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ABSTRACT

The TRAPPIST-1 system is unique in that it has a chain of seven terrestrial Earth-like planets
located close to or in its habitable zone. In this paper, we study the effect of potential cometary
impacts on the TRAPPIST-1 planets and how they would affect the primordial atmospheres
of these planets. We consider both atmospheric mass loss and volatile delivery with a view
to assessing whether any sort of life has a chance to develop. We ran N-body simulations to
investigate the orbital evolution of potential impacting comets, to determine which planets
are more likely to be impacted and the distributions of impact velocities. We consider three
scenarios that could potentially throw comets into the inner region (i.e. within 0.1 au where
the seven planets are located) from an (as yet undetected) outer belt similar to the Kuiper belt
or an Oort cloud: planet scattering, the Kozai—Lidov mechanism, and Galactic tides. For the
different scenarios, we quantify, for each planet, how much atmospheric mass is lost and what
mass of volatiles can be delivered over the age of the system depending on the mass scattered
out of the outer belt. We find that the resulting high-velocity impacts can easily destroy the
primordial atmospheres of all seven planets, even if the mass scattered from the outer belt
is as low as that of the Kuiper belt. However, we find that the atmospheres of the outermost
planets f, g, and h can also easily be replenished with cometary volatiles (e.g. ~ an Earth ocean
mass of water could be delivered). These scenarios would thus imply that the atmospheres of
these outermost planets could be more massive than those of the innermost planets, and have
volatiles-enriched composition.

Key words: comets: general — meteorites, meteors, meteoroids — planets and satellites: atmo-
spheres — circumstellar matter.

1 INTRODUCTION

The nearby (d = 12pc) M8V ultracool dwarf star TRAPPIST-1
(2MASS J23062928 — 0502285) is now known to be surrounded by
at least seven terrestrial-like planets (Gillon et al. 2016, 2017; Luger
etal. 2017). This old (7.6 £ 2.2 Gyr, Burgasser & Mamajek 2017),
close-by, multiplanetary system may offer one of our best chances to
study the chemistry, and structure of terrestrial planet atmospheres
outside our Solar system (de Wit et al. 2016; Morley et al. 2017).
Moreover, several of the TRAPPIST-1 planets (most likely planets
e, f, and g, Gillon et al. 2017) lie within the liquid water habitable
zone (HZ, e.g. O’Malley-James & Kaltenegger 2017). However,
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the presence of liquid water and possible life strongly depends on
the atmospheric content of these planets, the presence of oceans,
the vegetation coverage, etc. (e.g. Wolf 2017; Alberti et al. 2017;
Ehlmann et al. 2016; Carone, Keppens & Decin 2016; Godolt et al.
2016).

This system being very close-by, we may soon be able to start
characterizing the atmospheres of the seven planets with new tele-
scopes such as JWST (Barstow & Irwin 2016; O’Malley-James &
Kaltenegger 2017) and the E-ELT (Rodler & Lépez-Morales 2014;
Turbet et al. 2016), and search for tracers of life. Such detailed
spectral characterization may eventually allow us to infer the pres-
ence of biological activity via the detection of gases such as ozone
(Barstow & Irwin 2016), or via the spectral signatures of pigmented
micro-organisms (Poch et al. 2017). Regardless, such observations
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will inform on the atmospheric compositions of these planets that
is necessary to study the possibility that life may develop.

For now, little is known about the atmospheres of these seven
planets. The two innermost planets b and ¢ have been observed us-
ing transmission spectroscopy (de Wit et al. 2016). This showed that
the combined spectrum of both planets (obtained when transiting
at the same time) is featureless, which favours atmospheres that are
tenuous (composed of a variety of chemical species), not hydrogen-
dominated, dominated by aerosols or non-existent. Similar conclu-
sions have been made for planets d, e, and f (and potentially g)
by de Wit et al. (2018). Also, from the combined measurement
of planet radii (transit) and masses (transit timing variations), the
derived planets’ densities show that TRAPPIST-1 b, d, f, g, and h
may require envelopes of volatiles in the form of thick atmospheres,
oceans, or ice (Grimm et al. 2018). We thus do not know yet in-
formation that would be important for considering the habitability
of the planets such as whether these planets’ atmospheres are pri-
mordial or created later, for instance by cometary impacts, although
current observations suggest that current atmospheres may not be
primordial due to a lack of hydrogen signatures in the observed
spectra (de Wit et al. 2018).

Previous theoretical studies of the atmospheric composition of
the TRAPPIST-1 planets have shown that they may vary with time
and be affected by the early evolution of the star. Indeed, ultracool
dwarfs such as TRAPPIST-1 take up to 1Gyr to cool down (Baraffe
et al. 2015) and reach the main sequence after the planets formed.
This means that planets that are today in the HZ would have under-
gone a very hot pre-main-sequence era (with potentially a runaway
greenhouse phase) and may have lost all (or part) of their initial wa-
ter content (Bolmont et al. 2017). Moreover, Bourrier et al. (2017)
find that the total XUV emission from the star might be strong
enough to entirely strip the primordial atmospheres of the planets
over a few Gyr. One could then expect that a few of the TRAPPIST-
1 planets are devoid of atmospheres, or left with a gas layer too
tenuous for life to persist over long time-scales (Roettenbacher &
Kane 2017).

Here, we consider another process that can strongly influence
the atmospheres, both positively and negatively for life: exocomets.
Impacting exocomets can influence planetary atmospheres in mul-
tiple ways: (i) they can provide an energy source that depletes
primordial atmospheres. (ii) They might also deliver volatiles that
subsequently replenish a secondary atmosphere (i.e. dry, depleted
atmospheres from impacts or XUV irradiation could be replenished
by later impacts, and surviving primordial atmospheres could see
their elemental abundances significantly transformed via exocomet
impacts). (iii) Impacting exocomets may also act as catalysts for the
development of life. Indeed, these impacts may initiate a cascade of
chemical reactions, some of which can produce the necessary pre-
cursors to nucleobases on these planets (Saladino et al. 2012; Ferus
etal. 2015; Patel et al. 2015; Sutherland 2017; Ranjan, Wordsworth
& Sasselov 2017).

For now, there is no evidence of exocomets in the TRAPPIST-1
system, however, this does not mean they are not present and part
of the motivation of this work is to determine if evidence for such a
population may be imprinted on the planets’ atmospheres.

Many stars have large outer reservoirs of planetesimals that pro-
duce a detectable infrared (IR) excess due to collisional production
of dust (Wyatt 2008; Eiroa et al. 2013). Detections of CO gas in
several systems are used to infer that these planetesimals are icy
with a composition that is similar to Solar system comets (e.g. Kral
et al. 2016; Marino et al. 2016; Matra et al. 2017a). These plan-
etesimal belts are harder to detect around low-mass stars such as

TRAPPIST-1 due to their low luminosity but this does not mean
they are not present (Plavchan et al. 2009; Theissen & West 2014).
Some stars also have evidence that comets from these outer regions
are being scattered into the inner regions. For example, CO de-
tected at 20 au in n Corvi is inferred to originate in the sublimation
of such an exocomet population (Marino et al. 2017). In addition,
high-velocity metallic gas absorption lines in some systems (Mont-
gomery & Welsh 2012; Kiefer et al. 2014; Eiroa et al. 2016) are
inferred to originate in very eccentric comets passing very close to
their host star (called falling evaporating bodies, e.g. Beust et al.
1990). Thus, it is not unreasonable that TRAPPIST-1 has (or indeed
may have had) comets at some level.

In this study, we hypothesize that such comets exist in the
TRAPPIST-1 system and use previous studies that looked at the
effect of impacts onto planetary atmospheres (e.g. de Niem et al.
2012; Schlichting, Sari & Yalinewich 2015), and especially hy-
drodynamical simulations (Shuvalov 2009) to derive some con-
straints on the TRAPPIST-1 planets’ atmospheres in the presence of
impacting comets.

We start by estimating the possible mass of a planetesimal belt
that could have survived around TRAPPIST-1. In Section 3, we
then study the dynamics of comets in the TRAPPIST-1 system that
come close to the seven planets, i.e. within 0.1 au. Notably, we look
into which planet will receive most impacts, at which velocity and
derive the time-scales on which impacts happen. In Section 4, we
describe three plausible scenarios that can potentially scatter many
exocomets over the lifetime of the system. In Section 5, we show
the results of our model, i.e. how much atmospheric mass is re-
moved from the primordial atmospheres of the seven planets by a
continuous series of impacts and evaluate whether those impacts in-
crease or reduce the amount of volatiles in the planets’” atmospheres,
and what kind of atmosphere each planet is likely to end up with.
We then discuss our results in terms of their implications for the
development of life in Section 6 before concluding.

2 THE POSSIBLE PRESENCE OF A DISC
AROUND TRAPPIST-1

This paper is based on the potential presence of a yet undetected
debris disc around TRAPPIST-1. To consider what this debris disc
might look like, we construct a minimum mass extrasolar nebula
for the TRAPPIST-1 system similar to Hayashi (1981), or Chiang
& Laughlin (2013) who used 1925 extrasolar planets to constrain
the minimum surface densities at different distances from the star
assuming planets formed in situ.

To get a surface density for each planet, we take the planet mass
and divide it by the area of the annulus around the planet. For planets
¢ to g, we define the annulus as being between the two mid-points to
the neighbouring planets. For planets b and h, we work out the half
width using the centres between planets b and ¢ and between planets
g and h and multiply that width by two. This gives the following
surface density (in solids) after fitting the data (see Fig. 1)

o\ 197
s~ 122 (—) kg m2, 1)
lau

where r is the distance to the star. Our fit of ¥ provides values
a factor 4 smaller than Chiang & Laughlin (2013) at 1au (who
used a large sample of Kepler planets around earlier-type stars), but
steeper in r and very close to the fit by Gaidos (2017) who did it
specifically for M dwarf Kepler planets. It is less than a factor 2 from
the minimum mass solar nebula (MMSN) in solids for terrestrial
planets at 1 au (Hayashi 1981).
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Figure 1. Surface density in the TRAPPIST-1 system assuming a minimum
mass extrasolar nebula and extrapolating to tens of au to obtain a plausible
mass that would be left in a potential, yet undetected, belt. In red, we show
the predicted profile after 7 Gyr of collisional evolution.

The H,O iceline during planetesimal formation is estimated to
have been close to ~0.1 au in the TRAPPIST-1 system (Ormel, Liu
& Schoonenberg 2017). It could as well have been slightly closer-in
(by a factor ~2) based on the (still not well constrained) gradient of
water compositions of the seven planets (Unterborn et al. 2018). We
assumed that beyond 0.1 au, the solid {rock+ice} surface density is
a factor 4 higher following Hayashi (1981). We can now extrapolate
the mass that may be present at several au and potentially form a
disc of planetesimals rather than planets.

A planetesimal belt at a radius » with dr/r ~ 0.5 would have
a mass of ~12.6(r/1au)*® Mg. The collisional lifetime of the
biggest planetesimals in such a belt is given by' £ = 1.4 x
1073 F133(dr /r) D Q1 °e™SPM#3 ) M,y yr (Wyatt 2008). This
gives 1, ~ 4 x 103(r/1au)*® yr by assuming typical values (as
in Wyatt 2008; Kral et al. 2017c, i.e. e = 0.05, Qp, = 50017 kg_l,
and D, = 100km). In other words, a belt at 1 au would be signif-
icantly depleted after 7 Gyr (the age of the system) of collisional
evolution and we expect any belt this close in to have been signifi-
cantly depleted. However, a belt at >28 au could survive over 7 Gyr.
At shorter radii, the mass that remains after collisional evolution for
7 Gyr would be expected to have a radial profile that scales o/’
(Kennedy & Wyatt 2010) as shown by the red dotted line in Fig. 1.
While this formula depends on many uncertain parameters, it shows
that we expect any potential surviving belt to be located at =10 au.

Using the extrapolation in equation (1), we expect such a leftover
belt between 10 and 50au to have a mass of ~20 Mg, which is
compatible with the predicted large initial mass of the protoplan-
etary disc around TRAPPIST-1 required to have formed the seven
planets (Haworth et al. 2018). While this is at least two orders of
magnitude more massive than the Kuiper belt (Fraser & Kavelaars
2009; Vitense, Krivov & Lohne 2010), note that the Kuiper belt is
thought to have formed much more massive, with a solid mass of

"'We note that this formula can be used when the largest bodies from the
collisional cascade have a large enough collision velocity that they can
fragment after an impact. Depending on the level of stirring, using this
formula for radii 50 au is therefore not accurate and only gives a lower
limit on the time-scale #..
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2040 Mg compatible with the MMSN (e.g. Weidenschilling 1977;
Hayashi 1981; Nesvorny & Morbidelli 2012, but see Shannon, Wu
& Lithwick 2016 for a dissenting view). The leftover belt is not
expected to extend much farther than 50-100 au because protoplan-
etary discs around low-mass stars are less extended than around
T-Tauri stars (Hendler et al. 2017). One caveat to this estimate is
that our approach is only accurate for an in sifu formation of the
seven planets. For planets that formed further out close to the wa-
ter iceline as suggested by Ormel et al. (2017), the surface density
would go down by a factor 10 at most and so would the belt mass
leading to an estimate of 2 Mg,.

The only observation of TRAPPIST-1 in the IR is by WISE at
22 um (Patel et al. 2017), which shows no signs of IR excess.
However, any belt that is warm enough to emit at 22 um would
have to be inside 10 au and so, as noted above, would be expected to
be collisionally depleted. The only region where significant mass is
expected to remain at 7 Gyr is beyond 10 au, where such a belt would
be <15 K (assuming a blackbody) and therefore its emission would
peak at A > 340 pm. This WISE observation is thus not constraining
and observations at longer wavelengths are required to constrain
such a cold belt, for instance using the ALMA interferometer.

3 DYNAMICS OF IMPACTS FOR COMETS
COMING FROM AN OUTER BELT

There are many possible origins for the comets that may impact
planets b to h. Rather than studying the details of the specific evolu-
tion for each scenario, we will start by assuming that very eccentric
comets are produced and we will study their dynamics and look at
their interactions with the seven planets. This framework is therefore
general as soon as eccentric comets are produced and will be tied to
specific scenarios (planet scattering, Kozai—-Lidov mechanism, or
Galactic tides) in Section 4.

The pericentre ¢ of the eccentric comets we model can reach a
few tenths to hundredths of au where they can collide with one of
the seven detected planets around TRAPPIST-1. The apocentre Q
can vary from a few au (for comets that originate in close-in belts) to
>100s of au for comets coming from very cold outer belts or exo-
Oort clouds. We perform N-body simulations of these very eccentric
orbits assuming that the evolution is dominated by perturbations
from the known TRAPPIST-1 planets to understand how their fate
depends on the comet’s orbital parameters g (pericentre) and Q
(apocentre). That is, for each of these different comet families (i.e.
for a given set of {g, Q}), we determine the fraction that is accreted
onto the different planets and the fraction that is ejected. We also
compute impact velocities for each family of comets, which are
used in Section 5 to assess if cometary impacts are able to destroy
planetary atmospheres and if delivery of volatiles from these comets
is possible.

3.1 N-body simulations of impacts with the seven planets

The N-body simulations are run with REBOUND (Rein & Liu 2012)
with the Hermes integrator which combines the IAS15 integrator
for close encounters within a few Hill radii of the planets (Rein &
Spiegel 2015) and uses the WHFast integrator otherwise (Rein &
Tamayo 2015). The simulations include the seven planets orbiting
around the central star TRAPPIST-1 (see Table 1 for the parameters
used). We use a time-step of 5 per cent of planet b’s orbital time-
scale. We assumed zero eccentricities for the planets as the 2o upper
limits are low (<0.09 as implied by tidal forces and orbital stability,
Gillon et al. 2017; Tamayo et al. 2017; Quarles et al. 2017). The
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Table 1. The table describing the parameters used for the N-body simulations of the TRAPPIST-1 system (from Gillon et al. 2017; Luger et al. 2017).

Star mass (M@) 0.0802

Star radius (R¢)) 0.117

Planets b c d e f g h
Semimajor axis dapla (1073 au) 11.11 15.21 21.44 28.17 37.1 45.1 59.6
Radius Rpia (Rg) 1.086 1.056 0.772 0918 1.045 1.127 0.755
Mass Mp1a (Mg) 0.85 1.38 0.41 0.62 0.68 1.34 0.41¢

Note: “The mass of planet h is not well constrained (Luger et al. 2017) and as its radius is similar to that of planet d, we assume the same mass as planet d.

planets gravitationally interact with each other, but their orbits do
not evolve significantly over the course of all our simulations.

We start each simulation with 2000 test particles that all have a
similar pericentre and apocentre {g, O} spread in a narrow range
defined by a grid (see Fig. 2). We run the simulations until all test
particles have either been ejected from the system (i.e. if their posi-
tions go beyond 100 times the initial comet’s apocentre) or accreted
onto the planets or the star. We note however that almost no particles
collide with the central star. This is because for high-eccentricity
orbits, the pericentres will be locked and for low-eccentricity orbits,
we notice that there are very few scattering events that could poten-
tially send the comets onto the star. Rather, the particles tend to be
accreted or ejected by the planet close to their pericentres. We as-
sumed zero inclination, which we expect to be unrealistic but leads
to much faster simulations and can be scaled a posteriori to give
results for a comet-like inclination distribution (see Section 3.5).
Running the simulations assuming a zero inclination angle was
necessary to allow the simulations to be performed in a reasonable
time-scale (i.e. not exceeding two months). The whole set of 900
simulations took ~2 months on 20 CPUs, whereas inclined comets
would have taken almost 2 yr to compute. This is because we ran
each simulation until there are no particles left. As the time to ac-
crete/eject particles is much smaller in the zero inclination case, we
gain a factor greater than 10 in overall computational time. We note
that of the results we derive in this section, the probability map as
well as the accretion/ejection time-scales are affected (in a quantifi-
able way) by a change in inclination but not the impact velocities
(Section 3.4).

We ran a grid of 900 N-body simulations for a wide range of
{g, O} values, with 90 logarithmically spaced bins in pericentre
covering 1073 au < ¢ < 10~" au and 10 logarithmically spaced bins
in apocentre covering 10~ au < Q < 10? au, which form the grid
seen in Fig. 2. The grid is defined by the pericentres and apocentres
at the start of the simulations. The TRAPPIST-1 planets are located
between 0.01 and 0.06 au (white vertical lines in Fig. 2) so that the
chosen range of pericentres is large enough to follow what happens
when the comets’ orbits cross those of the planets.

3.2 Probability to impact the different planets or to be ejected
for comet-like orbits

Fig. 2 shows a map of the probability to impact the different planets
(each inset is for a given planet, planet b to h from left to right),
while Fig. 3 shows the probability to be ejected for each given {g,
O} of our parameter space. Some of the large-scale features in these
figures can be readily understood.

For example, the extended black regions in Fig. 2 at large pericen-
tres are because in order for a comet to collide with a given planet,
the comet’s pericentre must be smaller than the planet’s semimajor
axis apy,. Since the pericentre and apocentre of comets do not evolve
significantly from their starting values, this means that the region

of the parameter space with g > a1, appears in black. Comets with
such pericentres collide with the more distant planets.

Another large-scale feature is that the probability to impact one
of the planets is higher for smaller cometary apocentres. This can
be explained by looking at Fig. 3 which shows that the ejection
rate goes up with increasing Q, noting that the sum of the impact
probabilities over the seven planets and the ejection probability
equals 1.

The increased ejection probability seen in Fig. 3 with Q (for all
pericentres) is because the comet’s energy (~GM,/Q) is lower for
these larger apocentres and so a comet is ejected by a smaller kick
when passing by a planet. The biggest kick in velocity that the comet
can receive from a planet (without colliding onto it) is roughly equal
to vese (Wyatt et al. 2017), where v is the escape velocity of the
planet. The resulting increase in the comet’s orbital energy can be
enough to unbind the comet if Vo Vese > GM,/Q, where the comet’s
orbital velocity v, close to a planet is

2GM,

Apla

@)

Ucom ™~

which leads to the apocentre value Q where ejections start becoming
dominant

M 1/2 M, —1/2
0.2 * L
0> (0.0SM@> ( 1M$>

R . 1/2 . 12
) () (3)
1Rs 0.03 au

where Mp,, Ry, and ap, are the planet mass, radius, and semimajor
axis, respectively. This calculation explains why Fig. 3 shows that
for Q 2 1 au, ejection is the more likely outcome.

Another feature in Fig. 2 is that for pericentres inside planet b, the
accretion probability is higher for planets closer to the star. In fact,
the accretion probability decreases as al;; from planet b to h for a
fixed {g, O} in this regime. This can be explained by the different
accretion time-scales of each planet (see Section 3.3).

Finally, another noticeable feature is that the highest probabilities
of impacts (the narrow yellow regions) are for comet orbits that have
pericentres close to but slightly smaller than the positions of the
planets. For instance, on the planet d inset, we see that the yellow
region is concentrated in a narrow region of the parameter space
between 0.015 and 0.021 au (planets ¢ and d positions). This can
be readily explained because comets with such a pericentre cannot
collide with planets b, ¢ so increasing the rate of collisions with
planets d, e, f, g, and h. The most extreme case is for comets that
have pericentres just below planet h, thus ensuring that they can
only collide with planet h and explaining the very narrow yellow
region in the planet h inset.
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Figure 2. Map showing the probability to impact (from left to right) planets b to h for each family of orbits defined by a given pericentre g and apocentre Q.
The vertical white lines show the positions of planets b to h. The white background colour is used to show the part of the parameter space that have pericentres
too far from the planets to either collide or be ejected. On the contrary, the black colour is for orbits that collide with a low probability <1072,

102 100

2
— 1 i)
g v )
¢ 3
2 10°'e
g z
2 ke
< 10 3

o

o

10-1 102

10~ 107 1071

Pericentre q (au)

Figure 3. Map showing the probability to be ejected for an orbit with a
given pericentre and apocentre {g, Q}. The vertical green lines show the
positions of planets b to h. The white colour is used to show the part of
the parameter space that have pericentres too far from the planets to either
collide or be ejected. The black colour is for orbits that collide and eject
particles but with a very low ejection probability <1072,

3.3 Accretion/ejection time-scales

It is important to consider the time-scale on which particles are
accreted (or ejected) in the simulations, because we will later be
considering how these outcomes compete with other processes that
may be acting to modify the particles’ orbits (such as the processes
that brought them onto comet-like orbits in the first place).

In Fig. 4, we plot the loss time-scale #j,5; Which is the time-scale
for half of the 2000 test particles to be lost from the simulation
(through accretion or ejection) as a function of the apocentre Q.
Since there is little dependence on the pericentre of the comets’
orbits (because the comet velocity is almost independent of ¢g),

104_ T T T TTTI] T TTTTIT] T T TTTITH
103:_ O(QX/{Z - +_:
= ¥ 3
C + ]
= r * 7
\? 102:— i =
s E + 3
10'= =
- +++ i =0° -
I e * o comet-like inclination []
10 Ll | T T TTIIIm -
fo= 10° 10! 10°

@ (au)

Figure 4. Plot showing the removal time-scale (in yr) for a comet as a
function of the apocentre Q (in au) for an i = 0° (crosses) and a realistic
comet-like inclination distribution (filled dots, see Section 3.5).

this shows that for Q < 1au, the loss time-scale scales as Q>?
and as Q'? for larger Q. For Q « 1au, the loss of particles is
dominated by accretion onto the planets. For a 2D geometry, the
rate of collisions between a given comet and planet is proportional
to Reol = Ny 0 2pVrel, Where 1, is the fraction of the comet’s orbit per
unit cross-section spent in a region dr around the planet’s orbit, vy
is the relative velocity at encounter, and o ,p is the collisional cross-
section. Considering the fraction of the orbit spent in an annulus
dr around the planet’s orbit, we find that n, (per cross-sectional
area) is o« Q 3/ Zal;;/ ?_In practice, the velocity at encounter vy is
the same as the impact velocity vjy,, and we show in Section 3.4
that vjy, is close to the comet’s velocity (see equation 2), which
is large enough for gravitational focusing to be ignored such that
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Figure 5. Accretion time-scale #,cc = R;Oi as a function of the semimajor
axes of the planets apl, for an i = 0° (crosses) and a realistic comet-like
inclination distribution (filled dots). We show the analytically predicted f,cc
(blue line) for an inclined distribution of comets from the i = 0° case (see
Section 3.5). Here, f,c is plotted for planet b for Q ~ I au and it scales as

Q3/2-

02p = 2Rp,. Therefore, we find that Reo; o 9™/ 2a};;, so that the
accretion time-scale iS f,.. X R;O} x Q¥ 2ap|a, explaining why the
loss time-scale scales as Q¥ for small Q. It also shows that the
accretion time-scale scales as ap, as shown in Fig. 5, where we plot
tace for planet i by computing #0/p;, Where p; is the probability to
be accreted on planet i (that we have for every {¢, O} cell in Fig. 2).
This also explains why the accretion probability (o 7,.!) decreases
as apj; from planet b to h as noted in Section 3.2.

For O > 1 au, the loss is dominated by ejections. In that case, the
cross-section o¢j used to calculate the rate of ejection is proportional
to the impact parameter b at which encounters are just strong
enough to cause ejection. The kick Av that the comet receives from
a planet after a close encounter scales with 1/b, and for the ejection
to happen veom Av > GM,/Q (see Section 3.2). This means that for
aflat geometry o¢j o Q and s0 fej O (1,0 ¢ Vre1) ' o Q'2, explaining
the dependencies.

3.4 Impact velocities for the different planets

An important parameter to determine the effects of a cometary
impact onto the atmosphere of a planet is the impact velocity.

In Fig. 6, we show histograms of impact velocities for the differ-
ent planets. We computed the impact velocities for each simulation
(i.e. for specific pericentres and apocentres), but find that the dis-
tributions of impact velocity do not depend significantly on the
comet’s pericentre. To get Fig. 6, we therefore average the vinp
distributions over the pericentres in the grid, assuming that comet
orbits are uniform in log ¢ (keeping a fixed apocentre). Averaging
in this way results in more accurate histograms of impact velocities.
To do so, the impact velocities from the different simulations are
weighted by the probability to impact the different planets (using
Fig. 2). Furthermore, Fig. 7 shows that the medians of the impact
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Figure 6. Histogram of impact velocities (cut in 100 bins) for each planet
weighted by the impact probability from Fig. 2. The y-axis shows the per-
centage of impacts per velocity bin.
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Figure 7. Median velocity of the distributions shown in Fig. 6 for different
apocentres Q. The thin horizontal lines show the Keplerian velocity of each
planet for comparison.

velocity distributions for each planet also do not depend signifi-
cantly on apocentre. Thus, while Fig. 6 shows the distributions for
an apocentre of ~1 au, these distributions are also representative of
that of a large range of apocentres.

We see that the impact velocity distribution is peaked at a different
location for each planet from ~15 to ~ 110 km s~! from planet h to
b. A much smaller secondary peak can also be seen for each planet.
This is because there are two extreme types of impacts. Collisions
can occur when the comet is on a near radial orbit approaching or

Downl oaded m%ﬁ%"ﬁ%&%@éﬁ?z(%ézc@pm)as/ article-abstract/ 479/ 2/ 2649/ 5045254

by University of Canbridge user
on 30 July 2018



receding from pericentre. They may also occur when the planet and
comet velocities are parallel (i.e. when the comet encounters the
planet near its pericentre). As shown by equation (2), the comet
velocity at impact is ~/2G M, /ap, (for ap, < a), which is thus
always higher than the planet’s Keplerian velocity of /G M, /ayi,
(which varies from ~35km s~' for the farthest to ~80km s~
for the closest planet). Therefore, we find that the impact velocity
distributions should peak at , /GM*/apla(ﬁ —1) (33,29, 24, 21,
18, 16, 14km s~!, for planet b to h) for parallel orbits at impact
and would be maximal for radial encounters at /3G M, /a,,. We
note that the impact velocities are much greater than the escape
velocities of the planets (~10km s~') and therefore gravitational
focusing is not important.

Thus, the high-velocity peaks correspond to comets colliding
on radial orbits and the low-velocity peaks to comets falling on
the planets at their pericentres (i.e. parallel collision). By looking at
Fig. 2, we see that for planet h, the highest impact probability region
(the yellow region) is very narrow and restricted to comets whose
pericentres are close to planet h’s position so that most collisions
are going to be parallel. This explains why the low-velocity peak is
higher for this planet. For planet b, however, the yellow region is
large and not peaked close to planet b’s semimajor axis. Therefore,
most impacts will happen with comets on nearly radial orbits and the
high-velocity peak is therefore higher than the low-velocity peak.
Histograms for the other planets can be understood following the
same procedure.

The non-dependence of impact velocities on apocentres shown
in Fig. 7 also derives from the velocity at impact, which, as shown
by equation (2), only depends on aj, and not a. We notice that
the median velocities are close to the Keplerian velocities of the
corresponding planets (Fig. 7).

3.5 Simulations for realistic inclinations

The simulations assumed comets with zero inclination. To check
how our results change for different inclinations, we ran a set of 30
additional simulations (spread across the {g, Q} parameter space)
with more realistic comet-like inclinations. The chosen inclination
distribution follows a Rayleigh distribution peaking at 10 deg, i.e.
close to the distribution of JFC? comets (Levison & Duncan 1997;
Di Sisto, Fernandez & Brunini 2009). We find that the loss time-
scale (see Fig. 4, filled dots) and the time-scale for accretion onto
the different planets are affected (see Fig. 5, filled dots), but that the
impact velocities are unaffected.

The difference in #,.. between the inclined and flat cases in Fig. 5
can be explained by generalizing the analytics in Section 3.3. The
ratio of the rates at which comets collide with a planet is expected to
be (ny03p)/(ny02p) = TRy /(41 maxpia), Where n, is now number
per unit volume in the vicinity of the planet and I, the median
inclination of the comets in the 3D case. We plot this analytical
prediction (blue line) together with some numerical simulations
for a distribution of inclinations (filled dots) in Fig. 5. A similar
comparison shows that the dependence in Q remains the same for
tacc for the two types of simulations. We thus conclude that the zero
inclination simulation collisional rates can be scaled to account for
the inclined case.

The Jupiter-family comets are short-period comets that orbit part of the
time in inner regions of our Solar system and whose orbits are primarily
influenced by Jupiter’s gravity.

Effects of impacts on the TRAPPIST-1 planets 2655

To recover the probability map shown in Fig. 2 for the case of
an inclined distribution, we also need to rescale the loss time-scale
foss Shown in Fig. 4 because the probability p; to be accreted on
a given planet i is equal to fjos/tacc. The results for #j,s from the
inclined numerical simulations are shown in Fig. 4 (filled dots).
We can predict the change in ejection time-scale (which domi-
nates fi5s at Q > 0.2au) for the 3D case from the 2D simula-
tions in the same way as for the time-scales for accretion onto
the planets. This prediction is that ejection time-scale should be
longer by 0.8(M,/Mpyia)(apialmax)/Q. This is reasonably accurate but
we prefer to use the numerical ratio of f05 for the inclined and
zero-inclination cases which is best fit by a power law equal to
63 (Inax/10°) Q0.

Using these different scalings, we calculate the new probability
map (see Fig. 8) and use that the sum of the probabilities to be ac-
creted onto each of the planets and to be ejected equals 1 to compute
a new ejection map (see Fig. 9). Comparing the predictions from
our scalings to the different results from the inclined distribution
simulations, we find that we are accurate within a factor 2.

4 DIFFERENT SCENARIOS TO MAKE
ECCENTRIC COMETS

We have studied the dynamics of highly eccentric comets in the
presence of the seven TRAPPIST-1 planets in the previous section.
Here, we consider three different scenarios that can send comets
from the outer regions of the TRAPPIST-1 system onto such eccen-
tric orbits (see Fig. 10); (i) A planetesimal disc is perturbed by a
nearby planet and comets are scattered inwards by this single planet
or through a chain of planets (similar to comets scattered in our
Solar system, e.g. Duncan & Levison 1997; Bonsor, Augereau &
Thébault 2012; Marino, Bonsor & Wyatt 2018). (ii) A distant com-
panion to TRAPPIST-1 forces comets in a Kuiper belt-like disc to
undergo Kozai-Lidov oscillations (e.g. Nesvold et al. 2016), which
can bring the comets to very close pericentres. (iii) Galactic tides
perturb a far away exo-Oort-cloud and send comets to decreasing
pericentres.

We assume that the evolution of comets’ orbits in these three sce-
narios can be approximated as an evolution in which their apocentres
Q remain constant and their pericentres g decrease at a constant rate
¢. This approximation allows us to use the results of Section 3 to
consider the outcome for comets scattered into the inner regions
without having to consider the detailed dynamics of the comets’
origin. The simplified dynamics allows us to study a wide range
of different possible scenarios. Owing to this simplification, the
results are expected to give order of magnitude correct estimates,
which are justified by the uncertainties on the presence of a belt
in this system and its yet unknown properties. We explore expec-
tations for the different ¢ values for each of these three scenarios
below.

4.1 Impacts from comets scattered by a single or a series of
planets

In our Solar system, comets from the Kuiper belt are thrown into
the inner Solar system thanks to a series of scattering by different
planets. This planet scattering scenario has been invoked multiple
times (Nesvorny et al. 2010; Booth et al. 2009; Bonsor et al. 2014)
to try to explain the presence of hot dust around many stars (see
Kral et al. 2017a, for a review). More recently, Marino et al. (2018)
studied the effect of scattering by a chain of planets for a large pa-
rameter space so as to understand which planetary systems are more
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suited to create large hot dust levels or maximize impacts on the
chain of planets. They ran simulations for 1 Gyr for different chains
of planets with semimajor axes ranging from 1 to 50 au and planet
masses ranging from a few to 100 Mg. In our case, we consider
that interactions with the innermost planet of the chain dominate
the comets’ dynamical evolution as they reach to the very small
pericentres considered here. However, we also have to consider that
some fraction of comets would have been ejected or accreted by
the other planets before reaching the innermost planet of the chain.
Marino et al. (2018) show that for a wide range of planet chain ar-
chitectures, fi, = 1-7 per cent of comets originating in an outer belt
end up reaching the inner system. For a close-in belt similar to the
debated (see MacGregor et al. 2018) belt recently invoked around
the M-dwarf Proxima Centauri (Anglada et al. 2017), a single planet
at 1 au could be enough to scatter comets into the inner regions (but
we note that we showed in Section 2 that such a close-in belt is
not likely to have survived around TRAPPIST-1 unless it formed
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Figure 10. Schematic of the different scenarios tested that could potentially
scatter comets in the inner regions of the TRAPPIST-1 system.

recently). In that case, no comets are lost on the way through the
chain and f;, = 1. We only consider the case of a planet coplanar
to the seven planets as this system seems well aligned. A non-
coplanar configuration would lead to an increased inclination dis-
tribution, which effect could be quantified using the analytics from
Section 3.5.

Conservation of the Tisserand parameter’ (Murray & Dermott
1999) means that comets being scattered by an innermost planet
that is on a circular orbit can only reach down to a minimum peri-

3This parameter is a constant in the circular three-body problem, which
constrains the orbit of a comet after being scattered by a planet.



centre (see Bonsor et al. 2012). Thus, to scatter comets to small
enough pericentres to reach the TRAPPIST-1 planets’ locations, we
consider that the innermost planet must be on an eccentric orbit,
since in that case there is no minimum pericentre constraint (see
also Frewen & Hansen 2014). We also consider that this planet
should not be too massive, so as not to eject the comets before they
can reach the innermost parts of the system.

Guided by the results of Frewen & Hansen (2014), we consider 1
and 10 Mg, planets with a 0.4 eccentricity orbiting at 1 au to be repre-
sentative of the kind of planets that are able to put comets on orbits
that are capable of colliding with the seven known TRAPPIST-1
planets. We note that such planets are not massive enough and not
close enough to gravitationally disturb the orbits of the seven cur-
rently known planets as can be checked directly from Read & Wyatt
(2016), so that the system of the seven inner planets remains stable
even in the presence of such an additional planet (see also Quarles
et al. 2017). We also note that these planet masses agree with cur-
rent mass upper limits by Boss et al. (2017) (i.e. <4.6Mj,, within
a 1 yr period, and <1.6Mjy,, within a 5 yr period). While an eccen-
tricity of 0.4 is above the median eccentricity found for Earth to
Super-Earth mass planets, such eccentric planets are observed. We
also note that our scenario would still work for lower eccentricities
as described in Frewen & Hansen (2014) but the ¢ value would
vary.

Moreover, we find that the outermost planet interacting with the
belt and causing the scattering could migrate outwards if it has
a mass S10Mg (see equation 58 in Ormel, Ida & Tanaka 2012,
where we used the surface density of the potential surviving belt
shown in Fig. 1) and stall if it is more massive. Such a migration
is beneficial to sending more comets inwards as shown in Bon-
sor et al. (2014) because more time is available for the scattering
process and it can access more material to scatter from. However,
for a planet mass <0.1 Mg, the scattering would not be efficient
anymore as shown by equation (52) of Ormel et al. (2012). Too
massive an outer planet would also prevent material from being
scattered inwards, as it would be more likely ejected but disc evo-
lution models find that having another Jupiter in the TRAPPIST-
1 system is unlikely (Haworth et al. 2018). Marino et al. (2018)
show that for planet masses <100 Mg, 22 per cent of the scattered
comets still reach the inner region. More massive planets such as a
Jupiter would more likely eject most of the material (see Wyatt et al.
2017).

We ran N-body simulations to follow the evolution of test particles
initially randomly located in the chaotic zone (where resonances
overlap, as classically defined in Wisdom 1980) of such an eccentric
planet. The planet is located at 1 au and simulations are run until the
planet runs out of material to scatter among the initial 5000 particles
in the chaotic zone. Fig. 11 shows the evolution of the distribution
of pericentres of particles that have their apocentres at the 10 Mg
planet location, which decreases steadily with time. Quantifying the
rate of this decrease by looking at the evolution of the median of
the distribution, we find that

gp ~ 5 x 107%au yr !, 4)

over many orbits for the 10 Mg case. Running another simulation for
an Earth mass planet with similar eccentricity at the same location,
we find that gp ~ 107> au yr~'.

While the path of an individual comet could be somewhat stochas-
tic through the parameter space (jumping in individual scattering
events), the effect for an ensemble of comets is that of a slow in-
ward migration of g. Therefore, we model this population, and how
it is depleted due to interactions with the seven inner planets, by
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Figure 11. Distribution of pericentres at three epochs (80, 1180, and
4980 yr) due to perturbations of an eccentric (e = 0.4), 10 Mg, planet located
at 1 au. Particles are initially placed in the planet’s chaotic zone and the ones
with apocentres at the planet get periodic kicks that push their pericentres ¢
inwards. The median of distributions are shown as vertical lines. The median
of g goes inward with time and we find § = 5 x 107> au yr~! for this case.

assuming that comets have an apocentre Q that is fixed at the po-
sition of the innermost planet of the chain (1 au), and considering
the various depletion pathways as the comets cross the parameter
space in Figs 2 and 3 at a constant rate ¢. That rate depends on the
mass of the planet, so we keep this as a free parameter, noting that
equation (4) gives realistic values. That rate has a strong influence
on the outcome (see Section 5).

4.2 Impacts from comets undergoing Kozai-Lidov oscillations
due to an outer companion

The incidence of binaries around M dwarfs is around 27 per cent
(Janson et al. 2012). Comets located at tens of hundreds of au
(either in a disc or a more spherical Oort-cloud-like distribution)
could be perturbed by such distant companion stars. If the mutual
inclination iy of some comets with this companion is greater than
39.23 deg, the so-called Kozai-Lidov cycle can start and the mutual
inclination starts decreasing while the eccentricity of the comet
increases to reach a maximum (Kozai 1962; Lidov 1962).

For the case of a circular outer companion, the maximum ec-
centricity reached by the comets is given by /1 — (5/3) cos?(io)
(Innanen et al. 1997). This means that to reach a pericentre ¢ < q; =
1072 au (to be able to reach the seven planets), the initial mutual in-

clination should be greater than iy > arccos(/ %(1 — (1 = gq1/a)?)),
where a is the semimajor axes of the comets. If the belt is really
close-in, i.e. @ = 0.1 au, this corresponds to iy > 70.3 deg, and at
100 au, it gives iy > 89.4 deg (i.e. an almost perpendicular orbit is
necessary in this latter case). We note that this inclination is between
the perturber and comets and the latter can be inclined compared to
the planets. Therefore, finely tuned companions would be needed
to send comets to the right location.
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However, for an eccentric outer companion, the comets’ eccen-
tricity can reach values arbitrarily close to 1 (e.g. Lithwick & Naoz
2011; Teyssandier et al. 2013). While the periastron precession
(due to GR) can dominate the dynamics (Liu, Mufoz & Lai 2015)
and stop the Kozai mechanism from working when the eccentricity
comes close to 1, this occurs only for pericentres interior to the
known TRAPPIST-1 planets (see eq. 50 and fig. 6 of Liu et al.
2015).

The Kozai oscillations will occur even if the perturbing compan-
ion is very distant and/or not very massive, only the time-scale to
achieve the eccentricity change will be longer in that case. Assum-
ing the initial eccentricities ey of comets in a disc are small, then the
time-scale Tk to reach the maximum eccentricity given an eccentric
perturber is (Antognini 2015; Naoz 2016)

2.7 M, P? 32
Tk ~ 1 L) (1=¢2 5
3 6( +Mc)(P)( ), 5)

where a., e., M, and P, are, respectively, the semimajor axis, eccen-
tricity, mass and orbital period of the companion, and P is the orbital
period of the comet being perturbed (i.e. P = 27t\/a’/(GM,)). The
parameter €,y = e.(a/a.)/(1 — ef) quantifies the relative size of the
octupole term of the Hamiltonian compared to the quadrupole term
and is not equal to zero for an eccentric perturber (the time-scale
for a circular orbit can be found by substituting €, ~ 259, see
Antognini 2015).

Then, we can determine an order of magnitude for the rate of
pericentre evolution given by gk ~ (a(1 —ep) — ¢1)/Tx ~ a(l —
eo)/Tx, so that

a 3/ 1—e dc =7/2
K ~2x 107
dreex (IOOau) (1—0.1>(150au>
(eC)I/Z 1—2\ ([ 1+M/M, \"'
o (&
0.4 1—0.42 1+ 0.08/0.01

M 172
X (OOSEVI ) au yr !, (6)

Therefore, considering a belt at 100 au perturbed by an eccentric
companion of mass 0.01M, at 150 au,* we find that gg ~ 2 x
10~*au yr~!. While a much farther companion could decrease that
value and a farther exo-Kuiper belt would increase ¢k, we consider
in Section 5.1 how evolution at typical ¢ might affect the planetary
atmospheres of TRAPPIST-1 planets.

We have also checked that for such a configuration the Kozai
mechanism cannot be suppressed by the precession induced by
unknown planets in the system. Imagining the worst case scenario
of the presence of a Jupiter-mass planet at 10 au in this system,
the Kozai dynamics remains dominated by the outer companion if
the belt is located further than ~30 au (Petrovich & Muiioz 2017),
which is assumed here. We also looked at the effect of the seven
known TRAPPIST-1 planets on the Kozai mechanism. The bodies
that can reach these planets must be very eccentric and to take
that into account properly, we model the effect of these planets as
being an effective J, (quadrupole moment) and check whether the
precession rate due to J,, i.e. w, is able to counteract the precession
due to Kozai. Using eq. (35) in Fabrycky & Tremaine (2007), we find
that the effective J, of the 7 TRAPPIST-1 planets starts contributing

4We note that such a low-mass companion at large distances is not yet ruled
out (Howell et al. 2016; Boss et al. 2017).

and reduce the maximum Kozai eccentricity for
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where a; is the semi-major axis of the outermost TRAPPIST-1
planet, and e is the eccentricity of the comet, which for a belt
of semi-major axis a should be 1-0.01/a to be able to reach the
innermost planet or 1-0.06/a to reach the outermost one. Using
Batygin & Morbidelli (2017), we find that the J, due to the 7
TRAPPIST-1 planets would be ~2 x 1073, Therefore, from eq. (7),
we estimate that for a 0.01Mg at 150 au, the belt of planetesimals
should be at 10 au to be able to reach the outermost planet or at
270 au to reach the innermost one.

We acknowledge that the change in inclination while undergoing
Kozai oscillations is not taken into account in our previous general
simulations shown in Section 3. However, depending on the exact
inclination of the companion compared to the belt, we can quantify
using the equations given in Section 3.5 how it will affect the
probability to be accreted onto the planets, which scales as 7!

max*

4.3 Impacts from Oort-cloud comets perturbed by Galactic
tides

TRAPPIST-1 may have an Oort cloud, either because comets were
captured from their neighbouring stars’ belts at the cluster stage
(Levison et al. 2010), or because comets were scattered out by its
planetary system (Tremaine 1993). In our Solar system, Duncan,
Quinn & Tremaine (1987) propose that leftover comets between
Uranus and Neptune would be thrown onto more extended orbits
by the two planets until they reach a semimajor axis of ~5000 au
where Galactic tides change their angular momentum, therefore
moving their periastron from reach of the planets. While planets
that are efficient at forming Oort clouds need to have the right
ranges of mass and semimajor axis, which does not include the
known TRAPPIST-1 planets (e.g. Wyatt et al. 2017), other (as yet
unseen) planets in the system could have scattered material into
such an Oort cloud. Moreover, an Oort-cloud forming planet does
not necessarily need to be at this exact location now as it could have
migrated.

The same mechanism, i.e. Galactic tides, which increased angu-
lar momentum of leftover comets pumped up by Uranus and Nep-
tune and thus detaching the comet orbits from the planets can also
decrease angular momentum and bring back an outer Oort-cloud
comet to the planetary system. For an Oort cloud, the Galactic
tidal force (due to the Galactic disc potential) will slowly make the
comets lose angular momentum resulting in a slow drift inwards
of pericentre (because e increases, a is constant) at a rate ¢g (e.g.
Heisler & Tremaine 1986; Matese & Whitman 1992; Veras & Evans
2013). The eccentricity reaches a maximum that is given by Breiter
& Ratajczak (2005), which is greater for comets perpendicular to
the orbital plane. It is usually assumed that when a comet reaches a
few au, it is lost from the Oort cloud due to planetary perturbations
(e.g. Heisler & Tremaine 1986; Fouchard et al. 2006).

The value of ¢g can be estimated from the mean square change
in angular momentum per orbit (AJ2) = 1.2 x 107°p3 a’ /M, (in
au* yr=2, equation A4 of Wyatt et al. 2017), with p; the stellar mass
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density in units of 0.1 M pc™ (local stellar mass density), a in au

and M, in M. Thus, since gg = /(AJ?) q/(2a%)/m, we estimate
that (Duncan et al. 1987)

X _ 00 a 2
~7x 107 ( )
do ™~ 1 (O.lM@pc*3) 10% au

q 12 M. ~172
X ( ) au yr’l. ®)
0.06 au 0.08 Mg

We note that this ¢¢ value is very small, but it varies strongly with
a

Therefore, for the case of the TRAPPIST-1 planets, it means that
if the location of the Oort cloud is closer than a few 10? au, the time
for moving the bulk of Oort-cloud bodies down to small pericentres
close to the planet positions (i.e. <0.06 au) would be greater than
the age of the system. However, for an Oort cloud at 10° au, it
only takes ~5 Myr to reach the inner region but an origin at such a
large distance becomes unlikely given that such comets would have
been stripped by passing stars (Tremaine 1993). Given the age and
low mass of TRAPPIST-1, comets with a semimajor axis beyond
2000 au should be strongly depleted by passing stars but some may
still remain. We also note that the presence of massive Jupiter-like
planets in the outer regions of the TRAPPIST-1 system would have
strong effects on the dynamics of the system (e.g. Kaib & Quinn
2009) and our prescription would need to be revised if this type of
planet is discovered.

5 RESULTS

5.1 Fraction of comets that impact onto each planet

5.1.1 Fora general ¢

Here, we use the results from Sections 3.1 and 3.5 to determine how
much material will be accreted on the different planets depending
on how fast comets move inwards, which is assumed to be set by a
constant rate of change of pericentre . For a given ¢ and apocentre
Q, each (pericentre) g cell of our parameter space is progressively
crossed as the comet moves inwards to smaller g values. Taking
into account the time-scales shown in Fig. 4 and scalings from
Section 3.5 (as we consider realistic inclined comets), we can use
Figs 2 and 3 (or their counterparts Figs 8 and 9) to work out the
fraction of comets that are accreted onto the different planets or
ejected along the way. Hereafter, we only consider the inclined case
using the results from Section 3.5.

Fig. 12 shows the fraction accreted on the different planets fyc.
for Q = 1 and 100 au. For small ¢ (i.e. <107 au yr~' for the Q
= l au case) most comets end up on planets g (yellow curve) and
h (brown), while for large ¢ each planet gets a fraction of comets
accreted. We also show the fraction ejected as grey lines for Q = 1
and 100 au, which is close to 1 for very small ¢ and decreases for
larger values, meaning that comets can go past the planets without
being ejected nor accreted onto the planets for ¢ > 107> au yr~'.
These comets may end up on the star or collisionally deplete before
reaching it.

We see that the fraction of comets accreted” f;. onto the different
planets varies significantly from 0.05 to <1073 for 107% < ¢ < l au
yr~!. For small ¢, the fraction accreted is dominated by planets h

SHere, we use accreted to say that a comet was not ejected but instead
impacted onto a planet. It does not mean that the entirety of the accreted
comet’s material will stay in the atmosphere as we will show later.
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and g because g decreases so slowly that these outermost planets
catch all impacting comets before they reach further in. On the
other hand, for large ¢, the comets cannot efficiently accrete on
the planets (as the loss time-scale is long compared to ¢ /g, see
Fig. 4) and end up at small radii (where they either accrete onto
the star or deplete collisionally). In between these two regimes,
each planet accretes a fraction of the scattered comets. The fraction
of comets accreted f,.. is also higher for smaller apocentres, as
expected from Fig. 2. We find that for large ¢, foee x ¢~'Q7".
The fraction accreted by the different planets vary by one order of
magnitude in this regime (with b and h representing the extremes).
This is due to both the difference in collisional cross-sections and
positions (since f,e. o agla, see Fig. 5). In Section 5.1.2, we assess
the outcome for the specific values of ¢ that have been derived in
Section 4 for the different scenarios.

5.1.2 For q derived from specific scenarios

In Fig. 12, we see that for a planet scattering scenario (both for a
single planet or a chain) in which Q = lau and ¢ = 107> au yr~!
(i.e. corresponding to a 1 Mg planet in Section 4.1), we end up in the
regime where a fraction of comets is accreted onto each planet. The
fraction accreted is rather high in this case (between 0.01 and 0.03
for planets b to g) because the probability to be accreted for comets
with Q = 1 au is rather high (as expected from Fig. 3). This fraction
accreted is valid for a single eccentric planet scattering material
from a close-in belt at ~1 au similar to the debated belt potentially
found around Proxima Cen (Anglada et al. 2017). However, comets
coming from tens of au belts would have to be scattered through a
planet chain before making it to the innermost planet of the chain and
some will be lost on the way. Here we assume that fi, ~ 5 per cent
of the comets will make it to the innermost planet (see Section 4.1),
which reduces the fraction accreted on the different planets from
the initial reservoir (the Kuiper-belt like disc) to ~5 x 107%.

For the Kozai scenario, we consider that Q represents the disc
location from which the comets are perturbed by an outer companion
and we take a typical distance of 100 au as being representative.
Considering the typical g value derived (2 x 10~* auyr~!), Fig. 12
shows that we are in the second regime where a fraction of comets
(~107%) is accreted onto each of the seven planets. This is close
to two orders of magnitude smaller than the chain of planets case.
Here, we do not have to reduce the number of comets that arrives
on to the seven planets (i.e. fi, = 1) as Kozai oscillations operate
directly from the outer belt.

For the Galactic tide scenario, from Fig. 12, we evaluate that an
Oort cloud at a few 10* au (that has a fast enough ¢ to send comets
to small pericentres within a fraction of the age of the system),
i.e. with large apocentres, the probability to be accreted is always
<1079 (for all the plotted ¢, i.e. more than order of magnitude
smaller than for the Kozai mechanism). Therefore, the fraction of
comets accreted is very low, which will not have any impacts on
the atmospheres. Therefore, we rule out Galactic tides as being an
efficient mechanism® to modify the atmospheres of the TRAPPIST-

OWe note that we could fine tune the position of the Oort cloud to be in a
narrow range in between 10* and 10° au to maximize the fraction accreted
while allowing enough time for the comets to reach the planetary system but
this would always result in an order of magnitude less efficient mechanism
than Kozai. Moreover, it is not likely that an Oort cloud around a low-mass
star such as TRAPPIST-1 forms farther out than in our Solar system (Wyatt
et al. 2017) as required here for maximizing Galactic tide effects. And as
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Figure 12. Fraction of comets accreted fyc. onto each planet as a function of ¢ for Q = 1 au (solid lines) and Q = 100 au (dashed). For large ¢, facc scales
approximately as ocQ~! so this plot can be used for all Q values. The Y-axis shows the fraction of comets that hits the different planets (i.e. accretion regime).
The grey lines show the ejected fraction of comets. The vertical black lines are typical ¢ values for two scenarios: planet scattering (with Q = 1 au) and Kozai

oscillations from a 100 au belt (see the text in Section 5.1).

1 planets. We also note that the same forces driving particles with
high pericentres to low pericentres could also drive back these low
pericentre orbits to high values, sometimes before they had time to
reach the seven inner planets (e.g. Emel’ Yanenko, Asher & Bailey
2007; Rickman et al. 2008), and thus makes this scenario even
more unlikely. We are, thus, left with two plausible mechanisms to
throw comets on the seven planets, namely, scattering by planets
and Kozai oscillations due to an outer companion.

5.2 The relative effect of different impactor sizes on the
atmospheres of the different planets

In the previous subsection, we analysed the fraction of comets ac-
creted f,.. by each planet. However, we want to quantify the effect of
these impacts on the atmospheres of the seven planets. For example,
we have seen in Fig. 7 that impact velocities are much higher for
planet d compared to further planets, so even if the fraction accreted
is the same as that of the more distant planets in the planet scattering
scenario, the effect on atmospheric mass loss may still be more im-
portant. Here, we quantify the atmospheric mass loss, and projectile
mass accreted in the atmosphere (relative to impactor masses), i.e.
the impactor mass that does not escape the atmosphere after impact,
for the different planets and for different impactor sizes.

We use the numerical study of the effect of impacts on atmo-
spheres by Shuvalov (2009) to derive some conclusions for the
TRAPPIST-1 planets. We first present the set of equations from
Shuvalov (2009) that we use to derive the atmospheric mass loss
and projectile mass accreted after a given impact. The outcome
depends on the dimensionless variable n (Shuvalov 2009)

n= (D>3 Ppr Pt (Vlgnp - Vezsc)
patmO(ppr + /Ol) VEZSC ’

i &)

shown in Section 4.3, such distant belts should be depleted owing to passing
stars.

where D is the impactor diameter, H the atmosphere scale height (H
= kT/(umyg) for an isothermal atmosphere with g = GM,/ er,) and
Pis Ppr> and pumo are the densities of the target (planet), projectile
(exocomet), and atmosphere at the surface, respectively. We as-
sumed p; = 5000 (terrestrial planet-like), pp, = 1200 (comet-like),
Pamo = 1.2 kg m™3, i = 28.97 (we assume an Earth-like atmo-
sphere for now), and T is taken to be the equilibrium temperature
of the planets (assuming a null Bond albedo as calculated in Gillon
et al. 2016). We note that recent observations suggest that some of
the TRAPPIST-1 planet densities may be slightly lower because of
the potential presence of ice layers. Grimm et al. (2018) find that
water mass fractions <5 per cent can largely explain the observed
mass—radius relationship of the less dense planets. Therefore, we
can expect densities that are 10s of percent lower than assumed
here, which would translate as a small uncertainty on 7, which is
however much lower than the uncertainties on the dynamics (see
Section 4), and is thus not considered here in details. Viy, is the
impact velocity and Vise = /2G M2/ Ry is the escape velocity
for the different planets. We have seen in Section 3.4 that Viy, is
much greater than V.., which simplifies the previous and following
equations for most cases.

The atmospheric mass loss per impactor mass is then defined as
(Shuvalov 2009)

M imioss _ (Vlfnp - Vezsc)
Mimp V2

esc

Xa(1), (10)

where M, is the impactor mass and log,,x. =
—6.375 4+ 5.2391og,, n — 2.121(log,, n)* + 0.397(log,, n)* —
0.037(log;y n)* + 0.0013(log;, 1)°.

To get meaningful results, we compare the atmospheric mass loss
M ymioss to the impactor mass (of size D) that makes it to the inner
regions and that is accreted on to the planet. Therefore, using the
previous notations, we are interested in (Mmioss/Mimp )finfacc Where
we recall that f;, is the proportion of comets that are scattered from
an outer belt and make it to the inner regions and f,. is the accreted
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fraction onto a given planet. This ratio can therefore be understood
as the atmospheric mass that is removed by one comet scattered
from an outer belt, where only ‘a fraction’ of the comet makes it to
the inner regions and a fraction of that is accreted onto a specific
planet. In Fig. 13 (left), we plot (Mamioss/Mimp)face keeping in mind
that we should multiply that value by fi, (if it is different than 1, see
Table 2) to get the real value of accreted comets that make it to the
inner regions.

Fig. 13 (left) shows (Maumioss/Mimp)face as a function of impactor
diameter D for Q = 1 and 100 au (and ¢ ~ 107> au yr~!) and for
a higher ¢ (107" au yr~!) and Q = 1 au, using the impact velocity
distributions shown in Fig. 6. The overall shape of the curves in
Fig. 13 (left) is explained in Shuvalov (2009). Impactors of size a
few kilometres are the most harmful at removing atmospheric mass.
Impactors smaller than 100 m do not create large impact plumes
and cannot accelerate large atmospheric mass to high latitudes. For
impactors larger than a few 10s of kilometres, atmospheric erosion
continues to grow very slowly but the mass an impact removes
cannot be greater than the total local atmospheric mass available.
Therefore, for large impactors, the atmospheric mass removed per
increasing impactor mass becomes smaller.

The most harmful impactor size shifts along the x-axis for the
different planets mainly because of the change in impactor velocity
and the different properties of the planets through H (the atmosphere
scale height) with the relative scalings given in equation (9). The
variations along the y-axis are mainly due to the different fraction
accreted f,.. for each different planet (see Fig. 12) and the different
impact velocities (see Fig. 6) and scale as shown in equation (10).
For example, we see that even though planets d, e, f, and g accrete
at the same level (see Fig. 12), the atmospheric mass loss is greater
for planet d because impact velocities are higher for the closer in
planets (see Fig. 6).

The effect of increasing Q from 1 to 100 au (solid to dashed lines)
is to shift all the lines down by a factor 100 because f,.. decreases by
afactor 100. Changing ¢ from 1073 (solid) to 10~! au yr~! produces
a shift downwards of four orders of magnitude since f.. decreases
by a factor 10* between these two cases. Fig. 13 (left) can therefore
be used to work out the relative effectiveness of comets at removing
mass from the atmosphere of each planet for any given ¢ and Q,
even though we show the results for only two different Q (i.e. itis a
general plot, not tied to a specific scenario from Section 4, and only
face ¢ ¢~ Q! changes for different values of ¢ and Q, making it
easy to compute results for different ¢ and Q).

The simulations of Shuvalov (2009) also showed that the projec-
tile mass accreted per impactor is given by

M impacc

My 1= Xpe (1), an
where  xpr = min{1, 0.07(ot/ ppr)(Vimp/ Vese)1og g n — 1)}. Simi-
larly to atmospheric mass loss, Fig. 13 (right) shows the accreted
projectile mass per comet (Mimpace/Mimp)face as a function of im-
pactor diameter D for Q = 1 and 100 au (and ¢ ~ 1073 au yr~!) and
for a higher ¢ (10~ au yr~') and Q = 1 au.

The shape of the curves in Fig. 13 (right) is already known from
Shuvalov (2009). The ejecta from impacting bodies that are <1 km
does not have enough energy to escape after impact and is stranded
in the atmosphere (though some material may condense on the
planet surface at a later point, see Section 6.3). For more massive
bodies, the ejecta after impact is increasingly more energetic until
the airless limit is reached (i.e. when atmospheric drag can be
neglected before the after-impact plume expansion) where all the
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projectile material escapes. This cut-off happens for bodies larger
than a few kilometres.

In Fig. 13 (right), the variations along the x-axis (e.g. of the
cut-off position) are due to different impact velocities (for instance
a larger planetesimal can deliver material onto planet h because
impacts happen at lower velocities) and it can also vary with the
planets’ properties through H and the atmospheric density (assumed
constant for now) with the scalings given by equation (9). Planets g
and h can therefore get volatiles delivered from larger comets than
further in planets. The variations along the y-axis are mainly due
to the fraction of comets accreted onto the planets and the different
impact velocities and scale as depicted by equation (11).

The effect of increasing Q from 1 to 100 au (solid to dashed lines)
or increasing ¢ from 107> to 10~ au yr~! is the same as explained
when describing Fig. 13 (left), i.e. due to the change in f;.. This plot
is therefore also general and can be used to compute the outcome
of an impact for any values of g and Q, and is not tied to any of the
specific scenarios explained in Section 4.

The volatile mass that ends up in the atmospheres is a fraction fy
of the mass delivered. We assume that volatiles are delivered to the
atmospheres in proportion to their fraction of the mass of the parent
body. For a comet-like body, we assume a rock-to-ice mass ratio of
4 based on recent measurements in the 67P comet (Rotundi et al.
2015), i.e. 20 per cent of ice by mass. For an asteroid-like body, the
water mass fraction is lower and is found to vary between 1073
and 0.1 (Abe et al. 2000). We will assume an intermediate value
of 1 per cent for asteroid-like bodies,” which is typical of ordinary
chondrites in our Solar system (but we note that carbonaceous chon-
drites can reach 10 per cent of water by mass, Raymond, Quinn &
Lunine 2004). This gives us two extreme volatile delivery scenarios
to consider with our model.

The CO or H,O content of exocomets can be probed for the most
massive belts and are found to be similar to Solar system comets
(e.g. Kral et al. 2016; Marino et al. 2016; Matra et al. 2017a). The
potential to detect gas in debris disc systems will improve with new
missions (see Kral, Clarke & Wyatt 2017b) and the assumptions
used in this study could be refined with future estimates of the
volatile content of exocomets in the TRAPPIST-1 system to get a
better handle on the final atmospheric composition.

5.3 The integrated effect of these impacts over the age of the
system

5.3.1 Total incoming mass over the system’s age

‘We now work out the effect of impacts on the TRAPPIST-1 plan-
ets over the age of the system and more specifically, how much
atmospheric mass is lost and how much projectile/volatile mass is
accreted for a given total incoming mass of comets. To do so, we
assume a typical N(D) oc DY size distribution with y = —3.5 for
the comets that are expelled from the belt (e.g. Dohnanyi 1969;
Thébault & Augereau 2007) up to a maximum size of 10km.?

7We assume that the bulk of the volatile mass is in water, so that this value
is representative of the total volatile mass, though a lower limit.

8We note that the size distribution of the Kuiper belt for the largest bodies
is complicated and best fitted by two shallow power laws and a knee or a
divot between the two (Lawler et al. 2018), which would imply that most of
the cross-section would be in the biggest bodies. This is not representative
of what is observed in general for the debris disc population, for which
a —3.5 slope all the way through the largest bodies is able to explain the
observations.
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Figure 13. Left: atmospheric mass loss to impactor mass ratio (Mamloss/Mimp)face for a comet scattered from an outer belt for the different planets as a function
of impactor sizes D. It shows how much atmospheric mass is lost after a given comet is thrown in, taking into account that the fraction of comets that hit the
different planets is not equal to 1 as already seen in Fig. 12. Right: accreted projectile mass to impactor mass ratio (Mimpace/Mimp)facc as a function of D. It
shows how much projectile mass is accreted after a given comet is thrown in. The different lines are for Q = 1 (solid lines) and 100 au (dashed lines) with
¢ =10 auyr~" and for Q = lauand § = 10~" au yr~! (dotted line).

Table 2. The table describing the parameters used for the different scenarios we tested. We list the rate of change of pericentre ¢, the apocentre Q, the mean
fraction accreted f,. on each planet, the fraction of comets that makes it to the inner regions f;,, the mass fraction of volatiles on the exocomets/exoasteroids
fvol, the minimum scattered mass Micadestroy to destroy all seven primordial atmospheres (Msca = Minc/fin), the mass of delivered volatiles Myoimin, and water
Myamin (assuming Solar-system comet-like compositions) for a belt scattering at the low scattering rate of the current Kuiper belt (i.e. Mine ~ IO*ZM@ fin)
for each of the planets f, g, h, and MyoiT, Myt for a belt of 20 Mg (close to the expected mass for a potential leftover belt around TRAPPIST-1, see Section 2)
scattering 5 per cent (i.e. Mine ~ 1Mg fin) of its mass over 7 Gyr. For the case of exoasteroids, fyo1 = 0.01, and Myomin as well as Myq i should be divided by
20, and Myatmin, Mwart by 10. Meo, means 1 Earth ocean (i.e. 2.5 x 1074 Mg).

Scenarios q Q f acc fin f vol M scadestroy Myolmins Mwatmin Myorr, Myarr
(auyr™)  (au) Mg) (Mg .Meo) (Mg ,Meo)

Single planet (1 Mg) 1073 1 7x 1072 1 0.2/0.01 5% 107* 4x107%,8 x 1073 4% 1074,0.8

Single planet (10Mg) 5 x 1073 1 4x107% 1 0.2/0.01 3x 1073 8x1077,2x 1073 8 x 107,02

Planet chain (1 Mg) 1073 1 7 %1072 0.05 0.2/0.01 1072 2x1077,4 x 1074 2x1075,4 x 1072

Planet chain (10 Mg) 5% 1077 1 4 %1072 0.05 0.2/0.01 5% 1072 4% 1078, 4 x 1073 4x107%,4 x 1073

Kozai mechanism 2x 107 100 1.5x 107* 1 0.2 1 2% 107, 4 x 107° 2% 1077, 4 x 107*

Indeed, integrating over the assumed size distribution for the total Q=1au (apocentre)

atmospheric mass loss (or accreted material) shows that >10 km im- (J<0.06au (pericentre)

pactors are unimportant (as already concluded by Schlichting et al.

2015) because Myioss o< D2 for large bodies as seen from Fig. 13 * . . . Planet

(left), which decreases faster than the gain in mass of these larger scattering

bodies (ccD3). Very massive giant impacts (e.g. Kral et al. 2015) of - =

bodies with radius >1000 km (i.e. Pluto-sized or greater) can have ] (pericentre M =f M Msca (comet mass

a devastating effect on the atmosphere of a planet (Schlichting et al. evolut_ion ( cg‘r; etlrr]n asscg scattered from belt)

2015), which is not modelled in Shuvalov (2009), but these impacts over time) that reaches

are rare and thus neglected in this study. inner region)

We consider an incoming mass of comets M, that reaches and

can potentially hit the TRAPPIST-1 planets after a mass M., of Figure 14. Schematic showing the main variables used to parametrize

comets has been scattered from this outer belt over the system’s comet scattering (here, for the planet chain case but this is general) in

age. Taking into account the efficiency to reach inner regions, Mj,. the inner regions of the TRAPPIST-1 system.

= M..fin (see Fig. 14).

The integrated amount of mass scattered from a belt M., over
the system’s age can be evaluated. In Section 2, we predicted that
a potential planetesimal belt of 20 Mg, could potentially have sur-
vived around TRAPPIST-1 at tens of au. By the action of a nearby
planet, many planetesimals may have been scattered inwards over
the lifetime of the system. Assuming that 5 per cent of the belt mass However, the Kuiper belt is thought to have been a lot more

is scattered over 7 Gyr (using results by Marino et al. 2018), we get massive in its youth (e.g. Levison et al. 2011, and see Section 2)
that My, ~ 1 Mg leading to M. ~ fin Mg. and in general, debris discs that are observed can have fractional

luminosities of up to 10* greater than this low-mass belt (Wyatt
2008), which is an indicator of them being more massive. We note
that the Kuiper belt is so light (~0.1 Mg, Fraser & Kavelaars 2009;

mass of comets in Levison & Duncan’s (1997) study is ~4 x 1013 kg
so that the rate of scattered incoming comets is M, ~ 2 x 107> Mg
Gyr~!. Therefore, a similar Kuiper belt around TRAPPIST-1 would
give M., ~ 1072 Mg over 7 Gyr leading to My, ~ 1072f;; Mg.

In our Solar system, ~0.27 comet per year leave the Kuiper belt
towards the inner regions (Levison & Duncan 1997). The typical
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Vitense et al. 2010) that current instruments could not even detect it
around another star (Vitense et al. 2012; Kral et al. 2017b). From an
MMSN-like calculation, the initial Kuiper belt mass may have been
of several 10s of Earth masses (Hayashi 1981; Morbidelli, Brown
& Levison 2003), meaning that M., could have been of the order of
a few 10 Mg owing to the depletion of the belt to reach its current
mass. In other words, we expect

1072 fiu Mg < Mige < 30 fin Mg. (12)

5.3.2 Atmospheric mass loss

The total atmospheric mass loss for a given planet over the system’s
age is

Dmax
Miotatmloss = /D N(D)Matmloss(D)facc db, (13)
where N(D) is the number of bodies in each impactor diameter bin
D that make it to the inner regions.

Fig. 15 shows M gumloss/Mine, 1.€. the total atmospheric mass
loss compared to the incoming mass Mj,. of comets injected into
the inner regions over the lifetime of the star. Once again, this
figure is general (and can be used for any ¢ and Q) and is not
tied to a specific scenario (only the black vertical lines are scenario
dependent). We show the atmospheric mass removed for specific
values of apocentres Q = 1 and 100 au but values for other Q can
also be estimated (as Miogimioss O face &< Q7). Atmospheric mass
loss remains lower for planets g and h because impacts happen at
lower velocities (see also Fig. 13, left). The mean total atmospheric
mass loss for the seven planets can be approximated as

. -1 -1
T Qi A Ry (0 R P
M. 10~%au yr—! I au

where we note that this ratio is accurate for planets d, e, and f, but
can be a factor 10 more or less for a specific planet (e.g. 10 times
higher for planet b and 10 times lower for planet h), and Fig. 15
should be used to get more accurate values.

To assess whether the impact process is capable of destroying
an entire primordial atmosphere, we first estimate the primordial
atmospheric masses of the different planets. These primordial at-
mospheric masses are not known and so for reference, we assume
an Earth-like composition and density. Computing the scale height
for each planet (as in equation 9) and assuming an isothermal atmo-
sphere of temperature 7 (the equilibrium temperature of the planets),
we integrate over the height of the planet atmospheres to get their
masses Mym = 47 Pumo H (Rf,la +2HRp, +2H 2). This gives pri-
mordial atmospheric masses of 2, 0.9, 0.7, 0.9, 1.1, 0.7, 0.4 x 107°
Mg for planets b to h. This is shown on Fig. 15 as horizontal lines,
where this mass has been divided by 1 Mg to show the effect of an
incoming mass of 1 Mg.

Therefore, a primordial Earth-like density atmosphere on the
TRAPPIST-1 planets could be destroyed if

Mpe=5x10° (—9 ) (L) m,. (15)
1073 au yr! lau

For the specific physical scenarios from Section 4 (see vertical
black lines on Fig. 15 for the planet scattering and Kozai scenarios),
Table 2 shows the minimum scattered mass needed Micagesiroy from
an outer belt (the minimum incoming mass would be finMcadestroy)
to destroy the primordial atmospheres of the seven planets.

For example, for the planet scattering scenario with a single
Earth-mass planet at 1au (i.e. ¢ ~ 107 au yr™!, Q = lau, and
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fin = 1, see Table 2), using equation (15), we find that Mi,. 2>
5 x 10~ Mg can destroy the primordial atmospheres of the seven
planets. This corresponds to a belt that is being depleted for 7 Gyr
at a rate 10 times lower than that at which the current Kuiper belt
is being depleted. If the comets had to be passed in through a
planetary system before reaching the planet at 1 au, the inefficiency
in the inward scattering process results in an additional factor fi, =
0.05. This means that even with this factor, the current Kuiper belt
scattering rate is enough to destroy the atmospheres of the seven
TRAPPIST-1 planets.

For the Kozai scenario ¢ values are higher (§ ~2 x 10~*au
yr~!)and Q is at larger distances (100 au), meaning that interactions
with planets are much more likely to result in ejections rather than
accretions (see Fig. 3). We find that M, > 1Mg is needed to
destroy the primordial atmospheres, i.e. two orders of magnitude
larger than in the planet chain case. For a 1 Mg incoming mass (i.e.
100 times the current Kuiper-belt like incoming mass rate), Fig. 15
shows that the atmospheric mass loss is ~2 x 107> Mg, for planet
b and a factor 10 less for planets c, d, e, and f, and about another
factor 5-10 less for planets g, h (all of which are higher than the
primordial Earth-like atmospheric masses assumed here except for
planets g and h that are a factor 2 too small).

Given that the exo-Kuiper belts detected around F, G, and K
stars are much more massive than the Kuiper belt, and that the
possible belt mass we derive for the TRAPPIST-1 belt in Section 2
is ~20 Mg), the scattering may be even higher than assumed here
(i.e. up to a factor of a few 103 the Kuiper-belt incoming mass),
and we conclude that if a scattering belt is around TRAPPIST-
1, the primordial atmospheres would not survive impacts over the
system’s lifetime for both a planet scattering and a Kozai scenario.

5.3.3 Water mass loss

In Table 3, we also quantify the maximum water mass loss for the
single and planet chain scenarios. The water mass 10SS My ossT
is given for each planet for a belt of 20 Mg, which is close to
the expected mass for a potential leftover belt around TRAPPIST-
1 (see Section 2) scattering 5 per cent (i.e. Mi,. ~ 1Mg fin) of its
mass over 7 Gyr. For the planet chain scenario, the planets can lose
up to 4, 1.2, 0.8, 0.6, 0.4, 0.12, and 0.06 M., (Earth ocean mass),
for b, c, d, e, f, g, and h, respectively, and 20 times more for the
single-planet case. These values can be compared to the water mass
loss from hydrodynamic escape due to XUV irradiation during the
runaway greenhouse phase, for which they found upper limits of
Bourrier et al. (2017), 80, 40, 2.9, 1.5, 0.9, 0.4, and 0.1 M,,, for
b, ¢, d, e, f, g, and h, respectively. These values are, however, to
be taken as strict upper limits because it is uncertain that hydrogen
can reach the very top layers at the base of the hydrodynamic wind,
which is needed for it to escape (Bolmont et al. 2017). Also, this
hydrodynamic escape works well to eject hydrogen but other atoms
are difficult to drag along (Bolmont et al. 2017). For the impact case,
not only hydrogen would escape but the whole fluid in the ejected
plume. Bearing these caveats in mind, we can now compare the
water mass loss from hydrodynamic escape to the impact scenario.
For the planet chain case, the water mass loss due to impacts seems
to be less efficient than hydrodynamic escape for planets b and ¢
and both scenarios are within a factor of a few for the other planets.
For the most optimistic case of the single-planet case, impacts could
produce the same water loss as hydrodynamic escape for planets b
and ¢ and be an order of magnitude higher for planets d to h.
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Figure 15. Total atmospheric mass loss for a given incoming mass of comets that reach the inner region, i.e. Miotatmloss/Minc (assuming a—3.5 size distribution)
as a function of ¢ for Q = 1 (solid lines) and 100 au (dashed). The vertical black lines are typical ¢ values for each scenario (see the text in Section 5.1). The
primordial atmospheric masses of each planet are plotted as horizontal lines for an incoming mass of 1 Mg, assuming an Earth-like atmospheric density and
composition.

Table 3. Amount of water lost due to impacts for the planet scenario (single and chain). The water mass 108s MyaossT 1S given for each planet for a belt of
20 Mg, (close to the expected mass for a potential leftover belt around TRAPPIST-1, see Section 2) scattering 5 per cent (i.e. Minc ~ 1Mg fin) of its mass over
7 Gyr. Mg, means 1 Earth ocean (i.e. 2.5 x 1074 Mg).

Scenarios g 0 M yatLossT
(auyr~1) (au) (Meo)
b c d e f g h
Single planet (10 Mg) 5% 1077 1 80 24 16 12 8 2.4 0.12
Planet chain (10 Mg) 5% 1073 1 4 1.2 0.8 0.6 0.4 0.12 0.06
5.3.4 Delivery of volatiles the atmosphere, the total atmospheric mass must be decreasing for

the inner planets and can only increase for the outer three planets
if all mass ends up in the atmospheres. Regardless, all planets will
have their atmospheres enriched by the planetesimals’ composition
and the situation is similar for all Q.

Consider now the fraction of this delivered projectile mass that
will be in volatiles, i.e. Migolace = Miotimpaccfvol, Which could be
delivered to planets from comets. To assess the amount of volatiles
that are delivered to the planets we consider two types of mate-
rial that impact on to these planets (presented in Section 5.2); (1)
cometary-like material with 20 per cent of ice by mass (f,o = 0.2),
and (2) asteroid-like material with ~1 per cent of volatiles by mass
(fvol = 0.01).

One important question is whether the icy material will have dis-
appeared through sublimation before impacting the planets. Mar-
boeuf, Bonsor & Augereau (2016) show that a 1 km comet survives
sublimation for ~560 orbits around a 0.1L¢ star. TRAPPIST-1 is
200 times less luminous and so the comets will survive much longer.
Extrapolating Marboeuf et al.’s (2016) formula to TRAPPIST-1 lu-
minosity, we get that a 1 km comet passing at small pericentres
(0.1 au) would need more than 10° orbits to sublimate. As it only
takes a few 100s of orbits for the comets to be accreted on the plan-
ets (see Fig. 4), we assume that most of the icy content of the comets
will not have sublimated and so will be available to be delivered at
impact. We note that during the ¢ evolution, the sublimation will

We now evaluate the total mass of material and volatiles that can
be delivered from the impactors over the system’s lifetime. We
derive the total accreted projectile mass Motimpacc Dy integrating the
mass accreted per impactor (Fig. 13, right) over the assumed size
distribution. This accreted mass is assumed to be deposited in the
planets’ atmospheres.

Fig. 16 shows M,qimpacc/Minc, the total accreted projectile mass
compared to mass of comets injected into the inner regions over the
lifetime of the star. The overall shape is similar to Fig. 15, but note
that planet h is far better for delivery of mass into its atmosphere
than having its atmosphere depleted because impacts are at lower
velocities (which means material from larger planetesimals can be
accreted, see Fig. 13, right). This means that the mass delivered on
planet h (and planets with similar impact velocities) may be greater
than that lost after each impact.

To quantify this, Fig. 17 shows the ratio of the accreted projec-
tile mass and atmospheric mass lost, which does not significantly
depend on ¢, instead only depending on the size distribution of
comets and slightly on Q. Thus, this ratio is plotted as a function
of the slope in the size distribution y for two different values of
Q (1 and 100 au). For y = —3.5, this ratio is greater than one for
planets g and h and close to 1 for planet f but lower for the other
planets. This means that even if all of the accreted mass ends up in
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Figure 16. Total accreted projectile mass for a given incoming mass of comets sent to inner regions, i.e. Miotimpacc/Minc (assuming a —3.5 size distribution)
as a function of ¢ for Q = 1 (solid lines) and 100 au (dashed). The vertical black lines are typical ¢ values for each scenario (see the text in Section 5.1). The
primordial atmospheric masses of each planet are plotted as horizontal lines for an incoming mass of 1 Mg, assuming an Earth-like density and composition.
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Figure 17. Ratio of accreted projectile mass over atmospheric mass lost for
Q =1 (solid) and 100 au (dashed) for the different planets as a function of
the slope of the size distribution.

start happening only in the very last phase, i.e. when the pericentre
is close to the planets already (because for larger pericentres the
mass loss from comet sublimation is very slow and the time-scale
of evolution of the pericentre is much faster, Marboeuf et al. 2016).
Thus, the impact time-scale of 100s of orbits is a good indicator of
the number of orbits before impact during which sublimation could
happen.

Therefore, we estimate the mean of the total volatile mass deliv-
ered on each of the seven planets as

Mtolvolacc -3 q - Q -
OO L2 % 10 —_— — 16
Mine x Fra ( 10~5au yr! 1 au ’ (16)

which is, for all planets, within a factor 3 of that from Fig. 16. For all
planets, we can also estimate the incoming mass needed to deliver
more volatiles than the primordial atmospheric mass

4 ] 0
Mipe>5x 107 f5 (L — ) (=) Mg, 17
X Fro (10‘5au yr—! lau © an

where we assumed primordial atmospheres of Earth-like densities.

Thus, for the planet scattering scenario, we find that only a small
incoming mass is needed to deliver enough volatiles to potentially
replenish an atmosphere with an Earth-like density (e.g. Mi,. >
3 x 1073 Mg for comet-like bodies scattered from an outer belt to
a 1 Mg planet at 1 au). The incoming mass needed for the Kozai
scenario is larger, 5 Mg, but not implausible to reach as shown by
equation (12).

From Fig. 17, we have shown that only planets g and h (and
possibly f) would be able to retain the largest part of the deliv-
ered volatiles. This means that for the planet-scattering and Kozai
scenarios, the new atmospheric compositions of planets f, g, and
h could be entirely set by the comet volatile content, which would
replenish the atmospheres over the system’s age. However, the ab-
solute level of the volatile content that will remain in the atmosphere
is difficult to constrain as some fraction of the volatile mass will
be ejected by later impacts or end up on the planet’s surface and
some other sources of volatiles could be present (see Section 6.2).
We can, however, estimate the amount of volatiles that will survive
after each impact assuming that a fraction f; of the accreted material
remains in the atmosphere rather than condensing on the planet.
Therefore, after a given impact f;M,oimpacc Of material will be added
to the atmosphere and the next impact could remove a maximum of
M otamioss from this added material. Assuming that f; = 1 (if impacts
are frequent enough, e.g. LHB-like, material does not have time to
condense back on the surface), we compute the fraction of volatiles
that would accumulate from subsequent impacts in Fig. 18. We note
that some additional volatiles could be added by degassing of the
planets’ interiors but that f, may also be smaller so that the exact
volatile mass that can accumulate depends on complex physics that
cannot be modelled in this paper. We see that indeed, only planets
f, g, and h have positive values (i.e. they gain volatiles over time)
and therefore appear® in Fig. 18 showing Myq1/Mincyol, Where Migcyor

9However, for f; < 0.2, the atmospheric mass loss takes over for planets g
and h (and for f; < 0.8 for planet f) so that no secondary atmospheres would
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Figure 18. Volatile mass that can accumulate M, in the atmosphere impact
after impact for a given incoming mass of cometary volatiles Mincyol With
Mincvol = Mincfvol as a function of ¢ for Q = 1 (solid lines) and 100 au
(dashed). The vertical black lines are typical ¢ values for each scenario
(see the text in Section 5.1). The primordial atmospheric masses of each
planet are plotted as horizontal lines for an incoming mass in volatiles of
0.2Mg (i.e. Mine = 1 Mg for fyo = 0.2), assuming an Earth-like density
and composition.

= Mincfvol 1s the incoming mass of volatiles. We can also derive a
general formula as a function of ¢ and Q (similar to equation 16)
that gives the mass of volatiles that can accumulate M, rather than
the total volatile mass delivered. We do that in Section 6.1.2 and
give the temporal evolution (assuming a constant rate of impact)
of the buildup of the secondary atmospheres that are created for
planets f, g, and h (see equation 21).

We thus conclude that the atmospheres of planets f, g, and h
might be more massive than that of the innermost planets of the
TRAPPIST-1 system if cometary bombardment has happened, and
that a fraction of their composition should reflect the cometary
abundances in this system. We note that the buildup of secondary
atmospheres for planets f, g, and h is mainly allowed by the impact
velocities that are low enough on these outermost planets to both
reduce the atmospheric mass loss after each impact and allow to
deliver more volatiles (from larger bodies).

5.3.5 Delivery of water

Water on Solar system comets makes up more than fy, = 50 per cent
of the volatiles (Mumma & Charnley 2011). Depending on fi,, for
exocomets, the amount of water M, delivered on the seven planets
can be approximated by

. —1
M. ~ 2 % 1074 fvol fwat q
waer 02/ \05 /) \ 10-5au yr!

-1
X (g) Minu (18)

lau

where f,,; ~ 0.2 for exocomets (~0.01 for asteroids) and fi,c ~ 0.5
(~1 for asteroids). For example, for the single Earth-mass planet
scattering scenario (i.e. ¢ ~ 107> auyr~!, 0 =1 au, andfi, = 1), we
find that a belt scattering at the same low rate as the current Kuiper
belt would result in the planets accreting ~8 x 1073 Earth oceans of

accumulate in this case, but this neglects outgassing which would add more
volatiles and would make it harder to not build-up secondary atmospheres
on these three planets.

water (or 10 times less for asteroid-like bodies), assuming that one
Earth ocean equals 1.5 x 10>'kg (see Myqumin in Table 2). We note
that for the planet chain case (where fi, = 0.05), these values would
be a factor 20 smaller and for a larger incoming mass M;,. these
values could go up by a factor more than 10° (see equation 12). We
find that a belt of 20 Mg, (similar to the plausible belt mass we predict
around TRAPPIST-1 in Section 2) that would scatter 5 per cent of
its mass over 7 Gyr (i.e. Mi,c ~ 1Mg fin) would deliver ~1 Earth
ocean of water to the planets for the single-planet case and ~0.04
Earth ocean for a planet chain (see My, in Table 2).

For the Kozai scenario, we find that between ~10~> (pessimistic
case with a Kuiper belt scattering rate) and ~0.01 (optimist case
with Mj,. ~ 20 Mg) Earth oceans of water could be delivered to the
planets.

This delivered water will presumably recondense as ice on the
surface of planet h (but when the star was younger this planet was in
the HZ and water could have been in liquid form for a long period,
see Section 6.1.2), but for warmer planets such as planets f and g, we
expect that a rain cycle would create liquid water on these planets
that would then be re-injected into the atmospheres cyclically (see
Section 6.3). The temporal evolution of the buildup of the amount of
water in these secondary atmospheres can be obtained from Fig. 18
or from the coming equation (21) for planets f, g, and h.

6 DISCUSSION

6.1 Comparison between time-scales of the different processes

The consideration of time-scales is important because it constrains
the duration over which atmosphere loss/gain occurs compared with
other processes which may be taking place, but which are beyond
the scope of this manuscript to consider in detail.

6.1.1 Time-scale to lose primordial atmospheres from impacts

Assuming a constant rate of scattering M., over7 Gyr, we compute
the atmospheric mass lost as a function of time

q o
Mo ~2 1070 (i) (i)

! My M (19)
7Gyr) \0.1 MgGyr—' ) &’

where we note that M., = 0. lM@Gyr*l corresponds to a belt with
a total incoming mass of ~1 Mg, fi, i.e. similar to what would be
expected for a 20 Mg belt scattering 5 per cent of its material over
the age of the star. Mmiossc(f) becomes greater than an atmospheric
mass of 107% My, for

_ q 0
fessoy ~ 4Myr £ [ — ) (==
destroy yr fi (10*5au yr—! ) (1 au)

. -1
M.,
— . (20)
0.1MgGyr-!

Now, we consider the planet chain scenario (i.e. withg = 107> au
yrfl, Q = lau, and fi, = 0.05) with a scattering rate My, =
0.1MgGyr~! and look at the temporal evolution of the atmospheric
mass 10ss M ymiesse() due to the series of impacts over the system’s
age as shown by Fig. 19. By comparing to the primordial atmo-
spheric masses of the planets (horizontal lines in Fig. 19), we see
that for this scenario, it takes between 10 and 400 Myr to destroy the
primordial atmospheres of all seven planets (assuming an Earth-like
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Figure 19. Atmospheric mass 10ss Mamiossc s a function of time for a belt
scattering at a constant rate My, = 0.1 Mg Gyr~! for 7 Gyr. We assume the
planet chain scenario with ¢ = 107> au yr~!, Q = I au, and fi, = 0.05. The
primordial atmospheric mass of each planet is plotted as a horizontal line
assuming an Earth-like density.

atmospheric density). This is very fast compared to the age of the
system.

This shows that the time-scales over which the primordial at-
mospheres can be destroyed are much shorter than the age of the
system. Therefore, we confirm the previous conclusion (see Sec-
tion 5.3.2) that cometary impacts may have entirely stripped all
planets of their primordial atmospheres by 7 Gyr, even if the scat-
tering rate is smaller by a factor more than 10 than assumed here
(i.e. close to the Kuiper-belt scattering rate level).

6.1.2 Time-scale to regenerate secondary atmospheres from
impacts for planets f, g, and h

We also compute the temporal evolution of the volatiles M, that
are deposited and accumulate after each impact (i.e. we take into
account that subsequent impacts remove part of the volatiles deliv-
ered by the preceding impact as in Fig. 18). For planets g and h,
M, is given by (for any ¢ and Q)

. -1 -1
- q Y
Myoi(t) ~ 1072 fig frot | —
(6 Jinfro (10*5au yr*1> <1 au)

! Micq M e2))
7Gyr 0.1MgGyr! @

and is a factor 5 smaller for planet f. The amount of water delivered
is simply Myuer = fowaMyol. Now, we work out the time-scale to
replenish the secondary atmospheres of planets g and h in cometary
volatiles at the level of a 10~® Mg, atmospheric mass

o q Q
[replenish ~7 MyI' fin 1fvc»l1 (m) (m)

. -1

( MSCil ) , (22)

0.1MgGyr—!

and a factor 5 longer for planet f. The replenishment time-scale
shows that in most physically motivated cases planets f, g, and h
will have had time (over the age of the system) to rebuild secondary
atmospheres with masses of at least 1076 Mg, i.e. equal or greater
than an Earth-like primordial atmosphere. We note that most of the
volatiles delivered by the comets have low condensation tempera-
tures and thus would remain in the atmosphere rather than go on

Effects of impacts on the TRAPPIST-1 planets 2667

1073  m—— RN T T T T TTIT |
B Planet b 3
0 Planet ¢ 7
1044 Planet d -
S| Planet e 3
H Planet f E
,@\9 107}: Planet g __
2 E Planet h E
\: C Matm ]
§ 1075 =
107 =
-8
101’, L1 ||||||1(|)5 L1 ||||||1E]9 L1
Time (yr)

Figure 20. Volatile mass that accumulates impact after impact My, as a
function of time. We assume the planet chain scenario with ¢ = 107 au
yr_l, Q = lau, fip = 0.05, and fy,] = 0.2 and a constant comet input rate
over 7Gyr of My, = 0.1MgGyr~!. The primordial atmospheric mass of

each planet is plotted as a horizontal line assuming an Earth-like density.

the planet’s surface but water could condense as ice on planet h and
cycle from the surface to the atmosphere on planets f and g owing
to rain (see Section 6.3). Therefore, we expect M, to be a good
estimate of the amounts of volatiles that can accumulate for planets
f and g and note that up to 50 per cent of the volatiles (to account
for water) could transform into ice on planet g and thus reduce M,
by a factor 2 (but this ice could outgas at a later stage because of
the planet activity).

Fig. 20 shows an example for the planet chain scenario with ¢ =
103 auyr~!, Q = lau, f;, = 0.05, and f,,; = 0.2 assuming M., =
0.1MgGyr~'. We see that only planets f, g, and h can accumulate
volatiles over time (see Section 5.3.4). For this planet chain scenario,
planets g and h can get their atmospheres replenished by cometary
volatiles at the level of their primordial atmospheres over a time-
scale of 500-700 Myr and ~6 Gyr for planet f.

We now compare the replenishment time-scale to the evolution
of the position of the HZ. Luger & Barnes (2015) show that for
a 0.08 My, star, the HZ location moves inwards to its present-day
position after ~1 Gyr. This means that planet h will be the first to
enter the liquid water HZ, which it will do at a point when the closer-
in planets are still in a runaway greenhouse state (assuming they
have retained any atmospheres). According to the Luger & Barnes
(2015) model, planet h crosses into the empirical HZ at ~30Myr.
Coupled with our results, this scenario indicates that planet h could
have received significant volatile delivery at a point in its history
(i.e. between 30 Myr and 1 Gyr) when liquid water was stable at its
surface (Fig. 20). This raises the prospect for an early carbon cycle
being established on this planet, stabilizing climate through water—
rock interaction as is inferred for Earth (Walker, Hays & Kasting
1981).

6.2 Additional sources of volatiles

6.2.1 Volatiles created by vapourized material from the planet’s
surface during impact

The volatile fraction that ends up in the atmospheres of the
TRAPPIST-1 planets does not only buildup from the impactor ma-
terial but also from the vapourized material from the planet surface,
as was probably the case for the Chicxulub impact that may have
released large quantities of gas and dust contributing to the envi-
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ronmental stress that led to the demise of dinosaurs on Earth (Pope
et al. 1997).

From Okeefe & Ahrens (1977), we can estimate the vol-
ume of material Vy,, vapourized from a given meteoritic impact
(with a volume V). They find that Vy,, = 0.45V),, where § =
(,op,/pl)(Vimp/Cp)z, using the same notations as in previous sections
and C, being the bulk sound speed of planetary surface, which
varies depending on the planet ground composition (Melosh 1989).
We assume an Earth-like composition for which C;, ~ 7km s~ We
thus find that the vapour mass M,,, produced for a given impactor
of mass Mimp 18 Myap = 0.4Mimp(Vimy/(7 km s71))2.

However, some of the vapour ejecta will escape and only a frac-
tion will have a low enough velocity to be retained in the atmo-
sphere. Once again, using results from Shuvalov (2009), we get
that the maximum ejected fraction of target material after impact is
Migrese ~ 0.02Mip (Vipp/ Vese)?. This maximum is reached for bodies
that are larger than ~1 km and for smaller bodies, the planet retains
almost all of the target material created at impact. Of course, above
a certain threshold, it means that the whole target mass escapes (as
M aresc becomes greater than the total atmospheric mass), which is
similar to the projectile mass behaviour (where volatiles from bod-
ies larger than ~10km cannot be retained in the atmosphere). We
thus find that My, is a good indicator of the vapourized mass that
will remain in the atmosphere (as Miyresc <K Myqp).

From equation (11), we notice that the mass delivered from the
projectile quickly tends to My, for bodies smaller than about 10 km.
Thus, for planets g and h that have median impact velocities of ~25
and 20km s™!, My, will be slightly higher but of the same order of
magnitude as Miypacc. This means that some volatiles such as SO,
CO,, or water could also be formed from the vapourized planets’
crust (see Pope et al. 1997). However, we note that the typically
low concentration of volatiles in planetary basalts that would form
the bulk of a crust would not release as many volatiles as for the
Chicxulub impact (e.g. Dreibus & Wanke 1987; Saal et al. 2002).

6.2.2 Outgassing on the planets

Degassing may happen early during accretion when forming the
planets but this is not a concern in our study as we expect the
primordial atmospheres to be totally destroyed. Degassing from
tectonic activity may also happen at a later stage that could affect
the amount of volatiles in the atmospheres. Another way of pro-
ducing degassing is from stellar induction heating. A recent study
that focused on the effect of this mechanism on the TRAPPIST-1
planets finds that induction heating could create strong outgassing
on planets b, c, d that are very close to their host star but it should
not affect the outermost planets e, f, g, and h (Kislyakova et al.
2017).

For the plate-tectonic degassing, we take the degassing on Earth
as an upper bound because plate tectonics is very active on Earth
and may be less efficient/active on other planets.'? Earth produces
~22km? of basaltic magmas each year (Crisp 1984). Given a
magma density of 2600kg m™3, we estimate a total degassing
rate of ~6 x 10 kg yr~!. Assuming a typical water content of
0.3 wt per cent and the extreme case of perfectly efficient degassing
with no subduction recycling of water to the planet’s mantle, we find
that an upper bound on the tectonically driven water degassing rate

10We note that a recent study shows that even for planets in the stagnant lid
regime (i.e. without plate tectonics), volcanic outgassing rates suitable for
habitability could possibly be maintained (Foley & Smye 2017).

is ~3 x 107> Mg Gyr~! (0.11 Earth oceans per Gyr). Therefore,
if the tectonic activity on planets f, g, and h were as active as on
Earth, degassing of water could occur at a similar rate to the water
delivered from impacting comets (see Table 2), thus enhancing the
amount of water on planets f, g, and h.

6.2.3 Volatiles that are ejected of the atmosphere and reaccreted
later

The material that escapes the planetary atmospheres after each im-
pact because they have velocities greater than the escape velocity
will end up in an eccentric torus around the star close to the given
planet location (e.g. Jackson et al. 2014; Cataldi et al. 2017). The
eccentricity will vary depending on the ejection velocity of the ma-
terial. While we expect that high-velocity ejecta may reach neigh-
bouring planets (e.g. in a Panspermia-manner, Krijt et al. 2017;
Lingam & Loeb 2017), most of the material in the torus would in-
teract with the planet it has been ejected from. We note that for an
Earth-like planet on a slightly wider orbit than planet h, the escape
velocity (of about 10 km s~!) could become greater than the planet’s
Keplerian velocity and thus the material would not form a torus but
rather be ejected on unbound orbits.

The fate of the material in the torus is not straightforward to
model. The material could deplete collisionally due to high-velocity
collisions in the elliptic torus and be ground down to dust, which
would be blown out from the system by stellar wind radiation pres-
sure (Wyatt 2008) and at the same time eject the ices or volatiles
present on the grains. While the ejecta is also partly made up of gas,
one could also expect that the gas material (at least the fraction that
is not blown out by radiation pressure) in the torus will viscously
spread (maybe dragging dust with it) and end up on more distant
planets. The fate of the material that would be able to interact with a
planet for a long enough time-scale is to be reaccreted onto the pro-
genitor planet (Wyatt et al. 2017). The exact outcome depends on
the exact chemicophysical conditions in the TRAPPIST-1 planets
environment, which is not known, and thus goes beyond the scope
of this paper.

6.3 Composition of the atmospheres at the end of the impact
process

Thanks to our model, we are able to retrieve the amount of volatiles
that is delivered to the different planets as well as the atmospheric
mass removed by a long-term series of impacts. For the outermost
planets, we find that the volatiles delivered by impacts may accu-
mulate and be abundant, which could give us a way to constrain
the atmospheric composition of planets f, g, and h, the former two
being in the HZ. However, we need to understand how these de-
livered volatiles would evolve in their new atmospheres to predict
the current atmospheric compositions of these planets. They could
chemically react to form new species, condense on the surface as
ice and some additional volatiles may be produced as seen in the
previous Section 6.2.

For instance, the delivered water will presumably condense as
ice on the surface of the colder planet h (when it finishes being in
the HZ, see Section 6.1.2) but for warmer planets in the HZ (e.g.
planets f and g), a rain cycle could create liquid water on the planets
that is then re-injected into the atmospheres cyclically. Volatiles
such as CO, CO,, or CH4 have a low condensation temperature
and will remain in the atmosphere along with other similar volatiles
delivered by the comets. However, when liquid water is on the
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planet, this can draw the CO, content down by silicate weathering
that fixes CO; in the planet’s surface (forming carbonates) as shown
in Siever (1968).

Over longer time-scales, these volatiles can further chemically
react to form new molecules. However, the exact composition of
the delivered volatiles depends on the composition of exocomets
in our scenario. The latter has been found to be consistent with the
composition of comets in our Solar system (e.g. Matra et al. 2017a),
but there is still a wide range of observed compositions amongst the
Solar system’s comets (e.g. Mumma & Charnley 2011).

Another complication is that, as discussed in the previous Sec-
tion 6.2, volatiles may also be formed from the vapourized planet’s
crust during impact, from outgassing and even by reaccretion of
previously ejected material, which would mix with the volatiles
delivered by impacts.

All of these factors (active chemistry, potential additional
volatiles, exocomet composition) make it hard to predict the exact
final compositions of the atmospheres after a few Gyr of evolution.
An atmosphere model that would make assumptions about what
happens without impacts could be fed by our impact predictions to
come up with a plausible likely composition, but this goes beyond
the scope of this paper. We note however that these extra sources
of volatiles do not change our conclusion that in the presence of a
belt scattering comets, the atmospheres of the outermost planets f,
g, and h should be more massive.

6.4 Impacts in very dense Venus-like atmospheres

We note that our model is not valid for very massive atmospheres.
If the atmospheres of planets f, g, and h become massive enough
(Venus-like, i.e. 200 bars) due to impacts (or if the primordial atmo-
spheres were Venus-like), 1-10 km impactors do not create craters
anymore but rather decelerate and get fragmented before touching
the ground and create big aerial bursts that are very effective at
removing atmospheric mass (Shuvalov et al. 2014). The amount of
accreted projectile material is also very high (close to 100 per cent)
for these aerial burst type of impacts (Shuvalov et al. 2014). There-
fore, for very dense atmospheres, we expect an increased delivery
of volatiles from the impactors and less from the vapourized crust.
We also expect that Venus-like primordial atmospheres would still
be destroyed, since those impacts are more effective at removing
mass, therefore not changing our conclusions.

6.5 Implications for life on these planets

One of the prime motives in searching for planets orbiting very low-
mass stars is to study the chemical composition of their atmospheres,
and discover whether they contain large quantities of gas of a likely
biological origin (e.g. Seager, Bains & Petkowski 2016). Here, we
consider the implications of our results concerning impacts towards
creating the first forms of life.

Many elements can affect the emergence of life, most of which
currently remain unconstrained empirically. We chose to apply our
study to the TRAPPIST-1 system because its seven planets mark
an important milestone. In addition to the multiple advantages of
having a very low-mass host star for atmospheric characterization
(e.g. He, Triaud & Gillon 2017), these seven worlds allow us to
compare each to one another. All seven have followed a similar
history in terms of UV irradiation for instance (modulo their distance
to the star). Here, we have tried to quantify whether all planets would
receive a similar impact history, which may be important to kick
start life as explained further.

Effects of impacts on the TRAPPIST-1 planets 2669

UV irradiation has often been seen as prejudicial to habitability.
Its main disadvantages are: (1) to photodissociate water molecules,
of which the hydrogen is then lost to the space, depleting its oceans
(e.g. Bourrieretal. 2017), and (2) to break complex molecules on the
surface, and affect replication (e.g. O’Malley-James & Kaltenegger
2017). The situation is particularly sensitive for planets orbiting
very low-mass stars like TRAPPIST-1, since these spend a long time
contracting onto the main sequence, in a 1 Gyr stage of particularly
heightened far-UV activity (e.g. Rugheimer et al. 2015).

However, these issues might be mitigated by several effects: (1)
ocean loss depends on the initial water reservoir (e.g. Ribas et al.
2016; Bolmont et al. 2017), and the TRAPPIST-1 planets might
have been initially rich in water, having possibly assembled beyond
the snow-line (Alibert & Benz 2017; Ormel et al. 2017) and/or
accreted water at a later stage owing to impacts (as shown in this
study); (2) UV photons do not penetrate water well, and organisms
can protect themselves under a few metres of water (e.g. Estrela
& Valio 2017); (3) UV irradiation accelerates mutations, leading
to Darwinian evolution; (4) the non-illuminated side of a tidally
synchronized planet is protected; and (5) UV irradiation, impacts,
and a hard surface might be required to kick-start life (abiogenesis).

The literature contains much debate on many of the points above,
except on the very last one, which we describe in more detail here
as it is related to the outcome of this paper.

Recent advances in biochemistry (summarized in Sutherland
2017) have shown a prebiotic chemical path leading from hydrogen
cyanide (HCN) to formaldehyde (CH,0), a known precursor to ri-
bonucleotides (the building block to biologically relevant molecules
such as ATP, RNA and DNA), amino acids (required for proteins),
and lipids (Patel et al. 2015). Hydrogen cyanide, the initial molecule
needed to initiate the process, can be produced in the plasma cre-
ated when impactors enter in contact with an atmosphere (Ferus
et al. 2015). In the presence of UV radiation, hydrogen cyanide can
then react with other compounds that can be found concentrated
on a planetary surface to create the building blocks of life. The
impactor itself may have another role to play, which is to exca-
vate underground material, and reveal chemically interesting strata
(Patel et al. 2015), thereby acting as a chemical reactor.

We show in this paper that, if a belt scattering comets is present in
the system, numerous impacts with different energies will happen
throughout the history of the TRAPPIST-1 planets. From these
impacts, we expect to create a subsequent amount of HCN in the
impactor plasma (Ferus et al. 2015). We also note that as HCN is
found in comets (e.g. Mumma & Charnley 2011), it may also be
present on the potential exocomets of TRAPPIST-1 and be delivered
along with the other volatiles (e.g. see Matra et al. 2017b). We also
emphasize that if the planets are tidally locked, it does not affect
the emergence of life in this scenario as we predict that about half
of the impacts would happen on the night side and the other half
on the day side so that the UV photons from the star necessary for
reactions to happen will be able to play their role.

Thus, our scenario offers the seed to create the first building
blocks of life and more detailed modelling is needed to quantify how
many ribonucleotides, amino acids, and lipids could be created from
the impact properties (e.g. impact velocities, and rate of impacts)
we predict. This is beyond the scope of this paper but should give
birth to new interesting studies in the near future. Panspermia may
also be viable to transport some potential life forms to other planets,
which can enhance the probability of life spreading in the system
(Krijt et al. 2017; Lingam & Loeb 2017).

To conclude, we cannot be certain yet that such a path is where
biology originated, however, it provides a different narrative, one

Downl oaded from https://academ c. oup. com mras/articl e-abstract/ 479/ 2/ 2649/ 5045254 MNRAS 479’ 2649-2672 (2018)

by University of Canbridge user
on 30 July 2018



2670 Q. Kral et al.

that requires UV irradiation, impacts and a limited amount of water.
Ultraviolet, in this context, becomes beneficial by removing excess
liquid water and transforming hydrogen cyanide into formaldehyde,
whereas impacts would bring in energy to create hydrogen cyanide,
and replenish the planet in volatiles such as water, much like what
happened in the LHB (e.g. Court & Sephton 2014; Nesvorny, Roig
& Bottke 2017) after a desiccating moon-forming impact (e.g.
Canup 2014).

7 CONCLUSION

In this paper, we have studied the effects of impacts on the seven
TRAPPIST-1 planets in terms of atmospheric mass loss and delivery
of volatiles and water. We derive general results for any scenario
where the comet pericentres slowly migrate inwards at a rate .
We also specifically test three scenarios for the delivery of comets
from an outer belt to the inner planets (located within 0.1 au): (1)
planet scattering by a single or a chain of planets, (2) an outer
companion forcing Kozai oscillations on comets leading them to
small pericentres, and (3) Galactic tides on an exo-Oort cloud. We
model these three scenarios by a steadily decreasing pericentre
(constant ¢) that is quantified in Section 4 for each of the scenarios.
The results can be summed up as follows:

(1) We find that applying a minimum mass TRAPPIST-1 nebula
approach lead to a surface density ¥ ~ 122 (r/lau)~"%7 kg m~2.
We show that a potential belt around TRAPPIST-1 could not survive
within 10 au because of collisional erosion (if it was created at the
end of the protoplanetary disc phase). Assuming that such a belt
is between 10 and 50 au, and extrapolating the derived minimum
surface density, we infer that this belt would have a mass of at least
20 Mg and may be observable in the far-IR or sub-millimetre with
ALMA (see Section 2).

(ii) We ran a suite of N-body simulations to understand the dy-
namics of comets that impact onto the seven different planets. We
find the impact and ejection probabilities for each comet’s orbit (see
Figs 2 and 3). We also provide the accretion time-scales for these
different comet families (see Fig. 4). We analytically explain the
main dependencies for these probabilities and time-scales.

(iii) We give the impact velocity distributions for each planet, and
we find that they typically have double-peaked profiles (see Fig. 6).
The median impact velocity for planet b is close to 100kms™!,
whilst for planet h, it is close to 20km s~! (see Fig. 7). These
impact velocities are always much above the escape velocities of
the planets and gravitational focusing is not important.

(iv) We find that the fraction of comets accreted on each planet
depends on the decreasing rate of pericentres (¢) and apocentre Q
(scaling as ¢~' Q). We find two regimes, for small ¢, most of the
impacts end up on planets g and h and for higher ¢, each planet gets
a fraction of comets accreted (see Fig. 12).

(v) The atmospheric removal is dominated by comets of a few
kilometres in diameter (see Fig. 13, left).

(vi) The delivery of volatiles is only possible for comets <3 km
in size (see Fig. 13, right). For bigger comets, the projectile material
escapes and no delivery is possible.

(vii) We find that the higher impact velocities for the inner-
most planets lead to a higher atmospheric removal rate for a given
cometary impact rate and a lower amount of volatile delivered.

(viii) In general, we find that if the incoming mass of comets
that reach the inner regions Mj,. > 5 X 10_4(m)(%)M@,
the primordial atmospheres of the seven planets would be totally
destroyed (see Fig. 15), i.e. a belt with a low scattering rate similar to

the current Kuiper belt is enough to destroy all primordial planetary
atmospheres.

(ix) We also predict the amount of water that can be removed
owing to impacts and find that it is similar (potentially higher) than
the amount of water removed by hydrodynamic escape (see Section
5.3.3 and Table 3)

(x) As for the delivery of volatiles (see Fig. 16), we find that
planets g and h (and most likely f) may retain volatiles from the
impacting comets in their atmospheres and the conclusion holds for
any size distribution of incoming comets between —3 and —4 (see
Fig. 17).

(xi) We thus predict that if the planets were hit by comets, the
atmospheres of planets f, g, and h would be more massive, which
could be checked by future missions in the next decade.

(xii) We also show that for an incoming mass of comets Mj,. >
5 x 107 figl (G5 )(7% )M (Where f,q is the volatile fraction
on solids), the volatile mass delivered by comets is greater than
Earth-like atmospheric masses (assuming Earth-like densities for
the seven planets).

(xiii) We provide a prescription for the amount of water or
volatiles that can accumulate as a function of time (see equation 21)
that could be used to feed an atmospheric model to check the actual
composition of atmospheres dominated by the delivery of comets.

(xiv) We find that a large quantity of volatiles may have been
delivered to planet h, while it was still in the liquid water HZ.

(xv) We find that a planet chain that would scatter comets from an
exo-Kuiper belt or an outer companion that would force Kozai os-
cillations on a comet belt are two plausible mechanisms to throw an
important number of comets on the seven planets over the system’s
lifetime (see Sections 4.1 and 4.2).

(xvi) On the other hand, we rule out a potential Oort-cloud around
TRAPPIST-1 as being a significant source of impacting comets (see
Section 5.1.2).

(xvii) For the planet-scattering scenario, we find that even a belt
with a low scattering rate similar to the current Kuiper belt is
enough to destroy typical Earth-like primordial atmospheres for
the seven planets. Taking into account that typically observed de-
bris belts are much more massive than the Kuiper belt, we find that
the Kozai (slightly less efficient) scenario can also strip primordial
atmospheres even if the impact process only lasts a fraction of the
system’s age.

(xviii) As for the volatile delivery, we find that for the planet-
scattering scenario, planets f, g, and h can get (more than) an Earth
ocean mass of water (and other volatiles) delivered, which can accu-
mulate impact after impact. We find that the primordial atmospheres
are gradually replaced by cometary material and may lead to sub-
sequent buildup of new secondary atmospheres with exocomet-like
compositions. These new secondary atmospheres may become more
massive than the initial primordial atmospheres.

(xix) Table 2 summarizes the results for the different scenarios
as for the minimum scattered (incoming) mass needed to destroy
the primordial atmospheres and the volatile/water masses that can
be delivered onto each planet.

(xx) We also discuss the implications of impacts to create the
building blocks of life. We detail new emerging pathways that can
lead to life showing that UV irradiation, impacts and a hard planetary
surface might be enough to kick start biological reactions and form
ATP, RNA, DNA, amino acids, and lipids that are essential to life
(see Section 6.5).

In brief, we find that the primordial atmospheres of the seven
planets orbiting around TRAPPIST-1 would not survive over the
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lifetime of the system if a belt scattering comets at a similar low
rate than the Kuiper belt (or faster) were around TRAPPIST-1. Ac-
cording to our calculations based on applying a minimum mass
extrasolar nebula approach for the TRAPPIST-1 system, we expect
a potential 20 Mg belt may have survived around TRAPPIST-1 that
would be observable with ALMA. We also show that a large frac-
tion of the delivered cometary volatiles remains in the atmospheres
of the outermost planets f, g, and h, which gradually replace their
primordial atmospheres. We predict that the new secondary atmo-
spheres of planets f, g, and h may be more massive than that of the
innermost planets (which may soon be checkable/observable with
the JWST) and their composition might be dominated by the com-
position of exocomets in this system (i.e. impacts leave an imprint).
We also predict that more than an Earth ocean mass of water could
be delivered to planets f, g, and h owing to impacts that may be in
liquid form on planets f and g.

ACKNOWLEDGEMENTS

This paper is dedicated to Mila. We thank the two referees for com-
ments that greatly improved the quality of the paper. QK and MCW
acknowledge funding from STFC via the Institute of Astronomy,
Cambridge Consolidated Grant. QK thanks J. Teyssandier for in-
teresting discussions about the Kozai mechanism. Simulations in
this paper made use of the REBOUND code which can be downloaded
freely at http://github.com/hannorein/rebound.

REFERENCES

Abe Y., Ohtani E., Okuchi T., Righter K., Drake M., 2000, Origin of the
Earth and Moon. University of Arizona Press, Tucson, AZ, p. 413

Alberti T., Carbone V., Lepreti F., Vecchio A., 2017, ApJ, 844, 19

Alibert Y., Benz W., 2017, A&A, 598, L5

Anglada G. etal., 2017, ApJ, 850, L6

Antognini J. M. O., 2015, MNRAS, 452, 3610

Baraffe 1., Homeier D., Allard F., Chabrier G., 2015, A&A, 577, A42

Barstow J. K., Irwin P. G. J., 2016, MNRAS, 461, .92

Batygin K., Morbidelli A., 2017, AJ, 154, 229

Beust H., Vidal-Madjar A., Ferlet R., Lagrange-Henri A. M., 1990, A&A,
236, 202

Bolmont E., Selsis F., Owen J. E., Ribas 1., Raymond S. N., Leconte J.,
Gillon M., 2017, MNRAS, 464, 3728

Bonsor A., Augereau J.-C., Thébault P., 2012, A&A, 548, A104

Bonsor A., Raymond S. N., Augereau J.-C., Ormel C. W., 2014, MNRAS,
441, 2380

Booth M., Wyatt M. C., Morbidelli A., Moro-Martin A., Levison H. F.,
2009, MNRAS, 399, 385

Boss A. P. etal., 2017, AJ, 154, 103

Bourrier V. et al., 2017, A&A, 599, L3

Breiter S., Ratajczak R., 2005, MNRAS, 364, 1222

Burgasser A. J., Mamajek E. E., 2017, ApJ, 845, 110

Canup R. M., 2014, Phil. Trans. R. Soc. Lond. Ser. A, 372, 20130175

Carone L., Keppens R., Decin L., 2016, MNRAS, 461, 1981

Cataldi G., Brandeker A., Thébault P., Singer K., Ahmed E., de Vries B. L.,
Neubeck A., Olofsson G”0., 2017, Astrobiology, 17, 721

Chiang E., Laughlin G., 2013, MNRAS, 431, 3444

Court R. W., Sephton M. A_, 2014, Geochim. Cosmochim. Acta, 145, 175

Crisp J. A, 1984, J. Volcanol. Geotherm. Res., 20, 177

de Niem D., Kiihrt E., Morbidelli A., Motschmann U., 2012, Icarus, 221,
495

de Wit J. etal., 2016, Nature, 537, 69

de Wit J. etal., 2018, Nat. Astron., 2, 214

Di Sisto R. P,, Fernandez J. A., Brunini A., 2009, Icarus, 203, 140

Dohnanyi J. S., 1969, J. Geophys. Res., 74, 2531

Dreibus G., Wanke H., 1987, Icarus, 71, 225

Effects of impacts on the TRAPPIST-1 planets 2671

Duncan M., Quinn T., Tremaine S., 1987, AJ, 94, 1330

Duncan M. J., Levison H. F., 1997, Science, 276, 1670

Ehlmann B. L. etal., 2016, J. Geophys. Res. (Planets), 121, 1927

Eiroa C. etal., 2013, A&A, 555, All

Eiroa C. etal., 2016, A&A, 594, L1

Emel’ Yanenko V. V., Asher D. J., Bailey M. E., 2007, MNRAS, 381, 779

Estrela R., Valio A., 2017, preprint (arXiv:1708.05400)

Fabrycky D., Tremaine S., 2007, ApJ, 669, 1298

Ferus M. et al., 2015, Proc. Natl. Acad. Sci., 112, 657

Foley B. J., Smye A.J., 2017, preprint (arXiv:1712.03614)

Fouchard M., Froeschlé C., Valsecchi G., Rickman H., 2006, Celest. Mech.
Dyn. Astron., 95, 299

Fraser W. C., Kavelaars J. J., 2009, AJ, 137, 72

Frewen S. F. N., Hansen B. M. S., 2014, MNRAS, 439, 2442

Gaidos E., 2017, MNRAS, 470, L1

Gillon M. et al., 2016, Nature, 533, 221

Gillon M. et al., 2017, Nature, 542, 456

Godolt M., Grenfell J. L., Kitzmann D., Kunze M., Langematz U., Patzer
A. B. C., Rauer H., Stracke B., 2016, A&A, 592, A36

Grimm S. L. etal., 2018, A&A, 613, A68

Haworth T. J., Facchini S., Clarke C. J., Mohanty S., 2018, MNRAS, 475,
5460

Hayashi C., 1981, Prog. Theor. Phys. Suppl., 70, 35

Heisler J., Tremaine S., 1986, Icarus, 65, 13

He M. Y., Triaud A. H. M. J., Gillon M., 2017, MNRAS, 464, 2687

Hendler N. P. et al., 2017, ApJ, 841, 116

Howell S. B., Everett M. E., Horch E. P., Winters J. G., Hirsch L., Nusdeo
D., Scott N. J., 2016, ApJ, 829, L2

Innanen K. A., Zheng J. Q., Mikkola S., Valtonen M. J., 1997, AJ, 113, 1915

Jackson A. P, Wyatt M. C., Bonsor A., Veras D., 2014, MNRAS, 440, 3757

Janson M. etal., 2012, ApJ, 754, 44

Kaib N. A., Quinn T., 2009, Science, 325, 1234

Kennedy G. M., Wyatt M. C., 2010, MNRAS, 405, 1253

Kiefer F., Lecavelier des Etangs A., Boissier J., Vidal-Madjar A., Beust H.,
Lagrange A.-M., Hébrard G., Ferlet R., 2014, Nature, 514, 462

Kislyakova K. G. et al., 2017, Nat. Astron., 1, 878

Kozai Y., 1962, AJ, 67, 591

Kral Q., Clarke C., Wyatt M., 2017, Handbook of Exoplanets. Springer
Living Reference Work,

Kral Q., Matra L., Wyatt M. C., Kennedy G. M., 2017, MNRAS, 469, 521

Kral Q., Thébault P, Augereau J.-C., Boccaletti A., Charnoz S., 2015, A&A,
573, A39

Kral Q., Wyatt M., Carswell R. F,, Pringle J. E., Matra L., Juhdsz A., 2016,
MNRAS, 461, 845

Kral Q. etal., 2017, Astron. Rev., 13, 69

Krijt S., Bowling T. J., Lyons R. J., Ciesla F. J., 2017, ApJ, 839, L21

Lawler S. M. et al., 2018, AJ, 155, 197

Levison H. F., Duncan M. J., 1997, Icarus, 127, 13

Levison H. F.,, Duncan M. J., Brasser R., Kaufmann D. E., 2010, Science,
329, 187

Levison H. F., Morbidelli A., Tsiganis K., Nesvorny D., Gomes R., 2011,
AJ, 142, 152

Lidov M. L., 1962, Planet. Space Sci., 9, 719

Lingam M., Loeb A., 2017, Proc. Natl. Acad. Sci., 114, 6689

Lithwick Y., Naoz S., 2011, ApJ, 742, 94

Liu B., Muiioz D. J., Lai D., 2015, MNRAS, 447, 747

Luger R., Barnes R., 2015, Astrobiology, 15, 119

Luger R. etal., 2017, Nat. Astron., 1, 0129

MacGregor M. A., Weinberger A. J., Wilner D. J., Kowalski A. F., Cranmer
S.R., 2018, ApJ, 855, L2

Marboeuf U., Bonsor A., Augereau J.-C., 2016, Planet. Space Sci., 133, 47

Marino S., Bonsor A., Wyatt M. C., Kral Q., 2018, MNRAS

Marino S. et al., 2016, MNRAS, 460, 2933

Marino S. et al.,, 2017, MNRAS, 465, 2595

Matese J. J., Whitman P. G., 1992, Celest. Mech. Dyn. Astron., 54, 13

Matra L., Wilner D. J., Oberg K. L. et al., 2018, ApJ, 853, 147

Matra L. etal., 2017, ApJ, 842,9

Downl oaded from https://academ c. oup. com mras/articl e-abstract/ 479/ 2/ 2649/ 5045254 MNRAS 479’ 2649-2672 (20] 8)

by University of Canbridge user
on 30 July 2018


http://github.com/hannorein/rebound
http://dx.doi.org/10.3847/1538-4357/aa78a2
http://dx.doi.org/10.3847/2041-8213/aa978b
http://dx.doi.org/10.1093/mnras/stv1552
http://dx.doi.org/10.1093/mnrasl/slw109
http://dx.doi.org/10.3847/1538-3881/aa937c
http://dx.doi.org/10.1093/mnras/stw2578
http://dx.doi.org/10.1093/mnras/stu721
http://dx.doi.org/10.1111/j.1365-2966.2009.15286.x
http://dx.doi.org/10.1051/0004-6361/201630238
http://dx.doi.org/10.1111/j.1365-2966.2005.09658.x
http://dx.doi.org/10.1098/rsta.2013.0175
http://dx.doi.org/10.1093/mnras/stw1265
http://dx.doi.org/10.1089/ast.2015.1437
http://dx.doi.org/10.1093/mnras/stt424
http://dx.doi.org/10.1016/j.gca.2014.09.010
http://dx.doi.org/10.1016/0377-0273(84)90039-8
http://dx.doi.org/10.1016/j.icarus.2012.07.032
http://dx.doi.org/10.1038/nature18641
http://dx.doi.org/10.1016/j.icarus.2009.05.002
http://dx.doi.org/10.1029/JB074i010p02531
http://dx.doi.org/10.1016/0019-1035(87)90148-5
http://dx.doi.org/10.1086/114571
http://dx.doi.org/10.1126/science.276.5319.1670
http://dx.doi.org/10.1002/2016JE005134
http://dx.doi.org/10.1051/0004-6361/201321050
http://dx.doi.org/10.1051/0004-6361/201629514
http://dx.doi.org/10.1111/j.1365-2966.2007.12269.x
http://arxiv.org/abs/1708.05400
http://dx.doi.org/10.1073/pnas.1412072111
http://arxiv.org/abs/1712.03614
http://dx.doi.org/10.1007/s10569-006-9027-8
http://dx.doi.org/10.1088/0004-6256/137/1/72
http://dx.doi.org/10.1093/mnras/stu097
http://dx.doi.org/10.1093/mnrasl/slx063
http://dx.doi.org/10.1038/nature17448
http://dx.doi.org/10.1038/nature21360
http://dx.doi.org/10.1093/mnras/sty168
http://dx.doi.org/10.1143/PTPS.70.35
http://dx.doi.org/10.1016/0019-1035(86)90060-6
http://dx.doi.org/10.1093/mnras/stw2391
http://dx.doi.org/10.3847/1538-4357/aa71b8
http://dx.doi.org/10.3847/2041-8205/829/1/L2
http://dx.doi.org/10.1086/118405
http://dx.doi.org/10.1093/mnras/stu476
http://dx.doi.org/10.1088/0004-637X/754/1/44
http://dx.doi.org/10.1126/science.1172676
http://dx.doi.org/10.1111/j.1365-2966.2010.16528.x
http://dx.doi.org/10.1038/nature13849
http://dx.doi.org/10.1086/108790
http://dx.doi.org/DOI: 10.1007/978-3-319-30648-3_165-1
http://dx.doi.org/10.1093/mnras/stx730
http://dx.doi.org/10.1093/mnras/stw1361
http://dx.doi.org/10.1080/21672857.2017.1353202
http://dx.doi.org/10.3847/2041-8213/aa6b9f
http://dx.doi.org/10.3847/1538-3881/aab8ff
http://dx.doi.org/10.1006/icar.1996.5637
http://dx.doi.org/10.1126/science.1187535
http://dx.doi.org/10.1088/0004-6256/142/5/152
http://dx.doi.org/10.1016/0032-0633(62)90129-0
http://dx.doi.org/10.1088/0004-637X/742/2/94
http://dx.doi.org/10.1093/mnras/stu2396
http://dx.doi.org/10.1089/ast.2014.1231
http://dx.doi.org/10.1038/s41550-017-0129
http://dx.doi.org/10.3847/2041-8213/aaad6b
http://dx.doi.org/10.1016/j.pss.2016.03.014
http://dx.doi.org/10.1093/mnras/stw1216
http://dx.doi.org/10.1093/mnras/stw2867
http://dx.doi.org/10.1007/BF00049541
http://dx.doi.org/10.3847/1538-4357/aa71b4

2672 Q. Kral et al.

Melosh H. J., 1989, Impact Cratering: A Geologic Process, Research sup-
ported by NASA. New York, Oxford University Press (Oxford Mono-
graphs on Geology and Geophysics, No. 11). Arizona Univ., Tucson,
AZp.253

Montgomery S. L., Welsh B. Y., 2012, PASP, 124, 1042

Morbidelli A., Brown M. E., Levison H. F.,, 2003, Earth Moon Planets, 92, 1

Morley C. V., Kreidberg L., Rustamkulov Z., Robinson T., Fortney J. J.,
2017, ApJ, 850, 121

Mumma M. J., Charnley S. B., 2011, ARA&A, 49, 471

Murray C. D., Dermott S. F,, 1999, in Murray C. D., McDermott S. F., eds,
Solar System Dynamics. Cambridge University Press, Cambridge, UK

Naoz S., 2016, ARA&A, 54, 441

Nesvold E. R., Naoz S., Vican L., Farr W. M., 2016, ApJ, 826, 19

Nesvorny D., Jenniskens P., Levison H. F.,, Bottke W. F., Vokrouhlicky D.,
Gounelle M., 2010, ApJ, 713, 816

Nesvorny D., Morbidelli A., 2012, AJ, 144, 117

Nesvorny D., Roig F., Bottke W. F., 2017, AJ, 153, 103

Ormel C. W, Ida S., Tanaka H., 2012, ApJ, 758, 80

Ormel C. W., Liu B., Schoonenberg D., 2017, A&A, 604, Al

O’Keefe J. D., Ahrens T. J., 1977, Science, 198, 1249

O’Malley-James J. T., Kaltenegger L., 2017, MNRAS, 469, L.26

Patel B. H., Percivalle C., Ritson D. J., Duffy C. D., Sutherland J. D., 2015,
Nature Chemistry, 7, 301

Patel R. 1., Metchev S. A., Heinze A., Trollo J., 2017, AJ, 153, 54

Petrovich C., Muiioz D. J., 2017, ApJ, 834, 116

Plavchan P, Werner M. W., Chen C. H., Stapelfeldt K. R., Su K. Y. L.,
Stauffer J. R., Song 1., 2009, ApJ, 698, 1068

Poch O., Frey J., Roditi I., Antoine P., Bernhard J., Nicolas Th., 2017,
Astrobiology, 17, 231

Pope K. O., Baines K. H., Ocampo A. C., Ivanov B. A., 1997, J. Geophys.
Res., 102, 21645

Quarles B., Quintana E. V., Lopez E., Schlieder J. E., Barclay T., 2017, ApJ,
842,L5

Ranjan S., Wordsworth R., Sasselov D. D., 2017, ApJ, 843, 110

Raymond S. N., Quinn T., Lunine J. I., 2004, Icarus, 168, 1

Read M. J., Wyatt M. C., 2016, MNRAS, 457, 465

Rein H., Liu S.-F,, 2012, A&A, 537, A128

Rein H., Spiegel D. S., 2015, MNRAS, 446, 1424

Rein H., Tamayo D., 2015, MNRAS, 452, 376

Ribas I. etal., 2016, A&A, 596, A111

Rickman H., Fouchard M., Froeschlé C., Valsecchi G. B., 2008, Celest.
Mech. Dyn. Astron., 102, 111

Rodler F.,, Lépez-Morales M., 2014, Apl, 781, 54

Roettenbacher R. M., Kane S. R., 2017, ApJ, 851,77

Rotundi A. et al., 2015, Science, 347, aaa3905

Rugheimer S., Segura A., Kaltenegger L., Sasselov D., 2015, ApJ, 806, 137

Saal A. E., Hauri E. H., Langmuir C. H., Perfit M. R., 2002, Nature, 419,
451

Saladino R., Crestini C., Pino S., Costanzo G., Di Mauro E., 2012, Phys.
Life Rev., 9, 84

Schlichting H. E., Sari R., Yalinewich A., 2015, Icarus, 247, 81

Seager S., Bains W., Petkowski J. J., 2016, Astrobiology, 16, 465

Shannon A., Wu Y., Lithwick Y., 2016, ApJ, 818, 175

Shuvalov V., 2009, Meteor. Planet. Sci., 44, 1095

Shuvalov V., Kiihrt E., de Niem D., Wiinnemann K., 2014, Planet. Space
Sci., 98, 120

Siever R., 1968, Sedimentology, 11,5

Sutherland J. D., 2017, Nat. Rev. Chem., 1, 0012

Tamayo D., Rein H., Petrovich C., Murray N., 2017, ApJ, 840, L19

Teyssandier J., Naoz S., Lizarraga I., Rasio F. A., 2013, ApJ, 779, 166

Theissen C. A., West A. A., 2014, ApJ, 794, 146

Thébault P., Augereau J.-C., 2007, A&A, 472, 169

Tremaine S., 1993, in Phillips J. A., Thorsett S. E., Kulkarni S. R., eds, ASP
Conf. Ser. 36, Planets Around Pulsars. Astron. Soc. Pac., San Francisco,
p- 335

Turbet M., Leconte J., Selsis F., Bolmont E., Forget F., Ribas I., Raymond
S. N., Anglada-Escudé G., 2016, A&A, 596, A112

Unterborn C. T., Desch S. J., Hinkel N. R., Lorenzo A., 2018, Nat. Astron.,
2,297

Veras D., Evans N. W., 2013, MNRAS, 430, 403

Vitense C., Krivov A. V., Kobayashi H., Lohne T., 2012, A&A, 540, A30

Vitense C., Krivov A. V., Lohne T., 2010, A&A, 520, A32

Walker J. C. G., Hays P. B., Kasting J. F,, 1981, J. Geophys. Res., 86, 9776

Weidenschilling S. J., 1977, Ap&SS, 51, 153

Wisdom J., 1980, AJ, 85, 1122

Wolf E. T., 2017, ApJ, 839, L1

Wyatt M. C., 2008, ARA&A, 46, 339

Wyatt M. C., Bonsor A., Jackson A. P, Marino S., Shannon A., 2017,
MNRAS, 464, 3385

This paper has been typeset from a TX/IATgX file prepared by the author.

Downl oaded m}ﬁéﬁs"%%cgééﬁfz&%zc@pm)as/ article-abstract/ 479/ 2/ 2649/ 5045254

by University of Canbridge user
on 30 July 2018


http://dx.doi.org/10.1086/668293
http://dx.doi.org/10.1023/B:MOON.0000031921.37380.80
http://dx.doi.org/10.3847/1538-4357/aa927b/meta
http://dx.doi.org/10.1146/annurev-astro-081309-130811
http://dx.doi.org/10.1146/annurev-astro-081915-023315
http://dx.doi.org/10.3847/0004-637X/826/1/19
http://dx.doi.org/10.1088/0004-637X/713/2/816
http://dx.doi.org/10.1088/0004-6256/144/4/117
http://dx.doi.org/10.3847/1538-3881/153/3/103
http://dx.doi.org/10.1088/0004-637X/758/2/80
http://dx.doi.org/10.1051/0004-6361/201730826
http://dx.doi.org/10.1126/science.198.4323.1249-a
http://dx.doi.org/10.1093/mnrasl/slx047
http://dx.doi.org/10.1038/nchem.2202
http://dx.doi.org/10.3847/1538-3881/153/2/54
http://dx.doi.org/10.3847/1538-4357/834/2/116
http://dx.doi.org/10.1088/0004-637X/698/2/1068
http://dx.doi.org/10.1089/ast.2016.1523
http://dx.doi.org/10.1029/97JE01743
http://dx.doi.org/10.3847/2041-8213/aa74bf
http://dx.doi.org/10.3847/1538-4357/aa773e
http://dx.doi.org/10.1016/j.icarus.2003.11.019
http://dx.doi.org/10.1093/mnras/stv2968
http://dx.doi.org/10.1093/mnras/stu2164
http://dx.doi.org/10.1093/mnras/stv1257
http://dx.doi.org/10.1051/0004-6361/201629576
http://dx.doi.org/10.1007/s10569-008-9140-y
http://dx.doi.org/10.1088/0004-637X/781/1/54
http://dx.doi.org/10.3847/1538-4357/aa991e/meta
http://dx.doi.org/10.1126/science.aaa3905
http://dx.doi.org/10.1088/0004-637X/806/1/137
http://dx.doi.org/10.1038/nature01073
http://dx.doi.org/10.1016/j.plrev.2011.12.002
http://dx.doi.org/10.1016/j.icarus.2014.09.053
http://dx.doi.org/10.1089/ast.2015.1404
http://dx.doi.org/10.3847/0004-637X/818/2/175
http://dx.doi.org/10.1111/j.1945-5100.2009.tb01209.x
http://dx.doi.org/10.1016/j.pss.2013.08.018
http://dx.doi.org/10.1111/j.1365-3091.1968.tb00837.x
http://dx.doi.org/10.1038/s41570-016-0012
http://dx.doi.org/10.3847/2041-8213/aa70ea
http://dx.doi.org/10.1088/0004-637X/779/2/166
http://dx.doi.org/10.1088/0004-637X/794/2/146
http://dx.doi.org/10.1051/0004-6361:20077709
http://dx.doi.org/10.1038/s41550-018-0411-6
http://dx.doi.org/10.1093/mnras/sts647
http://dx.doi.org/10.1029/JC086iC10p09776
http://dx.doi.org/10.1086/112778
http://dx.doi.org/10.3847/2041-8213/aa693a
http://dx.doi.org/10.1146/annurev.astro.45.051806.110525
http://dx.doi.org/10.1093/mnras/stw2633

