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ABSTRACT

Aims. We developed a six-part collisional evolution model of the main asteroid belt (MB) and used it to study the contribution of the
different regions of the MB to the near-Earth asteroids (NEAs).
Methods. We built a statistical code called ACDC that simulates the collisional evolution of the MB split into six regions (namely Inner,
Middle, Pristine, Outer, Cybele and High-Inclination belts) according to the positions of the major resonances present there (ν6, 3:1J,
5:2J, 7:3J and 2:1J). We consider the Yarkovsky effect and the mentioned resonances as the main mechanism that removes asteroids
from the different regions of the MB and delivers them to the NEA region. We calculated the evolution of the NEAs coming from the
different source regions by considering the bodies delivered by the resonances and mean dynamical timescales in the NEA population.
Results. Our model is in agreement with the major observational constraints associated with the MB, such as the size distributions of
the different regions of the MB and the number of large asteroid families. It is also able to reproduce the observed NEAs with H < 16
and agrees with recent estimations for H < 20, but deviates for smaller sizes. We find that most sources make a significant contribution
to the NEAs; however the Inner and Middle belts stand out as the most important source of NEAs followed by the Outer belt. The
contributions of the Pristine and Cybele regions are minor. The High-Inclination belt is the source of only a fraction of the actual
observed NEAs with high inclination, as there are dynamical processes in that region that enable asteroids to increase and decrease
their inclinations.
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1. Introduction

Asteroids are minor bodies located mostly in the inner Solar
System and are considered to be the shattered remains of plan-
etesimals, the bricks from which the planets were formed. There
are millions of asteroids, all with irregular shapes and sizes rang-
ing from dust particles to diameters of hundreds of kilometers.
The large majority of asteroids reside in the main asteroid belt
(MB), a vast region in our Solar System located between the
orbits of Mars and Jupiter, from ∼2 to ∼3.4 AU from the Sun.
Another population of asteroids worth studying are the near-
Earth asteroids (NEAs), because they are able to cross the orbit
of the Earth and therefore may represent a hazard for human civ-
ilization in case of an impact with our home planet. The NEAs
are part of a bigger population called near-Earth objects (NEOs),
which also includes comets.

Since the pioneering paper by Dohnanyi (1969), many stud-
ies have been published on the collisional evolution of the MB.
In particular, Petit & Farinella (1993) and afterwards O’Brien
& Greenberg (2005) considered empiric fragmentation laws
derived from laboratory experiments performed by Nakamura
& Fujiwara (1991). Also, Morbidelli et al. (2009) constructed
a statistical code named BOULDER using the results of smooth-
particle hydrodynamics (SPH) simulations performed by Benz
& Asphaug (1999) and Durda et al. (2007). The works of Bottke
et al. (2005a,b) performed a collisional evolution model to con-
strain the primordial size distribution of the MB, and the link

between the collisional history and its dynamical excitation and
depletion. All of the mentioned papers considered the whole MB
as a single population. However, different regions of the belt may
have different physical and dynamical properties. Therefore, a
multiple-population model of the MB can lead to a more real-
istic representation of the collisional and dynamical processes
that affect the MB. In particular, de Elía & Brunini (2007)
built a collisional and dynamical evolution model of the MB
by splitting it into three regions: inner, middle, and outer belt,
and studied the contribution of the different regions to the NEA
population. More recently, Cibulková et al. (2014) developed a
six-population collisional evolution model of the MB and tested
different fragmentation laws considering monolithic and rubble-
pile bodies. The work of Cibulková et al. (2014) also made a
global exploration of the Yarkovsky effect, testing different ther-
mal and physical models, and thus serving as starting points for
future improvements of collisional models.

The MB and NEA populations are closely connected by
evolutionary processes and dynamical transport mechanisms.
Intense collisional activity in the MB continuously shatters aster-
oids and injects a large quantity of material into the resonant
regions via radiation forces like the Yarkovsky effect (Farinella
et al. 1998; Morbidelli & Vokrouhlický 2003). Nowadays, it
is widely accepted that the main escape routes from the MB
and source of NEAs are the main resonances with the outer
planets. Gladman et al. (1997) showed that objects falling into
resonances become NEAs in a few million of years. Recently,
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Granvik et al. (2016) performed N-body simulations aimed at
locating the escape routes from the MB into the NEA region.

Many works have been made to estimate the population
of NEAs. Bottke et al. (2002) constructed a debiased orbital
and absolute magnitude-frequency distribution (HFD) of NEOs
by using N-body simulations, which was updated recently by
Granvik et al. (2018). Other papers estimated the HFD using
collisional evolution models, as in the work of O’Brien &
Greenberg (2005) and de Elía & Brunini (2007). Also, Harris
& D’Abramo (2015), Schunová-Lilly et al. (2017), and Tricarico
(2017) derived HFDs of the NEAs using observational meth-
ods. Nowadays, the observed HFD is thought to be complete for
H < 16 (Tricarico 2017).

Here, we present a new multi-population code called ACDC
(Asteroid Collisions and Dynamic Computation) based on the
prescriptions of the BOULDER code (Morbidelli et al. 2009) and
the work of Cibulková et al. (2014). ACDC is a statistical code
that simulates the collisional evolution of the MB split into six
regions bounded by the major resonances present. We included
the action of the Yarkovsky effect and resonances as the mech-
anism that removes asteroids from the MB. The inclusion the
Yarkovsky effect in a multi-population model is a big improve-
ment with respect to previous works, because the Yarkovsky
effect greatly influences the collisional evolution of the MB, and
enables us to perform a new study of the link between the MB
and the NEAs.

The main goal of this paper is to develop a six-part colli-
sional evolution model of the MB and use it to obtain a HFD
of the NEA region, and also determine the source regions of the
NEAs. This study is an attempt to answer the following ques-
tions: Where do the NEAs come from? How many NEAs come
from the different regions of the MB? Is there a particular region
in the MB that provides more NEAs than the others? Is there a
specific region that delivers bigger asteroids?

The paper is structured as follows. In Sect. 2, the partition of
the MB in six regions is presented. In Sect. 3, we fully describe
the collisional evolution model of the MB and the Yarkovsky
effect. In Sect. 4, we describe our model for the NEA dynamical
evolution. We present our results for the initial and final size–
frequency distributions (SFDs) of the six regions of the MB,
the HFD of NEAs, and the contribution of the different regions
in Sect. 5. Finally, we present our conclusions and discuss our
findings in Sect. 6.

2. Partition of the asteroid belt

In the past, most studies on collisional evolution, such as Bottke
et al. (2005a) and O’Brien & Greenberg (2005), were carried out
assuming the MB as a whole, considering one single probability
of collision and impact speed for all asteroids. However, different
regions of the belt may have different physical and dynamical
properties such as number of objects, composition, distance to
the Sun, presence of resonances, and so on.

In order to make a more realistic model of the interactions
between the different parts of the MB, we follow Cibulková et al.
(2014) and split the MB into six regions, or populations, sepa-
rated by the major mean-motion resonances (MMR) with Jupiter
and the ν6 secular resonance with Saturn. The asteroid belt and
the locations of the MMR are plotted in semimajor-axis versus
inclination in Fig. 1 using the online data from the Minor Planet
Center1.

1 https://www.minorplanetcenter.net/iau/MPCORB/MPCORB.
DAT

Fig. 1. Main asteroid belt plotted in semimajor axis a vs. inclination I.
The six defined regions are Inner, Middle, Pristine, Outer, Cybele, and
High-Inclination, which are separated by the positions of the major res-
onances in the asteroid belt. The resonances considered are ν6, 3:1, 5:2,
7:3 and 2:1. The curve denoting the bond of the ν6 resonance was plot-
ted according to Morbidelli & Vokrouhlický (2003). Data were obtained
from the Minor Planet Center.
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Fig. 2. Observed SFDs N (> D) of the six regions of the MB (Cibulková
et al. 2014).

The six regions are defined as follows:
1. Inner belt: 2.1 AU < a < 2.5 AU (3:1J);
2. Middle belt: 2.5 AU < a < 2.823 AU (5:2J);
3. Pristine belt: 2.823 AU < a < 2.956 AU (7:3J);
4. Outer belt: 2.956 AU < a < 3.28 AU (2:1J);
5. Cybele belt: 3.28 AU < a < 3.51 AU;
6. High-Inclination belt: sin i > 0.34 (i > 20◦) (ν6 secular

resonance).
The observed SFDs of the different regions of the MB are
plotted in Fig. 2, which were constructed by Cibulková et al.
(2014). These latter authors built the observed SFDs by calcu-
lating asteroid sizes using data of asteroids with known albedos
in the AstOrb catalog (by IRAS observations, Tedesco et al.
2002) and from the WISE satellite (Masiero et al. 2011). For
those asteroids in the AstOrb catalog which have no albedo mea-
surements, Cibulková et al. (2014) calculated the diameter from
H-magnitude (Bowell et al. 1989) by randomly assigning albedos
from a distribution obtained from WISE data. They carefully ver-
ify the validity of the method. We see that the Middle and Outer
are the most populated regions, followed by Inner and High-
Inclination belts, while the Pristine and Cybele belts have the
smallest number of asteroids.

To model the collisional evolution of the MB, it is neces-
sary to know the intrinsic probabilities of collisions Pimp and
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Table 1. Intrinsic collisional probabilities Pimp and mutual impact
velocities vimp between bodies belonging to the different regions of the
MB (Cibulková et al. 2014).

Populations Pimp

(
10−18 km−2 yr−1

)
vimp

(
km s−1

)

Inner–Inner 11.98 4.34
Inner–Middle 5.35 4.97
Inner–Pristine 2.70 3.81
Inner–Outer 1.38 4.66

Inner–Cybele 0.35 6.77
Inner–High Inc. 2.93 9.55

Middle–Middle 4.91 5.18
Middle–Pristine 4.67 3.96
Middle–Outer 2.88 4.73

Middle–Cybele 1.04 5.33
Middle–High Inc. 2.68 8.84

Pristine–Pristine 8.97 2.22
Pristine–Outer 4.80 3.59

Pristine–Cybele 1.37 4.57
Pristine–High Inc. 2.45 7.93

Outer–Outer 3.57 4.34
Outer–Cybele 2.27 4.45

Outer–High Inc. 1.81 8.04

Cybele–Cybele 2.58 4.39
Cybele–High Inc. 0.98 7.87

High Inc.–High Inc. 2.92 10.09

mutual impact velocities vimp between the asteroids of the dif-
ferent regions. These values were calculated by Cibulková et al.
(2014) using the code written by Bottke & Greenberg (1993).
The mean values are listed in Table 1.

3. The model

We built a FORTRAN code, ACDC, based on the prescriptions of
the BOULDER code developed by Morbidelli et al. (2009) and the
adaptation to six populations made by Cibulková et al. (2014).
ACDC is a multi-population code that simulates the collisional

and dynamical evolution of the MB by evolving in time the
incremental number of bodies of size D (N(D, t)) in each one
of the defined regions. Such evolution, summarized in Eq. (1),
is determined by the change in the number of bodies due to
the objects being destroyed and fragments being ejected in col-
lisions (∆NCOL (D, t)), which can be positive or negative, and
by the dynamical depletion of the MB by the Yarkovsky effect
(∆NYE (D, t)), which we assume to be negative following the
approach of Bottke et al. (2005a), O’Brien & Greenberg (2005),
and de Elía & Brunini (2007). ACDC is a statistical code, as it
involves a random number generator and Poisson statistics, and
so different seeds produce different results.

N (D, t + ∆t) = N (D, t) + ∆NCOL (D, t) + ∆NYE (D, t). (1)

The ACDC code uses a set of fixed discrete logarithmic size bins.
In particular, we used 135 size bins for this work, with central
values in the range 1 mm ≤ D ≤ 980 km in diameter in such a
way that from one bin to the next the diameter increases by a
factor of 101/15.

In this section, we describe the model and all the methods
and algorithms implemented in this work.

Table 2. Parameters of the scaling law for monolithic basaltic targets
and impact speeds of 5 km s−1, derived by Benz & Asphaug (1999).

ρ
(
g cm−3

)
Q0

(
erg g−1

)
a B (erg g−1) b

3.0 9 × 107 −0.36 0.5 1.36

Notes. ρ is the target density in g cm−3, Q0 and B normalization
parameters, and a and b the slopes of the corresponding power law.

3.1. Asteroid disruptions – scaling law

The scaling law is a key issue in the model of asteroid collisions,
as it dictates the outcome of the impact event. It is determined by
the specific energy Q∗D, which is defined as the energy per unit
mass required to catastrophically disrupt an asteroid (i.e., such
that half of the mass is dispersed).

Benz & Asphaug (1999) derived a functional form for the
scaling law using SPH simulations for basaltic and icy targets in
different impact speeds, given by:

Q∗D = Q0Ra + BρRb, (2)

where R is the target radius in centimeters (cm), ρ the target den-
sity in g cm−3, Q0 and B normalization parameters, and a and b
the slopes of the corresponding power law.

The scaling law that has been used so far in most colli-
sional evolution works of the MB is the one derived by Benz
& Asphaug (1999) for monolithic basaltic targets at 5 km s−1

impact speeds. However, using the same law for all the bodies in
the asteroid belt implies the assumption that all bodies have the
same composition and collide with the same velocities. Previous
works attempted to obtain scaling laws for different materials.
For example, Cibulková et al. (2014) constructed new Q∗D func-
tions for rubble piles using the results of Benavidez et al. (2012),
who ran a set of SPH simulations of disruption of D = 100 km
rubble-pile targets. However, Cibulková et al. (2014) found that
monolithic asteroids provide a better match with the observed
data than rubble-piles. Bottke et al. (2005a) and Cibulková et al.
(2014) also tested many different scaling laws by changing the
exponent b in Eq. (2), and concluded that laws much different
from that of Benz & Asphaug (1999) cannot be used for the MB
because they fail to reproduce the observed asteroid families.

In our simulations, we therefore decided to use the same Q∗D
scaling law for all the objects in the MB, namely that derived by
Benz & Asphaug (1999) for basaltic materials at 5 km s−1 impact
speeds. The values of the parameters involved in the calculation
of Q∗D are listed in Table 2.

3.2. Outcome of a single collision

Here, we present the model used to describe the outcome of
a single collision between two bodies, which is based on the
prescriptions of the BOULDER code (Morbidelli et al. 2009).

We name the bigger body the target, or the parent body, with
mass mi, and the smaller body the projectile, or impactor, with
mass m j. We assume that all bodies are spherical with uniform
density ρ.

After an impact event, fragments are ejected into space. The
largest of these fragments has a mass MLF. The SFD of the
fragments is represented by a cumulative power law, given by:

F (≥ D) = ADq, (3)

where D is the fragment diameter, q a given slope, and A
an appropriate normalization constant, considering that there
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is only one largest fragment after the collision. The largest
surviving body after the collision is called the largest remnant,
with mass MLR.

The kinetic energy of the impact is the fundamental quantity
that determines the outcome of the collision. In particular, we
use the specific impact energy of the projectile Q, given by:

Q =
1
2

m jv
2
imp(

mi + m j

) , (4)

where vimp is the impact velocity. The values of vimp are listed in
Table 1.

We compare the specific impact energy with the scaling law
Q∗D (Eq. (2)) and consider two impact regimes:

– If Q < Q∗D , we have a cratering event. The target ejects frag-
ments into space and a crater is created in the surface of the
target.

– If Q ≥ Q∗D, we have a catastrophic disruption event, in which
more than half of the total initial mass is dispersed in the
form of fragments.
The expressions for MLR and MLF derived by Benz &

Asphaug (1999) and Durda et al. (2007) are:

MLR =



[
− 1

2

(
Q

Q∗D
− 1

)
+ 1

2

] (
mi + m j

)
, Q < Q∗D (cratering)

[
− 7

20

(
Q

Q∗D
− 1

)
+ 1

2

] (
mi + m j

)
, Q ≥ Q∗D (catastrophic)

(5)

and

MLF = 8 × 10−3


Q

Q∗D
exp

−
(

Q
4Q∗D

)2

(
mi + m j

)
. (6)

If MLR is negative, we assume that the target is pulverized and
all mass is lost below the smallest bin.

The slope of the SFD of the fragments is given by:

q = −10 + 7
(

Q
Q∗D

)0.4

exp
(
− Q

7Q∗D

)
. (7)

Since such a steep slope can lead to an unrealistic infinite mass,
we assume that the fragment size distribution has a cumulative
slope q = −2.5 (Dohnanyi 1969) below a turn-over diameter Dt.
We compute Dt so that the mass integral of the fragments is equal
to the total ejected mass.

3.3. Collisional evolution

Here, we describe the method used to simulate the collisional
evolution of the MB, which consists in modifying the incremen-
tal number of objects in every size bin during each timestep. The
total integration time is 4000 Myr.

We split the MB in six regions of index r, where r = 1, ..., 6.
i and j denote the target and projectile indexes, with diameters
Di and D j and belonging to populations ri and r j, respectively.

Before the simulation starts, we arrange two quantities for all
possible target–projectile pairs: the frequency of each possible
collision and their outcomes. The first is given by:

f ri,r j

i, j =
1
4

Pri,r j

(
Di + D j

)2
, (8)

where the values of the intrinsic impact probabilities Pri,r j are
listed in Table 1 (Cibulková et al. 2014).

Following the algorithm outlined by O’Brien & Greenberg
(2005), we generate 3D arrays Fri,r j

i, j,k , where k is the size bin.
These arrays give the incremental fragment SFD resulting from
every possible collision derived from Eq. (3). The F arrays are
symmetrical between targets and projectiles, and hence between
regions, since the collision probabilities and impact velocities
are the same regardless of which body is the target or projectile.
We create one array for every pair of regions and the number of
F arrays created in this six-region model is 21.

At this point we begin the simulation. First, we calculate the
integration time step ∆t. To do so, we calculate the collisional
lifetimes τri

i of all asteroids from all regions, by summing all the
projectiles that can catastrophically disrupt them:

τri
i =



6∑

r j=1

Di∑

D j=Di
disrupt

Nr j

j f ri,r j

i, j



−1

, (9)

where Nr j

j is the incremental number of projectiles and Di
disrupt

the diameter of the smallest projectile that can catastrophically
disrupt the target.

The timestep ∆t is therefore calculated as ten times smaller
than the minimum τri

i value. By doing so, we assure that, from
one timestep to the other, the removal of bodies in a size bin
never exceeds 10%.

The change in the number of bodies of a given size is
determined by two quantities: the number of collisions, and the
outcome of each event (i.e., bodies destroyed and fragments
created).

We calculate the deterministic number of collisions between
all target–projectile pairs in the six regions of the MB:

ncri,r j

i, j = f ri,r j

i, j Nri,r j

pairs∆t, (10)

where Nri,r j

pairs is the number of target-projectile pairs, which is
determined by Nri

i and Nr j

j , the number of targets and projectiles
of diameter Di and D j, respectively. If both target and projectile
belong to the same size bin and population, their numbers are
equal, and so the number of pairs is given by:

Nri,r j

pairs =
Nri

i

(
Nr j

j − δi, jδri,r j

)

1 + δi, jδri,r j

, (11)

where the δ function is the Kronecker delta.
If any number of collisions between a given target–projectile

pair is smaller than a limit value of 5, we recalculate it with Pois-
son statistics using the result given by Eq. (10) as the mean value
and a random seed (Press et al. 1992). Therefore, in a given
timestep, the number of collisions can be an integer number
between 0 and 5.

Next, we calculate the change in the number of bodies of a
given size bin k in a region r by taking into account all of the
bodies destroyed as well as the new fragments created:

∆NCOL
ri
k =

6∑

r j=1

∆nri,r j

k . (12)

If both target and projectile belong to the same region, the change
is simply given by the number of collisions multiplied by the
number of fragments created in each bin; however, if they belong
to different regions, mixing between targets and projectiles from
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the distinct regions must be considered by removing projectiles
from one region and adding them to the other. The expressions
of the interaction terms, which were adapted from O’Brien &
Greenberg (2005), are given by:

∆nri,r j

k =

n∑

i=1

i∑

j=1



ncri,ri
i, j Fri,ri

i, j,k, ri = r j

(
Fri,r j

i, j,k + δ j,k

)
ncri,r j

i, j γi, j − δ jkncr j,ri

i, j , r j > ri

(
Fr j,ri

i, j,k + δ j,k

)
ncr j,ri

i, j − δ j,kncri,r j

i, j γi, j, r j < ri

,

(13)

where we name γi, j = 1 − δi, j and n is the number of size bins.
Since our model deals with a finite number of bins, the

bodies able to disrupt the smallest bodies are generally smaller
than the first bin. Ignoring the disruption of the smallest bod-
ies may lead to unrealistic waves in the size distribution (Campo
Bagatin et al. 1994; Durda & Dermott 1997). In order to prevent
these undesirable artificial waves, we do not calculate the colli-
sional evolution of the bodies smaller than 10 cm; instead, we
extrapolate them from the larger bodies after each timestep.

3.4. Dynamical evolution: Yarkovsky effect

The Yarkovsky effect is a radiation force that produces the
change in the orbital parameters of small rotating asteroids
because of the asymmetry between the direction of absorption
of sunlight and the direction of re-emission of thermal radiation.
The radiated energy causes a force along the body’s orbit that in
turn causes asteroids smaller than tens of kilometers to slowly
drift in semi-major axis, allowing them to reach resonances with
the planets that drive them into planet-crossing orbits. Thus,
the Yarkovsky effect causes a dynamical depletion of the MB,
and can be considered a “sink” for small asteroids. This deple-
tion affects the collisional evolution of the MB, because fewer
smaller bodies means fewer collisions with larger bodies, and
therefore it has to be considered in any collisional evolution
model.

The general expressions for the diurnal and seasonal
Yarkovsky effects are (Peterson 1976; Burns et al. 1979;
Rubincam 1995; Vokrouhlicky 1998; Farinella et al. 1998;
Vokrouhlický & Farinella 1999; Vokrouhlický et al. 2015):

ȧd = −8
9
αΦ

n
W (Rω,Θω) cos γ, (14)

ȧs =
4
9
αΦ

n
W (Rn,Θn) sin2 γ, (15)

where α = 1 − AB, AB denoting the Bond albedo (Vokrouhlický
& Bottke 2001), Φ = πR2F/ (mc), with R being the radius of
the body, F the solar radiation flux at the orbital distance a
from the Sun, m the mass of the body, c the speed of light, n
the orbital mean motion, ω the rotation frequency, and γ the
spin-axis obliquity.

The function W (Rν,Θν) depends on parameters like the
thermal conductivity K, the thermal capacity C, the density
ρ, and a frequency ν, which is equal to n for the seasonal
effect and ω for the diurnal effect. It is determined by the
radius of the body R, which is scaled by the penetration depth
lν =

√
K/ρCν of the thermal wave, and the thermal parameter

Table 3. Parameters of the Yarkovsky effect for the different regions of
the MB (Cibulková et al. 2014).

Region ∆a (AU) ρ
(
kg m−3

)

Inner 0.2 2500
Middle 0.1615 2500
Pristine 0.0665 1300
Outer 0.162 1300

Cybele 0.105 1300
High-Inc 0.135 1300

Notes. ∆a is half of the region size or typical distance from neighbor-
ing resonances, and ρ is the bulk and surface density assumed for the
respective bodies.

Θν =
√

KρC
√
ν/

(
εσT 3

)
. The function W is given by:

W (Rν,Θν) = −0.5
Θν

1 + Θν + 0.5Θ2
ν

. (16)

The expression for the seasonal effect (Eq. (15)) is accurate for
bodies bigger than 4lν (Farinella et al. 1998). We assume that for
bodies smaller than 4lν, ȧs ∝ D3/2 (O’Brien & Greenberg 2005).

In the thermal model, following Cibulková et al. (2014), we
assume a break in the thermal conductivity that reflects the rota-
tional parameters of small bodies (Warner et al. 2009): K =
0.01 W m−1 K−1 for D > DYE and K = 0.01 W m−1 K−1 for D ≤
DYE. We assume the value of the transition value DYE = 200 m
and a size-dependent spin rate ω(D) = 2π

P0

D0
D , P0 = 5 h, D0 =

5 km. The thermal capacity assumed is C = 680 J kg−1 K−1, the
infrared emissivity ε = 0.95, and the Bond albedo AB = 0.02.
As the diurnal and seasonal effects depend on cos γ and sin γ,
respectively, we consider a mean obliquity of 45◦ in order to
calculate a mean Yarkovsky effect. The physical densities con-
sidered for the bodies of the different regions of the MB are
shown in Table 3.

Following Cibulková et al. (2014), we assume that the
Yarkovsky effect causes an exponential decay described by:

Nr
YE (D, t + ∆t) = Nr (D, t) exp

(
− ∆t
τr

YE (D)

)
, (17)

where Nr
k (t) is the number of bodies of diameter D from region

r at time t, and ∆t is the timestep. In particular, τr
YE is the char-

acteristic timescale of the Yarkovsky effect, which is defined as
the mean time it takes for asteroids to reach a resonance:

τr
YE (D) =

∆ar

ȧr
, (18)

where ∆ar is half of the region size in semi-major axis (see
Table 3), and ȧr is the sum of the rates associated with the diur-
nal and seasonal Yarkovsky effects calculated with Eqs. (14)
and (15), respectively. The values of ȧ as a function of size,
for the diurnal, seasonal, and total Yarkovsky effect are plot-
ted for each region in Fig. 3. We find a total drift rate of
1−3 × 10−4 AU Myr−1 for 1 km bodies, a range that contains
typical values of 2 × 10−4 AU Myr−1 (Granvik et al. 2017). The
timescales for the six regions are plotted in Fig. 4, which are
consistent with the ones derived by Cibulková et al. (2014).

In summary, the total number of bodies removed from a
region due to the Yarkovsky effect to be included in Eq. (1) is
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Fig. 3. Semimajor-axis drift rate ȧ due to the Diurnal (top), seasonal
(middle), and total (bottom) Yarkovsky effect as a function of size, for
the six regions of the MB.
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Fig. 4. Timescale τYE of the Yarkovsky effect as a function of size D for
the six regions of the MB. The black line indicates the total integration
time of 4000 Myr.

∆Nr
YE = Nr

YE (D, t + ∆t) − Nr (D, t). It is important to note that
this general dynamical model, formulated as it is, assumes two
things: when asteroids fall into resonances, they are immedi-
ately removed from the MB and added to the NEA region, and
all resonances remove asteroids with the same efficiency. How-
ever, since the timescale depends on the size of the region (∆a in
Eq. (18)), we observed that the timescale for the Pristine region
is very short, and causes an excessive depletion in this region,

which is narrower and less populated than the other regions.
Gladman et al. (1997) studied the dynamical lifetimes of aster-
oids injected into the resonances and calculated the time it takes
to cross the orbit of Earth. These latter authors found times
shorter than 1 Myr for strong resonances, like ν6, 3:1J and 5:2J.
However, they found that if an asteroid falls into the 7:3J reso-
nance, which is the one that separates the Pristine from the Outer
belt, it takes ∼6.3 Myr to cross Earth’s orbit. Taking this partic-
ular feature of the Pristine belt into consideration in our general
Yarkovsky model, we found that we can counter the excessive
dynamical depletion and make a better fit with observations if
we multiply the timescale of the Pristine region by a factor of
three. By doing this, we enable the asteroids that fall into the
7:3J resonance to stay in the Pristine region for a longer time
before being removed from the asteroid belt. It is worth noting
that our solution found for Pristine takes into account the many
uncertainties involved in a general Yarkovsky model, as well as
the particular characteristics of that region.

3.5. Fit with observational data

As mentioned above, the code developed in this work is a statisti-
cal model that treats big impacts as random events using Poisson
statistics. Therefore, runs using different seeds for the random
number generator produce different results, and so we develop a
set of runs using different random seeds and then interpret the
results statistically.

To obtain a quantitative measure of how well a simula-
tion reproduces observational data, we follow the procedure
described by Bottke et al. (2005b) and Cibulková et al. (2014).
The metric used to determine the goodness of fit between the
observed size distribution of a region (Nobs) and the simulation
results (Nsim) is a hybrid ψ2 test:

ψ2 =
∑

i

(
Nsim (> Di) − Nobs (> Di)

σi

)2

, (19)

where the summation extends over a range of diameters Dmin
(∼3–6 km) and Dmax ∼ 250 km, estimated from the observed
SFDs (Cibulková et al. 2014). The uncertainties are given by
σi = 10%Nobs (>Di). For each run, we calculate the individual
metrics ψ2

r for the six regions and then a global metric ψ2
MB for

the MB as a whole, and also a mean metric ψ2
MEAN, by simply

averaging the metrics of the six regions.
The ideal case is to find a set of runs that produce good

fits in the individual regions and globally. However, this is very
unlikely to happen in a single run due to the high stochasticity
and randomness of big impact events and the mutual interactions
between the different regions of the MB. It is possible that some
runs may produce good fits in some populations and simultane-
ously bad fits in other populations. Also, some runs may produce
bad fits in individual populations, but produce a good match with
the global MB. Moreover, some runs can even produce impossi-
ble results like Vesta colliding with Ceres and thus destroying the
most massive bodies in the asteroid belt. Therefore, a very low
number of acceptable runs is expected. The criterion adopted in
this work is to select runs by sorting the ones with the lowest
ψ2

MEAN metrics and then calculate medians of the desired results.

4. Dynamical evolution of the NEAs

In this section, we present our modeling of the dynamical evo-
lution of the NEAs. The asteroids that escape from the MB due
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Table 4. Prediction for the debiased number of NEAs N coming from
each entrance route in the range 17 < H < 25, and average lifetime in
the NEA region L (Granvik et al. 2018).

Entrance route N L [Myr]

ν6 296 400 6.91
3:1 286 400 1.86
5:2 7200 0.68
2:1 4400 0.40

Phocaeas 1300 11.16

to the combined action of the Yarkovsky effect and resonances
are delivered to the NEA population (e.g., Gladman et al. 1997;
Bottke et al. 2002; Granvik et al. 2016). The asteroids in Earth-
crossing orbits reside in that region for some time until they
reach a sink. The most important sinks of NEAs are collisions
with the Sun, escape from the inner Solar System after a close
encounter with Jupiter (Granvik et al. 2018), destruction by ther-
mal effects (Granvik et al. 2016), and collisions with terrestrial
planets. It was shown by Bottke et al. (2002) and Granvik et al.
(2018) that the different entrance routes yield different mean life-
times. The different regions of the MB that we take into account
in this work are bounded by the resonances that Granvik et al.
(2018) consider as entrance routes. Therefore, a single region
of the MB can deliver asteroids to the NEA population through
different entrance routes.

Based on our partition of the MB (see Fig. 1), we consider
the ν6 and 3:1J resonances as the entrance routes for the NEAs
coming from the Inner belt, 3:1J and 5:2J for those coming from
the Middle belt, 5:2J and 2:1J for those coming from the Pris-
tine and Outer belts, 2:1J for those coming from the Cybele
belt, and 3:1J, 5:2J, 2:1J, and Phocaeas for those coming from
High-Inclination belt (Granvik et al. 2017).

In order to quantify the contribution of the different regions
of the MB to the NEAs, we calculate the mean dynamical life-
times of NEAs according to their source regions. To do so,
for each of our regions we average the lifetimes of bodies τ,
weighted by the contribution of NEAs coming from each of the
surrounding resonances. In particular, we use the values for the
average lifetimes L in the NEA region and the prediction for the
debiased number of NEAs coming from each of the resonances
derived by the dynamical simulations performed by Granvik
et al. (2018), listed in Table 4. Thus, we calculate the mean
lifetimes of NEAs coming from the given regions as follows:

τr =

∑
LiαihiNi∑
αihiNi

. (20)

We split the number of NEAs N that are delivered through a
resonance according to the contribution from each region. The
values α in Eq. (20) represent, for each resonance, the fraction
of N that comes from the adjacent regions. For example, we con-
sider α = 0.5 for 3:1J, which means that half of the bodies that
enter in the NEA region via the 3:1J resonance are delivered by
the Inner belt while the other half is delivered by the Middle belt,
as was proposed by Bottke et al. (2002). Similarly, as our High-
Inclination belt contains all asteroids in the MB with inclinations
greater than 20◦, we split N according to h, the fraction of NEAs
that enter a resonance from a low or high inclination region. For
example, we assume h = 0.8 for 3:1J, which means that 80% of
bodies come from inclinations smaller than 20◦while 20% come
from inclinations greater than 20◦. We estimated these fractions

Table 5. Mean dynamical lifetimes of NEAs coming from the differ-
ent regions of the MB, calculated according to the parameters listed in
Table 4 (Granvik et al. 2018), the simulations performed by Granvik
et al. (2017), and Eq. (20).

Region Entrance route α h τ [Myr]

Inner ν6 1 1 5.54
3:1J 0.5 0.8

Middle 3:1J 0.5 0.8 1.79
5:2J 0.5 0.9

Outer, Pristine 5:2J 0.5 0.9 0.53
and Cybele 2:1J 1 0.8

High-Inc: Inner Phocaeas 1 1 2.04
3:1J 0.95 0.2

High-Inc: Middle 3:1J 0.05 0.2 1.81
5:2J 0.95 0.1

High-Inc: Outer 5:2J 0.05 0.1 0.52
2:1J 1 0.2

Notes. Here, α is the fraction of asteroids from the bounding resonance
that come from the corresponding region, while h is the fraction that
comes from the high or low inclination region.

with the simulations performed by Granvik et al. (2017). The
values we assumed for the α and h fractions are listed in Table 5.

The Pristine and Outer belt are limited by 5:2J, 7:3J, and 2:1J,
but the effect of 7:3J is not clear from the dynamical simulations
of Granvik et al. (2017, 2018) . Moreover, it shows that the aster-
oids from the Outer belt are able to cross the 7:3J resonance and
enter the Pristine region, a process we are not considering in this
model. Thus, we assign the same time to the Outer, Pristine, and
Cybele regions by averaging the times of 5:2J and 2:1J, with
Eq. (20).

The High-Inclination region in our collisional model spans
the entire MB in semi-major axis, and therefore passes through
all the major resonances present there, each having different
associated lifetimes as Table 4 shows. Therefore, we split the
contribution of the High-Inclination from our model into three
different subregions corresponding to the Inner, Middle, and
Outer ranges in semi-major axis. We assign them 80, 5, and
15% of the High-Inclination contribution, respectively, consis-
tent with the outputs of the simulations performed by Granvik
et al. (2017), and calculate their dynamical times separately with
Eq. (20).

Table 5 summarizes the mean dynamical times for NEAs
coming from the different regions of the MB, calculated with
Eq. (20), as well as the way we group the contribution for each
resonance.

However, there could be different mechanisms capable of
delivering larger asteroids. In fact, the numerical simulations
performed by Migliorini et al. (1998) show that weaker reso-
nances in the inner belt dominate the delivery process for large
asteroids, as they can cause asteroids to increase in orbital eccen-
tricity to Mars-crossing values. These weaker resonances were
studied by Nesvorný & Morbidelli (1998) and Morbidelli &
Nesvorný (1999). Following O’Brien & Greenberg (2005) and
de Elía & Brunini (2007), we treat the dynamical removal of
NEAs larger than 5 km from the Inner and Middle belts using a
dynamical lifetime of 3.75 Myr, which is the lifetime associated
with the Mars-crosser population (Bottke et al. 2002).

A9, page 7 of 13



A&A 639, A9 (2020)

We then calculate the number of NEAs in time, coming from
a region of the MB, as (O’Brien & Greenberg 2005):

Nr
NEA (D, t + ∆t) = Nr

NEA (D, t) +
∣∣∣∆Nr

YE (D, t)
∣∣∣

− Nr
NEA (D, t)

∆t
τr

NEA
, (21)

where the second term represents the number of bodies delivered
from the MB via the combined action of the Yarkovsky effect
and resonances at the time t, and the third term is the dynamical
removal of NEAs. We do not consider the Yarkovsky effect in
the NEA population. In fact, the Yarkovsky effect on the orbits
of the NEAs is many orders of magnitude lower than the gravita-
tional perturbations made by the close encounters with terrestrial
planets (Granvik et al. 2018). We also do not consider collisions
between NEAs and other asteroids.

5. Results

In this section, we present the results of the simulations we per-
formed with the ACDC code. First we describe how we arrive at a
satisfying set of initial conditions. Then, we show the final SFDs
of the six regions of the MB. Finally, we derive the HFD of the
NEAs and find the contribution of the six regions of the MB to
the NEAs.

5.1. Finding the initial conditions

The initial conditions in our simulations are the SFDs of the
six regions of the MB, which were constructed as three-slope
cumulative power laws:

N (≥ D) =



A1Dq1 D ≥ D1,

A2Dq2 D2 < D < D1,

A3Dq3 D ≤ D2,

(22)

where the free parameters are the cumulative slopes q1, q2,
and q3, the cut-off diameters D1 and D2, and the normalization
constants A1, A2 and A3.

We manually added the parental bodies of observed aster-
oid families with DPB > 100 km and MLR/MPB < 0.5, which
cannot be completely destroyed by collisional evolution (Bottke
et al. 2005a) or by the Yarkovsky effect (Bottke et al. 2001). We
used the parent body diameters estimated by SPH simulations
by Durda et al. (2007), which were summarized by Brož et al.
(2013), and are listed in Table 6. We calculated mean values
in the cases where the estimation takes a wide range of values.
In the case of Polana, an asteroid family located in the Inner
belt for which there is no available estimation of its parent body
size due to its complex structure (Walsh et al. 2013; Dykhuis &
Greenberg 2015), we considered a parent body size of 115 km,
which is consistent with the parent body sizes of other families
in the Inner belt. We also manually added the three biggest aster-
oids: Vesta in the Inner belt, Ceres in the Middle belt, and Pallas
in the High-Inclination belt.

Cibulková et al. (2014) performed a detailed exploration of
this free-parameter space in a wide range of slopes and cut-
off diameters, and found a set of values that give their best fit
with observational data. However, it is very important to note
that the main simulations in their work did not include the
Yarkovsky effect. By considering the radiation force, the main
consequence is a depletion of bodies in the subkilometer range.
We found it necessary to use steeper initial slopes and higher
cut-off diameters in order to account for the dynamical removal
of bodies and reproduce the observed distributions.

Table 6. Asteroid families in the individual parts of the MB according
to Brož et al. (2013).

Region Family DPB (km)

Inner Erigone 114
Eulalia 100–160
Polana ?

Middle Maria 120–130
Padua 106
Misa 117
Dora 165

Merxia 121
Teutonia 120
Gefion 100–150

Hoffmeister 134

Pristine Koronis 170–180
Fringilla 130–140

Outer Themis 380–430
Meliboea 240–290

Eos 381
Ursula 240–280
Veritas 100–177

Lixiaohua 220

High-Inclination Alauda 290–330

Notes. DPB is the parent body diameter inferred from SPH simulations
(Durda et al. 2007). We only consider families with DPB > 100 km and
MLR/MPB < 0.5. In the case of parent bodies with a wide range of diam-
eters we took a mean value, while in the case of Polana we adopted a
parent body size of 115 km.

Table 7. Input parameters chosen for the initial cumulative size
frequency distributions of the six parts of the MB.

Region q1 q2 q3 D1 (km) D2(km) A1

Inner 3.20 1.91 3.52 90.07 23.03 20.03
Middle 3.60 1.82 3.40 105.07 27.03 75.07
Pristine 2.90 2.30 3.90 100.07 23.03 21.03
Outer 3.00 2.39 3.84 80.07 33.03 90.07

Cybele 1.80 1.47 2.66 80.07 17.03 17.03
High-Inc. 3.20 2.31 4.12 100.07 23.03 30.03

Notes. Here, q1 is the slope for bodies bigger than D1, q2 for bodies with
diameters between D1 and D2, q3 for bodies smaller than D2, and A1 is
the normalization constant at D1.

For the construction of our initial conditions for the SFDs,
we explored a wide range of slopes and cut-off diameters by trial
and error. The method we used for this exploration is to perform
a set of runs for each set of parameter values in order to search
for the ones that give lower simultaneous metrics and median
SFDs as close as possible to the observed data. The set of ini-
tial populations tested, including the one chosen for this work, is
plotted in Fig. 5. The slopes and cut-off diameters of the initial
conditions used in this work are listed in Table 7.

5.2. Main belt

Here, we describe the results of the 2500 runs that we performed
using our six-region collisional evolution model regarding the
six regions of the MB. The cumulative distributions of the ψ2
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Fig. 5. Initial SFDs tested for the six populations of the MB are shown by red lines. Blue lines denote the observed SFDs, while the black lines
denote the chosen initial SFDs for this work.
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metrics of the six regions, along with the global MB ψ2
MB and

the averaged metric ψ2
MEAN of the performed runs are plotted

in Fig. 6. We find that all of our runs produce good fits with
the global MB. In fact, all of our runs produce ψ2

MB between 5
and 75, and 10% of runs produce global metrics smaller than
20. The individual metrics give a wider range of values. The
lowest metrics of the individual regions lie between 10 and 25.
The regions that produce the lowest metrics are the Cybele and
High-Inclination belts, while the Inner and Middle belts give the
highest metrics. However, it is worth remembering that, in gen-
eral terms, not all regions give low metrics simultaneously in
a single run. The mean metrics ψ2

MEAN, which were calculated
by averaging the individual metrics in each run, show values
between 80 and 100 and smaller than 120 in 1 and 10% of cases,
respectively. For our analysis, we select the runs that give mean
metrics ψ2

MEAN smaller than 100, which is 1% of the total.
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Fig. 7. Number of families formed in the individual regions, out of
the catastrophic disruption of parent bodies bigger than 100 km and
MLR/MPB < 0.5. The error bars denote the uncertainties of the observed
numbers of families, calculated as the square root of the observed
number of families.

Our results concerning the formation of asteroid families in
the MB is plotted in Fig. 7. We reiterate the fact that we only con-
sider asteroid families produced by the catastrophic disruption of
parental bodies bigger than 100 km, such that MLR/MPB < 0.5.
Our runs produce a wide number of families, but the median is
a good match with the actual observed families. Specifically, the
median values lie within the uncertainties, which are calculated
as the square root of the observed number of families. The only
exception is the High-Inclination region, which has one observed
family while our runs produce three families in median.

The resulting SFDs of the selected runs of the six regions of
the MB, along with the median SFDs are plotted in Fig. 8, while
the SFD for the global MB is plotted in Fig. 9. In general terms,
we see that our selected runs provide very good fits with the
observed data for the six regions and the global MB. Specifically,
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Fig. 8. Size–frequency distributions of the six regions of the MB. The selected runs and their median are plotted in purple and black lines,
respectively. The observed SFDs are plotted in blue and the initial SFDs are plotted in red.

 1

 10

 100

 1000

 10000

 100000

 1x106

 1  10  100  1000

N
(>

D
)

D(km)

Selected runs
Initial

Observed
Median

Fig. 9. Size–frequency distributions of the global MB, calculated as the
sum of the SFDs of the individual regions. The selected runs and their
median are plotted in purple and black lines, respectively. The observed
SFD is plotted in blue and the initial SFD is illustrated in red.

the results for the Inner, Middle, Pristine, and Outer regions lie
in a narrow dispersion along the observed data, while the Cybele
and High-Inclination belts show the greatest dispersion between
the different runs. We find that the simulations that produce no
families in the Cybele region are the ones that produce better fits
with observed data.

We find two discrepancies worthy of mention. One is regard-
ing the tail of small bodies of the Inner belts, which is shallower
than the observed data. This was also noted in the work of
Cibulková et al. (2014). To explain this small body deficit of
the Inner belt, these latter authors proposed the recent disruption
(during the last 100 Myr) of a large parent body that made the
actual SFD temporarily steep. An alternative explanation is that
the Yarkovsky model in the Inner belts could be making small
asteroids drift too quickly. This may be solved in future works
by including YORP cycles that result in a slower net Yarkovsky

drift, as was shown by Bottke et al. (2015) and Granvik et al.
(2017). The other discrepancy is in the bigger objects of the
Outer belt, and is due to the formation of asteroid families. We
reiterate the fact that in the construction of the initial condi-
tions, we manually added the estimated parental bodies of the
observed asteroid families (Brož et al. 2013). In the case of the
Outer belt, these parental bodies have diameters between ∼100
and ∼400 km. We find that our runs reproduce the number of
observed families, as shown in Fig. 7. However, the parental bod-
ies that are catastrophically disrupted are mostly smaller than
the ones we considered beforehand. This discrepancy may be a
consequence of using the same scaling law throughout the entire
MB. It was shown in Cibulková et al. (2014) that the formation of
asteroid families depends on the scaling law, and that there could
be different scaling laws for different parts in the MB due to the
diverse compositions of asteroids (DeMeo & Carry 2014). The
use of weaker scaling laws in the Outer belt, such as for exam-
ple the laws for ice in Benz & Asphaug (1999), may enable a
wider range of projectiles capable of catastrophically disrupting
these large bodies, increasing the probability of the occurrence
of such events, and thus improving the results at the large end.
The treatment of these discrepancies represents an interesting
starting point for future research.

5.3. Near-Earth asteroids

Here, we proceed to describe the results of our simulations for
the NEAs. We proceed, as described in Sect. 4, to calculate the
evolution of the NEA populations by considering the asteroids
delivered via Yarkovsky effect and resonances, and the dynam-
ical remotion due to the many sinks present in the inner Solar
System. By doing so, we obtain the current size distribution of
NEAs coming from the different source regions.
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Because our simulations originally deal with size bins, we
convert the diameters into absolute magnitudes H using the
relation (Bowell et al. 1989):

D =
1329√

pV
10−H/5. (23)

This relationship depends on pV, the visual geometric albedo,
which is likely size dependent. Indeed, it was suggested by
Mainzer et al. (2014) that there is an increase in albedo with
decreasing diameter. In this work, we consider the values
pV = 0.11 for D > 3 km and pV = 0.15 for D < 3 km, which
are consistent with the measures of Mainzer et al. (2014).

Recently, Granvik et al. (2018) developed a model of the
NEO population that derived a debiased steady-state distribu-
tion of orbital elements and absolute magnitudes H in the range
17 < H < 25 (1.4 km > D > 35 m, for pV = 0.15). The cumula-
tive magnitude-frequency distribution derived by Granvik et al.
(2018) in the range of absolute magnitudes 17 < H < 25 is
shown in Fig. 10. It should be noted that the observed population
is thought to be complete up to H < 16 (∼2 km for pV = 0.15)
(Tricarico 2017). Figure 10 shows the total derived NEA popula-
tion along with the observed NEA population obtained from the
Minor Planet Center2. We also plot the recent HFDs derived by
Harris & D’Abramo (2015) and Tricarico (2017) for comparison.
We find that our median magnitude distribution provides a good
match with observations in the range of completeness, H < 16.
The estimated magnitude distribution agrees with recent works
in the range 16 < H < 20 (∼2 km > D > 350 m, for pV = 0.15),
but deviates significantly in H > 20. The main difference is that
our median distribution has a change to a steeper slope around
H ∼ 21 (∼220 m for pV = 0.15), while Granvik et al. (2018)
and Harris & D’Abramo (2015) find a dip in the population in
the range 19 < H < 25 (550 m > D > 35 m, for pV = 0.15).
The immediate consequence of this change to a steeper slope
in our median magnitude distribution is a higher number of
smaller NEAs. Moreover, our work predicts ∼107 asteroids with
H < 25 (35 m, for pV = 0.15), which is an order of magnitude
higher than the ∼106 asteroids of that size made by previous
papers. This is most likely caused by the many uncertainties
and free parameters regarding the modeling of the Yarkovsky
effect, and the exclusion of YORP cycles, especially for smaller
asteroids. More specifically, bodies of ∼10 m in size have the
lowest timescales associated with the Yarkovsky effect, as shown

2 https://minorplanetcenter.net/iau/MPCORB/NEA.txt

in Fig. 4. As a consequence, this results in a larger number of
asteroids delivered to the NEA region. However, since the MB
is not complete in the subkilometer range, smaller asteroids are
far outside of the observational constraints that we are able to
use in this collisional model. Therefore, we limit our analysis to
the kilometer range, and will investigate how we can extrapolate
results for asteroids bigger than 100 m.

We now proceed to studying the contribution of the different
regions of the MB to the NEAs. The left panel of Fig. 11 shows
the percentages of NEAs coming from the different regions of
the MB, which were calculated with respect to the total cumu-
lative number of NEAs we obtained in our simulations. We find
that all regions contribute to the NEA population to a greater or
lesser extent. The regions that make the smallest contributions
are the Pristine and Cybele belts. In fact, these regions beyond
the 5:2J resonance provide less than 4 and 1% of the NEAs,
respectively, in sizes smaller than 5 km. The regions that make
the biggest contributions are the Inner and Middle belts, which
together account for ∼60% of small NEAs, providing ∼27 and
∼32% of bodies bigger than 1 km, respectively, while the Outer
belt provides ∼18%. We see that the percentages remain simi-
lar in smaller sizes. We obtain that the High-Inclination belt is
the source of ∼17% of NEAs larger than 1 km. In our partition
of the MB, the High-Inclination region is made of all the aster-
oids with inclinations greater than 20◦, spanning the entire MB
in semi-major axis. Thus, the High-Inclination region contains
asteroids that could be assumed to be part of the Inner, Middle,
and Outer belts if we consider the whole range of inclinations.
If we redistribute the contribution of the High-Inclination region
into the Inner, Middle, and Outer belts with respect to the way
these are defined in Sect. 4, and adding the Pristine and Cybele
NEAs as part of the Outer region, we see in the right panel of
Fig. 11 that the results change, as follows: we find that ∼77% of
the NEAs come from the Inner and Middle belts, which provide
∼44 and ∼33%, respectively, and ∼23% come from the Outer
belt. These values are valid for NEAs bigger than 1 km span-
ning the whole range of inclinations, but we see in Fig. 11 that
the percentages remain similar in smaller sizes. In the multikilo-
meter range, the Inner belt is the main source of NEAs, as the
right panel in Fig. 11 shows. We note that the share of Outer belt
NEAs slightly increases, matching the Middle belt contribution
in ∼3 km. However in larger size ranges, as is explained below,
the number of NEAs becomes too small for this to be taken as a
strong statistical result.

The top and bottom panels of Fig. 12 show the number of
NEAs bigger than 1 km and 5 km, respectively, according to
their source regions; the total numbers we obtain in our sim-
ulations are 1002 and 26, respectively. We find that the Inner
region provides 432 NEAs bigger than 1 km, out of which 277
come from the proper Inner belt, while 158 come from the corre-
sponding section of the High-Inclination region. Similarly, 323
NEAs come from the Middle belt with 9 from the Middle High-
Inclination region. The Outer region and Outer High-Inclination
belt provide 186 and 8 NEAs bigger than 1 km, respectively,
while the Pristine and Cybele belts provide 31 and 12, respec-
tively. The bottom panel of Fig. 12 shows that the Middle and
Outer belts provide 8 and 7 NEAs bigger than 5 km, respectively.
We see that the High-Inclination region does not provide large
NEAs corresponding to the Middle and Outer belts, and neither
the Pristine nor Cybele belt provides any NEAs in this size range.
Moreover, we find that, out of the 11 NEAs bigger than 5 km that
come from the Inner part, 6 came from the High-Inclination belt.

It is interesting to compare the results concerning NEAs
coming from the High-Inclination belt with the actual observed
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distribution of NEAs with high inclinations (i.e., i > 20◦). As we
show in Fig. 11, the percentage of NEAs bigger than 1 km com-
ing from the High-Inclination belt is ∼17%. However, by explor-
ing the MPC database, we find that ∼108 NEAs with H < 16
(the complete population) have orbital inclinations i & 20◦,
which is ∼56% of the total number of NEAs with H < 16.
The existence of high-inclination NEAs coming from a source
other than the High-Inclination belt is something this study is
not able to explain as we do not calculate the evolution of
the orbital elements. However, the simulations performed by
Granvik et al. (2016, 2018) show that there are dynamical pro-
cesses that modify the inclinations of asteroids when leaving the
MB. In particular, Granvik et al. (2016) show that 3:1J, 5:2J, and
7:3J resonances, and especially the 2:1J resonance, are able to
deliver low-inclination asteroids to the NEA region with incli-
nations beyond 20◦. Moreover, these mean-motion resonances

can also decrease inclinations in such a way that asteroids that
initially had high inclinations enter the NEA region with inclina-
tions smaller than 20◦. Furthermore, Granvik et al. (2018) show
that NEAs delivered from these latter four resonances and also
from ν6 and 3:1J are able to increase their inclinations inside the
NEA region through dynamical evolution. Therefore, the High-
Inclination belt is not necessarily the source of NEAs with large
inclinations. Moreover, the High-Inclination belt is the source
of only a fraction of the observed NEAs with high inclinations,
while the rest increased their inclinations through dynamical
evolution.

It is interesting to compare our results regarding the pro-
portions of NEAs from different source regions with previous
works. However, comparisons between collisional and dynami-
cal simulations of the MB must be handled with care. Indeed,
it is not yet possible to address the collisional and fragmenta-
tion processes simultaneously with the dynamical evolution in
the MB in a self-consistent way, and therefore some differences
are expected.

Bottke et al. (2002) found that ∼60% of NEOS come from
the Inner belt, ∼25% from the Middle belt, ∼8% from the Outer
belt, and ∼6% for the Jupiter-family Comets, which we do not
consider here. The contribution from the Outer belt in our work,
adding the NEAs provided by the Pristine, Cybele, and the cor-
responding fraction of High-Inclination, is ∼25% . However, the
lifetime in the NEA region of bodies from the Outer belt found
by Bottke et al. (2002) is 0.14 Myr, much smaller than the value
derived in our work by averaging the lifetimes of 0.68 Myr and
0.4 Myr, associated with the 5:2J and 2:1J resonances, respec-
tively (Granvik et al. 2018). If we use the time of 0.14 Myr for the
Outer belt, we find that the percentages of the total NEAs found
in the Inner, Middle, and Outer belts are ∼50, ∼40, and ∼10%
respectively, which are closer to the percentages found by Bottke
et al. (2002). However, using this latter lifetime for the Outer-belt
NEAs results in a HFD that does not match the observed data.

It was shown by Granvik et al. (2018) that ν6 is the reso-
nance that provides the highest number of NEAs throughout the
whole size range, followed by 3:1J, which immediately results
in a dominance of the Inner belt as the main source of NEAs.
As shown above, we are able to obtain a similar result when
we redistribute the contribution of the High-Inclination region
between the Inner, Middle, and Outer NEAs.

6. Conclusions and discussion

Here, we present the ACDC code, a six-part collisional and
dynamical evolution model of the MB, which we split into six
regions according to the positions of the 3:1, 5:2, 7:3, and 2:1
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mean-motion resonances with Jupiter and the ν6 secular reso-
nance with Saturn. The six regions we consider, following the
previous work of Cibulková et al. (2014), are the Inner, Middle,
Pristine, Outer, Cybele, and High-Inclination belts. The ACDC
code calculates the evolution in time of the number of objects
in each part of the MB due to collisions between the asteroids
of the different regions. ACDC is a statistical code, as it treats
big impact events with a random number generator and Poisson
statistics. It also considers the dynamical depletion of the MB
via the Yarkovsky effect, which slowly drifts small asteroids into
the resonances and delivers them into the NEA region. We used
the ACDC code to derive SFDs of the six regions of the MB, esti-
mate a HFD for the NEAs, and studied the contribution of each
region to the NEA population.

The results of this work can be summarized as follows:
– We find that our six-part collisional evolution model shows

a good fit to the observed data in the six regions of the MB,
and to the MB considered as a single population. We are
also able to reproduce, within the expected uncertainties,
the number of observed asteroid families formed from the
catastrophic disruption of parent bodies bigger than 100 km.
There are two main discrepancies in the resulting SFDs. The
first is located at the small end of the SFD for the Inner
belt, which may be corrected in future works with a better
model of the Yarkovsky effect.The second is related with
the largest bodies in the Outer belt, and may be corrected
by exploring different scaling laws in that particular region
which may enable a wider range of projectiles capable of
disrupting these large bodies. The treatment of these dis-
crepancies represents an interesting starting point for future
research.

– We obtain a good fit with the currently observed magni-
tude distribution of NEAs in the range of completeness,
H < 16, and with the recent estimations in the range 17 <
H < 20. Our HFD deviates from previous estimates for
smaller bodies. This discrepancy is most likely caused by the
many uncertainties and free parameters regarding the current
model of the Yarkovsky effect, especially for smaller aster-
oids. Further studies may require an improved model of the
Yarkovsky effect for smaller asteroids, and may also consider
the inclusion of the YORP effect, which was not considered
here. However, the subkilometer-sized asteroids are out of
the available observational constraints for the present colli-
sional model, as the MB is not complete below the kilometer
scale.

– We find that all the regions in the MB contribute to the NEA
population to a greater or lesser extent. The most impor-
tant sources are the Inner and Middle belts followed by the
Outer belt. The Pristine and Cybele belts make a very small
contribution to the NEAs.

– It is not possible from this work to address the origin
of NEAs with inclinations greater than 20◦, as the reso-
nances in the MB and the dynamics in the NEA region
are able to increase and decrease the inclinations of the
asteroids (Granvik et al. 2017, 2018). The High-Inclination
belt can be the source of only a fraction of the currently
observed NEAs with large inclinations, while the rest of the
NEAs obtained their inclinations through dynamical evolu-
tion. Further dynamical studies may be able to provide more
clarity on the origin of high-inclination NEAs.

We have improved on previous collisional studies as we have
consistently included a general model of the Yarkovsky effect
into a six-population collisional evolution model of the MB for
the first time. Moreover, our work forms a starting point for

further studies and applications regarding the collisional history
of the MB, and also any other small-body population in the Solar
System. We also obtained the population of NEAs, identifying
their proportion from each source in the MB. This is undoubt-
edly an important contribution concerning the composition and
diversity we can expect in such objects.
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