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Abstract

The rotation rate distribution of small Main Belt asteroids is dom-

inated by YORP and collisions. These mechanism act differently de-

pending on the size of the bodies and give rise to non–linear effects

when they both operate. Using a Monte Carlo method we model the

formation of a steady state population of small asteroids under the in-

fluence of both mechanisms and the rotation rate distribution is com-

pared to the observed one as derived from Pravec et al. (2008). A

better match to observations is obtained with respect to the case in

which only YORP is considered. In particular, an excess of slow rota-

tors is produced in the model with both collisions and YORP because

bodies driven to slow rotation by YORP have a random walk–like evo-

lution of the spin induced by repeated collisions with small projectiles.

This is a dynamical evolution different from tumbling and it lasts until

a large impact takes the body to a faster rotation rate. According to

our model, the rotational fission of small asteroids is a very frequent

event and might explain objects like P/2010 A2 and its associated tail

of millimeter-sized dust particles. The mass loss during fission of small

asteroids might significantly influence the overall collisional evolution

of the belt. Fission can in fact be considered as an additional erosion

mechanism, besides cratering and fragmentation, acting only at small

diameters.
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1 Introduction

The rotation rates of small asteroids in the Main belt, mostly deduced from

periodic variations in their brightnesses, are controlled by mutual collisions

and YORP. Any model for the interpretation of their mean rotation rate and

dispersion, as derived from lightcurve compilations, must account for both

these mechanisms. During a collision between a small projectile and the

target asteroid, angular momentum is transferred from the orbital motion

of the projectile to the spin of the target. In addition, if some fragments are

able to escape the gravity of the target, some mass and angular momentum

may be lost. The amount of change in the rotation rate and spin direction

depends not only on the energy of the impact (size and velocity of the

projectile) but also on the geometry of the encounter. Off–axis cratering

events are very effective in changing the spin state of an asteroid. These

impulsive variations in the rotation rate, which constantly occurs in the Main

Belt because of the dense population of bodies, may significantly interfere

with YORP (Rubincam 2000, Vokrouhlický and Čapek 2002, Čapek and

Vokrouhlický 2004) by changing the rotation parameters, the phase of the

YORP cycle, and the torque itself. In addition, energetic cratering events

alter the superficial features of the asteroid causing a significant change in

the recoil force as the absorbed heat is re–emitted. According to Statler
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(2009), alterations to the small-scale topography may even reverse the sign

of the YORP torque.

During the lifetime of an asteroid, in between two breakup events that

would significantly reduce its shape and reset its rotation state, the vari-

ation of the spin rate will be determined by the interplay between YORP

and cratering impacts. The combined effect of the two mechanisms is not

necessarily a linear combination of the independent contributions from ei-

ther YORP or collisions. In fact, collisions affect the YORP evolution by

changing its phase and parameters while YORP changes the rotation rate in

between two subsequent collisions leading to a different rotational configura-

tion at the next collision. As a consequence, we expect a complex behavior

of the spin under the action of the two mechanisms and we find that this

is particularly relevant for slow rotators. In fact, for slowly spinning bodies

repeated collisions can temporarily halt the YORP evolution triggering a

period of slow rotation. On the other hand, when YORP is gently driving

the body towards the breakup limit a collision may abruptly send the body

beyond its spin limit causing immediate fission. To model the combined

effects of YORP and collisions, we have developed a computer model which

simulates both the YORP and collisional evolution of the rotation rate for

asteroids of any size. Starting with a population of asteroids with a fixed
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size distribution and a given initial rotation rate distribution, we can derive

the relaxed state of the spins and infer a distribution that can be compared

to observations. In this way we can better constrain the parameters that de-

termine the spin evolution and, possibly, the initial distribution as outcome

of collisions for small asteroids. In addition, keeping track of the rotation

rate of the individual bodies, we can estimate the number of objects spun

beyond the fission limit by the combined YORP and collision effects. The

frequency with which bodies of a given diameter are accelerated beyond the

breakup limit can be estimated and tested against the occurrence of events

like the formation of a cometary tail for body P/2010 A2. Fission appears

a likely mechanism for such phenomena.

In Section 2 we describe the numerical model we have developed which

includes both YORP and cratering events. In Section 3 we illustrate the

evolution of individual bodies as a function of time. In Section 4 we apply a

Monte Carlo method to model a full population of asteroids and in Section 5

we describe the results of our simulations and their dependence on the model

parameters. Section 6 is devoted to the discussion of rotational fission as a

source of objects like P/2010 A2 while in Section 7 we discuss the results

and future perspectives.
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2 The numerical model

In the next section we describe the details of the Monte Carlo numerical

model used to simulate the evolution of the spin rate of a population of

asteroids in the main belt under the coupled action of YORP and collisions.

2.1 Algorithm modeling the collisional change of the asteroid
spin

To model the evolution of the spin of a single asteroid due to repeated col-

lisions with other asteroids of the Main Belt we first define its initial radius

r, mass M and angular momentum vector L. The population of potential

impactors is then derived from the SDSS (Sloan Digital Sky Survey) size dis-

tribution of asteroids (Ivezic et al. 2001) and is distributed over logarithmic

size bins. Using Poisson statistics, we compute both the number of collisions

that the asteroid has with projectiles coming from each size bin and their

timing, using the intrinsic probability of collision for the Main Belt < Pi >

(Farinella and Davis 1992, Bottke et al. 1994, Vedder 1996, 1998). At this

stage of the model we have a list of random impacts sorted in time which

are characterized by the collisional time, projectile size and by an impact

velocity which is randomly drawn from the distribution given in Bottke et

al. (1994). The subsequent step consists in computing the change in L due

to all collisions. For each impact on the list we define an approach geometry
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which is randomly defined within the limits given by the orbital element

distribution of asteroids in the Belt. The strongest constraint is on the ve-

locity along the z-axis which cannot exceed that predicted by the average

inclination of the Belt. After each impact, we add the angular momentum

vector Li of the projectile to that of the target L. In this way we update

the rotation rate and direction of the spin axis. If the impactor is too big

for a cratering event, we assume that the target is shattered, we record the

breakup and draw a new object from the initial distribution. We neglect

the angular momentum taken away by fragments that may escape after the

cratering. This approximation is good for the frequent low energy impacts,

but is less precise for the few very energetic impact events. However, as

stated above, these events are not really important for the overall evolution

of the spin rate of small asteroids. The outcome of repeated collisions on the

rotation rate is a random walk that tends to spread the initial spin distrib-

ution. The overall effects of shattering events on the spin distribution is not

included in our model because anytime a body is fragmented, it is removed

and substituted by a new one preserving no memory of the previous spin

value. This allows us to keep our model population stationary. This is also

a good approximation because for small asteroids the leading mechanism

determing the spin evolution is YORP and, after a shattering event, any
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record of the pre–fragmentation YORP cycle is lost and the body is set in

a new YORP state.

2.2 YORP evolution

In between two collisions the spin rate of an asteroid evolves under YORP.

We follow the approach outlined in Scheeres (2007) and also adopted in

Rossi et al. (2009). A non-dimensional YORP coefficient CY is defined for

the asteroid whose value, according to Scheeres (2007), is encompassed be-

tween −0.025 and 0.025 (see table 4). This coefficient depends on both the

asteroid’s shape and moment of inertia. It is noteworthy that the estimated

values of CY for the asteroids Apollo and YORP are 0.022 and 0.005, re-

spectively, based on values taken from (Kaasalainen et al. 2007 and Taylor

et al. 2007). An initial value for CY is drawn randomly for an asteroid at

the beginning of the simulation. The rotational acceleration for the body in

between two collisions is then computed as:

ω̇ =
BG1r

A2
√

1 − e2M
CY (1)

where B is a Lambertian scattering coefficient, usually taken to equal 2/3,

G1 ∼ 1×1014 kg km/s2 is the solar radiation constant. The asteroid orbital

parameters like semi-major axis A (in km) and eccentricity e are initial

parameters of the model.
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After any collision we update the obliquity of the body ε according to the

angular momentum variation. The YORP coefficient is also re–computed,

to account for the change in obliquity, following the equation:

C
′
Y = CY (3 cos(ε)2 − 1)/2 (2)

from Nesvorný and Vokrouhlický (2008). In our approximation we ignore the

obliquity dynamics due to YORP and we consider only the impulsive changes

due to collisions. We plan to include obliquity variations once we have a

better developed analytical model for the complex rotational evolution of

these bodies under YORP. A first approach to this theory is found in Cicalo

and Scheeres (2010), however this does not address or predict overall spin-

up/spin-down of the body, which should also be an issue. The inclusion of

YORP obliquity dynamics also implies that we must also model the thermal

inertia of these bodies, as previous analytical predictions and numerical

results have shown that the obliquity dynamics are quite sensitive to this

parameter. As this will add additional uncertain parameters into our model,

and should ideally only provide a randomization of the obliquities (which

the impacts already essentially does), we feel that this addition is not needed

for the current generation of our model.

If a collision is energetic, the changes in rotation rate and shape can alter

the subsequent YORP cycle. For this reason, whenever a collision is violent
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enough to change the obliquity by a fraction δ ≥ 0.2 we draw for the body

a new YORP coefficient CY that will be used from then on. The change in

CY is ascribed to the modifications of the surface properties of the asteroid

caused by the cratering (the formation of a new crater, moving boulders,

shifting the barycenter etc., see Statler 2009).

If the asteroid approaches its critical rotation rate for breakup, we as-

sume that its shape will be reconfigured because of boulders shifting, mass

shedding and fission as discussed in Scheeres et al. (2007) and Jacobson

and Scheeres (2011). The amount of body changes at breakup is a complex

issue and the amount of mass erosion depends on the physical properties of

the body itself. As a first rough approximation, we assume that the body

survives and re-starts its YORP evolution with a constant torque that acts

to spin the body up in the opposite direction (see Vokrouhlický et al. 2007).

In some cases, a collision can abruptly accelerate the spin of a body

already driven close to the breakup limit by YORP driving it well well be-

yond the breakup limit. In this case, very different from a YORP–only more

gentle evolution, we expect that the body is disrupted like in a fragmenting

impact, implying that a more detailed modeling of this event is needed using

numerical algorithms that model asteroids as an agglomerate of rigid parti-

cles (Richardson et al. 2000; Richardson et al. 2005; Sánchez and Scheeres
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2011). In our model, any time a collision spins up the body in a step–like

way beyond the critical rate, we substitute it with a new one having a new

random rotation rate. This is the same algorithm used to replace bodies

which are fragmented by energetic projectiles.

3 Evolution of single asteroids

In Fig. 1 we illustrate the evolution of the rotation rate of individual asteroids

having different sizes. As expected, for smaller asteroids the YORP cycles

are faster but they can be interrupted and possibly reversed by collisions

which, if sufficiently energetic, may alter the YORP parameters. Large

steps are also observed due only to collisions as for some larger asteroids.

In our model we assume that the variation (and even reversal) of the

YORP cycle depends on the amount of obliquity change. We arbitrarily set

this limit to δ = 0.2. However, a collisional reshaping sufficient for altering

the YORP coefficient CY might occur also for less energetic impacts. As

shown in Statler (2009), YORP is very sensitive to topographic features like

moderate sized craters or boulders. A collision does create a new crater

and if it is energetic enough the crater size may be comparable with the

body radius and significantly change the YORP evolution. In addition to

that, the center of mass may be displaced and boulders can be produced
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in the impact. As a consequence, the assumption that collisions can alter

the YORP evolution is well based. It is however not well defined how the

coefficient CY depends on the impact energy of cratering events. There is

also an inherent stocasticity due to the crater formation process and the

ejecta evolution.

4 The Monte Carlo model and the evolution of the
asteroid population

Our model for the evolution of a single asteroid can be extended to a whole

population of asteroids. A Monte Carlo approach is used with a structure

similar to that described in Rossi et al. (2008) and Scheeres et al. (2004).

A population of 105 asteroids is initially generated. Their initial size dis-

tribution, ranging from 100 m to 20 km, follows that given in O’Brien and

Greenberg (2003) for the entire belt. The spin distribution of these puta-

tive asteroids is in agreement with the Maxwellian distributions presented

in Fulchignoni et al. (1995) and Donnison and Wiper (1999). To each body

of our sample we assign a value of semimajor axis and eccentricity which

are used in the computation of the YORP torque. The orbital elements are

selected randomly following the known Main belt orbital distribution. This

population is evolved under the action of YORP and collisions. During the

interval of time covered by the numerical model, an asteroid in our sample
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may undergo a collisional event able to disrupt the body. The size of the

projectile needed to disrupt and disperse half of the parent body (which is

the definition of a fragmentation event) is computed following Bottke et al.

(2005). Whenever such an event occurs, a new body is generated with the

Monte Carlo method so that the total number of bodies in our sample is

constant. The driving reason for this choice is that the collisional evolution

of larger asteroids is constantly refilling the population of smaller bodies.

Cratering and fragmentation of large size asteroids create a bunch of small

bodies that replace those disrupted in collisions and the population of small

asteroids is then stationary. A value of CY is also drawn randomly for the

new body following a Gaussian distribution centered in 0.

As a caveat, we point out that our model does not model the full colli-

sional evolution of asteroids and is then limited compared to other models

like that described in Farinella et al. (1992). However, the dominant mech-

anism for the spin evolution of small asteroids is YORP, while collisions can

be considered as a perturbation of the YORP induced cycles. This per-

turbation is significant since it frequently changes the YORP coefficient by

altering the superficial features of the body, possibly reversing the YORP

evolution. At the same time, in the lower limit of the rotation state col-

lisions interact non-linearly with YORP causing significant effects. In this
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light, our collisional model can be managed with some approximations like

neglecting the escaping fragments and not fully exploring the parameters

of the collisional physics. In their paper, Farinella et al. 1992 explored in

detail both the collisional and rotational evolution of asteroids but, since at

that time YORP was not considered a relevant effect, they did not include

it as a source of spin change. As a consequence, they see in their outcome

a dependence on the collisional parameters. In our case, we use a simplified

approach and we neglect fragmentation since any time a body is fragmented,

it is assumed to move to a different size bin and be replaced by a new body.

In this way we keep the population fixed to the SSDS slope.

An additional simplification of our model is in not accounting for the

possible tumbling state that an asteroid might enter when its rotation rate

is slow either because of YORP (Vokrouhlický et al. 2007) or caused by gen-

tle collisions. In the former case Vokrouhlický et al. 2007 have shown that

at the YORP reversal the body accelerates but preserves a tumbling state.

However, the internal stresses due to wobbling cause dissipation of energy

which will eventually drive the rotation back towards a stable rotation mode.

The persistence of the tumbling state depends on energy dissipation rates

that are difficult to determine and depend on the shape, physical state and

composition of the body (see for example Efroimsky and Lazarian, 2000).
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Our models where YORP is the only source of spin variation may not cor-

rectly describe the end state of rotation since we assume that the subsequent

spin acceleration instantly occurs. However, even in this case the relevant

parameter is the energy dissipation timescale.

The scenario when collisions are included is different. We will discuss

this in more detail in the following section.

5 Results

With our model we evolve the population of small Main Belt asteroids over

the age of the solar system. We first explore the effects of YORP and

collisions separately and, finally, we run simulations where both effects are

included. In Fig. 2 the cumulative distribution of the rotation rates is shown

for the three different situations. Both YORP and collisions contribute inde-

pendently to create a population of fast rotators while YORP is much more

effective in slowing down the rotation rate. In the simulation where only

YORP is included, a significant fraction of asteroids become slow rotators.

When we include in the algorithm both YORP and collisions, the number of

slow rotators is consistently increased. To compare our model results with

observations we have to artificially bias our population in order to simulate

the observational incompletness. We have followed the same method de-
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scribed in Rossi et al. (2009) and we have divided the diameter range in size

bins and in each bin we have selected randomly from our model population

a number of objects equal to that of the observed population. In Fig. 3 we

compare our biased population with the observed cumulative distribution

by Pravec et al. (2008). The numerical model with only the YORP effect

included significantly underestimates the number of slow rotators observed

in the real population. Even fast rotators are not well reproduced in this

scenario. When the collisions are included in the model, the observational

data are better matched and an excess of slow rotators is found. Since nei-

ther YORP or collisions alone are independently able to produce this large

tail of slow rotators, it is an effect related to a non–linear coupling between

the two mechanisms.

What happens is the following. Far from a slow rotation state, only the

occasional energetic collisions are able to significantly change the rotation

rate with a sudden step, while the effects of small impactors are easily ab-

sorbed by the overall evolution even if they can change the YORP coefficient

and the rotation direction. On the other hand, when the rotation rate of

an object is smoothly slowed down by YORP reaching longer periods, the

amount of angular momentum change imparted by collisions becomes com-

parable to the total angular momentum of the body. This keeps the asteroid
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“lingering” in a slow rotation state for a comparatively large time, leading to

the observed excess. It is noteworthy that we are not modeling a tumbling

state, rather the spin follows a sort of random walk driven by low energy

impacts until an impact with a large projectile significantly accelerates the

spin, stabilizing the object against less energetic impacts again. At this

point, the spin rate can be smoothly accelerated by YORP and the asteroid

enters the “normal” YORP cycle. This effect happens mainly for the larger

objects in our sample (around 5 km of diameters) and is shown in Fig. 4.

For comparison, in Fig. 5 we illustrate the evolution of the same objects

under the influence of YORP only (i.e., in a simulation where collisions are

neglected). In this latter case only the smooth YORP cycles are observed

and no excess of slow rotators is observed in the cumulative distribution. For

smaller objects the YORP cycles are so short and the perturbation induced

by collision so frequent and comparatively large, that the body is rapidly

jumping between the two extreme states of slow and fast rotation and no

accumulation at slow rotation rates is observed. E.g., in Fig. 6, the fast

evolution of the spin for a small (61 meter diameter) object, under the effect

of YORP and collisions, is shown. The YORP evolution is so rapid that it

prevents any lingering at slow spins.

This collisional lingering caused by frequent gentle collisions may inter-
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fere with the YORP induced tumbling state, either causing tumbling before

YORP itself does (see Vokrouhlický et al. 2007), or by altering its evolution.

The effects of collisions on the rotation rate of a tumbling asteroid is a com-

plex subject and could be modeled by directly solving the equations of the

orbital and rotational motion as in Vokrouhlický et al. (2007), introducing

a step change anytime a collision occurs. It appears unlikely that tumbling

might prevent collisions to extend the period of slow rotation by gentle kicks

in different directions, but a detailed treatment of this effect is needed.

Another example of non–linear interaction is observed when an asteroid

is accelerated by YORP close to the breakup limit. A collision occurring

at this stage will either slow the body down with a step change and lead

it to a different YORP evolution, or it will take the asteroid immediately

beyond the breakup limit. As mentioned above, in this case the asteroid

will be substituted by a new body with a new random rotation rate in our

simulation. This combination of YORP and collisions reduce the number of

asteroids with a spin rate close to the breakup limit compared to a scenario

with only YORP. This phenomenon is observed in Fig. 3 where the number

of fast rotators is lower when both collisions and YORP are included in the

model compared to the case with only YORP.
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5.1 Dependence on the size distribution at small diameters
and on the parameter δ.

The size distribution is a poorly constrained parameter when modeling the

evolution of small asteroids in the main belt. We have used in our modeling

the SDSS size distribution but the recent SKADS survey by Gladman et al.

(2009) seems to point to a somewhat shallower slope at small diameters. For

this reason we have tested different slopes for the size distribution in our

model with the results are shown in Fig. 7. When the slope is shallower, the

projectile population is reduced and the lifetime of the asteroids we consider

is longer. Consequently, more bodies experience the lingering at low rotation

rates and the population of slow rotators is considerably increased. It is also

true that the number of projectiles that can keep the bodies lingering at low

rotation rates is decreased, but according to the numerical model this is not

enough to halt the production of slow rotators.

One might argue that from our model we could derive constraints on the

size distribution of main belt asteroids at the small size end by trying to

match the rotation rates. However, we are still far from doing it. While the

steeper slope of 2.1 gives a better match to observations on the slow rotators

side, it underestimates the number of asteroids with intermediate spins in

favor of slow and fast rotators. Additional aspects may be missing in our
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model, like a dependence of the asteroid shape on the size and possibly the

consequences of the breakup processes that produces small bodies. This

might introduce an additional size dependence on the YORP coefficient

which could affect the non–linear interplay between collisions and YORP

and change the steady state spin distribution.

An additional parameter of our model is δ, the amount of change in

obliquity that leads to a re–drawing of the YORP coefficient. Its value is

not constrained by present theories of YORP apart from the fact that it

must be small. We sampled 3 different values of this coefficient to test its

influence on the overall distribution of the spin rates. In Fig. 8 we illustrate

the changes in the cumulative spin distribution due to different values of δ.

The differences in the distributions for δ = 0.1, 0.2, 0.3 appear to be mostly

due to random effects.

6 Rotational fission as source of objects like P/2010

A2

Observations by Jewitt et al. (2010) of the peculiar object P/2010 A2, a

small body with a diameter of approximately 120 m orbiting in the inner

asteroid belt, have revealed an extended tail of dust particles. Snodgrass

et al. (2010) proposed that the tail is made up of debris from a cratering

event traced back to early 2009. In addition to the collision hypothesis,
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Jewitt also suggested an alternative explanation assuming that the body was

partially disrupted by rotational bursting. Our model predicts that spinning

up by YORP beyond the limit of cohesion is indeed a more frequent event

compared to an equivalent cratering. Material at the surface of the asteroids

may reach ejection speeds separating from the body at the equator (Walsh et

al. 2008) or may undergo fission followed by mutual interactions (Jacobson

and Scheeres 2011) that could create a dusty tail similar to that detected by

Jewitt et al. (2010). Mass shedding has been also proposed as an additional

mechanism for slowing down rapidly spinning asteroid (Bottke et al., 2002;

Scheeres et al., 2006; Walsh and Richardson, 2006b).

In Fig. 9 we show the number of expected fission events per year due

to YORP for asteroids in the belt as a function of their diameter. It is

noteworthy that the number of fissioning bodies is larger than the number

of fragmentation events for bodies smaller than 2 km. In particular, for a

100 m size body in the belt we find about 360 asteroids per year spinning

beyond the critical rate and possibly causing mass shedding. This is a

significant number and it may explain the observations of P/2010 A2 and

even suggest that fission may be the preferred source of a dusty tail compared

to cratering. According to Jacobson and Scheeres (2011), material entering

orbit via rotational fission will always escape (unless the mass ratio between
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the components is greater than 0.2) with two effects: the formation of a

dusty tail and the erosion of the original body. If a significant number of

bodies are involved in such a fission process, their constant erosion might

affect the size distribution of asteroids at small diameters. This would be

an independent mechanism, apart from collisions, causing a reduction in

the number of small asteroids. The -3.5 collisional equilibrium slope of the

differential size distribution of asteroids inferred on a theoretical ground by

Dohnanyi (1969) for a collisionally relaxed system would no longer be a

good approximation as it neglects the contribution from asteroidal fission

of small asteroids. Numerical collisional evolution models used to simulate

the erosion of the belt in addition to cratering and fragmentation should

also include fission to match observations. To estimate the influence of this

mechanism we need a detailed model of what happens to an asteroid when

it is accelerated beyond the critical rotation rate. In this way we can devise

a general approach allowing us to draw a statistical outcome (fission, binary

formation, amount of erosion etc..) for any given object accelerated by

YORP beyond the critical value. This work is in progress and will allow

one to derive predictions on the number of binaries and other morphology

properties. A more complex approach is required if we want to estimate the

effect of fissioning erosion on the size distribution of asteroids.
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7 Discussion and Conclusions

The rotational evolution of small asteroids in the Main Belt is dominated by

YORP and collisions. Both these physical mechanisms can significantly alter

the spin rate of a body and change its primordial value, either that achieved

after the breakup event that created the body itself or that produced during

the formation process for unshattered bodies. However, the two mechanisms

are not acting independently since they may interfere with each other and

give origin to non–linear effects. First of all collisions can modify the small

scale topography of an asteroid and, according to Statler (2009), change

the YORP cycle. In addition, close to the two limiting states of a rotating

body the non–linearity is particularly strong. When a small asteroid is in

a slow rotation state, small scale cratering events cause a random walk in

the spin period which lasts until a large projectile hits the body restoring

the YORP cycle. This causes an increase in the number of slow rotators

in a steady state population. Moreover, when driven close to the breakup

limit by YORP, an energetic collision may lead the body beyond the critical

rotation rate causing its disruption. A reduction in the number of surviving

fast rotators is then expected. However, the overall spin distribution at the

fast rotation end is mostly due to YORP.

With our model based on a Monte Carlo approach, we account for both
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YORP and collisions and we show that their combined effects lead to a

better match to the observed rotation rate distribution of small asteroids,

compared to the case in which only YORP is included. However, additional

work is needed to explain the significant excess of slow rotators that our

model produces, even after an artificial bias is imposed to our model results.

There are a number of possible sources for this discrepancy. We may under

(or over) estimate the effects on YORP cycles of the topographical changes

caused by the cratering events. To have additional clues on this aspect more

modeling is needed on the relative change of the YORP coefficient CY after

an impact altering the superficial features of the body. Also, the obliquity

evolution is not fully modeled since we neglect the effects of YORP on it.

Finally, as discussed in the text, the size distribution of asteroids at the

small size end influences the lifetime of asteroids and alters the slow rotator

tail. Some aspects of our model can be improved by further independent

studies on YORP and the evolution of bodies beyond the critical limit.

An analytic theory of how YORP affects the obliquity evolution is needed

since at present the obliquity of our sample bodies changes only because of

collisions. This may not significantly alter the outcome of our modeling since

the YORP obliquity change may be either absorbed by collision variations

or by the overall statistics involving many bodies with changing YORP
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coefficients. We also need to outline an algorithm able to statistically select

an outcome between binary formation and mass shedding anytime a body

in our sample is accelerated to breakup. This is work in progress following

the theory presented in Jacobson and Scheeres (2011). Once implemented,

this algorithm will allow us to derive the fraction of asteroids which will

become objects like P/2010 A2, developing a dusty tail as a consequence of

mass shedding, compared to the fraction of binary asteroids and predict the

relative number of events per year.
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Figure 1: Evolution of the rotation frequency of small asteroids with time.
The top plot shows the evolution of 3 individual 1 km size object, the middle
plot that of 5 km size bodies and the bottom plot for 10 km size bodies.
Different color lines within the same plot indicate objects with different
initial parameters. The selected cases are not a statistical representative
sample in terms of collisional lifetime.
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Figure 2: Cumulative rotation rate distribution of small Main Belt asteroids
after 4.5 × 109 years of evolution. To better match observations, the model
population has been artificially biased in size as in Rossi et al. (2009). The
diamter range spanned by our model has been divided in logarithmic size
bins and in each of this bin a number of bodies equal to the observed ones
have been randomly selected within our numerical sample.
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Figure 3: Same as in Fig. 2 but an artificial bias is applied to the model
results to better reproduce observations.
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Figure 4: Time evolution of the spin period for a few large objects within
our sample, under the effect of YORP and collisions.
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Figure 5: Time evolution of the spin period for the same objects shown in
Fig. 4, under the effect only of YORP.
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Figure 6: Time evolution of the spin period for a small object within our
sample, under the effect of YORP and collisions.
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Figure 7: Same as in Fig. 3 but different slopes for the size distribution of
small asteroids are used.
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Figure 8: Same as in Fig. 3 but different values of the parameter δ =
0.1, 0.2, 0.3.
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Figure 9: Number per year of expected small asteroids which will be spun up
to fission in the asteroid belt as a function of their diameter. For comparison,
the number of breakup events is shown.
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In this study we model the evolution of the rotation rate of small Main
Belt asteroids under the effects of YORP and collisions.

We find that cratering collisions coupled to YORP give non-linear effects
which depend on the size of the bodies and are particularly relevant at slow
rotation rates. These effects lead to the observed excess of slow rotators
among small asteroids.

Our model also shows that the rotational fission of small asteroids is
a very frequent event and might explain objects like P/2010 A2 and its
associated tail of millimeter-sized dust particles.
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