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A re-assessment of the Kuiper belt size distribution for sub-kilometer objects, revealing collisional equilibrium at small sizes

In this work we combine several constraints provided by the crater records on Arrokoth and the worlds of the Pluto system to compute the size-frequency distribution (SFD) of the crater production function for craters with diameter 10 D km. For this purpose, we use a Kuiper belt objects (KBO) population model calibrated on telescopic surveys, that describes also the evolution of the KBO population during the early Solar System. We further calibrate this model using the crater record on Pluto, Charon and Nix. Using this model, we compute the impact probability on Arrokoth, integrated over the age of the Solar System. This probability is then used together with other observational constraints to determine the slope of the crater-production function on Arrokoth. These constraints are: (i) the spatial density of sub-km craters, (ii) the absence of craters with 1 < < 7 D km; (iii) the existence of a single crater with >7 D km. In addition, we use our Kuiper belt model also to compare the impact rates and velocities of KBOs on Arrokoth with those on Charon, integrated over the crater retention ages of their respective surfaces. This allows us to establish a relationship between the spatial density of sub-km craters on Arrokoth and of 20 D km craters on Charon. Together, all these considerations suggest the crater production function on these worlds has a cumulative power law slope of 1.5 < < 1.2 q  . Converted into a projectile SFD slope, we find KBO 1.2 < < 1.0 q  . These values are close to the cumulative slope of main belt asteroids in the 0.2-2 km range, a population in collisional equilibrium (Bottke et al. 2020).

For KBOs, however, this slope appears to extend from 2 km down to objects a few tens of meters in diameter, as inferred from sub-km craters on Arrokoth. From the measurement of the dust density in the Kuiper belt made by the New Horizons mission, we predict that the SFD of the

Introduction

The cumulative size-frequency distribution (SFD) of Kuiper belt objects (KBO), usually expressed as a power-law of type KBO (> )

q N d d 
, can only be determined from ground-based observations for large sizes. After some debate among competing groups, a consensus has been reached (Bernstein et al., 2004;Fuentes et al., 2009;Fraser et al., 2014;Adams et al., 2014;Emery et al., 2015) that:

• The SFD is steep for objects with diameter > 100 d km, where it has different slopes of KBO 4.5 q  and 7.5  for the hot and cold sub-populations respectively (Fraser et al., 2014).

• For 100 d km, there is a roll-over in the SFD that becomes approximately the same for both the cold and hot sub-populations and is similar to that observed in the main asteroid belt and Jupiter's Trojans ( KBO 2 q  ).

The directly observed SFD, however, only extends down to a few tens of km. Stellar occultations provide some insights into the nature of the KBO SFD at smaller sizes [START_REF] Schlichting | Measuring the Abundance of Sub-kilometer-sized Kuiper Belt Objects Using Stellar Occultations[END_REF]Arimatsu et al., 2019), but limited statistics, observational biases, and uncertainties with this technique make it difficult to draw robust conclusions.

This situation changed radically with the New Horizons mission to the Pluto-Charon system and to the cold classical KBO called Arrokoth. Superb images of their surfaces have allowed researchers to perform crater counts on KBOs for the first time. Crater-counting is a well-established technique in planetary and asteroid belt studies that can unveil the size distribution of the projectile population (see e.g. [START_REF] Ivanov | The Comparison of Size-Frequency Distributions of Impact Craters and Asteroids and the Planetary Cratering Rate[END_REF] for a review).

Crater counts on the surfaces of Pluto and Charon revealed that the KBO SFD shares reasonable similarities to that of the asteroid belt down to crater diameter 10 D -20 km (Robbins et al., 2017, hereafter denoted R17), which corresponds to a KBO projectile size of roughly 2 d km. For sizes smaller than this value of D , the crater SFD appears to be very shallow [START_REF] Singer | Impact craters on Pluto and Charon indicate a deficit of small Kuiper belt objects[END_REF]S19 hereafter), with an estimated cumulative slope of = 0.7 0.3 q .

If confirmed, this result would imply that the KBO SFD is significantly shallower than that of the asteroid belt in the same size-range ( MB = 1.29 0.02 q  ; Yoshida and Nakamura, 2007).

A possible implication of this result is that the KBO population did not reach collisional equilibrium. If true, the observed KBO SFD would presumably still be (close to) the one set by the KBO formation process and therefore could be used to test planetesimal accretion models [START_REF] Johansen | Growth of asteroids, planetary embryos, and Kuiper belt objects by chondrule accretion[END_REF]. Moreover, it would imply that the multi-km comets we observe today, such as 67P/Churyumov-Gerasimenko, are remnants of the original planetesimal population rather than fragments of larger objects (Davidsson et al., 2016).

With that said, it is possible that the cumulative slope of = 0.7 0.3 q  is more ambiguous than suggested by the error bars. First, [START_REF] Spencer | The geology and geophysics of Kuiper Belt object (486958)[END_REF]Sp20 hereafter) revised the slope determination as 0.4 0.6 = 0.8 q   

. Although the nominal slope is almost the same as in S19, the statistical uncertainty is much larger than originally estimated and does not exclude a slope as steep as = 1.4 q  . Second, the slope of the crater SFD at the smallest observable sizes may also be subject to systematic uncertainties. For instance, R17 (see their Fig. 11) report = 1.47 0.15 q  for the same terrain and crater size-range considered in S19, when using craters identified in what they call the -consensus database‖. The reason for the difference between the slopes in S19 and R17 has yet to be fully investigated. One factor may be that R17 counted certain craters twice in poorly-imaged regions where there was image overlap (reviewer, personal communication). A second factor may that S19 took a more conservative approach in accepting candidate craters near the resolution limit than R17, perhaps resulting in a shallower slope (S. Robbins, personal communication). We note that modest variability in crater counts between experts is a documented phenomenon [START_REF] Robbins | The variability of crater identification among expert and community crater analysts[END_REF].

It is also possible that the observed crater SFD may not share the exact same shape as the projectile SFD. Not only do crater scaling laws vary widely depending on the nature of the target surface (e.g., [START_REF] Holsapple | A crater and its ejecta: An interpretation of Deep Impact[END_REF], but some small bodies appear to have experienced crater erasure processes (e.g., Steins, Toutatis, Itokowa, Ryugu, Bennu; see [START_REF] Richardson | The global effects of impact-induced seismic activity on fractured asteroid surface morphology[END_REF]Michel et al., 2009;[START_REF] Marchi | Itokawa's cratering record as observed by Hayabusa: Implications for its age and collisional history[END_REF]Bottke et al. 2020). However, S19 claimed that this process would not affect their determination of the crater SFD slope.

Fortunately, the flyby of Arrokoth by the New Horizons spacecraft has allowed researchers to obtain an independent crater count on a different KBO at crater sizes that are smaller than those Journal Pre-proof observed on Pluto and Charon. Sp20 reported that the crater SFD on Arrokoth for 0.2 < < 1 D km shows a cumulative slope of = 1.3 0.6 q  . This slope is steeper than that reported for Pluto and Charon in the 1-10 km D range (nominal = 0.7 q  in S19 and 0.8  in Sp20), but it is nevertheless consistent within the large statistical uncertainties. Still, Sp20 noted that the crater density on Arrokoth is higher than would be obtained from an extrapolation of the Charon slope and density to sub-km craters (see Fig. 6B in that paper). It is possible the higher than expected crater spatial densities come from a crater-production SFD that is steeper than that estimated from Charon's record in the range 1 < < 10 D km, but it may also have a number of other causes (e.g., different impact rates per unit surface on Arrokoth and Pluto/Charon; different relationships between projectile and crater sizes that are due to the vastly different gravities of the targets;

potentially different surface ages).

The Arrokoth crater dataset in Sp20 also presents another intriguing property. There are several craters observed that are slightly smaller than 1 km, none are found between 1 < < 7 D km, and then there is one large singular >7 D km crater seen that has been named Maryland. The absence of craters between the km-sized ones and Maryland is not due to limitations in the images and could suggest a relatively steep crater SFD. We will return to this issue below.

In this paper we re-assess the underlying crater production SFD for 10 D km in light of these new observations. We start in Section 2 by estimating the accumulation of impacts of projectiles with diameter >2 d km on the Pluto system and on Arrokoth, not only within the current Kuiper belt but also during the early evolution of the Solar System, when the current Kuiper belt took shape. In Section 3 we perform Monte Carlo simulations with various crater SFD slopes to assess which ones are most likely to reconcile the observed spatial density of sub-km craters on Arrokoth, the existence of the Maryland crater, the absence of intermediate-size craters and the probability of >2 d km impacts. In Section 4 we convert the spatial density of sub-km craters on Arrokoth into a spatial density of equivalent craters on Charon by accounting for the ratio of impact rates on the two bodies and the different projectile-to-crater size relationships (and related uncertainties). We use this result, together with the observed spatial density of craters with 20 D km, to determine a crater production SFD slope on Charon that can be compared with those derived in Sect. 3. Finally, in Section 5, we derive the projectile SFD from the crater SFD and discuss whether the KBO population has reached collisional equilibrium.

Impact rates on Pluto/Charon and Arrokoth

Current impact rates

To evaluate the current impact rate of KBOs on the Pluto system and Arrokoth one needs to have an orbital/SFD Kuiper belt model. We use the model developed over a series of papers (Nesvorny, 2015a,b;Nesvorny and Vorkouhlicky, 2016;Nesvorny et al., 2017Nesvorny et al., , 2019b)). It is obtained as the final state of simulations that describe how the primordial Kuiper belt was dynamically sculpted during the post-nebula migration of the giant planets. The results were calibrated on observations from the OSSOS survey [START_REF] Lawler | OSSOS: X. How to use a Survey Simulator: Statistical Testing of Dynamical Models Against the Real Kuiper Belt[END_REF], i.e. by selecting the simulations that best reproduce in the end the currently observed belt, once observational biases are taken into account, and by tuning the number of > 100 d km objects. For the objects between 2 < < 100 d km we assume a cumulative power law distribution with a slope of 2.1  , the same as that of the Jupiter Trojans (Grav et al., 2011;Emery et al., 2015), which are believed to be captured Kuiper belt objects (Nesvorny et al., 2013). In the discussion below, -cold‖ and -hot‖ are a measure of dynamical excitation, not temperature.

Compared to the model used in [START_REF] Greenstreet | Impact and cratering rates onto Pluto[END_REF][START_REF] Greenstreet | Crater Density Predictions for New Horizons Flyby Target 2014 MU69[END_REF]G15 and G19 hereafter) 1, to be compared with Table I of G15 andG19).

Given that the two models are based on observations and related biases (although different datasets), the origin of these differences is not fully clear to us. We suspect that this is due to our model having prior orbital distributions for each sub-population obtained from simulations of their primordial sculpting during the post-nebula migration of the giant planets. In contrast, the G15-G19 model was built from the direct debiasing of CFEPS observations [START_REF] Petit | The Canada-France Ecliptic Plane Survey-Full Data Release: The Orbital Structure of the Kuiper Belt[END_REF].

Given the limited number of observed objects in this survey (5x less than OSSOS), it is plausible the direct debiasing method is less reliable than a dynamics-based approach calibrated on observations, as has been shown for Near Earth Object population models (see discussion in [START_REF] Ivanov | The Comparison of Size-Frequency Distributions of Impact Craters and Asteroids and the Planetary Cratering Rate[END_REF]. For Arrokoth, our model suggests that 0.018 bodies with >2 d km hit per Gy, while the value estimated in G19 is 0.017. Note that in these calculations, Arrokoth is assumed to be a 20 km diameter sphere, so the impact rate per square kilometer is

5 1.4 10   km 2  Gy 1  .
Given the agreement between our model and G15-G19, we call these the nominal estimates of the current impact rates. The real current impact rates are likely close to these values; from the comparison with the results in BD15, we expect they are within a factor of 2 . This spread corresponds to an error of only 0.2 in the slope of the SFD used to compute the number of >2 d km objects from the number of > 100 d km objects; alternatively, the factor of 2 uncertainty could be due to a smaller error on the slope, but associated with a complementary error in the estimate of the number of > 100 d km objects. This uncertainty in the estimate of the impact rates will be considered below.

The different balance between hot and cold sub-populations in our model and in the G15-G19 model implies some difference in the estimated mean impact velocities: they are 2.65 and 1.5 km s (Fig. 9 in R17). This excess factor of 2 (i.e. 1-4, assuming the aforementioned uncertainty on the current impact rate relative to the nominal estimate) is also found in S19 on Charon.

The oldest surfaces in the Pluto-Charon system, however, may not be on either Pluto or Charon but rather on Nix, a 50 km diameter satellite of the Pluto-Charon system. The spatial density of craters on Nix, once corrected for their larger size due to Nix's weaker gravity (approximately 2.1-2.6 times bigger; [START_REF] Weaver | The small satellites of Pluto as observed by New Horizons[END_REF], can be compared to the spatial density of craters on Pluto. The result suggests that Nix has a spatial density of craters that is 3 times higher than the most cratered units of Pluto, with an uncertainty up to 5 times (R17). Because Nix is unlikely to have been resurfaced by geological processes, the crater density on Nix may be the most representative case of the time-integrated real bombardment of the Pluto system. These high crater densities, suggest that the bombardment rate on the Pluto system has not been constant over the age of the Solar System. As a confirmation of this, consider the Sputnik basin on Pluto, presumably produced by a 200 d km impactor [START_REF] Johnson | Formation of the Sputnik Planum basin and the thickness of Pluto's subsurface ocean[END_REF]. At the current rate, the probability of such an impact over the age of the Solar System would be only 2.5 %. We derived this probability using values from Table 1, where we assumed a ratio of 3,700 between the number of >2 
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Kuiper belt. Of course, the formation of Sputnik is a singular event and therefore it has limited statistical significance; nevertheless it suggests that the bombardment rate integrated over the age of the Solar System was an order of magnitude higher than that estimated from the current rate, which is consistent with Nix's crater record.

Early bombardment

The previous considerations suggest that the impact flux on the Pluto-Charon system was higher in the past. By analogy with the Moon, Mercury, Mars and the asteroids, we expect that KBOs were more heavily bombarded in the early Solar System. Our Kuiper belt model, by construction, provides not just the current structure of the belt but also how it evolved, and hence provides a description of this early bombardment (Fig. 1). This is a significant advantage with respect to the models in G15, G19 and BD15, which can only describe the current Kuiper belt. The early bombardment occurred while the Pluto system was still embedded in a primordial, massive (Nesvorny et al., 2018). Thus we assume that the instability happened 4.5 Gy ago, i.e. 56 My after the formation of the first solar system solid minerals (the calcium alluminium-rich inclusions or CAIs). Then, this would be the date separating phase (i) from phase (ii). The transition from phase (ii) to phase (iii) is a gradual one, but we show below that the bombardment rate was basically equal to the current one since 4.0 Gy ago, which can therefore be assumed as the boundary between these phases.

The giant impact that formed the Pluto system requires a very low impact velocity (less Journal Pre-proof than 0.7 km/s; Canup, 2005). Thus, it had to happen early in phase (i) before the self-stirring of the trans-Neptunian disk substantially increased impact speeds. It is even possible the collision took place prior to the evaporation of the Solar nebula. With that said, it is unknown when the surfaces of Pluto and Charon started to record impact craters. It is possible that the early surfaces had such a low viscosity that they were unable to sustain the topography of craters (see e.g. Bland et al., 2017). We also cannot rule out the possibility of global resurfacing events on both worlds. On the other hand, Nix, being a small and more distant Moon of Pluto, likely did not experience substantial heating due to accretion, radioactive decay or tides and, consequently -like most small bodies-experienced little geological evolution. Thus, we assume that Nix should record basically the full bombardment throughout the solar system history. Accordingly, we will follow our model backwards in time, stopping when our crater production model reproduces Nix's crater spatial densities. Using our model, we find the integrated number of impacts on the Pluto-Charon system since 4.5 Gy ago (i.e. during phases (ii) and (iii)) is about 4 times that estimated from the current impact rates on the Kuiper belt over 4.5 Gy (i.e. the sole phase (iii)) (Fig. 1a). As we said above, the real current impact rate depends on the exact nature of the current Kuiper belt, and so it could differ from the estimated impact rate given in Table 1, possibly up to a factor of 2 (see Sect.

2.1). Nevertheless, because the primordial trans-Neptunian planetesimal disk scales with the current Kuiper belt, changing the estimate of the current impact rate is equivalent to changing the estimate of the >2 d km population in both the current Kuiper belt and the primordial disk, so the bombardment ratio between phases (ii) and (iii) would not be affected. Our result is also insensitive to the original location of Pluto in the disk prior to it being emplaced onto its current orbit. We verified this by computing the impacts occurring on different targets, starting at different locations of the disk and having different evolutions, but all reaching Pluto-like orbits at the end of the simulation.

The pre-instability phase (corresponding to the vertical red segment on the right-hand axis of Fig. 1a), instead, depends heavily on the dynamical excitation of the disk and the duration of the pre-instability phase (here assumed to be 56 My but significantly uncertain). In all cases, bombardment from this early phase is unlikely to be negligible. Depending on various assumptions, this phase could be a few times to as much as 30 times that computed from the current Kuiper belt over 4.5 Gy, with typical values being a factor of 10.

This relationship allows us to interpret the crater records on Pluto/Charon and Nix. We will normalize everything to the number of impacts on these two bodies expected from the current impact rate over the last 4.5 Gy, called 'Integrated Current impact Rate' (ICR). From our numerical simulations (Fig. 1), the number of impacts over the last 4 Gy is basically 1 ICR (i.e. the top of the green rectangle is at the same level reached by the black curve at 4.5 Gy). However, a surface of the Pluto system that cumulated all the impacts received in the aftermath of the giant planet instability should have recorded 4 ICR, while a surface exceeding this value would have recorded also at least part of the pre-instability bombardment. The crater record of Pluto and Charon suggest that these bodies record 2 ICRs, which means both of their surfaces started to

Journal Pre-proof retain craters in the post-instability phase. Nix has 3-5 times more craters than Pluto, which would mean its crater record corresponds to 6-10 ICRs (see Fig. 2, left axis of the right-hand diagram, for illustration). Remember that Nix's surface should be as old as Nix itself, so that it should record the bombardment since the formation of Pluto's system, expected to have occurred very early in Solar System chronology. Then Nix's crater record being equivalent to 6-10 ICRs would imply that the pre-instability bombardment was only 2 to 6 ICRs. These values are at the low end of our range of estimates for that phase (typically 10 ICRs, possibly up to 30 ICRs, as said above). Thus, depending on the value of ICR, the number of impacts on Arrokoth per unit surface could be between 2 and 1 times that recorded by Charon.

However, as we said before, we only have an approximate estimate of the current impact rate, and therefore of the value of ICR. If our nominal estimate of ICR exceeds the real value by a factor of 2, Pluto and Nix would record 4 ICRs and 12 -20 ICRs, respectively (see Fig. 2, right side). In this case, the pre-instability bombardment would have delivered 8-16 ICRs, more in line with our theoretical expectations. Instead, if our nominal estimate of ICR underestimated the real value by a factor of 2, craters on Nix would only need 3-5 ICRs, leaving little to no room for any pre-instability bombardment, which is implausible. Thus, we conclude that the reality is likely bracketed within the first two possibilities (i.e., the real value of ICR is between 0.5 to 1 times our nominal estimate, which is the range reported on the horizontal axis of the right-hand diagram of Fig. 2). We retain this spread as a measure of statistical uncertainty in the analysis that will follow.

Arrokoth is a small body. Thus, like Nix, its surface should record craters since the very beginning of solar system history, when Arrokoth formed. However, in contrast with the Pluto system, the early, pre-instability bombardment of Arrokoth was not prominent. This is because

Arrokoth resides (and presumably always resided) in the cold sub-population, which was never substantially populated. For this reason, its impact rate became intense only in the aftermath of the giant planet instability when the heavily populated inner disk was dispersed (see the evolution diagrams on the left-hand side of Fig. 2). Thus, the model uncertainty in the pre-instability phase discussed before does not substantially affect Arrokoth's cratering history.

We find that the time-integrated bombardment on Arrokoth should have produced 4 2 10   impacts per km 2 with a >2 d km projectile for our nominal estimate of the current impact rate, corresponding 4 ICR. If the actual impact rate is half of our nominal estimate, the number of impacts per km 2 has to be divided by two but, because the value of ICR scales by the same factor, the integrated impact rate on Arrokoth would still be equal to 4 ICR. Because Pluto and Charon record 2 to 4 ICR, we conclude that the time-integrated bombardment recorded on Arrokoth per unit surface is 1.0-2.0 that recorded on Charon, for a given (arbitrary) projectile size.

This ratio by construction already accounts for the difference in crater retention ages of the Journal Pre-proof respective surfaces (the age of the solar system for Arrokoth;

4.4 -4.5 Gy for Pluto and Charon). It will be used when re-scaling the crater densities observed on the two bodies in Sect. 4.

Our calculations above suggest that most of the craters on Charon and Arrokoth formed in the aftermath the giant planet instability, i.e. in phase (ii). Accordingly, to convert the impactor size into a crater size, it is appropriate to use the mean impact velocities corresponding to that phase of dispersal of the trans-Neptunian disk rather than those corresponding to the current belt, reported in Table 1. These velocities are significantly higher than those in the current Kuiper belt because of the presence of bodies on more eccentric and inclined orbits than those surviving today (see left panels in Fig. 2). From the results of our simulations, we will adopt an impact velocity of 2 km/s on Arrokoth and 3.3 km/s on Charon.

Reconciling the various constraints from Arrokoth's crater record

As we mentioned in the Introduction, one of the most intriguing aspects of Arrokoth's crater record is the presence of a significant number of sub-km craters and the absence of craters with >1 D km except for Maryland crater ( 7 D km).

The crater database of Sp20 reports 5 craters with 0.69 < < 0.96 D km identified with high confidence. Given the error bars reported on the sizes of the individual craters, we will assume that these craters fill the size-range 0.55-1.15 km. The surface of Arrokoth visible during the New Horizons flyby was 700 km 2 . Although craters have been searched across the visible surface, it is clear from Fig. 6 in Sp20 that the craters identified with high confidence are located on a much smaller region where the view geometry or the illumination conditions were particularly favorable (e.g., on the small lobe, on the rim of the Maryland crater or near the terminator). It is difficult to precisely determine the effective area on which craters could be detected with confidence. From a visual inspection of Figs. 1a and 6 in Sp20, we estimate the area may only be 25 -50% of the visible surface. Thus, the spatial density of craters in the considered size-range would be 0.014-0.028 per km 2 . This value agrees well with that estimated for the craters detected on the sole terminator (2 in 90 km 2 , yielding a spatial density of 0.022 per km 2 )

or for the pit-shaped craters (3 in 230 km 2 , for a spatial density of 0.013 per km 2 ). Accordingly, below we will consider the density of 0.55-1.15 km craters to be 0.021 0.007  per km 2 .
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Given five craters in the considered size-interval and a slope q of the cumulative crater SFD, we used a Monte Carlo simulation to compute the probability that no craters with 1.15 < < 7 D km formed on the same surface where the aforementioned sub-km craters were observed. Note that this calculation is independent of the surface area used (because it is the same for the two considered crater size-ranges), which is important given that the effective surface area where craters could be visible is uncertain, as discussed above. The result is illustrated as a function of q by the red curve in Fig. 3. The probability is relatively high for steep SFD ( 40 % for = 2.5 q  ) and decays monotonically with increasing q . For = 0.7 q  (the value reported in S19 for craters on Charon) the probability is only 2.2%, but for = 1.3 q  (the value reported in Sp20 for craters on Arrokoth), the probability is 10 %. Another important scenario to consider is whether a projectile SFD could plausibly produce a single >7 D km crater on the visible surface of Arrokoth as well as the spatial density of 0.021 0.007  per km 2 for 0.55-1.15 km craters. Our Monte Carlo results are illustrated by the magenta curve in Fig. 3. The probability of occurrence is very low for steep SFDs but it increases with increasing q until a maximum probability is reached for 1.25 q 

. The probability then declines again for shallower slopes. This is due to the fact that very shallow slopes of the crater-production function are likely to produce more than one big crater. We note that the very shallow power law slope estimated for Charon's craters in S19, = 0.7 q  , only yields a small probability of occurrence (5.4%). Instead, the maximum of this probability function is very close to the slope = 1.3 q  found in Sp20 for Arrokoth's craters. The agreement between these two results and Sp20 should not surprise because our analysis so far is equivalent to that done in that paper.

Another important constraint, not considered in Sp20, is provided by the link between the spatial density of sub-km craters on Arrokoth and the probability of an impact of a >2 d km projectile over the age of the Solar System, estimated in the last section to be 4 1.5 0.5 10   per km 2 (accounting for the uncertainty on the value of ICR, which could be smaller by a factor of 2 than the one reported on Fig. 1). Assuming an impact velocity of 2 km/s, a projectile with the same density as Arrokoth, a surface gravitational acceleration of 0.5 mm/s 2 [START_REF] Keane | colleagues[END_REF] and a scaling law in the gravity regime for a porous sand-pile target [START_REF] Holsapple | A crater and its ejecta: An interpretation of Deep Impact[END_REF] Assuming that the reported uncertainties are Gaussian and using a Monte Carlo code, we obtain a probability distribution for the cumulative slope of the SFD which is illustrated by the dark-blue Gaussian in Fig. 3. This distribution peaks at 1.3 q  , again the slope of Sp20, with a width = 0.1  . Note that the probability for = 0.7 q  is only 0.4% because such a shallow SFD would predict too great a likelihood of >2 d km impacts compared to our estimates in the previous section.

If we now multiply the probabilities illustrated by the red, light-blue and dark-blue curves in Fig. 3, we obtain the combined probability distribution. It is depicted by the black curve after being magnified by a factor of 10. This probability distribution has approximately the same Gaussian shape as the dark-blue curve, i.e. constraining = 1.3 0.1 q . Note that, although our preferred slope is the same as in Sp20, the error bar on the slope determination is much smaller in our work (0.1 instead of 0.6 in Sp20), thanks to the constraint provided by the last analysis, illustrated by the dark-blue curve in Fig. 3. Consequently, whereas Sp20 found that the slopes of the crater SFDs on Arrokoth and Charon were consistent with each other within error bars, we can rule out that the slopes reported for Charon in S19 and Sp20 apply to Arrokoth, with a confidence of 6  and 5  , respectively.

One might argue that the disagreement is only apparent, because Arrokoth and Charon may be probing different projectile populations or different projectile size-ranges. We showed in Sect.

2 that most craters on Charon and Arrokoth come from phase (ii), i.e. in the aftermath of the giant planet instability, so that they should have been caused by the same population of impactors.

However, the impact velocities on the two bodies are different (2 km/s and 3.3 km/s for Arrokoth and Charon respectively, see Sect. 2) and different projectile-to-crater scaling laws may apply on the two worlds. Thus, we compare in the next section the absolute crater densities measured on the two worlds, accounting for the appropriate scalings. This will allow us also to check the statement in Sp20 that Arrokoth seems to be more heavily cratered than expected from the extrapolation of Charon's crater SFD to sub-km craters.

Rescaling Arrokoth's to Charon's crater densities

We consider here the spatial density of km-size craters and of Maryland, measured on

Arrokoth. The first step to rescale Arrokoth's crater record to Charon's is to compute the sizes of the craters formed on Charon by the impact of projectiles of the same size as those responsible for the aforementioned craters on Arrokoth.

The scaling law relating projectile size d to crater size D in the gravity dominated regime is, from [START_REF] Holsapple | A crater and its ejecta: An interpretation of Deep Impact[END_REF]:

1/3 2 =, 2 K g i g t gd D c d U         (1)
where g is the surface gravity of the target, U is the vertical impact speed (on average equal to

/2 i v
, where i v is the impact velocity) and i  and t  are the impactor and target densities, respectively. The units have to be chosen so that the quantities in each parenthesis are

Journal Pre-proof dimensionless. The coefficients g c and g K are 1.03 and 0.17  if the target soil is dominated by regolith and 1.17 and 0.22  if the target soil is non-porous (e.g. ice), respectively.

The scaling law (1) can produce non-physically large craters on small bodies where g is very small. In this case, the projectile-to-crater scaling law is in the strength regime, and is (again from [START_REF] Holsapple | A crater and its ejecta: An interpretation of Deep Impact[END_REF]: (again units should be chosen so that the quantities in each parenthesis are dimensionless).

2/5 2 =, K s i s tt Y D c d U               (2) 
Because Arrokoth is a porous, low-density body (its bulk density is 0.24 g/cm 3 , with a 1 range from 0.16 to 0.45; [START_REF] Keane | colleagues[END_REF], we first adopt a scaling law (1) with = 1.03 g c and = 0.17

g K  .
We assume again that the equatorial surface gravity of Arrokoth is = 0.5 g mm/s 2 . For an impact velocity of 2 km/s (see the end of section 2) and assuming the projectile has the same density as Arrokoth itself, we find that a km-size crater would have been produced by a 37 m projectile. Instead, a crater like Maryland ( =7 D km) could be formed by a = 390 D m projectile.

As a comparison, we have also repeated the calculation in the strength regime.

Unfortunately, the strength of Arrokoth's material is unknown. The strength of the material of comet 67P/C-G at a scale of a 1-100 m is a few Pascal (Attree et al., 2018). For such a low value, km-size cratering would definitely occur in the gravity regime on Arrokoth. However, Arrokoth is significantly larger than 67P/C-G, potentially implying a more compact harder soil. If we assume that the strength of Arrokoth is 500 Pa (the strength of snow; [START_REF] Sommerfeld | A Weibull prediction for the tensile strength-volume relationship for snow[END_REF], then the cratering process occurs in the strength regime and, using (2), we find that the projectile size required to make a km-sized crater is = 57 d m. This value is comparable to the projectile's size computed in the gravity regime. Thus, we will consider the range of possible projectile sizes for Arrokoth's km-sized craters to be 37 and 57 m. For Maryland, given the higher impact energy, the use of the scaling law in the gravity regime is more appropriate, but using the strength regime would yield basically the same result: = 400 D m.

Charon has a much larger gravity than Arrokoth ( = 0.278 g m/s 2 ), so its craters definitely occur in the gravity regime. A big unknown for Charon craters, however, is the nature of the surface layer that would be excavated by a sub-km crater. This makes it unclear whether the scaling laws for non-porous or regolith material should be chosen. In case of non-porous material, a reasonable density for the surface material would be 0.75-1.0 g/cm 3 , namely 1.5 to 6 times that of Arrokoth. In the case of regolith, a density of 0.5-0.75 g/cm 3 is plausible, corresponding to 1-4 times the density of Arrokoth. Table 2 reports the crater sizes on Charon for all these possibilities using the projectile sizes determined above that can make a () =1

A D km or a () =7

A D km crater on Arrokoth, as well as for a =2 d km projectile. The impact velocity on

Charon is assumed to be 3.3 km/s (see end of Section 2).

Table 2:: Crater size () C D on Charon for the considered projectile sizes on Arrokoth. For a =2 d km projectile, we only consider a non-porous Charon, because the crater would presumably excavate deeper than the regolith layer; in this case, the / CA  ratio has to be intended as the target/projectile density ratio. For reference, had we used impact velocities corresponding to the current Kuiper belt, rather than those appropriate for the predominant early bombardment, i.e. 2.3 km/s and 1.1 km/s for Charon and Arrokoth respectively (taking the average between the values in our model and G15-G19), the projectile sizes would have been bigger (for instance 48 and 73 m for the formation of km-size craters on Arrokoth in the gravity and strength regime), but the ratio between the sizes of the craters on Charon and Arrokoth would have changed very little (because the impact velocities on both bodies are proportionally reduced), ranging from a minimum of 0.27 to a

Journal Pre-proof maximum of 1.37. Thus, within the broad uncertainty reported in Table 2, the results are robust. With the values reported in Table 2, we now have all the elements to convert () A R to the Journal Pre-proof equivalent R -value for Charon, hereafter denoted () C R . Our method is as follows. First, () A R has to be divided by the impact ratio Arrokoth vs. Charon for a given projectile size, integrated over the bombardment recorded on the respective surfaces (i.e., 1.0-2.0; see Section 2). Second, because we are considering crater spatial densities in a R -plot, () A R has to also be multiplied by 2 ( ) ( )

[ / ]

CA DD, where () A D is the considered crater size on Arrokoth (here 0.85 km) and () C D is the size of the crater that the same projectile would cause on Charon. 2. The error bar for () C D in Fig. 4 is inclined with a slope of 2 to reflect the dependence of () C R on () C D . The vertical error bar comes from combining the uncertainty of the measurement of () A R on Arrokoth ( 30  %) and the uncertainty on the impact ratio between

Arrokoth and Charon (also 30  %). It amounts to 42  % of () C R . We proceed in a similar way for Maryland and the 27 km virtual crater produced by a ). We remark that the fact that the orange dot, scaled from Arrokoth, falls so close to the magenta dot, directly measured on Charon, is a

Journal Pre-proof relevant validation of all the scalings implemented in this section.

To measure the slope of the crater production SFD and its uncertainty, we connect the red and blue dots with the magenta dot. The resulting slopes on the R -plot are 0.78 0.17  and 0.38 0.23  (plotted on Fig. 4 as dashed and solid lines). They translate into the exponents of the cumulative power law slope of the crater production SFD with = 1.22 0.17 q  and = 1.62 0.23 q 

, respectively. By the nature of our approach, any slope between these two values is possible and there is a legitimate projectile-to-crater size relationship that can produce it. Note that all these slopes pass through the error bars of the violet and orange points, so they are all equally acceptable.

Because the orange dot and the magenta dot are so close to each other, the results of this section are very similar to those of the previous section. By combining the results of the two sections, we conclude that the power law slope for the crater production SFD on Arrokoth is 1.2 < < 1.5 q  . This range of slopes is consistent with that measured for Arrokoth alone ( = 1.3 0.6 q  ; Sp20), the one reported in R17 for Charon ( = 1.47 0.15 q  ), and is within the uncertainty range for that reported in Sp20 for Charon ( 0.4 0.6 = 0.8 q   

), but is incompatible with the shallower slope argued in S19 ( = 0.7 0.3 q , dash-dotted line in Fig. 4; see also Fig. 3). We thus conclude that the power law slope for the crater production SFD consistent with both bodies is 1.2 < < 1.5 q  .

Conclusions and Discussion

Craters imaged on Arrokoth by the New Horizons mission have made it possible to investigate the KBO population at sizes as small as several tens of meters in diameter, i.e. much smaller than the projectiles responsible for the formation of the craters visible on Pluto and Charon. Using these data, we have examined the hypothesis formulated after the Pluto/Charon flyby that the KBO population is so shallow that it is unlikely to be in collisional equilibrium for sub-km KBOs (S19). A brief summary of our procedure to constrain the power law slope of small KBOs is given below.

• We used a model of the current Kuiper belt population calibrated on the observations from the OSSOS survey (Nesvorny 2015a,b;Nesvorny et al., 2017) that also describes the Journal Pre-proof enhanced bombardment rate characterizing the early Solar System. We further calibrated this model using the crater record on Pluto, Charon and Nix. With this model, we estimated the probability of impacts from >2 d km bodies on Arrokoth throughout the history of the Solar System and its ratio relative to Charon (Section 2).

• Arrokoth's observed terrain shows many sub-km craters and a single major crater with 7 D km. No craters were observed between these sizes. We ran Monte Carlo simulations to determine the power law slopes of the crater production SFD that are statistically compatible with these observations and with the estimated impact probability of >2 d km KBOs on Arrokoth (Section 3).

• Using the estimated ratio of impacts on Arrokoth and Charon as well as projectile-to-crater scaling laws appropriate for these two bodies, we combined the crater records of the two objects and constrained once again the power law slope of the crater SFD.

While each of our different lines of analysis above have uncertainties, we find it interesting and potentially compelling that they all converge to a power law slope of the crater production SFD between -1.5 and -1.2. This range not only matches the power law slope determined independently on Arrokoth's crater record alone (Sp20), but it is significantly steeper than the values determined from Charon alone (i.e. 0.7 0.3  in S19 and 0.4 0.6 0.8    in Sp20). It is more in line with an earlier estimate from R17, though we cannot say whether that similarity is fortuitous.

The discrepancy with S19 and Sp20 may suggest that the Charon crater database used in those works is incomplete at small sizes. On the other hand, we remark that our result is within the uncertainty reported by Sp20 for Charon (where the acceptable values of q for Charon range down to 1.4  ). Thus, most likely it is just the uncertainty on q reported in S19 which was poorly underestimated.

The power law slope of the projectile (KBO) size distribution can be calculated from these results, but we must first consider the effect of the crater scaling law applied in this circumstance.

Generically, if the crater size distribution has a differential form . This translates the exponent of the cumulative crater distribution q into the exponent q for the cumulative projectile distribution.
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In the calculations presented in this work we have dealt with simple craters. Thus the appropriate value of  is 0.78-0.83, depending on the nature of Charon's soil (Holsapple and Housen, 2007). From the analysis in Section 4, the former value is more appropriate for the steeper estimate of the crater SFD and the latter for the shallower estimate. Thus, the power law slope range of the crater production SFD and the cumulative KBO SFD goes from 1.5 < < 1.2 q  to KBO 1.2 < < 1.0 q  , respectively. These slopes are quite shallow, validating the general conclusions of S19. With that said, they are not so shallow as to rule out the possibility that the KBO size distribution is in collisional equilibrium. Consider that the main asteroid belt, which is in collisional equilibrium (e.g., Bottke et al. 2015), has a power law slope of the cumulative size distribution MB = 1.29 0.02 q  for bodies 0.6 and 1 km in diameter (Yoshida and Nakamura, 2007). A similar result of -1.3 was found by [START_REF] Heinze | The Flux Distribution and Sky Density of 25th Magnitude Main Belt Asteroids[END_REF]. Both values are very close to the one determined in this work for KBOs.

Curiously, while the asteroid and Kuiper belt SFDs have similar slopes for objects ranging from hundreds of meters to a few kilometers in diameter, they diverge for objects smaller than 200 m. For the asteroid belt SFD, the slope steepens up to approximately = 2.7 q  for < 200 d m (e.g., [START_REF] Heinze | The Flux Distribution and Sky Density of 25th Magnitude Main Belt Asteroids[END_REF]Bottke et al. 2015), with the slope controlled by the shape of the asteroid disruption law in this size range [START_REF] O'brien | Steady-state size distributions for collisional populations:. analytical solution with size-dependent strength[END_REF]. The power law slope for the KBO SFD, however, appears to maintain KBO 1.2 < < 1.0 q  all the way down to 30 m bodies (i.e., between 0.03 < < 1 d -2 km). The size of 30 m comes from the fact that the shallow crater SFD slope of 1.3  holds for craters on Arrokoth as small as 0.5-1 km (Sp20) and the projectile-to-crater conversion for Arrokoth computed in Sect. 4.

This difference in the lower-end size of the shallow SFD portion between KBOs and asteroids is plausible, because the size at which a SFD is expected to upturn is the one below which fragmentation occurs in the strength regime [START_REF] O'brien | Steady-state size distributions for collisional populations:. analytical solution with size-dependent strength[END_REF]; if small KBOs really have strengths of a few Pascal, as measured for 67P/C-G (Attree et al., 2018), it makes sense that the SFD of the KBO population upturns at very small sizes, possibly even below a few tens of meters. Nevertheless, to support a claim of collisional equilibrium, we need to find direct evidence that the SFD steepens up in a fashion similar to that of the asteroid belt at small sizes.

We claim that the evidence comes from the abundance of Kuiper belt dust, which is derived from collisional processes. [START_REF] Poppe | Constraining the Solar System's Debris Disk with In Situ New Horizons Measurements from the Edgeworth-Kuiper Belt[END_REF] estimate that the mass of particles between Journal Pre-proof 0.5 and 500  m derived from the Kuiper belt is 18 3.5 10  kg. For reference, this is the mass equivalent of 7 5.8 10   Earth masses or a single 190 km diameter body made of ice (bulk density of 1000 kg m 3  ). Studies of interplanetary dust particles [START_REF] Grun | Collisional balance of the meteoritic complex[END_REF]Brownlee and Love, 1993) indicate the majority of the mass in this size range is in the form of 200  m particles. Using this value, and a density of 1 g/cm 3 , we estimate there are the order of 26 8 10  such particles. This constraint can be compared with an estimate of the inferred Kuiper belt SFD (Fig. 5).

Observations Accordingly, between 200  m and 30 m bodies, the SFD has to increase by about 16 orders of magnitude in number over a little more than 5 orders of magnitude in size. The only way to do this is to move away from a shallow power law slope of = 1.2 q  to one that is much steeper (i.e. 

  planetesimal disk and during the post-nebula giant planet dynamical instability. The migration and orbital excitation of Neptune dispersed the primordial trans-Neptunian planetesimal disk and dynamically shaped both the hot classical population and the scattered disk(Nesvorny, 2015b; Nesvorny et al., 2017). For a KBO formed at the earliest times in Solar System history, our KBO evolution model leads to three bombardment phases: (i) pre-instability of the giant planets, (ii) post-instability of the giant planets, and (iii) current. A visual representation of the dynamical state of the trans-Neptunian population during these three phases, including the orbits of Neptune, Pluto and Arrokoth, is provided by the( , ) ae diagrams on the left-hand side of Fig.2. The bombardment of the Pluto-system and Arrokoth during phase (iii) was described in Sect. 2.1; the bombardment during the first two phases is described here. The exact timing of the giant planet instability is not known, but it should have been in the first 100 My of solar system history

Fig. 1 .

 1 Fig. 1.-: The number of impacts of projectiles with diameter >2 d km per unit surface on Charon (left panel) and Arrokoth (right panel). The black curve shows the accumulation of impacts with increasing surface age, assuming a constant bombardment at the estimated rate in the present Kuiper belt. The red curve shows instead the accumulation of impacts considering an evolving belt, from a primordial time when the trans-Neptunian disk was much more massive than now, under the migration of Neptune and the giant planet instability. Thus, the red curve deviates from the black curves for old surfaces, recording the early bombardment. The green and orange rectangles and the red arrow highlight the bombardment cumulated during the last 4 Gy, the post-instability and pre-instability periods, respectively. For Charon, the time-integrated bombardment since the giant planet instability should have been about 4 times the one expected from the current bombardment rate (i.e. the top of the orange rectangle is 4x higher than the top of the green rectangle). The bombardment before the giant planet instability is unconstrained, and we assume here it could have raised the total number of impacts by another factor 2.5 (the vertical red segment on the vertical axis), leading to a total enhancement of the bombardment by a factor of 10, relative to the value indicated by the top of the green rectangle. Instead, Arrokoth, being in the cold Kuiper belt, experienced a strong bombardment only after the giant planet instability. Notice that bombardment per unit surface, integrated since the time of the giant planet instability, is approximately the same for Arrkoth and Charon (Of course, the bombardment of the two bodies

Fig. 2 .

 2 Fig. 2.-: The panels on the left-hand side show the ( , ) ae distribution of the trans-Neptunian planetesimals (black dots) in (i) the pre-instabiity phase (top) (ii) during the giant-planet instability (middle) and (iii) in the final Kuiper belt, basically unchanged since 4 Gy ago (bottom). Blue, red and greed dots denote the orbits of Neptune, Pluto and Arrokoth in these three phases. Notice that while the orbits of Neptune and Pluto change significantly, that of Arrokoth is only mildly affected. The green curves delimit the region where planetesimals cross the orbit of Arrokoth and highlight that Arrokoth could collide only with very few bodies in the pre-instability phase. The boundaries of the 2:3 resonance with Neptune are also depicted in red in the bottom panel. The diagram on the right sketches the relationship between the crater record of a body and its crater retention age. ICR is the number of impacts of projectiles with >2 d km per unit surface area on Pluto/Charon, cumulated over 4.5 Gy at the current impact rate. The density of impacts cumulated over the last 4 Gy is about 1 ICR. Surfaces of the Pluto system as old as the instability time would record 4 ICR. Surfaces recording the pre-instability bombardment as well, would have a crater record exceeding 4 ICR. Thus the red and blue lines labelled ‖4 Gy‖ and ‖Instability‖ mark the boundaries in this crater-retention diagram of the three phases illustrated by the panels on the left-hand side. The density of impacts on Pluto, Charon and Nix have been measured by the New Horizons mission (R17-see labelled brown and pink bands, whose vertical extent represent the measurement uncertainties). Unfortunately, the value of ICR is uncertain. The horizontal axis reports the ratio between our nominal estimate of ICR and its real value. This ratio is expected to be in the range 1-2. If the ratio is 1 (left axis), the surfaces of Pluto, Charon and Nix are younger; the surfaces of Pluto-Charon post-date the instability and the crater record of Nix leaves room only to a small pre-instability bombardment. If the ratio is 2 (right end of the diagram), all surfaces result older: those of Pluto and Charon are as old as the instability of the giant planets and a more

Fig. 3 .

 3 Fig. 3.-: This diagram shows, as a function of the cumulative slope of the SFD of the crater-production function, the probability that one of several constraints related to Arrkoth's crater record is satisfied. The red curve shows the probability that no crater with 1.15 < < 7 D km formed in the same region where craters with 0.55 < < 1.15 D km are observed. The magenta curve depicts the probability that one and only one Maryland-like crater (i.e. >7 D km) formed on the visible surface. The dark-blue curve is the probability that the density of 0.55 < < 1.15 D km craters is consistent with the estimated formation probability of a > 27 D km transient crater (i.e. the impact probability of a >2 d km projectile). Finally, the black curve is the product of the red, light-blue and dark-blue curve, scaled up by a factor of 10 for readability.
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 4 Fig. 4.-: R -plot summarizing the crater density measured on Charon at () = 20 C D km (magenta

Fig

  Fig. 4 shows the resulting () C R -values for Charon for ( ) ( ) / = 0.33 0.07 CA DD  km (red

  values reported in the 4th column of Table2the size of the crater produced on Charon by the projectile that made Maryland is () = 3This is depicted by the violet filled dot and its error bars on Fig.4. With a surface density This is depicted by the orange filled dot and its error bars on Fig.4.Next, we consider the R -value for 20 km craters ( () (20km) = 0in Fig.4), which comes from the average of the values measured directly on Charon for craters of 15, 20 and 30 km and their uncertainties (Fig.6of Sp20
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 5 Fig. 5.-: A visual summary of the various constraints on the SFD of the KBO population. The number of > 100 d km bodies comes directly from telescope surveys. The slope for 2 < < 100 < d km comes from telescope observations of KBOs and of Jupiter's Trojans (derived from KBOs). The number of >2 d km objects has also been refined in Sect. 2 by calibration on the crater records in Pluto's system. The slope for 0.03 < < 2 d km ( KBO = 1.2 q  ) is in the range of those determined in Sections 3 and 4. The number of 200 m dust particles is derived from the results of the Student Dust Counter onboard New Horizons. For reference, we also report with blue arrows the number of bodies with > 2.5 d km and > 0.5 d km estimated by Schlichting et al. (2012) [labelled -Sch12‖] and Arimatsu et al. (2019) [labelled -Ari19‖] from statistics of claimed stellar occultations. The slope between these two datapoints is consistent with the SFD determined in this work, but there is an unexplained vertical offset in absolute numbers.
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Table 1

 1 

	:: The current number of > 100 d	km KBOs in each sub-population (i.e., CCs for cold

  Given the very low gravity of Arrokoth, we neglect crater collapse, and consider the transient crater as final crater. Thus, the cumulative power law slope of the crater SFD has to be

								see
	(1) below), we find that a =2 d	km projectile would form a	D	= 27	km transient crater on
	Arrokoth 1 . such that a spatial density of 0.021 0.007 	per km 2 for craters with	D	> 0.55	km is consistent
	with a formation probability of	4 1.5 0.5 10  	km 2 	for a crater with	D	> 27	km. In other

words, we have two points, and we want to use them to estimate the slope of the line connecting them on a log-log plot.

  suggest that there 75,000 bodies with 100 d  km in the classic Kuiper belt (cold and hot together; Table 1); assuming a slope for the cumulative SFD of 2.1  , as for Jupiter

	Trojans, there are	8 2.8 10 	bodies with	2 d  km. If the cumulative SFD between 0.03 < < 2 d
	km has a power law slope of -1.2, we estimate there should be	10 4.3 10 	bodies with	d 	0.03
	km.				
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This crater is larger than Arrokoth itself, meaning that the collision of a =2 d km projectile would be catastrophic for the target.However, for the purpose of defining a crater-production SFD, proxy of the projectile SFD, it is legitimate to consider this virtual crater-formation event. Notice that, integrated on the surface of Arrokoth, the probability of such a collision is less than 0.25, which is consistent with the fact that this event never happened.Journal Pre-proof

q  ), with the change taking place at sizes smaller than 30 m. We find this calculation compelling because our inferred slope for the steep branch is comparable to = 2.7 q  , the slope of the main asteroid belt for < 200 d m.Journal Pre-proof

Although this suggests that the KBO population is collisionally active and its SFD is at collisional equilibrium, another condition has to be satisfied for the argument to be complete: the two inflection points of the SFD at 30 d m and 2 d km need to be causally related [START_REF] O'brien | Steady-state size distributions for collisional populations:. analytical solution with size-dependent strength[END_REF]. In other words, a KBOs with 30 d m needs to be capable of disrupting a KBOs as large as 1 d -2 km.

To check whether this is plausible, we assume that a projectile capable of making a crater the same size as the target body will disrupt it. Using the projectile-to-crater scaling law in the gravity regime (1) with = 0.05 g mm/s 2 (i.e. 1/10 of Arrokoth's, suitable for a km-size target)

we find that a km-sized crater can be formed by a 23 m projectile. As added evidence, consider

Hayabusa2's Small Carry-on Impactor (SCI) experiment on the 1 km diameter C-type asteroid Ryugu. Here a 2 kg copper plate was shot into Ryugu at 2 km/s, where it made a crater that was 13-17 m in diameter (Arakawa et al. 2020). If we convert the plate mass into a comparable comet projectile (i.e., 0.2 m for an assumed density of 500 g cm 3  , suitable for KBO projectiles), it yields a crater to projectile ratio of 75 . Using this ratio, a km-size crater on a km-size target (i.e. a catastrophic collision) could be made by a 13 m projectile. Thus, both calculations suggest that 10-30 m projectiles can well disrupt 1 km targets in the Kuiper belt.

All of this is an argument for collisional evolution dominating the sub-km KBO population. In addition, the observation of sub-km craters on Arrokoth is by itself an additional strong argument in favor of collisional equilibrium of the KBO population. In fact, these craters demonstrate that bodies of 10-30 m exist in large number the Kuiper belt. The streaming instability [START_REF] Youdin | Streaming Instabilities in Protoplanetary Disks[END_REF][START_REF] Johansen | Rapid planetesimal formation in turbulent circumstellar disks[END_REF]) is today the most credited mechanism for the formation of planetesimals, particularly since it has been shown to explain the orientation of KBO binaries (Nesvorny et al., 2019a) and the structure of Arrokoth itself [START_REF] Mckinnon | The solar nebula origin of (486958) Arrokoth, a primordial contact binary in the Kuiper Belt[END_REF].

Bodies of 10-30 m have such a low gravity that is inconceivable they could form by the streaming instability, which is a gravitational instability process (Gerbig et al., 2020;[START_REF] Klahr | Turbulence sets the length scale for planetesimal formation: Local 2D simulations of streaming instability and planetesimal formation[END_REF]. Instead, they are likely to be fragments of larger bodies produced in collisions. If this is the case, then the KBO population should be at collisional equilibrium at these sizes because once bodies of a given size begin to be produced in collisions, collisional equilibrium is rapidly reached (Bottke et al., 2005).

In conclusion, we claim that the size distribution of KBOs is at collisional equilibrium because: (i) the slope of the size distribution of KBOs in the 30 m-1 km range determined in this Journal Pre-proof work is similar to that of the asteroid belt (which is undoubtedly at collisional equilibrium) in the 200 m-1 km range; (ii) the small strength of KBOs justifies that the shallow portion of their SFD extends down to smaller sizes than for the asteroid population (i.e. 30 m vs. 200 m); (iii) the large abundance of KBO dust detected by the New Horizons mission suggests that the Kuiper belt is collisionally active even today; (iv) the very existence of dekameter-sized KBOs, which cannot have been formed as primordial objects by the streaming instability, suggests fragmentation of larger objects. Our results lead to a predicted size distribution of the KBO population (Fig. 5) down to dust sizes, with a characteristic upturn in slope at d 10-30 m. This prediction will hopefully be testable with future stellar occultation surveys or with in-situ exploration of KBO surfaces at a resolution of 10 m.
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