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Scaling Laws of Impact Induced Shock Pressure and Particle Velocity in Planetary Mantle

While major impacting bodies during accretion of a Mars type planet have very low velocities (<10 km/s), the characteristics of the shockwave propagation and, hence, the derived scaling laws are poorly known for these low velocity impacts. Here, we use iSALE-2D hydrocode simulations to calculate shock pressure and particle velocity in a Mars type body for impact velocities ranging from 4 to 10 km/s. Large impactors of 100 to 400 km in diameter, comparable to those impacted on Mars and created giant impact basins, are examined. To better represent the power law distribution of shock pressure and particle velocity as functions of distance from the impact site at the surface, we propose three distinct regions in the mantle: a near field regime, which extends to 1-3 times the projectile radius into the target, where the peak shock pressure and particle velocity decay very slowly with increasing distance, a mid field region, which extends to ~ 4.5 times the impactor radius, where the pressure and particle velocity decay exponentially but moderately, and a more distant far field region where the pressure and particle velocity decay strongly with distance. These scaling laws are useful to determine impact heating of a growing proto-planet by numerous accreting bodies.

Introduction:

Small planets are formed by accreting a huge number of planetesimals, a few km to a few tens of km in size, in the solar nebula [e.g., [START_REF] Wetherill | Accumulation of a Swarm of Small Planetesimals[END_REF]Matsui, 1993: Chambers and[START_REF] Chambers | Making the terrestrial planets: N-Body integrations of planetary embryos in three dimensions[END_REF][START_REF] Kokubo | Orbital evolution of protoplanets embedded in a swarm of planetesimals[END_REF][START_REF] Kokubo | On Runaway Growth of Planetesimals[END_REF], 1998, 2000;[START_REF] Wetherill | Planetary accumulation with a continuous supply of planetesimals[END_REF][START_REF] Rafikov | The growth of planetary embryos: Orderly, runaway, or oligarchic[END_REF][START_REF] Chambers | Planetary accretion in the inner Solar System[END_REF][START_REF] Raymond | High-resolution simulations of the final assembly of Earth-like planets, Terrestrial accretion and dynamics[END_REF]]. An accreting body may generate shock wave if the impact-induced pressure in the target exceeds the elastic Hugoniot pressure, ~3 GPa, implying that collision of a planetesimal with a growing planetary embryo can generate shock waves when the embryo's radius exceeds 150 km, assuming that impact occurs at the escape velocity of the embryo and taking the mean density of the embryo and projectile to be 3000 kg/m 3 . Hundreds of thousands of collisions must have occurred during the formation of small planets such as Mercury and Mars when they were orbiting the Sun inside a dense population of planetesimal. Such was also the case during the formation of embryos that later were accreted to produce Venus and Earth. Terrestrial planets have also experienced large high velocity impacts after their formation. Over 20 giant impact basins on Mars with diameters larger than 1000 km [START_REF] Frey | Ages of very large impact basins on Mars: Implications for the late heavy bombardment in the inner solar system[END_REF]], the Caloris basin on Mercury with a 1550 km diameter, and the South Pole Aitken basin on Moon with a 2400 km diameter are likely created during catastrophic bombardment period at around 4 Ga. The overlapping Rheasilvia and Veneneia basins on 4-Vesta are probably created by projectiles with an impact velocity of about 5 km/s within the last 1-2 Gy [START_REF] Keil | Constraints on the role of impact heating and melting in asteroids[END_REF][START_REF] Schenk | The Geologically Recent Impact Basins at Vesta's South Pole[END_REF].

The shock wave produced by an impact when the embryo is undifferentiated and completely solid propagates as a spherical wave centered at the impact site until it reaches the surface of the embryo in the opposite side. Each impact increases the temperature of the embryo within a region near the impact site. Because impacts during accretion occur from different directions, the mean temperature in the upper parts of the embryo increases almost globally. On the other hand, the shock wave produced by a large impact during the heavy bombardment period must have increased the temperature in the mantle and the core of the planets directly beneath the impact site, enhancing mantle convection [e.g., [START_REF] Watters | Thermal perturbations caused by large impacts and consequences for mantle convection[END_REF]Roberts andArkani-Hamed, 2012, 2014], modifying the CMB heat flux which could in turn favour a hemispheric dynamo on Mars [START_REF] Monteux | Giant impacts, heterogeneous mantle heating and a past hemispheric dynamo on Mars[END_REF], or crippling the core dynamo [e.g., Arkani-Hamed and Olson, 2010a].

The impact-induced shock pressure inside a planet has been investigated by numerically solving the shock dynamic equations using hydrocode simulations [e.g., [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF]Wuennemann and Ivanov, 2003;Wuennemann et al., 2006;Bar and Citron, 2011;[START_REF] Kraus | Impacts onto H2O Ice: Scaling Laws for Melting, Vaporization, Excavation, and Final Crater Size[END_REF][START_REF] Ivanov | Basin-forming impacts: Reconnaissance modeling[END_REF][START_REF] Bierhaus | Numerical modeling of basinforming impacts: implications for the ehat budget of planetary interiors[END_REF] or finite difference techniques [e.g., [START_REF] Ahrens | Impact on the Earth, ocean and atmosphere[END_REF][START_REF] Mitani | Numerical simulations of shock attenuation in solids and reevaluation of scaling law[END_REF]]. However, these numerical solutions demand considerable computer capacity and time and are not practical for investigating the huge number of impacts that occur during the growth of a planet. Hence, the scaling laws derived from field experiments [e.g., [START_REF] Perret | Free-Field ground motion induced by underground explosions[END_REF]Melosh, 1989] or especially from hydrocode simulations [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] are of great interest when considering the full accretionary history of a planetary objects [e.g. [START_REF] Senshu | Thermal evolution of a growing Mars[END_REF][START_REF] Monteux | Can large icy Moons accrete undifferentiated?[END_REF] or when measuring the influence of a single large impact on the long-term thermal evolution of deep planetary interiors [e.g. [START_REF] Monteux | Thermo-mechanical adjustment after impacts during planetary growth[END_REF], 2009[START_REF] Monteux | Dynamics of core merging after a martian megaimpact[END_REF], Ricard et al, 2009;[START_REF] Roberts | Giant impacts on early Mars and the cessation of the Martian dynamo[END_REF]Arkani-Hamed and Olson, 2010a;[START_REF] Arkani-Hamed | Could giant impacts cripple core dynamos of small terrestrial planets?[END_REF]. Although the scaling laws provide approximate estimates of the shock pressure distribution, their simplicity and the small differences between their results and those obtained by the hydrocode simulations of the shock dynamic equations (that are likely within the numerical errors that could have been introduced due to the uncertainty of the physical parameters used in the hydrocode models) make them a powerful tool that can be combined with other geophysical approaches such as dynamo models [e.g. [START_REF] Monteux | Giant impacts, heterogeneous mantle heating and a past hemispheric dynamo on Mars[END_REF] or convection models [e.g. [START_REF] Watters | Thermal perturbations caused by large impacts and consequences for mantle convection[END_REF]Roberts andArkani-Hamed, 2012, 2014].

During the decompression of shocked material much of the internal energy of the shock state is converted into heat leading to a temperature increase below the impact site. The present study focuses on deriving scaling laws of shock pressure and particle velocity distributions in silicate mantle of a planet on the basis of several hydrocode simulations. The scaling laws of [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] were derived using impact velocities of 10 to 80 km/s, hence may not be viable at low impact velocities. For example, at an impact velocity of 5 km/s, comparable to the escape velocity of Mars, the shock pressure scaling law provides an unrealistic shock pressure that increases with depth. Here we model shock pressure and particle velocity distributions in the mantle using hydrocode simulations for impact velocities of 4 to 10 km/s and projectile diameters ranging from 100 to 400 km, as an attempt to extend Pierazzo et al.'s [1997] scaling laws to low impact velocities and reasonable impactor radii occurring during the formation of terrestrial planets. Hence, on the basis of our scaling laws it is possible to estimate the temperature increase as a function of depth below the impact site for impact velocities compatible with the accretionary conditions of terrestrial protoplanets. These scaling laws can easily be implemented in a multi-impact approach [e.g. Senshu et al, 2003[START_REF] Monteux | Can large icy Moons accrete undifferentiated?[END_REF] to monitor the temperature evolution inside a growing protoplanet whereas it is not yet possible to adopt hydrocode simulations for that purpose.

The hydrocode models we have calculated are described in the first section, while the second section presents the scaling laws derived from the hydrocode models. The concluding remarks are relegated to the third section.

Hydrocode models of shock pressure distribution:

The huge number of impacts during accretion makes it impractical to consider oblique impacts.

Not only it requires formidable computer time, but more importantly because of the lack of information about the impact direction, i.e. the impact angle relative to vertical and azimuth relative to north. Therefore, we consider only head-on collisions (vertical impact) to model the thermo-mechanical evolution during an impact between a differentiated Mars size body and a large impactor. We use the iSALE-2D axisymmetric hydrocode, which is a multi-rheology, multi-material hydrocode, specifically developed to model impact crater formation on a planetary scale [START_REF] Collins | Modeling damage and deformation in impact simulations[END_REF][START_REF] Davison | Numerical modeling of heating in porous planetesimal collisions[END_REF]. To limit computation time, we use a 2 km spatial resolution (i.e. more than 25 cells per projectile radius, cppr) and a maximum time step of 0.05 s which is sufficient to describe the shockwave propagation through the entire mantle. The minimum post impact monitoring time is set to the time needed by the shockwave to reach the core-mantle boundary (≈ 5 minutes for the impact velocities studied here).

We investigate the shock pressure and particle velocity distributions inside a Mars size model planet for impact velocities V imp of 4 to 10 km/s and impactors of 100 to 400 km in diameter.

Such impactors are capable of creating basins of 1000 to 2500 km in diameter according to [START_REF] Schmidt | Some recent advances in the scaling of impact an explosion cratering[END_REF] and [START_REF] Holsapple | The scaling of impact processes in planetary sciences[END_REF] scaling relationships between the impactor diameter and the resulting basin diameter. These basins are comparable with the giant impact basins of Mars created during the heavy bombardment period at around 4 Ga [START_REF] Frey | Ages of very large impact basins on Mars: Implications for the late heavy bombardment in the inner solar system[END_REF].

In our models, the impactor was simplified to a spherical body of radius R imp with uniform composition while the target was simplified to a two layers spherical body of radius R and an iron core radius of R core . The silicate mantle has a thickness of δ m (See Table 1). We adopt physical properties of silicates (dunite or peridotite) for both the mantle and the impactor to monitor the shock pressure and the particle velocity in a Mars type body. We approximate the thermodynamic response of both the iron and silicate material using the ANEOS equation of state [START_REF] Thompson | Improvements in the CHART D Radiation-hydrodynamic Code III: Revised Analytic Equations of State[END_REF]Lauson, 1972, Benz et al., 1989]. To make our models as simple as possible we do not consider here the effects of porosity, thermal softening or low density weakening. However, as a first step towards more realistic models, we investigate the influence of acoustic fluidization and damage. All these effects can be accounted for in iSALE-2D and we will consider each effect in a separate study in near future.

The early temperature profile of a Mars size body is difficult to constrain because it depends on its accretionary history, on the amount of radiogenic heating and on the mechanisms that led to its core formation [e.g., [START_REF] Senshu | Thermal evolution of a growing Mars[END_REF]. The uncertainties on the relative importance of these processes as well as the diversity of the processes involved in the core formation lead to a wide range of plausible early thermal states after the full differentiation of Mars. Since we do not consider here the thermal softening during the impact, we assumed the same radially dependent preimpact Martian temperature field in all our simulations. Fig. 1 shows the pre-impact temperature profile as a function of depth. As the pre-impact pressure is governed by the material repartition and as we consider a differentiated Mars, the pre-impact pressure is more straightforward. Fig. 1 also shows the pre-impact hydrostatic pressure used in our models as a function of depth considering a 1700 km thick silicate mantle surrounding a 1700 km radius iron core. We emphasize that the peak pressure shown in our study does not include this hydrostatic pressure. However, the hydrostatic pressure is taken into consideration in calculating the hydrocode models. The peak pressure presents the shock induced pressure increase and is expected to depend on the physical properties of the target, but not on the size of the target as long as the size is large enough to allow shock wave propagates freely without interference with reflected waves. A scaling law should reflect the properties of the shock wave propagation in a uniform media. Fig. 2 shows the typical time evolution of the compositional and pressure fields after a 100 km diameter impact with V imp =10 km/s. Immediately after the impact, the shockwave propagates downward from the impact site. The shock front reaches the core-mantle boundary in less than 5 minutes while the transient crater is still opening at the surface. It is worth mentioning that the main goal is to derive a scaling law which is useful for numerous impacts during accretion where no information is available about the impact direction, i.e. the impact angle relative to vertical and azimuth relative to north. Moreover, the pressure reduction near the surface due to interference of the direct and reflected waves can easily be accommodated following the procedure by Melosh [1989], which is adapted to spherical surface by [START_REF] Arkani-Hamed | Magnetic crust of Mars[END_REF], when applying the scaling law to a particular accretion scenario.

In Fig. 3, we monitor the peak pressure as a function of the distance from the impact site d normalized by the impactor radius R imp along the symmetry axis for the case illustrated in Fig. 2.

In our iSALE models, the impact-induced pressure fields (as well as temperature and velocity fields) are extracted from a cell-centered Eulerian grid data. To validate our models, we have tested different spatial resolutions expressed here in terms of cells per projectile radius (cppr). In Fig. 3a, we represent the peak pressure decrease as a function of depth for cppr values ranging from 5 to 50, showing convergence for cppr values larger than 25. As illustrated in Fig. 3a, the difference between the results with 25 and 50 cppr is less than 10%. This resolution study is in agreement with [START_REF] Pierazzo | Validation of numerical codes for impact and explosion cratering: impacts on strengthless and metal targets[END_REF] who have shown that the iSALE models converge for resolutions of 20 cppr or higher, although a resolution of 10 cppr still provides reasonable results (a resolution of 20 cppr appears to underestimate peak shock pressures by at most 10%). The resolution is 25 cppr or higher in our models.

In [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF], the impactor radius ranged between 0.2 and 10 km. In Fig. 3b, we compare our results obtained with R imp =10 km, R imp =50 km and the results obtained by [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF]. Fig. 3b shows that even with a radius of 50 km, both our results and the results from [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] are in good agreement, confirming that the impactor size has minor effects on the peak pressure evolution with depth. The small differences between our results with different impactor radii (discussed further in more details) are plausibly the direct consequence of using increasing cppr values with increasing impactor radii. Consequently, we will use the normalized distance in all of our figures, as equations of motion should be invariant under rescaling of distance [Melosh, 1989[START_REF] Pierazzo | A re evaluation of impact melt production[END_REF]. However, to monitor the peak pressure evolution with R imp =10 km and to maintain a reasonable computational time, we have used only 10 cppr. This figure confirms that below 10 cppr, the spatial accuracy is insufficient and our results diverge from the results obtained by [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF].

Shock pressure and particle velocity scaling laws at low impact velocities:

A given hydrocode simulation may take on the order of 48 hours to determine a 2D shock pressure and particle velocity distributions in the mantle of our model planet. The impact velocity is about 4 km/s for a protoplanet with a radius of 2860 km and mean density of 3500 kg/m 3 , assuming that impacts occur at the escape velocity of the protoplanet. Mars is more likely a runaway planetary embryo formed by accreting small planetesimals and medium size neighboring planetary embryos. This indicates that the accreting bodies had velocities higher than 4 km/s when Mars was growing from 2860 km radius to its present radius of about 3400 km. Taking the mean radius of the impacting bodies to be 100 km, which is larger than that of a typical planetesimal, more than 15,000 bodies must have accreted at impact velocities higher than 4 km/s. Calculating the impact induced shock pressure and particle velocity inside the growing Mars would be formidable if hydrocode simulation is adopted for each impact.

Because the impact-induced shock pressure P and particle velocity V p inside a planetary mantle decease monotonically with distance from the impact side, simple exponential functions have been proposed to estimate peak pressure and particle velocity in the mantle of an impacted body.

Solving the shock dynamic equations by a finite difference technique for silicate target and projectile, Ahrens and O'Keefe [1987] showed that pressure distribution in the target displays three regimes: an impedance match regime, Regime I, which extends to 1-3 times the projectile radius into the target where the peak shock pressure is determined by the planar impedance match pressure [START_REF] Mcqueen | The equation of state of solids from shock wave studies[END_REF]; a shock pressure decay regime, Regime II, where the pressure decays exponentially as

P = P o (d/R imp ) n , for d> 1-3 times R imp, and n = -1.25 -0.625 Log(V imp ),
(1) and the elastic regime, Regime III, where the shock pressure is reduced below the strength of target, the Hugoniot elastic limit, and the shock wave is reduced to an elastic wave with pressure decaying as d -3 . In equation (1) d is the distance from the impact site at the surface, R imp is the projectile radius, and V imp is the impact velocity in km/s. The peak pressure measurements in the nuclear explosions [START_REF] Perret | Free-Field ground motion induced by underground explosions[END_REF] led Melosh [1989] to propose a scaling low for the particle velocity distribution assuming conservation of momentum of the material behind the shock front which is taken to be a shell of constant thickness. Using several different target materials, and adopting hydrocode simulations [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] showed that the shock pressure P and particle velocity V p decrease slowly in the near field zone, but rapidly in the deeper region,

P = P ic (d ic /d) n , n = -1.84 + 2.61 Log(V imp ), d > d ic (2a) V p = V pic (d ic /d) m m = -0.31 + 1.15 Log(V imp ), d > d ic (2b)
The authors coined an isobaric zone of shock pressure P ic and particle velocity V pic for the near field of radius d ic , about 1.5 R imp . Equations 2a and 2b were derived by averaging results from many different materials and impactor sizes. The impact velocities adopted were 10 to 80 km/s and the projectile diameter ranged from 0.4 to 20 km.

In a log-log plot the peak shock pressure and the corresponding particle velocity are linear functions of distance from the impact site,

Log P = a + n Log(d/R imp ) (3a) Log V p = c + m Log(d/R imp ) (3a)
where a is the logarithm of pressure and c is the logarithm of particle velocity both at R imp and n and m are decay factors. All parameters are impact velocity dependent:

a = α + β Log (V imp ) (4a) c = γ + Ω Log (V imp ) (4b) 
and

n = λ + δ Log (V imp ) (5a) m = η + ζ Log (V imp ) (5b)
Figure 4 shows the peak shock pressure inside the mantle of the model planet we obtained by hydrocode simulation and using a projectile of 100 km diameter at 10 km/s impact velocity.

There is actually no isobaric region, rather the peak pressure decays slowly in the near field zone but much rapidly in the deeper parts, similar to the results by [START_REF] Ahrens | Impact on the Earth, ocean and atmosphere[END_REF].

Although the regression lines fitted to the near field and far field are good representatives of the shock pressure distribution, they intersect at a much higher pressure than that of the hydrocode model and overestimate the pressure by as much as 30% in a large region located between the near field and the far field. Therefore, to better approximate the pressure distribution we fit the pressure curve by three lines, representing the near field, mid field and far field regions, which render a much better fit as seen in Figure 4.

Figure 5a shows the peak shock pressure versus distance from the impact site for impact velocities of 4 to 10 km/s and an impactor of 100 km in diameter. Because of different phenomenon such as excavation, melting, vaporization and intermixing between the target and projectile material, the shock front in near field is more difficult to characterize by our numerical models even for high cppr. Also, as the shock wave is not yet detached from the impactor, it cannot be treated as a single shock wave. Hence, the near field -mid field boundary and the scaling laws for the near field are less accurate than for the two other fields especially for large impact velocities (V imp > 7 km/s). In Figure 5, the larger dots show the intersections of the linear regression lines. For example a dot that separates near field from mid field is the intersection of the regression lines fitted to the near field and midfield. The regression lines are determined from fitting to the hydrocode data. Visually, we first divide the hydrocode data of a given model into three separate sections with almost linear trends, and then fit the regression lines to those three trends. Figure 5a shows the hydrocode data, small dots, and the regression lines, demonstrating the tight fitting of the lines to the data. The large dots in the figure show the intersection of the regression lines of the adjacent regions. For example the dot that shows the near-field mid-field boundary is the intersection of the regression lines fitted to the near field and mid field hydrocode data. Note that a big dot does not necessarily coincide with the exact hydrocode result, a small dot. As the near field -mid field boundary is relatively less resolved, Figure 5a shows a scatter of the dots separating those two fields and a slight slope change from V imp > 7 km/s. In the average the near field -mid field boundary is at ~2.3 R imp (~115 km) from the impact site. Figure 5a shows that the depth to the mid field -far field boundary is almost independent of the pressure. It is at about 4.5 R imp (~225 km) from the impact site.

We propose three scaling laws for shock pressure, and three for particle velocity:

Log P i = a i + n i Log(d i / R imp ), i=1
, 2, and 3. (6a)

Log V pi = c i + m i Log(d i / R imp ), i=1, 2, and 3. ( 6b 
)
For the near field d i < 2.3 R imp , mid field 2.3 R imp <d i <4.5 R imp , and far field d i >4.5 R imp . Table 2 lists the values of the parameters in the above equations as well as the misfits obtained from our regressions (smaller than 0.001 in all the regressions calculated here). Figure 5a shows the three regression lines fitted to the near field, mid field, and far field of each model for shock pressure, and Figure 5b displays those for particle velocity. The misfits from Table 2 are based on the fixed end points, shown as dots in Fig. 5.

The close agreement between [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] model for impact velocity of 10 km/s derived by averaging results of impactors with diameters 0.4 to 20 km, and our result for the same impact velocity but an impactor of 100 km in diameter indicates that the shock pressure distribution is less sensitive to impactor size in a log-log plot of pressure versus distance normalized to the impactor radius. To further investigate this point, we calculate models with impactor sizes of 100 to 400 km in diameter. Figure 6a shows the hydrocode results for impact velocity of 10 km/s using different impactor size. The result obtained for R imp =10 km is not included in the figure because of its low cppr value (see Fig. 3b). The curves have almost the same slope in the far field, and small deviations in the mid field and near field. [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] used several different rock types for the solid mantle and concluded that their scaling laws are less sensitive to the rock types. Bearing in mind that dunite and peridotite are probably the most representative rocks for solid mantle, we run a hydrocode model using an impactor of 100 km in diameter, impact velocity of 10 km/s, and peridotite as a representative mantle and impactor rock. Figure 6b compares the results for the dunite and peridotite models.

They are indeed very similar, especially in the far field region, where the exponential factor n in Equation ( 3a) is -1.449 for dunite and -1.440 for peridotite. The major differences between the two models arise from the near field zone, hence propagates down to the deeper regions.

Among the other parameters and phenomenon that may influence the shockwave propagation (porosity, thermal softening…), accounting for the acoustic fluidization is required to accurately simulate the formation of a complex crater [e.g., [START_REF] Melosh | Acoustic fluidization: A new geologic process?[END_REF][START_REF] Bray | The effect of target properties on crater morphology: comparison of central peak craters on the Moon and Ganymede[END_REF][START_REF] Potter | Estimating transient crater size using the crustal annular bulge: Insights from numerical modeling of lunar basin-scale impacts[END_REF]. Indeed, acoustic fluidization is invoked to explain the collapse of complex craters by modifying the frictional strength of the damaged target. Figure 6c compares the results obtained for R imp =50 km and V imp =10 km/s considering acoustic fluidization and an Ivanov damage model which prescribes damage as a function of plastic strain. This figure shows that for the near and mid fields, the results are similar. [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] did not include acoustic fluidization or damage in their models. Hence, our results without acoustic fluidization or damage model and the results from Pierazzo are in good agreement (Fig. 6c). As soon as the far field is reached, acoustic fluidization and damage tend to reduce the intensity of the shock pressure. This indicates that building more sophisticated models will be necessary in the near future. As the impact heating is mainly localized in the near-and mid-fields, including a damage model or acoustic fluidization should only weakly affect the thermal evolution of a growing protoplanet.

However, it is worth mentioning that we are not concerned with the shape of the crater produced by a large impact, rather the main goal of our study is to extend the scaling laws of [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] to lower impact velocities which are more compatible with accretionary conditions.

Figure 7 shows the impact velocity dependence of a, n, c, and m. Also included in Figure 7b is the model by [START_REF] Ahrens | Impact on the Earth, ocean and atmosphere[END_REF] which was derived using impact velocities of 5 km/s and higher. [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF] used impact velocities higher than those considered in the present study, except for their 10 km/s model. Hence, their results are shown in Figure 7b by only one point, asterisk, at the impact velocity of 10 km/s.

The shock pressure along a non-vertical profile is not supposed to be the same as the one along a vertical profile, largely because of the pre-impact lithostatic pressure. As emphasized by [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF][START_REF] Pierazzo | Validation of numerical codes for impact and explosion cratering: impacts on strengthless and metal targets[END_REF] the shock front in deeper regions appears relatively symmetric around the impact point. Of course, it is not realistic in the case of an oblique impact (not studied here) and for the shallowest angles where the surface significantly affects the shock pressure decay. We have monitored the effect of the shockwave propagation angle θ with values varying between 90° (vertical profile) to 27° (Fig. 8). Similarly to [START_REF] Pierazzo | A re evaluation of impact melt production[END_REF], we did not find a significant angle dependence on our results especially when θ is ranging between 90° and 45°. For smaller values of θ, the surface effects appear to modify the shockwave propagation by reducing its intensity (Fig. 8 a). Except in the mid field, where the n value decreases from -0.6 to -1.31, and in the far field, where the a value decreases from 2.54 to 1.93, the coefficients a and n from our scaling laws do not change significantly with the angle (Fig. 8 b). This is particularly true in the near field where most of the impact heating occurs.

Scaling laws have been used by many investigators [e.g., [START_REF] Senshu | Thermal evolution of a growing Mars[END_REF]Tonks andMelosh, 1992, 1993;[START_REF] Watters | Thermal perturbations caused by large impacts and consequences for mantle convection[END_REF][START_REF] Roberts | Giant impacts on early Mars and the cessation of the Martian dynamo[END_REF][START_REF] Arkani-Hamed | Magnetic crust of Mars[END_REF]Olson, 2010a, 2010b;[START_REF] Arkani-Hamed | Could giant impacts cripple core dynamos of small terrestrial planets?[END_REF], mainly because they require a much smaller computer and much less computer time and the difference between a hydrocode model and a corresponding scaling model is minute. For example, Figure 9 shows the 2D distribution of the peak shock pressure determined for an impactor of 100 km in diameter and an impact velocity of 10 km/s calculated using our scaling laws in near field, mid field, and far field, and the parameter values from Table 2. The grid spacing is 2 km in radial direction and 0.03 degrees in the colatitude direction. The entire computer time in a PC, CPU: 2.4 GHz, was only 16 seconds, which also calculated the 2D distribution of shock-induced temperature increase using Watters et al.'s [2009] foundering shock heating model. The computer time is substantially shorter than 48 hours taken by our corresponding hydrocode model using a CPU: 2.9 GHz laptop. This shows that it is feasible to determine impact heating during the accretion of a terrestrial planet using scaling laws, whereas it is almost impossible to adopt hydrocode simulations for that purpose.

During the decompression of shocked material much of the internal energy of the shock state is converted into heat [O' Keefe and Ahrens, 1977]. Using thermodynamic relations, the waste heat used to heat up the impacted material can be estimated [START_REF] Gault | The partition of energy for hypervelocity impact craters formed in rock[END_REF][START_REF] Watters | Thermal perturbations caused by large impacts and consequences for mantle convection[END_REF] and the corresponding temperature increase ΔT can be obtained. Hence, on the basis of our scaling laws it is possible to estimate the temperature increase as a function of depth below the impact site for impact velocities compatible with the accretionary conditions of terrestrial protoplanets. These scaling laws can easily be implemented in a multi-impact approach [e.g. Senshu et al, 2003[START_REF] Monteux | Can large icy Moons accrete undifferentiated?[END_REF] to monitor the temperature evolution inside a growing protoplanet whereas it is not yet possible to adopt hydrocode simulations for that purpose. For example, included in Figure 9 is the impact induced temperature increase corresponding to the shock pressure shown in the figure. The temperature increase is determined on the basis of foundering model of [START_REF] Watters | Thermal perturbations caused by large impacts and consequences for mantle convection[END_REF] using constant values for the acoustic velocity C (6600 m/s) and the parameter S (0.86) in their expressions:

∆𝑇(𝑃) = ! !! ! ! 1 -𝑓 !! -(𝐶/𝑆) 2 𝑓 -ln 𝑓 -1 (7) 𝑓 𝑃 = - ! ! 1 - !! ! + 1 !! (8) 𝛽 = 𝐶 2 ! ! !! (9) 
with P the shock-increased pressure and ρ 0 the density prior to shock compression (see Tab. 1 for values).

Due to small size the impactor is not capable of increasing the lower mantle temperature of the model planet significantly, and only minor impact heating of the core has occurred. The thermal evolution model has to be combined to a topographical evolution model to account for the growth of the protoplanet as in [START_REF] Monteux | Can large icy Moons accrete undifferentiated?[END_REF]. In these models, the impact angle (considered here as vertical) probably plays a key role because it influences both the morphology of the impact heating and the shape of the post-impact topography. A more elaborated scaling laws built upon 3D hydrocode models will be developed for that purpose in the near future.

It is worth emphasizing that our scaling laws, like those of others [START_REF] Ahrens | Impact on the Earth, ocean and atmosphere[END_REF][START_REF] Pierazzo | A re evaluation of impact melt production[END_REF][START_REF] Mitani | Numerical simulations of shock attenuation in solids and reevaluation of scaling law[END_REF], are derived from a few hydrocode models. Figure 10 shows the profiles of the pressure along the axis of symmetry for comparison. The differences between the hydrocode model and the scaling law are small for the most part, but the exact scaling law differs by ~10 GPa for d/R imp = 2-3. This difference arises from the difficulty of correctly describe the near field as previously mentioned. Note that the interpolated model is in much better agreement with the hydrocode model.

A linear relationship has been proposed between the shock wave velocity V s and particle velocity V p on the basis of laboratory measurements [START_REF] Mcqueen | Hugoniot equation of state of twelve rocks[END_REF][START_REF] Trunin | Experimental Data on Shock Compression and Adiabatic Expansion of Condensed Matter[END_REF]]

V s = C + S V p ( 10 
)
where C is the acoustic velocity and S is a constant parameter. We estimate the acoustic velocity in the mantle of the model planet on the basis of our hydrocode models (Figure 5a, 5b) using Equation ( 10) and the Hugoniot equation

P = ρ V p V s (11) 
where ρ (=3320 kg/m 3 ) is the pre-shock density. Figure 11 shows the variations of C with depth for models with impact velocities of 4 to 10 km/s and an impactor of 100 km diameter, using S=1.2 which is within the values proposed by the authors for dunite [e.g., [START_REF] Trunin | Experimental Data on Shock Compression and Adiabatic Expansion of Condensed Matter[END_REF].

Adopting S=0.86 [START_REF] Mcqueen | Hugoniot equation of state of twelve rocks[END_REF] does not change the results significantly, especially in the far field, where the acoustic velocity is less sensitive to particle velocity and linearly increases with depth. However C shows particle velocity dependence in the mid field and near field.

Conclusions:

We have modeled the shock pressure and particle velocity distributions in the mantle of a Mars size planet using hydrocode simulations (iSALE-2D) for impact velocities of 4 to 10 km/s and projectile diameters ranging from 100 to 400 km. We have extended Pierazzo et al.'s [1997] scaling laws to low impact velocities and also considered large impactor radii occurring during the formation of terrestrial planets. We propose three distinct regions in the mantle: a near field region, which extends to 1-3 times the projectile radius into the target, where the peak shock pressure and particle velocity decay very slowly with increasing distance, a mid field region, which extends to ~ 4.5 times the impactor radius, where the pressure and particle velocity decay exponentially but moderately, and a more distant far field region where the pressure and particle velocity decay strongly with distance. The mid field -far field boundary is well constrained, whereas that of the near field -mid field is a relatively broad transition zone for the impact velocities examined. 

Log(P) = a + n Log(d/R imp )
and the particle velocity as:

Log(V p ) = c + m Log(d/R imp )
where the pressure P is in GPa, the particle velocity V p is in km/s, d is the distance from the impact site at the surface, and R imp is the impactor radius. a and c are the logarithm of pressure and particle velocity at the distance R imp from the impact site, and n and m are the decay exponents of pressure and particle velocity with distance from the impact site. a, c, n and m are impact velocity dependent: show the intersections of the linear regression lines. For example a dot that separates near field from mid field is the intersection of the regression lines fitted to the near field and mid field data.

a = α + β Log(V imp ) n = λ + δ Log(V imp ) c = γ + Ω Log(V imp ) m = η + ζ Log(V imp ) A misfit
5b. shows the corresponding particle velocity. 2. The grid spacing is 2 km in radial direction and 0.03 degrees in the colatitude direction. Only direct shock wave is considered. The black region in the mantle does not receive direct waves. The thin line extending from the impact site at the surface is the tangent line to the core. It shows that the part of the core receiving direct shock wave is not more than 25%. The color is saturated at higher values to better illustrate the regions with lower values. The right panel shows a close-up view of the corresponding temperature increase obtained from iSALE more than 30 minutes after the impact and illustrates the modifications that occur during the late stages of the impact process (excavation, central peak formation, slumping…). However, the intensity of impact heating is in agreement with our scaling laws. 
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 11 Figure 1 Figure 1: Pre-impact temperature (left) and lithostatic pressure (right) as a function of depth.The dashed lines illustrate the core-mantle boundary.
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 23 Figure 2: A close up view of the material repartition (left column) and total pressure (right column) as functions of time (from top to bottom) in the model planet (for V imp =10 km/s and D imp =100 km). In this model, the grid resolution is 2 km in all directions. The silicate mantle and the impactor are made of dunite.

Figure 4 .

 4 Figure 4. Shock pressure versus normalized distance from the impact site at the surface produced by a 100 km diameter impactor with an impact velocity of 10 km/s. The dashed curve represents the hydrocode model, while the straight lines are fitted to three different parts of the hydrocode model.
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Figure 9 :

 9 Figure 9: 2D distribution of the peak shock pressure (left panel), and corresponding shockinduced temperature increase (central panel) determined from our scaling laws for an impactor of 100 km in diameter and an impact velocity of 10 km/s calculated using the scaling laws in near field, mid field, and far field and the impact-induced temperature increase model from[START_REF] Watters | Thermal perturbations caused by large impacts and consequences for mantle convection[END_REF] (See Eq. 7-9). The parameter values are based on regression lines from Figure7and Table2. The grid spacing is 2 km in radial direction and 0.03 degrees in the

Figure 10 .

 10 Figure 10. Shock pressure versus distance from the impact site normalized to the impactor radius. The hydrocode model is the output of the hydrocode simulation. In the exact model we have used a and n, while α, β, λ and δ are used in the interpolated model, see Table 2.

Figure 11 .

 11 Figure 11. The acoustic velocity determined using Equation 10 for an impactor of 100 km diameter, and impact velocities ranging from 4 to 10 km/s. The S parameter in the equation is set to 1.2. The red dashed line is a line fit to C in the deeper region.

Table List :

 List Table 1. Typical parameter values for numerical hydrocode models

	Target radius	R	3400 km
	Target core radius	R core	1700 km
	Silicate mantle thickness	δ m	1700 km
	Impactor radius	R imp	50-200 km
	Impact velocity	V imp	4-10 km/s
	Mantle properties (Silicates)		
	Initial density	ρ m	3314 kg/m 3
	Equation of state type		ANEOS
	Poisson		0.25
	Strength Model		Rock
	(iSALE parameters)		(Y i0 =10 MPa, µ i =1.2,Y im =3.5 GPa)
	Acoustic Fluidization Model		Block
	(iSALE parameters)		(t off =16 s, c vib =0.1 m/s, vib max =200 m/s)
	Damage Model		Ivanov
	(iSALE parameters)		(ε fb =10 -4 , B=10 -11 , p c =3x10 8 Pa)
	Thermal softening and		None
	porosity models		
	Core properties (Iron)		
	Initial density	ρ c	7840 kg/m 3
	Equation of state type		ANEOS
	Poisson		0.3
	Strength Model		Von Mises
	(iSALE parameters)		(Y 0 =100 MPa)
	Acoustic Fluidization Model		Block
	(iSALE parameters)		(t off =16 s, c vib =0.1 m/s, vib max =200 m/s)
	Damage, thermal softening		None
	and porosity models		

Table 2 .

 2 Parameters of the peak shock pressure distribution and the corresponding particle velocity in the mantle of the Mars size model planet. The pressure is expressed as:
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