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Understanding the origin of bright shooting stars and their meteorite samples is among the
most ancient astronomy-related questions that at larger scales has human consequences 1,
As of today, only ~ 6% of meteorite falls have been firmly linked to their sources (Moon,
Mars, and asteroid (4) Vesta; 4°%). Here, we show that ~ 70% of meteorites originate from
three recent breakups of D > 30 km asteroids that occurred 5.8, 7.5 and less than ~ 40 mil-
lion years ago. These breakups, including the well-known Karin family 7, took place in the
prominent yet old Koronis and Massalia families and are at the origin of the dominance
of H and L ordinary chondrites among meteorite falls. These young families distinguish
themselves amidst all main belt asteroids by having a uniquely high abundance of small frag-

ments. Their size-frequency distribution remains steep for a few tens of millions of years,
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exceeding temporarily the production of metre-sized fragments by the largest old asteroid
families (e.g., Flora, Vesta). Supporting evidence includes the existence of associated dust
bands #1% the cosmic-ray exposure ages of H-chondrite meteorites 12 or the distribution

of pre-atmospheric orbits of meteorites 1315,

16218/ and observational surveys 272l the majority of

According to both dynamical models
meteorites are thought to have their origin in the main asteroid belt. However, it is exceedingly
challenging to determine the provenance of the different meteorite groups (e.g., H, L, LL, CM)
using current telescopic and spacecraft data alone, as plausible parent bodies or parent families
are not spectrally/compositionally unique (e.g., %>2%). (4) Vesta and its family stand out as an
obvious exception, being the only possible source of HEDs . Identifying the sources of the main
meteorite groups thus remains an unresolved problem in planetary science. Notably, meteorite
falls are dominated by two groups only (H and L chondrites) that represent ~ 70% of all falls;
they are followed at significantly less proportion by LL chondrites (8%) and HEDs (6%). On the
contrary, kilometre-sized asteroids in the main belt, as well as near-Earth objects (NEOs), typically
have a different composition, with LL-like bodies being as abundant as H- or L-like bodies 2%2%,
Specifically, the Flora (LL) and Vesta (HED) families comprise the largest numbers of kilometre-
sized asteroids among all H-, L-, LL- and HED-like families (SI Fig.[5). Consequently, neither

the background population nor prominent asteroid families are likely significant sources of the

meteorite flux.

Instead, a few recent stochastic collisional events may be the main source of the meteorite

flux, as suggested by the cosmic-ray exposure (CRE) ages Y. About 40% of all H chondrites have
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young CRE ages in the 5-8 My range, indicating a recent breakup of an H-chondrite-like body.
The Karin family, a part of the Koronis family, is the only known H-chondrite-like family with
a formation age in the 5-8 My range (5.8 My, /). Whereas it may explain some part of the CRE

distribution it can hardly explain the older and more abundant 7-8 My ages.

To constrain the main source of H chondrites, we searched for additional and relatively young
S-type families across the main belt and, in particular, among all major H-like families (Agnia, Ko-
ronis, Maria, Merxia, Phocaea). We identified three clusters, all in the Koronis family (Fig. . Out
of the three clusters, only the Koronis, family %, exhibits a convergence of orbits at the corre-
sponding age of (7.5 £+ 0.1) My (Fig. [2; SI). Among the young Koronis families, Koronis, has
the steepest size-frequency distribution (SFD; with the power-law slope —4.0), followed by Karin
(—2.9). When extrapolated to small sizes, the SFD of Karin ’overlays’ the prominent 2.1-degree
IRAS dust band % (Fig. . This strongly supports a continuous SFD from large (sub-km) frag-
ments, to intermediate metre-sized bodies (i.e., precursor bodies of meteorites), and to very small
(100-pm) dust particles. Both Karin and Koronisy have exactly the same inclination as the 2.1-
degree IRAS dust band and it is therefore likely that the two families are at its origin. Notably,
Koronis; should dominate Karin already at sub-km sizes. When interpolated, the two SFDs amount

to a substantial number of metre-sized bodies, 30-60 x 10'° (Karin) and 100-300 x 10'° (Koronis,).

To determine whether this number of metre-sized bodies overcomes that of the largest S-type
families (Agnia, Eunomia, Flora, Gefion, Juno, Koronis, Massalia, Maria, Merxia, Nysa, Phocaea;
SIFig.[6), we used a collisional model — specifically, a Monte-Carlo statistical approach (Boulder;

ref. 2¥) — to extrapolate their observed SFDs down to D = 1m. This extrapolation is not trivial,
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because the respective slope for D < 1km is not constant due to interactions with the main belt
population 122250 For each family, the model must be set up individually, because each of them
has a different age. Consequently, both the main belt’s and the family’s initial SFDs must be
adapted, so that the final SFD corresponds to the observations, which are complete for D 2 1km.
Every model was run at least 10 times to determine its uncertainties, which are mostly due to the
stochasticity of collisions (see SI for more details). Next, we used an orbital model ®! to determine
the decay time scales 7,,, of families in the main belt and the mean lifetimes 7., of bodies that
escaped as NEOs. Our N-body model is based on a symplectic integrator (SWIFT; ref. “2). It takes
into account a number of effects driving the transport, in particular, perturbations by 11 massive
bodies (Sun, Mercury to Neptune, Ceres, Vesta), gravitational resonances, close encounters, the
Yarkovsky effect #*%>, the YORP effect %, collisional reorientations, and size-dependent spin limits
(see SI for more details). We computed approximately 10° mass-less particles per family (and per

size D), allowing us to estimate steady-state NEO populations as Nyeo(>D) = Nyb(>D)Tueo/ Tinb-

We find that the Karin and Koronis, families are far more productive in terms of meteoroids
(by at least a factor of 10) than any of the largest families (Figs. [3| #). When the Karin and
Koronis; metre-sized bodies are transported from the main belt to the NEO space, their numbers are
relatively decreased due to their unfavourably short NEO lifetimes. Nevertheless, their abundance
is still greater than the total number of metre-sized NEOs originating from the Vesta and Flora

families, in agreement with meteorite falls statistics.

To have a better understanding of the physical process at play, we ran our collisional evolu-

tion model with an initially steep Karin-like SFD (—2.9) and let it evolve for up to 100 My. After
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100 My of collisional evolution (Fig. [3), the slope of the SFD at sub-km sizes already becomes
much shallower (—1.4) and the number of metre-sized bodies within the family is already less im-
portant than in the Vesta or Flora families. This explains for example today’s minimal contribution
of the 100 My-old Agnia family to the current meteorite flux. It follows that only recent (< 40 My)
yet sufficiently large (D > 30 km) breakups can overcome the meteorite production originating

from the largest old families.

Overall, our numerical simulations produce relative abundances of H-, L-, LL- and HED-like
bodies (Fig. ) that are in excellent agreement (within 10%) with the compositional distribution of
NEOs %! and the meteorite fall statistics *Z. For kilometre-sized NEOs, the Phocaea, Juno and Flora
families are by far the main sources of H-, L- and LL-like NEOs, respectively. At metre sizes, the
Karin (H), Koronis, (H), Massalia, (L) and Flora (LL) families are by far the main sources of
H-, L- and LL-like meteorites. This is well supported by the pre-atmospheric orbits of meteorites
L3458 - A demonstrated in SI Fig. [20, some H chondrites with the semimajor axis 2.5-2.8 au and

low inclination (< 3°) directly point to the Karin and Koronis families.

There are two other major events with associated prominent dust bands, namely ~ 40 My
ago in Massalia (L-like; ref. ®%) and 8.3 My ago in Veritas (CM-like; 192240 families. Using sim-
ilar arguments as above, they should therefore be major sources of L-like (as discussed in ref. 5%)
and also CM-like metre-sized fragments, implying that the total meteorite flux is largely domi-
nated by only four recent (<40 My) collisional events. Notably, CM-like meteoroids originating
from the Veritas family should be so common (~ 3 times more than H chondrites) that the Earth

should experience an “extraterrestrial rain’ of CM-like material of the same order (10~%km 2y~ !;
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cf. SI Tab. as the total meteorite flux *I. It follows that the bias due to atmospheric entry for
the friable CM chondrites (1.5% of the falls) amounts to a factor of ~ 40 with respect to the con-
solidated ordinary chondrites, highlighting the critical need of sample return missions #>** for the

minute study of highly fragile extraterrestrial materials.

Data availability The initial conditions of simulations and data used to produce the figures are available

athttp://sirrah.troja.mff.cuni.cz/~mira/hchondrites/.

Code availability The collisional code is available at the previous URL.
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Figure 1: The Karin and Koronis, families as the main source of H chondrites. Top: The
space of proper orbital elements (a,, e,,, sin I,,) viewed from a suitable oblique direction, when the
Karin (violet) and the Koronis,; (magenta) families appear as the most compact clusters. Their ages
5.8 and 7.5 My were determined by a convergence of orbits (ref. ” and this work). Other clusters
— provisionally designated Koroniss (blue) and Koronis, (cyan) — are much older (possibly up
to 120 and 180 My) and extended along the semimajor axis a,, due to the Yarkovsky effect, but
they remained compact in the eccentricity e, and inclination sin /,,. Bottom: The cumulative
distribution of CRE ages of H-chondrite meteorites 'Y, with contributions of individual types (H3,
H4, HS, H6). Most of the meteorites exhibit ages between 5-8 My, which corresponds exactly to
the ages of Karin and Koronis,; especially H5. The onset at 8.3 My is close to the age of Veritas

4 which may have induced a collisional cascade in the Koronis family.
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Figure 2: The Koronis; family is 7.5 My old from convergence of orbits. Convergence of the
longitude of nodes AQ2 was computed for 100 bodies and 20 clones for each body, in order to
include the Yarkovsky effect. Top: a subset of a set of selected clones (colours). Bottom: the
clones (gray), the median (violet), and the range (green) of AS) distribution. The percentage of
interlopers (removed) is up to 50 %, due to contamination from the neighbouring Karin family.

The orbits exhibit a clear convergence at (7.5 + 0.1) My.
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Figure 3: Excess of metre-sized bodies among young families with respect to large but
old ones. The synthetic SFD of the Karin family (magenta) does not evolve much over the age
5.8 My, as determined by convergence of orbits “. The SFD was initially steep (N (> D) = C'D4,
q = —2.9), i.e., close to the observed value at multi-kilometre sizes. After 100 My of collisional
evolution, the SFD becomes shallow (—1.4) at sub-km sizes due to interactions with the main belt
population (blue; cf. **) and the number of metre-sized bodies within young families is already
lower than in large and old families such as Vesta and Flora. The observed SFD of the Karin fam-
ily (gray) is constrained both at multi-kilometre sizes and at 100 um, by observations of the 2.1°
IRAS dust band. The value of N(> 100 um) = 1.3 x 10?* particles, is indicated by a cross. The

interpolated population of metre-sized bodies isjgdicated by an error bar.
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synthetic NEO (middle) and observed NEO (right) populations are compared. The contributions of

individual families are indicated in the respective pie charts. For 1-km NEOs, our model indicates

the total percentages of HED 12%, H 18%, L 12%, LL 58%. For 1-m meteroids, HED 8%, H 33%,

L 47%, LL 12%. Our model is in agreement with the compositional distribution of NEOs 2! and

the meteorite fall statistics 2Z.
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Young asteroid families as the main source of meteorites (SI)

1 Family identification

We used recent catalogues (Jun 2021) to identify families. We combined the following datasets:
Astorb“®, AFP #7248 Wise *2 Akari®", and SDSS !, to obtain both orbital and physical data, when-
ever available. We applied the hierarchical clustering method (HCM; %) 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 interlopers. Halo was used when a family merges with another family; this is mitigated
by using bodies brighter than a suitable magnitude limit for the HCM and by adding fainter bodies,
if their distance is smaller than another cut off velocity. Interlopers are recognised on the basis
of physical data; unless specified otherwise, we assumed a geometric albedo py € (0.1;0.5) and
a Sloan colour index a* € (—0.1;0.5). Additionally, we used the relation between the absolute

magnitude H and the proper semimajor axis aj, *:

ap — Qe
H(ap) = 5logy | 5 |

—Cc 6]

where the parameter C' determines the overall extent of the family. Bodies are removed if H <

H (a,). The value of C'is directly related to the upper limit of the age (but not to the age; >*):

C ae \2 p 0.2\ /2
t=1G ( ) il 2
f Y10~%au \2.5au/ 2.5gcm= (pv> )

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 ' < 15mag, for the second step H > 15mag, so
that the family is well separated from other families. Other parameters were: a. = 2.36151 au,
C =3.0x107*au, py € (0.1;0.7), a* € (0;0.5), 7 — 2z € (—0.85; —0.05). We considered (306)
Unitas to be an interloper.

The Massalia family was associated at 30 m/s (core) and 100 m/s (halo); with a. = 2.40863 au,
C=03x10"*au, py € (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. = 2.55370 au, C' = 2.3 X 1074 au.
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The Merxia family too: v = 50 m/s; with a. = 2.74513 au, C' = 0.5 x 10~* 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);
together 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 =2,

The Koronis family was associated at 55 m/s, and a, = 2.86878 au, C' = 4.3 x 10~*au. The
family was extended beyond 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 = 40m/s, a. = 2.78381 au, C' = 10~* au.
The Juno family too: v = 40m/s, a. = 2.66938 au, C' = 10~* au.

For the Flora family, we used a <15-mag core at 110 m/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 — 2z € (—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, = 2.64357au, 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.

The Nysa family is complicated, because of several overlapping families *°. We used (135)
Hertha as a central body, together with a 15-mag core at 80 m/s and a 20-mag halo at 100 m/s.
We considered both (44) Nysa, (135) Hertha to be interlopers, given their reflectance spectra (E-,
M-type). Moreover, we suppressed the contamination from the Polana family by a. = 2.42851 au,
C =1.5x10"*au, py € (0.125;0.5), and also sin I,, € (0;0.053).

All families as they were identified are shown in Fig. 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. [0

Main belt population at 1 kilometre. We can directly compare the main-belt populations at
1 km, using a straightforward extrapolation from multi-kilometre sizes, because the new data al-
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lowed us to actually see the effect of observational bias. The latter affects the SFDs substan-
tially at sub-km sizes for S-type populations, but at 1-km it can be ‘safely’ extrapolated from
multi-kilometer sizes °. Approximate slopes derived for observed SFDs are listed in Tab. |1, For
H-chondrite families (see Fig. [6] left), the sequence from most numerous to less numerous popu-

lations is (in units of 10° bodies):
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. [6). For L-chondrite (middle):
Juno (4.2) — Gefion (3.8) — Massalia (2.6);
for LL-chondrite (right):
Flora (7.2) — Eunomia (7.0) — Nysa (5.7).

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.

2 Calibration of the collisional model

We used the collisional code called Boulder “®, which is a Monte-Carlo approach, working with
binned differential mass distributions of an arbitrary number of populations. 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 pro-
duce fragments. The principal parameter is the critical impact specific energy Q*(D) (in Jkg ™),
which is a function of the target size D. We used the formulation of *® with modified parameters
(as shown in Fig.[7):

Q*(D) = Qo (D/2)" + Bp(D/2)", 3)

where Qo = 9 x 10", @ = —0.53, B = 0.5, b = 1.36 (all in cgs units when applicable). The
density p was either 3 g cm ™3, or specific (if known precisely; Appendix . These parameters are
within the range of values tested by *°. Furthermore, relations for the largest remnant mass M, (Q),
the largest fragment mass M¢((Q), the slope of fragment size distribution ¢(()) are needed, where
(@ denotes the impact specific energy (also in Jkg™'), as usually scaled by Q*(D). For 100- and

60,61

10-km bodies, we used the relations described in , with a linear interpolation in between. The
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collisional probabilities and velocities for various combinations of populations are listed in Table[9]
Because the evolution is stochastic, we always compute multiple (at least 10) runs to reject rare
events (e.g., Ceres catastrophic disruptions).

Our collisional model is constrained by: (i) the observed main belt SFD %2, (ii) the NEO SFD
92 (iii) the Vesta family SFD, (iv) Rheasylvia basin’s age 1 Gy ©?, and (iv) (4) Vesta’s cratering
record ¥, namely the heavily-cratered terrain (HCT) and the large diffuse craters (LDC). The final
state of the model is shown in Fig.[9] As mentioned above, the Q*(D) was adjusted in order to
fit the tail of the observed main belt SFD. Otherwise, the synthetic populations ‘undershoot’ the
observed ones (see Fig.[7).

We use a full transport matrix between all populations. In fact, 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 space is
characterized by a size-dependent mean decay time scale 7,,,;,. The time scale of main belt bodies
must be relatively long, otherwise the NEO population is ‘overshot’ (see Fig.[§). On the other hand,
the transport from the NEO — trash bin is on average very short (8 My), which is comparable to '
(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 evolu-
tion, without solving a question: whether the evolution was very early or not (cf. ©). Of course,
cratering may also be produced very early, but hereinafter we assume no saturation and no crater

erasure for simplicity. 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 possibly be steeper; the average density could be 2 g cm ™3 instead
of 3gcm™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.

3 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-
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law cumulative slopes: ¢., qv, qc, qq, With the diameter ranges specified by: D;, Dy, Ds. Again,
every model was run at least 10 times to determine its uncertainties, which are mostly due to
the stochasticity of collisions, or break-ups of large asteroids with a fractional probability. We
always tried to use the simplest initial conditions possible, i.e., a simple power law ¢, = ¢;,, which
subsequently ‘breaks’ in the course of collisional evolution, g, > ¢, because it reaches equilibrium
with the background population. The values of g. or gq should be less steep than —3 to prevent a
divergence of mass (cf. Sec. @ If it did not work, because the initial 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 ®. Here, we profit from having

information about SFDs down to significantly smaller sizes than three decades ago.

Our results for relatively young families (Merxia, Agnia, Juno), as well as some old families
(Vesta, Koronis, Flora) suggest the possibility that their SFDs were initially simple power-laws,
starting at the largest fragment and ending even below the observational incompleteness threshold
(see Fig. [I0). Ages of these families 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 typically occurs at D = 5 km.

However, the remaining families (Massalia, Maria, Gefion, Eunomia) required more com-
plicated initial conditions, as demonstrated in Fig. [I0] It may also indicate a different age, or a
mismatch between collisional and orbital models. The ages derived from orbital models are dis-
cussed in Appendix

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

interlopers.

Gefion’s SFD often ‘overshoots’ for its previously proposed age of 470 My ©’ and the only
way to fit observations is again using a broken power-law. On the other hand, if the initial SFD is
a simple power-law ¢, = ¢, = —4.6, the best-fit is obtained naturally for 1500 My which might be

more compatible with 5.

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 cumulative slopes ¢, = ¢, = —7.5, the age would be as long as 800 My.
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Eunomia’s SFD at D ~ 20km is wavy, which is either related to the primordial SFD, or
the presence of 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 dis-

tributed over the whole interval from O to 4.4 Gy.

Main belt population at 1 metre. For metre-sized bodies, there is inevitably some stochastic-
ity, leading to about half-order variation from simulation to simulation in the absolute number of
bodies, due to secondary collisions and temporally variable tail. Consequently, for H-chondrite

families, the populations 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:

Juno (0.5-1.5) — Gefion (0.5-1.5) — Massalia (0.4-1);

for LL-chondrite:

Eunomia (1-6) — Flora (2-4) — Nysa (1-1.6).

For Karin, see again Sec. @ . 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. None of these results is dependent on the precise family
age, because we always fit the currently observed SFD. Let us recall that, at this stage, all the

populations are still in the main belt; a transport is yet to be applied.

4 NEO population at 1 kilometre

We used our orbital model described in ®! to determine the decay time scales in the main belt
and the life times among the NEOs. It is based on the symplectic integrator SWIFT-RMVS3 22,
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Table 1: Power-law slopes of the observed SFDs of the S-type families.
family ¢ q2 q3
Vesta (HED) —-46 -33 -—-1.5
Phocaea (H) —2.7 —-14

Maria (H) -20 —-27 —-1.5
Merxia (H) -3.2 =25

Agnia (H) -3.2 =30 =27
Koronis (H) —-25 =15

Karin (H) —-42 =29

Massalia (L) —5.7 —-34 -238
Gefion (L) -39 —-17 -—-1.2
Juno (L) —28 3.7 =31
Flora (LL) -38 —-28 -—-1.3
Eunomia (LL) —4.5 —-32 —1.2
Nysa (LL) -89 —43 -—-1.7

Table 2: Ages of the S-type families estimated from our collisional model.
family age
- My
Vesta (HED) 1100 & 100
Phocaea (H) 700 4+ 100

Maria (H) 2500 =+ 300
Merxia (H) 330 + 50
Agnia (H) 100 +£ 50

Koronis (H) 2200 =+ 300
Massalia (L) 800 £ 100
Gefion (L) 1500 =+ 200

Juno (L) 750 = 100
Flora (LL) 1200 % 200
Eunomia (LL) 4200 + 300
Nysa (LL) 600 £+ 100
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The dynamical model includes: 11 mutually interacting bodies (Sun, Mercury to Neptune, Ceres,
Vesta), the Yarkovsky effect 223 the YORP effect =, collisional reorientations, a mass shedding,
and the strength-dependent spin limit ©. This is supplemented by a series of digital filters to

compute mean elements 7 and proper elements ‘L.

Some of the parameter values were common for all simulations. Namely, a time step At =
9.13125d, output of osculating elements 10 ky, sampling of osculating elements 1y, sequence of
filters A, A, A, B, decimation factors 10, 10, 10, 3, output of mean elements 3000y, number of
samples for the Fourier transform 1024, output of proper elements 0.1 My, a thermal capacity C' =
680 J kgt K, thermal conductivity &' = 1072 Wm~! K, thermal emissivity e = 0.9, Bond
albedo A = 0.1, surface density p = 1.5gcm ™3, YORP efficiency cyorp = 0.33, reorientation
time scale B = 84.5 ky, with exponents 5, = 0.83, [ = 1.33, and normalisations wy = 3.49 x
10~*rads~!, Dy = 2.0 m, cohesive strength scale x = 2.27 x 107 g cm~/? 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 — after the long-term evolution — it ends up as similar to the
observed family (see, e.g.,”). Parameters of the principal bodies (‘parent bodies’) are discussed in
Appendix |Al 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 Ve
from the respective parent body. For simplicity, we assumed an isotropic field (even a cratering is

approximately isotropic in shifted coordinates). Moreover, we assumed a size-dependent relation

53:
D (07
o(D) = vs (35) | (4)

The geometry in the (a, e,sin I') space is further determined by the true anomaly f and the argu-
ment 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 73, These parameters are listed
in Tab.

The results of our simulations are summarized in Fig. [I1] Fig.[I2] and the respective time

scales are listed in Table 4l
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Table 3: Parameters of the synthetic families used in our orbital models.

family vs  Ds o f w
- ms~! km deg deg
Vesta (HED) 200 2 -0.5 90 120
Phocaea (H) 30 5 —-05 30 0
Maria (H) 50 5 —-05 90 90
Merxia (H) 24 5 —-05 90 90
Agnia (H) 15 5 —-05 30 0
Koronis (H) 50 5 -05 30 30
Karin (H) 5 5 —-05 30 0
Massalia (L) 24 5 —-1.0 90 130
Gefion (L) 100 2 -05 90 30
Juno (L) 100 2 -05 90 30
Flora (LL) 100 2 —-05 90 90
Eunomia (LL) 100? 2? 00 90 50
Nysa (LL) 35 5 -05 135 0

Notes. v5 denotes the ejection velocity, D5 the reference size, o the exponent of the distribution,
f the true anomaly, w the argument of pericentre.

30



519

521

522

523

524

525

526

527

528

529

530

531

533

534

535

536

537

538

539

540

541

542

543

544

Steady-state situation. To estimate the number of 1-km bodies in the NEO population, we can
assume a steady state. In this situation:

f (7—1'160 ) TneodTneo

N> han [ H) = [ Oy L) ey Lo, ©
0 m

where C' denotes the calibration, p the probability that the family contributes to an H-like pop-
ulation, 7y, the life time in the NEO population, f the corresponding distribution function, and
Tmpb the life time in the main belt population; and similarly for 1-m size and similarly for L-like,
LL-like. For constant factors, Eq. (5) simplifies to:

Naco(>1km |H) = CNyp(>1km) p(H) 2 ©6)

Tmb

where 7,,¢, 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.[I2)). In other words — outliers 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 7) 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 ; this problem is especially urgent for the v resonance, which pushes ¢ — 1. For
some families (Flora) we thus used 74,5 from Tab. |4 Alternatively, the values of 7’s differ from 1
because some families (Flora) were identified as dense clusters, but they might be more extended,

with bodies scattered across the 4 resonances.

Today, the Flora family seems to provide a dominant contribution to the population of
kilometre-sized NEOs, followed by Vesta, Phocaea, Juno. This approximately corresponds to
the percentages of observed NEOs. However, we should take into account also the background
population which might be substantial. It is probably not surprising, because the 11 families dis-
cussed in this work only contain 54.1 x 10? of S-type 1-km bodies out of ~ 231 x 10° present in the
main belt, i.e., less than one fourth. One possible interpretation is that the background population

is indeed spectrally similar to the families (cf. the crime scene” figure in °%).

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:

N;=——N;, )
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. 1 1
N; =+—=N, — —Nj, (8)
Ti Tj
where the index ¢ = 1..M corresponds to the families, j = 1..M to the NEO populations, respec-

tively. If Nj = 0 1s assumed, Eq. @ simplifies to Eq. @)

To demonstrate how contributions change in the course of time, due to dynamical decay
alone, we solved the set of Egs. and , and plotted the solution in Fig. Of course, a
collisional decay occurs at the same time; it should be solved self-consistently by a collisional
model. Nevertheless, Fig. [I5]suggests 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 sensitively depends on the individual ages of the families (cf. Sec. [g)).

Given the overall decay of individual families (both collisional and orbital), they can hardly
be always in an steady state. If true, Eq. (6] is questionable, as so is the very method for estimation
of the NEO population, because we do not know the derivatives N. ;’s. In principle, we can use the
observations to determine /N;’s and compute N ;’s, but not the other way around.

5 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 relatively short, 50 My, which is sufficient
to measure the decay time scale. Our results are summarised in Fig. Fig. and in Tab. [3

The situation is more complex for metre-sized bodies compared to the km-size ones. There
are inevitable uncertainties stemming from a variable ‘tail’ of the SFDs. HED and LL-chondrite-
like families contribute comparably: 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 x 108 7% and the
percentages of meteorite classes HED 6.2 %, LL 8.2 %, one would expect 12.4-18.6 x10%, 16.4-
24.6 x 108, 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, Nysa)
also contribute to LL. For simplicity, we assumed that the percentages of meteorites correspond to

the percentages of meteoroids. Nevertheless, we also computed the flux (in 1072 y =" km ™ units):
® = PNyeo(> 1m) . ©)
where p is the collisional probability of meteoroids with the Earth, evaluated from our orbital sim-
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ulations of metre-sized bodies (Tab. [I0). It turns out that at least for the most relevant families the
fluxes are not so different from populations (see Tab. [TT)); with the obvious exception of Phocaea.
Moreover, some meteoroids might be more fragile (e.g., carbonaceous chondrites), and prefer-
entially disintegrate during their atmospheric entry, which would decrease the absolute numbers

above.

On the contrary, H- and L-chondrite-like bodies are underestimated compared to the ob-
servations. If the percentages are H 33.8 %, L 37.0 %, one would expect up to 67-101 x 108,
74-111 x 108 bodies, respectively. This is different by a factor of more than ~10. While this
is a serious mismatch (‘conundrum’), it is a confirmation that the background or other families,

possibly much younger, should be taken more seriously.

6 The Karin collisional series

As an example of a possible contribution of young families, we studied the Karin family = FIN 610

4 7677 Tt contains

, 1.e., a secondary breakup in the Koronis family (H) with an age of 5.8 My
1.1 x 10? kilometre-sized bodies and up to 30 to 60 x 10'° metre-sized bodies. It is clearly a

non-steady population.

Contrary to our expectations, the Karin family may contribute more than any other family to
the population of metre-sized bodies if its initial SFD was a power-law with the cumulative slope
—2.9 down to 1 m. Indeed, the observed SFD is a perfect power-law down to the observational
completeness (Fig. and the ‘tail’ of the SFD simply had not enough time to evolve; it takes
30 My to decrease below Koronis (Fig. [3)).

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 and 0.06 au My, for 1-km
and 1-m bodies, respectively. The distance to the neighbouring 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 an even 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

8

simulations of break-ups 78, Nevertheless, most fragments colliding with the Earth today must

have been travelling in space for approximately 5.8 My.
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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).

1-km  1-km 1-km 1-km
family res.  Tuig Theo Tub P Nupb Npeo Obs. obs.
— - My My My gem™? 103 1 1 %

Vesta (HED) 15 698 322 1711 25! 114 214 24 8

Phocaea (H) vg 698 591 796 2.5 2.7 20.0! 6
Maria (H) 3:1 1.83 0.95% 1524 3.0 55 34 17
Merxia (H) 52 0.68 022 596 2.5 2.0 0.7 12
Agnia (H) 5:2 0.68 0.19 1004 2.5 3.1 0.6 12
Koronis (H) 52 0.68 0.81* 1404 3.0 9.2 53 12
Karin (H) 52 0.68 0.22* 921¢ 2.5 1.1 0.3 - -

A A B LN

Massalia (L)  3:1 1.83 045 1018 2.5! 2.6 1.1 16 5
Gefion (L) 5:2 068 0.69 760 2.5! 3.8 3.5 11 4
Juno (L) 83 170 249 627 2.5 42 16.6 29 9

Flora (LL) ve 698 0.37° 669 2.5 72 751 158 51
Eunomia (LL) 3:1 1.83 4.48 3335 3.54 7.0 94 14 5
Nysa (LL) 3:1 183 234 720 2.5 5.7 185 - -

HED 21.4 24 8
H 31.7 59 19
L 21.3 56 18
LL 103 172 55
H+L+LL 54.1! 156! 2877 91
all S-types 2317 2877

all bodies 1360 925

Notes. For all families, we report the neighbouring resonances, the NEO life time 7415 from Il the NEO life
times Tye, from this work, computed for 1-km bodies, the main belt life times 7y}, the volumetric density
of simulated bodies, the observed cumulative number Ny, (> 1km) of main belt bodies, the computed
cumulative number Ny, of NEOs and meteoroids, along with the observed Nye, from 39 where the original
percentages were multiplied by the total number of S-type NEOs (925 x 31 % = 287;2!)). For comparison,
the fraction of S-type main belt bodies is different (1360 x 103 x 17 % = 231 x 103;2%). Additional notes:
4 4 outer planets; * undersampled; ¢ after 100 My; ¢ problem with the v resonance (Tg18 is used instead of

Theo)-
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Table 5: Same as Tab. ] for 1-m meteoroids.

I-m 1I-m 1-m 1-m
family r€S.  Tgl8  Tneo  Tmb p N Noco obs. obs.
- - My My My gem™® 1010 108 105 %
Vesta (HED) vg 698 250 115 2.5! 2-7  4.3-15.2 6
Phocaea (H) vg 698 7.24 114 2.5 0.5-1 3.2-6.4! 2
Maria (H) 3:1 183 182 98 2.5 0.8-2 1.5-3.7 15
Merxia (H) 5:2 0.68 043 81 2.5 0.3-0.9 0.2-0.5 7
Agnia (H) 5:2 0.68 034 103 2.5 1-2 0.3-0.7 8
Koronis (H) 5:2 0.68 0.26 201 2.5 2-4 0.3-0.5 8
Karin (H) 5:2 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) 52 068 032 75 2.5! 0.5-1.5 0.2-0.6 6
Juno (L) 8:3 1.70 1.38 204 2.5 0.5-1.5  0.3-1.0! 23
Flora (LL) vg 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
Nysa (LL) 3:1 183 179 114 2.5! 1-1.6 1.6-2.5
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 8.7-19.7 13-20 8
H+L+LL 40.0-85.5 19.7-43.7 158-237? 94
all S-types 158-2377
all bodies 400-1200  400-800 200-300%
with 2nd Koronis:
Koronisz) 5:2 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 22 For comparison, the observed percentages of mete-
orite falls from https://www.lpi.usra.edu/meteor/, https://metbase.orqg/|with respect
to all classes are: HED 6.2 %, H 33.8 %, L 37.0 %, LL 8.2 %, respectively. Additional notes: 74,
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Moreover, according to our analysis of Karin, there is not a single sub-family, but four. The
second one is Koronis(s) = FIN 621 “°, originating from a cratering event on Koronis itself. Its
SED is even steeper (—4.0; Fig. [16)), so that it likely dominates Karin already at D < 0.5km. In
addition, we discovered a third and a fourth family when looking at the a,, e, sin [, distribution
from a suitable direction. The concentration or correlation of orbits is shown in Fig. [l They are
logically more dispersed, as small fragments have already 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 es-
timate it explicitly (in the same way as in our collisional model). A projectile of diameter d is

needed to disrupt a target of diameter D:

d:D<&)3, (10)

V2

where () is the specific energy and v the projectile speed. The frequency of collisions (in y 1) is:
DQ
f = v fNGD)N(>d). (an

where p denotes the intrinsic collisional probability (in km™?y~'; Tab. @), fe the gravitational
focussing factor, and N’s the respective numbers of available targets and projectiles. For main
belt-main belt collisions, D = 30km, ) = Q* (i.e., catastrophic disruptions), d = 3.9km,
N(>D) = 1330, N(>d) = 129000, we obtain f = 1.1 x 107" y~!, or 1/ f = 9 My. 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.[9)),
lower impact speeds, and much lower numbers of bodies; d = 9.1km, N(>D) = 10, N(>d) =
145, hence f = 4.3 x 1072 y~1. What we see in Koronis is not 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 Koronisy) families had
similar nodes and similar precession rates, while p’s were computed for a uniform distribution
of nodes; (ii) even cratering events () < (*) are capable of producing numerous fragments;
(i11) 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 CM-type fragments from the Veritas family; “").

Nevertheless, if Karin-like events remain observable for at least 50 My, we predict there
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should be more than 5 of them in the whole belt. Moreover, if such events produce steep SFD’s,
as suggested by Fig. [I6 they certainly dominate Koronis-like families at sub-km sizes as well as

at metre sizes via a collisional cascade.

7 7.5 My age for Koronis,)

In order to estimate the age of the Koronis ) family, we used a backward integration and a conver-
gence of orbits, namely of the angles €2, or w. Our dynamical model was similar and simplified,
by assuming only 5 massive bodies (Sun and the four giant planets). We applied a barycentric
correction and a rotation to the Laplace plane. We used 100 orbits, corresponding to the Koronis o)

family members, with 20 clones for each of them, sampling a uniform distribution of the obliquity
(cosy).

The Yarkovsky effect was included, with the thermal parameters suitable for S-type bodies
covered by regolith: the bulk density p = 2.5gcm ™3, the surface density p; = 1.5gcm ™3, the
thermal conductivity K = 10~3 W m ™' K~!, the heat capacity C' = 680 J kg~ ' K~!, Bond albedo
A = 0.1, and the thermal emissivity e = 0.9. Drift rates reach up to @ = 0.0015auMy*. The
YORP effect is not important on this time scale (cf. 7%). A collisional reorientation is again not

important.

We used the symplectic integrator MVS2 from the SWIFT package “2. The time step was
18.2625 d. We computed the mean elements ™ by sampling of the osculating ones every 1y, with
a sequence of filters A, A, B and decimation factors 10, 10, 3. The output step was thus 300y,
in order to suppress oscillation on the orbital time scale but not secular. The total time span was
20 My.

Importantly, we improved a post-processing: (i) for each time step, we computed the differ-

ences of angles AS2 (or Aw) with respect to a reference body (e.g., (158) Koronis); (ii) we chose

the best clone for each body; (iii) we sorted selected clones according to |AQ[; (iv) we chose the
percentage of bodies, which will be discarded as interlopers, because it is inevitable that a family
contains a percentage of interlopers (e.g., from Karin). (v) The result is ’a subset of a set of se-
lected clones’, for which we compute the median and range, because ’outliers’ actually determine

the age, not ’ordinaries’, which remain close to the reference body.

A verification was done by the Karin family . As possible checks, one can assert that the

median is close to 0, the spins of clones are evenly distributed, other angles (Aw) also converge,
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or that interlopers do not converge (or converge elsewhere).

The Koronisy) family exhibits a clear convergence for the age (7.5 & 0.1) My (see Fig. .
If the interloper percentage is 50%, which represents 50 converging orbits, the range is only 7°.
Because a random range is approximately 180° (i.e., £90°), it is definitely not random, but a
very systematic convergence. The resulting age would be the same for 20% (80 orbits), but the
range (up to 100°) is not realistic. It is impossible to use only 10 orbits, because some of them
do not converge. It is impossible to not remove interlopers, because there are interlopers. A
systematic uncertainty of the order of 0.5 My is determined by the Yarkovsky effect, in particular
the uncertainty of bulk density o,; to a lesser extent, by other thermal parameters.

Finally, we list 50 converging asteroids (out of 100):

158, 79975, 84465, 87289, 91688, 93840, 117887, 121652, 136781, 140302, 143047, 144159, 144614, 146657,
150050, 159121, 159210, 161809, 163638, 170802, 171639, 179248, 180965, 181144, 182760, 185001, 188109,
188754, 190445, 192102, 196852, 199593, 199681, 202266, 202537, 202603, 202763, 202809, 206118, 209361,
211804, 214679, 214835, 218049, 221394, 223407, 225057, 226815, 227509, 229655.

8 Discussion

IRAS dust bands. The Karin family event produced also dust, which was observed by IRAS as

the 2.1° band of infrared radiation 27

, 1.e., at exactly the same inclination as the family. The
equivalent diameter of all dust particles is approximately D ~ 11 km (¢%, cf. Tab. |§[) According to
the Long Duration Exposure Facility (LDEF; ”), the dominant size of dust particles is d = 100 pm,

which corresponds to a 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 number of particles N (> 100 um) = 2.7 x 10%3, which is surprisingly close
to the IRAS value (see Fig. E[) 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, % In our case, every order of
magnitude in size (10 km—1km, 1 km—100m, ...1 mm-100 zm) contains about the same amount

of mass. The equivalent diameter of all orders is only 8'/% = 2 times larger. It is not divergent in
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mass, simply because we do not continue to 0.

For Koronis ), a straight extrapolation to 100 ;m is impossible, because its slope is too steep
(—4.0); it cannot be kept due to very frequent collisions. If one extrapolates the SFD just by one
order of magnitude to 0.1 km, and assume a collisional 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 corresponds exactly to one of the dust bands,
namely at 1.4° (*, Fig. . This association is much more likely than with (656) Beagle ®", because
the temperature profile, constrained by IRAS 12-, 24- and 60-pum band observations, indicates
hotter dust grains. If true, the Massalia family (or its part) is younger than previously thought. As
discussed in ®?, the Massalia family slope —2.8 seems to be in agreement with the dust population,
N(>100 um) ~ 4 x 10?3 (see also their fig. 4).

Radiometric shock ages. Measured shock ages of OCs reveal non-uniform distributions, includ-

ing some ‘peaks’ ©!

. In some cases, these peaks might relate 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 no; or not necessarily. Nevertheless, for the moment, let us assume

yes.

A possible correspondence is summarized in Tab.|/| All mineralogical groups of OCs 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 candidate the Gefion family ©Z, but its
SFD indicates much older age (cf. Tab. [B). A viable alternative might be the Juno family. Note:
(3) Juno is the 2nd largest S-type asteroid. As discussed in *%, however, an even better alternative

is the the Massalia family, suitably located in the inner main belt.

For LL-chondrite, there are two minor peaks, possibly related to Nysa 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 %! is still limited. Ideally, one should have multiple meteorites
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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 the possibility

that shocks originated in secondary collisional cascade, minor cratering events, microimpacts, etc.

Radiometric cosmic-ray exposure ages. Similarly, OCs have measured cosmic-ray exposure
ages 2, which are unevenly distributed. A correspondence with recent family-formation events
is summarized in Tab. [8| For the prominent H-chondrite peak between 6-8 My, by far the best
candidates are the Karin and Koronis,) families, as indicated by a convergence of orbits (Sect. .

For the remaining distribution, the most likely source is the rest of 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 transport time
scales of metre-sized bodies. According to the dust bands (Sect. [8)), the only possibility seems to

be the young Massalia family, which age should coincide with the upper limit.
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Table 6: Possible correspondence of dust bands and family-formation events.

band

D family
km —

1.4°
2.1°
9.8°
all
all

4 Massalia(y) (L)
11 Karin series (H)
14 Veritas (C)
~21 asteroidal dust
46 zodiacal cloud

Notes. D denotes the equivalent diameter of all dust particles from 2Z; where ‘asteroidal’ means

without Jupiter-family comets.

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

shock
My

family

100
400
900
3600
3900

470
470
470

5007
10007
4200

Agnia (H)
Merxia (H)
Phocaea (H)

Maria (H) if older

Koronis (H)

Massalia (L)
Gefion (L)
Juno (L)

if older

if younger
if younger
if younger

Nysa (LL)
Flora (LL)
Eunomia (LL)
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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 (H)

8 Koronis(y) (H)
20?7 Karin series (H)?
30?7 Karin series (H)?

40?7 Massalia(y (L)?

15?2 2 (LL)
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Figure 5:

identified via previous surveys as the main source of kilometre-sized NEOs, which we confirm
here, should also be the most productive in terms of meteoroids along with the Vesta family. Yet,
it is not what meteorite fall statistics tell us. Top: The numbers of bodies Ny,,(>1km) and
Nup(>1m) in the main belt, which exhibits a positive correlation. Bottom: The same for the
NEO population originating from these families. Individual families have been compositionally
linked to meteorite classes (H, L, LL; indicated by colours). The number of H- or L-chondrites

never exceeds that of LL-chondrites, which is in contradiction with meteorite fall statistics (H 40%,

L 46%, LL 8%;*%).

43

10
number of bodies N,o(>1 km) [1]

Illustration of the so-called ’NEO-meteorite conundrum

The Flora family,



H-chondrite L-chondrite LL-chondrite

108 ;

Phocaea (H) Massalia (L) " Flora (LL) —
Maria (H) — Gefion (L) 3 Eunomia (LL)
5 [ Merxia (H) 5 | Juno (L) 5 Nysa (LL) — |
10 Agnia (H) — 10 10

a Koronis (H) — a a
L s L

P [ = 10tk 4= 10*F E
12} 12} (2}
T ° °
o [ o

£ 1000 ¢ £ 1000 ¢ 4 £1000 ¢ E
[2} (2] [2}
© © ©
S ks S

g 100 f 3 100 f 18 100¢ 1
€ £ £
=} =} =}
c < c

10 ¢ 10 £ E 10 F J

0.1 1 10 100 500 0.1 1 10 100 500 0.1 1 10 100 500

diameter D/ km diameter D/ km diameter D/ km

Figure 6: Observed cumulative size-frequency distributions (SFDs) of the S-type asteroid fami-
lies: 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
(q1), which is steep, starting at the LF, second slope (¢2), which is shallow, related to long-term col-
lisional evolution, third slope (¢3), 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.
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Figure 7: Modified scaling law Q*(D) used in our collisional model. A comparison to the nominal
scaling law for basalt at 5 km/s ( line) from =¥ is also plotted. This modification is needed to
fit the main belt SFD at sub-km sizes.
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Figure 8: Dynamical decay time scales 7(D) used in our collisional model. The main belt and
families have relatively long time scales, which are needed to fit the NEO population, being trans-
ported from the main belt and having a short time scale (8 My). A comparison to the nominal time
scale (red line) of ®% is also plotted. For the Yarkovsky drift without spin axis evolution, decay

would be significantly shorter.
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Figure 9: Synthetic SFD of the main belt and the Vesta family, used for calibration. The age
1100 #+ 100 My is consistent with ©2.
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Figure 10: 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 43 observed family (gray solid). The

SFDs between 1 and 10 km were initially a smooth power-law. They evolved due to collisions and

exhibit a characteristic slope change at about 5 km, 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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Figure 10: continued.
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Figure 11: 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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Figure 12: Lifetimes of bodies in the NEO space derived from our orbital model: H-chondrite-
like (left), L-chondrite (middle), LL-chondrite (right). When bodies escape from the respective

families via resonances (cf. Fig.[I9), they temporarily enter the NEO space. Their lifetimes are

different for different resonances, where low-order or outer-main-belt ones tend to produce short-

lived orbits, and vice versa. The mean (not median) lifetimes are plotted for each family (colour

dashed). For comparison, the lifetimes from ' (9.4, 2.2, 0.5 My for the v, 3:1, 5:2 resonances; see
their Tab. 3) are also plotted (black dotted).
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Figure 14: Same as Fig. [I2] but for metre-sized bodies.
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A Parameters of the principal bodies

Hereinafter, we discuss preferred values of parameters for the largest member of the studied fami-
lies. (4) Vesta has a volume-equivalent diameter 525 km and a volumetric density 3.456 g cm =3 %,

the parent body size is practically the same as Vesta.

(20) Massalia is 132 km in diameter *” and its density is 3.71 g cm =3 %, although with a 20%

uncertainty.

For (170) Maria, (808) Merxia, (847) Agnia, (158) Koronis, (1272) Gefion, we used diam-
eters 35km, 33 km, 30km, 34km °°, and only 6.9 km *°, even though Gefion is not the largest
remnant, it has the lowest designation. Because the densities are unknown, we assumed 3 g cm 3.
All of these breakups were catastrophic disruptions; parent body size is substantially larger, i.e.,
125 km, 50km, 52 km, 161 km, and 72 km, respectively. This is important for the velocity field.
We determined these values by scaling of synthetic SFDs of ®; uncertainties are of the order of

10 %
(832) Karin is 14.3 km in diameter °%, and the family parent body size is up to 36 km.

For (3) Juno, we used 254km, 3.15gcm 3, according to ¢, It is the 2nd largest S-type
asteroid.

For (8) Flora, 146km, 2.43gcm™ from the same reference. If about half of the family
members has been lost in the 14 resonance the parent body size might have been larger.

(15) Eunomia is 256 km in diameter, and its density 2.96 g cm ™~ is close the mean density of
S-types 298 Tt is the 1st largest S-type asteroid.

Finally, (44) Nysa is E-type, (135) Hertha is M-type; both are likely interlopers in the re-

spective S-type family. Even without these interlopers, the parent-body size is up to about 80 km,

as determined by the ®¥ method.

B Family ages

Previous orbital modelling, cratering record, or meteorite radiometry can be used to estimate the

age of an asteroid family. The Vesta family is constrained by the Rheasylvia basin on Vesta, or in
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situ observations ©®% as (1000 % 200) My. It is in agreement with our collisional model (Tab. 2).

The Phocaea family was studied by ®7; 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 ®®. Parameters of the velocity field
were also estimated, vs = 24ms~!, D5 = 5km, v oc D!, On contrary, its shallow SFD indicates
an older age.

The Maria family may be up to 3000 + 1000 My old, according to (a,, H) distribution %%,

The Merxia family, (330 + 50) My old 2, is almost certainly young, having a smooth and

steep SFD from the LR to the observational incompleteness.
The Agnia family is (100 4 25) My old 2, again smooth and steep.

On contrary, the Koronis family is really old, (2500 & 1000) My ®&, Koronis is probably even
older than Maria, because the ‘break’ of the SFD is at larger D’s (3 vs. 5 km).

The Gefion family is constrained by radiometry of LL chondrites (467 4 2) My 8% 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 “".

The Flora family was estimated to be (1200+200) My old®!. Our N-body modelling suggests
that the synthetic family should be more extended, with a substantially larger Dpg > 146 km.
About half of bodies was lost in the v resonance.

The Eunomia family is probably (3200 4+ 1000) My old ®. Our N-nody modelling suggests
a range 1880 up to 3300 My on the basis of the (a,, e,,) distribution. It almost reaches a steady
state, because we recalibrate the synthetic SFD to the observed SFD in every time step, which is

then insensitive to the decay of the population ”?, Eunomia is most likely older than Flora (cf. the
‘break’).

Finally, the Nysa family is difficult to distinguish from other overlapping families in the same
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Figure 17: Normalized differential distribution d/N/N, of spin accelerations dw/d¢ (in
rads~! My ') 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 ( ). A strong preference for

‘slow’ shapes is evident.

region *°. S-type bodies are clustered around (135) Hertha and the upper limit of its age is 350 My
5)

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.[I7). If the shape is "fast’, the critical rotation frequency is reached fast, this

shape is changed to another one, and vice versa.

Out of 200 nominal shapes from “®, e.g., 185, 101, 129, 106, 58, ... are slow (see Fig. .
They seem to be more round, but it is generally difficult to recognize it. They should be less like a

wind-mill 22,

Moreover, the scaling relation we use in our model:

a2/ R\ 2 P —1
Qo Ry Po

where ay = 2.5au, Ry = 1km, py = 2.5gcm™3, is not complete. A scaling with the rotation
period (or frequency) is missing. While the nominal period Fy = 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 ®®. 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 ®#°2,

However, it would require a dedicated computation of the YORP effect for metre-sized bodies.
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Figure 18: Examples of shapes from 36 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.

D Supplementary tables

The intrinsic collisional probability and the mean collisional velocity were computed with * theory
for precessing orbits. The values for various combinations of populations are listed in Tabs. [9] [I0]
The flux of meteoroids originating from families, accounting for various collisional probabilities
with the Earth, is listed in Tab. [T1]
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Table 9: Intrinsic collisional probability and the mean collisional velocity for various main
belt populations.

populations P v
- 107 ¥ km2y~! kms?
MB-MB 2.860 5.772
MB-Agnia 4466 4.471
MB—-Eunomia 3.347 5.784
MB-Flora 2.736 5.667
MB—Gefion 3.545 5115
MB-Juno 3.009 6.491
MB—Koronis 4.657 4.271
MB—-Maria 2.923 6.095
MB—-Massalia 4269 5.042
MB—-Merxia 4.057 4.744
MB—-Nysa 3.986 5.093
MB—-Phocaea 2419 8.252
MB-Vesta 2919 5288
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 4950 7.034
Karin—Karin 14.865 1.531
Koronis—Koronis 13.323 1.625
Maria—Maria 7112 5.866
Massalia—Massalia 29.009 4.234
Merxia—Merxia 8.235 3.571
Nysa—Nysa 20.324 4.766
Phocaea—Phocaea 5.936 10.307
Vesta—Vesta 12.601 3.613
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Table 10: Same as Tab. [9| for the Earth and meteoroids in the NEO space.

populations P v
- 1078 km2y~'  kms!
Earth—Agnia 120.524 24.672
Earth—Eunomia 46.952 24.992
Earth—Flora 44.860 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 78.412 22.851
Earth—Merxia 43.796 19.474
Earth—Nysa 77.398 21.787
Earth—Phocaea 9.306 31.419
Earth—Vesta 49.352 22.963
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Notes. ¢4

Table 11: Meteoroid flux ® = p/NV, -

family o
— 10 %km 2yt
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 (H) 3.0-6.0
Karin (H) 29.6-59.3
Massalia (L) 8.6-21.6
Gefion (L) 2.6-7.9
Juno (L) 1.6-4.8
Flora (LL) 28.1-56.3
Eunomia (LL) 3.7-22.1
Nysa (LL) 12.2-19.4
HED 21.5-75.1
H 47.7-99.8
L 12.8-34.3
LL 44.0-97.8
H+L+LL 104.5-231.9
all bodies 3900¢
with 2nd Koronis:

Koronis 98.8-296.4
H 146.5-396.2
with 2nd Massalia:

Massalia,s 216.1-648.2
L 228.9-682.5
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s« E Supplementary figures

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

sos  Fig.[I9] and pre-atmoshperic orbits of H chondrites in Fig. [20]
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Figure 19: S-type families as identified in this work. The proper semimajor axis a, vs. the

proper eccentricity e, and vs. the proper inclination sin /;, are plotted. Colours correspond to

the geometric albedo py (blue — yellow for C- to S-type). Major mean-motion and three-body

resonances (vertical dotted lines), as well as identified interlopers (green circles) are indicated.
Some of the bodies ((20) Massalia, (832) Karin) have inclinations corresponding to the IRAS dust

bands (horizontal dotted lines).
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Figure 19: continued.
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Figure 19: continued.
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Figure 20: Pre-atmospheric orbital elements of 14 H-chondrite falls. The osculating semimajor
axis versus the inclination are plotted with their uncertainties (error bars). Some H chondrites
have the semimajor axis 2.5-2.8 au and low inclination (< 3°), which corresponds to the Koronis

family, whereas other orbits were scattered by close encounters with terrestrial planets. Data from

G https://www.meteoriteorbits.info/.
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