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Abstract. As part of the national scientific network 'Pathways to Habie Worlds’ the delivery of
water onto terrestrial planets is a key question since watessential for the development of life
as we know it. After summarizing the state of the art we showesfirst results of the transport of
water in the early Solar System for scattered main belt ¢hjétereby we investigate the questions
whether planetesimals and planetesimal fragments whiet gained considerable inclination due
to the strong dynamical interactions in the main belt regioound 2 AU can be efficient water
transporting vessels. The Hungaria asteroid group is tis¢ éseample that such scenarios are
realistic. Assuming that the gas giants and the terregitéalets are already formed, we monitor
the collisions of scattered small bodies containing waiteti{e order of a few percent) with the
terrestrial planets. Thus we are able to give a first estim@teerning the respective contribution of
such bodies to the actual water content in the crust of thénEar
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INTRODUCTION

The presence of liquid water on the surface of a terrestl@aeat is a basic requirement
for habitability in planetary systems. The questions oredsedo answer in this connec-
tion are

« When the terrestrial planets formed how much was their camtewater?

« Why don’t we find water in the same quantities on the otheestrial planets?

« What happended to the water when a mars-sized object hitatie Bnd the Moon
formed?

« What happened during the Late Heavy Bombardement (LHB)

« Where from came water after the LHB?

« What is the role of the comets from the Oort Cloud?

A main problem in this context is to find out where the water eafmom in the
early stages on the one hand; on the other hand, when watelogtaguring special
phases in later stages one needs to explain how it was repézhon the surface. At
the end one should explain also how it could stay liquid onreestrial planet in the
habitable zone for times up to billions of years. A centragsfion in this respect is
the collisional behaviour of small bodies regarding theintent of water; it has to be
modelled with specially designed effective programs Itkewell known SPH (Smooth
Particle Hydrodynamics) codes.
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The possible water loss of terrestrial like planets in oulaGE8ystem (SS) and in
Extrasolar Planetary system (EPS) in general should b& seftitext with geophysical
processes like the stop of outgassing due to rapid mantlearecooling or lack of
atmospheric protection by a planetary magnetosphere

the stellar radiative environment of young active starsg8&EPS)
collisions of protoplanetary objects in general (SS and)EPS
the Late Heavy Bombardement (SS)

the formation of the Moon (SS)

After the early stage the transport mechanisms in our SS tr@mmain belt and
also the Edgeworth-Kuiper-Belt can adequately be comptakithg into account the
important role of all sorts of resonances: mean motion r@soes, secular resonances
and three body resonances. The water delivery of the comtsthe Oort cloud can
be investigated statistically although it can only accofamta fraction of the water
on Earth regarding their different D/H ratio. Comets mayéhaeen brought into the
inner SS by orbital changes due to passing stars, intenstdbuds and galactic tides
leading to comet showers. Although the water transportasctimtral question it is of
fundamental interest to investigate how organic (carbamaining) material could be
delivered which then lead or may have lead to the developmklife on Earth-like
planets in habitable zones.

Different scenaria will have formed very different arclkiigres of the planets in
an extra solar planetary system compared to our own systemolbserved, close-in,
Jupiter like planets, which evolved into such orbits via ratgpn processes, make it
difficult to explain the continuous existence of terresfplanets on stable orbits within
the habitable zone. Together with theoretical investigegion habitable planets, results
from the existing satellite missions (CoRoT, KEPLER andddkel) as well as future
ones (Plato, James Webb, Gaia) combined with the progré&ssih-bound observations
(Alma, ESO) will help to clarify the origin and presence oftera(and organic materials)
as a basis for life.

STATE OF THE ART

From many articles concerning the formation of terresplahets and their content of
water (e.g. [16, 22, 19, 2, 23]) we can draw a coherent piafitieose phases of planet-
formation where the debris disk and a giant planet were dyrgaesent. Following

current models, most of a planet’s water-content can berdedaas being produced
by collisions between the growing protoplanet and Moon tadviized planetesimals
originating from the asteroid belt. According to [15] and@l[22] the accretion of

planetary embryos from distant regions (outside the smaylby terrestrial planets
could have happened also without the presence of a Jupitat-sbject. Other studies
claim that the early Earth as well as the terrestrial plawetg dry, just as the asteroids in
the region of their formation, because only in the cold optet of the early SS gas and
water were present in big quantities ([26]). But in thesesgisecollision events ([7, 8])

as well as the EUV radiation from the early star could haveiced the water content



in these regions (e.qg. [5, 6, 13]). At any rate during a latege water was brought onto
the surfaces of the terrestrial planets and, whereas VerMars could not keep their
water on the surface, the Earth’s magnetosphere inticipa#ter loss (e.g. [13]). Many

scenarios try to explain the water transport onto Earthybst plausible seems to be
that the C-asteroids from the outer main belt of asteroidgnrbelt comets ([3]) and

small bodies from outer regions of the SS up to the scattasd cbnsisting in big parts

of frozen water contributed to the water content on Earth.

Given the discovery of water and a subsurface ice resermdin®@asteroid 24 Themis
([4]), and comet-like activity of several small asteroiti$si clear that water is in fact
abundant in many solar system bodies and may even lie wellehidnside a crust.
Collision probabilities, impact velocities and size distitions depend crucially on the
orbits of the colliding objects as well as the perturbatiofihe planets on their motion
respectively. Regarding these topics, namely

« formation and early development of Earth-like planets wébpect to their water
content,

« the possible loss of water through collisions with otheesgél bodies (e.g. the
impact of a Mars-like body onto the Earth with subsequenthttdion of the Moon,
([20], [25]) and

- late water transport,

cannot be modelled by pure gravitational N-body simulatjdout with sophisticated
codes including accretion, the role of the disks, the dolial growth etc.([10]). Nu-
merous simulations concerning the formation of planethéndarly Solar System have
been performed where the early formation of a gas giant {@)ps assumed. Hereby
the giant planets are playing a key role; they formed whdhtk@re was a consider-
able amount of helium and hydrogen present in the early $@bula. Later accretion
of terrestrial planets is closely connected to the pertisha due to these planets on
planetesimals within the inner part of the disk ([22], [2h€Tprocess of accretion of
embryos by terrestrial planets may be possible for diffeggemt planet configurations,
and even without gas giants present in the system (e.qg. fitb]22]). Although most of
the discovered EPS host at least one big planet — due to allsasgple because of the
constraints in our observations — this may not be the rul¢hferformation of planetary
systems in general (e.g. CoRoT-7A),c

A crucial factor for water-delivery scenarios onto termestplanets is the so-called
'snowline’ which is due to the outward diffusion of gas chedlgvith vapour that conden-
sates on existing particles during the period when its teatpee changes. This change
acts on the accumulation of particles that originate frorthier radial distances and have
a faster inward migration because of to their small sizesa Asnsequence, water can
be present as water ice bound in icy planetary embryos inuker parts (respectively
beyond the snowline) of the protoplanetary disc. Accretbwater from these bodies
is a stochastic process, therefore planets may have differater content due to their

1 CoRoT-7 is a planetary system (consisting of at least twogik) which was discovered by the space
mission CoRoT (details in [12])



different histories ([19]). In this article it is also clagd that such contributions to water
on terrestrial planets may be minor because of the periorisaof Jupiter. There exist
quantitative estimates for the impact erosion of atmoggshand condensed oceans of
planets during the LHB ([7]). But also the delivery of preiixoorganic matter (C, H,
O, N and P) together with water by main belt comets and alsoet®ifnom the Oort
Cloud([21]) has been established via hydrodynamic sirmmanat According to recent
results of computations by [1] some small amount of amindsacobuld even survive
low impact velocities as subsurface habitats.

TRANSPORT OF WATER TO THE TERRESTRIAL PLANETS
FROM THE HUNGARIA MAIN BELT REGION

One expects that the main source for water delivery to ththtaae asteroids in the main
belt between Mars and Jupiter (as well as comets from thecDmrtl). A water gradient
in the protoplanetary disk such that at 1 AU bodies were dhgemas bodies at 2.5 AU
contain 5 percent of water is the usual assumption. It is kedlvn ([18]) that asteroid
groups in the main belt with high inclination to the eclippl@ane can evolve to become
Mars crossers. Such configurations seem promising cardidi&tone was to look for
possible mechanisms that can uphold a constant supply efri@anto the inner Solar
System.

In our preliminary approach we took a sample of fictitious Bimadies in the region
where now the Hungaria family of asteroids is located. Tlhasify is believed to
originate form a violent dynamical event ([18], [27]) abdub Gyrs ago that caused
an injection of the Hungaria predecessors into orbits withrelination of about 20
degrees. Another interesting point is the proximity of thasteroids to the 4:1 mean
motion resonance with Jupiter as well as several seculanagges as their semimajor
axes are mostly between 1.8 and 2 AU). Nowadays the Hungaoigpgconsists of
more than 8000 known members with the largest objects wissip to 12 km. The
membership of asteroids within this group to one or more liasnis still in debate ([18]).
However, for our purposes, the existence of such bodiesbeiliaken as a reasonable
argument, that during dynamically more violent times in kies stages of the Solar
System’s formation, planetesimals could have been pratiéel to this region of the
main belt.

We have undertaken numerical simulations up to 40 millicergein order to investi-
gate the number of possible close encounters respectimplgdts of our test population
with the terrestrial planets in the inner Solar System. Aymadical model we chose
to include the Venus-Earth-Mars-Jupiter-Saturn systerhiasiow, with exception that
we did not consider the moon explicitly.

Using results by [11] 300 planetesimals were distributed phase space region of
the Hungaria group which has been shown to lead to an inadeaseber of close
encounters. Another 648 were placed in the groups enclossanances. The goal was
to see how quickly the respective populations become deechlear-Earth-Asteroids,
where every now and then one might have close encountersatasgy impacts on the
Earth (and also Mars and Venus). The four different chosgions, where the initial



conditions for the four different samples were chosen, arengoelow:

« S1: 300 Hungarias clones with three different semimajor axes1a90792307,
1.91027822, 1.90508465 AU and equally distributed ecmstids in the range
0.18< e< 0.19 and inclinations in the range of 1Z i < 27°.

« S2: 216 clones close to the g secular resonantéequally distributed with slightly
larger semimajor axes than the Hungarigs< a < 2.1 AU and the eccentricities
and inclinations like irS1.

« S3: 216 clones close to the; secular resonangequally distributed with slightly
smaller semimajor axes than the Hungari@sda < 1.9 AU and the eccentricities
and inclinations like irS1.

« $4: 216 clones in the region of thes secular resonance with semimajor axes
1.85< a< 1.95 AU, the eccentricities like in the range $t but with significantly
larger inclinations 27< i < 35°.

In Fig.1 we depict the region of Hungaria family in an plot(jrversus the semimajor
axes. Note that the bodies in sampkls S2 and S3 have the same inclinations but
their initial conditions are shifted to larger respecivsiypaller semimajor axes. The
initial orbital elements for the fictitious bodies 8# are distributed in semimajor axes
1.85< a < 1.95 and have large initial inclinations (around®30of the figure).

Close Encounterswith the Planets

The results for the four different planetesimal samplesaremarized in the follow-
ing graphs 2-5. We note that during our integrations the adytarturbations between
planetesimals was neglected and only close encountergheitblanets were reported.

Depending on the close encounters we could extrapolatisioolltimescales which
are crucial for estimates for a possible water transporm tim¢ terrestrial planets; we
estimated the water content to be three percent of the siwdiks masses.

Fig.2 shows the number of close encounters within the dedaill's spheré .
We note that for Venus the results do not agree with othernesudith respect to the
frequency of close encounters (e.g.[11], [9]). This is liseaof the relatively short
integration time in our investigations. The transport @ #steroids from the Hungaria
region to the inner regions of the planetary system takegdo(about several tenth of
million years) than for Mars and the Earth. In Fig.3 we conegaie closest encounters
during the integrations for the four samples for all plan€se can see that counted in
planetary radii only one real collision occured and thatie with Jupiter. Although no
collisions are reported for the terrestrial planets we cdrapolate these results of the

2 where the secular nodal motion of the massless body equeatsothal motion of Saturn
3 where the secular perihelion motion of the massless bodglgdje perihelion motion of Jupiter
This sphere around a planet is definedias- (5)3 wherep is the mass of the planet in Solar masses.

It can be regarded as a sphere of influence where inside thigagi@n of the planet is larger than the one
of the Sun
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FIGURE 1. The Hungaria asteroid region in a inclination versus serjuimaxes diagramm. The
locations of the initial conditions of the samplg8, S3 and$4 are shown in the rectangular boxes. The
initial conditions for the sampl&1, just inside the Hungaria region, are betw&2andS3. The dashed
lines indicate the secular resonances involving the loigis, the solid lines involving the perihelion
longitudes between a small body and a planet. The number&g2stand for the planets Venus to Saturn.
(after [17]).

frequency of the close encounters and find (see next chapte¥timation of the time

interval of a single Hungaria clone for an encounter. It soalisible from the graph

that the (biased, see former remark about the integratiog)tiendency for collisions is

getting larger from Venus to Jupiter; this reflects the rsssiHown in Fig.2 where one can
see the increasing number of close encounters from Venugoited The larger values
for the closest distances to Saturn in planetary radii reflalso the smaller number of
encounters to this planet.

Thelmpacts

We need to say that in all our samples real’ collisions wesggyware! We used the
results of the many encounters to the planets to derive frareta value for possible
impacts (see Figs. 4 to 6). Binned values of the encounters pletted versus the
number of such events. A logarithmic least square fit pravigewith the desired value
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FIGURE 2. Logarithmic plot of the number of close encounters of thetiiets objects with the planets
within its Hill's sphere (for more see in the text) for all tpanets involved. We separate the results for
the four different samples
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TABLE 1. Impact times for the samplé -S4 (columns 3-6) onto the
terrestrial planets within 1 Gyr

| Planet| RadiuspU=®] | S1 | S2 | S8 | 4|
Mars 2.25939 800.69 | 819.275| 258.348| 10.6991
Earth 4.25875 442.778| 12.3894| 30.3799| 4.29435
Venus 4.04484 1.49954| 71.7986| 20.3137| 0.655851
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FIGURE 4. Impacttime scales for Hungaria like planetsimals in thegast1 to $4 on the terrestrial
planets. For detail see text.

for the probability of collisions. We do not show this fit foehus because the results
are biased because of the small number of events.

It is evident that Mars — as closest to the Hungarias — suffera impacts first of
all, whereas Venus globally is the planet with the least swemnts (due to the relatively
short time scales of integrations). Most impacts of thetitis objects occured 81,
which is a somewhat surprising fact, because shifting \&tfsel secular resonance®(
and S3) should cause more perturbations on a body located thetallyTmsignificant
for the transport of small bodies to the inner system seerhe the grouB4, which is
probably due to the large inclinations we have chosen fomtitial conditions.

In Fig.4 we plotted the mean values of the impact time scalasiware the intersect-
ing lines between the patterned and full bar segments. Tha reues plus one standard
deviation are denoted by the top of the bars, mean valuessoine standard deviation
by the bottom end of the patterned region. The large errase@ally for Venus and
for all planets inS4 are caused by the poor statistics due to the choice of thgratten
time respectively the initial conditions.
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FIGURE 5. Logarithmic least square fit for the encounters with Earihgighe results of samplesl
to 4

In addition to the former results we have undertaken nurakegperiments with a
fictitious planetary system consisting of more massiveettrial bodies comparable to a
recent study by [24]. In our new study of the sam@lealso for 300 clones representing
small bodies, we have taken five times large mastmsthese planets; we expected
many more impacts because of the higher gravitational getions. In fact in contrary
to the former results for the real’ SS where only 1 'real’lbn (namely with Jupiter)
was reported in this investigation the results are the fahig ones:

« 5 with Venus at 8.9, 8.58, 19.1, 34.7 and 38.6 myrs
+ 3 with Earth at 33.9, 43.13 and 46 myr

+ 2 with Mars 18.1 37.8 myr

« 1 with Jupiter at 37.7 myr

These results agree much better with the ones we mentioed atamely that Venus
is suffering the most of collisions. We can explain this —ented result — that the time
scales of transport of the 'planetesimals’ to the inner ®Sauch faster in the case with
K =5.

S like in the former mentioned paper we define a multiplicafactor k for the terrestrial planets
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CONCLUSIONS: WATER FROM HUNGARIA LIKE
PLANETESIMALS?

The values from the former Tab.1 can now be used to estimaternipthe how many
bodies from this region may hit the Earth, it can also be usesktimate — in principle
— how much water was transported from this region in the SSit@lanet. Because of
the very small number of impacts (see Tab.1) the contributicthe water in the crust
of the Earth (estimated to be several Mg ,11,) is for sure insignificant!

Another result is of interest in this context: by far Marsfets from most of such
impacts and thus received a lot of more water even than Hauthwhere is the water
now? New results show that man structures on the surface of Bta due to floating
water. During the development of the Solar System this plios most of its water
because the thin atmosphere, the much lower gravitatiot &ietl the absence of a
protecting magnetosphere ([14])

For the water on Earth we can summarize that the phase spgioa @round the
Hungaria asteroid group is capable of injecting planetaksimto the inner Solar System
but the total number is in fact far to low. The timescales ssagy for a considerable
number of impacts are too large to constitute an efficienemaansport mechanism and
to contribute to our actual water on our planet and thus #gson can be excluded as
source for water delivery to the Earth.

This preliminary study can be understood as a first step @fsitigation of the whole
phase space between Mars and Jupiter with respect to treptndno terrestrial planet
crossing regions (region of Near Earth Asterroids) and tougossible collisions of



small bodies with different water content on these plarestgecially on the Earth.
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