A PLAUSIBLE CAUSE OF THE LATE HEAVY BOMBARDMENT A. MORBIDELLI^1, J.-M. PETIT^1 B. GLADMAN^1, J. CHAMBERS^2 1 Observatoire de la Côte d’Azur, Nice, France 2 Armagh Observatory, Armagh, UK November 14, 2000

Abstract. We show that at the end of the main accretional period of the terrestrial planets, a few percent of the initial planetesimal population in the 1–2 A.U zone is left on highly-inclined orbits in the inner solar system. The final depletion of this leftover population would cause an extended bombardment of all of the terrestrial planets, slowly decaying with a time scale of order 60 Ma. Because of the large impact velocities dictated by the high inclinations, these projectiles would produce craters much larger than those formed by asteroids of equal size on typical current Near-Earth asteroid orbits: on the Moon, basins could have been formed by bodies as small as 20 km in diameter, and 10 km craters could be produced by 400 m impactors. To account for the observed lunar crater record, the initial population of highly–inclined leftovers would need to be a few times that presently in the main asteroid belt, at all sizes, in agreement with the simulations of the primordial sculpting of both these populations. If a Terminal Lunar Cataclysm (a spike in the crater record ¸ 3:9 Ga ago) really occurred on the Moon, it was not caused by the highly–inclined leftover population, because of the monotonic decay of the latter.

1. Introduction

After its formation about 4.5 Ga ago, the Moon’s surface recorded a bombardment several orders of magnitude more intense than the current cratering rate, lasting almost a billion years. The high crater density on the older highland surfaces and the existence of huge impact basins testify to the existence of this heavy bombardment in the late phases of the Solar System’s formation. A vast literature exists on this subject, and the reader can consult the recent papers by Neukum and Ivanov (1994) and Hartman et al. (2000) for detailed reviews.

It is now widely accepted that the population of lunar impactors was in heliocentric – rather than geocentric – orbit, because Mercury and Mars also show evidence of a primordial heavy bombardment and the relative size distribution of the craters on these planets is similar to that of the Moon (Strom and Neukum, 1988). Conversely, it is still heavily debated whether the period of intense bombardment was peaked near 4.0 to 3.8 Ga ago, or exponentially declined from 4.4 to 3.6 Ga ago. The first scenario is usually referred to as the Terminal Lunar Cataclysm (TLC); it was first proposed by Tera et al. (1974) to explain why the ages of the lunar rocks peak around -4.0 Ga and is also supported by the ages of the lunar basins, which seem to concentrate between -4.0 and -3.8 Ga (see Hartmann et al., 2000). The scenario of monotonic decrease in the bombardment rate during the ¸ 1 Ga following planetary formation has been strongly advocated by Neukum and Ivanov (1994) and relies mostly on the increased density of craters measured on the highlands, which have been dated to be 4.35 Ga old (Neukum, 1983). We will refer to it in the following as the Exponentially Decaying Bombardment (EDB). In that scenario the concentration of the rock ages at around -4.0 Ga is just an effect of the resetting of radiometric clocks due to the previously heavier bombardment (Grinspoon, 1989). The same phenomenon could also influence basin dating, but the ability of impacts to reset clocks in such a general fashion is debatable (see Hartmann et al., 2000). It has also been argued that Imbrium ejecta are much more pervasive than generally assumed, so that most of the ages assigned to the other basins, in the narrow “cataclysm” age range, actually refer to Imbrium (Haskin, 1998).

In principle, the two scenarios are not mutually exclusive: one could imagine a TLC spike superposed on an EDB background. However, there is no general consensus on what could cause the Late Heavy Bombardment (LHB) in either its possible forms (TLC or EDB). Hypotheses range from leftovers of terrestrial planet accretion, to main belt asteroids, to comets.

Wetherill (1975, 1977) was the first to investigate the possibility that the LHB is simply the tail of the accretion process of the terrestrial planets, with Monte Carlo simulations. The timescales that he found were compatible with the EDB scenario. However, it is now known (Dones et al., 1999a) that Monte Carlo simulations in some cases may be not quantitatively accurate, because they do not take into account resonant effects. The current view is that the leftovers of planetary accretion should have a dynamical behavior similar to that of the current Near–Earth Asteroids; the latter have a median dynamical lifetime of only 10 Ma, so that the heavy bombardment would not last long enough (Gladman et al., 1996, 1997, 2000).

Looking for a population of long-living bodies in the inner Solar System, Dones et al. (1999b) showed that a population of objects initially on circular coplanar orbits between Venus and Mars decays with a median lifetime of several 10^7 a, and extrapolated that about 10% of the bodies would survive for 600 Ma. This population would therefore have a dynamical lifetime compatible with the LHB. However, it is questionable that such a dynamically cold population would exist at the end of terrestrial planet accretion. The prevailing opinion is that a rapid (< 10^6 a) process of runaway growth led to the formation of many “planetary embryos” with lunar to martian masses (see references in Accretion of the terrestrial planets); the terrestrial planets then formed on a longer time-scale (several 10^7–10^8 a) by the high–velocity mutual collisions of these embryos (Wetherill, 1992; Chambers and Wetherill, 1998; Agnor et al., 1999). Petit et al. (1999b, 2000) showed that, in this process, any population of small bodies would inevitably be strongly and rapidly dynamically excited, so that it is very implausible that a significant number of objects could persist with e ¸ i ¸ 0.

The asteroid belt is the main reservoir that keeps the current population of Near Earth Asteroids in a rough steady state (Bottke et al., 2000). An expected smooth mass distribution in the proto-solar disk implies a primordial asteroid belt ¸ 10^3 times more massive than the present one (Weidenshilling, 1977). The production of NEAs, resulting from the collisional activity in the asteroid belt, should scale as the square of the number of asteroids in the belt. Thus, during the period when the asteroid belt was massive the NEA production rate should have been some 10^6 times higher than at present, causing a heavy bombardment on all terrestrial planets. The trouble with this scenario is that the primordial asteroid belt must have lost most of its bodies very rapidly to prevent the destruction of the fragile basaltic crust of Vesta (Davis et al., 1995; Burbine et al., 1996), implying that the phase of massive NEA production could not have lasted for several 10^8 a. The same constraint argues against a scenario where the excitation and depletion of the primordial asteroid belt is delayed for several hundred Ma, so as to cause a Terminal Lunar Cataclysm (as proposed in Levison et al., 2000b; see also Zappalá et al., 1997). The recent simulations by Petit et al. (1999b, 2000) suggest that the asteroid belt was excited and depleted well before the terrestrial planets completed their growth process, consistent with the constraint given by Vesta; this seems to exclude the main belt from causing either the Exponentially Decaying Bombardment or the Terminal Lunar Cataclysm.

Relating the LHB to the origin of water on Earth, Chyba (1990, 1991) claimed that the comets would constitute the main projectile population. However, quantitative numerical integrations show that the “cometesimals” in the Jupiter–Saturn zone should have been ejected from the Solar System in the first few Ma after the formation of these giant planets, i.e. well before the formation of the Earth and the Moon (see Morbidelli et al., 2000 for a discussion). Only cometesimals initially in the trans–Neptunian region could have produced a flux of projectiles in the inner Solar System that slowly decayed with a median lifetime of ¸ 100 Ma, compatible with the Exponentially Decaying Bombardment time-scale (Duncan and Levison, 1997). A late formation of Uranus and Neptune could delay the beginning of this cometary shower, thus potentially also making it compatible with a Terminal Lunar Cataclysm scenario (Levison et al., 2000b). At least 40,000 craters larger than 10 km should have been formed during the LHB (see sect. 3). The collision probability with the Earth of a cometesimal initially in the outer solar system is of order 10�^6 (Levison et al., 2000a); the collision probability with the Moon is about 20 times lower. This implies that, to cause the LHB, the primordial population of cometesimals in the outer solar system needed to contain of order 10^{12} kilometer–sized bodies. The constraints being very weak, the existence of this population cannot be ruled out a priori. However, the heavily cratered surfaces of Jupiter’s satellites Callisto and Ganymede show a crater population very different from that of the terrestrial planets, the former being characterized by a paucity of large craters (D > 40 km) and an overabundance of small craters (D < 20 km); according to Strom and Neukum (1988), this argues that the population responsible for the LHB was not on Jupiter–crossing orbit, apparently ruling out the role of comets.

In conclusion, none of the above quoted scenarios for the heavy cratering of planetary surfaces is completely satisfactory.

In this paper, we revisit the scenario involving the leftovers of planetary accretion, in the framework of a modern model of formation of terrestrial planets. In Accretion of the terrestrial planets we review the current general model for the accretion of the Earth and we follow the dynamical evolution of leftover planetesimals. Having determined what fraction of the these planetesimals is dynamically long–lived and their typical orbital distribution, in Simulation of the Late Heavy Bombardment we compute the time evolution of their collision rate with the terrestrial planets and the impact velocities. In Comparison with Crater Data we evaluate our results with respect to the crater record on the Moon and compute the total number of bodies of various sizes that would be required in order to account for the number of impacts, estimated to have occurred during the LHB. We finally discuss the advantages of this new scenario as well as the major open questions.

2. Accretion of the terrestrial planets

It is now generally accepted that in the inner solar system the process of runaway growth ended with the formation of many “planetary embryos” of lunar to martian mass (Greenberg et al., 1978; Wetherill and Stewart, 1989, 1993; Ida and Makino, 1993; Namuoni et al., 1996; Weidenschilling et al., 1997). The formation of the terrestrial planets then proceeded by high–velocity collisions of these planetary embryos. The availability of new symplectic integration algorithms that are able to handle close encounters between massive bodies (Duncan et al., 1998; Chambers, 1999) and the spectacular improvement of computer speeds have recently allowed detailed simulations of this second phase of terrestrial planet accretion. Chambers and Wetherill (1998) and Agnor et al. (1999) have shown that terrestrial planets are eventually formed on a timescale of several 10^7 to 10^8 years; in addition, Chambers and Wetherill (1998) showed that if planetary embryos originally existed in the asteroid belt, they would have been dynamically removed from the 2–4 AU region.

This scenario has several merits. First, the timescale of accretion of the terrestrial planets is well consistent with the datation of the formation and differentiation of the Moon and of the differentiation of the Earth’s core, given by cosmochemical studies (Lee et al., 1997; Allègre et al., 1995). Second, the primordial existence of planetary embryos in the asteroid belt would explain the prently observed mass depletion and dynamical excitation (Petit et al., 1999b, 2000). Third, the accretion by the forming Earth of a planetary embryo originally formed in the outer asteroid belt seems to be the most plausible scenario for the origin of the water on our planet (Morbidelli et al., 2000).

However, not everything in the simulations is fully consistent with the present architecture of our planetary system. The final eccentricities and inclinations of the accreted planets are much larger than those observed. This is probably a consequence of the fact that these simulations do not include a large population of small bodies, carrying a non–negligible total mass, which could damp the final eccentricities and inclinations of the terrestrial planets by dynamical friction (see Hamilton, 1998 for discussion). As a result of the large eccentricities, in many cases only two terrestrial planets are produced at the end of the simulations. Finally, the planet formed in the 1.5-2 AU zone typically has a mass much larger than that of the real Mars, although smaller than that of the Earth. Despite these limitations, these simulations of terrestrial–planet accretion are still valuable to explore several aspects of the primordial evolution of the inner Solar System.

To understand the orbital distribution of planetesimals that survive the main stages of planetary accretion, we integrate the evolution of 100 test particles initially placed between 1 and 2 AU, in the framework of one of the simulations of terrestrial planet formation by Chambers and Wetherill (1998). The integration is done using a version of the SWIFT RMSV3 code (Levison and Duncan 1994), modified by Petit et al. (1999a) to interpolate the evolution of the orbits of the giant planets and of the embryos, given in a previously computed file.

Fig. 1 shows snapshots of the semimajor axis and inclination distribution of the system. The particles rapidly acquire large orbital inclinations, while their total number decays because of collisions with the Sun and with the planetary embryos. After 50 Ma, 10% of the test particles survive, with a median inclination of ¸ 45 degrees. At the end of the 100 Ma–simulation (not shown in Fig. 1) 3% of the test particles survive; all have i > 39 degrees and a < 2 AU.

To check the variability of the results on the initial mass distribution of the embryos, we also integrate the evolution of test particles initially placed between 1.5 and 2 AU in the framework of a second model (Chambers, unpublished data) that assumes the existence of embryos only outside 1.5 AU, with small initial mass (twice that of the Moon). This model fails to generate Earth–mass planets in the terrestrial-planet region and thus likely provides a lower limit for the number and masses of the planetary embryos and, consequently, on the amount of dynamical excitation that occurred in the inner solar system. Nevertheless, the evolution of the test particles in this “lower limit” model is qualitatively similar to that shown in Fig. 1, with most of the survivors staying on orbits with more moderate, but still large, inclinations (the median value being 27 degrees). We conclude that the existence of highly–inclined leftover bodies is a robust consequence of planet formation. Their inclinations are much larger than those of the vast majority of NEAs (Bottke et al., 2000), suggesting that they have much longer dynamical lifetimes.

One could object that these results on small–body orbital excitation cannot be trusted because the resulting inclinations of the final planets are too large (see the last panel of Fig. 1). But, as discussed above, it is likely that the inclinations and eccentricities of the planets have been damped by dynamical friction, a phenomenon not acting on small bodies. On the contrary, the dynamical excitation of the small–body orbits could even be enhanced by dynamical friction (Kokubo and Ida, 1996).

3. Simulation of the Late Heavy Bombardment

To study the subsequent evolution of the highly–inclined leftover bodies and to investigate their possible relationship with the Late Heavy Bombardment, we need to start from a large statistical sample. For this purpose, we “clone” the particles surviving at the end of the simulation shown in Fig. 1 using the following procedure. We divide the (q, Q, i)–space (q and Q being the perihelion and aphelion distances, respectively) in cells and compute the total time spent in each cell by the surviving particles during the last few million years of the integration. This normalized residence time distribution can be regarded as the probability distribution of the leftover particles in the (q, Q, i)–space. We then generate 200 test particles according to this distribution; their angles M, ω, ϖ (mean anomaly, argument and longitude of perihelion) are set at random, as well as the exact values of q, Q, i inside each cell. The left panels of Fig. 2 show the resulting (a, e) and (a, i) distribution.

We use the same procedure also to generate 200 “clones” of the surviving particles in the “lower–limit” model mentioned in the previous section. The resulting distribution is shown in the right panels of Fig. 2. Notice that in this case the particles are much less dispersed because of the reduced scattering resulting from the smaller embryos’ masses. In the following, we will refer to the distribution on the left of Fig. 2 as MODEL 1 (our reference case) and to that on the right as MODEL 2 (an extreme case to check the robustness of our results).

The dynamical evolution of the particles is then numerically integrated for 100 Ma using the swift–rmvs3 integrator (Levison and Duncan, 1994), with a timestep of 7.5 days. Being interested in the evolution of these bodies after the completion of planetary accretion, we adopt the current masses and orbital configuration of the planets as initial conditions. The particles are eliminated from the simulation when they impact the Sun or a planet or are ejected from the Solar System.

The top panel of Fig. 3 shows the fraction of the integrated particles that are still ’active’ in the simulation, as a function of time. The bodies in MODEL 1 (crosses) and MODEL 2 (circles) behave very similarly: after a rapid drop in the first 10 Ma, the decay of the population slows, with a median lifetime of order 50–60 Ma. For reference, a curve of exponential decay N / exp(�t/77) (t expressed in Ma) is also plotted, which is an eyeball fit to the decay of the population of MODEL 1 in the 10–100 Ma range. This slow decay is consistent with having chosen a population that mimics the orbital distribution of the particles that survived for 100 Ma in the terrestrial planet formation simulation (see previous section). A continuation of the simulation of MODEL 1 shows that 8 particles (4% of the population) are still ’active’ after 300 Ma. The ’faster’ drop over the first 10 Ma may be an artifact introduced by the resetting of the planetary system: a fraction of the particles (¸ 15%) that were long–lived within the planetary system generated in the simulation of Fig. 1 become short–lived in the framework of the present planetary configuration.

The typical end-states of the particles of MODEL 1 are: collision with the Sun (47%), collision with a terrestrial planet (27%), and ejection from the Solar System (1%). The numbers for MODEL 2 are comparable. Interestingly, while the Sun-grazing fraction is similar to that of current near-Earth asteroids (Gladman et al. 2000), the fraction that strikes a planet is about a factor of 2 higher, and about an order of magnitude fewer are ejected. This is likely due to the higher initial inclinations in the present simulation; due to their large relative velocities, the small bodies are not easily transported to large semimajor axis by encounters with the terrestrial planets, and therefore have little chance to reach Jupiter and be ejected from the Solar System.

Once the simulation is completed, we compute the time evolution of the collision probability that the particle population has with the Moon and the other planets, as follows. Our numerical simulation records the orbital elements (a, e, i)(t, n) as a function of time t at 5000 year intervals for each of the N particles (n = 1, . . ., N), as well as for the planets (the Moon is taken to have the same heliocentric orbital elements as the Earth). For every (a, e, i)(t, n) the differential collision probability with a given planet p(t, n) and the relative impact velocity v(t, n) are computed, averaging over all possible orbital configurations occurring during a precessional cycle of the orbits, and taking into account the gravitational focusing of the considered planet. This procedure has been accomplished following Wetherill (1967), and using a numerical code implemented by P. Farinella and D. Davis (1992) and kindly provided to us. The collision probability of the particle population at time t, normalized over the initial number of integrated particles, is then P (t) = P_n p(t, n)dt/N, and the weighted mean impact velocity is V (t) =

P_{n p(t, n)v(t, n)/(NP (t)). Finally, P (t) and V (t) are averaged over 1 Ma}

time intervals.

Some concern over this procedure might be merited in light of the high inclination of the particle population. It is well known that at high i the motion of the argument of perihelion is highly non–linear in time (ω may even librate), which is associated with large coupled oscillations of e and i (Kozai, 1962). The Farinella and Davis procedure assumes a linear precession of the angles, at constant e and i. To check the statistical accuracy of our procedure on the ensemble of the particle population, we compute the cumulative collision probability P_c = R^{100Ma}_0 P (t)dt with Venus, the Earth and Mars, and compare the results with the fraction of the particle population that actually impacted the planets during the simulation. The resulting values of P_c are 10.1%, 5.9% and 0.6% for Venus, Earth and Mars respectively, while the corresponding numbers coming from the simulation are 12.5%, 13.0% and 1.5%. We conclude that this method for computing the collision probability is correct (at least for a large population of particles) within a factor of 2, with a tendency to underestimate (Dones et al. 1999a, Gladman et al. 2000).

The middle panel of Fig. 3 shows P (t) for lunar impacts under MODEL 1 and MODEL 2. The vertical scale should be interpreted as the mean collision probability per million years per particle initially in the population. The curve of the equation P / exp(�t/77) is plotted again for reference, which nicely mimics the decay of the collision probability of the population over the 10-100 Ma interval, which implies that the collision probability per surviving particle stays roughly constant with time at ¸ 8 � 10�^5/Ma.

The bottom panel of Fig. 3 shows the mean impact velocity V (t), still for the Moon. The bodies of MODEL 1 impact at about 30km/sec, an unusually high speed compared to those of NEAs (¸10–15 km/sec; Gladman et al. 2000) and Jupiter–family comets (20 km/sec; Shoemaker et al. 1994). The bodies of MODEL 2 impact the Moon with a more moderate speed of 22–

25km/sec, because of their smaller mean inclination. V (t) slowly grows with time because of a weak correlation between the lifetime of the bodies and their mean inclination.

The differential and cumulative distribution of the impact velocities on the Moon, resulting from the simulations of MODEL 1, is shown in Fig. 4. Note that about 50% of the impacts occur with a speed greater than 30km/s. The cumulative distributions of the impact velocities on Mercury, Venus and Mars are also shown, for comparison.

4. Comparison with crater data

We now have all the elements that we need to compare the results of our simulations with the crater record on the Moon and the other planets.

According to Neukum and Ivanov (1994), the crater record on the Moon indicates that the flux of projectiles during the EDB decreased proportionally to exp(�t/144), with t expressed in Ma. According to Hartman et al. (2000), in the interval 4.4-3.9 Ga ago the flux of impactors decayed on average as exp(�t/56). In our model (Fig. 3, middle panel) the collision rate of the highly–inclined leftover population decays as exp(�t/77). The decay rate of our model population therefore seems to be slow enough to be comparable with the crater record, within the uncertainties of the latter.

Beyond matching the gross timescale, we need to estimate the number of objects of various sizes that our highly–inclined population should initially have had in order to be compatible with the crater record. According to Fig. 16 of Neukum and Ivanov (1994), the number of craters with diameter D > 10 km formed on the Moon between 4.4 and 3.9 Ga ago is 10�^3 per square kilometer. Integrating over the surface of the Moon gives 40,000 craters. This is probably only a lower estimate of the total number of 10 km craters formed in the -4.4 to -3.9 Ga period, because the crater record on the lunar highlands is saturated (Chapman and McKinnon, 1986). By extrapolating the curve plotted in the middle panel of Fig. 3 to 500 Ma and integrating it over the 0-500 Ma interval, we obtain a cumulative collision probability of 5 � 10�^3 per particle initially in the population; that is, 0.5% of the initial particles will eventually strike the Moon. This implies that the population of highly–inclined leftovers had to initially contain 8 � 10^6 bodies potentially capable of excavating a 10 km crater on the Moon. To compute the required size of these bodies, we apply the “Pi–scaling method” (Melosh, 1989, Chapter 7), using a code implemented by J. Melosh. As a lower limit, we assume that the bodies have a density ¸ 2.5 g/cm^3, because our highly–inclined leftovers were initially in the inner solar system, so that they should not be very different from S–type asteroids. We assume a target density of 3.3 g/cm^3, a competent rock composition (suitable for the Moon), and an average impact angle of 45 degrees. Moreover we adopt the scaling law D = 1.17D_{T R} between the diameter D of the observed crater and the diameter D_{T R} of the transient crater, given by McKinnon et al. (1997) for craters with transient diameter smaller than a threshold D_{SC} (about 15 km for the Moon) that marks the transition between simple and complex craterforms. With these parameters we obtain that at 30 km/sec (suitable for the MODEL 1 population) the minimal projectile size required to form a 10 km crater on the Moon is 400 m, while at 25 km/sec (suitable for MODEL 2) it is 450 m. Therefore, we conclude that the highly–inclined leftover population needed to have originally contained at least ¸ 10^7 bodies larger than 400m. For comparison, the total number of asteroids larger than 400m in the main belt is estimated to be ¸ 4 � 10^6 (Jedicke and Metcalfe, 1998; Durda et al., 1998). This ratio between the original highly–inclined leftover population and the current main belt population is consistent with the results of the simulations of their primordial sculpting. In fact, in Accretion of the terrestrial planets we found that the highly–inclined leftover population would include 3–10% of the population of planetesimals originally between 1 and 2 AU, while Petit et al. (2000) found that only 0.7% of the asteroids originally in the 2–4 AU region should have remained in the asteroid belt. Assuming roughly equal masses in the 1–2 and in the 2–4 AU regions (as it would be for a disk surface density decreasing as the square of the heliocentric distance), we estimate –independently from the lunar crater record– that the highly–inclined leftovers could constitute a population which was 5-10 times more numerous than the entire current main belt population.

A similar computation can be applied to the number of lunar basins.

The basins are defined as the “craters” larger than 300km, and their total number on the Moon’s surface is between 28 and 45 (Wilhelms et al., 1987). We compute the minimal size of a basin–forming impactor as follows. We first use the scaling law D = 1.17D^{1.13}_{T R} /D^{0.13}_{SC} between the final diameter D and the transient diameter D_{T R}, as given by McKinnon et al. (1997) for craters with transient diameter larger than D_{SC} . We thus obtain that the transient diameter of a basin with D = 300 km should be 180–190 km. Then, using this number, following the Pi–scaling method again and assuming the same values detailed above for the other parameters involved in the computation, we find that an impactor diameter of 20 km is enough to form a 300 km basin. Moreover, according to the kinetic energies estimated by Zahnle and Sleep (1997), only 4 basins (Imbrium, Crisium, Orientale and the South Pole– Aitken) would require projectiles larger than 50 km in diameter (several other basins are just below the 50 km threshold). Therefore, based on a cumulative collision probability of 5 � 10�^3 per particle, the highly–inclined leftover population had to initially contain about ¸ 10^4 bodies larger than 20 km and ¸ 1000 larger than 50 km. In comparison, the corresponding numbers for the present-day asteroid belt are 2000 and 500 respectively (Durda et al., 1998).

Up to now we have compared our results only with the crater record on the Moon. The crater records on Mercury and Mars may also provide useful information. Strom and Neukum (1988) noted that the crater size-frequency distributions for the highlands of Mercury, the Moon, and Mars have similar shapes. The three curves have bumps at slightly different sizes. Strom and Neukum interpreted this trend as the result of a common population of heliocentric impactors striking all three bodies, with the highest impact velocity occurring on Mercury and the lowest on Mars. Using a Holsapple- Schmidt (1982) scaling law modified for complex craters, they inferred that the Mercury/Moon impact velocity ratio lay in the range 1.37 – 2.18, while the Mars/Moon ratio was 0.48 – 0.68. The simulations of MODEL 1 give a Mercury/Moon impact velocity ratio of 1.66 and a Mars/Moon ratio of 0.8. This agreement is good considering the simplicity of our basic model. Note that it is plausible, from the Petit et al. (2000) simulations, that the asteroidbelt excitation process left behind a population of Mars–crossing bodies not included in our simulation. These bodies would also have a median lifetime of order 100 Ma (Michel et al., 2000), would preferentially impact Mars (with a low relative velocity), and thus reduce the total Mars/Moon impact velocity ratio.

The crater size-frequency distributions of the old surfaces of the Galilean satellites is very different from that of the terrestrial planets, leading Neukum and Strom to conclude that the projectile population that caused the LHB in the inner solar system was not crossing Jupiter’s orbit. This is precisely what happens in our simulations, where only 1% of the original population becomes Jupiter–crossing. On the other hand, the surfaces of the Galilean satellites may be younger than 3.8 Gyr (Zahnle et al, 1998), and thus not record the LHB in any case.

5. Discussion

We have presented a plausible explanation for an exponentially decaying Late Heavy Bombardment. The major strength of our model is that it is not ad hoc, being an extension of a general model that accounts for the origin of the terrestrial planets (Chambers and Wetherill, 1998; Agnor et al., 1999), the delivery of water and volatiles on Earth (Morbidelli et al., 2000) and the primordial depletion and excitation of the asteroid belt (Petit et al., 1999b, 2000).

We have shown that:

1) the time-decay of the highly–inclined leftover population is consistent with the exponential decrease of the crater density with the age of the lunar terrains, within the uncertainties of the crater record.

2) the initial number of bodies in the highly–inclined leftover population required to cause the LHB is reasonable. The initial population should have contained a few times as many objects as the present asteroid belt, in each size range, consistent with the simulations of their primordial sculpting.

3) only ¸ 1% of the highly–inclined leftover bodies eventually reach the orbit of Jupiter, which may explain why the crater size-distribution on the heavily cratered surfaces of the Galilean satellites is different from that of the terrestrial planets.

4) the Mercury/Moon and Mars/Moon impact-velocity ratios of the highly– inclined leftover population are similar to the values computed by Strom and Neukum (1988).

An additional appealing point is that, because of the large impact velocity

(¸ 30 km/sec), the projectile sizes for forming the lunar basins are moderate.

In our model, only 50 bodies larger than 20 km in diameter impacted the Moon during the LHB, and only 4 of them were bigger than 50 km. We repeat that these results have been achieved under the conservative assumption that the projectiles density was 2.5 g/cm^3 (partially differentiated planetesimals in the inner solar system could easily have higher densities) and using a method for computing the planetary collision probabilities that seems to slightly underestimate the real impact rates.

This model does not provide a mechanism to produce a Terminal Lunar Cataclysm (which, as discussed in the introduction, is not unanimously accepted). The existence of small spikes in the cratering rate is allowed, because of the stochastic nature of the bombardment process but, on average, our model predicts the collision rate on the planets would monotonically decrease with time. In a normal power-law size distribution, due to their relative under-abundance the impacts of the largest projectiles should mostly occur in the early epochs, while the tail of small impacts continues for a much longer time. Therefore our model cannot produce basins predominantly in the so–called Nectarian period (3.9-3.8 Ga ago), relative to earlier epochs.

We stress that the existence of a non-negligible population of highlyinclined leftovers is a byproduct of the accretion process of the terrestrial planets that cannot easily be avoided. Therefore, if a Terminal Lunar Cataclysm really occurred, it should have come on top of a slowly decreasing cratering rate caused by this population.

References Agnor C.B., Canup R.M. and Levison H.F. (1999) On the Character and Consequences of Large Impacts in the Late Stage of Terrestrial Planet Formation. Icarus 142, 219–237.

Allègre C.J., Manhès G. and Göpel C. (1995) The age of the Earth. Geoch.

Cosmoch. Acta, 59, 1445–1456.

Bottke W., Jedicke R., Morbidelli A., Petit J-M. and Gladman B. (2000) Understanding the distribution of Near–Earth Asteroids. Science, 288, 2190–2194.

Burbine T.H., Meibom A. and Binzel R.P. (1996) Mantle material in the main belt: Battered to bits? Meteoritics Pl. Sci., 31, 607–620.

Chambers J.E. and Wetherill G.W. (1998) Making the Terrestrial Planets:

N-Body Integrations of Planetary Embryos in Three Dimensions. Icarus

136, 304-327.

Chambers J.E. (1999) A hybrid symplectic integrator that permits close encounters between massive bodies. Month. Not. Roy. Astron. Soc., 304, 793-799.

Chapman C.R. and McKinnon W.B. (1986) Cratering of planetary satellites.

In Satellites, University of Arizona Press, Tucson, AZ., 492-580. Chyba C.F. (1990) Impact delivery and erosion of planetary oceans in the early inner solar system. Nature, 343, 129–133.

Chyba C.F. (1991) Terrestrial mantle siderophiles and the lunar impact record. Icarus, 92, 217–233.

Davis D.R., Chapman C., Weidenshilling S. and Greenberg R. (1995) Collisional history of asteroids: evidences from Vesta and Hirayama families. Icarus. 62, 30–53.

Dones L., B. Gladman, H.J. Melosh, B. Tonks, H. Levison, M. Duncan (1999a) A comparison of Öpik-Arnold Monte Carlo methods with direct integrations. Icarus. 142, 509–524.

Dones L., Levison H.F. and Zahnle K.J. (1999b) Tossing Out the Leftovers:

The Fate of the Remains of Earth’s Formation. BAAS 31, 1078–1079. Duncan M.J. and Levison H.F. (1997) Scattered comet disk and the origin of Jupiter family comets. Science, 276, 1670–1672.

Duncan M.J., Levison H.F. and Lee M.H. (1998) A multiple time step symplectic algorithm for integrating close encounters. Astron. J., 116, 2067–

2077.

Durda D.D, Greenberg R. and Jedicke R. (1998) Collisional models and scaling laws: a new interpretation of the shape of main belt asteroid size distribution. Icarus, 135, 431–440.

Farinella P. and Davis D.R. (1992) Collision rates and impact velocitites in the main asteroid belt. Icarus 97, 111–123.

Gladman B., Burns J.A., Duncan M., Lee P. and Levison H.F. (1996) The exchange of impact ejecta between terrestrial planets. Science, 271, 1387-1392.

Gladman B., Migliorini F., Morbidelli A., Zappalá V., Michel P., Cellino A., Froeschlé Ch., Levison H., Bailey M. and Duncan M. (1997) Dynamical lifetimes of objects injected into asteroid main belt resonances. Science, 277, 197–201.

Gladman B., Michel P. and Froeschlé Ch. (2000) The near–Earth onject population. Icarus, 146, 176-189.

Greenberg R., Wacker J., Hartmann W.K. and Chapman C.R. (1978) Planetesimals to planets - Numerical simulation of collisional evolution. Icarus, 35, 1-26.

Grinspoon D. (1989) Large impact events and atmospheric evolution on the terrestrial planets. Ph.D. thesis, University of Arizona, Tucson, Arizona.

Hamilton D. (1998) Circular Problems. Nature, 396, 413. Hartman W.K., Ryder G., Dones L. and Grinspoon D. (2000) The time–dependent intense bombardment of the primoridal Earth/Moon system. In Origin of the Earth and the Moon, K. Righter and R. Canup eds., Univeristy of Arizona press, Tucson, Arizona, in press.

Haskin L.A. (1998) The Imbrium impact event and Thorium distribution at the lunar highlands surface. J. Geophys. Res., 103, 1679–1689.

Holsapple K.A. and Schmidt R.M. (1982) On the scaling of crater dimensions. II - Impact processes. J. Geophys. Res., 87, 1849-1870.

Ida S. and Makino J. (1993) Scattering of planetesimals by a protoplanet - Slowing down of runaway growth. Icarus, 106, 210–227.

Jedicke R. and Metcalfe T.S. (1998) The orbital and absolute magnitude distribution of main belt asteroids. Icarus, 131, 245–260.

Kokubo E. and Ida S. (1996) On Runaway Growth of Planetesimals. Icarus, 123, 180-191.

Kozai Y. (1962) Secular perturbations of asteroids with high inclinations and eccentricity. Astron. J., 67, 591-598.

Lee D.C., Halliday A.N., Snyder G.A. and Taylor L.A. (1997) Age and origin of the Moon. Science, 278, 1098–1103.

Levison H.F. and Duncan M.J. (1994) The long-term dynamical behavior of short-period comets. Icarus, 108, 18–36.

Levison H.F., Duncan M.J., Zahnle K., Holman M. and Dones L. (2000a) Note: Planetary impact rates from ecliptic comets. Icarus, 143, 415-420.

Levison H.F., Dones L., Chapman C.R., Stern S.A., Duncan M.J. and Zhan le K. (2000b) Could the lunar Late Heavy Bombardment have been triggered by the formation of Uranus and Neptune?. Icarus, in press.

McKinnon W.B., Zahnle K.J., Ivanov B.A. and Melosh H.J. (1997) Cratering on Venus: Models and Observations. In Venus II, S.W. Bougher, D.M. Hunten and R.J. Phillips Eds., Univ. of Arizona Press, Tucson, Arizona, 385-414 Melosh H.J. (1989) Impact cratering: A geologic process. Oxford University Press (Oxford Monographs on Geology and Geophysics, No. 11), New York, New York.

Michel P., Migliorini F., Morbidelli A. and Zappalá V. (2000) The population of Mars–Crossers: classification and dynamical evolution. Icarus, 145, 332-347.

Morbidelli A., Chambers J., Lunine J., Petit J-M., Robert F., Valsecchi G.B.

and Cyr K.E. (2000) Source regions and timescales for the origin of water on Earth. Meteoritics and Pl. Science, in press.

Namuoni F., Luciani J.F. and Pellat R. (1996) The formation of planetary cores: a numerical approach. Astron. Astropys., 307, 972–980.

Neukum G. (1983) Meteoritenbombardement und datierung planetarer oberflächen. Abilitation dissertation for faculty membership, Ludwig Maximilians University, Munich, Germany.

Neukum G. and Ivanov B.A. (1994) Crater size distributions and impact probabilities on Earth from Lunar, terrestrial–planet and asteroid cratering data. In Hazards due to comets and asteroids, T. Gehrels ed., University of Arizona press, Tucson, Arizona, 359–416.

Petit J-M, Morbidelli A. and Valsecchi G.B. (1999a) Large scattered planetesimals and the excitation of the small body belts. Icarus, 141, 367- 387.

Petit J-M., Morbidelli A. and Chambers J. (1999b) Planetary formation and asteroid excitation. BAAS, 31, 1125.

Petit J-M., Morbidelli A., Chambers J., Lunine J., Robert F., Valsecchi G.B.

and Cyr K. (2000) Asteroid belt clearing and delivery of water to Earth. BAAS, 32, 1100.

Shoemaker E.M., Weissman P.R. and Shoemaker C.S. (1994) The flux of periodic comets near Earth. in Hazards due to comets & asteroids, T. Gerhels ed., University Arizona press, Tucson, Az.

Strom R.G. and Neukum G. (1988) The cratering record on Mercury and the origin of impacting objects. In Mercury, F. Vilas C.R. Chapman and M.S. Matthews eds., University of Arizona press, Tucson, Arizona, 336–373.

Tera F., Papanastassiou D.A. and Wassemburg G.J. (1974) Isotopic evidence for a terminal lunar cataclysm. Earth Planet. Sci. Lett., 22, 1–21.

Weidenschilling S.J. (1977) The distribution of mass in the planetary system and solar nebula. Astroph. Sp. Sci., 51, 153–158.

Weidenschilling S.J., Spaute D., Davis D.R., Marzari F. and Ohtsuki K. (1997)

Accretional Evolution of a Planetesimal Swarm. Icarus. 128, 429–455. Wetherill G.W. (1967) Collisions in the asteroid belt. J. Geophys. Res, 72, 2429–2444.

Wetherill G.W. (1975) Late Heavy Bombardment of the Moon and terrestrial planets. Proc. Lunar Sci. Conf., 6, 1539–1561.

Wetherill G.W. (1977) Evolution of the Earth’s planetesimal swarm subsequent to the formation of the Earth and the Moon. Proc. Lunar Sci. Conf., 8, 1–16.

Wetherill G.W. (1992) An Alternative Model for the Formation of the Asteroids. Icarus 100, 307-325.

Wetherill G.W. and Stewart G. (1989) Accumulation of a swarm of small planetesimals. Icarus, 77, 330–357.

Wetherill G.W. and Stewart G. (1993) Formation of planetary embryos - Effects of fragmentation, low relative velocity, and independent variation of eccentricity and inclination. Icarus, 106, 190–209.

Wilhelms D.L., McCanley J.F. and Trask N.J. (1987) The geologic history of the Moon. U.S. Geological survey professional paper, 1348.

Zahnle K.J. and Sleep N.H. (1997) Impacts and the early evolution of life.

In Comets and the origin and evolution of life, P.J. Thomas, C.F. Chyba and C.P. McKay eds., 175–208. Springer–Verlag, New York.

Zahnle K., Dones L. and Levison H.F. (1998) Cratering Rates on the Galilean Satellite. Icarus, 136, 202-222.

Zappala V., Cellino A., Gladman B.J., Manley S. and Migliorini F. (1997) Asteroid Showers on Earth after Family Breakup Events Icarus, 134, 176-179.

Figure captions Fig. 1 Snapshots of the orbital distribution of the asteroids and of planetary embryos in our reference simulation. Small bodies are denoted by asterisks or crosses, depending on their initial semimajor axis. The embryos are denoted by open circles, whose radius is linearly proportional to their mass. Their evolution is taken from Chambers and Wetherill (1998). Full–mass Jupiter and Saturn exist at the beginning of the simulation. Notice how the population of small bodies rapidly decays in number and acquires a large mean inclination. The excitation of the eccentricities (not shown in the plot) is comparably large. At the end of the simulation, at 100 Ma, only 3% of the small bodies survive, all at large inclinations. Two terrestrial planets are left, in a stable configuration. The largest planet has a mass of 1.39 M� with a semimajor axis of 0.7 AU; the smaller has Mars’ semimajor axis, but a large inclination, and half an Earth mass.

Fig. 2 The initial conditions of the test particles that trace the orbital distributions of the leftover planetesimal population found in the simulations of accretion of terresrial planets (see text). The left panels refer to the simulation of Fig. 1 (MODEL 1), while the right panels refer to the “lower limit” simulation, carried out within a pessimistic model of the primordial distribution of protoplanetary embryos (MODEL 2). Inclination is in degrees.

Fig. 3 Top panel: the fraction F (t) of the planetesimal population that survives as a function of time. Middle panel: the time evolution of the collision probability P (t) with the Moon; the scale on the y–axis gives the collision probability per million years per particle initially in the population. Bottom panel: the time evolution of the mean impact velocity on the Moon. Crosses refer to the simulation of MODEL 1 and open circles to that of MODEL 2. The reference curve in the top and middle panels is only to guide the eye, and has equation y / exp(�t/77) with arbtirary amplitude.

Fig. 4 Top panel: The cumulative distribution of impact velocities (relative frequency of impacts with velocity larger than v) for the Moon (bold solid), Mars (long dash), Venus (light solid) and Mercury (dotted). Gravitational focussing has been taken into acocunt. Bottom panel: the Moon’s differential distribution of impact velocities (relative frequency of impacts with velocity between v and v + 1km). The calculations for both panels are based on the integrations of MODEL 1.