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ABSTRACT. This paper presents the results of the study
of evolution of Jupiter-family comet-like orbits of six
meteorite-producing groups, including sporadic fireballs
from the IAU MDC database 2007 [1], sporadic meteors
from the SonataCo database [2], instrumentally observed
H5 and L3.5 ordinary chondrites, as well as near-Earth
asteroids which are potential parents of the examined
groups. In order to verify the relationship between
meteorite-producing groups and their potential parents, we
performed backward numerical integration of the orbital
motion of these groups” members over several millennia.
The numerical integration was carried out using the Halley
software [3]. The equations of motion factored in
gravitational perturbations due to the major planets,
radiation pressure effects and the Poynting-Robertson drag.
The equations of motion were numerically integrated using
the 11™-order Everhart method applicable to studying the
motion of Jupiter-approaching short-period comets. The
numerical integration of the mean orbital elements of a
group, as well as those of the relevant meteorite and
potential parent asteroid, over 5,000 years has shown that
the respective perihelia, eccentricities and arguments of
perihelion evolved in a similar manner over the specified
period. The Dsy-criterion of Southworth and Hawkins [4],
which is a quantitative measure of orbital similarity, has
remained below 0.3 [5] for about 5,000 years in the groups
of Neuschwanstein and Mason Gully meteorites and for
about 3,500 to 4,500 years in the groups of Benesov and
Park Forest meteorites. In the groups of the Kosice and
Pribram meteorites, the mean orbits and those of their
potential parents remained similar as defined in terms of the
Dsn-criterion over a relatively short period of about 2,000
to 3,000 years. We can infer from our findings that
meteorite-producing sporadic fireballs and sporadic
meteors are related to the H5 and L3.5 ordinary chondrites
and their potential parents, i.e. near-Earth asteroids, in the
investigated groups. The estimated time intervals, over
which the evolving orbits of the groups’ members have
shown good similarity, are indicative of relatively recent
formation of meteorite-producing groups as a result of
fragmentation of their parent bodies.

AHOTANIA. VY crarti mnpencraBleHi pe3yibTaTH
aHaJizy eBoJoUil KOMeTomoaiOHuit opOiT cimelicTBa
IOmiTepa mIeCTH METCOPUTOYTBOPIOIOYUX TpPYI, IO
BKJIFOYAIOTh CIIOpaJUyHi OOJIiM 3 METEOpHOi 0a3u TaHuX

IAU MDC-2007 [1], copaguani meTeopu 3 SonatoCo
6a3u nanux [2], 3Buyaiini xonaputu tumy HS, L3.5, mo
CHoCTepiraimcs IHCTpYMEHTaIbHO, 1 HaBKOJO3eMHI
acTepoiayu - MOTEHIINHHI OaTHKIBCHKI TiJIa OCIIIKCHUX
TPYIL 1106 TePEBIPUTH 3B'S130K MIiXK
METCOPUTOYTBOPIOIOYAMHU TPyMaMU i IX MOTCHI[IHUMU

0aTPKIBCBKMMH  TiTaMH, MH BHKOHAJIM  YHCEIHHE
IHTerpyBaHHs opOiTaTLHOTO pyxy 4JICHIB
METEOPUTOYTBOPIOIOYUX TPy  NPOTATOM  KUIBKOX

TUCSIYOJITh. [HTErpyBaHHS MPOBOMWIOCS KUIBKICHO 3
BHKOPHCTAHHAM TporpamHoro 3abe3neueHss Halley [3].

I'paBitauiiiHi  0oOypeHHs BEJIMKUX IUIaHET, BIUIMB
pamiamiitHoro Ttucky 1 omip IloiaTiHra-Pobeprcona
BpaxOBYBIMCS B  DIBHAHHAX  pyxy. YwucenbHe

IHTErpyBaHHS pIBHSAHb PyXy BHKOHYBAJOCS METOIOM
EBepxapt 11-ro cremeHs, siki MOXYTh 3aCTOCOBYBATHCS
JUTS OCHIJDKEHHS PyXy KOPOTKONEPiOIUYIHUX KOMET, SIKi
3a3HatoTh  30mwkeHHs 3 Omitepom.  UmcenbHe
IHTETpyBaHHA OpOITANEHUX EJIEMEHTIB CepeaHbOI OpOiTH
Ipyny, MeTeopura 1 TOTEHUIHHOro OaThKIBCHKOTO
acrepoigza 3a 5000 pokiB TOKa3ye, O[O0 MeEpHUTENii,
eKCIIEHTPUCUTETU i apryMeHTH HIepUTeTito
€BOJIIOIIIOHYIOTh AaHAJIOTIYHAM YWHOM 3a IIeH rmepiox Jacy.
Dsh-kpurepiit  CaytBopra 1 Xokinca [4], sxuil €
KUJIbKICHOIO ~ Mipoto  mozaiOHocTi Mk opOitamuy,
3ammmaethsest Hkde 0.3 [5] mpotsrom 6mm3pko 5000 poxki
B rpynax mereopuriB Neuschwanstein i Mason Gully i
6mu3eko 3500-4500 pokiB — B rpymax MeteopuTiB Benesov
i Park Forest. ¥ rpynax mereopuriB KoSice i Pribram
cepemHss opbita rpym 1 oOpOIiTH iX MOTEHIIHHUX
0aTbKIBCHKHX TeJ 3aJHMIIAIOTHCS OMU3BKUMU 3riHO Ds-
KpHUTEPI0 Ha HEBEIUKOMY IMPOMIXKY dacy Omm3pko 2000-
3000 pokiB. OTpuMaHi pe3yabTaTh J03BOJISIOTH 3pOOUTH

BUCHOBKM NP0  3B'I30K  METCOPUTOYTBOPIOIOYHX
CIOpaJMUHUX OONiAIB 1 CHOpPaJgUYHUX METEopiB 3i
3BHYAHMMH XOHApUTamu tmmy HS5, L35 1 ix

HOTEHUIHHUMHU 0aThKiBCHKMMH TLIaMH — HABKOJIO3€MHUMU
acTepoizaMu B JOCIIDKeHUX rpynax. OTpuMaHi iHTepBaIn
4acy, IPOTATOM SIKHX €BOJIOLIOHYIOY] OpOITH YICHIB TPy
JEeMOHCTPYIOTh TapHUH 30ir, BKa3ylOThb Ha BIJHOCHO
HEJJABHE YTBOPECHHS METEOPUTOYTBOPIOIOYMX TIpyln B
pe3ynbpTati pparMeHTaii ix 0aThKiBCHKUX TEIl.
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1. Introduction

According to the classical model for cometary nuclei
being envisioned as conglomerates of volatile ices and dust
grains, meteoroid streams form through the ejection of dust
grains up to a few centimetres in size from comets [6]. After
being ejected, these meteoroids travel in a heliocentric orbit
just as their parent comet’s nucleus does. The time required
for the ejected dust grains to spread about the whole orbit
of their parent forming a closed meteoroid swarm is
estimated to be several hundreds of years [7]. Therefore,
the time required to form a closed curve is short as
compared to the age of meteoroid stream members which
are several-thousand-year old. When cometary dust grains,
whose orbits are Earth-crossing, reach Earth, they enter its
atmosphere creating a meteor event. Meteor showers have
been observed for millennia, with material being regularly
fed into the stream throughout this period from the parent
and material lost through the external effects, mainly under
the action of gravitational perturbations by the planets and
due to radiation pressure effects. The bulk of the scattered
material forms the sporadic meteoroid background.
Catastrophic break-up of cometary nuclei is another
mechanism for producing meteoroid streams. Big boulders
can be produced through such a mechanism as observed
during the C/1999 S4 (LINEAR) comet break-up.

The idea of meteoroid streams and meteors asteroidal in
origin has been considered previously [8-11]. Halliday et
al. [12] analysed orbits of 89 fireballs — namely, 56 from
the MORP (Meteorite Observation and Recovery Project
network in western Canada) data and 33 from the PN
(Prairie Network in central USA) list - which could survive
the passage through the atmosphere with a non-zero
terminal mass. The authors suggested existing of four
possible meteorite-producing groups, among which group
1 included instrumentally observed Innisfree meteorite, and
inferred the asteroidal origin of some fireball streams.
Greenberg & Chapman [8] reported that stony-iron
mesosiderites formed at the core-mantle interfaces of small
asteroidal parents of 100-200 km in diameter while
pallasites formed in smaller parent bodies of 50-100 km in
diameter. The authors assumed that meteorites might be
pieces of large main-belt asteroids derived primarily by
cratering collisions rather than disruptive fragmentation.
Shestaka [13] examined a swarm of meteorite-producing
bodies containing the Innisfree and Ridgedale fireballs. The
author found out that the investigated swarm also included
nine small meteoric swarms, several asteroids and 12
fireballs photographed by the PN and MORP cameras. The
orbit of this swarm approaches Earth’s orbit annually in
early February. With the aim of investigating the annual
fireball activity profile, Beech [14] analysed the occurrence
time data for 2,373 fireball events predominantly observed
across Canada and documented in the Millman Fireball
Archive. The author reported that all known cometary
meteor showers producing prominent meteors and fireballs
are represented as distinct peaks in the annual fireball

activity profile. Several other peaks in the activity profile,
which did not correspond to any recognised cometary
meteor showers, were also identified; some of those could
be related to asteroidal meteorite streams.

Unlike comets which regularly feed meteoroid streams
when passing around the perihelion of their orbits, asteroids
rarely experience disruptive events; hence, swarms of
asteroidal meteoroids are likely to result from once-off
events, which could be, for instance, asteroids smashing
into each other or colliding with large meteoroids.
Therefore, the spatial density of asteroidal meteoroid
swarms should be lower while their meteor activity should
differ from that of the meteoroid streams of cometary
origin. No doubt that collisions (as impact events) result in
disruption of the parent body with the debris in the form of
small particles and bigger fragments, such as cobbles and
pebbles, partially surviving in its orbit. In such a scenario,
meteoroid swarms can only be produced from the collision
of relatively large bodies with the asteroid-impactor of
several tens of metres in diameter. Asteroid (4) Vesta with
its fragments expelled through striking with the impactor
can be an example of asteroidal origin of meteorites. Some
of these fragments upon crossing Earth’s orbit fall to the
earth’s surface as meteorites. Gravitational perturbations
caused by Jupiter and other planets in the solar system, as
well as rotational instability, can also cause disruption of
near-Earth objects (NEOSs). The situation when an asteroid-
like object in the comet-like orbit may turn out to be a
dormant comet in disguise, which is covered by a crust up
to 10 m thick built up on its surface with time and has
ceased to show any cometary activity, has been investigated
in many studies.

2. Distribution of sporadic meteor and meteorite-
producing fireball events throughout a year

Based on several sources of data, we performed the
analysis of the annual activity of large and small sporadic
meteors and meteorites, including 737 bright sporadic
fireballs (brighter than -6 mag) from the International
Astronomical Union Meteor Data Centre (IAU MDC)
database [1], 1,416 small meteors (from -2.5 to -5.0 mag)
from the SonataCo database [2] and 338 meteorites with
known fall dates. The fireballs were selected if the
following conditions were met: the fireball terminal height
He < 35 km; pre-atmospheric velocity V., < 25 km sec’;
terminal velocity Ve < 10 km sec™® and a non-zero terminal
mass. The resulting data set was grouped into bins by an
increment of 10 degrees in the solar longitude L.. The
distribution of the number of investigated events as a
function of the solar longitude L. was plotted and analysed
to identify the periods of activity of sporadic fireballs,
meteors and meteorites with known fall dates throughout a
year. The resultant distribution of sporadic meteor and
fireball activity throughout a year is shown in Figs. 1 and
2. Several prominent peaks of activity lasting for 20-30
days can be observed at the solar longitude L. = 30°, 60°,
140°, 220°, 270°, 300° and 350°.
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Figure 1: The number of sporadic meteor events versus the
solar longitude Lo.

3. The selected groups of meteorite-producing
meteoroids in Jupiter-family comet-like orbits and their
plausible parent bodies

The constructed histograms of the annual activity of
sporadic fireballs and meteors (Figs. 1 and 2) gave us an
impetus to further study the issue of the existence of groups
of meteorite-producing sporadic meteoroids in the near-
Earth space. In the previous paper [15], the authors reported
the detection of six groups of meteorite-producing
meteoroids and L3.5 — H5 type ordinary chondrite
meteorites observed over certain periods of the increased
fireball activity. Those groups were named after the known
member meteorites. The similarity between the orbits of
members of each group established with application of the
Southworth-Hawkins Dsy criterion as a quantitative
measure of orbital similarity was the group-membership
condition to be met. The value of Dsy <= 0.3 was adopted
for the investigated groups. Nowadays, it is generally
assumed that the method for associating groups of
meteorite-producing sporadic meteoroids with their
potential parents, i.e. comets or asteroids, based only on the
Dsn orbital similarity function, is not sufficient.

Similarly to meteoroid swarms and their connection with
their parents, the arrangement of meteorites into groups and
their lifetime in the near-Earth space are governed by
evolutionary  processes. The relationship between
meteorite-producing groups and their potential parents, i.e.
NEOs, should be verified by the backwards analysis of their
orbital evolution over a time span of several millennia. The
possibility to associate a plausible parent body with a
certain group and estimate the formation age of the group
of genetically related meteorite-producing meteoroids is
crucial for the establishment of the relationship between the
meteorite-producing group and comets or asteroids, as well
as for the study of the mechanism for yielding meteorite-
producing meteoroid swarms.

4. Evolution of meteorite-producing groups and
associated NEOs

In the studies of the orbital evolution of meteoroids and
near-Earth objects carried out in recent years, a common
approach to the research on this issue has been developed:

— Meteoroids within a swarm or group, as well as their
probable parent body (NEOS), should have orbits similar
by the Dsy-criterion of Southworth and Hawkins. It makes
it possible to associate a plausible parent body with a group
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Figure 2: The number of meteorite-producing fireball and
meteorite events versus the solar longitude Lo.

and determine the meteoroid group age. The determination
of the age of meteorite-producing groups is essential for the
establishment of relationship between meteorite groups and
their parents, which could be either asteroids or extinct
comets, as well as for the study of the mechanism of
formation of the investigated meteorite groups.

— With a large number of the near-Earth asteroids
discovered so far, there is a high probability of coincidental
similarity between any two orbits at the current time.
Therefore, the orbital evolution should be further studied to
adopt as real couples of asteroids and groups only those
ones whose orbits remained similar for a long period of
time of about 5,000 years [9].

— In addition to dynamic properties, common taxonomic
features can also be indicative of the common origin of
meteoroid groups and their parents — near-Earth objects —
in the solar system.

To analyse the orbital evolution of the meteorite-producing
groups investigated in this study, the equations of motion were
numerically integrated using the 11™-order Everhart method,
which is one of the most precise methods for examining the
orbital evolution of the solar system bodies and is applicable
to studying the motion of Jupiter-approaching short-period
near-Earth objects. The backward numerical integration of the
orbital motion equations of the group members was carried out
over a period of 5,000 years using the Halley software [3]. The
equations of motion factored in gravitational perturbations due
to the major planets, radiation pressure effects and the
Poynting-Robertson drag.

4.1. Orbital evolution of the Benesov group, meteorite
(L3.5, H5 type) and near-Earth asteroid 2000 JF5

The Benesov fireballs and meteorite were observed over
a period of 1 Min (L. = 60°) increase in the fireball activity.
The backward numerical integration of the mean orbital
elements of the group (Mean) and near-Earth asteroid 2000
JF5 was carried out over a period of 5,000 years. The relevant
perihelia g, eccentricities e and arguments of perihelion ®
evolved in a similar manner throughout the whole specified
period. The Dsy-criterion of similarity between the mean
orbit of the group and that of NEA 2000 JF5 remained below
0.25 for about four and a half thousand years which may
indicate that the meteoroids broke off from the parent
asteroid in the beginning of the specified period.
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Figure 3: Evolution of the Dsy-criterion of similarity between the mean and Bene$ov meteorite orbits (A) and the mean
and NEA 2000 JF5 orbits (B) over 5,000 years.
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Figure 4: Evolution of the orbital elements (A — the eccentricity e; B — the argument of perihelion » and C — the perihelion
q) of the Benesov meteorite, NEA 2000 JF5 and NEA 2010 JH3 over 5,000 years.
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Figure 5: Evolution of the Dsy-criterion of similarity between the mean and Neuschwanstein meteorite orbits (A) and the
mean and NEA 2010 GE35 orbits (B) over 5,000 years.
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Figure 6: Evolution of the orbital elements (A — the eccentricity e; B — the argument of perihelion » and C — the perihelion
q) of the Neuschwanstein meteorite, NEA 2010 GE35 and NEA 2005 RW3 over 5,000 years.
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Figure 7: Evolution of the Dsn-criterion of similarity between the mean and Park Forest meteorite orbits (A) and the mean
and NEA 2013 EV108 orbits (B) over 5,000 years.
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Figure 9: Evolution of the Dsn-criterion of similarity between the mean and KoS$ice meteorite orbits (A) and the mean and
NEA 2011 KG13 orbits (B) over 5,000 years.
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Figure 10: Evolution of the orbital elements (A —the eccentricity e; B — the argument of perihelion ® and C —the perihelion
q) of the Kosice meteorite and NEA 2011 KG13 over 5,000 years.
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Figure 11: Evolution of the Dsn-criterion of similarity between the mean and Mason Gully meteorite orbits (A) and the
mean and NEA 2009 FS orbits (B) over 5,000 years.
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Pribram and Neuschwanstein meteorites over 5,000 years.

4.2. Orbital evolution of the Neuschwanstein meteoroid
group, meteorite (EL6 type) and near-Earth asteroid 2010
GE35.

The Neuschwanstein fireballs and meteorite were
observed over a period of 1 Maj (L. = 30°) increase in the
fireball activity. The results of the backward numerical
integration of the mean orbital elements of the group
(Mean) and near-Earth asteroid 2010 GE35 over a period
of 5,000 years are illustrated in Figs. 5 and 6. The relevant
perihelia g, eccentricities e and arguments of perihelion ©
evolved in a similar manner throughout the whole specified
period. The Dsu-criterion of similarity between the mean
orbit of the group and that of NEA 2001 GE35 remained
below 0.2 for about five thousand years which may indicate
that the meteoroids broke off from the parent asteroid in the
very beginning of the specified period.

4.3. Orbital evolution of the Park Forest meteoroid
group, meteorite (L5 type) and near-Earth asteroid 2013
EV108.

The Park Forest meteorite was observed on 27 March
2003. The Park Forest fireballs and meteorite were
observed over a period of 1 Maj (L. = 30°) increase in the
fireball activity. The results of the backward numerical
integration of the mean orbital elements of the group
(Mean) and near-Earth asteroid 2013 EV108 over a period
of 5,000 years are depicted in Figs. 7 and 8. The relevant
perihelia g, eccentricities e and arguments of perihelion ®
evolved in a similar manner throughout the whole specified
period. The Dsu-criterion of similarity between the mean
orbit of the group and that of NEA 2013 EV108 remained
below 0.3 for about three and a half thousand years which
may indicate that the meteoroids broke off from the parent
asteroid in the beginning of the specified period.

4.4. Orbital evolution of the Kosice meteoroid group,
meteorite (H5 type) and near-Earth asteroid 2011 KG13

The Kosice meteorite was observed on 28 February
2010. The Kosice group and meteorite were observed over
a period of 6 Maj (L. ~ 300°) increase in the fireball
activity. The results of the backward numerical integration
of the mean orbital elements of the group (Mean) and near-
Earth asteroid 2011 KG13 over a period of 5,000 years are
presented in Figs. 9 and 10. As can be inferred from the
figures, the Dsu-criterion of similarity between the mean

orbit of the group and that of the Kosice meteorite remained
below 0.4 for about two thousand years while the mean
orbit and that of the plausible parent, i.e. NEA 2011 KG13,
were similar for about three and a half thousand years. The
relevant perihelia g, eccentricities e and arguments of
perihelion o evolved in a similar manner throughout the
whole specified period which may be indicative of the age
of the Kosice meteoroid group.

4.5. Orbital evolution of the Mason Gully meteoroid
group, meteorite (H5 type) and near-Earth asteroid 2009 FS

The Mason Gully meteorite (observed on 13 April 2010)
and the relevant group of fireballs were observed over a
period of 1 Maj (L. = 30°) increase in the fireball activity.
The results of the backward numerical integration of the
mean orbital elements of the group (Mean) and near-Earth
asteroid 2009 FS over a period of 5,000 years are plotted in
Figs. 11 and 12. As can be seen from the figures, the Dsp-
criterion of similarity between the mean orbit of the group
and that of the Mason Gully meteorite remained below 0.35
for about five thousand years while the mean orbit and that
of the plausible parent, i.e. NEA 2009 FS, were similar
(Dsn < 0.35) for about three and a half thousand years
which may be indicative of the time of the group formation.
The relevant perihelia g, eccentricities e and arguments of
perihelion ® evolved in a similar manner throughout the
whole specified period.

In Figs. 4, 6, 8 and 12 which illustrate the orbital
evolution of meteorites and their probable parent asteroids
(NEAS), for the sake of comparison, the evolution of orbital
elements of two near-Earth asteroids is shown; in
particular, one of these NEAs has been chosen as a parent
asteroid (red line) while another NEA (green line) depicts
the evolution of an orbit different from those of the group,
meteorite and chosen parent asteroid.

4.6. Orbital evolution of the Pribram (H5 type) u
Neuschwanstein (EL6 type) meteorites

The Pribram meteorite was observed on 27 March 2003.
The Pribram group was observed over a period of 1 Maj (Lo
~ 30°) increase in the fireball activity. The results of the
backward numerical integration of the mean orbital
elements of the Pribram and Neuschwanstein meteorites
over a period of 5,000 years are shown in Fig. 13. Based on
the results of the numerical integration, the Dp-criterion
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and Dsw-criterion of similarity between the meteorite orbits
were calculated with an increment of 200 years. At the
present time (epoch 2000.0) both criteria are extremely
small (Dp = 0.009 and Dsy = 0.025) which enables to
deduce that the Pribram and Neuschwanstein meteorite
orbits evolved in a similar manner over the specified period
and preserved the similarity of their orbits.

In the study [13], a near-Earth asteroid with the structure
similar to that of asteroid Itokawa was considered as a
potential parent of the Pribram and Neuschwanstein
meteorites. The disruption of the asteroid with such a
pattern might result in ejecting both large fragments
(cobbles and pebbles) and smaller debris (meteoroids)
which could form a group of meteorite-producing
meteoroids in the near-Earth orbit.

5. Conclusions

— The evolutionary analysis using the method of
backwards numerical integration of the mean orbital
elements of a group, as well as those of the relevant meteorite
and potential parent near-Earth asteroid over a period of
5,000 years has shown that the respective perihelia,
eccentricities and arguments of perihelion evolved in a
similar manner throughout the specified period.

— The Dsn-criterion, which is a quantitative measure of
orbital similarity, has remained below 0.3 for about 5,000
years in the groups of Neuschwanstein and Mason Gully
meteorites and for about 3,500 to 4,500 years in the groups
of BeneSov and Park Forest meteorites. In the groups of
Kosice and Pribram meteorites, the mean orbits and those
of their potential parents remained similar as defined in
terms of the Dsn-criterion over a relatively short period of
about 2,000 to 3,000 years.

— Our findings enable us to infer that meteorite-producing
sporadic fireballs and sporadic meteors are related to the H5
and L3.5 ordinary chondrites and their potential parents, i.e.
near-Earth asteroids, in the groups of Neuschwanstein and
Mason Gully meteorites and also those of BeneSov and Park
Forest meteorites. The estimated time intervals, during
which the evolving orbits of the groups’ members exhibit
good similarity, are indicative of relatively recent formation
of the examined meteorite-producing groups as a result of
fragmentation of their parent bodies.

— The data on the mean orbit of a group of meteorite-
producing meteoroids enable to relate the group to its
probable origin which is either asteroidal or cometary. The
results indicating the existence of groups of meteorite-
producing meteoroids in Jupiter-family comet-like Earth-
crossing orbits suggest that relatively large and solid
meteoroids, which are members of these groups, can
survive the passage through the atmosphere and fall to the
surface as meteorites. In such a case, these meteorites are
potentially samples of cometary material which can be
examined using laboratory techniques.

— The investigated groups can still contain objects which
are potentially hazardous for the Earths’ biosphere and
nowadays may fall to Earth as meteorites. This can provide
a strong incentive to carry out targeted monitoring of the
fireballs and meteors in these groups at their radiant points
over specified periods of the group activity.
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