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ABSTRACT

Context. Previous spectroscopic observations of silicate-rich (S-type) near-Earth objects (NEOs) have revealed a significant discrep-
ancy between the mineralogical distribution of these bodies and that of their meteorite counterparts, the ordinary chondrites (OCs).
This points at different sources of kilometre- and metre-sized bodies that remain to be understood.

Aims. In the accompanying paper by Marsset et al., an extensive spectroscopic survey of 976 NEOs was presented and a
subset of S-type objects was analysed in detail. Their reflectance spectra were dereddened and linked to individual asteroid
families as well as OCs, to determine the mineralogy (H, L, LL). In this work, we provide a context necessary to interpret
these observations.

Methods. We selected 11 major S-type families, namely: Phocaea (H), Maria (H), Merxia (H), Agnia (H), Koronis (L/H),
Karin (L/H), Massalia (L), Gefion (L), Juno (L/LL), Flora (LL), and Eunomia (LL). We identified their members using a recent
catalogue of the proper elements (ap, e;, I,), removed interlopers, and characterized the size-frequency distributions (SFDs) down to
a 1-kilometre size. We then used a statistical collisional model, calibrated on Vesta (HED), to extrapolate the SFDs to a 1-metre size
and to determine the ages from a characteristic slope change at about 5 km size. We used an orbital model with the Yarkovsky and
YOREP effects to transport bodies from the main belt and to determine the respective mean life times, which constrain the number of
bodies in the NEO or meteoroid populations.

Results. The ages of asteroid families based on our collisional model (and literature data) range from 4200 My to 6 My. The contri-
butions of individual families to the NEO and meteoroid populations vary in the course of time. Today, Flora, Vesta, Phocaea, Juno
and Eunomia seem to be dominant for kilometre-sized bodies. The situation is more complex for metre-sized bodies though, with
uncertainties stemming from a variable tail of the SFDs at small sizes. LL-chondrite-like and HED families contribute comparably
(Flora Nyeo(>1m) = 6.3-12.5 x 108, Vesta 4.3-15.2 x 10%), in agreement with observations. However, H- and L-chondrite-like me-
teoroids are under-represented compared to the observations (by a factor of ~10); other sources must be dominant. Alternatively,
the situation may be non-stationary, with non-zero derivatives Npeo(>1m). This is supported by our discovery of the Karin collisional
series, composed of four sub-families within the Koronis family: Karin, Koronis,), Koronisg), and Koronis,. Such events create a
temporarily steep ‘tail’ of the SFD. This is confirmed by the 2.1° dust band, observed by the Infrared Astronomical Telescope
(IRAS).

Conclusions. In order to explain the dominant population of H- and L-chondrite-like meteoroids, several young families must
be accounted for, namely the Karin series (for H), or the 2nd Massalia family (for L).
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1. Introduction

More than a decade ago, [Vernazza et al.| (2008) reported that
the vast majority of objects that come near the Earth (NEOs)
are spectrally alike LL ordinary chondrites (OCs), a type that
matches only a tiny fraction of the meteorites most frequently
hitting our planet (typically H and L chondrites). Subsequent
studies confirmed these findings (Thomas & Binzel| 2010; |de
Ledn et al.|[2010; [Dunn et al.|2013). This may be called the
meteorite—NEO conundrum.

A logical explanation of the meteorite-NEO conundrum is
that different main-belt source regions may be responsible for
supplying these two sample populations. In the case of km-sized
NEOs, the inner asteroid belt appears as the most likely source
region. This is both supported by spectroscopic observations of
near-Earth and main belt asteroids (e.g., |Vernazza et al.|[2008,

2014} [Marsset et al.|[2022) and dynamical studies which show
that ~40% of all roughly kilometre-sized NEAs should be de-
livered from the asteroid belt to Earth-crossing orbits by the vg
resonance located on the innermost edge of the main belt (Bottke
et al.||2002; |Granvik et al.|2018])). This is because objects origi-
nating from this resonance stay much longer in the NEO region
than bodies originating from the remaining ones (3:1, 5:2, etc.).

These various resonance lifetimes are assumed to also ap-
ply to meteoroids in the ~ 0.1 to 1 m size range, which is the typi-
cal size of pre-atmospheric meteorite parent bodies. This implies
that meter-sized bodies entering the v¢ resonance should have,
in principle, a greater likelihood of reaching Earth’s surface than
meteoroids originating from elsewhere. If all contributions from
the various main-belt regions (inner, middle and outer belt) were
equal in terms of number of meter-sized bodies entering the var-
ious resonances, this would imply that the meteorite flux would
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essentially originate from the inner belt which is in contradiction
with the observed meteorite—-NEO conundrum.

In essence, our meteorite collections would comprise many
Flora-like (LL chondrites) and Vesta-like (HED meteorite) frag-
ments, which is not the case as these two meteorite groups only
represent ~ 14% of the recovered falls. This implies that there
must be major sources of meter-sized fragment in the asteroid
belt that remain to be identified and that overcome the number
of meter-sized fragments produced by the Flora and Vesta fam-
ilies. Note that the background population, while certainly con-
tributing to the meteorite flux, cannot be the main source of it
as LL-like bodies are more abundant in the inner belt than H- or
L-like bodies (Vernazza et al.|2014)). It follows that a few ‘large’
stochastic collisional events should likely be the main source of
the flux. Actually, this is exactly what CRE ages of H chondrites
suggest (Graf & Marti|[1993).

Here, we investigate the contributions of the largest S-
type families to the current kilometre-size NEO population and
metre-size NEO flux, as well as that of some smaller, recently
formed (~ 10 My) S-type families (Sect. 2). We use a collisional
model to evaluate the size-frequency distribution of these fam-
ilies down to 1 m (Sects. [3, ) and subsequently determine the
NEO flux at kilometre and metre sizes from these families us-
ing an orbital model (Sects.[5} [6).

2. Family identification

We used recent catalogues (Jun 2021) to identify families
for further modelling. We combined the following datasets:
Astorb (Moskovitz et al.|[2019), AFP (Knezevi¢ & Milani/[2003;
Novakovi¢ & Radovic|[2019), Wise (Nugent et al.|2015), Akari
(Usui et al.[|2011), and SDSS (Parker et al.[2008]), to obtain both
orbital and physical data, whenever available. We used the hier-
archical clustering method (HCM;|Zappala et al.|1995) on proper
orbital elements with a variable cut off velocity as the initial step,
followed by an addition of halo (optional), and a removal of in-
terlopers. This is based on physical data; unless specified oth-
erwise, we assumed the geometric albedo py € (0.1;0.5) and
the Sloan colour index a* € (-0.1;0.5). Additionally, we used
the relation between the absolute magnitude H and the proper
semimajor axis a, (Vokrouhlicky et al.[2006b):

|ap - ac|

where the parameter C determines the overall extent of the fam-
ily. Bodies are removed if H < H(a,). The value of C is directly
related to the upper limit for the age (but not to the age;|Nesvorny
et al.|[2015)):
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Technical intermezzo. The Vesta family was associated at
100 m/s (core) and 100 m/s (halo). For the first step, we used only
bodies with H < 15 mag, for the second step H > 15 mag, so that
the family is well separated from other families. Other parame-
ters were: a. = 2.36151 au, C = 3.0 x 107* au, pv € (0.1;0.7),
a* €(0;0.5),i—z € (—0.85;—0.05). We considered (306) Unitas
to be an interloper.

The Massalia family was associated at 30 m/s (core) and
100m/s (halo); with a. = 2.40863au, C = 0.3 x 107 au,
pv € (0.12;0.6). It was a difficult case, because it is close to

the Nysa/Polana complex and the 1:2 mean-motion resonance
with Mars, which connects the two neighbouring families.

The Maria family was a simple case: v = 55m/s, a. =
2.55370au, C = 2.3 x 10~ au.

The Merxia family too: v = 50m/s; with a, = 2.74513 au,
C=05x10"*au.

For the Agnia family, we had to choose a different central
body (1020) Arcadia, located in the densest part, not (847) Agnia
itself. The cut off velocities were 60 m/s (core), 80 m/s (halo); to-
gether with a. = 2.79024 au, C = 0.17 x 10~* au. The family has
a structure strongly affected by the z; secular resonance, along
which the HCM associates bodies (Vokrouhlicky et al.|[2006a)).

The Koronis family was associated at 55m/s, and a. =
2.86878au, C = 4.3 x 10~* au. The family was extended be-
yond 2.96 au, i.e., the 7:3 mean-motion resonance with Jupiter,
which fits well within the (a,, H) envelope.

The Gefion family was a simple case: v =
2.78381 au, C = 10~* au.

The Juno family too: v =
107 au.

For the Flora family, we used a 15-mag core at 110m/s
and a 20-mag halo at 100 m/s. Other parameters were a. =
2.20145au, C = 2.1 x 107* au, py € (0.12;0.6), a* € (0;0.5),
i —z € (—=0.3;0.5). It has a structure affected by the v¢ secular
resonance. Moreover, there is a persisting contamination from
the Baptistina family.

The Eunomia family was associated at 40 m/s; with a, =
2.64357 au, C = 2.3 x 10~ au. The (173) Ino family may be
a part of Eunomia, just behind the 8:3 resonance. Possibly, this
is also the case of (53546) 2000 BY.

All families as they were identified are shown in Fig. [E.T]
In order to compute diameters from magnitudes, we used either
the measured albedos, or the median albedo of the respective
families. The resulting SFDs are shown in Fig. [I]

40m/s, a. =

40m/s, a. = 2.66938 au, C =

Main belt population at 1 kilometre. We can directly com-
pare the main-belt populations at 1 km, using a straightforward
extrapolation from multi-kilometre sizes, because new data al-
lowed us to actually see the observational bias. It affects the
SFDs substantially at sub-km sizes for S-type populations, but at
1-km it can be ‘safely’ extrapolated from multi-kilometer sizes
(Hendler & Malhotra|2020). Approximate slopes derived for ob-
served SFDs are listed in Tab. [T} For H-chondrite families (see
Fig.[T] left), the sequence from major to minor populations is (in
10 units):

Koronis (9.2) — Maria (5.5) — Agnia (3.1) — Phocaea (2.7)
— Merxia (2.0) — Karin (1.1);

where we also included the Karin family (to be discussed in
Sec.[8). For L-chondrite (middle):

Koronis (9.2) — Juno (4.2) — Gefion (3.8) — Massalia
(2.6) — Karin (1.1);

for LL-chondrite (right):
Flora (7.2) — Eunomia (7.0) — Juno (4.2),

where some families are partly H, L, or LL. Contrary to our ex-
pectations, these ‘borderline’ families (Koronis, Juno) do have
a potential to contribute substantially, especially to the H- and
L-chondrite populations

On the other hand, a simple extrapolation of SFDs down to
1 metre is not possible and we need a collisional model to do this

properly.
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Table 1. Power-law slopes of the observed SFDs of the S-type
families.

family q 92 g3
Vesta (HED) -46 -33 -15
Phocaea (H) =27 -14
Maria (H) -2.0 =27 -15
Merxia (H) -32 =25
Agnia (H) -32 =29
Koronis (L/H) -2.5 -1.5
Karin (L/H) -42 =29
Massalia (L) -57 -34 -28
Gefion (L) -39 -17 -1.1
Juno (L/LL) -2.8 =37 =31
Flora (LL) -38 -28 -13
Eunomia (LL) -4.5 -32 -1.2

3. Calibration of the collisional model

We used the collisional code called Boulder (Morbidelli et al.
2009), which is a Monte-Carlo approach, working with binned
differential mass distributions of an arbitrary number of popu-
lations. In our case, we used 3 populations: the main belt, one
of the families and the NEO population. The Boulder code uses
a number of parameters or relations describing how collisions
between targets and projectiles produce fragments. The princi-
pal parameter is the critical impact specific energy Q*(D) (in
Jkg™"), a function of the target size D. We used the formulation
of Benz & Asphaug|(1999) with modified parameters (as shown

in Fig. 2):
Q*(D) = Qo (D/2)" + Bp(D/2)", 3)

where Qy = 9 x 10", @ = —-0.53, B = 0.5, b = 1.36 (all in
cgs units when applicable). The density p was either 3 gcm™3,
or specific (if known precisely). These parameters are within
the range of values tested by [Bottke et al.| (2020). Furthermore,
relations for the largest remnant mass M)(Q), the largest frag-
ment mass M(Q), the slope of fragment size distribution g(Q)
are needed, where Q denotes the impact specific energy (also in
Jkg™), as usually scaled by Q*(D). For 100- and 10-km bod-
ies, we used the relations described in |Vernazza et al.| (2018));
Sevedek et al. (2017), with a linear interpolation in between. The
collisional probabilities and velocities for various combinations
of populations are listed in Table Because the evolution is
stochastic, we always compute multiple (at least 10) runs to re-
ject rare events (e.g., Ceres catastrophic disruptions).

Our collisional model is constrained by: (i) the observed
main belt SFD (Bottke et al.[|[2015)), (ii) the NEO SFD (Harris
et al.[2015)), (iii) the Vesta family SFD, (iv) Rheasylvia basin age
1 Gy (O’Brien et al.|[2014)), and (iv) (4) Vesta cratering record
(Marchi et al.[2012), namely the heavily-cratered terrain (HCT)
and the large diffuse craters (LDC). The final state of the model
is shown in Fig. E} As mentioned above, the Q* (D) was adjusted
in order to fit the fail of the observed main belt SFD, other-
wise, synthetic populations ‘undershoots’ the observed one (see
Fig.[2).

We use a full transport matrix between all populations. In
fact, a transport is a complex process, driven by the Yarkovsky
drift, the YORP effect, collisional reorientations, spin evolution,
and gravitational resonances. In practice, the transport from the
whole main belt — NEO is characterized by a size-dependent
mean decay time scale T,,,. The time scale of main belt bodies
must be relatively long, otherwise the NEO population is ‘over-
shoot’ (see Fig. . On the other hand, the transport from the

NEO — trash bin is very short (8§ My), which is comparable to
Granvik et al.| (2018) (6 to 11 My; see their Fig. 15).

The nominal time span of our simulations is 4.4 Gy, to leave
some space for the early evolution, without solving a question,
whether the evolution was very early or not (cf. Broz et al. 2021)).
Of course, cratering may be also produced very early, but here-
inafter we assume a completeness and no crater erasure for sim-
plicity. Consequently, we should never ‘overshoot’ the observed
record.

Our modelling certainly has some caveats. For example, it is
not certain whether the initial SFD of the early main belt should
be broken at 20 km, or at 15 km; the initial slope ¢ in the size
range D € (10; 100) km could be possibly steeper; the average
density could be 2 g cm™ instead of 3 gcm™3; possibly, there are
two or even more rheologies for S- and C-type populations; the
YORP spin-up may destroy bodies instead of affecting transport;
etc.

4. Extrapolated size distributions

For each of the families, the collisional model must be set up
individually. The initial conditions correspond to the age of the
family, which is unknown. Consequently, both the main belt and
the family SFDs must be adapted, so that the final conditions
correspond to the observations. The SFD was characterized by
the largest remnant (LR), the largest fragment (LF), and the
power-law cumulative slopes: ¢a, g, gc, g4, With the diameter
ranges specified by: Dy, D,, D3. Again, every model was run at
least 10 times to determine its uncertainties, which are mostly
due to stochasticity of collisions, or break-ups of large asteroids
with a fractional probability. We always tried to use the sim-
plest initial conditions possible, i.e., a simple power law g, = g,
which subsequently ‘breaks’ in the course of collisional evolu-
tion, g, > gp. The values of g, or g4 must be less steep than -3 to
prevent a divergence of mass. If it did not work, because the ini-
tial conditions were not simple, we prepared a more complicated
model(s). Generally speaking, the use of collisional evolution to
constrain the age of asteroid families dates back to the work of
Marzari et al.| (1995). Here we profit from having information
about SFD to significantly smaller size than three decades ago.

Our results for relatively young families, (Merxia, Agnia,
Juno), as well as some old families (Vesta, Koronis, Flora), sug-
gest the possibility that their SFDs were initially simple power-
laws, starting at the largest fragment and ending even below the
observational incompleteness (see Fig. [5). Ages of these fami-
lies are easy to estimate (see Table [2). We wait until the SFD
‘breaks’ to two power-laws and fits the observed SFD. The break
is induced by main belt < family or secondary collisions and is
typically at D = 5Skm.

However, remaining families required more complicated ini-
tial conditions (Massalia, Maria, Gefion, Eunomia), as demon-
strated in Fig. [5] It may also indicate a different age, or a mis-
match between collisional and orbital models. The ages derived
from orbital models are discussed in Appendix [B]

Technical intermezzo. Maria’s SFD often ‘undershoots’ the
observed one at D ~ 1 km which would correspond to less than
2500 My (not to 3000 My as suggested by orbital models); it is
also very shallow at large sizes, which is typical for interlopers.

Gefion’s SFD often ‘overshoots’ for the age 470My
(Nesvorny et al.[2009) and the only way how to fit it is again
a broken power-law. On the other hand, if the initial SFD is a
simple power-law g, = g, = —4.6, the best-fit is obtained natu-
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Table 2. Ages of the S-type families estimated from our colli-
sional model.

family age
— My
Vesta (HED) 1100 = 100
Phocaea (H) 700 = 100
Maria (H) 2500 + 300
Merxia (H) 330+ 50
Agnia (H) 100 + 50
Koronis (L/H) 2200 + 300
Massalia (L) 800 + 100
Gefion (L) 1500 + 200
Juno (L/LL) 750 + 100
Flora (LL) 1200 + 200
Eunomia (LL) 4200 + 300

rally for 1500 My which might be more compatible with Aljbaae
et al.| (2019).

In the case of Massalia, a broken power-law must be used
to obtain a fit at 150 My. For a simple power-law with the cu-
mulative slopes g, = gp = —7.5, the age would be as long as
800 My.

Eunomia’s SFD at D =~ 20 km is wavy, which is either related
to the primordial SFD, or interlopers. Its SFD at multi-km sizes
is very shallow, actually the most shallow of all families, which
indicates a significant depletion of objects and a preference for
an older age (definitely more than 3000 My).

Taken overall, ages seem to be self-consistent; none is older
than 4.4 Gy and they are distributed over the whole interval O to
4.4 Gy.

Main belt population at 1 metre. For metre-sized bodies, there
is inevitably some stochasticity, about half-order in the absolute
number of bodies, due to secondary collisions and temporally
variable tail. Consequently, for H-chondrite families, the popu-
lations are (in 10'° units):
Karin (30-60) — Koronis (2-4) — Maria (0.8-2) — Agnia
(1-2) — Phocaea (0.5-1) — Merxia (0.3-0.9);

for L-chondrite:

Karin (30-60) — Koronis (2-4) — Juno (0.5-1.5) — Gefion

(0.5-1.5) — Massalia (0.4-1);
for LL-chondrite:

Eunomia (1-6) — Flora (2-4) — Juno (0.5-1.5).

For Karin, see again Sec. B] Otherwise, the order is similar
for metre- and kilometre-sized bodies. Maria is similar to Agnia
within stochasticity; Juno to Gefion or Massalia; Eunomia
might be slightly more populous than Flora. Let us recall all
these populations are still in the main belt; a transport is yet to
be applied.

5. NEO population at 1 kilometre

We used our orbital model described in |Broz et al.| (2011) to
determine the decay time scales in the main belt and the life
times among the NEOs. It is based on the symplectic integra-
tor SWIFT-RMVS3 (Levison & Duncan|[1994). The dynamical
model includes: 11 mutually interacting bodies (Sun, Mercury
to Neptune, Ceres, Vesta), the Yarkovsky effect (Vokrouhlicky
1998; [Vokrouhlicky & Farinellal|1999), the YORP effect (Capek
& Vokrouhlicky|2004), collisional reorientations, a mass shed-
ding, and the strength-dependent spin limit (Holsapple|2007).

Table 3. Parameters of the synthetic families used in our orbital
models.

family vs  Ds 1% f w
- ms™!  km deg deg
Vesta (HED) 200 2 =05 90 120
Phocaea (H) 30 5 -0.5 30 0
Maria (H) 50 5 =05 90 90
Merxia (H) 24 5 =05 90 90
Agnia (H) 15 5 =05 30 0
Koronis (L/H) 50 5 =05 30 30
Karin (L/H) 5 5 =05 30 0
Massalia (L) 24 5 -1.0 90 130
Gefion (L) 100 2 =05 90 30
Juno (L/LL) 100 2 =05 90 30
Flora (LL) 100 2 0.5 90 90
Eunomia (LL)  100?  2? 0.0 90 50

Notes. vs denotes the ejection velocity, Ds the reference size, a the
exponent of the distribution, f the true anomaly, w the argument of
pericentre.

This is supplemented by a series of digital filters to com-
pute mean elements (Quinn et al.||[1991) and proper elements
(Sidlichovsky & Nesvorny||1996).

Some of the parameters were common for all simulations.
Namely, a time step At = 9.13125d, output of osculating ele-
ments 10ky, sampling of osculating elements 1y, sequence of
filters A, A, A, B, decimation factors 10, 10, 10, 3, output of
mean elements 3000 y, number of samples for the Fourier trans-
form 1024, output of proper elements 0.1 My, a thermal capacity
C = 680Jkg_1 K~!, thermal conductivity K = 103Wm™ 'K,
thermal emissivity € = 0.9, Bond albedo A = 0.1, surface density
p =15 gcm’3 , YORP efficiency cyorp = 0.33, reorientation
time scale B = 84.5ky, with exponents 8; = 0.83, 8, = 1.33,
and normalisations wy = 3.49 x 10~*rads™!, Dy = 2.0 m, cohe-
sive strength scale k = 2.27x107 gcm™!/2 572, friction coefficient
s = 0.25, relative axial ratios ¢/a = 0.7, b/a = 0.7, ...

Others were specific, adapted for individual families. We
always tried to create an initial synthetic family in such a
way, that will —after the long-term evolution— end up as simi-
lar to the observed family (see, e.g., Broz & Morbidelli|2013)).
Parameters of the principal bodies (‘parent bodies’) are dis-
cussed in Appendix [A] Probably the most important choice is
the initial velocity field. According to the rule: ‘either escape or
not escape’, we created a distribution with the peak at about the
escape speed ves. from the respective parent body. For simplic-
ity, we assumed an isotropic field. (Even a cratering is approxi-
mately isotropic in shifted coordinates.) Moreover, we assumed
a size-dependent relation (Vokrouhlicky et al.[2006b):

D

V(D) = vs (D_s) . 4)

The geometry in the (a,e,sinl) space is further determined
by the true anomaly f and the argument of pericentre w.
Sometimes, these are still visible in the observed distribution of
elements. This is true not only for Karin, but also for much older
families (Broz & Morbidelli|[2013}; [Marsset et al.[|2020). These
parameters are listed in Tab.

The results of our simulations are summarized in Fig.
Fig.[8] and the respective time scales are listed in Table [
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Steady-state situation. To estimate the number of 1-km bodies
in the NEO population, we can assume a steady state. In this
situation:

S (Tneo) TneodTheo

mb

Moo [H) = [ € ) pek) )
where C denotes the calibration, p the probability that the family
contributes to H, 7, the life time in the NEO population, f the
corresponding distribution function, and 7, the life time in the
main belt population; and similarly for 1-m size and similarly
for L, LL. For constant factors, Eq. (5) simplifies to:

T

Npeo(>1km |H) = CNypp(>1km) p(H) —=, (6)

_l'l

Tmb
where T, denotes the mean lifetime in the NEO population.
Actually, this is the very reason why the median must not be
used. However, short-lived NEO orbits are common and long-
lived ones are exceptional (see Fig. [§). In other words — out-
liers determine the mean value. One solution is to use a as many
orbits as possible (or orbital clones). However, the total number
of bodies entering the NEO region is limited, because we study
individual families. In other words — a poor sampling of 7’s
(hence low T) may be more realistic than fine sampling (high 7).

Moreover, the NEO orbits sometimes require a very fine time
step (0.25 d), if the eccentricity is extreme (Granvik et al.[2018);
this problem is especially urgent for the v¢ resonance, which
pushes e — 1. For some families (Vesta, Flora) we thus used
Tg13 from Tab.

Today, the Flora family seems to provide a dominant con-
tribution to the population of kilometre-sized NEOs, followed
by Vesta, Juno, Eunomia. This approximately corresponds to the
percentages of observed NEOs. However, we should take into
account also the background population which is substantial. It
is probably not surprising, because the 11 families discussed in
this work contain just 57.1x10? of 1-km bodies out of 1360x 10°
present in the main belt, i.e., less than one twentieth. One pos-
sible interpretation is that the background population is indeed
spectrally similar to the families.

Non-stationary situation. If we relax the assumption above, we
have to compute the dynamical decay and transport from the
main belt - NEO as non-stationary:

. 1
Ni=—-—N;, (N

1

. 1 1
Nj=+—Ni——NJ', (8)
) 7

l

where the index i = 1..M corresponds to the families, j = 1.M
to the NEO populations, respectively. If N; = 0 is assumed,
Eq. (8) simplifies to Eq. (6), provided 7; is represented using
Theo (1.€., main-belt population N, decay over the 7, timescale
neglected).

To demonstrate, how contributions change in the course of
time, due to dynamical decay alone, we solved the set of Egs.
and (8), and plotted the solution in Fig. Of course, a colli-
sional decay occurs at the same time; it should be solved self-
consistently by a collisional model. Nevertheless, Fig. [TT] sug-
gests that family contributions to the NEO population in the past
must have been variable. It may also suggest a lower collisional
activity between approximately 4 and 2.5 Gy ago, but it sensi-
tively depends on individual ages of families (cf. Sec.[9.2).

Given the overall decay of individual families (both colli-
sional and orbital), they can hardly be in a steady state! If true,
Eq. (6) is questionable, as is the very method for estimation
of the NEO population, because we do not know the deriva-
tives N;’s. In principle, we can use the observations to deter-
mine N,’s and compute N;’s, but not the other way round.

6. NEO population at 1 metre

The evolution of metre-sized bodies was computed in the same
way. Their initial conditions were modified though — we used
the current orbits of family members, because these fragments
are continuously replenished by collisions. The time span is rel-
atively short, 50 My, which is sufficient to measure the decay
time scale. Our results are summarised in Fig.[9] Fig.[I0] and in
Tab.

The situation is more complex for metre-sized bodies. There
are inevitable uncertainties stemming from a variable ‘tail’ of the
SFDs. HED and LL-chondrite-like families contribute compara-
bly (Vesta 4.3-15.2 x 108, Flora 6.3-12.5 x 10%), in agreement
with the observations. If the absolute number of all metre-sized
NEOs is 200-300 x10® (Harris & Chodas|[2021), and the per-
centages of meteorite classes HED 6.2 %, LL 8.2 %, one would
expect 12.4-18.6 x108, 16.4-24.6 <103, respectively. This is not
far from our synthetic numbers, given the fact that scattered V-
types (not associated with Vesta) also contribute to HED and
that other families (Eunomia, Juno) also contribute to LL. For
simplicity, we assumed that percentages of meteorites cor-
respond to the percentages of meteoroids, even though: the
flux is dependent on collisional probabilities (cf. Tab. [D.3);
some meteoroids might be more fragile (e.g., carbonanceous
chondrites), and disintegrate during their atmospheric en-
try, which would decrease the absolute numbers above.

On the contrary, H- and L-chondrite-like bodies are under-
estimated compared to the observations. If the percentages are
H 33.8 %, L 37.0 %, one would expect up to 67-101 x108, 74-
111 x10® bodies. This is different by a factor of more than ~10.
While this is a serious mismatch (‘conundrum’), it is a confirma-
tion that background or other families, possibly much younger,
should be taken more seriously.
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Table 4. Dynamical time scales and cumulative numbers of 1-km asteroids in the main belt (mb) and the near-Earth region (neo).

I-km  1-km I-km  1-km
family res. Ty Tneo Tmb P Nmp  Npo Obs. obs.
- - My My My gcm™ 10° 1 1 %

Vesta (HED) Ve 6.98 0.57° 3313 2.5! 114 240 24 8

Phocaea (H) V6 698 591 796 2.5 2.7 20.0! 6 2
Maria (H) 3:1  1.83 095* 1524 3.0 5.5 34 17 5
Merxia (H) 522 0.68 0.22 596 2.5 2.0 0.7 12 4
Agnia (H) 52 068 0.19 1004 2.5 3.1 0.6 12 4
Koronis (L/H) 52 0.68 0.81* 1404 3.0 9.2 5.3 12 4
Karin (L/H) 52 0.68 0.22* 921¢ 2.5 1.1 0.3 - -
Massalia (L) 3:1 183 045 1018 2.5! 2.6 1.1 16 5
Gefion (L) 52 0.68 0.69 760 2.5! 3.8 35 11 4
Juno (L/LL) 83 170 249 627 2.5 42 166 29 9
Flora (LL) V6 6.98 0.37° 669 2.5 72 751 158 51
Eunomia (LL) 3:1 1.83 448 3335 3.54 7.0 9.4 14 5
HED 24.0 24 8
H 31.7 59 19
L 21.3 56 18
LL 84.5 172 55
H+L+LL 484! 137! 2877 91
all S-types 231? 2877

all bodies 1360 925

Notes. For all families, we report the neighbouring resonances, the NEO life time 743 from |Granvik et al.|[(2018), the NEO life times 7,
from this work, computed for 1-km bodies, the main belt life times 7., the volumetric density of simulated bodies, the observed cumulative
number Np,(> 1km) of main belt bodies, the computed cumulative number N, of NEOs and meteoroids, along with the observed Ny, from
this work, where the original percentages were multiplied by the total number of S-type NEOs (925 x 31 % = 287; Marsset et al.|[2022). For
comparison, the fraction of S-type main belt bodies is different (1360 x 10* x 17 % = 231 x 10°; |Gradie et al.[1989). Additional notes: * 4 outer
planets; “ undersampled; ¢ after 100 Mys; 6 problem with the v resonance (7,5 is used instead of 7).
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Table 5. Same as Tab. @for 1-m meteoroids.

I-m  1-m 1-m 1-m

family res.  Tg8  Theo  Tmb o Nub Nico obs.  obs.
- - My My My gcm™ 1010 108 108 %
Vesta (HED) Ve 698 250 115 2.5! 2-7  4.3-15.2! 6
Phocaea (H) Ve 698 724 114 2.5 0.5-1 3.2-6.4! 2
Maria (H) 3:1 1.83 1.82 98 2.5 0.8-2 1.5-3.7 15
Merxia (H) 52 0.68 043 81 2.5 0.3-0.9 0.2-0.5 7
Agnia (H) 522 0.68 034 103 2.5 1-2 0.3-0.7 8
Koronis (L/H) 52 0.68 026 201 2.5 2-4 0.3-0.5 8
Karin (L/H) 522 0.68 0.27 149 2.5 30-60 3.9-7.8! -
Massalia (L) 3:1 1.83 3.83 139 2.5! 0.4-1 1.1-2.8 17
Gefion (L) 522 0.68 0.32 75 2.5! 0.5-1.5 0.2-0.6 6
Juno (L/LL) 83 170 1.38 204 2.5 0.5-1.5 0.3-1.0! 23
Flora (LL) Ve 698 345 110 2.5 2-4 6.3-12.5 7
Eunomia (LL) 3:1 1.83 156 199 2.5! 1-6 0.8-4.7! 1
HED 4.3-15.2 10-15 6
H 9.4-19.6! 67-100 40
L 1.6-4.4! 77-116 46
LL 7.1-17.2 13-20 8
H+L+LL 39.0-83.9 18.1-41.2  158-237? 94
all S-types 158-2377

all bodies 400-1200 400-800  200-300"

with 2nd Koronis:

Koronis ) 522 0.68 026 201 2.5 ~100-300? 12.9-38.8 -
H 22.3-58.4 67-100 40

with 2nd Massalia:
Massalia 3:1 1.83 3.83 139 2.5! ~10-30? 27.6-82.7 -
L 29.2-87.1 77-116 46

Notes. The observed percentages of meteorites from this work. For comparison, the observed percentages of meteorite falls from https://
www.1lpi.usra.edu/meteor/, https://metbase.org/|with respect to all classes are: HED 6.2 %, H 33.8 %, L 37.0 %, LL 8.2 %, respectively.
Additional notes: ¥ [Harris & Chodas|(2021).
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7. Meteorite—NEO conundrum

A main result from our simulations is that large asteroid families,
when taken together, do not allow solving the meteorite—NEO
conundrum. It is quite the opposite, they perfectly illustrate the
conundrum. Whereas these families are plausible sources for a
large fraction of the D > 1km NEO population (Sect. [3)), they
cannot be the source of the vast majority of meteorites and me-
teoroids delivered to Earth today (Sect.[6).

To illustrate this more clearly, we consider Vesta and its fam-
ily as an instrument of logic and ground truth. There are almost
none V-types outside of the Vesta family. Our calculations for
1-m NEOs (Tab. [3), and considering large families only, indi-
cate that for | HED we should recover 2 OCs. Yet meteorite fall
statistics are closer to 1 HED for 13 OCs. Following our simu-
lations, the only way to reach a reasonable HED/OC ratio is to
consider the whole belt as the source of OCs (Tab. [5), with rela-
tively fair/equilibrated contributions from the inner, middle and
possibly also outer belt.

Meteorite measurements including fresh fallen as well as
fossil meteorites, however, indicate that a fair contribution of all
S-type main belt asteroids to the OC flux is naive and essen-
tially wrong. Instead, recent asteroid breakup events (< 500 My)
are likely the ones influencing most contemporary meteorite fall
statistics. This is well illustrated by the distribution of the cos-
mic ray exposure (CRE) ages (Marti & Graf]1992; |(Graf & Marti
1994, [1995)) and *°Ar/*° Ar impact ages (Swindle et al.|2014|and
references therein) of OCs. Notably, about 30% of all H chon-
drites have CRE ages in the 5-8 My range indicating one or
more recent breakups of H-like S-type asteroids.

Regarding L chondrites, 40-50% of them are heavily-
shocked (e.g., \Graf & Marti/|1995]; [Rubin||1994} Bischoff et al.
2019| and references therein) and degassed with **Ar/°” Ar ages
near 470 My (e.g., [Korochantseva et al.|[2007; Swindle et al.
2014) suggesting that an L chondrite-like asteroid suffered a ma-
jor impact ~ 470 My ago (Haack et al.[1996) and that this impact
is still at the origin of 15-20% of all meteorite falls today. Studies
of fossil meteorites found in a ~ 467 My old Ordovician strata in
a limestone quarry in Sweden (Schmitz et al.|[1997, 2001) sup-
port these findings and further revealed that the measured abun-
dance of fossil L chondrites implies a rate of meteoritic bom-
bardment 1 to 3 orders of magnitude higher than at present (Heck
et al.||2017; [Terfelt & Schmitz][2021))), with L chondrites repre-
senting >99% of all falls just after the impact. To illustrate the
sudden change in meteorite fall statistics induced by a large col-
lisional event in the main belt, |[Heck et al.|(2017) recovered relic
minerals from coarse micrometeorites in a limestone that formed
about one million years before the breakup of the L-chondrite
parent body and showed that achondrites had similar or even
higher abundances than OCs.

In summary, both our simulations and meteorite measure-
ment support the idea that asteroid families older than 1 Gy,
even if prominent according to the number of D > 1 km fam-
ily members, are modest contributors to the current meteorite
flux. Nonetheless, these older families may host new families
that may be at the origin of a meteorite flux increase, such as the
young Karin family located in the old Koronis family.

8. The Karin collisional series

As an example of a possible contribution of young families, we
studied the Karin family = FIN 610, i.e., a secondary breakup
in the Koronis family (L/H) with the age 5.8 My (Nesvorny
& Bottke|[2004} [Carruba et al.|[2016)). It contains 1.1 x 10° of

kilometre-sized bodies and up to 30 to 100 x 10'° of metre-sized
bodies. It is clearly a non-steady population.

Contrary to our expectations, the Karin family may con-
tribute more than any other family to the population of metre-
sized bodies if its initial SFD was a power-law with the cumula-
tive slope —2.9 down to 1 m. Indeed, the observed SFD is a per-
fect power-law down to the observational completeness (Fig.
and the ‘tail’ of the SFD simply had not have enough time to
evolve; it takes 30 My to decrease below Koronis (Fig. [13).

An important question is: is there enough time to deliver
bodies to the NEO space? Yes and no. The expected Yarkovsky
drift rate (without YORP) is up to 0.0003 or 0.06 au My, for
I-km or 1-m bodies, respectively. The distance to the neigh-
bouring resonance 5:2 is 0.03 to 0.05 au. Consequently, it would
take about 100 My, until kilometre-sized bodies are delivered,
but only a few My for metre-sized bodies, depending on their
spin axis orientations.

Alternatively, one can assume that metre-sized fragments
were ejected at significantly larger speeds, as in Eq. @). This
would make even an early transport possible. It is closely related
to an equipartition of kinetic energy between high-mass and low-
mass fragments, as seen in some SPH simulations of break-ups
(Vokrouhlicky et al.[2021)). Nevertheless, most fragments collid-
ing with the Earth today must have been travelling in space for
approximately 5.8 My.

Moreover, according to our analysis, there is not a single
family, but four. The second one is Koronis(,) = FIN 621 (Molnar
& Haegert|2009), or a cratering event on Koronis itself. Its SFD
is even steeper (—4.0; Fig. , so that it likely dominates Karin
already for D < 0.5 km. We discovered the third and the fourth
family when looking at ap, ep, sin I, from a suitable direction.
The concentration or correlation of orbits is shown in Fig.
They are logically more dispersed, as small fragments have al-
ready reached the resonances (5:2, 17:7). It is a confirmation that
such collisions are still ongoing within the parent family (i.e.,
Koronisy)).

In other families, like Eunomia, these sub-clusters are not
seen, which is an argument in favour of the collisional cascade
being driven by secondary collisions. However, we should esti-
mate it explicitly (in the same way as in our collisional model).
A projectile of diameter d is needed to disrupt a target of diam-
eter D:

©))

V2

-of2).

where Q is the specific energy and v the projectile speed. The
frequency of collisions (in y~!) is:

D2

f=r [eNGD)NCGA), (10
where p denotes the intrinsic collisional probability (in
km™2 y"; Tab. , [ the gravitational focussing factor, and
N’s the respective numbers of available targets and projectiles.
For main belt-main belt collisions, D = 30km, Q = Q*
(i.e., catastrophic disruptions), d = 3.9km, N(>D) = 1330,
N(>d) = 129000, we obtain f = 1.1 x 1077y~ or 1/f = 9My
Consequently, it is not surprising that we observe a Karin-like
event.

On the other hand, Koronis—Koronis collisions occur with
much higher probabilities (Tab.[D.]), lower impact speeds, much
lower numbers of bodies; d = 9.1km, N(>D) = 10, N(>d) =
145, hence f = 4.3 x 1072 y~!. What we see in Koronis, is not
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a cascade of secondary collisions, but rather a series of primary
collisions.

There might still be some caveats in our estimates: (i) the
Karin and Koronis, families had similar nodes and similar pre-
cession rates, while p’s were computed for a uniform distribu-
tion of nodes; (ii) even cratering events (Q < Q) are capable
of producing numerous fragments; (iii) a population of sub-km
asteroids may have a different spatial distribution as well as p’s
with respect to Koronis; (iv) a production of S-type metre-sized
fragments might have been temporarily increased by another
collisions (e.g., with C-type fragments from the Veritas family;
Farley et al.[2006).

Nevertheless, if Karin-like events remain observable for at
least 50 My, we predict there should be more than 5 of them.
Moreover, if such events produce steep SFD’s, as suggested by
Fig.[12] they certainly dominate Koronis-like families at sub-km
sizes as well as at metre sizes via a collisional cascade.

9. Discussion
9.1. IRAS dust bands

The Karin family event produced also dust, which was observed
by the IRAS as the 2.1° band of infrared radiation (Sykes||1990;
Reach et al.|1997; Nesvorny et al.[2006)), i.e., at exactly the same
inclination as the family. The equivalent diameter of all dust par-
ticles is approximately D =~ 11km (Nesvorny et al.|2006, cf.
Tab. [6). According to the Long Duration Exposure Facility
(LDEF; [Love & Brownlee|[1993), the dominant size of dust
particles is d = 100 um, which corresponds to the number of
particles N(> 100 um) = 1.3 x 10%*.

Our extrapolated SFD of the Karin family, with the slope
—2.9 determined for multi-kilometre asteroids, predicts the num-
ber of particles N(> 100 um) = 2.7 x 10?3, which is surprisingly
close to the IRAS value (see Fig. . In other words, our SFD
seems to be reliable over 8 orders of magnitude.

The factor of ~5 difference indicates that the SFD slope is
(was) even steeper, possibly close to —3.0. This is a special value,
because it corresponds to a log-uniform distribution in mass. In
math, it results from a reciprocal of a uniform random variable,
)lc. In our case, every order of magnitude in size (10 km-1km,
1km-100m, ... 1 mm-100 um) contains about the same amount
of mass. The equivalent diameter of all orders is only 8'/3 = 2
times larger. It is not divergent in mass, simply because we do
not continue to 0.

For Koronis(,), a straight extrapolation to 100 um is im-
possible, because its slope is too steep (—4.0); it cannot be
kept due to very frequent collisions. If extrapolate the SFD
just by one order of magnitude to 0.1 km, and assume a colli-
sional equilibrium with the main belt (-2.7), it turns out that
Koronis(, also contributes to the 2.1° dust band, but it can
be hardly distinguished from Karin.

Interestingly, the inclination of (20) Massalia corre-
sponds exactly to one of the dust bands, namely at 1.4°
(Nesvorny et al. 2006, Fig. [E.I). This association is much
more likely than with (656) Beagle (Nesvorny et al.[2008), be-
cause the temperature profile, constrained by IRAS 12-, 24-
and 60-um band observations, indicates hotter dust grains. If
true, the Massalia family (or its part) is younger than previ-
ously thought. Again, its slope —2.8 seems to be in agreement
with the dust population, N(> 100 um) ~ 4 x 10** (Fig.[16).

Table 6. Possible correspondence of dust bands and family-
formation events.

band D family
— km —
1.4° 4 Massalia(z> (L)
2.1° 11 Karin series (L/H)
9.8° 14 Veritas (C)
all 23 zodiacal cloud

Notes. D denotes the equivalent diameter of all dust particles from
Nesvorny et al.| (2006).

Table 7. Possible correspondence of shock ages of OCs and
family-formation events.

shock  family
My -
100  Agnia (H)
400 Merxia (H)
900 Phocaea (H)
3600 Maria (H) if older
3900 Koronis (L/H) if older
470  Gefion (L) if younger
470  Juno (L/LL)
470 Massalia (L) if younger
500?  Juno (L/LL)
1000?  Flora (LL)
4200 Eunomia (LL)

9.2. Radiometric shock ages

OCs have measured shock ages, and their distribution exhibits
‘peaks’ (Swindle et al.2014)). Sometimes, they might be related
to very precise measurements, but at least some of them are real
peaks. Do they correspond 1:1 to family-formation events? A
‘nihilistic’ answer would be noj; or not necessarily. Nevertheless,
for the moment, let us assume yes.

A possible correspondence is summarized in Tab. [/] All
groups include numerous shock ages around 4560 My, most
likely related to accretion. For H-chondrite families, there are
logical candidates for relatively young shock ages. Old shock
ages might be related to Maria, Koronis, if these families are
about 50 % older. This is indeed possible if the initial SFDs were
about 50 % more populous.

For L-chondrite shock age 470 My, there is a known candi-
date the Gefion family (Nesvorny et al.[|2009)), but its SFD indi-
cates much older age (cf. Tab. [B). A viable alternative might be
the Juno family (of L/LL type), or the Massalia family. Note:
(3) Juno is the 2nd largest S-type asteroid.

For LL-chondrite, there are two minor peaks, possibly re-
lated to Juno or Flora. On the other hand, the major peak at
4200 My might be related to Eunomia. Note: (15) Eunomia is
the 1st largest S-type asteroid.

Unfortunately, the sample of Swindle et al.[(2014)) is still lim-
ited. Ideally, one should have multiple meteorites with the same
shock age, or more importantly, statistically significant ‘gaps’
in between, similar to the one between 1500 and 3500 My for
H chondrites. Moreover, one cannot exclude a possibility that
shocks originated in secondary collisional cascade, minor cra-
tering events, microimpacts, etc.
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Table 8. Possible correspondence of cosmic-ray exposure ages
of OCs and recent family-formation events.

exposure  family
My -
6  Karin (L/H)
8  Koronis) (L/H)?

20?  Karin series (L/H)?
30? Karin series (L/H)?
40?7  Massalia) (L)?
152 ?(LL)

9.3. Radiometric cosmic-ray exposure ages

Similarly, OCs have measured cosmic-ray exposure ages
(Eugster et al.|2006)), which are unevenly distributed. A possible
correspondence with recent family-formation events is summa-
rized in Tab. @ It is not very conclusive, because the only can-
didate for the prominent H-chondrite peak between 6-8 My is
the Karin family, and for the remaining distribution the Karin
series.

Unfortunately, the L-, LL-chondrites peaks are much less
prominent and the distributions seem to be broad. The range
from 10 to 40 My is characteristic for collisional or trans-
port time scales of metre-sized bodies. According to the dust
bands (Sect. 0.I), the only possibility seems to be the young
Massalia family, which age should coincide with the upper
limit.

10. Conclusions

In this work, we evaluated the contribution of major S-type as-
teroid families to the NEO and meteoroid populations. We used
up-to-date catalogues to constrain the main belt populations of
kilometre-sized bodies and extrapolated them down to metre-
sized bodies, using a calibrated collisional model. For all fami-
lies, we also modelled transport from the main belt, to obtain the
respective time scales and life times among NEOs.

The SFDs are constrained very well at a 1-km size. The re-
sulting numbers of kilometre-sized NEOs from our model
seem to be in agreement with the MITHNEOS survey
(Marsset et al.[2022; Marsset & et al.|submit.); including the
spectroscopic classification of NEOs to HED, H, L, and LL
types (Tab.[5). Our analysis allowed us to address important
questions.

Why Flora (LL) contributes so much to NEOs? Eunomia and
Flora have similar SFDs, but the ratio of time scales 7., times
the ratio of life times 7, is unfavourable for Eunomia.

Why Juno (L/LL) contributes so much to NEOs? It has a
steeper SFD than Gefion, and the ratio of life times 7, is
favourable for Juno.

Why several H-type families contribute to NEOs?
Because their populations are comparable to each other, and
their dynamics is not so different from each other. It demon-
strates the importance of using a number of sources in the
model, otherwise, it is impossible to decide which source is
important (cf. Phocaea, Koronis, Maria, ...).

On the other hand, the extrapolation of SFDs to a 1-m size
is more uncertain. While we can explain the absolute num-
bers of HED and LL metre-sized meteoroids, because they
likely originate from the corresponding families (i.e., Flora
and Vesta), we are unable to explain H and L meteoroids this
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way. The statistics of corresponding meteorites is approxi-
mately H/L ~ 1, LL/HED ~ 1, but H/LL ~ 4. Because our model
systematically indicates H/LL ~ 1, we conclude that H and L
meteorites must originate from other sources (cf. Tab.[5).

This is likely related to a more general problem of the
modelling. A steady state was assumed to compute the me-
teoroid populations, but young families contributions may be
non-stationary. Their SFDs may be temporarily steep at sub-
km sizes. In fact, the meteorite flux has not been always con-
stant, neither recently (Drouard et al.|[2019), nor long time
ago (Heck et al. 2017). This points to more recent or tran-
sient sources of metre-sized bodies.

In this context, we reported a discovery of the Karin col-
lisional series, composed of four sub-families. Its SFD is
steep and its extrapolation (‘tail’) down to 100-um sizes
is confirmed by the IRAS 2.1° dust band (Nesvorny et al.
2006). Moreover, its interpolation to 1 m shows that Karin,
together with other sub-families, in particular Koronis),
should dominate the population of H meteoroids (see Tab.[5]
Fig. [I5). This is the most straightforward explanation of the
NEO-meteorite conundrum.

Using analogous arguments, the Massalia family (or
its part) should dominate the population of L. meteoroids
(Tab. B} Fig. [16). This family is conveniently located in the
inner belt, and has exactly the same inclination as the IRAS
1.4° dust band. In order to explain the distribution of radio-
metric ages (Eugster et al.[2006; Swindle et al.[2014), we pre-
dict that the family is composed of old and young parts, with
overlapping velocity fields, because both collisions occurred
on the same body (i.e., (20) Massalia).
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Appendix A: Parameters of the principal bodies

Hereinafter, we discuss preferred values of parameters. (4) Vesta
has a volume-equivalent diameter 525 km and a volumetric den-
sity 3.456 gcm™> (Russell et al.|2012); the parent body size is
practically the same as Vesta.

(20) Massalia is 132km in diameter (Usui et al.|2011) and
its density is 3.71 gcm™3 (Carry|2012), although with a 20% un-
certainty.

For (170) Maria, (808) Merxia, (847) Agnia, (158) Koronis,
(1272) Gefion, we used diameters 35 km, 33 km, 30 km, 34 km
(Usui et al|[2011), and just 6.9 km (Nugent et al.|2015), even
though Gefion is not the largest remnant, it just has the low-
est designation. Because the densities are unknown, we assumed
3gcem™3. All of these breakups were catastrophic disruptions;
parent body size is substantially larger, i.e., 125km, 50km,
52km, 161 km, and 72 km, respectively. This is important for
the velocity field. We determined these values by scaling of syn-
thetic SFDs of Durda et al.| (2007); uncertainties are of the order
of 10%

(832) Karin is 14.3 km in diameter (Usui et al.|2011)), and the
family parent body size is up to 36 km.

For (3) Juno, we used 254km, 3.15¢g cm™, according to
Vernazza et al.|(2021). It is the 2nd largest S-type asteroid.

For (8) Flora, 146km, 2.43 g cm™ from the same reference.
If about half of the family members has been lost in the v¢ reso-
nance the parent body size might have been larger.

Finally, (15) Eunomia is 256 km in diameter, and its den-
sity 2.96 gcm ™3 is close the mean density of S-types (Usui et al.
2011} |Vernazza et al.|2021)). It is the 1st largest S-type asteroid.

Appendix B: Family ages

Previous orbital modelling, cratering record, or meteorite ra-
diometry can be used to estimate the age of an asteroid fam-
ily. The Vesta family is constrained by the Rheasylvia basin on
Vesta, or in situ observations (Marchi et al.|2012; |0’ Brien et al.
2014), as (1000+200) My. It is in agreement with our collisional
model (Tab. 2).

The Phocaea family was studied by |[Carrubal (2009); it
is up to 2200 My old, as inferred from the Yarkovsky drift
rates. Its SFD indicates a younger age (cf. Tab.2).

The Massalia family is (152 + 18) My old according to
Vokrouhlicky et al. (2006b)). Parameters of the velocity field
were also estimated, vs = 24ms~', Ds = 5km, v « D~!. On
contrary, its shallow SFD indicates an older age.

The Maria family may be up to 3000 + 1000 My old, accord-
ing to (ap, H) distribution (Broz et al.|2013).

The Merxia family, (330 = 50) My old (Vokrouhlicky et al.
2006b), is almost certainly young, having a smooth and steep
SFD from the LR to the observational incompleteness.

The Agnia family is (100 + 25) My old (Vokrouhlicky et al.
2006a)), again smooth and steep.

On contrary, the Koronis family is really old, (2500 +
1000) My (Broz et al.|[2013). Koronis is probably even older
than Maria, because the ‘break’ of the SFD is at larger D’s (3
vs. 5km).
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Fig.1. Observed cumulative size-frequency distributions (SFDs) of the S-type asteroid families: H-chondrite-like (left), L-

chondrite-like (middle), and LL-chondrite-like (right). Each group is dominated by one or two families, but it sensitively depends
on the respective diameter D. For reference, D = 1km is indicated (black dotted line). The SFDs exhibit the following features:
largest remnant (LR), possibly an intermediate-size fragment, largest fragment (LF), first slope (gq,), which is steep, starting at the
LF, second slope (g2), which is shallow, related to long-term collisional evolution, third slope (g3), which is even shallower, related
to the scaling law and observed break in the main belt SFD, fourth slope (g4) or bend-off, related to observational incompleteness.
(see Tab.[I). Alternatively, g4 may be related to a mass conservation. Extrapolations to sub-km sizes are also indicated (colour dotted
lines), however, a collisional model is preferred for this purpose (cf. Fig.[3).
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Fig.2. Modified scaling law Q*(D) used in our collisional
model. A comparison to the nominal scaling law for basalt at
Skm/s ( line) from|Benz & Asphaug|(1999) is also plotted.
This modification is needed to fit the main belt SFD at sub-km
sizes.

The Gefion family is constrained by radiometry of LL chon-
drites (467 + 2) My (Greenwood et al.|2007; Nesvorny et al.
2009), and compatible with the Yarkovsky/YORP model. On
contrary, its SFD is shallow, which indicates an older age.

For the Juno family, we assume (750 + 150) My, according
to Carruba & Nesvorny|(2016).

The Flora family was estimated to be (1200 + 200) My old
(Vokrouhlicky et al.|2017). Our N-body modelling suggests that
the synthetic family should be more extended, with a substan-
tially larger Dpg > 146 km. About half of bodies was lost in the
Ve resonance.

Finally, the Eunomia family is probably (3200 + 1000) My
old (Carruba & Nesvorny [2016)). Our N-nody modelling sug-
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Fig.3. Dynamical decay time scales 7(D) used in our colli-
sional model. The main belt and families have relatively long
time scales, which are needed to fit the NEO population, be-
ing transported from the main belt and having a short time scale
(8My). A comparison to the nominal time scale (red line) of
Bottke et al.[(2005) is also plotted. For the Yarkovsky drift with-
out spin axis evolution, decay would be significantly shorter.

gests a range 1880 up to 3300 My on the basis of the (ap, ep)
distribution. It almost reaches a steady state, because we recali-
brate the synthetic SFD to the observed SFD in every time step,
which is then insensitive to the decay of the population Broz
& Morbidelli (2013). Eunomia is most likely older than Flora
(cf. the ‘break’).

Appendix C: Selection of ‘slow’ shapes.

In our orbital model, we noted a strong dynamical selection of
shapes, which evolve slowly due to the YORP torque (Fig. [C).



M. Broz et al.: Contribution of S-type asteroid families to NEOs and meteoroid populations

Vesta (HED), 1100 My

10'® T T T
initial MB
initial Vesta
evolved MB — ]
evolved Vesta
a Bottke etal. (2015) o 3
A observed Vesta — ]
=2
» 2
°
3] ]
2
7] ,
© o
"5 o
o ®, E
2 A ]
g g9
2 1000 | ]
100 ¢ 3
10 | ]

1L I I |
0.001 0.01 0.1 1 10 100 1000
diameter D/ km

Fig.4. Synthetic SFD of the main belt and the Vesta family,
used for calibration. The age 1100 + 100 My is consistent with
O’Brien et al.| (2014).

If the shape is fast, the critical frequency is reached fast, this
shape is changed to another one, and vice versa.

Out of 200 nominal shapes from Capek & Vokrouhlicky
(2004), e.g., 185, 101, 129, 106, 58, ... are slow (see Fig.|C.2).
They seem to be more round, but it is generally difficult to recog-
nize it. They should be less like a wind-mill (Rubincam|2000).

Moreover, the scaling relation we use in our model:

a\ 2 R\2 o -1
ap Ry £0

where ay = 2.5au, Ry = 1km, pg = 2.5 gcm‘3, is not complete.
A scaling with the rotation period (or frequency) is missing.
While the nominal period Py = 6 h, for which the torques were
originally computed, is too long for meteoroids, the YORP effect
should work even in the limit of zero conductivity (Rubincam
2000). It implies a negligible dependence on the rotation period.
This may change, if a transversal heat diffusion in mm- to cm-
scale surface features is properly taken into account (Golubov &
Krugly|[2012; Sevetek et al. 2015). However, it would require a
dedicated computation of the YORP effect for metre-sized bod-
ies.

Appendix D: Supplementary tables

The intrinsic collisional probability and the mean collisional ve-
locity were computed with|Greenberg| (1982)) theory for precess-
ing orbits. The values for various combinations of populations
are listed in Tabs. The flux of meteoroids originating
from families, accounting for various collisional probabilities
with the Earth, is listed in Tab. [D.3}

Appendix E: Supplementary figures

We show the outcome of families identification procedure and a
preferred extent of the families in Fig.

populations p v
- 1078 km™2y!'  kms™!
MB-MB 2.860 5.772
MB-Agnia 4.466 4471
MB-Eunomia 3.347 5.784
MB-Flora 2.736 5.667
MB-Gefion 3.545 5.115
MB-Juno 3.009 6.491
MB-Koronis 4.657 4271
MB-Maria 2.923 6.095
MB-Massalia 4.269 5.042
MB-Merxia 4.057 4.744
MB-Phocaea 2.419 8.252
MB-Vesta 2.919 5.288
Agnia—Agnia 10.535 2.241
Eunomia—Eunomia 5.961 5.725
Flora—Flora 15.506 4.235
Gefion—Gefion 5913 4.352
Juno-Juno 4.950 7.034
Karin—Karin 14.865 1.531
Koronis—Koronis 13.323 1.625
Maria—Maria 7.112 5.866
Massalia—Massalia 29.009 4.234
Merxia—Merxia 8.235 3.571
Phocaea-Phocaea 5.936 10.307
Vesta—Vesta 12.601 3.613

populations p v
- 1078 km2y"'  kms™!
Earth—Agnia 120.524  24.672
Earth—-Eunomia 46.952  24.992
Earth—Flora 44860 21.663
Earth-Gefion 123.191 21.484
Earth—Juno 47.467 23.907
Earth—Karin 76.386  25.567
Earth—Koronis 115.815 19.872
Earth-Maria 49.847  27.295
Earth—Massalia 18.955 21.341
Earth—Merxia 437796 19.474
Earth—Phocaea 9.306 31.419
Earth—Vesta 49352  22.963

Table D.1. Intrinsic collisional probability and the mean colli-
sional velocity for various main belt populations.

Table D.2. Same as Tab. ID_J_] for the Earth and meteoroids in the
NEO space.
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Fig.5. Synthetic SFDs of the S-type asteroid families derived from our collisional model. Every panel contains: the initial main
belt, the initial family (yellow dotted), evolved main belt (blue), evolved family (different colours), observed main belt
et al[2015)), observed family (gray solid). The SFDs between 1 and 10km were initially a smooth power-law. They evolved due to
collisions and exhibit a characteristic slope change at about 5km, which is observed (see Tab. [I). Every model was run 10 times to
account for stochasticity. The best-fit age is reported on top (see Tab.[2).
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Fig. 6. continued.
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Fig.7. Dynamical decay of selected synthetic asteroid families derived from our orbital model: H-chondrite-like (left), L-chondrite
(middle), LL-chondrite (right). Normalized number of bodies vs. time is plotted. The decay is induced by gravitational resonances,
the Yarkovsky drift, as modified by the YORP effect, collisional reorientations, and limited by the critical frequency. Sizes of bodies
correspond to the observed SFDs; most of them are kilometre-sized.
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account for the dynamical decay only (see Tab. @} column Tpy),
so that at the family origin (¢ = #;) the population was large and
decayed as exp(—(f — fy)/Tmb)- The total of all selected families
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Fig. 14. The Karin collisional series in the space of proper ele-
ments (ap, p, sin I). Top: A view from a suitable oblique direc-
tion, when the Karin (orange) and the Koronis() (green) fami-
lies appear as the most compact clusters. Bottom: A view from
another direction (rotated <), when two ‘new’ clusters — pro-
visionally designated Koronis) (blue) and Koronisg) (magenta)
— appear as compact. Probably, they are associated to asteroids
(1289) Kutaissi and (321) Florentina, respectively. They are ac-
tually older and extended along the semimajor axis a, due to
the Yarkovsky effect, but they remained compact in both the ec-
centricity e, and inclination sin /,. These principal directions are
also indicated by arrows.
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cated by a cross. The interpolated population of metre-sized
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belt and the zodiacal cloud value (without dust from Jupiter-

family comets; Nesvorny et al.

2010) are plotted.
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Fig. C.1. Normalized differential distribution dN /N, of spin
accelerations dw/dt (in rad s My’l) for a population of metre-
sizes bodies originated from the Agnia family; close to the initial
conditions (black) and evolved due to the YORP effect (orange).
A strong preference for ‘slow’ shapes is evident.

Table D.3. Meteoroid flux ® = pNeo.

family (0]
- 10 km™2y~!
Vesta (HED) 21.5-75.1
Phocaea (H) 3.0-5.9
Maria (H) 7.4-18.5
Merxia (H) 0.7-2.1
Agnia (H) 4.0-8.0
Koronis (L/H) 3.0-6.0
Karin (L/H) 29.6-59.3
Massalia (L) 2.1-5.2
Gefion (L) 2.6-7.9
Juno (L/LL) 1.6-4.8
Flora (LL) 28.1-56.3
Eunomia (LL) 3.7-22.1
HED 21.5-75.1
H 28.0-56.3
L 6.3-17.9
LL 31.8-78.4
H+L+LL 66.1-152.6
S types 12007
all bodies 3900¢

Notes. ©|Ceplechal (1992)
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Fig. C.2. Examples of shapes from [Capek & Vokrouhlick)’ll (]2004[), which exhibit fast (top) vs. slow (bottom) evolution of the spin
rate due to the YORP effect. The latter appear to be more round, but it is generally difficult to recognize a shape exhibiting a large
vs. small YORP torque.
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Fig. E.1. S-type families as identified in this work. The proper semimajor axis aj,, vs. the proper eccentricity e, and vs. the proper
inclination sin /,, are plotted. Colours correspond to the geometric albedo py (blue — yellow). Major mean-motion and three-body
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