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In order to shed light on how the aforementioned process shaped our solar system one could think to turn attention to the at extrasolar systems. However, the processes within protoplanetary disks leading to the formation of planets, asteroids and other bodies are in large parts hidden from our telescopes. While dust strongly emits in the infrared, planetesimals -the precursors of planets defined as the smallest objects bound by their own self-gravity instead of their material binding forces -do neither provide enough collective surface density, nor are individually large enough to be detectable through observations. Nevertheless, the outcome of planetesimal formation can be informed by studying small size bodies in our Solar System, specifically mainbelt asteroids (MBAs) and trans-Neptunian objects, both of which are believed to constitute remnants of the Solar System's formation process.

, or through locally enhanced particle clumps (e.g.

However, it is not clear whether this slope likewise applies for smaller sizes, which would imply the existence of many small objects, or if there is a minimal planetesimal size. A typical planetesimal size of D∼100km, is instead invoked by different works (Cuzzi et al. 2008;[START_REF] Klahr | [END_REF], 2020;Gerbig et al. 2020). There, turbulent diffusion leads to the dispersion of small clumps before they can collapse and form planetesimals.

As we discuss in this chapter, evidence has grown in the last years that planetesimals formed big rather than small as models of collisional coagulation would suggest. However, the minimum size of original planetesimals remains a central question in planetology. In other words, for any asteroid (and other small bodies) how reliably can we say whether it has to be a fragment of a larger parent body or it could be an original planetesimal, depending on its size? In this article, we outline observational and theoretical constraints on on the formation of MBAs. First, we discuss the current state of research on the size-frequency distribution, the composition and ages of asteroids, and the implications on the formation of asteroids. Then, we review planetesimal formation theory, specifically focusing on the initial sizes of primordial planetesimals. Lastly, we discuss the theoretical constraints on the timing of planetesimal formation as well as implications for MBAs, specifically Ceres and Vesta.

OBSERVATIONAL CONSTRAINTS FROM THE MAIN ASTEROID BELT

Asteroids, comets, trans-Neptunian objects, and irregular satellites constitute what is left over by the planetformation processes of the original planetesimal disk. In this section we focus on what we can learn from asteroids of the original planetesimals and in particular of their size frequency distribution; First of all, we note that not all asteroids are pristine survivors from the primordial times. Instead, a large amount is believed to be collisional fragments of bigger parent bodies. Although these families of fragments -the so called asteroid collisional families -still carry the original composition of their progenitor(s), the sizes of these fragments and shapes do not necessarily provide information on the accretion process(es) that led to the formation of planetesimals.

Size-frequency Distribution

Collisions between asteroids produce families of fragments which can re-accumulate to form new-born bodies (Michel & Richardson 2013;Michel et al. 2001). This process, thus, affect the asteroid size frequency distribution (SFD) by adding to it smaller objects. In addition, catastrophic collisions remove from the SFD the bodies that are destroyed. Thus, the study of the SFD of asteroids and asteroid collisional families is crucial for understanding collisional processes in the early Solar System, all along its history, and the sizes of asteroids involved therein. In some cases, the SFD can also give clues about the internal structure of asteroids (Durda et al. 2007). In an ideal scenario, a good understanding of the 4.5 Gyr long collisional evolution of the asteroid Main Belt (Fig. 1), combined with the precise identification of the collisional families' size distribution, could be used to restore the original SFD. However, this exercise proved challenging as different asteroid collisional families were reported to have different SFD slopes as well as a widely different number of total objects. An additional problem is that the census of asteroid collisional families is incomplete. Broˇz et al. 2013); OMB = outer main belt. If we extract asteroids with proper semimajor axis between 2. 94 and 3.15 au, proper inclination between and , proper eccentricity between 0.03 and 0.1 (the white box in the (A) panel) and we plot their inverse diameter as a function of their proper semimajor axis we obtain the plot in panel (B). This shows a typical V-shape (the Eos family), with its vertex on the x-axis at about 3.014 au. The inclined inward border of the V-shape is very sharp and is cut at about 1/diameter 0.15 by the 7:3 major mean motion resonance with Jupiter (see text). The outward border is less clear and start to overlap with background asteroids at 3.07 au and 0.15

Figure 1. The asteroid Main Belt and its collisional families (a colour version is provided in the plate section). (A) proper orbital inclination vs proper orbital semi-major axis of all asteroids with a measured diameter larger or equal to 1 km. Each point represent an asteroid. The different regions of the main belt are presented with the following symbols: IMB = inner main belt (below of proper inclination); PHO = Phocaea group (above of proper inclination); CMB = central main belt; PR = pristine zone (as named by

. (source of the data mp3c.oca.eu; download November 2020; For the reference of the proper elements, diameters and albedo see [START_REF] Delbo | [END_REF].

Still, there are features of the current asteroid SFD that attracted the attention of several researchers since they cannot be easily explained as the by-product of the main belt's collisional evolution. While it was shown that the steep slope of the asteroid SFD for D >100 km ( ) is likely original (i.e. the planetesimal SFD; Bottke et al. 2005), this slope could not extend all the way down to small sizes. Otherwise, the resulting large number of small asteroids, would have created many collisions that subsequently left traces on larger asteroids. For instance, the resulting larger number of impacts would have removed the crust of Vesta (Bottke et al. 2005;Davis et al. 1985) or at least produced several large impact basin on this asteroids. This is not observed (Marchi et al. 2012). Morbidelli et al. (2009) pushed this argument to the extreme, proposing that there were essentially no D <100 km planetesimals in the main belt region.

How to distinguish asteroid fragments from primordial objects? In a break up process, fragments are launched into space at moderate velocities of ∼1

, and fragments keep orbital elements similar to that of their parent body in the asteroid Main Belt (but not elsewhere). Thus, fragments become themselves new asteroids, clustered in orbital space and with similar physical properties such as albedo (p V ), colours, and spectra (Fig. 1A; except for the case of the disruption of a differentiated parent body, for which there exist some hints, e.g., Oszkiewicz et al. 2015). Asteroid families are typically identified by using the Hierarchical Clustering Method (HCM, Zappalà et al. 1990), which seeks for asteroid groupings (some of which are visible in Fig. 1A) in their three proper orbital elements, semi-major axis a, eccentricity e and inclination i. Thus, if one could identify all families and "clean" the Main Belt from their members, what would be left with are the survivors of the original asteroid population: the planetesimals.

One of the first attempts of this "cleaning process" was carried out by Tsirvoulis et al. (2018). They studied the region of the asteroid Main Belt between 2.82 and 2.96 au, which is also called "pristine zone" (Fig. 1A) as it has a low number density of asteroids and, as such, is deemed one of the most promising areas to reveal the original size frequency distribution. Tsirvoulis et al. (2018) showed that current asteroid family catalogues are not suitable for the aforementioned cleaning. These catalogues are in general conservative, in order to have robust family membership and maintain a good level of separation between different families. Attempting to overcome said limitation, Tsirvoulis et al. (2018) proceed by performing a new asteroid family identification in the pristine zone using a version of the HCM that was modified in order to allow the largest possible membership and then remove the majority of asteroid family members from the region.
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The remaining, non-family asteroids were considered of primordial origin. This is a reasonable assumption also because the strong 5/2 and 7/3 mean-motion resonances with Jupiter, at 2.82 au and 2.96 au respectively, border the pristine zone and thus inhibit diffusion of collisional fragment asteroids from the neighbouring regions into the pristine zone. After removal of collisional family members, Tsirvoulis et al. (2018) found that the sizefrequency distribution of asteroids in the size range 17 < D < 70 km has a slope . After compensation for the collisional and dynamical loss of asteroids during 4.5 Gyr of evolution, an upper bound for the original size distribution slope was found to be in said size range.

However, it has been speculated that the HCM has a bias against the detection of Gyr-old families, making it difficult to use for the removal of all collisional fragments from the Main Belt or sub regions thereof in order to reveal the original asteroids, i.e. those that accreted as planetesimals. Indeed, there is evidence of a severe deficit of known families older than 2 Gyr compared to what is expected assuming a constant asteroid break-up rate over the age of the Solar System (Spoto et al. 2015;Brož et al. 2013).

Families disperse over time due to the non-gravitational Yarkovsky effect (for reviews see Bottke et al. 2006;[START_REF] Vokrouhlicky | Asteroids IV[END_REF], which slowly changes asteroids' orbital semimajor axis a at a rate da/dt proportional to 1/D. Prograde rotating asteroids have da/dt > 0, while for retrograde ones da/dt < 0. This creates correlations of points in the 1/D vs a plane called V-shapes, as they resemble the letter "V" (see Fig. 1B ; (Nesvorny ́ et al. 2003;Spoto et al. 2015;[START_REF] Nesvorny | Asteroids IV[END_REF]Bolin et al. 2017, and references therein). During their Yarkovsky-driven orbital radial drift, family members encounter orbital resonances with the planets, which can randomly change the orbital eccentricity e and inclination i. As a consequence, family members are subject to an increase diffusion in e and i as a function of time, while their values of a also move further away from the family centre, still keeping the correlation between their a and 1/D values. Therefore, older families become more difficult to differentiate since they are more and more dispersed in e and i and overlap each other. Recent works took advantage of the V-shape by searching for its correlation between the inverse diameter and proper semimajor axis of asteroids to identify old families with strongly dispersed (e, i), thus invisible to HCM [START_REF] Walsh | [END_REF]Bolin et al. 2017;Delbo et al. 2017[START_REF] Delbo | [END_REF], resulting in the discovery of three Gyr-old families in the inner portion of the main belt (2.1 au < a < 2.5 au).
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Figure 2. Observed cumulative size distribution of lelt-over planetesimals in the inner part of the main belt (2.1 < a < 2.5 au). The distribution is then corrected for the maximum number of objects that were lost accounting for 10 Gyr of collisional evolution in the present main-belt environment, following the prescription of Bottke et al. (2005) and dynamical loss as described by Delbo et al. (2017). this gives an upper limit for the distribution of the planetesimals (open squares). Functions of the form , where N is the cumulative number of asteroids, are fitted piecewise in the size ranges D > 100, 35 < D < 100, and D < 35 km; The values of q are reported by the labels in the plot. Source [START_REF] Delbo | [END_REF] The identification of these vast families allowed these authors to assign an origin as collisional fragments to a population of asteroids of the inner Main Belt that were perviously unlinked to asteroid families. When all family members were removed, Delbo et al. (2017[START_REF] Delbo | [END_REF] showed that the remaining asteroids are essentially larger than 35 km (only three asteroids are smaller than this value; [START_REF] Delbo | [END_REF] and have a very shallow slope of their cumulative SFD (q < -0.86) in the range 35 < D < 100 km, even after the correction for collisional and dynamical depletion (see Fig. 2). These studies find that the distribution of the left over planetesimals in the inner portion of the Main Belt is steep for D > 100 km, but becomes shallower for D < 100 km indicating that D ∼ 100 km was a preferential size for planetesimal.

We recall that, according to the definition of Delbo et al. (2017[START_REF] Delbo | [END_REF] those asteroids that are inside V-shapes of families must have formed as collisional debris (or the re-accumulation thereof: Michel & Richardson 2013;Michel et al. 2001) locally in the Main Belt, after the gas was left or after any event that could alter their orbital semimajor axis, such as close encounters with a planet (e.g. Brasil et al. 2016). The dispersion in e and i of the family members could be used to signal whether the family forming collision happened before or after the last event of planetary orbital instability (Brasil et al. 2016;Delbo et al. 2017). For a review about the latter, which is timed by [START_REF] Nesvorny | [END_REF] no later than 100 Myr after the start of the solar system, see Nesvorny ́ (2018). On the other hand, leftover planetesimals are those asteroids that cannot be inscribed within V-shapes except for the parent bodies of each collisional family (e.g. the largest object within its own V-shape). These bodies cannot have been generated as collisional fragments within Main Belt (otherwise that would be inside V-shapes). Hence, their origin is primordial, for example by accretion of dust in the protoplanetary disk.
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Formation timescale

According to the scenario described in the previous subsection, we can infer a different formation times between asteroids included in the V-shapes of collisional families and those outside. The latter population of asteroids, which is composed by the original planetesimals, likely accreted from the dust while gas was still present in the protoplanetary disk. Timing of their formation can be constrained by the epoch of solidification of their constituent materials (e.g. CAIs and chondrules), the formation of the cores in the case of differentiated planetesimals (e.g. [START_REF] Kruijer | [END_REF]Sugiura & Fujiya 2014), the epoch of the last event of metamorphism, and interpretation of astronomical observations of disks around young stars (see also Bermingham & Kruijer, this book).

In this chronology it is essential a "zero-point" that is established to be 4567.2 ± 0.2 Myr ago from the Pb-Pb radioisotopic chronometer age of the Calcium Aluminium-rich Inclusions (CAIs), the oldest solids in our solar system (Amelin et al. 2002;Connelly et al. 2012;[START_REF] Kruijer | [END_REF], the latter for a review). This date is commonly taken as the start of our solar system.

The Hf-W radioisotopic chronometry applied to iron meteorites indicates the time of core formation of differentiated planetesimals (Kruijer et al. 2020, e.g.), which come in two distinct groups: those that have isotopic abundance ratios similar to carbonaceous chondrites (CC) and those similar to non carbonaceous chondrites (NC; [START_REF] Kruijer | [END_REF][START_REF] Kruijer | Proceedings of the National Academy of Sciences[END_REF]. The ages of the CC irons are in the range ∼2.2 and ∼2.8 Myr after the CAIs, while those of the NC irons ∼0.3 and ∼1.8 Myr [START_REF] Kruijer | Proceedings of the National Academy of Sciences[END_REF](Kruijer et al. , 2014)).

On the other hand, chondritic parent bodies (which are probably the majority in the planetesimal list of [START_REF] Delbo | [END_REF]) are thought to have never melt, but were substantially heated by the decay of radioactive elements (such the 26 Al; Gail & Trieloff 2019). Chondrules, which are a constituent of chondrites, were molten at some point instead and must have formed and cooled before they could be incorporated into chondrites and the chondrite parent bodies. Chondrules have formation ages ranging between ∼2 and 4 Myr after the CAIs (see [START_REF] Kruijer | [END_REF], for a recent review).

Another method consists in using modelling the thermal evolution of the heating due to the 26 Al decay and cooling by radiation to space of planetesimals as function of their sizes and accretion ages and match the model temperature-time curves with the metamorphic temperatures and closure times of meteorites (e.g. Gail & Trieloff 2019;Henke et al. 2012;Sugiura & Fujiya 2014). Results from these models indicate planetesimal accretion ages between 1 and 3.5 Myr after the CAIs, in rather good agreement with chondrules formation ages.

Moreover, astronomical observations of the presence of disks around stars in young star associations show that overall disk lifetime of ∼5-6 Myr (Haisch et al. 2001), which could be consider the maximum time after the CAIs within which planetesimals can accrete.

PLANETESIMAL FORMATION THEORY

If the current asteroid SFD can indeed be best explained by an initial planetesimal size of ∼100 km, then one must ask if this finding can be supported by theoretical models of planetesimal formation. Thus, we outline the framework of planetesimal formation theory today, starting with dust motion in protoplanetary disks and arising challenges for planetesimal formation theory, and concluding with recent developments and potential theoretical constraints for the initial mass-function of planetesimals.

Dust Settling, Coagulation and Drift

Observations of protoplanetary disks suggest that µm-sized dust particles are abundantly present and constitute the initial condition for grain evolution and subsequent planetesimal formation. The vertical component of stellar gravity causes these dust particles to settle towards the mid-plane and form a dust layer that is embedded within the gas disk. It is in this particle mid-plane, where key processes such as dust coagulation and drift, and ultimately planetesimal formation occur.

Due to self-induced Kelvin-Helmholtz turbulence vertically exciting particles, the dust mid-plane is even in dead-zones not razor-thin. Dead-zones refers to regions of the nebula, in which neither magnetic fields nor hydro dynamical instabilities in the gas disk can drive turbulence and diffusion. The Kelvin-Helmholtz instability alone can produce a scale height for the dust of about H p ∼ 10 -2 H (e.g., Johansen et al. 2006), where H = c s /Ω is the scale height of the pressure-supported gas disk, given by the ratio of sound speed c s and orbital angular velocity Ω, following from gas in vertical hydrostatic balance.

Upon encounter, two dust particles can stick together to form a larger one. The outcome of an encounter, i.e., sticking, bouncing, or fragmentation, strongly depends on the relative particle velocity (Windmark et al. 2012). Potential sources of this relative velocity are e.g. Brownian motion, turbulent gas velocities (Cuzzi et al. 2001), differential settling or differential drift. This drift is caused by different preferred orbital velocities of gas and particles: while particles want to orbit with a Keplerian speed, gas is radially pressure-supported and thus feels an additional outwards force which leads to sub-Keplerian orbital velocities. As particles grow and start to decouple from the gas, this velocity difference increases and the lack of sufficient radial support causes grains to drift inwards (Nakagawa et al. 1986). For larger particles, this centrifugal deficiency transitions into a headwind, which likewise removes angular momentum and causes inward drift. Only very large particles that are fully decoupled from the gas will not spiral inwards and remain on their Keplerian orbits. To assess the drift behaviour of a particle, one typically invokes the dimensionless Stokes number St = t stop Ω, given by the product of stopping time t stop and orbital angular velocity Ω. Here, the stopping time is given by t stop = mw/F D for a particle with mass m experiencing a drag force F D when streaming through gas with a relative velocity of w. Particles are coupled to the gas for St < 1, while they are decoupled for St > 1. As such, for marginally coupled particles with St ≈ 1, the two effects mentioned above combine and the radial drift speed peaks. This not only imposes a challenging time scale constraint by rapidly drifting meter sized particles towards the central star, but also halts collisional growth due to increased relative velocities. These two limits, i.e. drift and fragmentation, combine to the previously mentioned "meter-barrier", stating that collisional growth to planetesimal-sizes is severely impeded.

The meter-barrier may be circumvented by introducing long-lived particle trap-structures, such as large-scale pressure bumps. There, particle drift would slow down or even halt completely and bottom-up growth may be possible despite these challenges. Still, in addition to the requirement of long-lived trap structures, bottom-up growth cannot adequately explain the observational constraints from the asteroid main belt highlighted in Sect. 2. For these reasons, in recent years, the gravitational collapse scenario to directly form planetesimals in a spontaneous event has gained in popularity. 

Requirements for Planetesimal Formation

In star formation, self-gravity of the gas has to overcome thermal gas pressure (for a review of star formation, see e.g., Mac Low & Klessen 2004), while for gravitational instability of gas disks, fragmentation can additionally be inhibited by the disruptive effect of stellar tidal gravity (Toomre 1964). In the latter, collapse can typically be assessed via the Toomre criterion. It states that if the Toomre-Q value, defined as (1) falls below a critical value of order unity, i.e., if Q < 1, the gas disk is gravitationally unstable and can fragment. Here, is the gas surface density and G the gravitational constant.

With these concepts in mind, one must naturally ask how the gravitational collapse of a pebble cloud embedded in (potentially) turbulent gas to form a planetesimal can be evaluated. While particles are typically assumed to be pressure-less (e.g., Youdin & Goodman 2005), they are coupled to the gas and therefore affected by turbulent gas motions. The resulting turbulent diffusion replaces the pressure as the process counteracting collapse on small scales. It is convenient to parameterise the diffusion strength D via the dimensionless diffusion coefficient , i.e.

. Note that the dimensionless diffusion coefficient is not to be confused with the Shakura-Sunyaev α parameter (Shakura & Sunyaev 1973), quantifying the (gas) disk's (global) viscosity via , such that turbulent gas velocities are given by (Cuzzi et al. 2001). The two quantities are related via the dimensionless flow Schmidt number Sc = α/δ. While local Schmidt numbers tend to be of order unity (Youdin & Lithwick 2007;Schreiber & Klahr 2018), it is important to highlight that unlike α, the diffusion coefficient δ is a local quantity that typically is self-generated in the particle layer by various dust-gas drag instabilities. Moreover, the strength of diffusion is highly scale dependent. While on large scales, gas instabilities very well may drive turbulent diffusion exceeding , diffusivities are generally much lower on the scales of planetesimal formation, which are on the order of ∼ , (Gerbig et al. 2020). Streaming instability, which is the prime candidate to regulate turbulent diffusion on small scales, produces fiducial values of (see Schreiber & Klahr 2018). Indeed, assessing whether the local diffusivity is dominated by effects related to the global viscosity α rather than local turbulent processes requires not only a reasonable estimate of α, but also knowledge of the appropriate turbulent cascade, and is therefore challenging. We refer to [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF], Sect. 5.1 for a discussion of this.

For collapse to proceed, two criteria must be fulfilled: First, the diffusion time scale, which following Youdin & Lithwick (2007) is inversely proportional to δ, of the dominating diffusive process must be longer than the collapse timescale of particles in-falling with their terminal velocity. Secondly, the pebble cloud must be stable against stellar tidal disruption, which is equivalent to requiring a cloud density that exceeds the local Hilldensity, i.e., [START_REF] Klahr | [END_REF]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] (2)

The left panel of Fig. 3 shows the Hill density (solid line) in comparison with mid-plane gas density in the Minimum Mass Solar Nebula (MMSN) (dotted line) (Hayashi 1981) and a more recent model of the solar nebula from [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF]. The classical MMSN simply redistributes the mass of the planets to their local region and enhances it by volatiles and gas (H2,He), thus it assumes "local" conversion of dust and ice into planetary cores. In contrast [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF] considers the radial drift of pebbles until they get "non-local" in trap converted into planetesimals as needed to build the solar system. The resulting modern nebula is therefor shallower in density and considers an outer edge beyond 20 au. Please note the conditions relevant for the Main Belt as highlighted by a grey shaded area. The right panel of Fig. 3 shows the required dust-to-gas ratio ε Hill in order to reach Hill-density for the two models. At the Asteroid Belt's location, the required dust-to-gas ratio exceeds unity by a factor of about 200 for the MMSN disk, and a factor of ∼ 12 for the model from [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF], which is significantly easier to achieve. Combining these two requirements, i.e. tidal stability and diffusion, one arrives at a Toomre-like criterion for planetesimal formation, i.e. collapse occurs if (Gerbig et al. 2020) (3) Here, we introduced the (local) height-integrated particle concentration as the ratio of particle surface density Σ p and gas surface density, i.e. Z = Σ p /Σ g , and assumed isotropic diffusion. Vertical sedimentation, which in addition to Z affects the mid-plane dust-to-gas ratio (compare to Fig. 3), is implicitly accounted for in the diffusion coefficient as the particle scale height is given by (Youdin & Lithwick 2007). In order for collapse to trigger, i.e. for Q p to fall below unity, sufficiently high particle concentrations Z are necessary. In the following we outline a variety known processes of enhancing pebble concentration thus favouring the conditions for gravitational collapse and planetesimal formation.
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Global Enhancements in Pebble Concentration

There are multiple global mechanisms that can lead to significant enhancements in particle concentration. Pebble pile-up can, for example, be achieved in outside of gaps in the radial gas surface density profile, where a pressure bumps attracts particles. After all, ever since ALMA rendered resolved observations of protoplanetary disks possible, gaps and ring structures are believed to be a common occurrence therein (Andrews et al. 2018). However, the origin of these ring structures is often explained by planets carving out the material around their respective orbit, which does not explain how these planets were formed in the first place. Luckily, there are additional processes leading to the formation of pressure bumps, in particular large-scale instabilities in the gas. Prominent candidates are the vertical shear instability (Urpin & Brandenburg 1998), and, if active, the magnetorotational instability (Balbus & Hawley 1991). As pointed out by e.g., [START_REF] Klahr | Instabilities and Flow Structures in Protoplanetary Disks: Setting the Stage for Planetesimal Formation[END_REF], the turbulence generated by these instabilities leads to structure formation, in particular to the formation of zonal flows and vortices. These flow features display an equilibrium of gravity with Coriolis and Centrifugal forces and are therefore pressure maxima attracting particles. Dittrich et al. (2013) and Raettig et al. (2015) demonstrated numerically that this can lead to particle concentrations that favour gravitational collapse and planetesimal formation.

Even in the absence of turbulence-induced zonal flows and vortices, the pebble concentration can be increased by photoevaporation of gas (Throop & Bally 2005) or by pile-ups due to radial drift (Youdin & Shu 2002). The resulting high particle concentrations Z leads to a very massive dust mid-plane cusp, which cannot effectively be stirred up by self-sustained Kelvin-Helmholtz turbulence (see e.g. Sekiya & Ishitsu 2000;G ómez & Ostriker 2005;Gerbig et al. 2020). For Z ︎ > 0.1, this mid-plane cusp can fragment and planetesimals can form (Youdin & Shu 2002).

Local Pebble Trapping via Streaming Instability

A key phenomena in recent work on planetesimal formation theory is the streaming instability, which was first described analytically by Youdin & Goodman (2005) and successfully tested numerically in the following years (e.g. Johansen & Youdin 2007;Bai & Stone 2010;Carrera et al. 2015;Li et al. 2018;Sekiya & Onishi 2018).

Streaming instability arises when an epicyclic perturbation in the gas pressure, a small oscillation in pressure around the local semi-major axis R, is in resonance with the relative dust-gas streaming velocity (Squire & Hopkins 2018). Key requirements for fast growth rates are marginally coupled particles (St > 0.1) and local dustto-gas ratios of order unity. Then, streaming instability can produce significant local particle over-densities. In order for the mid-plane dust-to-gas ratio to reach unity, and assuming marginally coupled particles, heightintegrated pebble concentrations of Z > 0.02 are sufficient (Carrera et al. 2015;Yang et al. 2017), which is significantly easier to achieve than the requirements for direct fragmentation in Youdin & Shu (2002). If the local over-densities exceed Hill density, i.e. if the local dust-to-gas ratio ε exceeds ε Hill as depicted in Fig. 3, and the diffusive properties of streaming instability itself (see Schreiber & Klahr 2018) do not prevent collapse, overdense streaming instability filaments fragment into planetesimals, which was extensively investigated numerically (Johansen et al. 2012;Simon et al. 2016;Abod et al. 2018;[START_REF] Nesvorny | [END_REF]Gerbig et al. 2020). In general simulations of planetesimal formation are simplified in terms of size distribution of pebbles and their initial distribution to a level what is numerically possible. The realistic size distribution of St ~ 0.01 relevant for the asteroid Main Belt regions could be shown to lead to planetesimals if sufficiently concentrated in local simulations [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF]), yet no large box simulations have been possible so far to account for such small Stokes-Numbers and initial pebble to gas ratios as expected in the Main Belt. For instance, the simulation depicted in the snapshot in Fig. 4 uses pebbles of St = 0.1-0.2 and one then tries to extrapolate the findings to the conditions where the Main Belt asteroids were formed.

However, recently, the role of streaming instability has been put into question by findings suggesting that not only the diffusive properties of streaming instability itself, but also potentially existing external turbulence in the gas can prevent collapse (Gole et al. 2020) or damp streaming instability growth rates and thus particle concentration in the first place (Umurhan et al. 2019). Nevertheless, by concentrating particles on large scales and diffusing particles on small scales, streaming instability regulates planetesimal formation [START_REF] Klahr | [END_REF]Gerbig et al. 2020) and therefore remains a key process, which, as we discuss below, sheds light on a variety of properties of initial planetesimals, in particular their initial sizes.

Initial Mass Function and Characteristic Sizes

In recent years, the properties of planetesimals formed in numerical simulations of streaming instability were studied with keen interest. As such, [START_REF] Nesvorny | [END_REF] were recently able to relate the spatial orientation of binary orbits of model planetesimals to that of trans-Neptunian objects.

Of particular interest are the masses and sizes of initial planetesimals, as they allow for a direct comparison to the current asteroid SFD and the inferred sizes of initial parent planetesimals at the start of the asteroid Main Belt's collisional evolution.
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Figure 5. Cumulative distribution of planetesimals, i.e. fraction of planetesimals larger than a given minimum mass. Shown are the qualitative shapes of the best fit power laws to three numerical studies of planetesimal formation in the presence of streaming instability: The solid line shows a simple power law M -1.5 found by Simon et al. (2016), the dashed line a simply tapered power law as found in Abod et al. (2018), and the dotted line the truncated broken power law found in Li et al. (2019). The latter accounts for the reduced frequency of planetesimals for sizes above ∼ 100 km in their numerical simulations. We also added the Initial Mass distribution from [START_REF] Delbo | [END_REF], see also Fig. 2. As argued in this review a narrow size distribution seems to better fit observations than any power law.

As shown in Fig. 5, more recent studies modified the empiric initial mass function for example by adding exponential tapering (Abod et al. 2018) or a truncation (Li et al. 2019). Most recently Abod et al. (2018) report a mass distribution with a value of for a range of pressure gradients. Nevertheless, these rather shallow mass distributions would imply that most of the mass in the Main Belt is already initially in objects much larger than 100 km, which is in contradiction to the observational constraints from the asteroid Main Belt. In the quoted works, in order to obtain an initial mass function, masses of planetesimals formed in numerical simulations were fitted by a power law. The initial condition was set by using an enhanced dust-to-gas ratio globally in the entire simulation box, thus rendering planetesimal formation very efficient. In other words, the pebble concentration was gravitationally unstable from the beginning (Q p < 1). Hence, the shallow size distributions found numerically, leading to the formation of massive planetesimals may be an artefact of the Following e.g., Johansen et al. (2007); Dittrich et al. (2013) dust enhancements are expected to also occur on scales smaller than the typically simulated disk domains, and, already a much smaller pebble cloud may undergo gravitational collapse. As such, the key question is, what is smallest pebble cloud that can gravitationally collapse and will therefore set the dominating initial size of planetesimals, and thus the primordial asteroid size. [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF].
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Figure 6. Visualisation of diffusion limited planetesimal formation: Hill density is required to achieve tidal stability. The competition between self gravity and turbulent diffusion then defines a critical length scale l c . Then a large l c will lead to a large planetesimal. Smaller clouds get dispersed (left), larger ones collapse (right). This Figure is reprinted from

This question was investigated in [START_REF] Klahr | [END_REF] and [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF], where a minimal planetesimal size was inferred analytically. By considering a marginally unstable system where the cloud density is exactly equal to the Hill-density ρ H which is equivalent to Q p = 1 (see Eq. (3) and Gerbig et al. 2020), [START_REF] Klahr | [END_REF] derived a critical length scale for gravitational collapse and planetesimal formation (see Fig. 6), given by [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF] .

(4)

Clumps with radii smaller than l c , (Q p > 1) will remain stable as contraction is sufficiently counteracted by internal diffusion (also see Gerbig et al. 2020). Only if the cloud is larger than l c (Q p < 1) can self-gravity overcome turbulent diffusion. This concept of diffusion-limited planetesimal formation is visualised in Fig. 6. Moreover, as pebble clumps are expected to collapse as soon as they grow beyond l c , larger clumps are less likely to form which subsequently sets an upper limit on planetesimal sizes, which is in contrast to the work depicted in Fig. 5. If we denote the diameter of the resulting equivalent planetesimal size in terms of scale height of the disk (H/R), a typical strength of streaming instability ( ) and pebble size (St) we find [START_REF] Klahr | [END_REF][START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF] ︎ .

(5)

Additionally diffusivity scales with the Stokes number (Schreiber & Klahr 2018, 2020) and with the pebble to gas ratio, thus eventually the pebble to gas ratio at reaching Hill density is the ultimate criterion determining the critical mass of of a pebble cloud to undergo gravitational collapse. Using this scaling for the models of the Solar Nebula (see Fig. 7) leads to reasonable equivalent sizes in the Main Belt and interestingly very similar sizes over wide ranges of the solar system's heliocentric distances [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF]. Figure 7 depicts the radial dependence of according to Eq. ( 5) for a variety of different disk models (for details see [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF]. At the asteroid Main Belt's location, the most appealing disk model from [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF] promisingly predicts an equivalent diameter of ∼ 80 km.

l c = 1 3 δ S t H a p δ a p = H /R 0.03 δ 10 -6 0.1 St 71k m a p
It is worth noting that as given by Eq. ( 5) must be understood as an equivalent planetesimal size, i.e. would be the size of the initial planetesimal if the entire gravitationally unstable particle cloud were to contract to a single planetesimal with density . However, numerical simulations suggest that gravitational collapse can also produce binary planetesimals rather than isolated planetesimals (e.g., [START_REF] Nesvorny | [END_REF]. This consideration, of course, leads to on average slightly smaller planetesimals. Schreiber & Klahr (2018) also find that when the dust-to-gas ratio increases, that is when the disk eventually loses its gas mass, streaming instability weakens such that δ will become smaller. As the Hill density remains unchanged, this implies the formation of smaller planetesimals. As such, we may expect that over the course of the disk's evolution, the typical mass of initial planetesimals slowly declines, potentially explaining the formation of some 1-10 km sized comets at late times and a few small asteroids. Anyway, in both cases the number of these pristine small objects will be exceeded by many orders of magnitude by objects that formed in collisions from larger objects.

Still, due to the (albeit relatively weak) time dependence of the initial planetesimal size, the question about sizes for initial asteroids is intertwined with the timing of the Asteroid Belt's formation. 5) for a variety of models studied in [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF]. The lower dotted line show the initial size assuming a MMSN disk (Hayashi 1981), while the thick solid line is for the most appealing disk in [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF], which promisingly predicts an initial size of ∼ 80 km at the Asteroid Belt's location. The thinner solid lines result when removing 90 % or 99% of the gas mass from the nebula. This figure was reprinted from [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF]. We refer to their Figure 10 for a detailed explanation of the different models.

TIMING OF THE ASTEROID BELT'S FORMATION

The timing of the formation of the Asteroid Belt predominantly depends on the availability of a pebble supply: only if global dust evolution can provide a sufficiently massive stream of sufficiently large pebbles, planetesimals can form effectively and form the asteroid Main Belt. This concept is quantified by the paradigm of pebble flux regulated planetesimal formation (Lenz et al. 2019). Here, by studying growth, evolution and drift of pebbles in an evolving solar nebula, Lenz et al. (2019) predict a time-dependent local pebble flux, which is a p a p ρ p a p then converted to planetesimals using an efficiency parameter -an ad-hoc description of the fraction of pebbles that are both trapped and converted into planetesimals over a drifting distance of d. Fig. 8 shows the pebble flux for four different sets of parameters. In addition to the efficiency and disk viscosity , Lenz et al. (2019) varied the fragmentation velocity , which is setting the size of the largest pebbles due to controlling the fragmentation barrier (also see e.g., Birnstiel et al. 2012).

To match constraints from the solar system, [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF] estimate that the appropriate efficiency for d = 5H (Dittrich et al. 2013) is , which would have led to an initial asteroid Main Belt mass of about ∼ 5M Earth consisting of on average 100 km sized bodies, which took about a million years to gradually form (see Fig. 8). Additionally, [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF] find that this most appealing solar nebula is more massive yet gravitationally stable, and shallower than the commonly used Minimum Mass Solar Nebula (MMSN) (Hayashi 1981).

In the models of Lenz et al. (2019[START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF], planetesimal formation at the asteroid Main Belt's location occurs rather rapidly from to years after the start of the disk evolution, and has concluded after years the latest. After this period the available pebble flux decreases, and planetesimals cannot form effectively (solid lines) in the solar nebula for two different sets of parameters. Since the availability of a sufficiently massive pebble flux is the key requirement for planetesimal formation (Lenz et al. 2019), the formation of the Asteroid Belt's initial planetesimals (see curves for 3au) is expected to last up to to years, which is when the pebble flux starts to decline. The right panels depict the scenario that is preferred by [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF], with and a fragmentation speed of 1 m/s. The plot also shows the total mass flux also accounting for smaller dust grains that do not efficiently participate in planetesimal formation. The shaded areas indicate where the mass flux is too low support the formation of planetesimals. We refer to Fig. 1 of Lenz et al. (2019) for a detailed discussion of a similar plot. (see Fig. 8). Although, if one entertains the possibility that planetesimal collisions produce small-size debris which then in turn leads to the formation of second generation planetesimals, the asteroid Main Belt's formation period may be significantly extended (Gerbig et al. 2019). PLACE FIGURE 8 HERE: pebbFlux_compare_fiducial_bw.pdf (and color: pebbFlux_compare_fiducial.pdf) Interestingly, the Stokes numbers of the largest dust grains in the most appealing solar nebula in [START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF] at around 2 au correspond to pebble sizes of several cm. If planetesimals predominantly form from these larger pebbles, then smaller material (St ≈ 10 -3 ) is left behind. In the early, more gas-rich phase of the solar nebula's evolution, these small particles correspond to ∼ 1 cm sized material, similar to CAIs (Connelly et al. 2012). During later stages, when the gas content is declining, it would correspond to ∼ mm sized material, similar to typical chondrules, either before or after the flash heating [START_REF] Defelice | Lunar and Planetary Science Conference, Lunar and Planetary Science Conference[END_REF]. As such, this suggests that CAIs and chondrules were pebbles that were too small to be effectively involved in the formation of initial planetesimals. Instead, they may have been accreted onto already existing planetesimals via pebble accretion (Ormel & Klahr 2010), once the available supply of larger pebbles was depleted. Alternatively if chondrules were really the pebbles with St ≈ 10 -2 then the gas density in the MB region would have to have been 2 orders of magnitude lower, which would require a very peculiar density profile for the solar nebula to still contain enough mass and also meet other constrains on the spatial distribution of planetesimals to form the solar system.

IMPLICATIONS FOR CERES, VESTA, AND OTHER MAIN BELT ASTEROIDS

While the theoretically derived characteristic initial planetesimal diameter of a p ≈ 100 km well describes the majority MBAs, it does not fit the four largest asteroids, Ceres, Vesta, Pallas, and Hygiea, which make up about half of the total mass of the asteroid belt. All of them are larger than the size prediction in [START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF] by at least a factor of 4, and for Ceres, even an order of magnitude. Note that the size prediction is based on a minimal mass, thus of course a pebble cloud as massive as Ceres would also collapse. The question is then how it accumulated in the first place without collapsing when reaching the minimal mass, which was 1000 times lower? So it seems more likely that Ceres is the product of planetesimal collisions and pebble accretion.

If, instead of comparatively weak drag instabilities in the particle layer, stronger instabilities in the gas, like the magnetic or hydro turbulence, were to dominate turbulence at the asteroid Main Belt's location and the critical mass was on the order of that of Ceres, then the dominant size of asteroids would have initially also have been at 1000 km, which is is not likely considering the collisional evolution as represented in todays size distribution.

For these reasons, it seems much more likely that Ceres, Vesta and other large asteroids are not primordial in the sense of stemming from one pebble cloud of similar large mass, but started out as smaller planetesimals and then grew to their present size via accretion of either other planetesimals (e.g., Liu et al. 2019) or smaller pebbles (Ormel & Klahr 2010). These processes would produce compositional differentiated planetesimals, especially if the involved material originated from the outer parts of the Solar System.

When reproducing the present-day asteroid SFD, Morbidelli et al. (2009) did not exclude the possibility of a few 1000 km size initial planetesimals in the Asteroid Belt. However, unlike the existence of ∼ 100 km sized objects, it also was not a requirement, and is, as such, in line with the herein presented theoretical framework.

To conclude, the concept of MBAs having a rather large initial size of ∼ 100 km with a narrow distribution in sizes is fully consistent with recent models of planetesimal formation in the gravitational collapse scenario, in particular, if it is streaming instability that is driving particle diffusion on small scales, limiting the possibility to form significantly smaller objects. In fact, it is the strength of this turbulent diffusion on the scales of planetesimal formation that is setting the minimum size of initial planetesimals. Whether or not direct formation of Ceres-like planetesimals is possible as a random event requires a better understanding of the accumulation phase of pebbles into a pebble cloud that is either faster than the contraction time or alternatively delayed by locally enhanced turbulence. Such a study of concentration of pebbles from global scales, while also resolving local turbulent diffusion is subject to ongoing research.

The alternative to in-situ formation via a direct pebble cloud collapse is, that Ceres, Vesta, and other large asteroids grew from ∼ 100 km sized planetesimals to their present-day size via collisional accretion processes, which is plausible and consistent with observational evidence (see Chapter 16). Finally, Ceres or other large asteroids may also have migrated from the outer regions during the dynamical evolution of the Solar System as discussed in Chapter 15, yet as displayed in Figure 7 this alone would not explain their larger size by itself and also has to invoke post formation evolution by collisions and pebble accretion. Conversely also a size of ~100 km is not a proof for formation inside the MB region, as also at much larger distances to the sun, similar sizes are set by the streaming instability. Only composition may help to identify the location of initial aggregation from a pebble cloud.

Figure 3 .

 3 Figure 3. Gravitational collapse in the presence of the solar tides requires enhanced dust-to-gas ratios, i.e. Hill density, when gravity is stronger than the solar tides. Left panel: Comparison of Hill density (solid line, Eq. (2)), i.e., the required density for a cloud to be stable against tidal shear, with gas densities of the Minimum Mass Solar Nebula model (dotted line,Hayashi 1981) and the most appealing Solar Nebula model fromLenz et al. (2020) (dashed line). Right panel: Required mid-plane dust-to-gas ratios to achieve Hill density. We highlight the region corresponding to the Main Bel by a grey shaded area. Figure reprinted from[START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF].

Figure 4 .

 4 Figure 4. 3D numerical simulation of planetesimal formation in the presence of streaming instability.Simulations are conducted in the shearing box approximation where x is the radial coordinate and y the azimuthal coordinate. Shown are vertically-integrated, normalized particle densities projected onto the disk plane. The realistic conditions in the MB region (see Figure3) are so far not accessible for numerical simulation, thus simulation results have to extrapolated physical relevant conditions. This snapshot shows that self-gravity can lead to fragmentation of streaming instability filaments and the formation of distinct clumps which are commonly identified as planetesimals. SeeGerbig et al. (2020) for a discussion of this particular setup.

  [START_REF] Delbo | [END_REF] assumed initial conditions. Instead, one must consider how such an unstable situation, i.e. local concentration or trapping of pebbles can be achieved in the first place.

Figure 7 .

 7 Figure 7. Initial planetesimal size according to Eq. (5) for a variety of models studied in[START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF]. The lower dotted line show the initial size assuming a MMSN disk(Hayashi 1981), while the thick solid line is for the most appealing disk in[START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF], which promisingly predicts an initial size of ∼ 80 km at the Asteroid Belt's location. The thinner solid lines result when removing 90 % or 99% of the gas mass from the nebula. This figure was reprinted from[START_REF] Klahr | Turbulence Sets the Length Scale for Planetesimal Formation: Local 2D Simulations of Streaming Instability and Planetesimal Formation[END_REF]. We refer to their Figure10for a detailed explanation of the different models.

Figure 8 .

 8 Figure 8. Evolution of the pebble flux(solid lines) in the solar nebula for two different sets of parameters. Since the availability of a sufficiently massive pebble flux is the key requirement for planetesimal formation(Lenz et al. 2019), the formation of the Asteroid Belt's initial planetesimals (see curves for 3au) is expected to last up to to years, which is when the pebble flux starts to decline. The right panels depict the scenario that is preferred by[START_REF] Lenz | Constraining the parameter space for the solar nebula. The effect of disk properties on planetesimal formation[END_REF], with and a fragmentation speed of 1 m/s. The plot also shows the total mass flux also accounting for smaller dust grains that do not efficiently participate in planetesimal formation. The shaded areas indicate where the mass flux is too low support the formation of planetesimals. We refer to Fig.1ofLenz et al. (2019) for a detailed discussion of a similar plot.
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