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Jupiter - friend or foe? |: The asteroids
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Abstract: The asteroids are a major source of potential impactors on the Earth today. It has long been
assumed that the giant planet Jupiter acts as a shield, significantly lowering the impact rate on the Earth
from both cometary and asteroidal bodies. Such shielding, it is claimed, enabled the development and
evolution of life in a collisional environment, which is not overly hostile. The reduced frequency of
impacts, and of related mass extinctions, would have allowed life the time to thrive, where it would
otherwise have been suppressed. However, in the past, little work has been carried out to examine the
validity of this idea. In the first of several papers, we examine the degree to which the impact risk
resulting from a population representative of the asteroids is enhanced or reduced by the presence of a
giant planet, in an attempt to understand fully the impact regime under which life on Earth developed.
Our results show that the situation is far less clear cut that has previously been assumed, that is, the
presence of a giant planet can act to enhance the impact rate of asteroids on the Earth significantly.
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Introduction

Throughout Earth’s history, our planet has suffered impacts
from asteroidal and cometary material. As well as disrupting
the landscape, larger impacts had effects that led to climate
changes, usually short-lived, that in turn have led to the ex-
tinction of a large proportion of species in the biosphere
(Morris 1998).

Anyone who has watched popular science programmes
which discuss the effect of impacts on the Earth, along
with their implications for the survival of life, will have
encountered the idea that Jupiter acts to lower significantly
the flux of objects that hit the Earth. The inference, some-
times explicitly stated, is that Jupiter’s role in the evolution of
life on our planet is surprisingly large.! It is claimed that in
preventing the great majority of threatening objects from
encountering the Earth, Jupiter has significantly lowered the
rate at which impact-driven mass extinctions happen, giving
life time to gain a foothold, and then evolve to its great
present-day diversity. If Jupiter was absent, so it is claimed,
then the Earth could have suffered large impacts so frequently
that it might not have acquired advanced life, or may even be
barren.

These arguments are quite widely accepted in the academic
world, but when one looks back through the literature, it
seems that, until recently, very little work has been carried out

1 See Ward & Brownlee (2000), http://www.teachersdomain.org/
resources/ess05/sci/ess/eiu/jupitersrole/index.html, http://www.oercommons.
org/courses/jupiter-earths-shield and http://www.space.com/science
astronomy/astrobio_jupiter_030122-1.html for examples of the perva-
siveness of this idea.
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to examine in detail the effects of the giant planet on the flux
of cometary and asteroidal bodies through the inner Solar
System. It has been suggested that in systems containing
only ‘failed Jupiters’ (bodies which grew to the size of, say,
Uranus and Neptune, but failed to develop beyond that
stage), the impact flux experienced by any terrestrial planets
would be a factor of a thousand greater than that seen in
our system today (Wetherill 1994). This is because of the less
efficient ejection of material from the Solar System during
its early days. However, very little work exists to support
or argue against this conclusion, and it is unclear how it
would be affected by the current understanding of planet
formation.

Laakso et al. (2006) approached the question from a
different angle. Using numerical integration, they examined
the effect of the position and mass of a Jovian planet on the
rate of ejection of particles placed on eccentric orbits
that initially crossed the habitable zone (being the range of
distances from a star within which water at the surface of
an ‘Earth’ would be stable in the liquid phase, liquid water
being essential for all forms of life on Earth). They used our
Solar System as a test case for their method, and found the
surprising result that Jupiter ‘in its current orbit, may provide
a minimal amount of protection to the Earth’. Despite this,
the idea that ‘Jupiters’ automatically lower the impact rate
in planetary systems is well entrenched in astronomical think-
ing, and the lack of planets analogous to Jupiter has been
used to explain observations such as that of a significant dust
excess around the star Tau Ceti (Greaves 2006). However,
questions about Jupiter’s effect on the terrestrial impact
record have been raised in relation to the Late Heavy
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Bombardment. If the ‘Nice model’ (Gomes et al. 2005) is
considered, for example, then it is clear that removing Jupiter
from our Solar System would greatly lessen or remove the
effects of the Late Heavy Bombardment on our young planet.

In our opinion, it seems that the idea of ‘Jupiter, the pro-
tector’ dates back to the days when the main impact risk to
the Earth was thought to arise from the population of long
period comets (LPCs), falling inwards from the Oort cloud.
The majority of such objects are expelled from the Solar
System on their very first pass as a result of Jovian pertur-
bations, hence lowering the chance of one of these cosmic
bullets striking the Earth.

In recent times, however, it has been estimated that among
the near Earth objects (NEOs), i.e. asteroids and comets that
make close approaches to the Earth, the comets contribute
only a few percent of the population (Chapman & Morrison
1994; Bottke et al. 2002). Among the comets, most are short
period comets (SPCs), so the LPCs contribute only slightly to
the NEOs. (Near the Earth, comets generally move much
faster that asteroids, and so the effect of an impact of a body
of given mass will be greater for a comet.)

For the NEOs, the role of Jupiter as friend or foe is far
less clear than in the case of the LPCs alone, as can be
demonstrated by a thought experiment. Imagine our Solar
System as it is today, and remove Jupiter entirely. At one fell
swoop you have removed the main driving force that trans-
fers asteroidal bodies from the main belt between Mars and
Jupiter (where the great majority lie) to the inner Solar
System. Furthermore, you have lost the object which is the
dynamical source and controller of the great majority of
the SPCs. On the other hand, you have also lost the object
most efficient at removing debris from the inner Solar System,
although if the amount of detritus is much lower than with
Jupiter present, then removal is less important.

Overall, the situation is no longer clear cut. What Jupiter
gives with one hand, it may take away with the other. In order
to study the exact relationship between the giant planet and
the impact rate on the Earth, we decided to run a series of
n-body simulations to see how varying the mass of a giant
planet in Jupiter’s orbit would change the impact rate on
Earth. Since there are three distinct populations which pro-
vide the main impact threat to the Earth, i.e. the asteroids,
sourced from the Main Belt (Morbidelli et al. 2002), the
SPCs, which come from the trans-Neptunian region (Horner
& Evans 2006), and the LPCs, which come from the Oort
cloud (Oort 1950), we decided to split the problem three ways,
and examine each population in turn. This paper details our
results for the asteroids, an entirely different reservoir of
bodies to that studied by Wetherill (who studied the LPCs),
and generally accepted to be the most important population
of potential Earth impactors. The SPC and the LPC compo-
nents of the impact risk will be detailed in later work.

Whereas the work here advances our understanding of the
Jovian characteristics that have determined the bombard-
ment suffered by the Earth, it also advances our understand-
ing of the requirements for the habitability of ‘Earths’ in
exoplanetary systems.
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Simulating the impact flux

Of the three parent populations that supply Earth-impacting
bodies, the most copious is the asteroids. However, in cre-
ating a swarm of test asteroids, which might evolve on to
Earth-impacting orbits, we face huge uncertainties, particu-
larly relating to N(a) at the start of a simulation (1=0), where
N(a) is the number of asteroidal bodies as a function of semi-
major axis a. That Jupiter has been perturbing the orbits
of the objects currently observed in the asteroid belt in our
own Solar System since its formation means that using
the current belt as the source would be misguided. It is,
therefore, important to attempt to construct a far less per-
turbed initial population for the asteroid belt, if one wishes
to observe the effect of changing Jupiter’s mass on the im-
pact rate. However, this is more easily said than done. In
Appendix 1, we discuss in some detail how we constructed
such a test population for use in this work. We finally settled
on a population distribution N(a) at t=0 given by (see
Appendix 1).

No(a) =k(a— apn)"?, (1)

where k is a constant and ap,;, is the inner boundary of
the asteroid distribution. The value of a,,;, was chosen to be
1.558 AU, equivalent to the orbital semi-major axis of the
planet Mars,? plus three Hill radii, while the outer boundary,
amax, Was placed three Hill radii within the orbit of the giant
planet (i.e. interior to the 5.202 AU of Jupiter’s orbit).
Asteroidal bodies are unlikely to form if closer to the planets
than these two distances.

The Hill radius gives the distance between two bodies, such
as a planet and another body, at which their gravitational
interaction is of the same order as the gravitational inter-
action of each body with the star they orbit. Three Hill radii
of a planet is its ‘gravitational reach’. It is given by

1/3
(Mplanet> /
Ry=a, | =22
3Z‘4Sun
where M is mass.

It is important to note that our main conclusions below
concerning the variations of the impact rate on Earth as a
function of giant planet mass are not sensitive to the precise
form of Ny(a). The placement of the inner and outer edges at

3Ry beyond the orbit of the planets in question was chosen
as a reasonable compromise between placing the edge of the

% In addition, the mass of Mars was increased slightly from its actual
mass of 0.107 Earth masses, to account for any extra accretion that
would have occurred as a result of a lower mass ‘Jupiter’. The new
Mars was given a somewhat arbitrary mass of 0.4 Earth masses. Rather
than attempt to recursively modify the Mars mass as Jupiter itself
varied, we chose a value intermediate between the current mass of the
planet and that of the Earth. The mass of Mars makes little difference
to our simulations, since it is held constant, and the planet is interior to
the inner boundary of the belt. Even though a yet more massive Mars
would have given a slightly larger perturbation to the inner asteroids,
the small increase would have had no significant effect on our results.
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belts far enough away from the planet so as not to experience
significant perturbations in the early stages of the simu-
lations, and placing the edge so distant that the belt itself
would be unfairly constrained.

To generate the values of a for our population of asteroids,
the cumulative probability distribution corresponding to
Ny(a) was sampled by a random number generator to gener-
ate 10° values of a between ani, and d@m.y. The other five
orbital elements for each asteroid were randomly allocated
as follows. The orbital inclination, i, was randomly sampled
from the range 0—10°, and the eccentricity, e, randomly allo-
cated from the range 0.0-0.10. These ranges encompass the
majority of known asteroids today. In the distant past, at
the start of our simulations, an even greater proportion
would have been encompassed. They represent a disc of solid
material that has received a moderate, but not excessive,
amount of stirring during the formation of the planets
(e.g. Ward 2005). The remaining three orbital elements — the
longitude of the ascending node, the argument of perihelion,
and the mean anomaly — were each randomly selected from
the range 0-360°. (See, for example, Jones (2007, Chapter 1)
for a brief description of orbital elements.)

We simulated these orbits for a period of 10 Myr using
the hybrid integrator contained within the MERCURY
package (Chambers 1999), along with the planets Earth,
Mars, Jupiter, Saturn, Uranus and Neptune. We take =0 to
be the moment when Jupiter became fully formed. The inte-
gration duration was chosen to provide a balance between the
required computation time and the statistical significance of
the results obtained. The Earth within our simulations was
artificially physically inflated to have a radius of 1 million km,
in order to enhance the impact rate from objects on Earth
crossing orbits. Simple initial integrations were carried out
to confirm that this inflation did affect the impact rate as
expected, with the rate scaling with the cross-sectional area
of the planet (the effect of gravitational focusing on the
impact rate was observed to be negligible). The asteroidal
bodies interact gravitationally with the Sun and planets, but
not with each other — they are treated as massless, which is a
good model as a typical asteroidal body is normally at least
10™ times less massive than Jupiter.

The ‘Jupiter’ used in our runs was modified so that we ran
12 separate masses. In multiples of Jupiter’s mass Mj these
are: 0.01, 0.05, 0.10, 0.15, 0.20, 0.25, 0.33, 0.50, 0.75, 1.00,
1.50 and 2.00. Hereafter, we refer to these runs by the mass of
the planet used, so that M,y refers to the run using a planet
of 1.00 Mj;, and M, refers to the run using a planet of
0.01 Mj, and so on. The orbital elements for the ‘Jupiter’
were identical in all cases to those of Jupiter today. Similarly,
the elements taken for the other planets in the simulations
were identical to those today —the only difference in the
planetary setup between one run and the next was the change
in Jovian mass, all other planetary variables were held
constant.

It is obvious that, in reality, were Jupiter a different mass,
the architecture of the outer Solar System would likely be
somewhat different. However, rather than try to quantify
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the uncertain effects of a change to the formation of our own
Solar System, we felt it best to change solely the mass of the
‘Jupiter’ and, therefore, work with a known, albeit modified,
system rather than an uncertain theoretical construct. In the
case of the flux of objects moving inwards from the asteroid
belt, this does not seem a particularly troublesome assump-
tion, because Jupiter is by far the dominant influence on the
asteroids.

The complete suite of integrations ran for some 6 months
of real time, spread over the cluster of computers sited at the
Open University. This 6 months of real time equates to over
20 years of computation time and resulted in measures of
the impact flux for each of the 12 ‘ Jupiters’. The eventual fate
of each asteroidal body was also noted.

Results

In this section, we present the results of our simulations,
leaving discussion for the next section. This should allow the
reader to be familiar with the results and perhaps reach
their own conclusions, before we present a detailed dis-
cussion.

Figures 1-3 show a variety of different results from our
simulations. Figure 1 shows the evolution of our test popu-
lations as a function of time for M, ,; (Fig. 1(a)) and Mg,
(Fig. 1(b)). Five temporal snapshots are shown, detailing
the distribution of asteroidal bodies at =0 (the start of the
simulation), 1, 2, 5 and 10 Myr (the end of our simulation).
In order to give a fair representation of the asteroid dis-
tributions, Fig. 1 shows the number of objects located in
rings of equal width (on semi-major axis), working outward
from a semi-major axis of 1.5 to 5.5 AU. This space is broken
up into 1000 equal width bins, so that the width of each bin
is 0.004 AU. In effect, this means that the maximum initial
population in any bin is less than 400 objects, and so the
y-axis in all of the plots in Fig. 1 extends from 0 to 400.
The initial populations were, as described above, distributed
according to equation (1), with inner and outer limits fixed
as described. Note that the location of the outer edge of the
belt changes between the two plots, in response to the larger
Hill sphere of the more massive Jupiter in Fig. 1(b). In ad-
dition, it is clear that the initial population is somewhat
scattered, a result of the random number generator used to
select a. As an aid for the reader, the points corresponding
to each bin have been connected, which makes small details
easier to see. The development of fine structure in the belts
is clearly apparent as early as 1 Myr, and this structure
continues to develop through the period of the simulations.
Equivalent plots for all 12 ‘Jupiter’ masses can be found in
Appendix 2.

Figure 1(a) shows the behaviour of asteroids in the case
where the ‘Jupiter’ has a mass 0.25 Mj, while Fig. 1(b) shows
the evolution of the objects in the case where the ‘Jupiter’ has
the same mass as ours (M, y; and M, , cases, respectively).
The five time slices shown in each plot are, from top to
bottom, =0, 1, 2, 5 and 10 Myr (the end of the simulations).
Equivalent plots are given in Appendix 2 for all 12 ‘Jupiter’
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Fig. 1. The evolution of the asteroid populations as a function of
time: (a) variation of population at M, 5. (b) variation of
population at M 4.

masses. The x-axis extends to about 400 in both cases, but is
a function of bin width.

Figure 2 shows the final populations (at 10 Myr) in the
M, .5 and M, g, cases. In order to allow easy comparison, the
M, 55 results have been inverted and placed below those for
the M, case. There are a number of striking differences,
which will be discussed in some detail. Between the two
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Fig. 2. The final asteroid distributions for the two cases M, 5
(inverted, lower) and M, ¢ (upper). This figure allows the direct
comparison of the final distributions between these two sample
cases. Between the two distributions, a series of + marks show the
location of a number of key mean motion resonances with the
‘Jupiter’. From left to right, the resonances shown are 1:6, 1:5,
1:4,2:7,1:3,3:8,2:5,3:7,1:2,4:7,3:5,5:8,2:3,5:7,3:4,4:5
and 1:1. For a more detailed explanation of resonances, see the
discussion section.

distributions, a number of+marks show the location of
various Jovian mean motion resonances (MMRs).? Working
from left to right, the resonances shown are 1:6, 1:5, 1:4,
2:7,1:3,3:8,2:5,3:7,1:2,4:7,3:5,5:8,2:3,5:7,3:4,4:5
and 1:1. It is clear that these resonances play an important
role in the evolution of asteroid belts and we discuss them
further in the following section.

Figure 3 shows the evolution with time of the number of
collisions of asteroidal bodies with the inflated Earth as a
function of ‘Jupiter’ mass. The lines, in ascending order from
the x-axis, show the total number of collisions versus mass
that had occurred at 1, 2, 5 and 10 Myr. The form of these
graphs is discussed in detail in the next section, but note
that the final two time slices (5 and 10 Myr) show that
the form of the graphs has settled down.

Discussion

Figure 3, which illustrates our core result, is discussed first,
followed by Figs 1 and 2.

3 MMRs are given in the form n:m, a simple integer ratio where, in the
time it takes ‘Jupiter’ to complete n orbits, another object completes
m orbits. For example, an asteroid located in the 3:7 MMR (n=3,
m="T) would complete seven orbits in the time it takes ‘Jupiter’ to
complete three.
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Fig. 3. Plot showing the number of collisions with the inflated
Earth as a function of ‘Jupiter’ mass. The curves show the total
number of collisions at a variety of times. Working upwards from
the x-axis, the times are 1, 2, 5 and 10 Myr. The total numbers

at 10 Myr are presented in Table 1.

From Fig. 3 it is clear that the notion that any ‘Jupiter’
would provide more shielding than no ‘Jupiter’ at all is in-
correct, at least for impactors originating from the asteroid
belt. It seems that the effect of a ‘Jupiter’ on the impact flux
on potentially habitable worlds is far more complex than
was initially thought. With our current Jupiter (M =1.0 Mj),
potentially impacting objects seem to be ejected from the
Solar System with such rapidity that they pose little risk for
planets in the habitable zone (such as the Earth), and there-
fore, Jupiter offers a large degree of shielding, compared with
‘Jupiters’ of smaller mass, down to about 0.1 Mj;. You can
see from Fig. 3 that planets more massive than Jupiter offer
little further improvement.

At the other end of the scale, at very small ‘Jupiter’ masses,
fewer asteroidal objects are scattered on to orbits that cross
the habitable zone, and so, once again, the impact rate is
low. The more interesting and complicated situation occurs
for intermediate masses, where the giant planet is massive
enough to place asteroidal objects on threatening orbits, but
small enough that ejection events are still infrequent. The
situation which offers the greatest enhancement to the impact
rate is located around 0.20 AMj in our simulations, at which
point the planet is massive enough to efficiently inject objects
to Earth-crossing orbits, but small enough that the time spent
on these orbits is such that the impact rate is significantly
enhanced. Had we used a different form of Ny(«a), the peak
could well have been at a different intermediate mass (due
to the shifting concentration of material in areas swept by
secular resonances), but the broad picture in Fig. 3 would be
the same. (The double peak in Fig. 3 is not a large feature
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and is possibly a statistical fluctuation; although time con-
suming, further study would be needed to investigate whether
this is the case.)

The effects of the other planets, particularly Saturn and
Mars, are more or less constant between the different runs.
However, due to the reduction in the Jovian effect at the
lower ‘Jupiter’ masses (particularly below M <0.2Mj), these
planets play a more significant role in these cases, relatively,
than at higher ‘Jupiter’ masses, as the overwhelming and
masking effects of the ‘Jupiter’ are removed, allowing the
effects of the smaller planets to be more clearly observed and
giving them longer to act.

From this we can see that our Jupiter is approximately as
effective a shield as a giant planet of about 0.05 M), which
is 15.9 Earth masses (cf. 14.5 and 17.1 Earth masses for
Uranus and Neptune, respectively). The M, 4, point (0.01 AMy)
corresponds to a planet with a mass just 3.18 times that of the
Earth. It is possible that in this case a planet would form in
the asteroid region in the order of 10 Myr, much depleting the
asteroid population (e.g. Wetherill 1991). In this case, the
reduction in asteroid numbers could well, in the long term,
reduce the number of collisions subsequent to the planet’s
formation below that at 10 Myr in Fig. 3 (as a result of
the planet acting to clear its immediate vicinity through the
accretion and ejection of material). Clearly, this planetary
system would be significantly different to our own. The dis-
cussion of such hypothetical systems is beyond the scope
of this work (although we intend to study the complicated
problem of alien planetary systems in future work).

Let us turn now to the number of collisions as a function
of time. Figure 1 shows a rapid emergence of structures as
time passes. In the M, ,; case (Fig. 1(a)), the most obvious
features are the depletion of asteroids in the outer area of the
asteroid belt and the sharp “spiky’ distribution in this region,
a result of the effect of MMRs, and a large depleted area
around 2.5 AU, which is the result of strong secular res-
onances* involving Jupiter. These are discussed in more detail
below. In the case of M4 (Fig. 1(b)), a variety of similar
features are visible. In fact, at first glance, the distributions
appear strikingly similar. However, on closer inspection, a
number of significant differences become apparent.

First, in the My case, the asteroid belt is truncated
at a smaller heliocentric distance (about 4.0 AU versus
~4.5 AU — it should be noted that in both cases this outer
edge has been trimmed to be somewhat closer to the Sun than
that of the initial population). Second, the severe depletion

* In much the same way as MMRs result from a commensurability of
the orbital periods of a planet and a given object, secular resonances
occur as a result of commensurability between the precession rates of
the perihelion or the longitude of the ascending node (or both). For
example, if the ascending node of Jupiter’s orbit precesses at the same
rate as that of an asteroid, the two will be locked in a secular resonance,
which can lead to significant alteration of the asteroids orbit over time,
as energy is transferred between the two bodies. A detailed discussion
of secular resonances is beyond the scope of this work, but we direct the
interested reader to, for example, Murray & Dermott (1999) for more
information.
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around 2.5 AU has shifted to just beyond 2 AU. This is
evidence of how the location of the secular resonances in
the asteroid belt is a function of the mass of the Jovian
planet, whereas the locations of the MMRs are purely deter-
mined by the location of that planet alone (although the
widths of these resonances and their strengths are affected by
the planet). In passing, we should note that it is well known
that MMRs can cause depopulation, as at 3.28 AU (the 1:2
resonance) in both figures, or help to enhance the population,
as can be seen from the small ‘spikes’ located at the orbit
of the giant planet (the 1:1 resonance at 5.2 AU, showing
objects captured as Jovian Trojans), again in both figures.
The latter corresponds to the temporary capture of objects
in Jupiter-like orbits, in a manner similar to that shown for
the Centaurs, the parent population of the SPCs (Horner &
Evans 2006).

Figure 2 allows the reader a better opportunity to see the
detailed effects of MMRs on the belt. The + symbols mark
the locations of a variety of such resonances (as detailed in
the caption), and it is clear that they have played an import-
ant role in shaping the young asteroid belts. Note again the
1:2 MMR at 3.28 AU clearly leading to depletion in both
the M, and M, ,; belts. What is also clearly visible with
this resonance is the way that as the mass of the ‘Jupiter’
increases, the width of the MMR also increases — this is the
case for all MMRs.

On the other hand, the effects of secular resonances as
the belt evolves show a different variation as a function of
planetary mass. The location of these resonances moves
with changing Jovian mass, and so they effectively ‘sweep’
through the belt as the mass of the planet increases. It is well
known that a resonance called vg marks the inner edge of the
asteroid belt in our Solar System (the effect of this resonance
can be seen in Fig. 2 at around 2 AU in the M, case).
However, at lower Jovian masses, this resonance lies well
within the belt and results in a broad area of instability
(clearly visible at around 2.5 AU in the M, ,; plot), which is
probably the main route by which lower ‘Jovian’ masses lead
to enhanced impact fluxes.

It is clear, therefore, from the examination of Figs 1 and 2,
together with those shown in Appendix 2, that the effects of
secular and MMRs play an important role in the removal
of objects from the asteroid belt. While the MMRs are locked
in semi-major axis, as the mass of the planet is increased,
the secular resonances ‘sweep’ through the belt, bringing
instability to areas which would otherwise be stable on long
timescales. This is clear from Fig. 1 and Appendix 2, as the
mass of ‘Jupiter’ increases, a secular resonance steadily
moves towards the inner edge of the asteroid belt. It also
deepens and widens. This doubtless plays a major role in the
size and variation of the impact flux on a terrestrial world
in these simulations. In fact, it seems quite likely that the
evolution of this resonance is the biggest single factor in the
rise and fall of the impact rate visible in Fig. 3. We believe
it to be the vg resonance. Further study of this resonance (and
perhaps others) in relation to our data is needed, but it will
be time consuming.
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Table 1. The fate of asteroidal bodies. At t=0 there are
10° bodies. The figures are asteroid numbers n at t=10 Myr

M(Jupilcr masses) NEarth-impact Nothcr impact chcclcd Nremaining
0.01 2930 1730 11166 84174
0.05 10875 1612 16 104 71409
0.10 18107 1175 14083 66635
0.15 19 642 1109 13189 66 060
0.20 17632 986 13753 67629
0.25 18294 915 14206 66675
0.33 16063 926 15611 67400
0.50 13560 937 16 746 68757
0.75 11447 986 18088 69479
1.00 10233 935 16897 71935
1.50 9841 838 15316 74005
2.00 9169 930 18413 71488

However, a detailed discussion of resonant behaviour is
beyond the scope of this work and indeed, such behaviour is
already very well explained in the literature (e.g. Murray &
Dermott 1999).

In Table 1, we present the numerical results of our 12
sets of simulations. The various columns detail the mass of
the Jovian planet used, the number of impacts (collisions)
experienced by the inflated Earth, the number of objects
which impact other bodies in the Solar System, the number
ejected® and the number which remain somewhere within
the Solar System at the end of the 10 Myr simulations. The
variation in the number of objects ejected and remaining
in the simulations is far lower than the variation in the
impact rate on the Earth. In fact, the simulation in which the
fewest asteroids survived is also that which showed the
most impacts on the Earth — further evidence of the hugely
destabilizing effect of the planet in this case. It is interesting
to note how the various bodies in our simulations fared as a
whole. Summed over the 12 different setups, the Earth was
hit 157794 times (a result of its inflated size), while Mars
received 1271 impacts, Jupiter 7783, Saturn 3424, Uranus 32
and Neptune 20. The Sun was hit a total of 558 times,
although it should be stressed that due to the time step chosen
for our integrations, we would expect objects dropping to
such low perihelion distances to be poorly dealt with in the
integrator, so this number should be taken with a large pinch
of salt. The effect of inflating the Earth is clearly visible and,
given the small numbers of impacts on other bodies, fully
justified.

The evolution of the various asteroid belts considered
above would doubtless continue beyond the end of our
short simulations. Indeed, it is likely that the stirring of the
belts due to mean motion and secular resonances would
continue and that the belts would slowly shed their less-stable
members. One factor that would prevent the belts studied
from eventually evolving into analogues of that in our own

5 In our simulations, any object that reached a heliocentric distance of
1000 AU was considered ejected, and was removed from the calcu-
lations.
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Solar System, even in the M, ¢, case, is that we do not take
inter-asteroid interactions into account in this work (either
collisional or gravitational). Nor do we take any non-
gravitational perturbations, such as the Poynting—Robertson
(Jones 2007, p. 79) and Yarkovsky effects (Jones 2007, p. 84),
into account. To incorporate all of these features and to run
for the age of our Solar System presents a huge and daunting
technical challenge, far beyond the scope of this work. In the
future, once computing power has developed enough to
handle huge numbers of massive particles in a fully physical
environment, such studies will doubtless be feasible and
fascinating, but at the moment the incorporation of these
features would mean that our simulations would have taken
many orders of magnitude longer to run.

Conclusions

The idea that the planet Jupiter has acted as an impact shield
through the Earth’s history is one that is entrenched in stan-
dard scientific canon. However, when one looks beyond the
general understanding of the impact flux on the Earth, it is
clear that little work has been carried out to examine this
idea. In the first of an ongoing series of studies, we have
examined the question of Jovian shielding using a test popu-
lation of particles on orbits representative of the asteroids,
one of three reservoirs of potentially hazardous objects, the
other two being the SPCs and the LPCs.

The surprising result of this work is that the status
of Jupiter as a shield is now under serious question. For an
asteroidal population, it seems that our Jupiter is no better as
a shield than a far less massive giant planet would be were
it placed on a similar orbit, and that intermediate mass
giants enhance the number of collisions. Figure 3 shows that
at intermediate mass, the number of collisions at 5 and
10 Myr is about double that for our Jupiter. If the Earth had
suffered double its actual impact rate, there would doubt-
less have been more mass extinctions, although we can only
speculate about the outcome for the biosphere today.
Certainly, the risk of an impact large enough to wipe all
plants and animals from the globe can only increase as the
number of impacts increases.

Figures 1 and 2 and Appendix 2 show that MMRs and at
least one secular resonance sculpt the asteroid distribution
and are thus responsible for sending impactors our way. We
believe that the vg secular resonance plays a major role.

Future work will continue the study of the role of Jupiter
in limiting or enhancing the impact rate on the Earth by
examining populations of bodies representative of the
Centaurs and Trans-Neptunian objects (the source of almost
all of the SPCs) and the Oort cloud (the source of the LPCs
and the population of potential impactors studied by
Wetherill (1994)). We will also examine the effect of Jovian
location on the impact fluxes engendered by the three popu-
lations, once studies of the effect of its mass are completed.
Given the surprising outcome of the present work, we hesitate
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to anticipate future results, although our integrations of the
SPCs (which will follow in our next paper) do show a com-
parable outcome to the work described here.

In addition, future work will also consider whether the
absence of a Jupiter-like body would change the populations
of objects which reside in the three reservoirs, a possible effect
ignored in this work. Further into the future, we intend to
study wholly different planetary systems, using both hypo-
thetical versions of our youthful Solar System and other
planetary systems based upon the rapidly expanding field of
known exoplanets. The long-term goal is to answer finally,
once and for all, the question ‘Jupiter — friend or foe?’.
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Appendix | : the asteroid distribution
We faced huge uncertainties in choosing the form of Ny(a), Mo.n1

the number of asteroidal bodies per unit interval of semi- t=0Myr

major axis a at zero time in our simulations. There is a range J
of models representing the distribution over a of dust and
small bodies when the Solar System was young (e.g. Davis

2005). Another uncertainty is to what extent the abundant

icy—rocky bodies that formed in the cooler conditions beyond HE
the outer edge of the asteroid belt mixed inwards. WWO\M

Whatever the details, it is crucial to remember that gravi- Mw
tational stirring by a giant planet orbiting beyond the asteroid
belt prevented the formation of a planet between it and Mars.
The asteroidal population must have been largely confined to
this zone.

We have used a form for Ny(«) that is similar to the form
implicitly favoured by Davis (2005), who derived the surface t=5Myr
density of the early Solar nebula by a cumulative mass model
involving all of the planets as they are today. Over the space MW
between Mars and Jupiter

t=2 Myr

Number of particles

t =10 Myr
No(@) =k(a— )" (1) '

fits his graph well enough, given the uncertainties. The value v AN PPN PRI BRI i ‘u“""'wvﬁ-vwn—
of an;, has been set by us at three Martian Hill radii beyond e ’ e gem-ma;g'rsams {AU]4 a0 ? e
the orbit of Mars, and thus at ap;,, No(a)=0. This is reason-

able because Mars would have cleared bodies closer to its

orbit than this, and the asteroid—asteroid collision speeds

near dan;, would have been high, resulting in further de-

pletion. The outer boundary a,,, at =0 is at three giant Hill My 05

radii interior to the giants orbit. The (@ — am;,)"? dependence

t=0 Myr

is within the range of possibilities, and gives us a greater
number of asteroidal bodies at larger ¢ than some other W
possible dependences. This is to our advantage because, with

the giant planet being far more important than Mars at

sending asteroids towards the Earth, it increases the number t=1Myr
of collisions for a given =0 population.
Remember that we are interested in the effect of the mass of o

the giant planet on the impact rate of asteroidal bodies on the
Earth. The exact form of Ny(a) is unlikely to affect our con-
clusion that Jupiter is no better as a shield than a far less
massive giant planet, and that intermediate mass giants are
poor shields.

t=2 Myr

Number of particles

t=5Myr

Appendix 2: Evolution of the various asteroid
belts with time

The following 12 figures show the evolution of the asteroid
belts as a function of time for each of our 12 ‘Jupiter’ simu-
lations. In order, we show the cases from Mgy to M, g, SC-
quentially by increasing mass. The five time slices shown are e
take at r=0, 1, 2, 5 and 10 Myr. The variations in the popu- Semi-major. s (AU}
lations due to the changes in the mass of the giant planet are

clear to see. The x-axis extends to about 400 in all cases, but is

a function of bin width.
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