ISBN 978-2-87355-024-4

Proceedings of the
International Meteor Conference

La Palma, Canary Islands, Spain
20-23 September, 2012

Published by the International Meteor Organization 2013
Edited by Marc Gyssens and Paul Roggemans



Proceedings of the International Meteor Conference

La Palma, Canary Islands, Spain, 2023 September, 2012
International Meteor Organization

ISBN 978-2-87355-024-4

Copyright notices

(© 2013 The International Meteor Organization
The copyright of papers in this publication remains with the authors.

It is the aim of the IMO to increase the spread of scientific information, not to restrict it. When material is
submitted to the IMO for publication, this is taken as indicating that the author(s) grant(s) permission for
the IMO to publish this material any number of times, in any format(s), without payment. This permission is
taken as covering rights to reproduce both the content of the material and its form and appearance, including
images and typesetting. Formats may include paper and electronically readable storage media. Other than
these conditions, all rights remain with the author(s). When material is submitted for publication, this is also
taken as indicating that the author(s) claim(s) the right to grant the permissions described above. The reader
is granted permission to make unaltered copies of any part of the document for personal use, as well as for
non-commercial and unpaid sharing of the information with third parties, provided the source and publisher
are mentioned. For any other type of copying or distribution, prior written permission from the publisher is
mandatory.

Editing team and Organization

Publisher: The International Meteor Organization
Editors: Marc Gyssens and Paul Roggemans
Typesetting: BTEX 2¢ (with styles from Imolate 2.4 by Chris Trayner)

Printed in Belgium
Legal address: International Meteor Organization, Mattheessensstraat 60, 2540 Hove, Belgium

Distribution

Further copies of this publication may be ordered from the Treasurer of the International Meteor Organization,
Marc Gyssens, Mattheessensstraat 60, 2540 Hove, Belgium, or through the IMO website (http://www.imo.net).



Proceedings of the IMC, La Palma, 2012

Population of hyperbolic meteoroids
Maéria Hajdukova Jr.

Astronomical Institute of the Slovak Academy of Sciences, Bratislava, Slovakia
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The presence of hyperbolic orbits among detected meteors started an assiduous search for interstel-
lar meteoroids, as a hyperbolic excess above the escape velocity with respect to the Sun reveals a
possible interstellar origin. Research into interstellar meteoroids has produced controversial results
about their contribution to the Solar System meteoroid population, and in spite of great progress in
the development of observational techniques, this problem still remains. Our study, based on analy-
ses of hyperbolic meteor orbits from various catalogues of meteors obtained by different techniques,
shows, from the statistical point of view, that the number of possible interstellar meteoroids among
the hyperbolic orbits is extremely small. The biggest obstacle in this study is the accuracy of veloc-
ity measurements and determinations. The uncertainties which result from measuring errors make
discriminating interstellar meteors among hyperbolic orbits very difficult, and even impossible if, in
connection with their orbital and geophysical parameters, individual cases are not checked. In most
cases, possible interstellar meteoroids can be found only within the error bars of the determined he-
liocentric velocity. As the value of the heliocentric velocity is very sensitive to the value of semimajor
axis, the errors can transfer the orbit over the parabolic limit. It was shown that the hyperbolicity of
the vast majority of meteor orbits in the catalogues investigated is the result of inaccurate velocity
determination. This conclusion does not necessarily imply large measurement errors, since, especially
near the parabolic limit, even a small error in the value of the heliocentric velocity of a meteor can

create an artificial hyperbolic orbit that does not really exist.

produce an apparent hyperbolic population.

1 Introduction

The problem of the contribution of interstellar parti-
cles to the Solar System meteoroid population has al-
ways been contentious, and, in spite of great progress
in the development of observational techniques, it re-
mains so. To the extent that the Solar System is not
an isolated system, its interaction with the interstellar
medium should lead to the presence of interstellar par-
ticles. The substantial problem, whether meteors ar-
riving from outside the heliosphere are present among
the registered hyperbolic orbits and, if so, what their
frequency is as a function of their masses and veloci-
ties, has led to many searches using both Earth-based
or space-born observations, with controversial results.

In light of this, it is interesting to note that the gen-
eral opinion during the first half of the last century was
that the majority of meteors are of interstellar origin
(Hoffmeister, 1937).  In the first catalogue of bolides
by Hoffmeister from 1925, 79% of meteor orbits were
found to be hyperbolic. The results of Opik’s Arizona
meteor expedition of 1931-33 reinforced this opinion
(Opik, 1934). Later, by means of Super-Schmidt cam-
eras, which allowed a much more precise determination
of bolide velocities, the results from the Harvard pho-
tographic program published by Jacchia and Whipple
(1961) gave so few hyperbolic velocities that they raised
the question of whether interstellar meteors existed at
all. This history may be in some way instructive for
the latest conclusions about the detection of interstel-
lar particles, without giving reliable results on the ve-

The “very high” meteor velocities

locity determination of those particles (for more detail,
see Hajduk, 2001), because accurate velocity measure-
ments lead to solutions to this problem.

Here, we present an overview of previous studies re-
lated to interstellar particles as well as of our own re-
ported results, obtained from several catalogues of me-
teors observed by different techniques, which allow us
to reach some solid conclusions. This paper demon-
strates that the number of possible interstellar mete-
oroids among hyperbolic orbits in the registered data
is extremely small, and that the number of hyperbolic
orbits thus qualified due to erroneous velocity determi-
nation is large.

2 Previous studies

The first detections of interstellar particles were reported
in results obtained from space-born observations about
20 years ago. Griin (1993) concluded that the dust de-
tectors on board the Ulysses space probe had identified
interstellar dust particles passing through the outer So-
lar System on hyperbolic trajectories, and that they
could be easily distinguished from interplanetary dust
by their retrograde trajectories (Griin, 1994). Around
the same time, Baggaley et al. (1993), on the basis of
observations from the Advanced Meteor Orbit Radar
(AMOR), dealt with the influx of meteoroids with hy-
perbolic heliocentric orbits and with extremely high ve-
locities. Later they reported the radar detection of
interstellar meteoroids (in the mass range of 10710—
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1077 kg) in the Earth’s atmosphere (Baggaley, 1999),
which originated from a few discrete sources in the vicin-
ity of the Sun (Taylor et al., 1996).

The search for interstellar particles has continued over
the last two decades, using different observation tech-
niques, and has attempted to map the galactic sources
of interstellar dust (Baggaley et al., 2007). The con-
tribution of interstellar particles to the interplanetary
meteoroid population was found to be much higher for
small particles (from the mass range between 10719 and
10~ kg) obtained from cosmic dust detectors (Kriiger
et al., 2007), in comparison with the range of larger
meteoroid particles (m > 107Y kg) obtained from radar
(Weryk and Brown, 2005), photographic (Hajdukova,
1994; 2008) and video (Hawkes and Woodworth, 1997;
Hawkes et al., 1999; Hajdukova, 2011; Musci et al.,
2012) observations. This contradiction can be explained
by the different mass distribution of interstellar and
interplanetary particles along the broad scale of mass
exceeding 20 orders of magnitude (Hajdukova and Ha-
jduk, 2006). Interstellar dust flux could also change
according to the condition of interplanetary magnetic
fields. While the flux of larger interstellar meteoroid
particles (m > 1077 kg) was found to be close to zero
(Hajdukova, 1994; 2011; Musci et al., 2012), the results
from the Ulysses and Galileo space probes show a pre-
dominance of interstellar particles (in the mass range
10717-1071® kg) in the outer Solar System (Griin et
al., 1997). The latter argue for their interstellar origin
using three criteria: their retrograde trajectories, high
impact speed, and independence from the ecliptic lati-
tude (Kriiger et al., 1999; Griin et al., 2000). The mass
distribution of the measured interstellar particles shows
a dropoff at small masses (m < 10717 kg), explained by
Baguhl et al. (1995) as indicating that smaller inter-
stellar dust particles are kept out of the heliosphere by
defocusing Lorentz forces.

It has to be noted that the authors of the above-men-
tioned studies designated particles as “interstellar” main-
ly on the grounds that they correspond either to hyper-
bolic orbits or to hyperbolic velocities. Naturally, the
hyperbolic orbits (with eccentricity e > 1 and semima-
jor axis a < 0) or hyperbolic velocities do not neces-
sarily entail interstellar particles; they rather represent
the highest upper limit for them. Thus, the real flux of
interstellar particles along the mass scale still remains
unclear. An overview of the eventual fluxes of interstel-
lar particles along the broad scale of mass exceeding 20
orders of magnitude was reported in our earlier studies
(Hajdukova and Paulech, 2002; Hajdukova and Hajduk,
2006).

3 Data of meteor orbits used

We made a detailed examination of hyperbolic orbits
from the various catalogues of meteors which were ob-
served using different techniques, and reported the re-
sults in several studies. For the analysis, 2910 meteor

orbits from the photographic catalogue of the IAU Me-
teor Data Center (Lindblad, 1987), as well as the up-
dated version of this catalogue, which contains 4581 or-
bits (Lindblad et al., 2005), were used. We also an-
alyzed 62906 radar meteors of the IAU Meteor Data
Center (Lindblad, 2003), with a special emphasis on
the 39 145 orbits of the Harvard Meteor Project. More-
over, 64 650 video observed meteors from the SonotaCo
catalogue (SonotaCo, 2009) and, separately, a quality
selection of them (Vere§ and Toth, 2010) were used in
our search for interstellar meteors.

4 The velocity determination

The inaccuracy in the heliocentric velocity is a signifi-
cant source of uncertainty in semimajor axes determina-
tion, and it can easily push the orbit over the parabolic
limit and create a group of meteoroids apparently mov-
ing in hyperbolic orbits. There are different reasons
for an error in the heliocentric velocity, the value of
which is very sensitive to the value of semimajor axis
a, the orbital element most intimately connected with
the origin of meteor particles. The process of velocity
determination proceeds in several steps, starting from
the measured atmospheric velocity, and on through the
non-atmospheric velocity and the geocentric velocity, in
order to determine the heliocentric velocity of the me-
teoroid. Each of these steps tends to increase the inac-
curacy of the initial data. Different errors—such as the
effects of the instruments used; measurement errors; ir-
regularities in the atmospheric deceleration; and errors
in timing and radiant determination, which affect the
subtraction of the motion of the Earth from the geo-
centric velocity—vary in importance, and cannot read-
ily be separated from one another. At the end, the
error in the heliocentric velocity vy can easily exceed
1 km /s, which corresponds to about 0.08-0.09 AU tin
1/a (Kresak, 1992). The resulting hyperbolicity can-
not be attributed to the interstellar origin of the par-
ticle without a proper error analysis. Such large errors
transfer orbits of meteoroids with high heliocentric ve-
locities over the parabolic limit. This is well observed
in the population of cometary meteoroids with nearly
unbound orbits, and explains the massive number of
hyperbolic orbits among the Perseids in our data in all
catalogues we investigated.

The velocity distribution for all photographic meteors
from the IAU Meteor Data Center (MDC) in Figure 1
shows a widely scattered Gaussian distribution with he-
liocentric velocities reaching values of 75 km/s. The de-
tailed examination (Hajdukova, 2008) showed that the
errors in the determination of vy in some cases may be
as large as 10 km/s. This explains the great number
(11.5%) of orbits with e > 1 in the catalogue, the hy-
perbolicity of which is a consequence of measurement
errors.

A total of 39145 radar meteors from the Harvard cat-
alogue of the TAU MDC and 970 hyperbolic meteors
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Figure 1 — Distribution of heliocentric velocities of all pho-
tographic meteors from the IAU MDC shows a scattered
Gaussian distribution, which, in the vicinity of the parabolic
limit, results in the designation of a “hyperbolic orbit”.
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Figure 2 — The velocity distribution (normalized to 100%) of
all meteors and hyperbolic meteors from the Harvard sample
of the radar catalogue of the IAU MDC (Hajdukova and
Paulech, 2007).
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Figure 8 — The velocity distribution of meteors with hy-
perbolic excesses from the SonotaCo database plotted sepa-
rately for sporadic and shower meteors.

from the same sample show the same velocity distri-
bution (in Figure 2, non-atmospheric velocities are vi-
sualized in the same proportion), but with velocities
of about 10 km/s higher. The observed shift between
both sets of data is caused by a high spread in velocity
determination—suggesting large errors in the velocity
determination (Hajdukova and Paulech, 2007), shifting
a part of the data through the hyperbolic limit.

The spread in the velocity determination is much smaller
in the TV catalogue, with errors about 1 km/s. How-
ever, all 484 hyperbolic meteors from the database (Fig-
ure 3) show similar distributions of heliocentric veloc-
ities for sporadic and shower meteors with hyperbolic
excesses. The equation da = 2vya?dvy shows that, for
a large value of the semimajor axis a, even a small er-
ror in the velocity determination can change an elliptic
orbit to a hyperbolic one.

The uncertainties which result from the measuring er-
rors make it very difficult to discriminate interstellar
meteors among the hyperbolic orbits, and even impos-
sible if, in connection with their orbital and geophysical
parameters, individual cases are not analyzed in detail.
It is impossible to detect a hyperbolic excess of a he-
liocentric velocity which is of the same order as the er-
ror in the velocity measurement. This has to be taken
into consideration by those interested in the detection
of interstellar particles, and their results should contain
reliable information about the velocity determination
of those particles. The results concerning the identifi-
cation of interstellar particles, without a proper error
analysis, might need some revision. In most cases, pos-
sible interstellar meteoroids can only be found within
the error bars of the determined heliocentric velocity,
and thus their flux remains unclear.

Other sources which can produce the hyperbolicity of
the meteor orbit, such as a planetary perturbation of
a meteoroid, the ejection velocity of a meteor particle
from the parent body, or collisions of small bodies, are
negligible by comparison. Two catalogues of our data
were searched for hyperbolic meteors unbound due to a
close encounter with one of the major planets.

Analyzing TV meteor orbits from the Japanese cata-
logue (SonotaCo, 2009), we found only 22 meteoroids
from the 7489 hyperbolic orbits had had a close en-
counter with a planet. However, the backwards integra-
tion processes did not show any considerable changes in
their orbits. None of the hyperbolic orbits from the cat-
alogue was caused by a meteoroid encountering a planet
(Hajdukova et al., 2012).

Also, in the photographic catalogues, containing 4581
orbits, no meteors were found whose hyperbolicity was
caused by planetary perturbation (Jakubik, 2001). It
can be concluded that, in general, the proportion of
hyperbolic meteoroids influenced by the planetary per-
turbation is, from the statistical point of view, minor.



Proceedings of the IMC, La Palma, 2012

25 [ ]

20 |

parabolic limit

shower/ Nsporadic
-
o
T
[

N
°

10____-___-___-___-_._-_.--._--___.__'___'___
05 - L
025 -020 -015 -0,10 -0,05 000 005 010 015 0,20
1/a
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parabolic limit and beyond. The number of shower meteors
among the orbits of highest hyperbolic excesses exceeds the
proportion 1:1 and is clear evidence of errors, in most cases
from the velocity determination.
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Figure 5 — A dependence of the contribution of hyperbolic
meteors in meteor showers on the mean heliocentric velocity
of a particular shower (Ne>1/N = f(vm)) is evident (Ha-
jdukova, 2011). This shows that hyperbolic orbits among
shower data are the consequence of error distribution in the
velocity.

5 On the frequency of interstellar
meteoroids

5.1 Analysis

The first clear evidence of errors (in most cases from the
velocity determination) is the concentration of shower
meteors among the hyperbolic orbits. To follow the
influence of such errors on the sample of orbits de-
termined as hyperbolic, diagrams showing the position
of radiants of orbits for the selected intervals of val-
ues of 1/a close to the hyperbolic limit and beyond
were constructed (Hajdukova, 1994). We would ex-
pect a gradual decrease in the concentration of shower
radiants with decreasing values of 1/a, but actually

the opposite was found. Their concentration is higher
among the orbits with the highest hyperbolic excesses,
reaching the proportion 1:1 in the photographic cata-
logue. To demonstrate this fact and verify it, we plot-
ted the numbers of the proportion of shower meteor
among the hyperbolic orbits for selected intervals of
1/a, as follows: 0.15 < 1/a < 0.2, 0.10 < 1/a < 0.15,
0.05 < 1/a < 0.10, 0.0 < 1/a < 0.05, —0.05 < 1/a <
0.0, —0.10 < 1/a < —0.05, —0.15 < 1/a < —0.10,
—0.20 < 1/a < —0.15, and —0.25 < 1/a < —0.20, using
the quality selection of the TV catalogue (Figure 4).
The ratio of shower meteors to all meteors reaches or
exceeds 50% for all intervals of 1/a corresponding to hy-
perbolic orbits. There is also a clear tendency for this
ratio to increase (outlined with the dotted arrow) with
decreasing values of 1/a.

The analysis of meteor showers, particularly those with
a heliocentric velocity close to the parabolic limit (Per-
seids, Lyrids, Orionids, and Leonids), showed that the
proportion of hyperbolic orbits is different in different
meteor showers. A dependence of the contribution of
hyperbolic meteors in meteor showers on the mean he-
liocentric velocity of a particular shower, Nes1/N =
f(vm), was found. This was true for all three databases.
Figure 5, constructed using TV data, is taken from
the author’s 2011 paper (Hajdukova, 2011). This de-
pendence is again a clear proof that hyperbolic orbits
among shower data result from the error distribution in
the velocity determination.

These results and the assumption that shower meteor
orbits were determined with the same precision as non-
shower meteor orbits, led us to conclude that there is a
lack of statistical arguments in favor of the presence of
real hyperbolic orbits among the orbits in the catalogues
investigated.

Another aspect supporting this position is the abun-
dance of retrograde orbits among hyperbolic meteors.
In the TV data set, 6594 out of 7489 hyperbolic orbits
(88%) are retrograde. Errors in the measured velocity
increase towards higher velocities, which belong mostly
to retrograde orbits. Thus, they increase the proportion
of hyperbolic orbits among particles moving on retro-
grade orbits. Among the radar data, the proportion of
hyperbolic orbits is approximately 2.5 times higher for
retrograde orbits than for prograde orbits. This means
that the number of real hyperbolic orbits is also at least
2.5 times less than in the data set of Hajdukova and
Paulech (2007). Our conclusions are further supported
by the fact that the meteor showers with the highest
abundance of hyperbolic orbits are precisely those hav-
ing retrograde orbits, such as the Perseids, Orionids,
and Leonids.

Meteors with the largest values of hyperbolic excesses
were selected for closer analysis. Taking into account
that the distribution of excess velocities of interstellar
particles should correspond to the distribution of ra-
dial velocities of close stars, we obtain a heliocentric
velocity vy = 46.6 km/s of an interstellar meteor ar-
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riving at the Earth. In the photographic catalogue, 59
orbits corresponding to this velocity were found, but
54 of them were in catalogues of lower quality. In the
most precise orbits from the catalogue of Jacchia and
Whipple (1961), the largest value of hyperbolic excess
was 0.7 km/s. Similarly, in the TV data, none of the
meteors reached the velocity required from the veloc-
ity distribution of neighboring stars; the hyperbolic ex-
cesses in all cases were about one order less. All special
cases with the highest hyperbolic excesses, from all cat-
alogues, were analyzed individually, and an upper limit
for the contribution of possible interstellar meteoroids
for each database was determined. However, the results
did not produce any convincing arguments in favor of
their interstellar origin. Moreover, the distribution of
the orbital characteristics of interstellar meteoroids is
expected to follow the motion of interstellar material;
however, the hyperbolic meteors from our databases did
not show any similar orbital characteristics. No concen-
tration of their radiants towards the Sun’s apex was ob-
served. An overview of the investigated orbits from all
catalogues investigated and the results of our analyses
are shown in Table 1.

Table 1 — Overview of hyperbolic orbits Ne>1 from all cata-
logues investigated (with the number of all orbits N,i) and
results of our analyses: the number of possible interstel-
lar meteoroids Nism, proportions of interstellar meteoroids
Nism/Nan among all meteors in the database, derived flux
of them ®js,, and their proportion among the hyperbolic
orbits Nism/Ne>1.

Technique Photographic Radar Video
Mass (kg) > 10" >7x107° >107°
Source IAU MDC IAU MDC TV cat.
Lindblad L. et al. Lindblad SonotaCo
1987 2005 2003 2009
Quality Quality
selection  selection
Nan 2910 4581 39145 14763
Nesa 347 527 970 484
Ny >46.6 59 258 0
Nism 15 28 54 <19
Nism /Nan 0.002 0.006 0.0014 0.0013
i 8x 107 7x 107" 6x107* <107
(%)
Nism /Ne>1 0.017 0.053 0.052 0.039

5.2 Proportion and flux of interstellar
meteoroids

The analysis of hyperbolic meteor orbits among the
photographic meteors of the TAU Meteor Data Cen-
ter showed that the vast majority of hyperbolic orbits
were caused by the dispersion of determined velocities
(Hajdukova, 1994; 2008). Analyzing meteors from the
most precise Harvard catalogues of photographic mete-
ors and comparing them with the other data sets the fre-
quency limit for hyperbolic meteors with excesses cor-
responding to possible interstellar meteors to 2 x 1073,
From the updated version of the catalogue, which con-
tains almost double the number of meteor orbits, we

determined the proportion of interstellar meteoroids as
6.1 x 1073, The analysis of the radar meteors of the
TAU MDC also showed that only a fraction of all me-
teors from the database, 1.4 x 1073, could be ascribed
as having a possible interstellar origin (Hajdukova and
Paulech, 2007).

For fluxes of interstellar meteoroids ®is,,, we obtained
values of 6 x 10714 m=2s~! for radar data (with masses
m > 7 x 1078 kg) and 7 x 107! m~2s~! for photo-
graphic meteors (with masses m > 1072 kg). The val-
ues of the fluxes are related to the flux ®,; given by
the Divine model (Divine, 1993) as a proportion of the
hyperbolic particles to all observed particles in a par-
ticular observation, which is explained in more detail
by Hajdukova and Hajduk (2006). The same method
was used to determine the flux of interstellar meteoroids
obtained from the Japanese TV catalogue. The pro-
portion of hyperbolic orbits in these data, containing
64650 meteors, decreased significantly after selecting
only quality orbits, from 11.58% of the total number to
3.28% of the quality selection. After an error analysis,
the upper limit of the proportion of possible interstellar
meteors to interplanetary ones among all the investi-
gated meteor orbits was determined to be 1.3 x 1073
(Hajdukova, 2011). This proportion of 14 763 meteors
from the data set investigated allowed us to determine
the value of 10716 m~—2s7! for the flux of interstellar
meteoroids with a limiting mass of 1075 kg.

6 Summary and conclusions

Accurate velocity measurements are the basis of the
search for interstellar particles. The uncertainties which
result from the measuring errors make the discrimina-
tion of interstellar meteors among the hyperbolic orbits
very difficult. In most cases, possible interstellar mete-
oroids can only be found within the error bars of the
determined heliocentric velocity. The resulting hyper-
bolicity of the determined meteor orbit is more likely
due to measurement errors than to the interstellar ori-
gin of the particle or other processes which operate in
the Solar System.

We briefly summarize the various factors contributing
to an unreal hyperbolic population and speaking against
the occurrence of interstellar meteoroids among regis-
tered meteoroid orbits:

e a high concentration of shower meteors among the
hyperbolic orbits;

e an increase in the proportion of shower meteors
with decreasing values of 1/a close to the parabolic
limit and beyond, reaching or exceeding 1:1;

e a dependence of the contribution of hyperbolic
meteors in meteor showers on the mean heliocen-
tric velocity of a particular shower;

e a high proportion of hyperbolic orbits among par-
ticles moving on retrograde orbits;
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a dependence of the proportion of hyperbolic or-
bits in the data on the quality of observations and
accuracy of measurements;

e the less precise the catalogue, the higher the hy-
perbolic excesses;

e the hyperbolic meteors did not show any similar
orbital characteristics which follow the motion of
interstellar material; and

e a concentration of their radiants towards the Sun’s
apex was not observed.

In summary, we may conclude that, since many appar-
ent hyperbolic orbits are present in the databases inves-
tigated, this detailed analysis questions the occurrence
of interstellar meteoroids in the vicinity of the Earth,
at least in the range of large meteoroid particles corre-
sponding to the detection techniques used. The analysis
of three catalogues of meteors showed that the hyper-
bolicity of the vast majority of meteor orbits in the cat-
alogues investigated is the result of inaccurate velocity
determination: 96% to 98% of meteoroids with orbits
determined as hyperbolic definitely belong to the Solar
System meteoroid population. About half of them are
shower meteors and the other half should be assigned
to the interplanetary sporadic background.
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