UCL, Luhman|2020).
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than UV photodissociation, and CO* wind removal is faster than
recombination, then we would expect CO* to be ~ 0.1 times as
abundant as CO in the wind (see Appendix [E). Given their sim-
ilar energy levels, but much stronger transitions for CO* com-
pared to CO, we expect CO™ J=3-2 to be brighter than CO J=3-2
by a factor of ~ 60 for similar excitation conditions. We therefore
indicate CO* as a potential tracer of disk winds around young
main sequence stars.

In the B Pic system, atoms such as Ca, Na, Fe are detected
at large distances from the star going from ~ 10 to 100s of au
(Brandeker et al.|[2004; Nilsson et al.|2012). The atomic gas is
in Keplerian rotation, which is surprising because it is expected
that radiation pressure should blow out most atomic gas (such as
Fel or Fell) on hyperbolic orbits. Brandeker et al.|(2004) explain
that a braking agent may be at work but that hydrogen does not
work. Fernadndez, Brandeker, & Wu! (2006) suggest a few years
later that the overabundant ionised carbon may be the braking
agent able to explain the observations. In the context of this pa-
per, one may also wonder, whether stellar winds could also be
important to push these metals away from the star where they
are supposedly produced (e.g. via outgassing exocomets, Kiefer
et al.|2014). Using the mapping of Fe I in 8 Pic at the VLT by
Nilsson et al.[(2012)) we get an estimate of the Fe density at 20 au
(their fig. 9) and find ~0.2 cm~>. This value being smaller than
the critical density found in the paper, we could imagine that
indeed Fe or other metals could be pushed outwards due to colli-
sions with stellar protons, in the case where the total metal den-
sity (including all species) is not greater than the critical density.
However, one would need to look for the specific metal-proton
cross sections in their neutral and ionised states to carry out the
calculations properly as well as the initial velocity vectors of
those metals, which goes beyond the scope of this wind pioneer-
ing paper. Qualitatively, we note that when the metals enter the
main gas disk in Keplerian rotation (made of CO and carbon,
Dent et al.|[2014} (Cataldi et al.|[2018) at >50 au, the total den-
sity may suddenly increase to a value > n.;, and the metals are
braking naturally by bouncing onto other gas species (in a fluid
regime) and are not affected by stellar wind protons anymore.
This scenario needs to be studied in more detail and compar-
isons to observations should be carried out to see if it may be
a competing or parallel scenario to that of radiation pressure to
explain the presence of metals located at great distances from
the star in the 8 Pic system. If realistic, observations of metal-
lic gas winds would be expected in systems with exocomet-like
detections (even around stars providing low radiation pressure)
and the wind would turn into a stable Keplerian disk if there is a
susbtantial gas disk located further away.

3.2. Detecting a belt wind
3.2.1. ALMA

We now explore in more detail under which conditions ALMA
could clearly distinguish between a disk or a wind structure. In
Figure[5] we show simulated ALMA spectra for an observation
of the gas in TWA 7 for different scenarios: a) a purely Keplerian
disk, or b) a wind with a velocity of 20 km/s. The v, = 20 km/s
belt wind would be roughly produced from a stellar wind of ve-
locity ~ uvg of 560 km/s (not atypical for an M-star) assuming a
CO-dominated wind.

For our synthetic observations, we assume that CO has a con-
stant number density radially between 60 and 90 au, and a (ra-
dially constant) scale height of 6 au. The velocity field of this
component is assumed to be in Keplerian rotation around a star
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Fig. 5. Simulated spectra of the J=3-2 CO line for TWA 7 for the
no wind case (solid), and wind (dash-dotted) cases. Along with the
moment-0 image of the disk, one can identify that the wind profile is
not Keplerian but it is even more clearly visible on the moment-1 im-
ages in Fig.[7] (because the velocity structure changes significantly).

of 0.51 Mg, similar to TWA 7. For the wind component, we as-
sume that its density n,, simply follows ny/ng = 0.1 at the disk
location (worst case scenario). In the analytical model we de-
veloped, we have not extrapolated our results to large distances.
This is because after a collision with a proton, a gas particle can
be ejected in any direction along a half sphere which boundary
is set by the plane perpendicular to the proton velocity vector,
which we call the half sphere of influence. Therefore the emerg-
ing wind becomes 3D and it moves spherically outwards, which
makes it difficult to follow analytically. Nevertheless, we devel-
oped a semi-analytical method to predict what the density and
velocity of the wind will look like further away to be able to
make accurate predictions for observations (see details in ap-
pendix[G). The results are shown in Fig.[6]representing the (from
top to bottom) face-on and edge-on densities, and the velocity
structure.

The velocity profile we derive will be used to mimic the ex-
pected doppler profile of the gas wind to make synthetic im-
ages. As can be clearly seen in Fig. [6 the gas outflow has a
butterfly-like shape in the edge-on direction, with density peak-
ing along the direction of the disk mid-plane. In the head-on di-
rection it logically assumes an isotropic profile that continuously
decreases outward. As for the orientations of mean velocities
within the outflow, they schematically radiate from the location
of the parent belt, while the absolute magnitude of the velocities
is maximum in the prolongation of the belt’s mid-plane. This is
an expected result as this is the direction for which the kinetic
energy transferred by the impacting protons is maximum (see
Eq[D.T).

For building the synthetic images, we also assume a ~ 1" res-
olution corresponding to ALMA in its most compact (C-1) con-
figuration, which gives a ~40 au resolution at TWA7’s distance.
We find that we can distinguish between a purely Keplerian disk
model and a wind model for a sensitivity of 1.5 mJy/beam for
a spectral resolution of 244.14 kHz (corresponding to a veloc-
ity resolution of 0.21 km/s), which requires roughly 5 hours on
source with 43 antennas. The 20 km/s wind can clearly be dis-
tinguished because of its wider non-Keplerian spectrum when
compared to the gas position given by moment-0 images (see
Fig.[G.I). Moreover, in Fig.[7] we show the moment-1 velocities
(intensity-weighted velocity) for the different scenarios and find
that the wind case can clearly be distinguished from the no-wind
case given their very different radial velocity structures. In the
case of the 20 km/s wind, the velocity is perpendicular to the
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Fig. 6. Wind structure for a belt extending from 60 to 90 au. Top: Wind
density in a (X,Y) plane at Z=0 (cut in the midplane). The density was
set to 1 cm™ for the wind emerging from the belt. Middle: Wind density
in a (X,Z) plane at Y=0 (cut at the middle of the belt). Bottom: Velocity
structure (direction and magnitude) integrated along the line of sight
(here assumed to be along the Y axis). The red hatches show the location
of the belt that releases gas.
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Fig. 7. Moment-1 images (intensity-weighted velocity) for the no wind
(top) and wind (bottom) cases. The no-wind Keplerian case is aligned
on the disk position angle while it is very inclined or even perpendicular
for the wind case, making them easily distinguishable, which can also
be seen on the position-velocity diagram (Fig. [8).

position angle of the disk (that is obtained thanks to optical ob-
servations for the case of TWA 7,[Olofsson et al.|2018)), while it
is aligned with it for the no-wind case, which is also clear on the
position-velocity diagrams (see Fig.[8).

We thus conclude that from these types of observations,
we could clearly distinguish “belt” winds with ALMA and use
them to access to the SW velocities and densities around main-
sequence stars, which is otherwise difficult
2015a).

Indeed, from the detection and using Eq. |§| with ngeps (the
observed disk density), we can go back to the factor Mg /Mgw. If
the wind is detected then we can use the simple one zone model
presented in the paper to get some first estimates of the stellar
wind velocity assuming that vew = p{vyobs) (the mean value
of the observed wind velocity derived from the redshift of the
wind compared to the star velocity and after correcting for po-
tential orientation effects). We can also retrieve a value of Mgw,
which does not depend on Mg (hence independent of a gas re-
lease model) using Eq. [I0} i.e. by computing the ratio between
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Fig. 8. Position-Velocity (PV) diagrams for the no wind (top) and wind
(bottom) cases. The no-wind Keplerian case shows a typical PV dia-
gram for a Keplerian disk along its position angle while it is horizontal
for the wind case, making them easily distinguishable.

nwobs (the observed wind density) and ngops. In appendix |E, we
describe the process in more detail.

3.2.2. In the UV or optical?

Observations of those winds may also be possible in the UV, as
implied by the recent detections of a gas wind in 5 Tel
[blood et al.|2021). However, the feasibility of far-UV absorption
studies from space relies on two factors. The first is the view-
ing geometry of the wind, which needs to cross the line of sight
and produce a sufficiently high column density for detection.
As shown in this paper, the column density would be highest
through the disk midplane, therefore favouring an edge-on view-
ing geometry. But we note that if the wind density is high com-
pared to that of the disk (in Keplerian rotation), there is more
leeway on the inclination because even for a face-on geometry,
some gas particles will still cross our line of sight since they can
be ejected perpendicular to the midplane. The second factor is
the presence of a strong, detectable background, which is typi-
cally the central star. However, the star’s flux density at the rele-
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vant UV wavelengths (~1500A for the main CO A-X bands, see
e.g.[Roberge et al.[2000) is on the Wien side of the stellar emis-
sion, and therefore very strongly dependent on the spectral type,
distance from Earth, and the presence of UV excess, if any. As
the viewing geometry and stellar flux density are very system-
specific, it would be difficult to make a prediction on whether
winds could be generally detectable at UV wavelengths or not.
A more promising and widely-applicable avenue could be de-
tection of CO* in the near-UV/optical (in addition to the CO*
lines that can be targeted with ALMA), as is common for Solar
System comets, in the violet region of the optical (~4200A A-
X bands, e.g. [Cochran & McKay|2018)). Absorption studies in
this range would benefit from a much improved strength of the
stellar continuum, allowing a wider range of spectral types and
distances from Earth to become accessible. The CO* bands are
however complex, and would require a specific line list with ad-
equate codes to handle the radiative transfer. We therefore deem
a thorough exploration of a CO* detection in an exoplanetary
system in this wavelength range to be beyond the scope of this

paper.

3.3. Predictions of debris disk systems with belt winds

Finally, we assess how to predict a gas wind presence from dust
observations of debris disks only (which are much more numer-
ous than those of gas) and more specifically from their fractional
luminosity (the infrared luminosity over that of the star) and stel-
lar luminosity, which are accessible for hundreds of debris disks
(see details in Appendix |§[)..To do so, we assume that gas is in-
jected in the belt at a rate M, and then evolves viscously with
an « prescription (Kral et al|2016} [Kral & Latter]2016). We as-
sume that the gas disk reaches a steady-state and compare the
gas density to g to find when the gas density becomes so low
that gas starts behaving as a wind. It leads to Eq.[C.6] which can
be further simplified to

f<107 L« 37 AR _”2( @ )1/2
Lo 50 au 102/

where f is the fractional luminosity of a debris disk and L, the
host star luminosity. We use this equation and the fiducial val-
ues used in it to make Fig.[9] which shows the DISK Vs. WIND
regions for varying f and L,. Therefore, a wind-like structure
is expected for disks with low fractional luminosities, of order
107> — 107 for M stars and down to 10~ — 107> for the more
massive A-stars. It shows that late type stars are expected to cre-
ate gas winds more readily than, e.g., A-type stars.

However, for A stars with too high luminosities L, = 20Lg,
a gas wind is also expected because of the radiation pressure be-

coming too high on the gas as was shown in Fig. 11 of
(2017)), and more recently by[Youngblood et al.| (2021)) with a cri-

terion on the temperature such that 7, > 10,200 K. We note that
when the gas starts becoming optically thick to UV photons, this
mechanism would stop working (Kral et al.[2017), which needs
to be computed for each observation. Indeed,

predict that in all systems with Mco > 107 Mg Myr~!, ionised
and neutral carbon can be protected from being blown out thanks
to shielding. Without shielding, ionised carbon would be blown
out for systems with L, > 15L; but neutral oxygen would stay
bound up to 25 L. This region of the parameter space with low
fractional luminosities is expected to be the most populated by
population synthesis models of debris disks for A stars

2007) and for F, G, K stars (Sibthorpe et al.[[2018). We note

(1D
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Fig. 9. Transition between disk and wind regions shown in the space of
the fractional luminosity of a debris disk as a function of the host star lu-
minosity. The bottom left and far right regions are likely to be populated
by gas having a wind structure while the upper left region would more
likely be filled by circumstellar gas disks. We show the limit between
disk and wind cases for two values of @: 0.1 (solid) and 0.01 (dashed).
The thin red and blue lines are dust detection limits of ALMA at 870
microns and Herschel at 70 microns assuming dust lies at 100 au. See
the assumptions behind this plot at the end of the Appendix [C]

that Eq.[IT]is giving an order of magnitude because the gas den-
sity derived from the standard gas disk model we use may not
be an exact good fit of observations for a specific system (and «
could vary). Thus, debris disks with slightly larger fractional lu-
minosities such as TWA 7 or Fomalhaut can still be in the WIND
regime because gas observations show that they indeed have low
gas levels.

4. Conclusions

In this paper, we explore whether the gas that has been detected
in many debris disk systems may be blown out as a wind due
to collisions with high-velocity protons from stellar wind, rather
than being a circumstellar disk in Keplerian rotation as assumed
in current models. We find that, indeed, this wind-like behaviour
of the gas might be present in systems in which the gas den-
sity is low, typically below the threshold value of 7 (AR/50 au)~!
cm™3, where AR is the belt’s width. We find that the analytical
model we developed may explain the outflowing gas detection
in the young NO Lup system. Moreover, the two systems with
the lowest gas masses detected to date, TWA 7 and Fomalhaut,
may already be in this wind region and further observations with
ALMA could clearly disentangle between a disk or a wind struc-
ture. More generally, we find that debris disks with low fractional
luminosities such that f < 107>(Ly/Lo)™*37 are naturally ex-
pected to form “belt” winds. Likewise, gas is expected to have
a wind-like structure around early type stars with luminosities
> 20 L because of the action of radiation pressure rather than
stellar wind (see cartoon in Fig. [I] illustrating all the different
gas dynamics expected for varying gas densities and stellar lu-

minosities). In addition, we argue that gas released very close
to the central star by, e.g., FEB-like bodies (falling evoparat-
ing bodies or star-grazing exocomets) could also be affected by
stellar winds and may explain some observations in the 8 Pic
system or lead to further interesting detections around systems
with detected FEBs. We find that CO* may be a good tracer of
belt winds created because of the action of stellar winds and it
can be targeted with ALMA and probably in the optical. Fu-
ture detections of belt winds would allow us to retrieve the SW
properties (mass loss rate and velocity) around a large variety
of main-sequence stars, which is otherwise difficult to measure,
especially around A stars where no measurements have led to a
detection so far.
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Appendix A: Stellar wind model

In this paper we are interested in stellar winds produced around
both young and old stars, for spectral types going all the way
from A to M (O and B stars are not considered here). Stellar wind
measurements are scarce (~ 12 systems) around main-sequence
stars because they are difficult to detect (Cranmer & Saar|2011).
For A stars, there are no detection so far and the mechanism be-
hind their winds still needs to be assessed firmly (Lanz & Catala
1992; Krtivckal2014).

There are two fundamental properties for SWs: their veloc-
ity vsw, and density ngw (that is linked to the stellar mass loss
rate M,,). To assess the values of those properties, we use models
such as that of Johnstone et al.|(2015a)) that describe SW proper-
ties for dwarf main-sequence stars (M, K, G, F type stars). This
model is an extension of a state-of-the-art Solar wind model.
The mechanisms that heat the solar corona and accelerate the
solar wind remains unknown to this day. The two main com-
peting hypotheses are that the solar wind could be driven by
the dissipation of Alfvén waves and turbulence, or by magnetic
reconnection events (e.g., Cranmer & van Ballegooijen|2010).
In a similar way, there remains many uncertainties about winds
around main-sequence A stars that cannot be probed easily. The-
oretically, no significant winds are expected for stars with spec-
tral types later than B6 for which the line driven mass loss rate
should be smaller than 1072 Mg/yr (Krtivcka|2014). An empir-
ical upper limit is reported in |[Lanz & Catala (1992)) leading to
a less constraining value of 1 — 2 x 107!V Mg/yr. There could
be other mechanisms than line driven winds driving stellar mass
loss in A stars (e.g. magnetism, pulsation, coronal heating) but
only observations could tell us more. If none of these mecha-
nisms can drive winds efficiently in A stars, then the mass loss
rate could even be smaller than for our Sun, i.e. < 1.4 x 1071
Mg/yr. Winds around O- and earlier B-stars are more powerful
and are expected to lead to higher velocities and densities but
they are not considered in this study because the number of de-
bris disks found around these stars are only a handful. Winds
around younger T-Tauri or Herbig stars are also expected to be
larger, reaching values greater than 10~'° My/yr (Hartigan, Ed-
wards, & Ghandour|1995; [Nisini et al.|[1995).

As it is noted in these models, there are large uncertainties on
the properties of the SWs around stars of A to M spectral types,
and we will explore a large range of values to account for that.
The wind velocities can roughly vary from 100 to 1000 km/s (it
is close to the value of the escape velocity at the star surface) and
the star mass loss rates on the main sequence can go from 0.1 to
1000 that of our Solar System where My = 1.4 x 107 Mg/yr,
and larger for even younger stars on the pre-main sequence. For
instance, for the emblematic AU Mic system, theoretical esti-
mates for the stellar mass loss rate varies from 10 (Plavchan et al.
2009) to 1000 M, (Chiang & Fung|2017; [Sezestre et al.|[2017).

From the stellar mass loss rate, we can then find the SW den-
sity used in this paper through the relation that follows

M,

- M Al
AR vsw,m,, (A-D

nsw

with u,, = 0.6, the mean molecular weight of the wind, based on
the Solar wind (Johnstone et al.|[2015al) and we use the notation
Mgw (instead of M, ) when only accounting for protons from the
stellar wind in the main text and then take y,, = 1 in the previous
equation to get the stellar wind proton density.

We note that the star mass loss rate depends on the star ra-
dius and mass, and stellar angular velocity Q,, and scales as

QL3R2M33¢ (Johnstone et al.[2015a) so that the Solar wind
was predicted to be an order of magnitude stronger in its youth
and more generally, young systems are expected to have stronger
SWs because of the faster rotation of the central star (John-
stone et al.|2015b)). The angular velocity of main-sequence stars
can vary but is highest between 10-100 Myr and can reach
100 Qg with a mean of ~ 10Q, for solar type stars and low-
mass stars (Bouvier|2013)). As a first approximation, the angu-
lar velocity scales with time as r~'/2. Our model also accounts
for saturation effects, i.e. there is a limit to which mass loss
rates can increase due to an increase of ., which happens at
Qi = 15Q0(M, /M5)*3, where Qo = 2.67 x 1070 rad/s is the
Carrington rotation rate. We use this SW model in Appendix [E]
to work out typical SW collisional timescales.

Appendix B: Belt wind model

Here, we describe an idealised belt wind model for a planetes-
imal belt comprised between R and R + AR with a scale height
H and a constant density throughout. The gas producing the belt
wind is released from planetesimals (e.g., by collisions or subli-
mation, |[Kral et al.[2021)) and then pushed outwards by impacting
stellar wind protons.

Let us first describe the regime where the rate of gas pro-
duction is small relative to the stellar wind, i.e. it is the case
described in [Kral et al.|(2021) for the Kuiper belt, where all gas
particles get hit and ejected outwards by the stellar wind, thus
creating a belt wind.

Let us define a wind proton mass loss rate Mgy and a gas
production rate in the disk Mg. We first assume that the mean
free path of wind protons in the gas A,, = 1/(0cqn,) is much
greater than the belt’s width AR, where o is the proton/gas
particle collision cross-section.

For instance, in the case of ion collisions (e.g. C* colliding
with protons), we expect the elastic cross-section to be small be-
cause charged particles are repulsive at long range. To quantify
that, we use that the kinetic energy of the proton equals its elec-
trostatic energy to get

62

Reol = (B.1)

2
2reym,, Vel

where e is the elementary charge, ¢ the vacuum permittivity,
m,, the proton mass, and v, the relative velocity between ions
and protons. We find that for typical velocities > 100 km/s, R
becomes smaller than the typical radius of ions so that we should
use the radii of ions instead. We thus take R.,; ~ Rx, where Ry is
the typical radius of the particle modelled by an imaginary hard
sphere (Van der Waals radius) given by (3ay/(4m))'/3. We take
aco = 1.953 A3, ac = 1.760 A3, and oo = 0.802 A3 (Miller
& Bederson| 1978 |Olney et al.|[1997) and will use aco in our
fiducial model. This leads to Rco ~ 0.78 A or a collision cross-
section of ~ 2 x 1072 m?.

For collisions between protons and CO, we use that the
elastic cross-section with protons at 30-100 eV is ~ 2 x 10718
m? (Niedner-Schatteburg & Toennies | 1992; Dhilip Kumar,
Saieswari, & Kumar/2006). Typically, R ~ 8 A.

For collisions between protons and neutral C or O atoms
(which have no permanent dipoles like CO), we use that the pro-
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ton induces a dipole on the neutral atom so that (Beust et al.
1989; [Beust & Valiron/2007)

EZCKX 1/4
) (B.2)
col

Rco] = T
TTeEGMpeqV

where ay is the polarisability of species X, v, the relative veloc-
ity between protons and neutrals, and my.q is the reduced mass
of the two colliders approximately equal to m,, the proton mass,
when a proton collides with a more massive neutral. When R
becomes smaller than the actual radius of the particle, we use the
latter instead. For a typical wind speed greater than 100 km/s, we
thus take R, ~ Ry, where Ry is the typical radius of the parti-
cle. This leads to Rco ~ 0.78 A or a collision cross-section of
~ 2% 1072 m? similar to that of ions.

In the case that A,, > AR, the reasoning in the main text
led to the conclusion that the gas density at steady state in this
regime is

(i) )
ng = T 5
d Mgw ) \HHARC )

and the assumption we made that 1,, > AR, together with
Eq.[B.3|leads to

(B.3)

M, <<#(E), (B.4)

R

so that when the proton wind rate becomes too small or the gas
production rate too high, the steady state gas density calculated
above needs to be changed (see later). To give an idea of the
contribution of the wind with a spherical outward motion com-
pared to gas in the belt in Keplerian motion, we plot ny /ng as a
function of Mgy in Fig.[3] We note that the wind profile (density
and velocity) at large distances from the belt is also computed
in Appendix [G]to be able to make predictions for future ALMA
observations.

When computing the steady-state above, we have assumed
that once a gas particle was hit by a stellar proton, it left the
disk immediately, which may become untrue if the time to leave
the disk after impact #ic,y. becomes much longer than the time
thie before a gas particle gets hit by a proton once it is released
from a planetesimal. We calculate that fy = 1/(BswOcolVsw)-
The gas particle and the proton typically undergo a large angle
collision and the post-collision velocity is roughly isometric (see
Appendix D) so that most particles will travel less than 2H be-
fore leaving the disk. The mean speed of the gas particle after
the collision with a proton is given by v, = vsw/u. We may thus
estimate fieave = (2H/vsw) and get

Neave

~ 2ﬂo-colnswl_l- (BS)

Thit
Eq. E] is valid as long as fiegve/thit < 1 and breaks down
when this ratio becomes > 1, which corresponds to Mgw >
(2nR?vswm,) /(0 co1H). In this case, and if we also have Mgw >
(1\'/[g /)(R/H) to account for Eq. we expect that the particles
are hit multiple times by different protons before leaving the disk
thus reducing the wind efficiency to eject gas particles (e.g. two
protons only eject one gas particle instead of two). The gas den-
sity that accumulates between R and R + AR will be nq(fieave / thit)»
the fraction in parenthesis accounting for the reduced efficiency
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of the proton wind to blow gas particles out. Thus, we find in this
regime

oM,

=—= B.6
4nRARvswum, (B.6)

ng

which is independent of Mgy.

If we now assume that the gas surface density is not constant
but given by X = Zo(r/Ro)~* and H/r = ho(r/Ry)", then follow-
ing the same procedure as described before to find the steady-
state but using dr annuli instead, we find that ny = X/(2Hum,,)
can be defined as a function of its radial distance r as follows

ng(r) = B.7)

20 —a-b-1
2,umpR0ho RO ’

where Xy = (Mg/MSW)(Zm,,/Ucnl)(RO/AR). We plot ng(r) in
Fig. for various values of a, b, Msw, and Mg. We note that in
this case, there is a minimum radius R;, below which n4(r) can
become greater than n (the critical gas density below which a
gas wind forms, see Eq.[4) and in this case, the gas would be-
come optically thick to protons and the gas structure would be
disk-like. For this not to happen, Ry, should remain greater than

. _1\1/(=a=b-1)
R R ul’l [_] 1
it ~ IN0 0 B s
o MSW

assuming that AR < Rpin, otherwise it gets more thorough to
work out. We also note that beyond the planetesimal belt of
width AR, the gas wind density will mostly scale as (r/R)~> (see
Appendix[G)) assuming that the rate of collisions with stellar pro-
tons becomes negligible.

(B.8)

Appendix C: Gas model and comparison to 7t

Here, we describe the standard gas disk model we use to compare
to nqq and find the range of debris disk global parameters that
will populate the DISK Vs WIND regions in Fig[9] For a disk
of scale height H and mean molecular weight u, the gas density
can be linked to the gas surface density X,(r) as follows

_ Zg
e = 2Hum,’

(C.1)

and the surface density for a disk located at Ry where gas is input
at a rate M, is equal to (Kral et al.[2019)

M, (RL)7_3/2 for r <Ry
S = - R/ (C2)
3ntvo (RLO) for r > Ry

where vy = acf(Ro) [Q(Ry) is the viscosity at Ry and the temper-
ature scales as T oc R™7. We note that in this case, ng scales as
R¥/273 for r < Ry, and as R/>77/2 for r > R, at steady state.
Now, we want to find when n, = nc to be able to see which
part of the parameter space will fall in the DISK Vs WIND re-
gions. As a first approximation, we compute the gas density at
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Fig. B.1. Steady-state gas density in the belt predicted by our model
as a function of r, the radial distance to the star. The fiducial model has
a=1,b=0,Ry =100 au, hy = 0.05, Mgw = 1.4 x 107"* M/yr, and
1\'/1g =107 Mg/Myr (see Eq.. Values below R (see Eq. , ie.,
above the red line, are not shown. The density beyond the planetesimal
width AR will mostly scale as 72 as the fiducial model (see Appendix
[G) but it is not represented in the plot.

Ry to compare to our one zone model critical density (Eq.[d) and
after rearranging the equality, we find

_ bmapm, A(Ro)
- O-CO]AR Q%

) (C.3)

which gives the order of magnitude gas production rate where
there is a change of regime from a disk to a wind structure.

To relate the debris disk properties (e.g. luminosity, radius)
to the previous equation, we use the fact that the gas input rate is
related to the mass loss rate of the belt (Kral et al.[2017) through

13/12
L*) ( Ro (C.4)

-1/3 1
— — MgMyr™,
Lo lau) oYY

M, =6 fz(
where § = £e¥/3(2700/p)/(2.4x107'0dr/rQ% /%), with £ the ratio
of gas-to-dust mass loss rates assumed to be of order 10%, f the
fractional luminosity of the debris disk, L, the stellar luminosity
(in Ly), e the mean eccentricity of the parent belt planetesimals,
dr the belt width (in au), QB the collisional strength of solids
(in T kg™!) and p their bulk density (in kg/m?). Using the same
typical values as inKral et al.|(2017) for e, dr, QB and p, we find
§=29x10%

As we are interested in the limit between DISKS and
WINDS for neutral or ion collisions at high velocity (>100
kmy/s), we use that o, = nRgol with Ry is set to the CO ra-
dius (case for collisions between CO*, C, or O, and protons).
We then find that the condition for planetesimal-generated gas
to assume a disk-like structure reads

06( a )_1( RQ )—10/3 f 2( TO )—3/2
102) \100au 105) \30K
u 1/2 L* 1.37 AR
(28) (L@) S0au) 1 (€

where we assumed L, oc M35,

Moreover, if we assume the empiric law derived by Ma-
tra et al.[(2018b) showing that the radial location of a debris
disk peak density varies with stellar luminosity following Ry =
73au (Ly/Lo)""?, then Eq.[C.5]simplifies to

- 2 -3/2
07(552) () (sox)
AR

L\ (L
(%) (L_o) (50au)>1’ (€6

For gas in debris disks, « values could be very high (of order
0.1) because of the high ionisation fraction in these disks that
may give birth to a strong magneto-rotational instability (MRI,
Kral & Latter|2016)). Indeed, fitting of the current gas observa-
tions favour high @ values of order 0.1 as shown in [Kral et al.
(2019); Marino et al.|(2020). However, smaller values could also
be realistic because non-ideal MRI effects may start being im-
portant at low gas densities (e.g. @ = 107*) and observations of
such disks in the future may allow to probe that more clearly.

Appendix D: Collision outcome between a wind
proton and a gas particle

An elastic collision between a proton of initial velocity v, and
position rp, with a gas species X of initial velocity vx and position
rx will lead to a post-collision velocity v;( for species X given
by

2 (vx —vplrx —rp)
R (rx —ry) (D.1)
XA Ay —rP Y
and for the proton

Z,U <vp_vX|rp_rX>
V.=, - (r, —rx), (D.2)
S R PPN

where y is the mean molecular weight of the gas particle being
hit by the proton.

Given that the proton velocity is much higher than that of
the gas particle, and further assuming that the proton moves ra-
dially with |lv,|| = vsw, the equation for v;( can be simplified
to 2vsw cos(¥)/(u + 1), where ¢ is the collision angle (shown
in Fig. [D.T). Assuming that the two particles are two spherical
balls, the collision angle is roughly given by the angle between
the proton velocity and the normal to the surfaces of balls at the
point of contact (¢ = 0 for a head on collision and /2 for edge-
on) and v:Y is parallel to the normal to the surfaces of balls at
the point of contact. The angle ¥ can vary between [0, /2] and
after a collision with a proton, the gas particle most likely exits
the disk via its vertical height rather than crossing its whole belt
of width AR > H. We note that there will be less collisions with
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Fig. D.1. Schematic of the collision between a proton of initial velocity
v, with a gas particle. The collision angle  is between the normal to the
surfaces of the spheres at the point of contact and the proton velocity.

¢ angles close to /2 because high impact angles cover less im-
pact parameters that are uniformly distributed. The distribution
of impact angles scales as cos(¢), meaning that the impact angles
are well represented by a cone pointing radially outwards with
an opening angle ¢,, of ~ 50 deg (because almost 4/5 of colli-
sions will be in that cone). We deduce that the molecules escape
into a solid angle of approximately 27 X 2¢,, ~ 7>

Appendix E: lonisation timescales

Carbon can be ionised by energetic (>11.26eV) photons from
the ISM on a timescale of roughly 120 yr (Visser, van Dishoeck,
& Black [2009), which corresponds to a photoionisation rate of
3 x 10719 57T, Carbon, oxygen and CO can also be ionised by
stellar radiation, as is the case in our Solar System where the
photoionisation rate is 5 x 1077(1 au/r)%. Tonisation of O and
CO can also happen through charge exchange with SW protons
with a cross-section of oexe ~ 1.3 X 107! m? (Izmodenov et al.
1997; [Lopez-Patino et al.|2017), which translates into an ioni-
sation rate of 1/t,,n = NswWOexcVsw, Where o, 1s the ionisation
timescale (see appendix [A] for the details of the SW model we
use). This is roughly an order of magnitude smaller than the col-
lisional timescale for CO meaning that some CO* may appear
even in CO dominated-regions with a factor one to ten in density.
We also use spectra from Castelli & Kurucz|(2003) to get typical
stellar fluxes F (in erg/s/cm*/nm) for different stellar types and
ionisation cross-sections o; (in cm~2) from Heays et al. (2017)
to compute the photoionisation rates py (in s~1) for a species X
such that pxy = fom gi(D)F(A)/(hv(2)) dA with A the wavelength
in nm and hv in erg, where most cross-section is in the UV.

The ionisation timescale should be compared to the colli-
sional timescale between protons and neutrals, because after one
collision with a fast SW proton (> 100 km/s), the gas particle be-
comes unbound and leaves the system very quickly, i.e. it rapidly
reaches outer regions (Kral et al.[2021). The collisional timescale
between SW protons and neutrals is #; = 1/(nswOcolVsw)-

After a collision, the gas particle direction is isometric (in-
side of the cone that points outwards of the collision direction)
and will usually leave the disk at high angles (see Appendix D)),
thus travelling roughly 2H before escaping the belt rather than
crossing its whole length AR. We need to see how the time to
leave the disk #jeave cOmpares to f,,. The timescale for a gas par-
ticle to travel 2H of the disk given its post-collision velocity (see
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Fig. E.1. Timescales for ionisation f;,, (red), leaving the disk #e,ye (Or-
ange), and stellar wind collisions with CO #,, (blue) Vs distance to
the gas. The fiducial model labelled “young system” has M, = 1M,
vsw = 100 km/s, and Q, = 10 Q. The timescale #,, for SW protons is
shown for a young system but it is always an order of magnitude larger
than ty;.

Appendix is roughly 2Hu/vsw. It is important to calculate
teave to understand whether gas particles get ionised before or
after leaving the disk.

Figure E] ShOWS fon, Heave and fic as a function of r, the ra-
dial distance to the central star. We notice that the SW collisional
timescale f;; becomes smaller with decreasing age or increasing
mass loss rate, which are expected to be at their highest when
the systems are young. We also find that increasing collision ve-
locity will increase t,;; by a small amount. We see that at the
typical location of debris disks (between ~30-150 au), the small-
est timescales are always fieave and #4;, meaning that before CO,
or O have time to ionise, they are pushed outside of the main
disk (unless they are already ionised when released). However
we note that ionisation via SW protons of CO is the most effi-
cient and some CO* may be present. For completion, we note
that the photodissociation of CO takes roughly 120 yr at large
distances from the star (owing to the ISM photons, |Visser, van
Dishoeck, & Black|2009) and for other important timescales, re-
fer to Tables C1 and C2 in|Kral et al.[2021} Most of the gas close
to the belt is then expected to be neutral and molecular, which
could ease detections with ALMA targeting CO lines.

We do not rule out that for a specific very young system that
is still emitting large amounts of FUV photons, the ionisation
timescale may become smaller than calculated here from the
standard |Castelli & Kurucz| (2003)’s stellar spectra and in this
case ionised species could be present as well as individual C or
O atoms (which may also get ionised) rather than CO close to the
belt, and CO™ may start to dominate. It could also be that in old
systems the stellar mass loss rate becomes too small and gas has
time to ionise and/or photodissociate before it gets pushed away
by SW protons. However, since most observations are for young
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systems currently, this case is not often expected but might still
drive our observing strategy to detect belt winds. We still recom-
mend to perform these timescale comparisons when studying a
specific system for assessing the state of the gas given its specific
stellar spectra, angular velocity, mass loss rate.

Appendix F: Retrieving stellar wind characteristics
from gaseous belt outflows

Here, we describe how we would retrieve the SW density and
velocity around main sequence stars thanks to, e.g., ALMA ob-
servations of CO or neutral carbon gas. It is important to find new
techniques to do that because currently we only have a dozen of
measurements for main-sequence stars (Cranmer & Saar|2011)
but none for A stars (Lanz & Catalal{1992; | Krtivckal2014)).

The first thing to do is to retrieve the carbon or CO density
in the belt (with a Keplerian motion) from observations (or put
an upper limit to it if the wind dominates and hide the Keple-
rian component), which should be easy because in these low gas
mass systems, lines are optically thin and we expect the gas to be
close to the purely (non-LTE) radiative regime where the line in-
tensity does not depend on temperature. Hence, we can retrieve
the gas mass and density ngqhs. If the wind (moving spherically
outwards) is also detected, we can retrieve its density fyobs. In
this case, we can also derive the mean gas velocity (Vyebs) from
the associated redshift of the wind compared to the star velocity
and after correcting for potential orientation effects.

Assuming steady-state and using Eq. [6] with ngens, We can
go back to the factor My/Msw. If the windy part of the gas is
not detected then using a model for the gas production rate such
as described by Eq. @] (Kral et al.|2017), we can retrieve the
stellar mass loss rate Mgw. If the wind is detected then we can
use the simple one zone model presented in the paper to get some
first estimates of the stellar wind velocity assuming that vgw =
U{Vwobs)- We can also retrieve a value of Mgw, which does not
depend on Mg (hence independent of a gas release model) using
Eq. ['115], i.e. by computing the ratio between ny,gbs and nqops.

The first unambiguous detection of a belt wind would have
the beneficial side effect of allowing us to improve our model
further. Such an improved model (that is beyond the scope of
this paper) would extend our one zone approach to a numerical
multi-zone model using monte carlo simulations to compute the
outcome of the different collisions with SW protons and reach a
steady-state. This could be particularly useful for resolved obser-
vations. For short collisional timescales with the SW, there could
be multiple collisions before reaching the end of the SW bubble
(called heliosphere in our Solar System and located at ~ 150 au,
Opher et al.|2020). One could also include collisions with pro-
tons from the local interstellar medium, whose density is around
0.1 cm™3 (Izmodenov et al[1997), when the gas reaches beyond
the SW bubble. The end velocity at large distances would then
be close to that of the protons from the ISM. Finally, the gas state
(owing to ionisation, photoionisation, ...) could also be followed
more accurately coupling the code to a PDR-like model to make
some predictions for different lines.

Appendix G: Prediction of the wind profiles at large
distances and observations with ALMA

Appendix G.1: The wind profile at large distances from the
belt

Our approach assumes that, after a collision, gas particles exit
the disk and they do not get hit by another proton afterwards.

First, we create a 3-D cartesian grid and we will call production
cells the space between 60 and 90 au, and with z lower than the
scale height, i.e. where the planetesimal belt is located. Exterior
cells (or wind cells) then refer to all the other cells. Our approach
is simple : each production cell (x,y,z) in the disk produces a
flux of scattered molecules in a cone, directed in the radial di-
rection. The emitted flux density and velocity of the scattered
molecules depends on the angle of collision ¢ we defined in Ap-
pendix For each exterior cell, we add the contributions, to
both the wind density and its velocity distribution from all pro-
duction cells whose post-collision gas outflow cone crosses this
exterior cell.

In practice, we assume that the gas velocity is constant after
impact with a proton and that the density decreases as rf beyond
the production cell, r, being the distance between the production
and the exterior cells considered. We run through each produc-
tion cell and consider all exterior cells that it can target (i.e. all
cells beyond the half sphere or cone of influence) and add the
contribution weighted by r;z to the density it had when emerging
the belt. We also calculate the angle between the production and
exterior cells and multiply the contribution in density by 1/ cosy
because gas particles leaving their cells at high angles (e.g. ¥ is
close to /2 for edge-on collisions with protons) will move more
slowly than for head-on collisions. However, there will also be
less collisions at high angles because high impact angles cover
less impact parameters than low ones and we add a cosy con-
tribution to account for that effect, thus cancelling the previous
effect. We proceed in the same way to get the contribution in
velocity from all interior cells and calculate the velocity direc-
tion by computing the normalised vector between the two cells.
We also weight the different contributions by the density and ac-
count for the cos ¢ factor because head-on collisions will lead to
a faster moving wind. We then average the different velocity vec-
tor contributions coming from all production cells and consider
the final velocity vector as being representative of what a mean
radial velocity offset will look like in real observations. The den-
sity and velocity fields are plotted in Fig.[6]and used to make the
synthetic observations presented in the paper.

Appendix G.2: ALMA synthetic images for future
observations

To make detailed predictions for detectability of a wind with fu-
ture observations, we focus on the TWA 7 system and follow
four steps.

First, we define the density and velocity structure of the CO
disk and the wind component. For the CO disk component, we
assume that it has a constant number density radially between
60 and 90 au, and a (radially constant) scale height of 6 au. The
velocity field of this component is assumed to be in Keplerian
rotation around a star of 0.51 Mg. For the wind component, we
assume that its density n,, simply follows ny/ng = 0.1 at the
disk location (worst case scenario). At radii and vertical heights
larger than the disk’s, we assume the density and velocity struc-
ture described at the beginning of this section.

Second, we calculate the excitation of the CO gas assum-
ing it is out of LTE, and purely in the radiation-dominated (low
density) regime. This is justified by the low densities expected
in an environment largely devoid of species other than CO. At
each position within our model, we calculate CO level popula-
tions using non-LTE codes including the effect of UV/IR fluo-
rescence due to absorption of UV/IR stellar/interstellar radiation
(Matra et al.|2015} 2018a). The stellar and interstellar radiation
components are as described in|Matra et al.|(2019)), with the stel-
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lar contribution rescaled with the inverse of the gas stellocentric
distance. To keep our feasibility test as realistic as possible us-
ing measured line intensities, we target the same CO transition
(J=3-2) detected by existing ALMA observations
2019).

Third, we use our 3D density, velocity, and excitation struc-
ture in our model to carry out radiative transfer using the
RADMC-3D code (Dullemond et al|[2012). For the tempera-
ture structure, for simplicity we assume radius-dependent black-
body temperatures appropriate for the luminosity of the host star;
we note that these temperatures do not affect excitation in the
radiation-dominated regime, but only the intrinsic CO J=3-2 line
widths. This produces a spectro-spatially resolved cube of CO
J=3-2 line intensities. The output cube has a pixel size of 0.1,
extending spatially out to +6.4” from the star. The cube has a
channel size of 244.14 kHz (0.21 km/s at the line location of
345.796 GHz), and extends out to +21 km/s from the stellar
velocity. Note that we rescale the input CO mass to produce a
peak CO line intensity (after spatially integrating over the entire
model) of 60 mJy in a 244.14 kHz channel, to ensure consistency
with the existing ALMA dataset (see e.g. Fig.
1, top spectrum). This leads to a model with a characteristic CO
number density of ~100 cm™ within the disk component. We
note that this is an upper limit of the density in the disk because
we assumed a purely radiation-dominated regime but a few col-
liders could bring it closer to LTE in a regime where the gas
density would not need to be as high to explain the CO detection
around TWA 7. For instance, in LTE we find that a gas density
of 0.08 cm™ in the disk is enough to explain the CO J=3-2 de-
tection. The real density therefore must lie in between but our
synthetic images do not change much between the two regimes
because of the rescaling to get the right intensity and our predic-
tions remain valid whatever the amount of colliders.

Finally, we produce synthetic ALMA visibilities using the
simobserve task within the CASA software v6.4
lalJ2007). Due to the low expected CO surface brightness of CO
emission, we simulate 345 GHz (Band 7) observations in the
most compact array configuration (C-1, baselines from 15 m to
161 m), leading to a beam size of 1.06” x 1.25”, correspond-
ing to ~40 au at the distance of the star. We simulate enough
repetitions to reach a cube sensitivity of 1.5 mJy/beam in every
244.14 kHz channel, a factor of 4.6 deeper than existing obser-
vations. Visibilities are imaged to produce line cubes using the
tclean CASA task, using natural weighting and standard Hog-
bom deconvolution. To produce moment-0 images (Fig.[G.I), we
spectrally integrate the cube over velocities where the CO J=3-
2 line is significantly detected (+£6.7 km/s), whereas to produce
1D spectra we spatially integrate in a radial region between 1.2”
(40 au) and 3.2” (110 au) from the central star. Finally, to pro-
duce moment-1 maps (Fig.[7), we select the same spatial region,
and calculate the velocity centroid of emission in the 1D spec-
trum within each of the spatially selected pixels. The creation of
moment maps is implemented using the bettermoments package
(Teague & Foreman-Mackey|2018)). We also produce the spectra
and PV diagrams as shown in Fig. [5]and[8] respectively.

We find that the wind can be easily distinguished from a Ke-
plerian gas disk from the spectrum and moment-0 image because
we can see that the spectrum does not fit that expected from a Ke-
plerian profile given the moment-0 image. However, the easiest
way to clearly see that gas is wind-like is to look at the moment-
1 image, which shows a clear difference to a Keplerian pattern in
that the gas velocity is perpendicular to the disk position angle
(and not aligned with it as expected for a Keplerian gas disk).
This difference in the velocity profile is also clearly visible in
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Fig. G.1. Moment-0 images for the no wind (top) and wind (bottom)
cases. They look very similar given the low spatial resolution and sen-
sitivity level and we need to look at the velocity component of the gas
to clearly see the difference between the wind and Keplerian models.

the respective PV diagrams and would allow observers to spot a
windy gas component straight away.

Appendix H: Gas sample used

In Table[H.1] we list the references from which we obtained the
value of nq and AR we use to plot Figure ] The sample in-
cludes both high-gas-density systems and low-density ones. It
is not complete by any means but serves to guide our eyes on the
different plots. The first column gives the star’s name of the sys-
tem with gas detected. The second column provides the method
to calculate the gas density (gas mass, gas surface density) or
“reference” if it is already provided as such in the reference. The
third column is for the gas density that is either calculated from
the mass, when provided, or directly taken from the papers listed
in the Ref. column. The fourth column is for the belt’s width AR
and the last column provides the references we used to get both
the gas amount and its width. Note that if there are two refer-
ences, the first one if for the estimation of the amount of gas
and the other for AR. We take the literature values as is and do
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not try to remodel everything homogeneously, which means that
horizontal (width) as well as vertical (density) error bars may be
quite large because sometimes the CO is not well resolved and/or
the excitation/optical depth conditions are not very well known.
Our plot rather shows the trend and that some disks may be in
the WIND regime but dedicated studies should be carried out for
each system to find out for sure.
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Table H.1. Parameters used in Fig. With their references. Reference in the method column means that we obtained the gas density straight from
the indicated reference listed in the last column.

Star’s name Method Gas density (cm™) | AR (au) Ref.
B Pic reference 350 100 Kral et al.[(2016); Dent et al.|(2014)

Fomalhaut reference 0.02-0.75 13.6 Matra et al.| (2017b); MacGregor et al. 2017) |
NO Lup Gas mass 9 55 “[Lovell et al[(2021) B o

TWA 7 Gas mass 0.2-20 80 Matra et al.| (2019)

HD 129590 Gas surface density 30 60 Kral et al.[(2020D)
HD 21997 reference 800-10000 88 Higuchi et al.|(2020); Moér et al.[(2013) |
49 Ceti reference 100-800 215 Higuchi et al.[(2020); Hughes et al.[(2017) |
The Sun (Kuiper belt) reference 3x 1077 10 Kral et al|(2021) N ]
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