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Preface

The idea of holding a conference on meteors and interplanetary dust emerged at
the commission 22 meetings during the TAU General Assembly in Baltimore and
was firmed up at the next meeting in Buenos Aires, where it was decided to hold a
conference in Czechoslovakia in 1992. This was 25 years since a meeting “Physics
and Dynamics of Meteors” was held at Tatranska Lomnica, Czechoslovakia.

The first Meteoroids Conference was held in Smolenice July 6-10 1992. Interest-
ingly, by the time the proceedings were published (Meteoroids and their Parent
Bodies) Czechoslovakia had divided into two independent countries and the book
was published by the Slovak Academy of Sciences.

Since that beginning, meetings have been held at roughly three year intervals
(Bratislava, Slovakia, 1994; Tatranskd Lomica, Slovakia, 1997; Kiruna, Sweden,
2001; London, Canada, 2004; Barcelona, Spain, 2007; Breckenridge, USA, 2010)
and this volume publishes papers presented at the eighth meeting held at the Adam
Mickiewicz University in Poznan, Poland 26 - 30 August 2013. This meeting, as did
the first meeting in Smolenice and some of the others, followed the annual meet-
ing of the International Meteor Organization, thus allowing a continuation of the
fruitful collaboration between professional and amateur astronomers that is com-
mon in meteor astronomy, by allowing participants to easily attend both meetings.
A special session on outreach and relation with amateur meteor astronomers was
included in the program.

There were 103 participants from 27 countries at the conference. A significant
part of the conference was devoted to the results from the spectacular and large
fireball that was observed over Chelyabinsk in Russia on 15th February 2013 and
to meteorite falls in general as well as meteoroid interactions with the planetary
atmospheres. Other areas of science covered were Observation techniques; Sporadic
and shower meteoroids; Physical properties of meteoroids; Meteoroid parent bod-
ies; interplanetary dust and interstellar meteoroids. Some coverage was also given
to meteoroid data bases and historical records.

This Volume contains many of the papers that were presented at this meeting.
All the papers were refereed and the help of the referees are acknowledged.

Tadeusz J. Jopek,
Twan P. Williams,
and Junichi Watanabe
co-chairs SOC
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PART 1

Chelyabinsk superbolide

and potentially hazardous objects






Meteoroids 2013, Proceedings of the Astronomical Conference,
held at A.M. University, Poznarn, Poland, Aug. 26-30, 2013,
eds Jopek T.J., Rietmeijer F.J.M., Watanabe J., Williams I.P.,
Adam Mickiewicz University Press in Poznari, pp 3-9

Chelyabinsk meteoroid entry and airburst damage

Popova O.!, Jenniskens P.?, Shuvalov V.!, Emel’yanenkoV.3,
Rybnov Y.!, Kharlamov V.!, Kartashova A.3, Biryukov E.%,
Khaibrakhmanov S.?, Glazachev D.!, Trubetskaya I.!

Hnstitute for Dynamics of Geospheres RAS, Moscow, Russia (olga@idg.chph.ras.ru)
2SETI Institute, Mountain View, CA 94043, USA
3Institute of Astronomy RAS, Moscow, Russia
4South Ural State University, Chelyabinsk, Russia
5Chelyabinsk State University, Chelyabinsk, Russia

Abstract. A field study of the Chelyabinsk Airburst was conducted in the weeks follow-
ing the event on February 15, 2013. To measure the impact energy, the extent of the glass
damage was mapped by visiting over 50 villages in the area. To determine how that en-
ergy was deposited in the atmosphere, the most suitable dash-cam and video security
camera footage was calibrated by taking star background images at the sites where video
was taken. Shadow obstacles in videos taken at Chelyabinsk and Chebarkul were cali-
brated. To measure the nature of the damaging shockwave, arrival times were measured
from the footage of 34 traffic cameras, data saved on a single timed server. To measure
the impact of the shockwave, some 150 eyewitnesses were interviewed to ask about their
personal experiences, smells, sense of heat, sunburn, etc. Meteorite find locations, shape,
and size were documented by interviewing the finders and photographing the collections.
Some of these meteorites were analyzed in a consortium study to determine what material
properties contributed to the manner in which the meteoroid broke in the atmosphere.
The results paint the first detailed picture of an asteroid impact airburst over a popu-
lated area. This information may help better prepare for future impact hazard mitigation
scenarios.

Keywords: Chelyabinsk meteorite fall, airburst, asteroid impact

1. Introduction

The Chelyabinsk airburst of 15 February 2013, was exceptional because of the large
kinetic energy of the impacting body and the airburst that was generated, creating
significant damage and injuries in a populated area. The meteor and the effects of
the airburst were extraordinarily well documented. Previous events with compara-
ble or larger energy include the 1963 August 3 bolide, for which only an infrasound
signal was recorded (Silber et al. 2009), and the famous Tunguska impact in 1908.
Estimates of the kinetic energy of the Tunguska impact range from 3 to 50 Mt, due
to lack of good observations at the time. The Chelyabinsk event is much better
documented than both, and provides a unique opportunity to calibrate the differ-
ent approaches used to model meteoroid entry and calculate the damaging effects
of a shock wave from a large meteoroid entry. A better understanding of what
happened might help future impact hazard mitigation efforts.

Mass media provided much information about the Chelyabinsk event immedi-
ately after the impact. It was immediately clear to us that much of that information

3



4 Popova O. et al.

needed to be validated and calibrated, and much work was required to understand
the impact and its effects from physical models of meteor entry and airburst prop-
agation.

A fact-finding mission was organized by Institute for Dynamics of Geospheres and
Institute of Astronomy (both of the Russian Academy of Sciences). The mission
was supported by Peter Jenniskens (SETT institute, USA) and researchers from
the Chelyabinsk State University, the South Ural State University in Chelyabinsk,
and the Ural Federal University in Yekaterinburg. This collaborative effort aimed to
secure as much information as possible to help determine the initial kinetic energy
of the impact, the manner in which this energy was deposited in the atmosphere,
the nature and properties of the shockwave, and the extent of the damage and
injuries it caused on the ground. A better understanding of what happened might
help future impact hazard mitigation efforts.

Following the field study on March 9-25, 2013, an international consortium of
scientists was formed, the Chelyabinsk Airburst Consortium, to investigate the cir-
cumstances of the impact and the properties of the recovered meteorites. Results
of the study were published in Science, first online on Nov. 6, 2013 (Popova et al.
2013).

2. Initial kinetic energy

Infrasonic waves are an important source of information about the fireball’s initial
kinetic energy. Brown et al. (2013) has reported on the infrasound waves detected
all around the globe by over 20 stations of the Comprehensive Nuclear-Test-Ban
Treaty Organization stations (CTBTO). In our study, we focused on the stations
nearest to the impact site in Russia and Kazakhstan, and included infrasound
signals recorded at independent infrasound stations in Russia, at locations as far
as 1600 km from the impact location.

Estimating the source energy generally relies on empirical scaling relations, which
use either the period at the maximum amplitude of the signal or the peak-to-peak
amplitude(Ens et al. 2012; Edwards 2010). The period at maximum amplitude is
generally less sensitive to propagation effects than the amplitude of the signal.

We used a relation derived from data by Stevens et al. (2006) to calculate a source
energy of 432460 kt (Popova et al. 2013). More recently, this relationship was re-
evaluated to arrive at slightly lower value of 415 + 97 kt from the extended dataset
of Russia-Kazakhstan infrasound signals (Rybnov et al. 2013). Figure 1 shows how
individual station periods translate to source energy. There are a number of effects
which can influence this value, including the reflective properties of the surface
(near surface or free-air conditions), the altitude of the energy deposition (different
partitioning of energy going into the blast wave at different altitudes), the lack
of calibrations at 20-40 km altitude, and the conversion to a chemical equivalent
of explosive power. With these corrections, the most probable kinetic energy of
the Chelyabinsk meteoroid impact is 570 + 150kt TNT (Popova et al. 2013).

Further information about the kinetic energy is derived from the fireball’s light
curve. Space-borne visible and near-infrared observations recorded a total irra-
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Figure 1. Source energy estimates (without corrections) based on signals from different
stations (marked along the OX axes, IS — CTBTO stations, Mixn. — station at IDG
Mikhnevo geophysical observatory, IDG — at institute in Moscow, Obninsk — association
Typhoon, Tomsk — Tomsk State University).

diated energy of 90 kT (Yeomans and Chodas 2013), corresponding to a kinetic
energy of 590 + 50 kT using the calibration by Nemtchinov et al. (1997). The inte-
gral luminous efficiency was determined in the course of hydrodynamical modeling,
including radiative transfer modeling, and supplemented by a simplified fragmen-
tation model (Nemtchinov et al. 1997). Results were compared to the light curve
derived from video observations, calibrated to the brightness of the Moon in similar
dash-cam video cameras. The peak brightness was determined as —27.3 4+ 0.5 mag-
nitude, referenced to a range of 100 km. The integrated light curve is consistent
with other energy estimates, if the panchromatic luminous efficiency was 7 + 3%.
Theoretical estimates under these conditions range from 5.6 to 13.2% (ReVelle and
Ceplecha 2001), in good agreement.

All energy values are uncertain by a factor of two, mainly due to lack of cali-
bration. The conversion of optical energy into kinetic energy is uncertain due to
an uncertain luminous efficiency, poor knowledge of real spectral output in different
pass bands and a lack of calibration data at those high energies.

3. Energy deposition as a function of altitude

Analysis of video observations of the fireball and it’s shadows provided a meteor
light curve (Figure 2), deceleration curve and trajectory. The peak brightness oc-
curred at 29.7 km altitude after which a thermal emitting cloud of debris was
seen that stopped at 27.0£0.7 km altitude. Modeling of the bolide light curve pro-
vides an understanding of how the meteoroid’s energy was deposited. For that, we
use models previously applied to other ground-based or satellite-based observed
bolides (Borovicka et al. 1998; Popova 2011). Attempts to reproduce the observed
bolide light curve and deceleration profile (there was almost no deceleration un-
til peak brightness) included ablation and different fragmentation scenarios. Me-
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Figure 2. Two model light curves fitted to the data (black and grey; the dashed line is
the observed data). These represent two random realizations of fragmentation into three
expanding clouds and a number of separated fragments.

teoroid fragmentation occurred in different forms, some part of the initial mass
broke in well separated fragments (some of these were later found as meteorites
on the ground), while another part formed a cloud of small fragments and vapor
united by a common shock wave. The deceleration of this cloud was observed at
altitudes of 28-27 km (Popova et al. 2013).

Fragmentation started at altitudes of about 50-60 km, while the meteoroid was
catastrophically fragmented at 40-30 km, creating the debris cloud. The conditions
in this debris cloud can be derived from the recovered meteorites on the ground.
All meteorites recovered just south of the trajectory in a long stretch from Alek-
sandrovka (0.1g) to Deputatskiy (100g) and Timiryazevsky (3 kg) originated from
the rapidly expanding fragmentation around peak brightness. Out of all fragmen-
tation events, only 4,000 to 6,000 kg of meteorites fell on the ground, which is only
0.03-0.05% of the initial mass of the meteoroid. An estimated 76% of the meteoroid
evaporated, with most of the remaining mass converted into dust. The reason so
little survived is that the radiation was so intense it contributed to evaporating
the fragments before they could fall as meteorites out of this cloud.

A few larger fragments survived this fragmentation event and penetrated deeper
into the atmosphere. One set of fragments continued to fall apart, further creating
dust and debris, while one larger fragment survived in part to the ground and
penetrated Lake Chebarkul, leaving a 7-m sized hole in the 70-cm thick ice layer.
A large > 570 kg meteorite was later recovered in agreement with model predictions
about hundreds kg largest survived fragment (Popova et al. 2013). Borovicka et al.
(2013) arrived at a similar answer.
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4. Extent of the damage

The extent of the glass damage was mapped by visiting over 50 villages in the area.
Interviews were conducted at local grocery markets, and followed up by visits
to damaged schools and interviews of eye witnesses encountered on the street.
The data gathered in situ from small villages was supplemented by official infor-
mation from the main damaged areas.

The city of Chelyabinsk, with over a million inhabitants, was right in the path
of the shock wave. Locally, the intensity of the shock wave varied considerably as
some parts of Chelyabinsk were more severely affected than others. The direction
of the damage was not always from the direction of the meteoroid.

There was little structural damage, other than broken windows, window frames
and doors. We documented some sites were houses were cracked. One old wall
collapsed at a zinc factory in Chelyabinsk. A statue of Pushkin was damaged when
it was hit by a window frame blown out by the shockwave.

Injuries seemed to be mostly due to flying glass from windows that were shattered
by the shockwave, but we also documented injuries from walking in and handling
glass. Some injuries likely occurred from being hit by objects. There were no traffic
accidents associated with this event.

For observers near the trajectory, the fireball was brighter than the sun at that
time, creating so much ultraviolet emission that some people were sunburned with
peeling skin later on. Many reported weak sunburns and sensations of heat. Most
eye witnesses avoided lasting eye damage by looking away. No permanent eye dam-
age was reported.

5. Nature of the shockwave

The shape of the damaged area could be explained from the fact that the energy
was deposited over a range of altitudes. Figure 3 shows our models of overpressure
for different initial source energies and assumptions about the pressure needed
to break window glass. It is not known exactly what excess pressure is needed
to break window glass. A number of numerical simulations were conducted that
attempted a more realistic release of energy along the trajectory and these results
were compared with observations of blast wave arrival times and the extent of
the glass damage (Figure 3). Reasonable results were obtained for energies of 300-
520 kt TNT and over pressures of 500-1000 Pa under assumption that energy release
follows the light curve. Such event, with detonations spread over altitudes ranging
from 34-27 km and 24-19 km, would cause damage out to a distance of 90-120 km
with the observed shape (Figure 3). Only a negligible fraction of the initial kinetic
energy was probably deposited below 23 km. This was concluded from the pattern
of shockwave arrival times on the ground.

The shockwave continued to travel out to 90-120 km from the meteoroid trajec-
tory, perpendicular to the trajectory, but quickly lost its destructive power in direc-
tions along the fireball path. In forward direction, the shockwave was experienced
as loud, but not as sharply peaked and no glass damage resulted in Timiryazevsky
(Figure 3).
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SNy~ /o T T 20km

Figure 3. Map of glass damage, with overlay of model calculations. Grey symbols cor-
respond to the official list of most damaged settlements, while black symbols are villages
visited that reported damage (white squares: no damage). The black line is the fireball tra-
jectory. The white triangles are locations where meteorites were recovered. From: Popova
et al. (2013).

6. Factors that contributed to the damage

Extensive studies of meteorites collected by Chelyabinsk State University resear-
chers shortly after the fall were conducted to investigate its properties in relation
to the fragmentation behavior in the atmosphere. We found that the meteorites
were riddled with shock veins. Under the electron microscope, some of these veins
had deposits of metal grains along the vein boundary, possibly contributing to its
weakness.

These shock veins may have been created as long as 4.5 billion years ago, about
100 Ma after the formation of the solar system. At this time, the rock experienced
a thermal resetting event in the U-Pb system (Popova et al. 2013).

The orbit of Chelyabinsk was determined and traces LL chondrites with increas-
ing certainty to being ejected from the asteroid belt by the 14 resonance, possibly
originating in the Flora asteroid family (Popova et al., 2013). Chelyabinsk itself
was broken from a larger object only 1.2 Ma ago. This could have been due to
a collision in the asteroid belt, or caused by a tidal disruption in a close encounter
by Earth. The resulting Chelyabinsk meteoroid itself was probably not a rubble
pile based on the measured light curve (Popova et al. 2013).
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7. Future work

We still hope to collect more information about the nature of the injuries that
were sustained. We are also very interested in the irregular distribution of damaged
buildings, reflecting properties of the shockwave at the ground.
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Abstract. The study of the interaction of large bolides with Earth’s atmosphere pro-
vides a pleyade of information on relevant physical parameters that allow to predict their
behaviour and survival as meteorites. We have developed a computer program based on
the drag and mass-loss equations and the Runge-Kutta numerical approximation able to
analyze the trajectory of different bolides. This methodology has been applied to dynamic
data obtained from three casual video recordings of the Chelyabinsk superbolide.

Keywords: Chelyabinsk superbolide, meteorites, ablation coefficient

1. Introduction

On February 15, at 03.20 UTC, a superbolide overflew Kazakhstan and the south-
ern Ural region in Russia before exploding with a released energy of about 500 kT
over the city of Chelyabinsk (Brown et al., 2013). The event was recorded on a large
number of videos from multiple locations (Borovicka et al., 2013). The progenitor
Near Earth Asteroid of about 19 meters in diameter reached the top of the atmo-
sphere with a geocentric velocity slightly over 19 km/s (Borovicka et al., 2013).
The brightness prior to the explosion was around —17 while during the explosion
it reached absolute magnitude —28 (Brown et al., 2013). After recovering different
samples, the meteoroid has been analyzed and characterized as a LL5 brecciated
chondrite (Kohout et al., 2014; Bischoff et al., 2013). Some information regarding
the orbital parameters has been published so far showing the impossibility of being
detected using the current NEO surveys (Brown, 2013). In this paper we propose
to apply the drag and mass-loss equations (Bronshten, 1983) to understand better
the dynamic behaviour of large bolides like e.g. Chelyabinsk during its atmospheric
deceleration. We have then applied these equations to get clues on several physical
properties.

2. Theoretical modelling of the interaction of meteoroids with
the atmosphere

There are two main approaches to study the behaviour of meteors during its at-

mospheric flight. The single body theory introduced by Bronshten (1983) and

the quasi-continuous fragmentation (QCF) introduced by Novikov (1984). Revi-

sions of both disciplines can be found in Ceplecha et al. (1993); Babadzhanov
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(1993). The single body theory concepts can be expressed using differential equa-
tions based on the laws of motion while the QCF deals with semi empirical for-
mulas. The main disagreement between both disciplines is in the dynamical mass
results which do not often agree. One reason of this disagreement is when abrupt
fragmentation occurs. For the single body theory we deal with differential equa-
tions therefore we need continuity. When a large amount of mass is released in
a short time period continuity is not satisfied consequently equations do not de-
scribe the movement precisely. Chelyabinsk superbolide presented different explo-
sions over the trajectory, for this paper we study the lower part of the trajectory
after the last disruption where continuity is satisfied, as a consequence the main
differential equations presented by Bronshten can be used:

d

dit) =—K - pair - m3 02, (2.1)
d
d—T = —U-K~pair-m% 3, (2.2)

where, pg;- is the air density, m the mass, v the instantaneous velocity. The factors
K and o are the shape density factor and the ablation coeflicient respectively. K can
be written as follows:

A

K:W’

(2.3)

where p is the meteoroid bulk density, I' the drag coefficient and A depends on
the shape of the meteoroid. Some simple shapes and values for the drag coefficient
are discussed in Baines et al (1965). I' and A values used in later studies are
reviewed by Gritsevich (2008). The other coefficient, the ablation coefficient (o)
can be expressed as
A

S 2.T-Q’
where A is the heat transfer coefficient and Q represent the amount of heat required
to ablate a unit mass. This ablation coefficient will determine how easily the mass
is released from the meteor as it interacts with the atmosphere. The larger this
coefficient is the faster the bolide will ablate and vice versa. Typical values are
between 0.01 and 0.3 s?-km~2 (Ceplecha et al., 1998; Gritsevich 2009).

From video recordings measurements, the velocity evolution of the meteor is
normally given in function of the altitude, consequently the main equations are
modified using the following relation.

dv

dt
7 is the zenith angle, which is the angle from the zenith to the meteor trail. If
the previous relation is used, the main equations (2.1,2.2) become.

(2.4)

g

= —v - cos(z), (2.5)

dl _ _K'pair'm_% "V
dh cos(z)

: (2.6)
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@:_K'U'pair'm%'v (2.7)
dh cos(z)
If the two equations are combined the next expression is obtained:
dh
il cos(z). (2.8)
And if we solve the differential equation we obtain:
m = mg - 27~ %) (2.9)

where vg and mg are the initial speed and mass of the meteoroid. With m known
in terms of the speed, equation (2.5) becomes
dv

% =K- pair(mo ' 6%

-1/3 v
cos(z)’

o(—vo"+vt)y (2.10)
The instantaneous mass from observations can be obtained if luminosity equation
is introduced (explained below). This instantaneous mass is in the initial equations
(2.1, 2.2), however this last expression does not depend on the instantaneous mass.
Another observation about the last equation is the influence of the zenith angle
in the meteor behaviour, the smaller the angle is the more the deceleration is
maximized. On the other hand large meteors in grazing angles are able to follow
extremely long trajectories or even scape like occurred for the Grand Tetons that for
almost 2 minutes overflew different states in the American and Canadian territory
(Jacchia, 1974; Ceplecha, 1994).

The last equation describes the velocity evolution for the given values of v,, m,,
o, and K. These parameters describing the interaction of the bolide are computed
from an accurate study of the bolide dynamics, particularly the velocity evolution
over the altitude. Hence some sort of inversion problem must be applied which
is described later. From the above mentioned equations, only the values of o and
m})/ 3 . K can be obtained. Another equation is needed in to obtain K and m,
separately. This remaining equation is the brightness equation

T, dm

which connects the brightness to the rate of release of kinetic energy. Here 7 is
the luminosity efficiency, a key but poorly-known factor that inform us about
the bolide ability of transforming kinetic energy into light.
Equation (2.10) by defining the product ms/® . K = K’ becomes:
dv 1

% =K' pair(eg

-1/3 v

cos(z)

o (—vo2+0?)

(2.12)

3. Numerical approximation

Equation (2.12) is an ordinary first order differential equation. The most suitable
numerical approximation for the problem is the Runge Kutta 4th order method
which can be found in any book of numerical analysis. Furthermore the equation
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requires the assumption of simplified atmospheric profile to perform the analysis.
We adopted a general model widely used in meteor studies: the U.S. standard
atmosphere (USSA, 1976). It is a compilation of atmospheric average properties
like e.g.: temperature, density, pressure, etc. over a wide range of altitudes.

3.1. Fitting procedure to obtain the ablation coefficient (o)

The goal is to find the values of K’ = K - mo_l/3 and o that produce the closest
curve to the data points. In order to find this curve we introduce the next auto
fitting procedure. Firstly a roughly consistent values are chosen for both variables
and a single velocity curve is created. The velocities at a determined point are
compared by using the next expression

€= (vqg —ve(K',0))?, (3.1)

where vq and vy are the velocity at the height measured from the video recordings
and the velocity obtained by our code at the same height respectively. Then e,
known as the error factor, is calculated.

Expressions AK and Ao are defined as small increments in K and . Eight more
theoretical curves are calculated for the possible combinations of the new variables
(K£A K; 0£Ac) and the error factor is calculated for all of them. The mini-
mum error will show the path to follow in order to obtain the optimal result by
incrementing or decrementing AK and Ac. The final result will be achieved when
the smallest error factor is obtained from the variable which has no AK nor Ac.
These increments can be modified in order to obtain more accurate results.

3.2. Deceleration, relative mass and mass-loss rate

Once the optimal velocity curve is calculated other results can be obtained. For
example dv/dh is straightforward and is obtained from

dv Av  vUpg — U1

a0~ X = T

= (3.2)

Equation 2.9 is the relation of mass in function of the velocity. Since ¢ has been
calculated previously, relative mass evolution can be easily obtained. Therefore,
the relative mass loss rate evolution can be written as:

- Am/m Mp2 /Mo — Mp1/m
an =)~ =R hy — hy (3:3)

4. Application to the Chelyabinsk superbolide

The previous equations have been used in order to determine the ablation coefficient
of the Chelyabinsk superbolide. Three different videos available in internet have
been used to obtain the data of velocity vs. the altitude. The following data was
obtained by using fb entry program (Lyytinen and Gritsevich, 2013):
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Table 1. Dynamic data of the Chelyabinsk superbolide.

Height (km) Velocity (km/s) Height (km) Velocity (km/s)
18.98 14.04 15.66 9.73
18.78 13.86 15.53 9.46
18.58 13.68 15.39 9.20
18.38 13.49 15.26 8.94
18.18 13.29 15.13 8.68
17.99 13.09 15.01 8.42
17.80 12.88 14.89 8.17
17.62 12.66 14.77 7.92
17.44 12.44 14.66 7.67
17.26 12.22 15.55 7.43
17.08 11.99 14.45 7.19
16.91 11.75 14.34 6.96
16.74 11.51 14.24 6.74
16.58 11.27 14.15 6.52
16.42 11.02 14.06 6.31
16.26 10.76 13.97 6.11
16.10 10.51 13.88 5.92
15.95 10.25 13.80 5.73

Chelyabinsk (1) 61229671 E http://www.huffingtonpost.com/2013/02/

55222055 N

Magnitogorsk 58796572 E http://www.youtube.com/watch?v=EZ1UgCmJE04
5323875 N

Chelyabinsk (2) 61°36394 E http://www.youtube.com/watch?v=gQ6Pa5V_io
61236394 N

We have used the data present in table 1 as an input for the code. The value of
the ablation coefficient obtained by running the program is:

0=0.035 £ 0.005s% - km 2

Figure 1.a shows the optimal fit for the ablation coefficient obtained, as can be
seen the fit is notable. The maximum mass-loss rate value occurs at an altitude
of ~ 23.5 km (see arrow in Figure 1d). However even if the value of the ablation
coefficient is in the limits, is a bit large if it is compared with other published
data, Borovicka (2013) obtained a value of 0.01 s>km~2 for the same segment.
The reason of this difference could be attributed to the fact that different methods
are used to obtain the ablation coefficient. For the other study the light curve have
been used to obtain the ablation coefficient (QCF), on the other hand we followed
the drag and mass-loss equations.

5. Conclusions

We have developed a model able to predict the dynamic behaviour of meteoroids
penetrating into the Earth’s atmosphere. We applied the model successfully to sev-
eral meteor events described in scientific literature (Dergham, 2013). Our study of
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Figure 1. Compilation of results for the Chelyabinsk superbolide, la) The velocity
as function of height, 1b) The deceleration evolution, lc) Relative mass evolution,
1d) The relative mass-loss rate evolution.

the deceleration profile of Chelyabinsk superbolide has allowed us to reach the fol-

lowing conclusions:

1) The model when applied to the lower part of the fireball trajectory predicts well
the observed deceleration rate of Chelyabinsk in the lower part of its atmospheric
path.

2) The best fit to the deceleration pattern measured in the lower atmosphere for
Chelyabinsk superbolide provides an averaged ablation coefficient of ¢=0.035
+0.005 s2- km~2 that is in the range of other derived for chondritic bodies in
scientific literature.

3) The ablation coefficient value derived for Chelyabinsk is similar to those ob-
tained for much higher fireballs, even when the atmospheric density is four or-
ders of magnitude higher. Probably the ability of a meteoroid to ablate depends
of the mass release and a lower ablation rate can take place independently of
atmospheric density.
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Abstract. A detailed analysis of the passage through the atmosphere of a very bright me-
teor that exploded in the air near Chelyabinsk, Russia on February 15, 2013 is presented.
A number of videos and photographs were examined thoroughly to determine the me-
teor trajectory beginning from the recorded atmospheric entry height of about 62.5 km
until its disappearance at about 9.8 km. The calculated velocity changes as a function
time revealed an unusual behavior: during the first 10 seconds the meteor velocity in-
creased from 16.6 km/s up to about 20.6 km/s in the main air burst at the altitude of
26.5 km. Afterwards it decreased rapidly. The light curves derived from videos enabled
the total radiant energy and mass loss variations to be calculated. The heliocentric orbit
of the meteoroid and possible parent bodies were computed. We proposed an additional
‘close approaches’ method to the existing method of checking meteoroid/bolide parent
bodies based on different D-criteria.

Keywords: bolides, meteor observations, meteoroid orbit, parent body

1. Introduction

On February 15, 2013, shortly after sunrise, local inhabitants in the southern Ural
region near Chelyabinsk, Russia, were surprised by a very bright fireball streaking
across the sky causing a dazzling airburst followed by a shock wave. This event
was witnessed by many people and recorded by dashboard cameras and stationary
surveillance systems and observed from an airliner, a meteorological satellite and
remote infrasound stations. The next day, dozens of videos were posted on the In-
ternet and became available for analysis. The first preliminary orbital parameters
were derived by a group of Colombian astronomers (Zuluaga and Ferrin 2013).
Then Borovicka et al. (2013) published their results assuming a linear trajectory
of the bolide, while paying attention to several "flares” observed during passage
of the meteoroid through the atmosphere. There were also other attempts to de-
termine the orbit. All of them are listed in Wikipedia under ’Chelyabinsk meteor’.
The initial results shortly after the event were preliminary based on a few video
recordings. Thus we decided to analyze more comprehensive data to describe phys-
ical phenomena accompanying the atmospheric flight of the bolide and determine
its orbital parameters as well to discuss its origin.
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Figure 1. Light curve derived from the video recording taken in Kamensk Uralsky
[http://www.youtube.com/watch?v=iCawTYPtehk].

2. Atmospheric passage

The video from Kamensk Uralsky is the most reliable because it has been recorded
by a dashboard camera mounted in a car stopped at traffic lights and it covers
about a 14.5 second-trajectory from the entry up to the dark flight, i.e. the final
phase when the fireball has dimmed and disappears. Another very valuable video
recording was also taken in a stationary car located in Korkino, showing the flight
of the meteor up to the maximum brightness and the shock wave that arrived
98 seconds later. When analyzing all these videos we first found the trajectory of
the meteor. It entered the atmosphere at a velocity of 16.6 km/s at the height of
about 62.5 km and vanished after 14.5 seconds at 9.8 km above the ground when its
velocity was around 5.5 km/s. The azimuth of trajectory (using Chebarkul Lake,
©=54.951 degrees N, A=60.313 degrees E) is very well fixed at (280.7+0.15) degs
and the entry angle at (12.9£0.3) degs. At its maximum brightness the bolide
was at a height of (26.544-0.8) km. This corresponds perfectly with time delays of
the acoustic shock wave recorded in Korkino, Chelyabinsk and other sites. Further
analysis was focused on the recorded light variations. All recordings posted on
the Internet show several maxima of various magnitude, depending on the place of
observation. An example of the light curve derived from the video taken in Kamensk
Uralsky is presented in Figure 1.

Similar curves were obtained for other sites. All of them indicate a minor flash
prior to the maximum burst followed by the two other maxima in the time span of
3.1 seconds. Similar flickering was observed previously in bright fireballs and inter-
preted as a result of meteoroid rotation and fragmentation, (e.g. Beech and Brown
2000; Beech 2001). In the case of Chelyabinsk an additional feature is the double
contrail and clearly twisted final single trace visible shortly after the passage, thus
indicating bouncing rather than rotation itself and a dumbbell shape of the im-
pactor. The maximum power emitted as visual light (Figure 1) is 5.33 x 101°W,
while the total radiated energy is 8.12 x 10'® J. The location of crucial points on
the superbolide trajectory projection onto the Earth’s surface is shown in Figure
2. Initially the temperature rises gradually from about 800 K at entry to 3200 K
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Figure 2. Meteor trajectory projected onto the surface of the Earth. The points num-
bered from 1 to 5 indicate successively: the entry, maximum burst, last burst, dark flight
beginning and impact site.

at maximum brightness and continues to rise up to 3500 K at the final maximum.
Afterwards, the temperature falls to 1500 K at the beginning of dark flight. It
should be noted that during the last burst the temperature reached the silica stone
evaporation point (3500 K) — see Figure 3. This high temperature may explain
another unusual phenomenon, namely a dark streak running across the sky and
beginning at the spot of last burst, clearly visible from Zlatoust, Satka, Miass and
many other places (see an extensive video footage at Chebarkul Meteorite-Google
Maps). Such a streak should not be interpreted simply as a kind of smoke cloud
shadow. Thus, we may expect not only two large meteorite fragments, viz. one that
fell into Chebarkul Lake and the second one somewhere south of it, as suggested
by Borovicka et al. (2013), but also the third one somewhere beyond the village
of Katka. It is worth to mention that an airplane pilot clearly saw three ”burning
chunks”. When combining the results presented above we can estimate the visual
magnitude of the bolide. Assuming the threshold magnitude of —3.7 at sunrise,
we find that the superbolide reached its maximum brightness —28.5 magnitude in
Korkino and —27.5 in Chelyabinsk, thus was brighter than the rising sun in these
locations.

3. Heliocentric Orbit

Knowing the entry time (03:20 UTC, Feb. 15, 2013) as well the entry velocity, az-
imuth and the inclination angle mentioned above and impact site (Lake Chebarkul,
54.951 N, 60.313 E) we can compute the heliocentric orbit of the superbolide by us-
ing the well-known fundamental formulas in celestial mechanics, e.g. Wylie (1939).
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Figure 3. Air temperature in front of the meteoroid. The final part beyond 16.5 seconds
is an extrapolation only.

Table 1. The Superbolide Chelyabinsk. Computed orbital parameters

Orbital 1-sigma

parameters uncertainty
a (AU) 1.44846 0.0181
i (deg) 2.041 0.931
e 0.46539 0.0051
w (deg) 108.654 0.774
Q (deg) 326.424 0.774
Tper., JDO (days) 2456290.005 0.500
topocentric radiant, right ascension, J2000.0 (deg) 329.39 1.35
topocentric radiant, declination, J2000.0 (deg) +4.44 1.8
geocentric velocity, vg (km/s) 14.15 1.20
geocentric radiant, right ascension, J2000.0 (deg) 337.04 1.35
geocentric radiant, declination, J2000.0 (deg) -6.66 1.8

The computed orbital parameters are presented in Table 1. Our results are es-
sentially consistent with those published by Borovicka et al. (2013) and Zuluaga
and Ferrin (2013). The differences in semimajor axis and inclination angle originate
from different azimuths, zenith distances and assumed apparent velocities. It should
be noted that shortly after the Chelyabinsk event there were serious discrepancies
reported on the Internet for these principal input parameters. The superbolide
trajectory was known more exactly following detailed analysis of numerous video
recordings.

Table 1 lists orbital parameters of the Chelyabinsk superbolide with their uncer-
tainties: a — denotes semimajor axis, i — inclination, e — eccentricity, w — argument
of perihelion, €2 — longitude of the ascending node and Tper — moment of the peri-
helion passage in JDO (Julian days). Also listed are coordinates of the Chelyabinsk
superbolide used in the computations of its orbit. These parameters indicates that
before the atmospheric entry the meteoroid was a typical Apollo asteroid.
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Table 2. Possible parent bodies for the Chelyabinsk superbolide.

Asteroid Orbital parameters
Da, B e q i Q w Arc A Mag Diameter

[AU]  [deg] [deg] [deg]  [days] [AU] (m]

2011 EH 0.027 0.4856 0.7611 2.3499 339.1640 96.6224 2 119 284 20-50

2013 RN9 0.073 0.468 0.8320 3.5172 324.5682 105.9528 12 2.84 28.8 50-110

2000 SM10 0.084 0.540 0.7647 0.5486 260.6130 176.6892 7 3.04 28.6 50

2013 CV83 0.085 0.453  0.7843 4.5723 339.4706 86.8761 21 0.07 19.2 50-110

2010 SD 0.090 0.406 0.8190 3.5679 336.4478 93.0292 19 2.06 29 30-70

2005 CJ 0.094 0.526  0.8295 1.0837 358.0870 81.6632 2795 3.22  25.7  270-610
2003 BR47 0.096 0.500 0.8136 4.4207 314.5751 112.5060 939 2.28 23.7 150-350

4. Searching for potential parent body

A parent body is the celestial body from which meteorites may originate. Searching
for relationships between meteorites, bolides and their parent body like asteroids is
an outstanding scientific issue under rapid development (Foschini et al. 2000). Me-
teorites may be pieces of main-belt asteroids, derived by cratering collisions (Green-
berg and Chapman 1983). The efficient delivery of meteorites to the Earth from
a wide range of asteroid parent bodies is presented in Vokrouhlicky and Farinella
(2000).

We can identify meteor stream and bolides using different D-criteria (Galligan
2001; Jopek et al. 2008). The first D-criterion was introduced by Southworth and
Hawkins (1963). We computed their D4,y criterion for over 360000 orbits from
the ASTORB.dat catalogue (ASTROB 2013) for the epoch April 07, 2013 updated
to April 18, 2013. We selected seven asteroids for which the parameter D4 p) is
smaller than 0.1. Table 2 list possible parent bodies using the D4 py criterion,
orbital elements, observational arc, distance to the asteroid and its magnitude on
February 15th, 2013, and its diameter.

5. New method of checking meteoroid/bolide parent bodies

To study precise orbital computations, f.e. in searching of the possible impacts of
dangerous asteroids with the Earth, we compute the list of close approaches of
asteroid with the planets. Then we can follow orbital motion of a given asteroid by
different authors which used different Solar system models.

Next, we computed 1001 virtual orbits (VO) of our orbit of the superbolide from
Table 1 using the multiple method of Milani et al. (2005) for 1-sigma uncertainties
and the OrbFit software package, and traced down to 10000 years ago to find
theirs close approaches (CA) to the planets. The results of these computations are
presented in Fig.4.

In addition, similar computations were made for several asteroids that might
be candidates of being the Chelyabinsk parent body — Figh. Comparing close ap-
proaches with planets of the meteoroid that produced Chelyabinsk Superbolide can
be an additional method for selecting its parent body. Analyzing the computed CA
of possible parent bodies from Table 2 we rejected all but asteroid 2011 EH. Aster-
oid 2000 SM10 was rejected because of its CA with Jupiter. Three other asteroids
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from the list: 2013 RN9, 2010 SD and 2005 CJ don’t have CAs with Venus deeper
than 0.1 au. Two asteroids, 2013 CV83 and 2003 BR47 have different CAs with
planets than the superbolide meteoroid.

When comparing Fig. 4 and Fig. 5, it seems that only the CA histories of
the Chelyabinsk Superbolide and the asteroid 2011 EH are similar, particularly
in the case of CAs with Venus and the Earth, and partially with Mars. The com-
puted CAs of all other potential parent bodies from Table 2 are completely different.
Thus, amongst the objects listed in Table 2, asteroid 2011 EH is the most probable
parent body of the Chelyabinsk Superbolide. Our method of identifying the par-
ent body through CAs analysis can be considered as an auxiliary and qualitative
method to the methods based on D-criteria.

6. Conclusions

Our study based on thorough analysis of video recordings and other data allowed
the orbital parameters of the Chelyabinsk Superbolide to be determined with high
accuracy. The obtained orbit combined with extensive close-approach computations
clearly indicates that 2011 EH, a small Apollo Asteroid, is the most probable parent
body for the Chelyabinsk Superbolide’. It is interesting that Abe (2013) found
the same parent body of the Chelyabinsk superbolide, the asteroid 2011 EH, which
is listed in our Table 2.

It should be mentioned that our results predict the final recoverable meteorite
mass to be about 1.2 tons. In mid-October 2013 a huge chunk of the meteorite was
pulled out of Chebarkul Lake from the depth of 13 m. The stone was quite fragile
and broke into three parts during operation. The largest part weighed 570 kg.
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Abstract. We present the past evolutional scenarios of known group of asteroids in
retrograde orbits. Applying the latest observational data, we determined their nominal
and averaged orbital elements. Next, we studied the behaviour of their orbital motion 1 My
in the past (100 My in the future for two NEAs) taking into account the limitations of
observational errors. It has been shown that the influence of outer planets perturbations in
many cases can import small bodies on high inclination or retrograde orbits into the inner
Solar System.

Keywords: main-belt asteroids, near-Earth asteroids, retrograde orbits

1. Introduction

Main aim of our work was the analysis of the orbital evolution of known asteroids
in retrograde orbits in the past (1 My) and 100 My in the future for two NEAs.
We also took into account the propagation of observational errors. We analyzed
the reliability of the initial observational data and the influence of observational
data on the limitations of long numerical integration. We show possible scenarios
of orbit inversion (if occurred in the past) from prograde to retrograde motion.

2. Observational data and setup

Most of known asteroids in retrograde orbits have long observational arcs and
well determined orbital elements. In some cases, observational arcs are relatively
short (latest results). Main source of observations was the Minor Planet Center
database, known as the ECS (Extended Computer Service). To determine the or-
bital elements and to generate so-called clones we used OrbFit software developed
by Milani (1997). We computed clones of each asteroid with the multiple solu-
tion method by Milani et al. (2005) and with the ephemeris JPL DE405/406 (as
the source of planetary perturbing forces). Next, the clones were propagated 10°
years backwards by the numerical integration with the use of the Mercury soft-
ware (Chambers 1999). During the integration, we averaged orbital elements for
all clones of the given asteroid by weighting each element, assuming the Gaus-
sian distribution of observational errors. We also integrated equations of motion
of two NEAs (2007 VA85, 2009 HC82) 100 My in the future. In this case we
used 900 clones, and took into account more complicated dynamical model with
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Table 1. The inclination changes of 18 most known asteroids in retrograde orbits as the re-
sult of our first long-term integration of the ’swarms’ of clones. Initial nominal 4,0 and
mean inclination (imo) values correspond to 1 My in the past. Because of a lot ’ejections’
of test particles during the integration, we show the probability P(r < 1000 AU).

Ast/comet name [ Lm0 1no Prob. P Secular resonances
[deg] [deg] [deg]

20461 Dioretsa 160.4 136.3 154.9 0.687 nod./aps. Neptune

65407 2002 RP120 119.1 122.5 110.7 0.606 nod./aps. Neptune, nod. Uranus
1999 LE31 151.9 137.8 178.8 0.801 nod./aps. Neptune

2000 DGS8 129.3 125.8 160.2 0.782 nod./aps. Neptune

2000 HE46 158.5 137.0 130.5 0.562 nod./aps. Neptune

2002 CE10 145.5 130.2 73.7 0.759 aps. Neptune, nod. Uranus
2004 NN8 165.5 144.9 166.7 0.192 nod. Uranus/nod. Neptune
2005 SB223 91.4 96.2 915 0.515 nod. Uranus/nod. Neptune
2005 TJ50 110.3 106.8 103.4 0.637 nod. Uranus/nod. Neptune
2005 VD 172.8 139.1 132.2 0.696 aps. Neptune

2006 BZ8 165.3 134.1 152.6 0.710 aps. Neptune, aps. Uranus
2006 EX52 150.3 147.9 153.9 0.899 nod./aps. Neptune, nod. Uranus
2006 RG1 133.3 141.2 144.0 0.911 aps. Neptune, nod. Uranus
2006 RJ2 164.7 138.4 166.3 0.809 (fast nod/aps. precession)
2007 VA85 (Amor) 131.9 88.7 86.7 0.248 aps. Neptune, nod. Uranus
2007 VW266 108.3 89.6 67.9 0.385 nod. Uranus/nod. Neptune
2008 KV42 103.5 103.1 103.1 0.997 nod./aps. Neptune
C/2006 GZ2 168.6 148.1 143.1 0.657 nod. Neptune

Table 2. Keplerian elements of two NEA (Apollo and Amor type) asteroids in retrograde
orbits, determined from the latest observations. Epoch: JD 2456400.5 TDT.

Asteroid a e 42000 Q2000 w2000 M No. of Rms
name [AU] [deg] [deg] [deg] [deg] obs. used [arc sec]
2007 VA85 4.228 0.7357 131.9 115.6 26.088 237.1 82 0.6413

1-c rms  7.29E-04 3.89E-05 4.31E-04 7.03E-04 3.18E-03 6.14E-02

2009 HC82 2.528 0.8075 154.5 294.9 298.5 38.93 104 0.5542
1-c rms  3.25E-07 1.63E-07 1.99E-05 7.69E-05 7.02E-05 5.11E-05

the Yarkovsky/YORP effects. We used the modified swift_rmusy software (Broz
2006). Because some needed physical data are not determined yet, we used ran-
dom or approximate spin and rotation parameters (like spin axes, radius, density,
thermal properties, rotation period etc.). These results are shown in Fig. 4, 6 and
can be compared with 3, 5 (w/o the Yarkovsky and YORP effect).

3. Results

Probably, part of known asteroids in retrograde orbits have similar dynamical past.
They are from different taxonomic groups (Plutinos, Halley-like, SDO, Damocloids,
Mars-Crossers, other inner and outer planet crossers). Only two numbered asteroids
exist in this group, and the most known is (20461) Dioretsa. Interesting example
is the Amor-type asteroid 2007 VAS5. In the past, the eccentricity and semimajor
axis of its orbit were greater. It is possible that 2007 VA85 changed the inclination
significantly (from prograde with high inclination to retrograde motion).
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Figure 1. Evolutional paths of most known retrograde asteroids (1 My backward inte-
gration, past—-marked by triangles, current values marked by stars). The zones of influence
of planets are also shown, according to the idea of Horner et al. (2003), where: J-Jupiter,
S-Saturn, U-Uranus N-Neptune, EK-Edgeworth-Kuiper Belt, T-Transneptunian.

This scenario is confirmed by the evolution of nominal and averaged orbital
elements obtained by Kankiewicz and Wlodarczyk (2010b). It is also important
to mention that impact predictions based on the first 55 optical observations of
2007 VAS85 estimated the probabilities of collision with the Earth from 2.7 - 10710
to 6.4 - 10710 in 2082, 2083 and 2089 (Kankiewicz and Witodarczyk 2010b). These
results were excluded after the update of observational data. The second known
example of retrograde NEA is Apollo-type object, 2009 HC82. Among 900 test
particles (clones of the nominal orbit) we found one Mars-coorbital solution (after
30 My in the future), with relatively low probability 1.469 - 10~%.
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Figure 2. Nominal and averaged orbital elements of the Amor-type asteroid 2007 VA85
as the result of the numerical integration of 1000 test particles (’clones’) distributed near
the nominal orbit (1 My, past). The fraction of active (no ’ejected’ during the integration)
clones is also shown (Kankiewicz and Wiodarczyk 2010b).

2007 VA85 (grav. forces only)

T T T T T T T
40 30 b 1
35 b q 0
30 j L 1
ERs 1 =20 F 1
S 9 S5k ]
T 1 -
10 F 1
10 1
5 1 05 ¢ 1
t + + + + + t +
0.9 1 1
0.8 1 1
0.7 1 1
0.6 | B = 1
<05 [ 1 =
04 B o 1
03 | 1 : 1
02 | 1 1
01} 1 1
+ + + + S + + + +
120 ] = 1
3 1
100 R H 1
— S 1
2080 1 ¢ 1
= o B g 1
z
a0 1 5 1
2 1 S 3
oy ‘ ‘ £ e 1
0 2 1 6 8 10 0 2 1 6 8 10
T [My] T [My]
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Figure 6. The possible future (10 My) of asteroid 2009 HC82. The Yarkovsky and YORP
effects were additionally taken into account.

For most retrograde objects, semimajor axis had greater values in the past and
eccentricities were smaller. In some cases orbits changed directions from i ~ 90°
during last 1 My. In other cases it happened in the last 100-200 Ky due to planetary
perturbations. The role of secular, nodal and apsidal resonances with Neptune is
probably the most significant and can be possible cause of inclination changes
(Kankiewicz and Wlodarczyk 2010a).

4. Conclusions
As a result of this study a few conslusions can be drawn.

1) For the most retrograde objects, inclinations of orbits in the past were smaller.

2) There are two examples of retrograde hazardous objects, Apollo and Amor-type
(2007 VA85, 2009 HC82). For now, the application of latest observational results
excluded any significant risk of impact.

3) Most of obtained solutions are very sensitive on initial conditions (chaotic and
unstable orbits). The long-term predictions have significant limitations.

4) Some results concerning the application of Yarkovsky/YORP effects indicate,
that they can play important role. However, this conclusion should be confirmed
by more (non-random) physical properties, derived from potential new observa-
tions in the future.
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The potentially dangerous asteroid
(99942) Apophis

Wilodarczyk 1.
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Abstract. We computed impact solutions of the potentially dangerous asteroid (99942)
Apophis based on 4121 optical observations (of which 34 are rejected as outliers) from
2004 March 15.10789 to 2013 May 27.260672 UTC, and also on 20 radar points from 2005
January 27 to 2013 March 15. Using the freely available OrbFit software package, we can
follow its orbit forward in the future searching for close approaches with the Earth, which
can lead to possible impacts up to 2110. The possible impact path of risk for 2064 is
presented. Also the method of computing path of risk for asteroids is described. It can be
useful for computing the path of risk, a locus of possible positions for an impact event on
the Earth’s surface connected with the parent body of meteorite.

Keywords: Apophis, minor planets, hazardous orbits

1. Introduction

The dangerous asteroid (99942) Apophis was discovered on June 19, 2004 at the Kitt
Peak Observatory by F. Bernardi, D. J. Tholen, and R. A. Tucker. Asteroid (99942)
Apophis belongs to the Aten group, containing 810 members as of November 11,
2013 and is one of 10333 known Near-Earth Asteroids at this time (MPC 2013a).
Apophis belongs to one of 1433 Potentially Hazardous Asteroid (PHA) (MPC
2013b). PHA are so called the minor planets with the greatest potential for close ap-
proaches (CA) to arth. PHA are objects with the absolute magnitude H, brighter
than or equal to V=22.0 and Minimum Orbit Intersection Distance from Earth
orbit, MOID less than 0.05 AU.

The JPL NASA Sentry Risk Table (JPL NASA 2013) lists, as of November 11,
2013, 451 Near Earth Asteroids which have potential future Earth impact events.
Apophis has 10 years observational arc and is still in this Table from 2004 year.
Since 2004 many papers have been published with possible impacts computed by
different methods: Farnocchia et al. (2013), Krélikowska et al. (2009), Wlodarczyk
(2008), Wlodarczyk (2013) and many others.

2. Method and Results

The possible impact solutions for asteroids are usually presented in a form such as
that used by the NASA’s Impact Risk Page (JPL NASA 2013) or by the NEODyS
(NEODyS 2013a). They list the name of each dangerous asteroid, the dates of its
potential impacts in the next 100 years, the probability of possible impact at each
date and the impact energy.

Our computations were made using the free OrbFit Software Package v.4.2
(NEODyS 2013b). Generally, the OrbFit software searches for possible impacts
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and give these standard solutions. Table 1 lists these parameters for the asteroid
(99942) Apophis.

In our calculations we have included the JPL DE405, the perturbations from 25
massive asteroids as was described in Farnocchia et al. (2013), different weighting
methods and selection of observations, error model based on Chesley et al. (2010)
and the Yarkovsky effects. Observations of Apophis are so precise then the use of
these additional small effects was necessary.

Asteroid (99942) Apophis has a 10 years observational arc so it is possible to
compute da/dt with the method given by Milani et al. (2009) for asteroid (101955)
1999 RQ36. The value of da/dt computed by us is equal to —11.0 x 10~* AU/Myr.
Moreover, in Farnocchia et al. (2013) the range of possible parameter da/dt is
given. Their distribution of da/dt obtained from the assumed physical modeling of
Apophis show two maxima: around da/dt = —10x10~% AU/Myr and da/dt=+10 x
10~* AU/Myr. The probability of the first value is over two times greater. Hence our
computed value of da/dt is consistent with the theoretical model of Farnocchia et al.
(2013) and we adopted da/dt = —11 x 10~* AU/Myr in our orbital computations.

Table 1. (99942) Apophis. Possible impact solutions computed with da/dt=-11.0x
10~*AU/Myr.

Parameter Years

2064 2073 2075
Impact probability 1.54x107% 1.41x107°97 3.85%x1079¢
Date of impact (UTC) 2064 April 13.021 2073 April 13.112 2075 April 13.216
o-LOV 0.8414 0.6991 0.6126

Mass of Apophis 2x10'° kg
Tmpact velocity 12.62 km/s
Energy  3.98x10° MT

In Table 1 the mass of Apophis is estimated assuming a uniform spherical body
with the computed diameter and a mass density of 2600 kg/m?3, Impact veloc-
ity is a velocity at atmospheric entry, Energy — kinetic energy at impact, i.e.
1 xMassx (Impact velocity)? measured in Megatons of TNT. The 'ton of TNT’
is a unit of energy equal to 4.184x10° J, which is approximately the amount of en-
ergy released in the detonation of one metric ton of TNT. ¢_LOV is the coordinate
along the Line of Variations (LOV). This value is a measure how far from the nom-
inal orbit impact occurs. The further away it is from zero, i.e. from the nominal
orbit, the less likely is the possibility of impact. About 99% of all the uncertainty
region where can be asteroid lies in the range of o (-3, +3). The JPL NASA explores
possible impact out to o=+5.

The asteroid (99942) Apophis will be observable for many years so new optical
and radar observations can refine the orbit of the asteroid and probably give more
precise possible impacts solutions.
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3. Impact orbits

Impact orbits, according to Sitarski (1999), are orbits with the orbital elements
of the dangerous object at the present date (initial orbital elements) and 7 days
before an impact (close orbital elements). As this orbit intersects the Earth, having
the precise orbital elements allows us to easily compute the region of impact.

Our method of computing possible impact orbits (Wlodarczyk 2007, 2008, 2012)
is based on the method of Milani included in the OrbFit software where the cloning
is based on the line of variations (LOV) with the largest eigenvalue, where c_LOV
denotes the position of an asteroid on the orbit along the line of variations (LOV)
in o space (Milani et al. 2005a,b).

Using the OrbFit software to integrate alternate (virtual) orbits (VO) (*clones’)
along the LOV (Milani et al. 2002, 2005a,b) we identify impact orbits and can plot
paths of risk for the Earth or any other body in the solar system. For possible
impact of the asteroid (99942) Apophis in 2064 the method is as follows. First, we
take 0_LOV equal to 0.8414 from Table 1 and compute 5 VOs, i.e. two on each
side of the LOV using the multiple method implemented in the OrbFit software.
Next, we propagate these VOs 20 days beyond the impact day i.e. to MJD75043
(MJD=JD-2400000.5) equal to 2064-May-03 and search for the close approaches to
the Earth in 2064. VO #5 has CA of about 0.0033 AU. We take this orbit and using
the multiple method we compute 50 VOs around this orbit with the small value
of 0_.LOV. It was appeared that with ¢_.LOV equal to 0.015 we have some VOs
which hit the Earth. These VOs are called impact orbits. Table 2 lists initial/close
orbital parameters of the impact orbit of the asteroid (99942) Apophis for 2064.
Next, we can compute paths of risk for these impact orbits. Using this method we
can compute paths of risk for other objects, for example for the parent body of
the meteor showers.

Table 2. (99942) Apophis. Initial/close orbital parameters of the impact orbit for 2064.
The angles w, 2, and i refer to Equinox J2000.0. Epochs: 2013-April-18=JD2456400.5
(MJD56400) for initial orbit and 2064-April-06=JD2475016.5 (MJD75016) for the close
orbit.

M = 235°468506+4E-6 a = 0.9220865017+1E-10 [AU] e = 0.191164733+5E-9
3082072372 1.1293765951 0.197565497

w = 126%45716+2E-5 Q = 204°22381+2E-5 i 3°3305675£3E-7
65256577 202°87403 2°1708679

Fig.1 shows path of risk of the asteroid (99942) Apophis in 2064. Note that path
of risk is computed for 3-o uncertainty. Both ends of the path of risk have lower
impact probability than the central places. Hence the probability of hitting Norway
by Apophis is very low, about 1.54x1076 as is presented in Table 1.

4. Results and discussion

Because of the different observations used, different method of orbit computations,
i.e. selection and weighing of observations, different values of the different nongrav-
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Figure 1. (99942) Apophis. Path of risk of the deepest impact from virtual asteroid in
2064 year.

itational parameters, catalogue biased errors and the different Solar system models
used, there are different up to date (2013-Nov-21) impact solutions of Apophis
published by different authors such as the JPL NASA, the NEODyS, the Solar
Research Center of the PAS and so on.

Table 3. (99942) Apophis. Close approaches with planets of impact orbit for 2064.

Planet Time, UTC Distance, AU
Venus 2016/04,/24.11796 0.07824181
Earth 2029/04,/13.90709 0.00025446
Earth 2044/08/09.82349 0.09939968
Earth 2051/04/15.46873 0.01180630
Earth 2058/04,/14.17469 0.00340129

The JPL NASA Sentry Risk Table (see JPL NASA 2013) gives impact solutions
of Apophis based on 13 radar delay, 7 Doppler, and 3987 optical observations span-
ning 3318.0 days (2004-Mar-15.126289 to 2013-Apr-15.15729). They list 12 dates
of possible impacts in the range 2060-2105. They computes orbit of Apophis using
the Solar system model SB431-BIG16, i.e. the DE431 and 16 massive perturbing
asteroids together with nongravitational parameter A2=-2.03E-16 AU/day>.

The NEODyS Risk Page (NEODyS 2013c) presents 10 dates of possible impacts
in the years 2068-2116 using 4105 optical observations (of which 87 are rejected as
outliers) from 2004-03-15.109 to 2013-05-07.150.

In July 2013, the Space Research Center of the Polish Academy of Science in their
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Main page of Potentially Hazardous Asteroids (see PHA 2013) lists the probabilities
of impacts in 2036 and 2037 as nil. They also give old impact results.

Table 3 shows close approaches (CAs) of impact orbit of Apophis for 2064 year
with planets. There are many deep CAs which make difficult in prediction of orbital
motion of the asteroid. Mainly so called ’keyholes’ in 2029 and 2058 can significantly
change the possible impact date.

It is possible that asteroid (99942) Apophis can be a parent body of the new
possible meteoroid stream visible around 2029.
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Abstract. Optical flashes on the surface of Jupiter have been observed by amateur as-
tronomers during 2010. These phenomena were thought to be impact flashes caused by
the collision of small bodies of which size is a few to 10 m. They are bright fireballs
happened in the Jovian atmosphere. If the frequency and the scale of these phenomena
are systematically investigated, the size distribution of meteoroids can be derived down
to meteoroids a few meters in size in the giant planet region because the brightness of
such flashes depends only on their sizes in the case of Jupiter. We are trying to detect
Jovian impact flashes by professional and amateur network over Japan, and to detect
much fainter flashes by using larger telescopes. It is a unique method to utilize Jovian
planets as natural impact detectors for the small bodies.

Keywords: small bodies, meteoroids, fireballs, impact flashes, meteoroids size distribu-
tion, Jupiter

1. Introduction

All the planets have been impacted by small solar system bodies. Most of them
happened in the other planets cannot be observed mainly due to their faintness
from the Earth together with their low frequency of bright fireball-class. The ex-
ception was the bright fireball observed by the spacecraft Voyager 1 in March 1979
at the close approach to the Jupiter (Cook and Duxbury 1979). The reduced ab-
solute magnitude was —12.5, which is similar to the fireballs often observed on
Earth. The impactor was thought to be about 11 kg with assuming the density
of 2 gem™3, it was about 0.4 meters in diameter (Cook and Duxbury 1981). Ac-
tually Jupiter has so strong gravity that all the objects will have high velocity
at the impact compared with the low revolution velocity. The next observed im-
pacts were huge-scale fragments of comet Shoemaker-Levy 9 happened in 1994 on
Jupiter. World-wide coordinated observations were carried out including Hubble
Space Telescope and Galileo spacecraft on the way to the Jupiter. While the size
of fragments of the comet nucleus were thought to be larger than 1 km diameter
from optical observations (Watanabe et al., 1994), they were estimated to be less
than 1 km from tidal disruption model (Scotti & Melosh, 1993). The latter may
have been supported by estimates from various analysis of the impact phenomena
(e.g. Knacke, & A’Hearn, 1994). The impact flashes of these fragments could not
be directly detected because the impact points were just behind the rim of Jupiter
viewed from the Earth. The only direct observations were done by the Galileo
spacecraft (Hord et al, 1995). Both the complicated and bright infrared lightcurves
after the impacts due to the hot plume (Watanabe et al. 1995) and impact traces
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of huge size which were made by the debris fall-back of the debris from the plume
(Fitzsimmons et al. 1996) indicated that the scale of these impacts had never been
observed in other planets including the Earth in human history. Since 1994 event
at Jupiter it is thought that large impacts in Jupiter should leave dark spots or
traces at the top of the atmosphere. Tabe et al. (1997) discovered a similar dark
spot detected by Cassini from his drawings reserved in the library of Paris Obser-
vatory. While this discovery suggested that such impacts seemed to be not rare, it
was not proved until 2009 when another single dark spot was discovered (de Pater
et al. 2010, Hammel et al. 2010). The impacted body was estimated to be or less
than 500 m diameter, which is comparable to the size of smaller fragments of comet
Shoemaker-Levy 9.

The direct observation of another impact was serendipitously detected by two
amateur astronomers in June 2010. The estimated absolute magnitude was —25.2
and the size of this impactor was 5.5+2.5 m in diameter which is definitely smaller
than the 2009 case and resulted in leaving no trace on the surface even when viewed
using large telescopes (Hueso et al. 2010). These subsequent events made both
amateur and professional astronomers notice the potential for detecting impact
flashes or traces in Jupiter even using small telescopes, which led the first detection
in Japan two month later.

In this review, we introduce the importance of such impact flashes which can
be used to estimate size distribution of small bodies of meteoroid size at the outer
planet region, and we present situation of observations together with the first de-
tection by Japanese amateur astronomers in August 2010.

2. First Detection of Optical Flash in Japan

The year of 2010 was a special because two independent impact flashes occurred on
Jupiter and detected in June and August. In the former case, the bright flash was
simultaneously and independently detected by two amateur astronomers: A. Wesley
(Murrumbateman, Australia) and C. Go (Cebu, Philippines) at 20:31:20 UT on
2010 June 3. They used telescopes of 37 cm (A.W.) and 28 cm (C.G.) in diameter
together with video recording system using a monochrome Flea3 camera equipped
with an ICX618ALA chip. This event is the first case of the Earth-based detection
of the superbolide on Jupiter, and detailed analysis was carried out by Hueso et
al. (2010). Although the news of this event became popular among the amateur
astronomers in Japan, it was unfortunate that no independent observation had
been reported from Japan mainly due to the bad weather because of the rainy
season.

It was just two month later that another optical flash occurred in August 2010
which was first noticed by M. Tachikawa, who is amateur astronomer in Kumamoto
prefecture, Kyushu Island in Japan. He was taking video image of Jupiter for
making high-quality images by composing excellent snapshots out of video frames.
Usually the atmospheric seeing is not good in Japan, many amateur astronomers
are doing so that they obtain high-quality images of the planets, especially Jupiter
by utilizing a software such as Registax. Reviewing his video movies on the PC, he
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noticed the faint optical flash occurred in the disk of the Jupiter. He contacted to
his friend, R. Yamada who is also an amateur astronomer in the same area in Japan.
It was also fortunate that he was the acquaintance of the author (J. Watanabe). He
immediately did a phone call for reporting this phenomenon. The author recognized
the importance of the report, which reminded the author the previous event, and
asked him to send the movie file via internet. The movie file sent to the author
showed definitely an optical flash. The author tried to analyze the position of
the flash, and sent a preliminary report to the Bureau of the IAU Astronomical
Telegram.

Figure 1 shows the image of the optical flash taken by M. Tachikawa at 18:21:56
UT on August 20, 2010. The flash location was roughly at planetographic lati-
tude 21.5° north and 337° longitude (system III) in Jupiter’s north equatorial belt.
The duration of the flash was about 1.5 seconds, and the brightness was 6.2 mag-
nitudes (Watanabe et al. 2012). This is considered to be an equivalent or slightly
smaller scale than that in June (Watanabe et al. 2010). the event was later re-
analyzed by Hueso et al. (2013) together with other samples detected after this
event. We did not ask any follow-up observations by using larger telescope for
searching the spot or trace of the impact debris on the Jupiter, because our pre-
liminary analysis showed the scale of this August event is definitely smaller than
the previous June event, which showed no trace (Hueso et al. 2010).

I realized that the movie of this flash was valuable to be covered in the press,
and tried to contact to several TV press people as a division chief of the Public
Relations Center of the National Astronomical Observatory of Japan. As a result,
this detection was covered as a news on several Japanese TV channels along with
the original movie of M. Takchikawa. the purpose of this publicity was to collect
similar data, if any, as soon as possible because many amateur astronomers would
erase their data for saving hard-disk capacity after they made an excellent still
image by composite frames extracted from the movie they took.

Surprisingly, other detections of the same flash were reported to the observatory
immediately after the news released. One was K. Aoki in Tokyo and other was
M. Ichimaru in Toyama. They also obtained recordings of the event from loca-
tions separated about 800 km from Kumamoto, confirming the Jovian origin for
the flash (Watanabe et al. 2010, 2012). A fourth observer, T. Wakamatsu of Arita
City, found the impact in his data a few months later but with a lower signal-to-
noise ratio. Anyway it is surprising that four amateur astronomers did take data
on this precious event. Please note that the time of this event happened at 18:21:56
UT, which was 03:21:56 in Japanese Standard Time. Even if it is considered that
it was a Saturday morning, it is proof that many amateur astronomers were taking
video of the Jupiter. Moreover, they are not using large telescopes. The telescopes
used were refractors with apertures from 12.5cm through 23.5cm, and the camera
was Philips ToUcam Pro II attached to the telescopes providing RGB images of
the Jupiter operated at 30 or 15 fps. These observation instruments are commonly
used by amateur astronomers in Japan, which indicates the potential of such ama-
teur astronomers contributing to the detection of such optical flashes by using small
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The bright spot on NEBn is possible fireball in Jovian Atomosphere

Observer: Masayuki Tachikawa (Kumamoto JAPAN)

Figure 1. Example of the optical flash recorded on August 21 by Mr. M. Tachikawa. One
frame number corresponds to 1/30 sec. the absolute magnitude is derived as —22.4, and
the estimated mass and size are 76 ton and 4.2 m diameter, respectively, with assuming
the density is 2 gcm~® (Watanabe et al. 2012).

telescopes. These situation led the author to consider monitoring observations as
described later in this review.

It is worthy to note that the reason of the optical flashes were not noticed until
2010. One reason is that we do never think that it is possible to detect impact flashes
with such frequency. Many people should be watching Jupiter for bolide impacts
but they were overlooked mainly due to their short duration and faintness. An-
other reason is that amateur astronomers only recently tend to use high-sensitivity
detectors, which make them possible to detect the flashes even with using small
telescopes.

3. Implication to the Meteoroids in Outer Region

The impact flashes detected so far resemble meteor phenomena in the Earth’s
atmosphere. Detecting impact flashes on Jupiter is important not only for meteor
astronomy as a new field, but also for researches of small solar system bodies in
the outer planet region, because the population of the small bodies in the outer
planet region is not yet studied in the size range less than 1 km diameter. Actually
the re is large uncertainty in the estimate of the size distribution of small bodies in
the giant planet region estimated from the crater counting on the solid surface of
satellites of Jovian planets (Zahnle et al., 2003). Hence, the impact flashes should
be an excellent tool for deriving population down to a few meters in size.
Moreover, there is one big merit to utilize impact flash for studying the size dis-
tribution of small bodies. The impact velocity for impactors to the Jupiter should
be almost constant at 60 — 64 km s~! which is almost independent on the im-
pacting direction due to the strong gravity of Jupiter together with the smaller
orbital velocity of 13 km s~!. In the Earth’s case, the geocentric entry velocity
varies from 11 km s~! through 72 km s~!. These value depends on the geometri-
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cal situation of meteoroids entering to the Earth. Because gravity of the Earth is
not so strong that the meteoroids have wide range value of entry velocity due to
the compound of the orbital velocities of meteoroids and the Earth. On the other
hand, the meteoroids entering to Jupiter’s upper atmosphere should be attracted
by its strong gravity, and tend to have similar entry velocities at the final phase
of the impact to the Jovian atmosphere. This situation made it possible to know
the size of the impactors from the brightness of the impact flashes. In case of Earth,
the brightness of meteors depends not only on sizes but also on the entry veloc-
ity. On the other hand in the case of Jupiter, the entry velocity becomes almost
similar value so that we do not have very small uncertainty for estimating size of
impacting bodies just from the brightness of the flashes. Therefore, if the frequency
and the scale of these optical flashes are investigated, the size distribution down to
size of a few meters can be estimated at around the giant planet region. Of course,
actual estimates of each bolide should be performed by constructing appropriate
model including Jovian atmospheric properties, which has been well done by Hueso
et al. (2013). While it will not be necessary to introduce the details in this review,
this is a unique way to explore the population of small bodies by utilizing Jupiter
as a natural impact detector.

Actually after 2010, one optical flash was visually detected by D. Petersen in
Racine, Wisconsin, USA as a bright two-second flare at 11:35:30 UT on September
10 2012 along Jupiter’s eastern limb. Estimated visual magnitude of the flash was
to be 6.0. His report was distributed by the Association of Lunar and Planetary
Observers, and resulted in appearance of the video record taken by G. Hall in
Dallas, Texas, USA, by the 30.5 cm aperture refractor using a Point Grey Flea 3
CCD video camera. This event was also analyzed in detail by Hueso et al. (2013),
and it was located at 0.7° planetographic latitude and 265° longitude (system
IIT). The diameter of this bolide was estimated to be 7.8 — 9.7 m with assuming
the density of 2.0 g cm~3. This is the larger than those of previous two cases (Hueso
et al. 2013). However all three flashes were the result of serendipitous detections,
and number of detections is still small for deriving populations of small bodies even
if Hueso et al (2013) tried to make constraint to the size distribution in their latest
research. Hueso et al. (2013) shows that the present impact rate estimated from
three samples is 14-45 events per year, which is consistent with that predicted by
a dynamical model of comets and asteroids (Levison et al. 2000), while it is by one
order higher than those estimated from the cratering record in Galilean satellites
(Schenk et al. 2004, Zahnle et al. 2003). Anyway, it is too early to conclude on
the size distribution of small bodies at this region due to the lack of samples.

4. Monitoring Campaign

In order to derive the population of small bodies more strictly, we have to accu-
mulate the samples. One way for it is to look for optical flashes undetected among
the accumulated data until now. Hueso et al.(2013) tried to handle with the data
of Planetary Virtual Observatory and Laboratory which is the database of im-
ages of the International outer Planets Watch, and those of Association of Lunar
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Figure 2. Example of Full color image (left) and methane band image (right) taken by
25 cm telescope of amateur astronomers. This comparison image was supplied by ALPOJ.
Methane-band filters should make higher contrast of the impact flashes on the dimmed
surface brightness of the Jovin disk.

and Planetary Observers in Japan. However, most of the data taken until now are
mainly still images, which are not appropriate for short-time duration events such
as optical flashes.

Another way is to perform systematic observations which aim to monitor continu-
ously and widely by involving amateur and professional astronomers. As previously
described, the impact flashes having similar brightness to three samples detected
so far can be observable for small telescopes along with appropriate detectors con-
nected to the PC or digital movie instruments. the situation is suitable especially
for Japanese amateur astronomers, who have the appropriate instruments along
with a high level of observational skills. If the size distribution of the small bodies
in Jovian region is similar to that of meteoroids near Earth, then fainter impact
flashes caused by smaller meteoroids should be more numerous than bright flashes.
Using large telescopes of 1 m aperture class, we may be able to catch fainter flashes
caused by much smaller bolides which may occur more frequently. In this purpose,
we planned to use methane-band filters to reduce the background brightness of
Jovian disk. We may be able to pick up fainter impact flashes on the darkened
surface of the disk in the methane band as shown in Figure 2.

For this purpose, the author and his colleague coordinated both professional and
amateur astronomers in Japan and China, and performed two monitoring cam-
paigns in September and November 2012. the first one was set from August 31
through September 9, 2012. Five telescopes participated including two 1-m class
telescopes at Weihai Observatory of Shandong University, China, and Kita-Subaru
telescope at Nayoro station of Hokkaido University. It is the irony which the new
impact flash happened and detected on September 10 as described in the previ-
ous section immediately after the end of this first campaign. The second campaign
was set from November 3 through November 10, 2012. Four telescopes partici-
pated including 50-cm and 40-cm telescopes. Although total monitoring time was
86 hours, there was no positive detection by using eye inspection and automated
detection software developed in our group. In 2013, we performed similar campaign
between November 9 and 17. Four telescopes participated including 2-m Nayuta
telescope at the Nishi-Harima astronomical Observatory, which belongs to Uni-
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versity of Hyogo. The analysis of the data taken in this campaign is ongoing at
the present by using our software and automated detection developed by Hueso’s
group (Grupo de Ciencias Planetarias, UPV-EHU, Spain) which is opened at their
web site http://www.pvol.ehu.es/software/.

Considering the astronomical significance of the impact flashes in Jupiter, the au-
thor will try to continue such campaign by coordinating amateurs and professionals
by involving more amateurs in Asian region, and making an effort for a world-wide
campaign.
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Abstract. We present a method of impact probability estimations between a cometary
population and terrestrial planets. In this method, the real target, i.e., its collisional
sphere, is replaced by a much larger target (the Hill sphere). Knowing the ratio between
areas of Hill sphere and collisional surface, the number of objects entering Hill sphere of
the planet, the impact probability is estimated. The poster presents the models and results
for the two different approaches. The former uses the unperturbed Keplerian orbit of
the projectile, while the second uses the elliptic restricted three-body problem (Sun-target-
projectile). By comparing the two methods, we have checked if long-time perturbations
have any important influence on the results. The method can be applied to the modeling
of small bodies dynamics during and after the LHB.

Keywords: impact probability, collisions, Late Heavy Bombardment, Solar System, ter-
restrial planets, Moon

1. Purpose of the work

We present a method of impact probability estimations between a cometary pop-
ulation and terrestrial planets. Our analysis uses two different approaches: un-
perturbed Keplerian and elliptic three-body problems. By comparing the two ap-
proaches, we have checked if long-time perturbations have any important influence
on the results. The method can be applied to the modeling of small bodies dynam-
ics during and after the LHB. It also should allow to conclude on water delivery,
climate changes on Mars and effects on other terrestrial planets and Moon. Com-
parison to the Wetherill analytical method Wetherill (1967) as well as the MOID
(minimum orbital intersection distance) method Rickman et al. (2012) were also
attached.

2. Hill Sphere Method

Hill sphere method: Collisional sphere of the real target is replaced by much larger
i.e. the Hill sphere of the target. If we know the ratio between areas of the target
and its Hill sphere, and the number of objects entering the Hill sphere, we can
estimate the impact probability:

R ﬁz(wﬁ) (2.1)
NTOT""?—[ N U2 ’
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where Nror is the total number of comets on random orbits, Ny — the number of
objects entering the Hill sphere of the target, r; and ry are the radii of the target
and its Hill sphere, respectively, v, is the the target’s surface escape velocity and
U is an encounter velocity. The sum is taken over all comets that crossed the Hill
sphere.

B-PLANE, a = 3.5 AU, q = 0.5 AU, i = 1 deg.
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Figure 1. Left: points of intersection projected into b- plane. Right: surface density of
these points. Top figures — 2BP approach, bottom figures — ER3BP approach.

3. Numerical models

Simulations were performed in two approaches:

1) two body problem (2BP),
2) the elliptic restricted three-body problem (ER3BP), where the orbit of projectile
is perturbed by the target.
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We also implemented the Wetherill analytical formula (extension of the Opik for-
mula to the elliptic case) for comparisons:

2
1 R Up'/?
=) - ta - (3.1)
8n2sini \ a a’/2(1 —e2)t/ a  p

&)

where the subscript 't’ concerns the target and e; is the eccentricity of the target
orbit, R.o; — the collisional radius of the target, a; — the semimajor axis of the tar-
get, Vi — orbital velocity, p, — the distance of the target from the Sun. The total
collision probability is derived from the above formula by averaging over (2 and w.
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Figure 2. Collisional probability with Earth in a function of perihelion distance of the tar-
get, ¢. In all cases we assumed that the semimajor axes of all impactors are equal 3.5 AU.
The eccentricity of Earth’s orbit is 0. In figs. a), b) and ¢), in case of ER3BP approach, we
used noticeable smaller value of Nror (in comparison with 2BP approach), which caused
worse agreement between these two methods.

4. Tests
Figure 1 shows points of intersection projected into b - plane, i.e. the plane contain-
ing the target and perpendicular to the targetocentric velocity at closest approach
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along the unperturbed orbit of the projectile. We should expect semi-uniform dis-
tribution because there is no preferred velocity direction.

5. Results

Examples of results: impact probability with Earth, Mars and its behavior near
qc/qt = 1 where ¢, is perihelion of the projectile and ¢; — perihelion of the planet.
We assumed circular orbit of Earth and elliptic orbit of Mars in our calculations.
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Figure 3. Collisional probability with Mars in a function of perihelion distance normalized
by the perihelion distance of Mars. In all cases we assumed that the semimajor axes and
inclinations of all impactors are equal 3.5 AU and 1°, respectively.
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Figure 4. Left: Collisional probability in a function of perihelion distance normalized
by the perihelion distance of Mars. In all cases we assumed that the semimajor axes
and inclinations of all impactors are equal 3.5 AU and 1°, respectively. Right: Collisional
probability calculated for g./¢: = 1 and different collisional spheres (r = 1 means radius
of Mars Hill sphere).

6. Summary

The paper shows there is a very good agreement between results obtained numeri-
cally within ER3BP and 2BP. Comparing to MOID and Wetherill approaches, Hill
sphere method is relatively fast (however slower than MOID and Wetherill meth-
ods) and simple to implement. There is also a a very good agreement among impact
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probabilities calculated by the Hill sphere method and Wetherill and also MOID
methods. The only difference appears for orbits where the perihelion distance of
comets is close to the perihelion distance of a planet (¢./¢: = 1). In such a case

the Hill sphere method gives us underestimated results comparing to Wetherill and
MOID methods.
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Abstract. Since the previous Meteoroids 2010 meeting, 25 confirmed meteorite falls have
been reported, and one additional meteorite was linked tentatively to an observed fire-
ball. All but two of those are classified as ordinary chondrites. Sutter’s Mill is a rare
carbonaceous chondrite, while Martian meteorite Tissint is a Shergotite. For 18 of these
falls the associated fireball was observed, but only four provided a pre-atmospheric orbit
derived from video and photographic records. Results were published for Sutter’s Mill,
Novato, and Chelyabinsk, providing insight into the asteroid belt source regions for CM2,
L and LL type chondrites, respectively. Proposed meteorite-asteroid links are discussed.

Keywords: meteorite, meteorite fall, asteroids

1. Introduction

Intense (social) media interest in end-of-the-world predictions for December 21,
2012, coincided with a record number of reported meteorite falls in 2012. Since
the last Meteoroids meeting on 24-28 May 2010, 25 confirmed meteorite falls have
been reported, as well as one meteorite tentatively associated with an observed
fireball (Table 1). The Meteoritical Bulletin (http://www.1lpi.usra.edu/meteor/)
lists details for those meteorite falls that have been reported to the Meteoritical
Society and for which the names are approved.

Except for the Martian meteorite Tissint (Aoudjehane et al. 2012), all other
meteorites are thought to originate from collisional families in the main asteroid
belt. An ongoing scientific endeavor is to identify which asteroid families produce
the meteorites we find on Earth. Such links are not easily recognized from asteroid
spectroscopic studies alone, because asteroid surfaces redden due to solar wind
bombardment, and the larger asteroids are often covered in gravel-sized and sand-
sized debris, which changes how they scatter sunlight (Wetherill and Chapman
1988; Cellino et al. 2002; Vernazza et al. 1998).

The dynamical mechanisms involved in bringing the meteoroids from those as-
teroid families to Earth are well understood (Wetherhill 1985; Bottke et al. 2002;
Granvik et al. 2014; Vokrouhlicky et al. 2006, 2014). The evolution has up to three
stages. The smallest (m to few tens of m sized) asteroids continue to collide, creating
meteoroids that gradually change their semi-major axis due to non-gravitational
forces such as the Yarkovsky effect (Stage 1). When their orbital period evolves
into a resonance with Jupiter, or when secular orbital evolutions start to resonate
with those of the major planets, the meteoroid orbit quickly becomes more ec-
centric while the semi-major axis stays constant: the aphelion moves out towards

o7
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Jupiter’s orbit, the perihelion closes in towards the orbit of Earth (Stage 2). Close
encounters with the terrestrial planets or with Jupiter can change the semi-major
axis to move the orbital period out of resonance. Secular perturbations then will
evolve the meteoroid orbit more gradually (Stage 3).

Table 1. List of meteorite falls reported since the Meteoroids 2010 meeting. Names in
italic are not yet approved. Bold entries are falls that provided pre-atmospheric orbits. En-
tries labeled (*) have reports of the fireball, those listed (f) are finds tentatively associated
with observed fireballs. All dates are in local time.

Date Name Country Type Date Name Country  Type
(unofficial) (unofficial)

2013.05.09 Oshika* Namibia o.c.? [2012.05.04 Ladkee* Pakistan H6
2013.04.23 Braunschweig Germany L6 2012.04.22 Sutter’s Mill* California CM
2013.04.19 Wolcott Connecticut o.c.? |2012.03.01 Oslo* Norway H5
2013.02.15 Chelyabinsk* Russia LL5 |2012.02.11 Xining* China L5
2013.01.13 Planeta Rica Columbia o.c.? | 2011.09.14 Boumdeid (2011)* Mauritania L6
2012.12.06 Mreira f Mauritania L6 2011.07.18 Tissint* Morocco She.
2012.10.30 Addison* Alabama 0.c.? | 2011.07.16 Thika* Kenya L6
2012.10.17 Novato* California L6 2011.07.13 Draveil France H5
2012.10.12 Beni Yacoub* Morocco H5?7 | 2011.06.16 Wu Jingjie China o.c.
2012.08.22 Battle Mountain* Nevada L6 2011.04.30 Soltmany Poland L6
2012.07.08 Jalangi* India 0.c.? |2011.02.04 Krizevci* Croatia o.c.
2012.06.03 Comayagua Honduras o.c.? |2010.07.13 Huaxi China H5
2012.05.22 Katol* India L6 2010.06.19 Varre.Sai* Brazil L5

The collisional lifetime of asteroids (7, in Ma) is about 7= 1.4 y/r, with r the ra-
dius of the meteoroid in cm (Wetherhill 1985). As a result, the smaller asteroids
are most quickly catastrophically destroyed in collisions. Because the yield of frag-
ments is proportional to 7%, most meteoroids impacting the Earth originate from
the smallest asteroids that generate enough meteoroids for one to hit Earth be-
fore it is destroyed in another collision (or by some other means). Because of this,
near-Earth asteroids do not originate in similar proportions from the same source
regions as the smaller meteoroids. While the NEO population is dominated by LL-
like objects, meteorite falls are dominated by H and L type chondrites (Burbine et
al. 2002; Dunn et al. 2013; Thomas et al. 2014).

Because Jupiter scatters the asteroids that approach its orbit, most meteorites
arrive at Earth from orbits that stayed inside the orbit of Jupiter. Those evolved
predominantly from the inner and central parts of the asteroid belt. The closer
the orbit has to evolve to Jupiter’s orbit, the less likely the meteoroid will hit Earth
before its orbit is drastically changed. Because of that, a relatively large fraction
of meteoroids that end up in the v6 secular resonance with Saturn (at a ~ 2.0 AU)
will hit Earth (Figure 2), while a smaller fraction of those that entered the 3:1
mean motion resonance with Jupiter (a=2.5 AU) will do so, and an even smaller
fraction from those that entered the 5:2 resonance (a=2.8 AU). Asteroids in outer
belt resonances evolve into orbits intersecting Jupiter’s orbit before their perihelion
distance moves inside Earth’s orbit.

The picture is complicated by the long multi-million year timescale between
the collision in the asteroid belt and the impact on Earth. During all stages, colli-
sions with other asteroids continue to happen as long as the meteoroid orbit passes
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through the asteroid belt. In Stage 1, meteoroid orbits can jump resonances. In
Stage 2, the meteoroid orbit evolution can be quite complicated. To confuse things
further, meteorites of one type may well originate from different families. Worse,
families can provide more than one meteorite type, as in the case of asteroid 2008
TC3, a ureilite containing also Enstatite and Ordinary Chondrites with some pe-
culiar properties (Jenniskens et al. 2009; Burton et al. 2011). Finally, on a ~ 10
million year timescale other collisions occur in a source region, which can then
produce meteorites from a different secondary debris field.

2. Source region insight from recent meteorite falls

That said, some meteoroids hit Earth shortly after entering the source resonance
and thus can still point to the asteroid family of its origins. In that case, the time
since the last collision, measured by the cosmic ray exposure age (CRE age), and
the time since the last Ar-Ar or K-Ar thermal resetting event (presumably the time
that the family was formed), can shed further light on which asteroid family is
the source region.

There has been an exponential increase in the number of entry trajectory and
pre-atmospheric orbits derived from video observations of the fireball since the first
such case of Peekskill in 1992 (Brown et al. 1994). At present, 21 orbits have
been published: 3 carbonaceous chondrites, 8 H chondrties, 5 L chondrites, 2 LL
chondrites, one Ureilite, one Eucrite and one Enstatite Chondrite (Jenniskens et
al. 2012).

Eyewitnesses observed the associated fireball from 18 of the 26 recovered mete-
orites listed in Table 1. So far, orbital elements were published only for the Sutter’s
Mill, Novato, and Chelyabinsk meteoroids. At the time of writing, analysis of the
Krizevci meteorite (a provisional name) is pending, the fall of which was filmed by
the Croatian Meteor Network (Segon et al. 2011).

2.1. The April 2012 Sutter’s Mill fall and the source of CM2 chondrites

The Sutters Mill fall in California was documented by three digital photographs
and two videos. The meteor entered at a record entry speed of 28.6 km/s, the fastest
entry so far for which material has been recovered (Jenniskens et al. 2012). Sut-
ter’s Mill was the most energetic impact over land (4 kt) since the 1.2 kt impact
of asteroid 2008 TC3 in northern Sudan on October 7, 2008 (Jenniskens et al.
2009). A high 48 km altitude disruption created a cloud of meteorites that rained
down over the villages of Coloma and Lotus in California, with one of the pieces
landing at the Sutter’s Mill site, the very location where gold was first discovered
resulting in the 1849 California Gold Rush. The falling meteorites were detected
by Doppler weather radar, which made rapid recovery possible. Thanks to a large
crowd-sourcing effort, in the form of a second Gold Rush, a relatively large number
of 77 fragments were recovered (Jenniskens et al. 2012).

The meteorite was a rare mix of CM1-CM2 type materials, stronger than other
CM2’s because they were slightly heated. This was the first CM2 chondrite to
show clear evidence of being brecciated, part of a surface regolith. This fragment
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Maribo

Sutter’s Mill

Figure 1. Pre-atmospheric orbits of Maribo and Sutter’s Mill (Jenniskens et al. 2012).

originated from near the surface of the CM parent body. The fresh recovery made
it possible to recognize some components that are quickly altered by reactions with
water (Jenniskens et al. 2012).

CM2 meteorites as a group have a short cosmic ray exposure age (< 2 Ma).
Sutter’s Mill had one of the shortest on record, only 50,000-90,000 years. This is
much less than the collisional lifetime of a 3-m sized asteroid (~ 24 Ma). The short
cosmic-ray exposure age implies that these meteoroid orbits evolved relatively re-
cently from the resonance that delivered them to Earth, and also that they do not
survive long (less than 2 Ma) once arriving in the inner solar system, perhaps due
to thermal stresses from sides pointed to and away from the Sun.

When the unusual entry conditions of Sutter’s Mill became clear, the orbit of
the CM2 chondrite Maribo was recalculated, and it was found that this meteorite
also arrived at the same entry speed, in a similar low-inclined and low perihelion
distance orbit, and also with an orbital period close to that of the 3:1 resonance with
Jupiter (Jenniskens et al. 2012). Only the longitude of perihelion was significantly
different (Figure 1). CM2 meteorite Murchison, the type specimen of this class,
also arrived on a low-inclined orbit. All point to the source region being a C-class
asteroid family in a low inclined orbit very close to the 3:1 resonance. This could
be the Eulalia family (Table 2, Figure 2), recently identified as a potential source
of C-class near Earth asteroids (Walsh et al. 2013).

If meteorites can fall to the ground after entering the atmosphere as fast as
28.6 km/s, then meteorites may one day be found from meteor showers such as
the Taurids (Brown et al. 2013) and the Geminids (Madiedo et al. 2013). Geminid
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Figure 2. Asteroid families discussed in this paper.

parent body 3200 Phaethon has been linked to the Pallas family, a cratering family
from the highly inclined asteroid 2 Pallas (de Leon et al. 2010). In my opinion,
this is quite possible, but only if a faster dynamical pathway from asteroid family
to the current orbit of 3200 Phaethon is available than proposed by (de Leon et
al. 2010). Such pathway may exist via the 5:2 resonance. Until now, no recovered
meteorites have been conclusively linked to the Geminid shower (Table 2).

Another CM2 chondrite reported recently is the Paris, a 1.3 kg stone identified
in 2001 (bought ca. 1994), which was found in the effects of a former colonial
mining engineer, Jean Simon Colonna-Cimera. This meteorite is so fresh that it
was likely from a fall. The location of the fall is unknown, presumably a foreign
country, perhaps one of the French Colonies. The Paris meteorite is significantly
less aqueously altered than other known CM2 chondrites and suffered only low
temperature metamorphism (Hewins et al. 2014).

2.2. The Novato fall and the source of L chondrites

California struck gold again with the Novato fall in October of 2012. Novato is a L6
ordinary chondrite fragmental breccia. It was recovered because it crossed the cam-
era fields of the CAMS network in California (Jenniskens et al. 2012). Shocked
L6 chondrites have a peak of Ar-Ar ages around 470 Ma, coincident with a time
when L type meteorites showered Earth in great abundance. They are thought
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to originate from the Gefion asteroid family, which was formed about 470 Ma ago
(Nesvorny et al. 2009). The Gefion family (Figure 2) is located close to the 5:2 mean-
motion resonance and meteorites can come to us quickly (but not so efficiently)
via the 5:2 resonance (as happened 470 Ma ago), or more slowly via the 3:1 mean
motion resonance after evolving to shorter semi-major axis (as was suspected to be
the case now).

Table 2. Proposed meteorite source regions in the asteroid belt, based in part on mete-
oroid orbits measured from photographic and video observations of the fireball.

Meteorite Type Asteroid Formation Resonance Fall
Family Age (Asteroid)
(Class) (Ma)
Howardites /Eucrites Vesta (V) ~1000 v6 Bunburra Rockhole
/Diogenites
L5-6 (shocked) Gefion (S) 470 5:2 and 3:1 Novato /Jessenice
/ParkForrest /Innisfree
LL5 Flora (S) ~200 v6, IMC Chelyabinsk
/(Itokawa)
CM1-2 Eulalia (F) 12004300 3:1 Sutter’s Mill /Maribo
Ureilites w. mixed in Enstatite Polana (F) > 2000 3:1 and v6 Almahata Sitta
+ Ordinary Chondrites (2008 TC3)
H4-5, inclination > 20° Phocaea (S) ~2200 v6 Grimsby /Buzzard
Coulee / Moravka
H5-6, inclination < 20° Maria (S) ~3000 3:1 Mason Gully /Pribram,
Lost City/Peekskill
/Kosice
Aqueously Altered L6 - -- v6 Villalbeto de la Pena
LL3.5 -.- - 3:1 Benesov
EL6 -.- - 3:1 Neuschwanstein
C2 Ungrouped -.- -.- v6 Tagish Lake
t.b.d. (Carbonaceous Chondr.) Pallas (B) ~500 5:2 Geminid shower

A consortium study showed that Novato has a U, Th-He age of 460 + 200
Ma, and likely belongs to this group of shocked L6 chondrites (Jenniskens et al.
2014). The cosmic ray exposure age is only about 9 + 1 Ma, close to the collisional
lifetime of this meteorite, which originally had a size of about 45 cm. The measured
orbit of Novato, and those of L-chondrites Jessenice (Spurny et al. 2010), Innisfree
(Halliday et al. 1981), and Park Forrest (Brown et al. 2004) are consistent with
these originating from the 3:1 resonance, but leaves open the possibility that they
come to us more quickly from the 5:2 resonance.

The recent observed fall at Varre-Sai (Zucolotto et al. 2012) and Mifflin are of
the same meteorite type, possibly Soltmany is as well (Karwowski et al. 2011).
Mifflin fell on April 14, 2010, in southwestern Wisconsin, and several videos are
available for orbit reconstruction. The meteorite’s CRE age is a high 25+3 Ma
(Kita et al. 2013).

L chondrite Villalbeta de la Pena (Llorca et al. 2005) does not fit in this scheme,
having too high a cosmic ray exposure age (48 Ma). The expected collisional lifetime
is only 8.9 Ma, suggesting it spend little time in the main belt recently. With
a=2.3+0.2 AU and low inclination, it may have originated from 6. Interestingly,
this meteorite was recently reclassified as having been aqueously altered (Bischoff
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et al. 2013), suggesting it may indeed have a different source region than other
L chondrites (Jenniskens et al. 2014).

2.3. Chelyabinsk and LL chondrites

Chelyabinsk is the topic of several other papers in this issue. Popova et al. (2013)
showed that this LL5 chondrite moves in an orbit, and has a CRE age, consistent
with an origin in the v6 resonance, possibly deriving from the LL-like Flora family
on the inside of the v6 resonance (Figure 2). Such association was proposed fol-
lowing the study of asteroid Itokawa, which is of the same spectral type (Michel
and Yoshikawa 2006). The 200 Ma age of the Flora family comes from cratering
densities on member Gaspra (Vervenka et al. 1994). Chelyabinsk disrupted only
1.2 Ma ago, perhaps from a tidal disruption in a previous encounter with Earth
(Popova et al. 2013).

2.4. H chondrite falls

The most recently studied H chondrite fall is that of H5 Kosice (Borovicka et al.
2013). Its semi-major axis has a relatively high value of a = 2.7+0.2 AU, suggesting
this meteorite may have originated from the 3:1 mean-motion resonance. Several
older falls also have similar high semi-major axis: the H5 Pribram has a=2.40 AU
(i=10.5°), while Mason Gully has a=2.47 AU (i=0.8°). Interestingly, almost all H
chondrite-like near Earth objects have a > 1.8 AU, with orbital elements a, e and
i near the 3:1 resonance (Dunn et al. 2013).

A large asteroid, rather than a family, was long proposed as the source of H
chondrites. The 185-km large asteroid 6 Hebe (i=14.7°, a=2.246 AU) has an H-
chondrite like reflectance spectrum (Gaffey and Gilbert 1998; Akridge 1998). Hebe
is near the 3:1 and v6 resonances. It does not have an associated asteroid family,
however. More recently, Gaffey and Fieber-Beyer (2013) identified two other nearby
asteroids as possible fragments from 6 Hebe, with similar H-chondrite like reflection
spectra, but it is unclear if smaller debris exists. Bottke et al. (2010) reaffirmed
that Hebe could be the source, because it was exposed to the 8.2 Ma Veritas family
forming event debris, and therefore could account for the 7-8 Ma CRE age of
H chondrites. However, that perhaps more affirms the proposed source of L and LL
meteorites, given they were not exposed to collisions. In fact, many S-class asteroid
families near the 3:1 region could be the source region for H chondrites (Table 3).
One of the largest S-class families close to the resonance is Maria, a more likely
source in my opinion (Figure 2). Zappala et al. (1997) pointed out that this family
is a likely source of ordinary chondrites.

Not all H chondrites originate from the same source region. The two H4 chon-
drites with known orbits both impacted Earth from highly inclined orbits (i > 20°):
H4 Buzzard Coulee, at i=25°, and H4-6 Grimsby at i=28°. H5 chondrite Moravka,
too, arrived at a high i=32° inclination. Grimsby has the highest semi-major axis
of this set, at a=2.04 AU. Interestingly, there is other evidence that H4 chondrites
may have a different parent body than H5-6 chondrites. Fast initial cooling rates
of all material suggests fragmentation and re-accretion as an important mecha-
nism in the heating history of these meteorite types (Ganguly et al. 2013). The old
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onion model (H4 having been located near the surface, H6 chondrites deep inside
the parent body) is not consistent with these meteorite types arriving at Earth on
different orbits. The highly inclined S-class Phocaea family (Carruba et al. 2009)
is a good candidate for the source region of these meteorites.

2.5. 2008 TC3 and the source of the Ureilites

The orbit of the Almahata Sitta meteorite was precisely measured, because the as-
teroid 2008 TC3 was observed 20 hours before impact and tracked during its ap-
proach to Earth (Jenniskens et al. 2009). 2008 TC3 consisted mostly of ureilites,
but contained 20-30 percent enstatite and ordinary chondrites. All Ureilites ap-
pear to originate from a single Ureilite Parent Body, suggesting an asteroid family
source, Jenniskens et al. (2010) discussed possible source regions, only to resign to
the reality that no known spectra of main belt asteroids fit the gray spectrum with
weak 0.9um pyroxene band of 2008 T'C3. Based on the orbit, the most likely source
region is in the inner belt. The F-class Polana family was put forth as a possibility,
as well as a scattering of unrelated F-class asteroids in the inner belt, but their
near-IR spectra do not match 2008 TC3.

Since that time, Meier et al. (2012) have found that the Ureilite parent body
did not experience a significant thermal resetting event, enough to affect the Ar-Ar
system, since the late heavy bombardment. Hence, the asteroid family responsible
is very old. Recently, Walsh et al. (2013) concluded that the Polana family is in
fact composed of two unrelated collisional debris fields. One group of asteroids,
the Eulalia family, is close to the 3:1 resonance and a good candidate for the source
region of the CM2 chondrites (Jenniskens et al. 2012). The other group is more
dispersed and much older. In my opinion, this new Polana family may be the source
region of the ureilites, based only on its old age.

2.6. Howardites, Eucrites, and Diogenites (HED)

Most basaltic achondrites also appear to originate from one source region. Because
there is only one asteroid family with reflectance spectra that show similar deep
absorption bands, it is generally believed that the related Howardites, Eucrites and
Diogenites originate from the Vesta family. Meteorites come to us from this inner
belt family via the v6 secular resonance with Saturn, the group of Intermediate
Mars Crossers, and the 3:1 mean-motion resonance. The photographed Bunburra
Rockhole fall is an anomalous eucrite in some respects (Bland et al. 2009), but
the 22 Ma cosmic ray exposure age overlaps with the CRE peak of HED meteorites
(Welten et al. 2012). Bunburra Rockhole collided with Earth from an unusual Aten
type orbit (a=0.85 AU), whereby virtually the entire orbit was contained within
Earth’s orbit (Spurny et al. 2012a). In such orbit, the meteoroid would have avoided
asteroid collisions, but it broke not much longer ago than other eucrites based on
the CRE age. This could point to tidal disruptions from close encounters with
Earth, instead.

2.7. Benesov and the LL3.5 chondrites

Benesov is an old fall from May 7, 1991. Only recently were meteorites recovered
from this fall and shown to be of LL3.5 type (Spurny et al. 2012b). The 23.7°



Recent documented meteorite falls ... 65

inclined orbit and a = 2.43 AU points to a highly inclined S-class asteroid family
near the 3:1 mean-motion resonance as the source. Of 96 documented LL falls,
13 are LL3.0-3.9 type chondrites, suggesting a significant source.

Table 3. Possible source regions (a < 2.9 AU, close to resonances, inner belt, high
inclined, massive, or young) that have not yet been linked to meteorite types (Cellino et
al. 2002; Novakovi¢ et al. 2011; Madiedo et al. 2013; Milani et al. 2014).

Meteorite Type Asteroid Class Type Formation Resonance a i
Family Age (Ma) (AU) (deg)
(Aubrites) Hungaria E Large 150-200 1:4 1.94 23
(Ord. Chon.) Augusta S Small - v6 2.19 5
(Carb. Chon.) Baptistina X Young 80 v6 2.26 6
(Ord. Chon.) Levin S Large - v6, 7:2 2.27 5
(Ord. Chon.) Hypsipyle S Small - 7:2 2.33 25
(CM) Klio G Small v6, IMC 236 9
(Ord. Chon.) Rosseland S Small - v6, IMC 2.36 8
(Ord. Chon.) Mildred S Large >1000 IMC, 3:1 2.36 2
(Carb. Chon.) Erigone C Large 280 IMC, 3:1 2.37 5
(Carb. Chon.) Salli X Small - v6, IMC 2.40 11
(CM, ureilite) Clarissa F Small - 3:1 2.41 3
(Ord. Chon.) Massalia S Large 150-200 IMC, 3:1 2.42 1
(Ord. Chon.) 13698 S Small - 3:1 2.45 7
(Carb. Chon.) Chimaera C Small - 3:1 2.46 14
(Carb. Chon.) Sulamitis C Small - 3.1 2.46 6
(Ord. Chon.) Astraea S Large - 3:1 2.57 5
(CO, CV) Brangane K Class - 3:1 2.59 10
(Ord. Chon.) Gersuind S High i 800 3:1 2.59 18
(Ord. Chon.) Eunomia S Large ~300 3:1, 8:3 2.63 13
(Ord. Chon.) Hansa S High i 1600 3:1 2.64 22
(Ord. Chon.) Barcelona S High i 350 3:1 2.64 33
(Ord. Chon.) Adeona S Large 600 3:1, 8:3 2.67 12
(Ord. Chon.) Merxia S Large 330 8:3 274 5
(Carb. Chon.) Padua X Large - 5:2 2.74 6
(Carb. Chon.) Nemesis C Large - 5:2 2.75 6
(Carb. Chon.) Atalante C High i - 5:2 2.75 19
(C0O3, CV3) Watsonia L High i - 5:2 2.76 18
(Ord. Chon.) Gallia S High i 450 5:2 2.77 25
(Ord. Chon.) Agnia S Large 1300 5:2 2.78 3
(Carb. Chon.) Antonia X Large - 5:2 2.78 4
(Carb. Chon.) Zhongolovich C Large - 5:2 2.78 8
(CM, ureilite) Hoffmeister F Large - 5:2 2.79 4
(Carb. Chon.) Tina X High i 150 5:2 2.79 21
(Ord. Chon.) Astrid S Young 150 5:2 2.79 1
(Carb. Chon.) Dora B Large - 5:2 2.79 8
(Carb. Chon.) Brasilia C large - 5:2 2.85 15
(Carb. Chon.) Raybatson X Small - 5:2 2.86 16
(Ord. Chon.) Koronis S Large 1400 5:2, 7:3 2.87 2
/Karin cluster /Young 5.75+0.05
(CO, CV) Eos K Large ~1700 9:4 3.03 11
(Carb. Chon.) Veritas C Young 8.3+0.3 2:1 3.17 9

2.8. Neuschwanstein and EL enstatite chondrites

So far, the only enstatite chondrite fall photographed is that of EL6 Neuschwanstein.
The orbit was remarkable because it was nearly identical to that of Pribram, an
H5 chondrite (Spurny et al. 2003). It is possible that both originated from a rub-
ble pile object that recently fell apart, perhaps in a tidal encounter with Earth.



66 Jenniskens P.

The enstatite chondrite may have collided with the H5 meteoroid and fragments
ended up in the re-accumulated debris. If so, the orbit of Neuschwanstein does not
immediately point to the source region of the enstatite chondrites, but the source
may be nearby that of H5 chondrite Pribram.

2.9. Tagish Lake and D-class asteroids

The ungrouped carbonaceous chondrite Tagish Lake arrived from a 2.0 AU and low
inclination. The spectral reflectance suggested this meteorite may have originated
from a D-class asteroid (Hiroi et al. 2001), but those are found mostly in the outer
asteroid belt and among Centaurs and Kuiper Belt objects. Instead, the orbit
suggests an origin in the inner asteroid belt. The source could have a fairly low yield
as no other similar meteorite is known. There are a few candidate C and X class
asteroid families (Table 3).

3. Discussion

There are many more potential source regions that have not been linked to a known
meteorite type (Table 3, Figure 2). Candidate source regions are large asteroids,
rich debris fields, or young debris fields rich in small asteroids. The debris fields,
the asteroid families, are named after the largest member in a group, or lowest
numbered member, the choice of which is not always clear. As a result, some as-
teroid families go by different names. Table 3 is a compilation of the most relevant
families studied by different authors.

Big asteroids have a large cross section for collisions, and proposed parents in-
clude, for example, S-class 6 Hebe (H) (Migliorini et al. 1997a; Akridge 1998),
S-class 7 Iris (L/LL) (Migliorini et al. 1997b), G-class 19 Fortuna (CM) (Burbine
1998), E-class 3103 Eger (Aubrites) (Gaffey et al. 1992; Cuk et al. 2012), and K-
class 221 Eos (CO) (Bell 1988). However, asteroids 1 Ceres, 19 Fortuna, and 13
Egeria are all large G-class asteroids without known asteroid families and, so far,
no associated meteorite type.

The youngest debris fields are the Datura family (age 0.45 £+ 0.05 Ma, S-type),
the Emilkowalski family (0.22 £+ 0.03 Ma, no known type), the 1992 YC2 family
(0.154+0.10 Ma, S type), and the Lucascavin family (0.40 + 0.20 Ma, S type)
(Vokrouhlicky et al. 2014). This is younger than the cosmic ray exposure ages of
most recovered meteorites. Meteorites from these collisions may not have made it
to Earth yet.

Somewhat older, and larger, are the Karin cluster (5.75 £ 0.05 Ma, S class) in
the Koronis family, the Veritas cluster (8.3 £ 0.3 Ma, C type), and the Iannini
family (< 5 Ma, S class). The signature of these source regions would be a CRE
age similar to the breakup age. No spike in CRE ages has been detected so far in
corresponding meteorite types.

The large asteroid families (and the background population) have the highest
available surface area for collisions. Most likely sources are the large families in
the inner and middle belt, and perhaps in the outer belt adjacent to the 5:2 res-
onance (Table 3). Most easily recognized in fireball orbits are the high inclination
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(> 15°) families, such as those listed by Novakovié et al. (2011) and Carruba (2010).
Particularly intriguing in Table 3 is the large range of possible source regions for
S-class asteroids (presumably resulting in ordinary chondrites). Future meteoroid
orbits derived from recovered meteorite falls of ordinary chondrites can perhaps
make a distinction between the low and high inclination sources and the inner and
middle belt source regions.

Future work will see a number of other meteorite types fall in photographic
and video camera covered areas. Meteoroid orbits should be measured for each
witnessed meteorite fall. Not just to document the pre-atmospheric orbit of un-
common meteorite types, but also to gather more information about the possible
variation in source regions among the ordinary chondrites.
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Abstract. On July 14, 2006, at about 10:20 a.m. local daylight time (UTC+2), a bright
fireball travelling SSE-NNV was witnessed from the Baltic Sea to SE Norway. On the east
side of the Oslo fiord, around Moss, an explosion and a rumbling sound was heard, and
pieces were observed falling. Rapid recovery of meteorite stones gave an opportunity for
detailed petrological and geochemical investigations, including analyses of indigenous or-
ganic species, and short lived isotopes. The meteorite is a chondritic stone meteorite, with
some carbon (0.21-0.25 wt% C). The cosmic-ray exposure (CRE) age is 14 Ma, i.e. when
Moss was ejected from its parent body. Gas retention ages are approximately 3.95 - 10%yr
(U/Th/He) and 4.43 - 10° yr (K/Ar), respectively. The meteorite has the official name
Moss, and is classified as carbonaceous chondrite type CO3.6. It was the first witnessed
fall of a CO3 chondrite since Kainsaz in Russia in 1937.

Keywords: meteorite fall, meteorite Moss, carbonaceous chondrite, meteorite composi-
tion

1. Fireball, fall, and meteorite pieces

On July 14, 2006, at about 10:20 a.m. local daylight time (UTC+2), a bright fireball
travelling SSE-NNV, from the Baltic Sea towards South Norway, was witnessed
by many people. A loud explosion and a rumbling sound were heard in the air
above Moss, and at least 5 pieces were observed falling (Figure 1). Soon after
a small meteorite was heard to land on an aluminium sheet and was recovered by
Ragnar Marthinsen. A couple of days later family Johansen coming home from
holiday, discovered that a branch of the plum tree was broken, and on the ground
laid a meteorite stone. In Moss centre, a piece that had hit a fence was found
on July 23, but its total weight has not been shared. On July 30 M. Bilet and
M. Farmer drove into an industrial area and discovered a meteorite stone that had
hit the concrete basement and been crushed to many pieces. After a heavy rainfall
on July 29, 30, and 31, a leakage through the roof of NorgesGruppens building
in Moss was discovered. Workmen repairing the roof discovered a meteorite piece
that had penetrated the roof and the isolation causing a hole of 10 cm x 10 cm.
Searches in the area resulted in the recovery of five stones, with a total weight of
3.76 kg (Table 1, Figure 2).

As rumours about the meteorite fall spread, meteorite hunters from many coun-
tries turned up, expecting a viewable terrain with sparse vegetation and not as
M. Farmer wrote: We searched for meteorites day after day, hunting in dense for-
est in the seaside community. The name Moss is no joke, every inch of ground
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Figure 1. Oslo fiord area, showing Moss and the search area framed, and enlarged with
the location of finds.

Table 1. Meteorite stones recovered from the Moss fall (Connollly et al.2007; Meteoritical
Bulletin 91). M-S-T: Mass divided between Michael Mazur, Bjgrn Sgrheim, and Eric
Twelker (M-S-T); Natural History Museum (NHM), University of Oslo (UiO).

No Date  Latitude / Mass Owner Comments
2006  Longitude g]

14 July 59°24.463' N 36.7 K.J.R. Odegaard Complete stone +
10° 45.548' E some fragments.

17 July  59° 25/908 N 752 NHM, UiO Complete stone; hit tree,
10°41.778' E landed in grass; angular shape.

23 July ~59°26'N ~ 1500 M-S-T Half stone + fragments;

~ 10°42'E hit fence and shattered.

30 July 59°27.005'N  ~ 800 M. Farmer, Many pieces; hit concrete
10°41.482'E M. Bilet in industrial area.

3 Aug. 59°26.394' N 676 NHM, UiO Complete stone; penetrated

10° 42.032'E

roof; angular shape.

was covered with a thick carpet of moss plants, making the search for meteorites
very difficult. NorgesGruppen donated stone no. 5 of 676 g to the Natural History
Museum, University of Oslo. The museum also acquired stone no. 2 of 752 g from
family Johansen. Both stones are of great value and completed the national mete-
orite collection with the 14th meteorite proven to have fallen in Norway. Rest of
this fall is more or less in private collections word wide.
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Figure 2. Individual Moss meteorite pieces: a) Stone 1, b) Stone 2, ¢) Stone 3, d) Stone 4,

e) Stone 4. thin section, f) Stone 5. Stones 2 and 5 are kept at Natural History Museum
(NHM), University of Oslo (UiO). Photos: M. Bilet, Y. Vogt.

2. Investigations

The observed fall and rapid collection of the Moss meteorite pieces after the fall,
gave an unique opportunity for detailed petrological and geochemical investiga-
tions, including analyses of indigenous organic species, and short lived isotopes.

2.1. Petrography and mineralogy

The Moss meteorite contains abundant small chondrules (most < 200 pm in di-
ameter), small (< 1 mm) amoeboid olivine aggregates (AOAs) and refractory in-
clusions, and isolated grains of olivine (Fag3_4o , average Fajgg), troilite (Fe7Sg-
FeS), and kamacite (a-(Fe,Ni)) set in a gray matrix of finegrained olivine and
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Figure 3. Thin section image in polarized light. The colour of the olivine and pyrox-
ene crystals varies with optical orientation. The height of the picture is 1.7 mm. Photo:
R.S.Selbekk.

pyroxene (Figure 3). Diffusional entry of FeO can be observed around edges and
along cracks of forsterite grains. Refractory inclusions contain spinel, calcic py-
roxene, and abundant nepheline that replace melilite and other primary phases;
some perovskite has been transformed to ilmenite. Some amoeboid olivine aggre-
gates contain relict cores of forsterite, but most of the olivine has been converted
to more fayalitic compositions. Matrix is mildly recrystallized and sulphur-poor;
matrix olivine has similar composition to olivine in fine-grained chondrules and
inclusions. Moss contains 0.21-0.25 wt.% C as graphite and organic molecules het-
erogeneously distributed (Bilet 2007; Greenwood et al. 2007; Pearson et al. 2007,
2008; Bartoschewitz et al. 2010; and Selbekk et al. 2011). Single concentric and Ca,
Al-rich inclusions show severe secondary alteration by formation of Fe-rich spinel
and by replacement of melilite and perovskite by nepheline and ilmenite (Bischoff
and Schmale 2007). The Moss meteorite contains organic molecules of benzene
(CgHg), toluene (C;Hg), and up to Cs-alkyl benzenes; besides traces of biphenyl
((CgHs)2), benzonitrile (C¢HsCN) and some aliphatic hydrocarbons. Naphthalene
is the highest molecular weight aromatic species evident, but only C;-alkyl species
were identifiable (Pearson et al. 2007, 2008).
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Table 2. Gas retention ages of CO chondrite falls (after Bartoschewitz et al. 2010).

Meteorite Type K-Ar10° a U/Th-H10° a Source
Kainsaz ~ CO3.1 4.47 4.50 Alaerts et al. (1979a)
4.02 4.23 Mazor et al. (1970)
Felix C03.2 4.19 4.38 Mazor et al. (1970)
Ornans  CO3.3 4.06 4.30 Scherer and Schultz (2000)
4.56 4.22 Mazor et al. (1970)
Lancé C03.4 3.61 3.88 Mazor et al. (1970)
3.65 2.88 Mainz (Bartoschewitz et al. 2010)
3.80 2.72 Mainz (Bartoschewitz et al. 2010)
Moss  CO3.5/6 4.51 3.93 Tokyo (Bartoschewitz et al. 2010)
4.35 3.97 Mainz (Bartoschewitz et al. 2010)
Warrenton CO3.6 4.64 4.59 Mazor et al. (1970)
4.34 4.38 Scherer and Schultz (2000)

2.2. Age determinations

Two different samples of Moss meteorite taken 1-2 mm below the fusion crust were
analyzed for noble gases at two different laboratories (University of Tokyo and
Max-Planck-Institute fr Chemie, Mainz) (Bartochewitz et al. 2010). Calculations
based on 3He/?!Ne, #?Ne/?!Ne and 38Ar/30Ar ratios gave cosmic-ray exposure
(CRE) ages of about 14 Ma, within witnessed falls the shortest after Lanc. Based
on “He and 4°Ar produced by decay of 23°U, 238U, 232Th, and “°K, respectively,
gas retention ages were calculated (Table 2). The difference in Moss meteorite age
between 3.95 - 10° yr and 4.43 - 10° may reflect loss of helium or deviations from
the assumed average element composition.

3. Classification and official name

Petrography, mineralogy and oxygen isotope analyses confirm the Moss meteorite
to be a carbonaceous chondrite of the Ornans group (CO3). Greenwood et al. (2007)
classified it as CO3.4/3.5 according to the classification of Chizmadia et al. (2002)
which equates to a C0O3.4/5 on the metamorphic scale defined by Scott and Jones
(1990), i.e. igneous zoning in chondrule phenocrysts and increasing FeO concen-
tration at the edges and cracks of these phenocrysts. Moss has been classified as
C03.6 shock stage S2 by Connolly et al. (2007, see p. 435) based on mineralogy and
petrology of amoeboid olivine inclusions Chizmadia et al. (2002). The meteorites
official name MOSS was approved September 25, 2006; final classification January
10, 2007 (Connolly et al. 2007, Meteoritcal Bulletin 91). Moss is by end of 2013 one
of 7 approved meteorites classified as CO 3.6, and the first witnessed fall of a CO3
chondrite since Kainsaz in Russia in 1937.

4. Meteorite Moss — Conclusions

1) Petrography, mineralogy and oxygen isotope analysis confirm that the Moss
meteorite is a carbonaceous chondrite of the Ornans group (CO3).

2) It is the first CO chondrite fall after a time period of 70yr and the least terres-
trially contaminated member of its group.



74 Bilet M. and Roaldset E.

3) The cosmogenic and trapped noble gas isotopes group Moss as a typical CO-
chondrite (Bartochewitz et al. 2010).

4) Gas retention ages are approximately 3.95-10° yr (U/Th-He) and approximately
4.43 - 10%yr (K/Ar), respectively (Bartochewitz et al. 2010).

5) Most of the CO chondrite falls were ejected by single events from their parent
body between approximately 3.5 (Lancé) and approximately 57 (Felix) Ma ago.
Moss shows the second shortest cosmic-ray exposure age and was ejected about
14 Ma ago.
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Abstract. The multiple falls of meteorites in the Great Poland Lowland provided much
historical and environmental data. The most famous site of extraterrestrial matter fall with
its morphogenetic effects is at Morasko. Iron meteorites were recognized in Morasko and
Oborniki, as well as in Przelazy and Jankowo Dolne. The luminescence and radiocarbon
data showed the different time of impacts in Morasko (~5000 years BP) and Przelazy
(~Late Glacial — Early Holocene). The time of Jankowo Dolne event is not known yet.
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1. Introduction

The many spectacular falls of meteorites to the Earth’s surface as well as the non-
spectacular capture of tiny fragments of extraterrestrial material, are natural phe-
nomena. The last well-documented meteorite events in the whole of the Polish
territory were in the vicinity of Gizycko in 2011 and the stony meteorites fall at
Baszkowka near Piaseczno in 1994. Other cosmic events took place during last
one and a half century, the Puttusk chondrite shower in 1868 and the Lowicz
mesosiderite shower in 1935. Further back in time, in the Great Poland Lowland
(Wielkopolska) Morasko area near Poznan there occurred the largest iron mete-
orite shower in Central Europe around 5000 BP (Hurnik 1976; Stankowski 2010;
Muszyriski et al. 2012), as well as a very probable huge shower on NW Wielkopolska
and SW Pomerania at the very beginning of the XIV century (Czajka 2013).

The Great Poland Lowland is a good example of an area where extraterrestrial
materials have enriched the environment, as is shown by geological and historical
data. The most extensive seems to be the Morasko shower of iron meteorites, as
well as the finds near Oborniki and probably at Przelazy (Seeldasgen) and Jankowo
Dolne.

2. Historical and press documents

The oldest evidence of falls or flights of meteorites in the Great Poland is the so-
called ” Great Poland Bolide”. Czajka (2013), refers to: reports of probable impact
event in Strzelce Krajeskie at the beginning of the fourteenth century (Brzustowicz
2001; Karwowski and Brzustowicz 2009), fragment of medieval paintings of falling
stars in the temple of Paradyz near Goscikowo, the frieze in the northern portal,
brick architecture in the fourteenth-century parish church in Rzepin, and finally
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the supposition of medieval provenance of star motifs on the heraldic arms of several
cities of the Great Poland and Western Pomeranian.

The meteorites falls and bright meteor flights over Wielkopolska and recorded in
the press are as follow: in Skalin near Stargard Szczecinski, two stone meteorites,
one the size of a human head and the other the size of a goose egg impacted in
1715; at Wilkanowo near Zielona Géra — two small stone pebbles impacted in 1841;
in Krobia and Grabianowo near Wschowa and also near Gérna Swidnica there was
an impact in 185 (chunks found in 1957 all metallic matter); observations of bright
meteor flights from west to east in 1868, over middle Wielkopolska; impact in 1880
at Ratyn near Konin; impact of stony meteorites 1910 at Grzempy (between Poznari
and Pila). Some of the data from meteorites that were found was analytically
documented.

3. Morasko and Oborniki iron meteorites

The history of metallic meteorites discovers in this part of Wielkopolska is almost
100 years old. The first chunk with a mass of 77.5 kg was found in 1914. Shortly
afterwards, a 4.2 kg chunk and two 3.5 kg chunks were found. The largest chunk
was analyzed and exhibited at the Kaiser Friedrich Museum the Spandau Observa-
tory and the Pulsnitz Observatory (Clasen 1978). In the interval 1919-1960, many
different size meteorites were collected, the largest having a mass of ~80 kg. Unfor-
tunately, most of the specimens either fell apart or have since disappeared. This was
also the fate of to two medium-size fragments of metallic material, postulated as
being meteoritic in origin, found outside the Morasko area, in the ” Oborniki forest”
about 25 km North of Morasko (Pokrzywnicki 1964; Pilski and Walton 1999). Some
of the metallic chunks found near Morasko were used by locals as building material,
thus becoming incorporated into walls or floors. An instance is also known were
a large meteorite was used for some time as ballast for a treadmill. A small number
of the Morasko meteorites are saved in Polish museum collections, including those
of the Museum of the National Geological Institute, the Earth Museum in Warsaw,
the Polish Academy of Sciences in Poznan (one specimen on loan to the Chorzéw
Planetarium, another to Wroctaw University), in the collections of the Geological
Institute of Adam Mickiewicz University in Poznan, and in the Primary School
Memorial Hall in Suchy Las near Poznani.

The first Great Poland Lowland meteorite fall (an iron one, with mass of around,
102 kg, though this is not clearly specified) was some time before 1847 (Pokrzy-
wnicki 1964). An attempt to determine the exact place and time of the Przelazy
meteorite fall was made by Stankowski and Uscinowicz (2011), checking the iron
spherules content in the peat profiles as well as the contents in the superficial de-
posits in Przetazy surroundings. The most likely place to find the fall could be in
today’s peat deposit to the SW of the Przelazy area. The time of event seems to
be the turn of the Late Glacial and Holocene eras.

In the early years of XXI century small metallic meteorite was found in the Janko-
wo Dolne (Karwowski 2004). Jankowo Dolne and Przelazy meteorites with almost
identical metallic composition are very similar to the Morasko and probably to
the Oborniki ones. These four specimens, expressing the sequenced falls line, may
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be interpreted as coming from the fall of one original meteoroid. The author does
not share this view — according to data obtained, the Przelazy and Morasko falls
represent individual events, differing by some thousands of years from each other.
The age of Jankowo Dolne meteorite fall is unknown.

The end of the first and beginning of the second decade of XXI century was
the especially productive for finding meteorite. In 2006 three chunks with masses
of 10-21 kg and one of 164 kg were discovered. In 2011 AD, within the scope of
the exploration program Meteorite Men — episode 302 ”Morasko Poland”, Science
Channel, 2011, a chunk with a mass of about 34 kg, which is essential to confirm
local extent of the extraterrestrial matter fall, was discovered. This is fundamental
proof of the impact (contradicting the hypotheses about the Morasko meteorites
being brought by an ice sheet/sheets). The chunk was found in the glacitectonically
disturb Neogene sediments of the ”Poznan series”, which is present just beneath
the present-day surface. The impact led to penetration of the thin layer of Qua-
ternary sediments (hence fragments of granitic material found in the frontal part
of the meteorite — Karwowski et al. 2011). In 2012 the up to now largest Morasko
meteorites, with a mass at extraction of 300 kg, and after cleaning of 261 kg, was
discovered. At the same time many tiny fragments of extraterrestrial metal mat-
ter were found. All specimens were subjected to mineralogical and geochemical
research and dosemetric dating. The main aspect of small meteorites research is
dating of two specimen surfaces: the melt-weathering and sinter-weathering coating.
The obtained data are comparable to the results of previous studies of the Morasko
Meteorite matter and Morasko’s craters development.

Hot chunks of meteorite falling onto the sedimentary surface penetrated the uncon-
solidated Quaternary and Neogene sediments. The thermal influence of the chunks
on their immediate surroundings has been recorded in the zeroing of luminescence
and on the formation of a sinter-like coating. Later weathering resulted in the for-
mation of a compact meteorite coating. All of them include many small fragments
of crushed quarts grains, as well as grains which are strongly brecciated, which
have a structure that has been altered under the influence of a short-duration high
pressure.

The TL dating of the four meteorite coating (chunks differ in mass from ~10 to
~160 kg) was carried out at the Institute of Geography of Gdarisk University
by St. Fedorowicz. The results are as follow: meteorite of 10.5 kg, 4.7+0.4 ky;
meteorite of 11 kg, 5.0+0.7 ky; meteorite 21 kg, 6.14+0.7 ky; and meteorite of 164 kg,
5.240.9 ky. There is very little difference between the obtained ages indicating that
zeroing of the luminescence occurred in the time interval between 4.5-6.5 thousands
years ago.

The earlier luminescence analyses of sinter-weathering crusts of the large Morasko
meteorites were compared with new research data regarding the melt-weathering
crust of small meteorites (Stankowski et al. 2014). During the passage through
the Earth’s atmosphere, the exterior part of a meteorite is subjected to distinct
heating and simultaneous luminescence resetting. The results of TL dating three
small meteorites (done by St. Fedorowicz from Gdansk University and G. Porgba
from Department of Radioisotopes, Institute of Physics, Centre of Science and Edu-
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cation, Silesian University of Technology), gave indexes: meteorite 62 g, 4.64+0.8 ky;
meteorite 70 g, 4.7+0.7 ky; meteorite 1201 g, 4.9£0.9 ky. It should be add that
the mineral material from the immediate surrounding of 70 g meteorite, was also ze-
roed - sample from above gave data 5.440.8 ky, and sample from beneath 5.5+0.8 ky,
slightly older than the dates of the melt-weathering crusts (probably not complete
resetting of luminescence signal during the impact chunk). The basic dates of both
types of material fall within the limits of the measurements errors, so that they
should statistically be considered as having taken place simultaneously.

The TL dating of the meteorite coatings was preceded by OSL measurements of
the mineral sediments in the beds of the two largest Morasko’s depressions/craters.
The sample consists of the deformed sediments from the Neogene — few millions
years old, and Quaternary ones — not younger than 18-17 ky (Stankowski and
Bluszez 2012). The 101 portions of material were dated. Both the Neogene and
Quaternary sediments are often assigned very young luminescence ages. Approx-
imately 47% of all dates show indicators <10 kilo years BP, among which ~19%
are indicators <5 kilo years BP. This indicates a very early time of luminescence
resetting. The presence of older age indicators shows that resetting during the im-
pact was characterized by a diverse range of completeness. Luminescence dating
provided the verifying data of the origin of the Morasko craters in relations to
the previous TL dating of sinter-weathering crusts and melt-weathering crusts, as
well as radiocarbon and palynological age estimations of Morasko craters origin.

4. The metallic spherules as an impact indicators

The fine-grained material — micrometeorites, cosmic dust and spherules, rather then
meteorites, constitutes the bulk of extraterrestrial sum material reaching the sur-
face of the globe. The amount of this "delivery” varies with time and the concen-
tration is not uniform all over the planet.

In and around the Morasko Meteorite Reserve there exists a distinctly increase
in the concentration of tiny metallic fragments. Very often it is observed in the area
surrounding the finding meteorites. The metallic dust in which the spherules are
observed, come into being as a result of the disintegration of cosmic bodies, both
in interplanetary space and in the Earth’s atmosphere.

Research into cosmic dust found at Morasko has been curried on since 1976.
Initially, indications were found for a variable distribution, sometimes with very
high concentrations of such dust, at the northern side of the Morasko Meteorite
Reserve (Hurnik 1976). The high concentration was linked to the trajectory of
the Morasko meteorites in the atmosphere. These data and the report on the two
metallic meteorite chunks found in the ”Oborniki forests” in the 1930’s led to
a search for spherules in the sediment profiles, both mineral Pleistocene and Late
Glacial and Holocene organic-mainly peat sections.

In the core of Szlaban site (few kilometers North of Oborniki) and also in some
others around, numerous spherules were found. The quantity increases in a peat
layer that has been radiocarbon dated as 5070+40 to 4750+40 years BP (respec-
tively no data: Poz-7005 and Poz-7004). This layer formed the surface of the peat
bog at the time of Morasko Meteorite shower fall.
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Following the results from the researches at Morasko and its surroundings, it
was decided to carry out similar investigations around Przetazy. Unfortunately
there is insufficient information about the place and time of that meteorite fall.
The peat bog nearest to Przelazy (SW of village) was cored. In all of the peat
strata the constant supply of magnetic material (single spherules grains) to the gyt-
tia and peat cover the last ten millennia, and over longer. Considerable changes
in the concentration of fallen metallic dust took place in the course of this time
interval — the distinct increase of spherules in the particular peat layer. If the hy-
pothesis is correct, that a meteorite fall is associated with the increase of spherules
content, then the impact at Przelazy can be dated at the end of the Late Glacial
or the beginning of the Holocene. The Przetazy impact (with trajectory from NW)
seem to be few thousands years older than Morasko one.

5. Conclusion

In the Great Poland Lowland multiple falls of the meteorites were reported - both
evidenced by the historical/press documents and geological ones. The most impor-
tant is the presence of metallic meteorites in Morasko/Oborniki, with the addition
of Przelazy and Jankowo Dolne. These sites contain metallic meteorites elabo-
rated in detail by geochemical and morphogenetic methods. The Morasko fall is
well-documented in age ~5000 years BP. The obtained data are consistent with
the previous palynological and radiocarbon results. The Morasko area is one of
only few places in the Earth, where there exists not only extraterrestrial material,
but also impacts effects in the form of craters. The Przelazy meteorite appears to
come from another different fall, older by a few thousands of years than Morasko
and probably left no effect in the form of craters. The Jankowo Dolne meteorite
fall time is not known, but extensive studies are continuing.

References

Brzustowicz G.J., 2001, Nadwarciariski Rocznik Historyczno-Archiwalny, 8, 317

Clasen J., 1978, Meteoritics, 13, 245

Czajka W., 2013, Bolid Wielkopolski. Okolicznosci spadku meteorytu Morasko, ISBN 978-
83-919107-4-0, Biblioteka meteorytyki, Warsaw, Poland (in Polish)

Hurnik H., 1976, Meteorite Morasko and region of its fall, Wyd. Nauk. UAM, Poznan, 64

Karwowski L., 2004, in Proceeding of the III Konferencja Meteorytowa, 25-26 Sept. 2004,
Poznan, Poland, 24

Karwowski L., Pilski A.S., Muszyriski A., Arnold S., Notkin G., Gurdziel A., 2011, Mete-
orites 1, 21

Karwowski L., Brzustowicz G.J., 2009, Acta Societatis Metheoriticae Polonorum, 1, 59

Muszynski A., Kryza R., Karwowski L., Pilski A.S., Muszynska J., 2012, Morasko,
the largest iron meteorite shower in Central Europe, ISBN 978-83-63400-50-7, Bogucki
Wydawnictwo Naukowe 2012, 109

Pilski A., Walton W., 1999, Meteorite 5, 27

Pokrzywnicki J., 1964, Studia Geol. Pol., XV. Wyd. Geol., Warszawa, 176

Stankowski W.T.J., 2010, Morasko Meteorite, a curiosity of the Poznan region (Mete-
oryt Morasko, osobliwo$é obszaru Poznania), ISBN 978-83-23221-13-5, Wydawnictwo
Naukowe Uniwersytetu im. Adama Mickiewicza, Poznan, 94



80 Stankowski W.T.J.

Stankowski W.T.J., Uscinowicz G., 2011, Acta Geologica Polonica, 61, 115

Stankowski W,T.J., Bluszcz A., 2012, Radiometric dating, ISBN 978-953-51-0596-1, In-
Tech, 115

Stankowski W.T.J., Fedorowicz St., Michalska D., Poreba R., Szyszka M., 2014, Planetary
and Space Science, (submitted)



Meteoroids 2013, Proceedings of the Astronomical Conference,
held at A.M. University, Poznan, Poland, Aug. 26-30, 2013,
eds Jopek T.J., Rietmeijer F.J.M., Watanabe J., Williams I.P.,
Adam Mickiewicz University Press in Poznan, pp 81-85

250 Fireballs Observed in Norway 100 Years Ago

Skorve J.

Natural History Museum, University of Oslo
P.O. Box 1172 Blindern NO-0318, Oslo, Norway (skorjoh@yahoo.no)

Abstract. In 1941 the Norwegian Academy of Sciences, presented a study in the Mathema-
tical-Natural Sciences section, by the Norwegian astronomer Sigurd Einbu. In this report,
the information of each fireball is presented in a table containing eight parameters, in-
cluding their radiants. The report also contains several illustrations. For about 60 of
the most interesting fireballs, Einbu included additional information, as describing them
in more details. Like, those fireballs producing infrasonic sounds, and/or having super-
bolide brightness. Also, the strong smell of sulfur, have been reported by a number of
persons in a meteorite drop zone. Also, a unique incident of four bright fireballs that
were observed within a period of 12 hours, all with the same radiant. During this pe-
riod, we also experienced the brightest fireball that ever has been observed in Norway,
the Trysil superbolide, of 1927. This paper discusses Einbu’s report. With respect to when
it was published, is surprisingly well suited to also to be read and studied by interested
researchers.

Keywords: meteoroid, superbolide, fireball, Norway, Einbu

1. Introduction

Between 1903 and 1941, 250 fireballs were observed and categorized in Norway.
This was done and published (in German) in 1942 by the Norwegian astronomer
Sigurd Einbu. The study was named Observations of 250 fireballs seen in Norway
during the 1903-1941 period (Einbu 1942). His report was rediscovered accidentally
twenty years ago. It excels in the large amount of fireballs treated and the quality
of presentation. The collection includes a number a very bright fireballs and even
some superbolides.

Sigurd Einbu (1866-1946) was an astronomer from rural Norway. He collected
and coordinated numerous observations of variable stars and fireballs in cooperation
with the University of Oslo. In 1912 he discovered a nova (Nova Geminorum IT 1912
Enebo) named after him. He received from 1909 a permanent state salary from
1909 which permitted him to work as a full time astronomer. He also established
an observatory for magnetic and auroral observations.

His legacy includes 14 scientific publications, popular astronomy books, and va-
riety of astronomical notices to newspapers.

2. Some very bright fireballs and superbolides in Einbus report

Early Christmas Eve 1916, a very bright fireball crossed the border of Swedish
Lapland, moving in a SW- direction, in a very shallow trajectory, before reaching
the Norwegian coastal area, near the town of Kristiansund. During its more than
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400 km long passage through the atmosphere, it had two violent explosions. It must
have been a superbolide, according to the description of its impressive appearance.
120 reports were received from people who had seen it. Only 30 minutes later,
another very bright fireball was seen moving in the same direction as the first
one. However, its trajectory was somewhat further to the south. It split up into
two distinctive pieces, and they moved together over a considerable distance. Even
more surprising, 24 minutes later, even a third fireball appeared, though it was
somewhat smaller that the two others. However, it moved in the same direction as
two others, but further to the south. Early next morning, another bright fireball
was observed. It had the same radiant as the three others observed the evening
before, clearly, a most extraordinary Christmas gift.

Of the 120 reports Einbu received from people who had seen this first and most
luminous one, of the bright Christmas 1916 fireballs, only about 20 could be used
for locating the fireball path through the atmosphere. The majority of the observers
perceived the fireball to be close to them. For some it seemed that it hit the ground
in the neighboring area. Some saw it rising from the root of a tree nearby. They
immediately went over to the site, but found nothing unusual. Others saw the fire-
ball barely missed, colliding with a tall chimney of a factory. A man walking along
aroad, told he had to jump into a ditch, to avoid being hit by the fireballl Not many
of these observations and descriptions are of direct astronomical value. However,
as the geographical location of this superbolide track through the atmosphere, is
reasonably well known, it is clear that the majority of these close by observations,
actually, were made at distances of more than 100 km. In addition to this super-
bolides‘ spectacular brightness, it was observed long and widely in its shallow path,
over a 400 km long stretch, gradually penetrating the atmosphere.

3. A Presentation of selected fireballs and superbolides from
Einbus report

The following image (Figure 1) shows graphically some of the very bright fireballs
and superbolides described by Sigurd Einbu. Below each of the selected observations
are described in more detail.

No 16.

This has been described above as the first and brightest of the early Christmas Eve
1916, fireballs. During its long passage through the atmosphere, it had two violent
explosions.

No 37.

On January 1922, an extremely bright fireball entered the atmosphere, near the bor-
der to Sweden. It moved along the southeastern coast of Norway, in a very shallow
angle. After a more than 400 km long stretch, it ended in a violent explosion over
the North Sea, only about 25 km off the coastal town of Egersund.
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Figure 1. Selected very bright fireballs and superbolides described by Sigurd Einbu.

No 44.

In the evening of February 1923, a very bright fireball came from Sweden into
Norway, moving in a NW direction. After it had travelled about 180 km, it had
a violent explosion. Below and within a wide area, people felt a strong shock. Some
fainted, others sensed a strong smell of sulphur. This same was experienced by
some people, in connection with the Tagish Lake superbolide in western Canada in
January 2000. After the explosion over SE Norway, three bright objects were seen,
continuing moving, in close procession, for about 150 km. Then they disintegrated
in the Otta area, where whistling sounds were heard, but no meteorites were found.

No 55.

An impressive fireball moved southward over central, southern Norway, 15 minutes
after sunset. Two men saw it approaching from the north, and some minutes later,
they saw something hitting the ground close to them. Due to the darkening sky,
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they decided to check the area the next morning. Therefore, they did, and they
found three holes in the ground, on considerable larger than the two others did.
Due to very unfortunately circumstances, these meteorites were never recovered.

No 180.

This extremely bright fireball came across from Sweden, moving in a westerly
direction. After having travelled more than 200 km., it exploded violently, at an
altitude of about 20 km. From this explosion, strong sounds were heard from widely
around, 4-5 minutes later.

4. The Trysil Superbolide

This map (Figure 2) shows the approximate path of this superbolide, that probably
was one of the brightest ever observed in Norway. It was first seen from the western
coast of Sweden on 21. June 1927, at 6 o‘clock in the morning, on this longest day
of the year. The Sun had then been up for two hours, and had already reached quit
high in eastern sky. Seen from the Swedish west coast, the superbolide moved north-
ward in the western sky. It had probably entered the atmosphere over the central
part of Denmark.
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Figure 2. The trajectory of the Trysil superbolide.
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Some of the observers heard sounds simultaneously when observing the bright
fireball. Thus, they thought it was very close to them.

Reaching SE Norway, with decreasing altitude, it became even more overwhelm-
ing in brightness, an strong detonations were heard over large areas. In the Oslo
area, many people saw the fireball high in the sky, and some surmising it to be
passing 300 meters above them. In a nearby area, one person saw it as a flaming
lightball moving in a north eastern direction. Felt it being as close as 100 meters,
but understood intuitively that it was further away. It was clearly brighter than
the Sun.

Moving further north, continuing detonations were heard. Then it changed grad-
ually into an elongated, diffuse object, seemingly containing separated pieces and
bright spikes. This indicates that the meteoroid had broken into several fragments.
Reaching the Trysil area, it had an extremely violent explosion. The whole area
became covered by a black cloud. After some time, this faded gradually away, and
finally disappeared.

Within a radius of more than 60 kilometers strong detonations were heard,
and the ground was shaking, causing rattling doors and broken windows. This
was also the case on the Swedish side of the border. Good measurements from
the Swedish side show that the superbolide final explosion, took place 40-20 km
above the ground. A few weeks later, a 640 gram meteorite was found. Surprisingly,
no search for meteorites was organized by the University of Oslo, which initiated
the collection of observations and reports of this superbolide.

5. Some concluding remarks

Interesting in retrospective, is to note that fireballs observations were systemat-
ically registered a hundred years ago, but not today until very recently, when
the The Norwegian Fireball Network was established in 2013 (NFN 2013).

Einbus report may be used for documentation, comparison and future compar-
ative research. Einbu in a later book reflected on the limitation of visual measure-
ments of fireball sizes. He was convinced that the meteorite bodies had to be much
smaller than their appearance.
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Abstract. Researchers of the ancient Maya culture have long been fascinated with the Ma-
ya obsession concerning cyclical calendars and precise visual observations of astronomical
bodies and phenomena, in particular the Sun, Moon, visible planets, and solar and lu-
nar eclipses. Although considered possible, heretofore no record of specific sightings of
comets or meteor showers in the Maya inscriptions has been firmly established by schol-
ars. Besides difficulties with decipherment of the hieroglyphic script, investigators have
had to grapple with an ancient Maya calendar that has not been accurately correlated to
the European calendar. Recent examination by this researcher has found that it may be
possible to recognize written accounts of meteor showers embedded in the hieroglyphic
corpus, especially the codices, the screen-fold books that were the tools of the astronomer-
priests of that day. By proposing an alternative decipherment of an astronomical sign and
using the accompanying hieroglyphic texts and illustrations with appropriate dates, this
researcher believes it is possible to demonstrate that the Maya may have recorded meteor
showers occurring in the seventh through the tenth centuries AD.

Keywords: Maya codices, meteor showers, meteor(s), Perseids, Orionids, Dresden codex,
Madrid codex

1. Introduction

The Dresden and Madrid codices and some Classic inscriptionst may provide ev-
idence that the Maya observed and tracked certain specific meteor showers in-
cluding the Perseids, Orionids, Eta Aquariids and a few of the numbered showers
(Jenniskens 2006:598-611, Table 1). By comparing dates recorded in the corpus of
Maya hieroglyphic inscriptions, including the codices, to known historical dates of
observed meteor showers from the same time period, the author could then examine
the text and iconography associated with appropriate solar longitudes to decide if
a particular inscription applied to a meteor shower outburst.

The word codices is the plural form of the singular ”codex” meaning ”an ancient
manuscript text in book form,” (www.oxforddictionaries.com). The codex itself

1 The Classic period is usually defined from AD 250 to 900, divided into the Early
Classic (AD 250-600) and Late Classic (AD 600-900) periods. Classic inscriptions included
carvings on stone monuments, panels, doorway lintels and jambs, wooden lintels, paintings
on walls, and carvings and paintings on portable objects such as ceramic vessels, seashells,
jade objects, turtle shells and the like. The codices were believed to have been painted
during the Late Postclassic period (c. AD 1200-1521)(Vail and Hernandez 2013).
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Figure 1. Facsimile of the Dresden Codex (Cholsamaj edition, 1998)(Photograph by
author).

was a divination tool of the priests, a handbook containing almanacs and tables
that pictorially and hieroglyphically displayed astronomical and religious informa-
tion, including rituals and daily activities (Vail and Hernandez, 2013). Many of
the almanacs and tables had been copied from previous codices and thus may
contain some historical information. Currently scholars are not clear on which in-
formation is historical fact and which is prophecy, however it appears to this author
that many of the possible meteor shower events are actual observations.

The Maya codices are accordion style books made with paper from the inner bark
of the fig tree. There are four such surviving screen fold books as they are sometimes
called; three, the Dresden, the Madrid (also known as Codex Tro-Cortesianus), and
the Paris are known by the names of the European cities where they are now housed.
Figure 1 shows a facsimile of the Dresden codex, 74 pages long; the Paris Codex is
22 pages long and the Madrid codex is folded into 56 leaves painted on both sides,
giving a total of 112 pages.

Given that precise astronomical information recorded in the codices seemed to in-
clude all but comets or meteor showers, was it possible that previously unrecognized
astronomical information concerning meteor showers was embedded in the known
tables and almanacs? China, Japan, Korea and Europe also using naked eye as-
tronomy had observed and recorded comets since the 11th century BC (Ho (2)
referenced in Yeomans, 1991:362) and meteors since 687 BC (Imoto and Hasegawa,
1958:134). Embodying the physical aspect of visual astronomy, a prominent struc-
ture known as the Caracol at the Maya site of Chichen Itza was known to have
been used for astronomical purposes (Aveni 2001:92, 272-282).

1 Almanacs were normally composed of a continuous 260 day cycle while tables were
usually anchored in the Maya Long Count, similar to the Julian Day Number system.
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2. History

Although the last 20 years have seen great strides in the decipherment of the Mayan
hieroglyphics, students of the Maya culture have been hampered by various prob-
lems. Following the arrival of the Spanish in 1521, Bishop Diego de Landa burned
a great number of hieroglyphic rolls in 1562 (Gates 1937:iii). These destroyed doc-
uments themselves may have contained records of astronomical observations.

The exact correlation of the Christian calendar to that of the Maya is still be-
ing debated. The problem covers about a 3 day variance. The so-called correlation
constants, 584283, 584285, and 584286 refer to the Julian Day Number for the be-
ginning of the current Maya calendar Long Count. Recent literature seems to favor
584286 (Kennet et al. 2013:1-5; Martin and Skidmore 2012:3-16); naturally even
a one day difference is critical when talking about a long period meteor shower.

Physical evidence of the knowledge of meteors seems to appear in the Maya area
in the AD 300s. It was thought that heavenly gods hurled flaming arrows or darts at
each other. A fourth century ball court marker from Tikal depicts a figure holding
an atlatlt marked with stars interpreted as a meteor; a stone relief of the found-
ing king of the city of Copan, AD 426, is carved on a structure known as Altar Q,
holding a flaming dart, also interpreted as a meteor (Taube 2000:298,274, 295, 296)
(figure 2). In Maya mythology, the scarlet macaw is related to meteors by the bril-
liant red feathers being metaphorically substituted for flaming torches (Christen-
son, 2007:131). Another metaphor used for meteors was fire-drilling, or the sparks
resulting from the friction of the spinning shaft: the fire-drilling scene shown in
figure 2 is from the Madrid codex; meteors were also represented by twisted cords,
ropes that were used to transfer powerful rotational energy to the spinning shaft
(Taube, 2000:294). Caterpillars and worms were also thought to represent meteors
because of their drilling capabilities (Taube 2000:290-291; Lenkersdorf 2010:505,
506; Barrera, 1980:188). Meteors and obsidian were both thought of as star ex-
crement; obsidian was thought of as both the meteor and the meteorite (Laughlin
1975:93; Lenkersdorf 2010:333, 571).

Physical seizures and illnesses were thought to result from meteor showers.
The term for seizure was ”tancas,” a contraction of ”tamacas” which was also
the word for Milky Way [galaxy] (Roys 1965:xviii; Barrera et al. 1980:767, 768). In
the Mayan language of Tzotzil, poslom means both ”sickness in leg” and ”falling
star seen at dusk,” (Laughlin 1975:284). Seizures were treated by shamans, persons
who would interact with the spirit world through dance, hallucinogens or incanta-
tions. A series of these incantations are translated by Ralph Roys in the volume
"Ritual of the Bacabs,” (Roys 1965:3-70). The incantations took the form of chants
and repeated phrases in an almost hypnotic rendition, sometimes conjuring or in-
voking deities known as Bacabs. The incantation was sometimes directed toward
a heavenly realm called the fifth celestial place or Na Ho’ Chan, ”First Five Sky”,
where fires and some meteors may have originated (Roys 1965:7-9). These meteors
that caused the seizures were the offspring of rattlesnake rattles, also known as

T Atlatl, it is a Nahuatl word for a ” throwing stick or dart sling” (www.oed.com, Oxford
English Dictionary online).
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Figure 2. Left: drawing of stone carving of Yax K’uk’ Mo’, Altar Q, founding king
of Copan holding flaming arrow, possibly interpreted as meteor (Taube 2000:274, 295,
296)(Drawing by Linda Schele (shading by author)). Right: two god M figures engage
in fire-drilling scene from page 51la, Madrid codex (courtesy Akademische Druck-u. Ver-
lagsanstalt-Graz, electronic document online at famsi.org).

the Pleiades constellation, close to the Perseus constellation and the apparent orig-
ination (radiant) of the Perseid meteor shower; the scarlet macaw was responsible
for seizures in the incantations (Roys 1965:7-9, xix).

3. Discussion

One important notation used by the Maya was the sky band. The sky band consists
of several signs in a horizontal band used in both the Classic inscriptions and
the codices to indicate the heavens and celestial activity. Signs such as the sun,
moon, a star or Venus, night and the proposed sign for meteor showers make up
the sky band (see Figure 3).

This author bases his hypothesis in part on a proposed reading of what is con-
sidered a variant of the k’in, ”day, sun” sign found in the sky band that is included
in many of the pages of the codices. Specifically that sign is a dotted X conflated
within the k’in sign, the dotted X containing small circles at the center and at
the end of each leg of the X. The conflated k’in sign is known as a k’in variant
T544v (Thompson 1962:155-160) or XQ3 (Macri and Looper 2003:197), but nei-
ther catalog distinguishes the k’in sign with or without the dotted X contained
within the sign itself. The dotted X variant is found occasionally throughout texts
in the Classic inscriptions, and whether or not the meteor shower meaning can be
attached in those contexts is beyond the scope of this paper. In the codices the dot-
ted X k’in sign seems to be found only in the sky band and not in the glyphic texts
themselves. In the sky band of the throne inscription at Uxmal as interpreted by
Bricker and Bricker (1996:210), the author interprets the sign shown in figure 3 and
a similar sign as the Perseids and Orionids. Meteor shower dates may be associated
with and without texts with the k’in variant, therefore the k’in variant may not be
an exclusive indicator of showers.
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Proposed Meteor
Shower Sign

Meteor? Sign with Arrows
(San Bartolo Murals)

Codices
; EeTTTal. o e
Carved Meteor? Sign b I RS ;’me{-‘ if=rN
(Palace of the Governor e Wz Dl [T m i S
Uxmal) Sky Night Meteor? Sun Star/Venus Moon

Figure 3. Examples of the k’in sign variant T544v that may signify a meteor shower
outburst: Top left: sign with arrows painted on underside of wing of Principal Bird Deity,
San Bartolo Murals, circa 100 BC (rendered by Heather Hurst). Bottom left: carving
on Uxmal throne inscription, Palace of the Governor, Uxmal, circa AD 900 (photograph
by Mauricio Metri Ojeda). Top right: sign carved on Tablet of the Cross, Palenque, on
deity G1 forehead and sky band, Classic period (drawing by L. Schele). Bottom right: k’in
sign variant contrasted with simple k’in, ”sun/day” sign, Dresden codex, late Post-Classic
period.

Having a variant of the day or sun sign representing a mostly night-time event
may seem contradictory, but there may be a reasonable explanation. First, as
noted above, the scarlet macaw was responsible for the meteors from the area of
the Pleiades, and the radiants for both the Perseid and Orionids meteor showers are
in that vicinity. The macaw, in the form of Kin-ich-kak-mo (”sun-eye-fire-macaw”),
was also the idol of sun worship at Izamal, where a great number of citizens would
bring offerings in times of pestilence (Lizana, Historia de Yucatan. f.4v referenced
in Roys 1965:137). The fire of the meteor may have been equated to the fire of
the sun, hence the combination.

4. Methodology

The author chose 16 of 34 historically observed showers from China, Korea, Japan
and Europe (Jenniskens 2006:598-611, Table 1) for comparison to candidate shower
dates in the Maya inscriptions. Since most dates in the Classic Maya inscriptions
occur between AD 400 and 900, and many dates recorded in the codices appear to
be events that have already occurred from about 700 to 1000, 15 of the 16 historical
showers chosen for comparison were observed prior to AD 1000. Shower 15 was an
exception as discussed later.

Figure 4 depicts meteor showers that the Maya may have observed arranged ac-
cording to solar longitudes about a circle. The circular diagram shows the Earth’s
anti-clockwise direction around the Sun (plan view of the ecliptic plane). Solar lon-
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SOLAR LONGITUDE FOR POSSIBLE METEOR SHOWERS DURING
EARLY AND LATE CLASSIC PERIOD

Plan View -- Looking down on the ecliptic plane

Lyrids (LP) Shower 1 (HT) Shower 34 (HT)  Shower 33 (LP)
32.0°-32.5°  21.9°-22.2° 343.0° - 345.4°  324.3° - 324.9°

Eta Aquariids Shower 32
(HT) (JF/HT)
40.2° - 45.0° 299.7° -- 304.1°

Shower 5 (HT)
83.1°-- 84.1°
EARTH
Shower 7
(HTILF) Shower 25
111.0° - 111.8° (HT/LP)
240.7° -- 240.8°
Shower 9 (JF)
132.6° -~ 133.2°
Leonids (HT)
219.4° - 222.7°
Perseids (HT) Orionids (HT) (AD 904 and later)
137.8° - 141.7° Shower 15 (LP) 201.9° -- 207.5°

167.1° - 167.4°
Shower 17 (HT)
Shower 12 (HT/LP) 187.1° -- 188.6°
150.2° -- 150.5°

Shower 16 (LP)
175.9° - 176.1°

Figure 4. Depiction of solar longitudes of 16 meteor showers that possibly may have
been observed by the Maya before AD 1000 (diagram by author)(data from Jenniskens
2006:598-611, Table 1). The Leonids would have only been observed in AD 904 and later
(Jenniskens 2006:619, Table 4a).

gitudes measure from the Earth to the Sun using the J2000 reference for the vernal
equinox.

Solar longitudes were calculated for known dates in the codices associated with
and without the dotted X kin sign to see if a correlation could be found to histori-
cally observed meteor storms. The number of days that showers or outbursts from
16 individual showers could be observed amounts to about 36 days, or about 10
percent of the days of a year. Candidate showers fell within the solar longitude and
chronological limits with an accompanying text descriptive of a possible meteor
event (all dates Julian Calendar, UT, unless otherwise noted).
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5. Results

Besides the positive results listed in Table One, several groups of data not included
in this analysis had little or no correlation. One group concerned the so-called ”star
wars” glyph, a glyph indicating a war event. Scholars have suggested that it was
related to meteor showers because of droplets that appeared to fall from a ”star”
glyph (Aldana 2005:313, 314). The author however found zero correlation to any of
those 27 dates and near zero in reference to a set of 27 dates involving fire rituals
(Grube, 2000:103-104). In a third set of 94 dates at Yaxchilan (Tate 1992:271-274),
the author found only 4 definite possibilities and 9 dates that had some possibility,
i.e. greater than 0.5 degrees and less than 1.0 degree outside of the range of a
long-period shower, and greater than 1.0 degree and less than 2.0 degrees outside
the range of a Halley-type or Jupiter-family comet.

Table One shows candidate showers considered in this study, both from Classic
inscriptions and the codices. All of the codical examples contain text that could
be considered descriptive of a meteor storm or its perceived potential for damage.
Table One notes are found below.T

6. Analysis: Does the K’in Variant in the Sky Band Indicate
a Meteor Shower?

The first set of data is analyzed from Table 2 in terms of the dotted X k’in sign
found in the sky band, although not all candidates contain a sky band nor the sign
itself. In an original sample size of 15 possible candidate showers, 3 samples (nos.
16, 22 and 23) were discarded due to uncertainties in dating and the meteor sign
leaving n = 12. First, considering only the sky bands that contained the possible
meteor sign, n = 8 (nos. 2, 7, 8, 15, 20, 18, 14 and 21), four (nos. 7, 8, 20 and 18)
out of the 8 were acceptable. Two samples were associated with Shower 25, which
hasn’t yet been determined to be Halley-type or long-period. If Shower 25 is long-
period, the solar longitude for each sample is deemed either one degree too high

1 a. The date of 736 July 24 (Maya Long Count 9.15.5.0.0) is also recorded on Bench
XXI at Palenque; all Ahkal Mo’ Nahb III events in Table 1 occur on Temple XIX. b.
dates for candidates taken from other than the first row of the table: no. 8, Dresden 45bl,
row 6; no. 21, Dresden 39al, row 20. c. The author translates y-a-ek’ ”of the cosmological
throne” as ”rain-stars” or "meteors” of the cosmological throne,” whereas MacLeod trans-
lates the same phrase as ”crocodile throne” (personal communication, 2013). d. The au-
thor translates ch’o[j] as "pierce, perforate, be pierced” from the Mayan language Tzotzil
(Laughlin, 1975:137) and Ch’ol, ch’ojch’on, ”to peck something,” (Hopkins and Josserand,
2011:53). e. Both paintings depict what has been suggested as hanging textiles; in the his-
torical record, 19 of the shower descriptions use the term ”weaving” and one ”fabrics of
silk” (Jenniskens, 2006:598-611, Table 1). f. The author discards these two showers due to
uncertainty in dating, i.e. almanac 33c-39c has no Maya Long Count anchor (as found in
tables in the codices) and the fact that the almanac most likely refers to the 16th century,
out of the scope of the author’s analysis. g. Two k’in sign variants are located in the sky
band on the top of the Sarcophagus lid; dates of deaths (or apotheoses) of several kings
are carved on the edges of the lid. h. The k’in sign variant is recorded in the sky band
and forehead of GI on the Tablet of the Cross. i. The author considered the possible k’in
variant found in the sky band too dissimilar to be included in the data analysis.
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Table 2. Meteor shower candidates from the codices. ”Success?” refers to positive can-
didate.

No Codex Sign? Shower Valid? Sky Comment Year Type Success?
Band?
2 Dresden 37a2 Yes Eta Aq. 7 Yes storm in 9647 959 HT
7 Dresden 40b2 Yes Perseids Yes  Yes related to no. 9 775 HT Yes
8 Dresden 45b1 Yes Perseids Yes  Yes row 6 819 HT Yes
9 Madrid 12a3 No Perseids Yes No China 933 933 HT
15 Dresden 66a2 Yes 257 7?7 Yes 2 dates for 66a2 949 HT/LP
20 Dresden 66a2 Yes 34 Yes  Yes 2 dates for 66a2 950 HT Yes
18 Dresden 55a  Yes 32 Yes  Yes Picture 2 762 JF/HT Yes
14 Dresden 56a  Yes 257 7 Yes Picture 3 764 HT/LP
12 Dresden 53b No Orionids Yes  Yes Picture 6 775 HT
19 Dresden 54b  No 33 Yes  Yes Picture 7 779 LP
1 Dresden 36a3 No 17 ? No not seen after 581 959 HT
21 Dresden 39al Yes 34 No  Yes row 20 964 HT
16 Dresden 68a3 7 none No  Yes meteor sign?? 949
22 Dresden 37c2 Yes ? No  Yes Uncertain 15177
23 Dresden 39cl Yes ? No  Yes Uncertain 15177

or too low. If Shower 25 is a Halley-type, the two samples are acceptable, yielding
6 out of 8. Sample number 21, Dresden 39al is considered unacceptable because
a shower does not correlate until the table reaches row 20. Four samples (37a2,
36a3, 39al and 68a3) come from the spliced table Dresden 32a-39a, considered
somewhat ambiguous since the two spliced sections overlap in dates (Bricker and
Bricker, 2011:647). Sample 37a2 correlates to the Eta Aquariids but the translation
is unreliable. An additional sample (37a3, not shown nor considered) correlates to
the Perseids date but the drawing, sky band, or text seem unrelated to a shower.
Sample 8, Dresden 45b1, a Perseid which correlates at row 6 is considered acceptable
as explained later. In summary, the success rate is 4 out of 8, or about 50 percent.
Therefore, if one finds a dotted X k’in variant in a sky band with a descriptive
drawing and text possibly relating to a meteor shower or storm, one could expect
to have a date that would coincide with a meteor shower about half of the time. If
in the future Shower 25 is found to be a Halley-type, the success rate jumps to 6
out of 8, or about 75 percent. Further, if it is determined in the future that Shower
34 is valid for row 20 for page 39al of the Dresden table, the number increases to
87 percent.

7. Analysis: Four Candidates in the Pictures of the Dresden
Eclipse Table, Pages 51-58

Scholars agree that the table on pages 51 through 58 is an eclipse table, but whether
mostly solar (Bricker and Bricker, 2011:249-342) or lunar (Aveni, 2001:173-184)
or undecided (Love, 1994:91) is still under debate. Ten ”pictures” or drawings are
spread throughout the table as an expansion of certain columns, though not part of
the counting sequence itself, and seem to record events already completed. The au-
thor bases this interpretation in part on the grammatically ”perfect” statements u-
kabijiiy/chabijiiy, "he/she has caused/governed it,” (MacLeod, 2004:291-325) that
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appear in the text of four of these pictures. Dates associated with four of the pic-
tures, 2, 3 (with a caveat for Shower 25 as discussed above), 6 and 7 coincide with
historical meteor shower solar longitudes, well above the one out of ten statistical
average. Pictures 2 and 3 have sky bands while pictures 6 and 7 do not, although all
four have text and iconography that indicate death, disease and destruction that
are consistent with beliefs about meteors mentioned earlier in this paper.

The possibility that the Maya recorded Shower 32 (Picture 2) seems more than
coincidental since both Showers 32 (Table 1) fall within the less than 100 year
historical record between AD 685 and 764. The showers of January 685, 743, 745
and December 764 combined with the Maya candidates of January 722 and 762
seem to indicate a shower with about a 20 year period. If Kresdkova (1987:935-
936) is correct that this shower may have been caused by a comet that appeared in
December 684/January 685 (observed in Japan and Europe), that might preclude
a prediction by the Maya, especially in 722. Picture 3 concerns Shower 25 which
is discussed above, although the table seems to allow an adjustment of a day ei-
ther way. The plausibility that this shower is described as "red or great rain” is
credible since one third (118 of 357) of the historical records use the word ”rain”
in describing falling stars. Picture 6 depicts a deceased female deity hanging from
a sky band. The author translates the first line of the text ch’a?pahal as ”sickness,
disease, possibly contagious,” (Barrera, 1980:126), possibly caused by meteors as
indicated in the last line of text. This shower would have been Orionids, recorded
in AD 288, 585, 903 and 930 prior to AD 1000 (Jenniskens, 2006:604). Picture 7,
correlating to long-period Shower 33, seems to record damage to the earth and sky
although the cause is not clear due to poor understanding of the text. The shower
may be indicated by what has been called a textile suspended beneath the sky
band. Moonlight would not have been a factor under a new Moon. In summary,
the author believes it plausible that Pictures 2, 6, 7 and possibly 3 are records of
meteor storms.

8. Analysis: The Perseids, including events at Palenque

The ruler of Palenque Ahkal Mo’ Nahb IIT recorded his last event on the stone
platform in Temple XIX on AD July 23, 736 (local), 9.15.5.0.0, 10 Ahau 8 Ch’en,
a date that precisely coordinated with the ”"road-entering” (death or apotheosis) of
Ahkal Mo’ Nahb IT on 9.6.16.10.7, July 22, 570 (local), exactly 166 sidereal Earth
years earlier (365.259 days per year, 365.256 actual). The difference between these
two dates, 60,633 days, also equals 14 sidereal cycles of Jupiter (4330.929 days,
4332.589 actual) and 152 synodic cycles of Jupiter (398.901 days, 398.88 actual).
These two dates in 570 and 736 also correlate to Perseid solar longitudes of 141.4
and 141.7 degrees respectively when Jupiter was positioned in the constellation
Virgo. Grofe (2011:85) demonstrates that the Maya knew the length of the sidereal
Earth year and may have tried to keep track of it by adding 23 whole days to 90
Haabs of 365 days to reach 90 sidereal years: (90 x 365) + 23 = (90 x 365.2555556).
Similarly, in the case of 166 years between 570 and 736, the sidereal year can also
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be calculated by adding 43 days to 166 Haab’s (one Haab’ = 365 days):

60,633 days = (166 Haab’s)(365 days/Haab’) + 43 days = (2)(83)(365) + 43 =
60,590 days + 43 days = 8.8.5.10 + 2.3 = 8.8.7.13 = (166 sidereal years)(365.259)

The equation is interesting for a couple of reasons. The event immediately prior
t0 9.15.5.0.0 occurred 43 days earlier inscribed as 6 Kaban 5 Yaxk’in (9.15.4.15.17),
a ”fire-entering” event. Remarkably, then, counting forward from 9.6.16.10.7, the
“road-entering” of Ahkal Mo’ Nahb’ II in 570, exactly 166 Haab’s, or 60,590
days = 8.8.5.10, one arrives at 9.15.4.15.17, the exact date of the ”fire-entering”
event. Adding another 43 days leads to 9.15.5.0.0, just as in the above formula.
The translation of this fire-entering passage is problematic, although Stuart sug-
gests (2005:104-106) it may involve the o’ bird mentioned in the Ritual of the Ba-
cabs. The o’ bird is noted in traveler-seizure as being the offspring of the Pleiades
(Roys, 1965:9), perhaps a direct reference to the Perseids. First recorded by China
in AD 36, the Maya undoubtedly observed the strong annual Perseids regularly
(Jenniskens, personal communication 2013). At a normal Zenith Hourly Rate of
about 100 meteors and twice that during an outburst (Jenniskens, 2006:649, Ta-
ble 5¢), the Maya would have been interested in predicting future outbursts. In
their discussion of the heliocentric sidereal period of Mars and the Upper Water
Table of the Dresden codex, the authors state that they know of no reason why
the Maya would be interested in such a period [sidereal] (Aveni, et al, 2003:158),
yet in the above scenario, the Maya may have been demonstrating the relation-
ship between the sidereal cycle of Jupiter and the Perseid storms and thought
that the position of Jupiter was connected to outbursts of the Perseids. Jupiter,
in fact, does steer the dust trails [Perseids] of the parent comet 109P/Swift-Tuttle
[Jenniskens, 2005:272]).

Continuing with half of the above values, one arrives at a formula using 83 Haab’s
+ 21.5 days that tracks 83 sidereal Earth years and 7 sidereal and 76 synodic cycles
of Jupiter:

(83 Haab’s)(365 days per Haab’) + 21.5 = (83)(365.259) = (7)(4,330.929)
= (76)(398.901) = 30295 + 21.5 = 4.4.2.15 + 1.1 (and a half) = 30316.5

Aveni actually derives nearly the same number, 30,316 in a hypothetical ex-
ercise deriving the sidereal cycle of Jupiter (2001:87-89). Projecting forward from
AD 736, the Maya may have been able to forecast another outburst of the Perseids:

(83 Haab’s)(365 days per Haab’) = 30,295 days = 4.4.2.15 days;
Long Count 9.15.5.0.0 4+ 4.4.2.15 days = Long Count 9.19.9.2.15

Interestingly, the date 9.19.9.2.16 is found in column one, row six of the ”Mars”
table, Dresden pages 44b and 45b. A 19 day interval follows in column two, leav-
ing only 1.5 days short that the Maya would have needed to arrive at 7 sidereal
Jupiter cycles and 83 sidereal Earth years. That date in column 2 corresponds
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t0 9.19.9.3.15, July 23, 819 (local), another possible Perseid storm date at a so-
lar longitude of 140.5 degrees. Although the question of whether the Maya Long
Count changed at sunset or sunrise is beyond the scope of this paper, they may
have changed over 9.19.9.2.15 to 9.19.9.2.16 at sunset because the event occurred
at night and accepted that the Long Count was about a day short in the following
column. Only two dates out of 40 total in the Mars table coincide with solar lon-
gitudes of actual historical showers, and the text reads in part, ”it is destruction
to Fire Macaw and death of the Maize deity.” The 83 year pattern in the Perseids
is also evidenced by China observations in AD 841 and 924 and Japan in 1007
(Jenniskens, 2006:601).

There is another interesting relationship between two Perseid candidates in cog-
nate eclipse almanacs, Dresden 38b-41b and Madrid M10a-13a. In his discussion
of these two instruments, Tony Aveni raises the questions of why the intervallic
sequences might be different between the two and ”can astronomical knowledge
incorporated in one almanac be used to date its cognate?” (2004:152). In fact,
the adjusted intervallic count in each almanac produces the Perseids date in frame
8 (H) in each almanac, July 23, 775 in the Dresden and July 25, 933 in the Madrid.
In the historical tables China recorded the Perseids only hours later on July 25,
933. Drawings in both almanacs depict an anthropomorphic macaw holding a torch
in each hand and the text states ”it is fire from the sky of four macaw place” (figure
5).

Another Perseid event may have been recorded at Palenque on Maya date ”2
Kib 14 Mol,” July 22, 690. Highly important but problematic (but see Stuart,
2006:96-98), this ”burning” event of possibly a heavenly location involved the Triad
Deities GI, GII and GIII followed by ”three-times conjuring” the next day. GI or
all the Triad Deities are connected to all four major events of Ahkal Mo’ Nahb’
IIT’s reign with possible connections to meteor showers. Given the "road-entering”
of Ahkal Mo’ Nahb’ IT on a Perseid date in 570, it seems the Maya would have been
well aware of the Perseids in 690 and ”burning and conjuring” are terms associated
with meteors in the incantations.

Ahkal Mo’ Nahb’ IIT acceded into kingship over 30 years later on a date cor-
responding with Shower 32. In fact, four of the major events during his reign
occurred on dates of possible meteor showers: Shower 32, the Orionids, Shower 15
and the Perseids, statistically a very unusual occurrence. One wonders whether his
name itself wasn’t related to meteor showers, as the Orionids radiant is near Orion
the turtle Ahkal and the Perseid radiant is near the Pleiades connected to Mo’
"macaw” as discussed earlier. Indeed "Nahb’” may be a homophonic reading for
naab’, "rain” in a few of the Mayan languages (Kaufman with Justeson, 2003:482).

9. Conclusions

The author believes the Maya recorded at least three Perseid meteor showers:
Dresden 40b2 (AD 775), Madrid 12a3 (AD 933, quite possibly the same event
recorded by the Chinese only hours later), and the ”2 Kib 14 Mol” event in AD 690
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Dresden 38b-41b Madrid 10a-13a
Page 40b2, frame 8 (H) Page 12a3, frame 8 (H)
“It is fire from the sky of Eroded text
Four Macaw Place...”
933 July 25.4
775 July 23.4
Solar Longitude 141.4°
Solar Longitude 140.0°
Perseids New Moon
Perseids
Last Quarter Moon i "F-,.; o
rises at midnight. Im“ R ) oy
Ry \H"- { ‘5.3-'.. !

Figure 5. Frames 8 (H) from each of cognate almanacs Dresden 38b-41b and Madrid
10a-13a displaying anthropomorphic macaws holding torches on possible Perseid meteor
shower dates.

recorded at the Classic site of Palenque. A strong probability exists that the AD 819
date recorded in the Dresden Mars table in row 6, page 45bl is a prognostication
for a Perseid storm derived from a formula for the sidereal Earth year and sidereal
cycle of Jupiter from possible Perseid outbursts in AD 570 and AD 736 recorded at
Palenque. In the codices there is about a 50 percent (4 out of 8 candidates) chance of
a meteor storm indicated by the k’in variant in the sky band, somewhat low due to
Shower 25 type uncertainty. There is some likelihood of 3 or 4 occurrences of meteor
storms recorded in the group of 10 pictures in the Dresden eclipse table (D.51-D.58),
although better translations are needed in the accompanying texts; the verification
of a strong Orionids meteoroid stream in AD 775 (Picture 6) might increase this
likelihood. The possibility of meteor storms being recorded during Ahkal Mo’ Nahb’
II’s reign remains high, though increased understanding of the associated texts
and again a verification of a stronger Orionids meteoroid stream in AD 724 would
raise this probability. The resultant solar longitudes for the Perseids (see Table
1) very close to the peak solar longitude of 140.19 degrees may serve to verify
the correlation constant of 584286, though this may not discount 584285 due to
the meteor showers being a night event; however the use of a 584283 constant may
be sufficiently low to render the results of this study questionable.
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Abstract. Meteor emission spectroscopy is an useful technique to infer bulk chemistry
properties of meteoroids. Even for a spectrum calibrated on a relative scale, valuable
chemical information about the meteoroid can be inferred. Obviously, the determination
of the chemical abundances requires having into account the right physical parameters.
A model assuming thermal equilibrium in the meteor head, and computing the radiating
volume as a prism is created using four free parameters: temperature, column atom den-
sity, surface area, and damping constant. By directly comparing the intensity of Fe lines in
the recorded spectrum with a synthetic one, the density of Fe atoms in the meteor column
will be determined. Once the fit is established for Fe lines, the abundances of the other
elements are changed until reaching a general match between both spectra: the recorded
and the synthetic one. That procedure developed by J. Borovicka allows to get reliable
chemical abundances from meteoroids ablating in the Earth’s atmosphere. Currently, sev-
eral programs around the world study the chemical properties of meteoroids ablating in
Earths atmosphere. By using diffraction gratings in front of the optics of video cameras is
then possible to infer chemical abundances for the main rock-forming elements. Current
state-of-the-art meteor recording instruments can obtain meteor spectra with the needed
spatial resolution to gain insight into the chemistry and physical processes at work in
meteor columns. Then, a general review of current meteor spectroscopy achievements and
future challenges is presented.

Keywords: meteoroids, meteors, fireballs, emission spectrum, emission lines, multiplets,
chemical abundances, IDPs, chondrites

1. Introduction

The space between the planets is populated by billions of particles from very di-
verse sources following heliocentric orbits. This system is in constant replenishment
because mm-sized meteoroids tend to fall into the Sun in timescales of tens of
millions of years (Ma) as consequence of the loss of kinetic energy caused by non-
gravitational effects (Nesvorny et al. 2002). Obviously, the interplanetary space
needs to be continuously replenished by small fragments that we call meteoroids.
A meteoroid was defined by the International Astronomical Union (IAU) as a parti-
cle larger than a micron and smaller than ten meters in diameter following a helio-
centric orbit in our Solar System. Most meteoroids are originated from the natural
evolution of minor bodies: asteroids and comets.

105



106 Trigo-Rodriguez J.M.

They are mostly released from asteroids by impacts, while outgassing is the force
driving cometary meteoroids to heliocentric orbits. Other dynamic mechanisms to
drive meteoroids into heliocentric orbit are at work in the near-Earth region (Trigo-
Rodriguez et al. 2007; Jopek & Williams 2013).

It is not surprising the importance of comets because they are fragile undiffer-
entiated objects formed in the outer solar system and composed by a mixture of
ices, organic materials and mineral grains (Brownlee et al. 2006). These volatile-
rich objects suffer significant ice sublimation when approaching to the Sun. Then,
volatile-rich regions produce jets of gas that drive out tons of meteoroids with diam-
eters from dm- to tens of microns. These meteoroids are forming meteoroid streams
that can be studied for centuries in order to gain insight into the physico-chemical
properties of their parent bodies.

These particles are subjected to interplanetary collisions that disrupt them into
their constitutive mineral grains with typical diameters of few microns that are
considered dust. Then, the interplanetary space is populated by meteoroids orig-
inated by collisions between small bodies or planets, cometary outgassing, catas-
trophic disruption of rubble-piles, and from rocks escaped from planetary bodies
like e.g. the Moon or Mars as a consequence of a grazing impact. Consequently,
interplanetary meteoroids have very diverse origins, as meteor studies reveal. Then,
by obtaining their heliocentric orbits from multiple-station meteor monitoring plus
meteor spectra chemical information of their rock-forming elements is possible to
better understand the delivery mechanisms and nature of exogenous material to
Earth. Meteor spectroscopy is by itself a valuable remote-sensing technique as only
a small mass fraction (about a 8%) of meteoroids in the 10 to 50 micron range sur-
vive their entry and arrive unaltered to Earth’s surface as micrometeorites (Anders
1989).

This paper will summarize the role of emission spectroscopy of meteors and
fireballs to gain insight into the bulk elemental chemistry of meteoroids. T will
also review the most significant progress made during the last decades. Meteor
spectroscopy is certainly an added-value technique for meteor studies.

2. Modern meteor spectroscopy: looking for new clues on
meteoroid chemistry

Meteoroids are moving around the Sun at typical velocities of few tens of km/s.
Then, they produce a luminous phenomenon called meteor when they encounter
a planetary atmosphere. For Earth the relative geocentric velocity range in which
meteoroids reach the top of the atmosphere (before suffering significant deceler-
ation) is 11<Vg<72 km/s (Ceplecha et al. 1998). When penetrating in the at-
mosphere at these supersonic velocities the meteoroids suffer increasing collisions
with atmospheric components (atoms or molecules) and their surfaces are quickly
heated by direct collisions. As a consequence, a physical process called ablation
produces the vaporization, fragmentation and sputtering of the meteoroid compo-
nents. From the ground we observe a meteor phenomenon that basically consists
of three differentiated parts: the head or region around the meteoroid in which
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the interaction is taking place, the wake left just behind and the train or meteor
column. The meteor head is the part that mostly contributes to produce light
as is the part where the more energetic collisions take place. Then, the head is
the main source of emission lines that are produced by ionization of the meteoroid
and atmospheric components (Borovicka 1993, 1994; Trigo-Rodriguez et al. 2003).
The meteoroid-forming minerals are progressively vaporized and the elements are
released suffering excitation or/and ionization as consequence of the exposure of
the released particles to the collisions produces a cloud of ions, and free electrons
forming a significant part of the ablated material. The electrons are transmitting
energy, and the ions emit light through well-defined emission lines, while that sur-
viving dust contributes to a continuum emission. In general, emission lines can be
reproduced assuming chemical equilibrium, while the emission lines coming from
the meteor train are out of equilibrium. This will be explained in further detail in
the discussion.

From the very beginning of this field early in the 20th century, several authors
used emission spectra to identify distinctive emission lines from rock-forming el-
ements. The light emitted must be decomposed by a prism or diffraction grating
set up in front of imaging systems. The emission lines of main rock-forming el-
ements were identified by pioneers (Halliday 1961), but they were not obtaining
a clear modelling of the light generation process (see e.g. Harvey (1971); Millman
(1980)). First temptative modelling was made by Ceplecha (1964) who developed
a complex cylindrical model for the radiating column assuming local thermal equi-
librium. In that approach, the theoretical curve of growth was built up, also de-
scribing the self-absorption of the lines and obtaining some physical parameters.
Unfortunately, the resulting computed number of Fe atoms in the radiating volume
and the involved mass determined from the meteor luminous efficiency were not
always accurate. On the basis of previous attempts by Z. Ceplecha, a more sim-
ple model was created by Borovicka (1993) and tested on the excellent Cechtice
fireball photographic spectrum. With such extraordinary emission spectrum, also
obtained during routine sky monitoring from the Ondrejov Observatory, Borovicka
(1993) obtained for the first time a computed meteor synthetic spectrum. It ad-
justed exceptionally well to the observed spectrum although the physical approach
was very simple: thermal equilibrium and constant temperature and density in
the whole volume. Meteor spectra consists of two different components: the main
spectrum characterised by a temperature of about 4,500 K and one second spectra
that reaches usually 10,000 K (Borovicka 1994; Borovicka & Betlem 1997; Trigo-
Rodriguez 2002; Trigo-Rodriguez et al. 2003). The second component is originated
in the front wave where high-energy collisions can produce the excitation of atoms
increasing the ionisation of the meteoroid components (Borovicka 1994).

Many other photographic spectra were available in Ondrejov Observatory at
the end of the 20th century, and most of them remained not studied. Trigo-
Rodriguez (2002) Ph.D. thesis compiled selected ones, and provided an innovative
idea to infer the average elementary abundances and temperature of the incoming
particles from the sequential study of the meteor spectrum. On Figure 1 appears
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an Andromedid fireball produced by a meteoroid associated with disrupted comet
3D/Biela.

The basic idea is simple, most relative abundances of the elements present in
the meteor column are many orders of magnitude over the expected in the atmo-
sphere at the meteor ablation height (see e.g. Trigo-Rodrguez et al., 2003, 2004).
Previously cited studies show that it is possible to estimate the chemical abun-
dances relative to one reference element (as e.g. Fe that has many omnipresent
emission lines) at different heights as (Trigo-Rodriguez 2002; Trigo-Rodriguez et
al. 2003). The results were consistent with the abundances of Interplanetary Dust
Particles (IDPs), and CI chondrites (CIs) (see figure 3) Then, it is statistically pos-
sible to deduce an averaged composition for the meteoroids as is also suggested by
an independent test of the inferred Trigo-Rodriguez (2002) chemical abundances as
a function of height that were consistent with the ablation of distinctive minerals
(Rietmeijer 2004).

The intensity values of each emission lines recorded on Ondrejov’s photographic
plates was accurately measured by using a microdensitometer (for full details see:
Trigo-Rodriguez (2002)). Then, Trigo-Rodriguez et al. (2003) computed for each
fireball a synthetic spectrum and compared it directly with the observed one until
finding the best match. A model assuming thermal equilibrium in the meteor head,
and computing the radiating volume as a prism was built by using four free param-
eters: temperature (T), column atom density (N), surface area (S), and damping
constant (T'). First, these parameters are changed until finding a good solution for
the Fe lines that are almost present all over the visible spectrum. Once the fit is
set, the Fe lines are well adjusted in the synthetic model. Then, we should be able
to modify the relative abundance of the different elements, one by one, until having
the best match (see Figure 4).

Once the model fits the observed spectrum, the physical parameters and the chem-
ical abundances can be determined. What was really new is that Trigo-Rodrguez
(2002) derived relative chemical abundances of incoming meteoroids from the se-
quential spectroscopy of the luminous trajectories of photographic fireballs during
their entry into the terrestrial atmosphere. In that work, the averaged chemical
abundances for the main rock-forming elements of meteoroids were obtained, and
later were discussed in (Trigo-Rodriguez et al. 2003, 2004; Trigo-Rodriguez & Llorca
2007). I discuss in next section the main implications of these works, and compare
with recent work by other authors.

Meteor spectroscopy is then a way to deep into the elusive physical processes
occurred during ablation of the meteoroid in the atmosphere. It is not only a way to
infer bulk elemental chemistry, but also a pathway to know more about the delivery
of exogenous materials to Earth. This is because, emission spectroscopy models can
provide also evidence on the survival of pristine materials released during ablation.
There are some physical processes capable to drive enough energy to the particles
to allow them to escape from the heat associated with the shock wave and the wake.
Trigo-Rodriguez & Blum (2009) noted that some meteoroids suffer disruptions in
the atmosphere, probably direct consequence of the fragile nature of these bodies
that are weakly-bonded aggregates formed by fine micron-sized dust, organics and
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Figure 1. The photographic spectrum of an Andromedid bolide studied by
Trigo-Rodriguez (2002). The direction of the different scanning slots made with the mi-
crodensitometer are indicated.
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Figure 2. Temperature and relative abundances of main rock-forming elements for an
Andromedid bolide studied by Trigo-Rodriguez (2002).

volatiles. Once the tensile strength of the particle is overloaded the particle breaks
apart. I think that the study of such disruptive events can be source of scientific
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Figure 3. Ternary diagram to show the affinity between the averaged chemical com-
positions of 13 meteoroids studied from their fireball spectra (open dots), and that cor-
responding with IDPs and CI chondrites (CIs) as black filled dots. The composition of
SPO2 and SPO4, clearly separated in the diagram from the rest of spectra, was prob-
ably non-chondritic as inferred from their anomalous Mg content. For more details and
implications see: Trigo-Rodriguez (2002); Trigo-Rodriguez et al. (2003).

opportunity because could show the presence of elusive phases associated with
volatile compounds.

3. Discussion: survival of meteoroids and future meteor
spectroscopy research

Photographic systems were during the 20th century the only way to obtain reliable
information, but new CCD and video imaging techniques are providing additional
clues on the meteor phenomenon. These systems are far more sensitive than pho-
tographic plates and cover a wider wavelengths’ window. High-sensitivity video
cameras also provide a sequential (frame to frame) evolution of the meteor head,
and allows to study the evolution of the ablation. Video can also better separate
the wake contribution than photography, and allows to gain insight on the origin
of persistent trains (Madiedo & Trigo-Rodriguez 2014). Our continuous monitor-
ing work in the framework on the Spanish Meteor Network (SPMN) is providing
medium resolution video spectra of sporadic and stream fireballs from which me-
teoroid chemical abundances are inferred (see e.g.: Madiedo et al. (2013,b)).
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Figure 4. The photographic spectrum (seen here as a discontinuous line) is directly
compared in screen with the synthetic one (continuous). At first the intensity of all Fe
lines is fitted modifying the free parameters, and after that the relative abundances of
the other elements with lines observed. This figure is the final match for the spectrum of
a sporadic fireball studied by Trigo-Rodriguez (2002).

Current state-of-the-art instruments can be used to identify elusive bands or
radicals in high-resolution meteor spectra, associated with e.g. water and organ-
ics. A significant progress and new instrumentation was developed for the Leonid
campaigns. The possible decay of organics in meteor columns was e.g. studied by
Jenniskens et al. (2004); Jenniskens & Stenbaek-Nielsen (2004). They used high-
rate video images that allowed to estimate accurately the cooling rate in the meteor
columns. They concluded that insufficient collisions were produced to break apart
large organic compounds before most reactive radicals and electrons were lost from
the air plasma. It is plausible after all that meteoroid fragments survive if they
are in the wake of the meteoroid or its vapor cloud, or if they are decelerated
quickly enough by induced backward motion during fragmentation. In reference
with water, other studies did not detect the OH Meinel band in meteor spectra
produced by 51P/Tempel-Tuttle particles (Jenniskens et al. 2004c). However, that
work suggested that a search for water in meteor spectra might also implies looking
carefully by the onset of hydrogen atom emission (Jenniskens & Mandell 2004).
Such appearance of hydrogen could be evident during fragmentation events in which
important amounts of organics could be potentially delivered to the meteor column
(Trigo-Rodriguez & Blum 2009; Trigo-Rodriguez & Llorca 2007).
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Bright bolides are important sources of radiation and their brightness makes
possible the identification of elusive emission lines. Future spectral studies of bolides
in the terrestrial atmosphere should focus in detection of key radicals like e.g.
the OH Meinel band, or the presence of CN band (Jenniskens et al. 2004c; Abe et
al. 2005, 2007). The Leonid campaigns provided significant clues on these radicals
and more accurate estimations of the upper detection limit of the CN molecule in
the Leonid meteor plasma. It was estimated to be less or equal to one CN molecule
per 30 Fe atoms (Jenniskens et al. 2004). Accurate CCD spectra can be also useful
to detect and account for the appearance of O lines during meteoroid fragmentation
as reported previously (Trigo-Rodriguez et al. 2005).

In the last decade significant papers on meteor spectroscopy have been also
published. Some researchers have attempted to get clues on the depletion of mod-
erately volatile elements like e.g. Na. In that sense clear evidence on the onset of
thermal desorption for meteoroids exhibiting short perihelion distances was found
(Borovicka 2005; Kasuga et al. 2006). On the other hand, preferential ablation of
moderately volatile elements has been demonstrated to be an evidence of differen-
tial ablation in the atmosphere as Na and K are able to evaporate at the beginning
of the meteor head at the beginning of ablation (Kokhirova & Borovicka 2011).

From our understanding of parent bodies aqueous alteration suffered by chon-
dritic meteorites, Na, K, S or P are also easily mobilized by water from the mafic
silicates forming chondrules towards the meteoroid matrix (Trigo-Rodriguez et al.
2006). Consequently, it is possible that the meteoroids exhibit different degrees of
Na depletion and several ablation behaviours depending of having Na in the fine-
grained matrix that compact the materials or in the chondrules and other inclusions
(Trigo-Rodriguez & Llorca 2007). Na-enhancements in cometary-origin meteoroids
have been also reported indicating the chemical diversity behind cometary materi-
als reaching the Earth (Trigo-Rodriguez et al. 2004; Borovicka et al. 2008).

The study of artificial bolides like e.g. the Hayabusa capsule re-entry (Abe et al.
2011) is also relevant for meteor studies. Such re-entry events are very important
to gain insight into light production during the fireball phase due to the well-
constrained mineralogical nature and velocity of the projectile colliding with the at-
mosphere.

The previous results are evidencing that not all meteoroid streams should pro-
duce chondritic-like meteoroids. It is true that small meteoroids are randomly
formed by few mineral grains that have distinctive bulk chemistry depending of
the mostly mafic or refractory nature of the dominant constituents (Rietmeijer
2004). Overabundance of Mg in these particles can be indicative of pristinity as
magnesian (mafic) silicates are usually associated with more pristine mineral phases
that have been not processed in the protoplanetary disk or the parent body. On
the opposite side, by studying resolved fireball spectra is also possible to distinguish
the achondritic nature of differentiated meteoroids that can be useful to indicate
parent asteroids with such composition (Madiedo et al. 2013d).

SPMN video spectroscopy using widely-distributed Watec cameras has been able
to reach the IR until about 800 nm, being able to detect N I and N2 contributions
(Madiedo et al. 2013c). Column abundances measured with sequential systems can
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provide new clues on the delivery of organics to Earth. Simple molecules or rad-
icals are potentially detectable, depending obviously on their relative abundances
in the meteor column. It is particularly detecting the signal of fireball afterglows in
order to study the exponential decrease in brightness and the main lines involved
(Madiedo & Trigo-Rodriguez 2014). We have particularly found in that work sev-
eral lines that could be associated with the vaporization of silicates (Mg, Na, Fe)
and refractory phases (Ca) so it suggests that the study of fireball afterglows pro-
vides direct clues on the survival of meteoroid fragments in the meteor column.
The study of a Leonid fireball (Borovicka & Jenniskens 2000) revealed that ther-
mal equilibrium is not satisfied for all populated levels, so probably to gain insight
into the extent of ablation of meteoroid fragments in meteor columns, the first
step should be developing new theoretical studies on non-equilibrium chemistry. In
that sense, high-resolution emission spectra fortunately taken with large telescopes
offered very valuable information on the distinctive components of meteor spectra
(Kasuga et al. 2007; Borovicka & Zamorano 1995).

Future outreach campaigns can be useful to inform astronomers about the rele-
vance of obtaining such casual spectra. To study additional cases of emission spectra
at very high resolution deserves such effort, and can be focused when the Earth’s
encounters with cometary dust trails are forecasted. Meteor outbursts or storms
provide a higher rate of chance of catching such wonderful records of meteoroids in-
teracting with Earth’s atmosphere: an ongoing celestial phenomenon passed down
through the eons of time.

4. Conclusions

This review paper provides a general overview of the relevance of promoting emis-
sion spectroscopy for meteor science. Some of the main conclusions are:

1) Modern meteor spectroscopy is not only allowing to identify the main rock-
forming elements contributing to produce meteor light. Emission spectroscopy
can be identified as an unique, remote-sensing technique, that can provide a lot
of essential information on the meteor ablation and the physical processes gov-
erning the delivery of extraterrestrial materials to Earth.

2) The spectra are mostly dominated by emission lines of rock-forming chemical
elements, but high-resolution spectra can provide additional clues on the deliv-
ery of volatile compounds to Earth because could separate weak contributions
of organic and volatile species. Video spectra have also the potential to allow
sequential study of meteor ablation, depending of height and changing temper-
ature.

3) Recent studies by fitting synthetic spectra of optically thin radiation (i.e., con-
sidering no self-absorption) to the metal atom ablation lines demonstrate that
meteor spectra can be reproduced successfully. The intensity values of each
emission lines can be reproduced for each fireball using a synthetic spectrum. It
uses a simple model that assumes thermal equilibrium in the meteor head, and
computes the radiating volume as a prism. Four free parameters are needed:
temperature, column density of atoms, damping constant and effective surface
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area. First, these parameters are changed until finding a good solution for the Fe
lines that are almost present all over the visible spectrum. Afterwards, when
the intensity of the Fe lines is well fitted with the synthetic model, we can mod-
ify the abundance of the different elements, one by one, until having the best
match among the observed and synthetic spectra.

4) Video spectra allow to separate the radiation emitted from the meteor, and
from the persistent train or afterglow of bright bolides. It seems that thermal
equilibrium is not satisfied for all populated levels in such conditions, so to
gain insight into the survival of meteoroid fragments in meteor columns, new
non-equilibrium chemistry theoretical studies are required.

5) The study of the temporal evolution of the intensity of emission lines allows to
quantify the relevance of this continuous delivery by meteoroids and obtaining
new clues on relevant chemical processes probably associated with the organic
enrichment of primeval Earth (Jenniskens et al. 2004).

Then, to conclude, meteor spectroscopy is an added-value technique for meteor
studies and should be promoted among meteor scientists and amateurs. Diffraction
gratings can be easily attached in front of the optics of high-sensitivity video and
CCD cameras to get significant meteor spectra. Due to the intrinsic heterogeneity
of the meteoroid aggregates producing fireballs, we could say that each spectrum
is different from each other, and as many more spectra will be obtained probably
our understanding of the meteor phenomenon will increase.
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Abstract. The main element abundances (Mg, Fe, Na, ...) of some Near Earth Ob-
jects can be measured by meteor spectroscopy. The Cameras for All-sky Meteor Surveil-
lance (CAMS) Spectrograph project aims to scale up meteor spectroscopy in the same
way as CAMS scaled up the measurement of precise meteoroid trajectories from multi-
station video observations. Spectra are recorded with sixteen low-light video cameras,
each equipped with a high 1379 lines/mm objective transmission grating. The cameras
are operated in survey mode and have recorded spectra in the San Francisco Bay Area
every clear night since March 12, 2013. An interactive software tool is being developed to
calibrate the wavelength alignments projected on the focal plane and extract the meteor
spectra. Because the meteoroid trajectory and pre-atmospheric orbit are also indepen-
dently measured, the absolute abundances of elements in the meteoroid plasma can be
calculated as a function of altitude, while the orbital information can tie the meteoroid
back to its parent object.

Keywords: meteoroids, video spectroscopy of meteors

1. Introduction

Atmospheric ablation induced breakdown spectroscopy of meteors is the only way
of measuring the main element composition of meteor shower parent bodies, short
of visiting the responsible Near Earth Objects (NEO). Meteoroid orbits identify
the source, adding to abundance measurements from collected meteoroids (Riet-
meijer 2007). Meteor spectroscopy is a widely applied technique, but its application
has been limited by the labor-intensive effort of extracting and reducing the spec-
tra (Borovicka 1993, 1994; Jenniskens 2007; Abe et al. 2007; Trigo-Rodriguez and
Llorca 2007; Kasuga et al. 2007; Berezhnoy and Borovicka 2012; Gomez et al. 2013).

The low yield during mostly sporadic nights adds additional challenges to data
collection. The only year-around survey of meteor spectra, with simultaneous tri-
angulation of meteoroid trajectories to determine their pre-atmospheric orbit, was
that of Borovicka et al. (2005). They reported on 94 meteor spectra and confirmed
that there are sodium-poor meteoroids in long-period comet orbits (Jenniskens et
al. 1997), hinting at the existence of compositional diversity among Oort cloud
comets. They also discovered short-period meteoroids that consist almost entirely
of iron (lacking magnesium and sodium), possibly arising from an asteroidal source.

In prior work, we developed the Cameras for Allsky Meteor Surveillance (CAMS),
a night-time meteor video surveillance system that deployed 60 low-light video
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cameras at three stations in the San Francisco Bay Area (Jenniskens et al. 2011;
Gural 2012). CAMS measures the meteoroid trajectory, light curve and deceleration
in the Earth atmosphere, as well as the meteoroid pre-atmospheric orbit in space
for meteors brighter than about m,=+4 visual magnitude (typically +3 to —1).
As of August 11, 2013, about 130,000 meteoroid orbits have been measured with
a precision better than £2° in radiant direction and £1 km/s in speed.

Figure 1. The CAMS Spectrograph consists of 16 spectrographic cameras.

2. Methods

The new CAMS Spectrograph (CAMSS) aims to measure the main element abun-
dances (Mg, Fe, Na,...) of the brightest meteors detected by CAMS (about m,=+1
and brighter). Coupling the spectral measurements of emission line strengths to
a trajectory and orbit estimation capability, provides the unique opportunity to
identify the source, mass, density, fragmentation, and chemical abundance proper-
ties of each collected meteor record.

CAMSS is based on the same camera as used in CAMS, the Watec WAT-902
H2 Ultimate 1/2” format video camera equipped with the Pentax 12.0 mm /1.2
lenses (22 x 30 deg. field of view). These are 29.97 frames per second NTSC-type
low-light level CCD cameras with 640 x 480 pixel video output dimensions. This
choice was based on the cost and limited long endurance of intensified cameras
required to facilitate a multi-year spectroscopic survey. Alternatively, using larger
format cooled CCD or CMOS cameras would have needed a complete revision of
the meteor capture and detect software. Due to the transient nature of the signal,
long integrations on the sky background are not advised.

The choices of lens, grating substrate and window materials were determined by
what wavelength range is of most use in measuring meteoroid abundances. The most
important emission lines are listed in Table 1. Of key interest, are the sodium lines
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at 589 nm, the magnesium lines at 518 nm, and the multitude of iron lines. Iron
emission lines are found throughout the optical and near-UV spectral range, but
the 527-546 nm and 393-386 nm wavelength ranges are most suited for excitation
temperature measurements in meteors. Of interest, too, is the 422 nm line of Cal-
cium. In the near-UV below 380 nm, telluric extinction is strong and variable. For
those reasons, we adopted the 380-880 nm wavelength range. The standard Pentax
12mm /1.2 lens adopted for this system is a good achromatic lens over the range
410-880 nm, and transparent from 380 nm upwards. No affordable low-f number
achromatic lenses are available that also cover the 350-400 nm range.

For the dispersing element, we chose the 1379 line/mm Ibsen Photonics FSTG-
VIS1379-911 fused silica grating, a holographic grating with 200 micron groove
depth, etched in fused silica. These small 1 x 1 cm gratings are just big enough to
cover the Pentax lens’ clear aperture. Absence of the resins used in replica style
gratings, guarantees that these Ibsen gratings will survive the periodic heating and
cooling from continuous day and night cycles.

The dispersion of the CAMS Spectrograph (1.1 nm/pixel) is sufficient to resolve
the Fe lines needed to measure excitation temperatures. Based on the typical +5.4
star limiting magnitude of the video cameras in single frame detection, we esti-
mated that meteors of about +1.3 magnitude and brighter should provide a suit-
able signal-to-noise signal to measure the Na/Mg ratio. Brighter meteors would
allow the measurement of more elements from the extracted spectra.

Table 1. Spectral lines most suited for measuring elemental compositions.

Element Vacuum wavelength (nm)
Li 670.9601-670.9927 (19 lines)
Na 588.9507/589.1583
Mg 516.8760/517.4125/518.5048; 383.3386/383.3391/383.9381/383.9384
Al 394.5122/396.2641
Si 390.6629
K 766.7021/770.1093
Ca 422.7918
Sc 402.1528,/402.4814; 391.2923/390.5895
Ti 517.5183; 398.2887/396.3972/394.9789; 363.6499
A% 485.2837; 457.8457; 385.6455; 381.9326
Cr 429.0923/427.5999/425.5530; 360.6349/359.4506/357.9706
Mn 403.1892/403.4202/403.5623
Fe 527.1-545.7; 393.14-385.7466; 386.1005; 328.5529; 372.0993; 368.0961
High excitation temperature component:
H 656.2822/656.4610; 486.2681; 434.1682
Ca+ 393.4777/396.9592
Si+ 634.8864,/637.3132; 386.3690/385.7111/385.4758

Mg+ 448.2383/448.2407/448.2582
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Figure 2. Final result of optimization study: Field of view of each camera in zeroth
order shown in gnomonic projection with circles at 10° elevation intervals (left), and
the percentage of wavelength range (380-600 nm) covered by the spectrograph in first
order (right).

The number of cameras was dictated by the availability of a 16-camera digitizer
device (Sensoray 817 capture board mounted internally to a PCI x1 bus), which
made it possible to digitize the video and process the meteor detection in real
time across all sixteen video channels on a single PC computer with i7 quad-core
processor. A pointing optimization study was made to see what camera layout
would result in a reasonable zero-order coverage above 30° elevation (Fig. 2, left
panel) as well as provide maximum first order (380-600 nm) spectral coverage
(Fig. 2, right panel), while also trying to maintain overlapped spatial coverage
between zero and first orders. From that, a solution was chosen with 6 cameras
pointing at a high 67.5° elevation, rotated with yaw of 25°, and 10 cameras at
a low 45° elevation, also with yaw of 25°. This design leaves an uncovered area near
the zenith, which can be filled with a planned 17th camera mounted in the central
dome of the setup shown in Fig. 1. The central dome was originally intended to
facilitate an all-sky spotting camera for triggering the dump of the 16 camera
imagery buffers upon bright meteor detection. This turned out to be unnecessary,
since the real-time detection performance was adequate on each individual camera
on the single PC employed.

The transmission grating on each camera is mounted at an angle of 25° from
the camera boresight optical axis, to optimize the responsivity of the first order
spectrum. A special grating holder was build that grabs onto the fused silica wa-
ver and holds it at the proper angle in front of the lens. The grating holder can
be rotated around the camera/lens central axis to align the dispersion direction
(perpendicular to the grooved lines) with the horizontal rows of the camera focal
plane. This simplifies the spectral line extraction and integration when using inter-
leaved video cameras which flip-flop odd and even row collection at the interleaved
frame rate (60 Hz for NTSC). The grating holder provides a clear field of view for
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light falling onto the grating for entry angles of up to 65° in the chosen first order
dispersion direction.

The grating is isolated from environmental contaminants by placing the cam-
era/lens/grating inside a sealed unit (Fig. 1). This keeps out insects, weather, dust,
and pollen, but requires a cover window depicted by the black rectangular box
mounted to the front of the white square tube enclosure for each camera. To mini-
mize reflections, the window is mounted at an angle of 45° relative to the boresight
of the camera, because the first order spectrum light typically falls onto the camera
at a high 45° angle (Fig. 1). The window is a BK7 optical window from Edmund
Scientific, with a simple MgF2 anti-reflection coating. This coating is not as effi-
cient in preventing reflections than other coatings, but has a simpler wavelength
dependency and good transmission performance over the full wavelength range.
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Figure 3. The current suite of CAMSS software as visualized in a work flow diagram
showing the inter-connection of CAMS and CAMSS processing.

The standard CAMS system uses a real-time compression technique to retain all
the captured video of a given night for post-collection detection processing (Gural
2011; Jenniskens et al. 2011). However, this compression method could lose faint
emission lines close to the noise floor of the sensor. Instead, a real-time detection
algorithm was developed that was tuned towards spectral line detection. After
detection, the algorithm saves the raw video sequence of the spectrum thus avoiding
any compression artifacts or losses. This includes a few frames prior to detection
and a user specified number of frames after detection, typically one second’s worth,
to account for a fireball’s duration within the CAMSS single camera field of view.
The current sixteen channel CAMSS does the real-time video capture and spectrum
detection processing using an i7 quad-core processor on a single PC platform. This
generates about 500 GB of data every 2 months of operation. Many of the detected
spectra are from passing aircraft.
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Figure 3. shows the CAMSS off-line processing work flow and associated software
components. In off-line data processing at the SETIT Institute, first the CAMS-
derived meteor trajectories are calculated by pooling meteor detection measure-
ments from multiple video collection sites as well as the zeroth order measure-
ments from the CAMSS system. For each sufficiently bright meteor trajectory
determined, the software works through the geometry of grating dispersion and
identifies the CAMSS cameras/files that may contain the spectrum. This avoids
a pre-sorting and full review effort on all the spectral collection imagery. Only
meteors with trajectories are post-processed for spectral estimation. The geomet-
ric alignment must be determined for either the first or second order wavelengths
given the pointing direction of the grating camera and the position of the meteor
on the sky from the perspective of the grating camera. The clock synchronization
error between the cameras also needs to be taken into account.

Each CAMS and CAMSS (zeroth order image) video are astrometrically cali-
brated for pointing boresight, field of view rotational orientation, image scale, and
third order warp coefficients. In addition, the grating’s pitch, roll and yaw with
respect to the camera axis and focal plane are calibrated. The spectral response
of the camera (efficiency) as a function of wavelength is obtained by calibrating
against opportunistic bright star spectra that appear in the video frames captured
periodically through the night. An atmospheric extinction correction needs to be
applied as well. The calibration (emission line wavelength alignment) is verified by
a user interactive validation process, similar to the Coincidence software in CAMS
(Jenniskens et al. 2011). The result is a line strength estimate for identified spectral
emission lines yielding elemental abundances.

3. Results

The real-time detection algorithm was first tested in a prototype Matlab applica-
tion against video data obtained during the 2012 Geminids, resulting in 4 out of
5 spectra being detected, the missing case being too faint to provide useful data.
The high efficiency C code for the detection processing was then implemented based
on the Matlab code and confirmed to work properly. The optimized settings for
the detection algorithm were determined on actual measurement recordings and
then put in operation.

The spectrograph saw first light at the Sunnyvale CAMS station on March 12,
2013. In the next two nights, 3 spectra were recorded in each night, meeting expec-
tations. The detection algorithm was further improved in the next months. Figure
4 shows example spectra measured during routine observations at the Sunnyvale
CAMS station on the Lyrid shower night of April 21, 2013. These are composites
of multi-frame video with spectral emission lines identified. The spectral curva-
ture is due to the three-dimensional grating dispersion that introduces warping for
off-normal incidence to the grating surface (both along groove versus cross-groove
incidence angles). Note the existence of the Magnesium line in all the spectra, which
is useful as an abundance ratio reference.
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Figure 4. Example spectra. Multi-frame composites of meteor spectra from the night of
April 21, 2013, collected at 5:32:10 (SPO), 8:52:53 (LYR), 9:12:22 (SPO), and 11:14:16
(SPO) UTC.

4. Future Work

Parts of the off-line data reduction pipeline are still to be completed. So far, we
built and tested the end-to-end prototype Matlab code to calibrate the cameras
for grating orientation, spectral response efficiency, atmospheric correction, and
for verifying the formulae governing the relationship between a meteor’s three-
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dimensional propagation track and its focal plane position permitting the extraction
of the spectral line signatures.

The product of this work will be a database of elemental compositions for mete-
oroids on known orbits. This data can then be used to study the diversity of comets
in the Oort cloud and in the Jupiter-family (Kuiper belt) population as represented
in the population of near Earth objects. This data will be used to address such hy-
potheses as that the Oort cloud comets may have originated predominantly around
other stars in the birth cluster of the Sun (Morbidelli and Levison 2004), and that
Jupiter family comets and outer belt C-type asteroids may sample the same original
population of outer disc solar system objects (Walsh and Morbidelli 2011).
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Chemistry of the Benesov meteoroid
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Abstract. Based on the quenching theory approach, formation of NO and metal oxides
during penetration of Benesov meteoroid into the Earth’s atmosphere is considered. Iden-
tification of FeO, CaO, AlO, and MgO bands is confirmed in Benesov spectra while Al
hydroxides, NiO, and TiO are tentatively detected in meteor spectra for the first time.
For large meteoroids NO enrichment and Os depletion in the impact-produced cloud is
predicted.

Keywords: meteoroids, meteors, spectra, impact chemistry, diatomic molecules, band
identification, quenching theory

1. Introduction

The Benesov meteoroid penetrated into the Earth’s atmosphere on May 7, 1991. Its
initial mass was about 4000 kg (Borovicka et al. 1998). The analysis of atmospheric
fragmentation and spectra of the bolide was interpreted as an evidence of stony
nature of the meteoroid. Bands of diatomic molecules such as CaO, FeO, AlO, and
MgO were detected in the spectrum of cooling radiating cloud at 24 km altitude
while features of molecular bands were not so intensive in the spectra of fireball
at 20-24 km altitude and, except FeO, were absent at higher altitudes (Borovicka
and Spurny 1996). In spring 2011 several pieces of BeneSov meteorite belonging
to different classes (H5, LL3.5, and achondrite) with a total mass of 11.3 g were
found (Spurny et al. 2012). Benesov meteorite became only second meteorite with
detected heterogeneity in its composition, after Almahata Sitta (Bischoff et al.
2010).

2. Equilibrium composition of the impact-produced cloud

Maximal temperature and pressure in the impact-produced cloud formed during
entrance of big meteoroids into the Earth’s atmosphere are high enough for reach-
ing of the equilibrium chemical composition (Berezhnoy and Borovicka 2010).
The quenching theory was already applied to study chemistry of the impact-
produced cloud formed by Benesov meteoroid (Berezhnoy and Borovicka 2010).
However, in this paper it was assumed that the Benesov bolide had the elemental
composition similar to that of CI chondrite.

We performed new calculations of the chemical composition of the impact-pro-
duced cloud for the case of impactor with much lower content of volatile elements
(H and C) typical for LL chondrite (Lodders and Fegley 1998), the largest Benesov
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Figure 1. Chemical time scales of most important reactions of NO formation and de-
struction as function of temperature at 20 km height for the case of the equilibrium chem-
ical composition of the impact-produced cloud. Air-to-meteoroid mass ratio in the im-
pact-produced cloud is 30. Quenching occurs when the chemical time scale is longer than
1 s. Curves 1-12 represent reactions NO + O = NOz (1), N2 + 3 O = 2 NO + O (2),
NO + N=N3 + 0O (3),02 + N=NO + O (4), OH + OH = H20 + O (5), NO2 + O
=NO + Oz (6), NO + M =NO + O + M (7), NO + O + M = NOz + M (8), O2 +
M=04+0+M(9),N+0O=NO (10, NO+M=N+ O+ M (11), O2 + 2 OH =
H20 + 3 O (12), respectively.

meteorite (Spurny et al. 2012). The air-to-meteoroid vapor mass ratio was assumed
to be 30 according to the results of the analysis of the Cechtice fireball (Borovicka
1993). The pressure of the impact-produced cloud is assumed to be the same as
the pressure of ambient atmosphere at the corresponding altitude (Berezhnoy and
Borovicka 2010). Chemical time scales of main reactions with the participation of
refractory elements were estimated based on the NIST data base (NIST 2013a).
Quenching of chemical reactions occurs at 1500 — 2000 K for the case of pressure
equal to 0.05 bar which is corresponding to the altitude of 20 km. Main compounds
of refractory elements in the impact-produced fireball are SiOz, AlO, FeO, and
MgO. Difference between the equilibrium chemical composition of the impact- pro-
duced fireballs formed after collisions of CI and LL chondrites is negligible because
in both cases the content of metal hydroxides is quite low. The same conclusion is
obtained for the equilibrium chemical composition of the impact-produced cloud
formed by mixtures of air and H5 and achondrite meteorites because the content
of volatile elements in H5 and achondrite is also quite low.

NO is among the most interesting impact-produced species of atmospheric origin.
NO molecules are produced in meteor tails at 1500 — 4000 K. Based on rate con-
stants of main reactions responsible for NO formation and destruction such as Os +
N =NO + O and N3 + 3 O =2 NO + O (NIST 2013a) formation of NO molecules
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Figure 2. Equilibrium NO mole fraction as function of temperature at different altitudes
and chemical compositions of impactors. Air-to-meteoroid mass ratio in the impact-pro-
duced cloud is 30.

quenches at about 2000 K at hydrodynamic time scale of about 1 s (see Fig. 1).
At this temperature the NO equilibrium mole fraction is almost independent on
the meteor altitude and equal to about 1% (see Fig. 2). Assuming the air-to-
meteoroid mass ratio in the impact-produced cloud equal to 30 (Borovicka 1993;
Borovicka and Spurny 1996) NO mass can be estimated as about 1 500 kg. Later
impact-produced NO molecules react with Og, it leads to local depletion of Oj
content at the place of the meteoroid impact (Klumov 2001). Thus, we expect O3
depletion also in the impact-produced cloud formed by Chelyabinsk meteoroid.

3. Identification of molecular bands

Spectra of Benesov bolide were obtained in the wavelength range between 380 and
670 nm with spectral resolution of about 0.1 nm (Borovicka and Spurny 1996).
The spectrum of a cooling radiating cloud left behind the bolide at altitude 24 km
is particularly convenient for molecular studies. The spectrum (Fig. 3) consists of
bright continuum, roughly corresponding to a 4000 K Planck function, superim-
posed with numerous molecular bands. Used spectral resolution is sufficient to study
influence of population of rotational levels on the shape of electronic-vibrational
bands.

Theoretical spectra of considered diatomic molecules were obtained with usage
of PGOPHER program (PGOPHER 2013). Molecular constants of AlO were taken
from Saksena et al. (2008), of MgO from Daily et al. (2002), and of TiO, Ny, and
CN from NIST (2013b). Molecular constants of other species such as FeO, CaO,
NiO, and Al hydroxides are poorly known. For this reason we used laboratory spec-
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Figure 3. Spectrum of BeneSov bolide train at 25 km in comparison with laboratory
spectra of FeO, CaO, and NiO. The NiO spectrum at 4800-5900 A with the higher
background at 5200 A was taken from Srdanov and Harris (1988) while the NiO spectrum
at 4500-6100 A was taken from Burgard et al. (2006).

tra for identification of molecular bands in BeneSov spectra. The laboratory spectra
of FeO were taken from West et al. (1975), of CaO from Sugita et al. (2003), of
NiO from Srdanov and Harris (1988) and Burgard et al. (2006), and of AlO and
Al hydroxides from Gole and Kolb (1981). Of course, taking of laboratory spectra
for identification of molecular bands in meteor spectra has some disadvantages be-
cause laboratory spectra were obtained at quite different conditions (temperature,
pressure, chemical composition and so on) in comparison with obtained meteor
spectra. For example, CaO emission spectra were obtained after collision of copper
projectiles with dolomite target (the impact velocity was 4.85 km/s) and additional
Cu, Na, and Ca atomic lines were observed at the wavelength range between 560
and 600 nm (Sugita et al. 2003). The better agreement between FeO laboratory
and meteor spectra was achieved for FeO produced during reaction of Fe atoms
with Oz in comparison with that produced during reaction of Fe atoms with NoO
and discharged Oy (West et al. 1975). NiO molecules were also produced during
reaction between Ni atoms and Ogs in laboratory experiments (Srdanov and Harris
1988; Burgard et al. 2006) while reaction Me + Oy = MeO + O was responsible
for formation of metal oxides in the meteoroid impact-produced cloud (Berezhnoy
and Borovicka 2010).

The most prominent broad bands in the red region (at 560, 565, 590, and 620 nm)
are identified as features of FeO orange system; weaker CaO broad bands are iden-
tified at 553 and 615 nm (see Fig. 3). Due to significant difference between Benesov
spectra and CaO and FeO laboratory spectra (see Fig. 3) additional identification of
weaker molecular bands of other species at 550-650 nm range seems to be difficult.
Namely, weak features at 559, 617, and 620 nm may be identified with strongest
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Figure 4. Spectrum of BeneSov bolide train at 25 km in comparison with theoretical
spectra of AlO, MgO, and TiO.

transitions of TiO beta and gamma systems (see Fig. 4). NiO features are found at
488, 518, and 540 nm (see Fig. 5). However, the absence of the strongest NiO ex-
perimental band at 575 nm and the presence of the AlO features at 488 and 540 nm
lead us to claim NiO detection as tentative. A1O bands are identified at 454, 468,
488, 513, and 542 nm, the MgO green system is also detected at 496-500 nm while
CN bands were not identified (see Fig. 6). Agreement between BeneSov spectrum
and Al in air spectrum becomes better with adding of the spectrum of Al in water
vapor (see Fig. 5). Namely, HAIOH compound may be responsible for existence of
459 and 505 nm bands (Gole and Kolb 1981). The most intensive unidentified band
is located at 527 nm; this band may be produced by still unidentified diatomic or
triatomic molecule.

Theoretical intensities of AIO and MgO electronic-vibrational-rotational tran-
sitions were calculated with usage of the approach of Kovécs (1969). The best
agreement between theoretical and obtained spectra was achieved for the value
of the vibrational temperature of about 4000 K. Electron temperature could not
be measured because only MgO and AlO transitions from unique electronic states
were detected. Rotational temperature was assumed to be 3000 K. Assuming op-
tically thin emission, the A10/MgO abundance ratio was estimated to be about
20. This value is higher than that obtained with the usage of quenching theory by
a factor of 50. However, emission of molecules in Benesov impact-produced cloud
was optically thick and for this reason it is impossible to estimate the bulk chemical
composition of the impact vapor and meteoroids from molecular spectra.

Detection of so large amount of molecules in meteor spectra was performed for
the first time because Benesov meteoroid is the biggest meteoroid with low altitude
of penetration into the Earth’s atmosphere among all observed meteors for which
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Figure 5. Spectrum of Benesov bolide train at 25 km in comparison with laboratory
spectra of Al1O and HAIOH. Possible identifications of A10 and HAIOH bands are shown
by symbols 1 and 2, respectively.

high-resolution optical spectra are available. Let us note that Ny and CN optical
bands were not detected in BeneSov spectra.
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Figure 6. Spectrum of blue part of BeneSov bolide train with subtracted continuum in
comparison with theoretical spectra of A10, MgO, TiO, and CN.
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4. Conclusions

Based on quenching theory approach, formation of NO and metal oxides during
meteor events was considered. Identification of FeO, CaO, AlO, and MgO bands was
confirmed in Benesov spectra while Al hydroxides, NiO, and TiO optical features
were tentatively detected in meteor spectra for the first time.
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Abstract. We analyze a fireball observed over the south of Spain on April 14, 2013. Its
estimated absolute magnitude is —11 + 1. The event was imaged from two meteor ob-
serving stations operating in the framework of the SPanish Meteor Network (SPMN) in
Andalusia (south of Spain). On the one hand, the atmospheric trajectory of the bolide
and the heliocentric orbit of the parent meteoroid are calculated. The emission spec-
trum produced during the ablation of this particle was also recorded in the framework of
the systematic spectroscopic campaign we are developing since 2006. The relative inten-
sities of emission lines produced by the major meteoroid rock-forming elements (Fe, Mg
and Na) clearly indicate a chondritic nature for the progenitor meteoroid. On the other
hand, the emission spectrum of the meteoric afterglow was recorded during about 0.12
seconds. The main lines appearing in this signal were identified and their evolution with
time is also discussed.

Keywords: meteors, meteoroids, fireballs, meteor spectroscopy

1. Introduction

On April 14th 2013 a fireball with an estimated absolute magnitude of —11+1 was
observed over the south of Spain (Figure 1). This sporadic event was simultaneously
recorded at 22735™49.8° + 0.1° UTC from two meteor observing stations in An-
dalusia: Sevilla (latitude: 37°20’46” N, longitude: 05°58'50” W) and El Arenosillo
(latitude: 37°06'16” N, longitude: 06°43'58” W). These meteor stations employ an
array of low-lux monochrome CCD video devices to monitor meteor and fireball
activity, as described below. The bolide was included in the SPMN fireball database
with the code 140413, which was assigned after the observing date.

In order to obtain an insight into the chemical properties of meteoroids ablating
in the atmosphere, both meteor stations develop a systematic fireball spectroscopy
campaign by means of video and slow-scan CCD video spectrographs. These spec-
trographs have been configured as autonomous devices by means of software de-
veloped by the first author. In this way, the emission spectrum produced during
the ablation of the parent meteoroid was obtained. Besides, the fireball exhibited
a very bright flare by the end of its luminous path, and the afterglow spectrum
could also be imaged after this fulguration took place. Here we present a prelim-
inary analysis of the SPMN140413 bolide. Its atmospheric trajectory is obtained
and the orbital elements of the parent meteoroid are calculated. In addition, we
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Figure 1. Composite image of the SPMN140413 fireball as imaged from Sevilla.

infer information about the bulk chemistry of this particle from the analysis of
the fireball emission spectrum. The afterglow spectrum is also discussed.

2. Instrumentation and methods

An array of low-lux monochrome CCD video devices (models 902H2 and 902H Ul-
timate, manufactured by Watec Co., Japan) operating from the meteor observing
stations at Sevilla (lat.: 37°20°46” N, lon.: 5°58'50” W) and El Arenosillo (lat.:
37°06'16” N, lon.: 6°43'58" W) was employed to record the SPMN140413 fireball
(Figure 1). The operation of these systems, which work in a fully autonomous
way by means of software developed for this purpose by the first author, is ex-
plained in detail in (Madiedo and Trigo-Rodriguez 2008; Madiedo et al. 2010).
Besides, some of these devices are configured as video spectrographs by attaching
holographic diffraction gratings (1000 grooves/mm) to the objective lens (Trigo-
Rodriguez et al. 2009). To calculate the atmospheric trajectory and radiant we have
employed the AMALTHEA software (Madiedo et al. 2011), which follows the planes
intersection method (Ceplecha 1987). Once these data were obtained, the orbit of
the meteoroid was calculated with the same software by following the procedure
described in Ceplecha (1987). On the other hand, the spectrum was analyzed with
the CHIMET application, also developed by the first author (Madiedo et al. 2013).
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Figure 2. Calibrated emission spectrum of the SPMN140413 fireball. Intensity is ex-
pressed in arbitrary units.

Table 1. Trajectory and radiant data (J2000) for the bolide analyzed here. H, and H, are
the beginning and ending heights of the luminous trajectory, oy and d4 the right ascension
and declination of the geocentric radiant. Vo, V4 and Vj;, indicate the preatmospheric,
geocentric and heliocentric velocity, respectively.

Hp [km] He [km] ay [deg] 84 [deg] Voo [km s71] Vg [km s™'] Vi [km s71]

104.44+0.5 80.7£0.5 186.30£0.03 -41.6+0.1 28.9£0.3 26.6+0.3 39.74£0.3

3. Results and discussion

According to our analysis, the parent meteoroid impacted the atmosphere with an
initial velocity V,,=28.940.3 km s~! and the inclination of the trajectory was of
about 74 degrees with respect to the local vertical. The fireball began at a height
of 104.44+0.5 km above the ground level and ended its luminous phase at 80.7+0.5
km, with the main flare taking place at 83+0.5 km under an aerodynamic pressure,
calculated in the usual way, of (7.440.6)-10° dyn cm~2 (Bronshten 1981; Trigo-
Rodriguez and Llorca 2006, 2007). The radiant and orbital parameters (J2000) are
shown in Table 2. These data confirm that the bolide was produced by a meteoroid
from the sporadic complex. The orbital parameters also show that the meteoroid
was following a Jupiter family comet (JFC) orbit before impacting our planet.

The fireball emission spectrum, once calibrated in wavelengths and corrected for
the instrumental efficiency, is shown in Figure 2, where the most significant lines
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Figure 3. Expected relative intensity (solid line), as a function of meteor velocity (in
km s 1), of the Na I-1, Mg I-2 and Fe I-15 multiplets for chondritic meteoroids (Borovicka
et al. 2005). The asterisk shows the experimental value obtained for the SPMN140413
fireball.

Table 2. Orbital elements (J2000) for the bolide discussed in this work.

a [AU] q [AU] e i [deg] w [deg] Q [deg]

4.6+0.4 0.69040.01 0.85+0.01 27.240.2 71.140.1 204.9556+107%

have been highlighted and multiplet numbers are given according to Moore (1945).
As can be noticed, the most important contributions correspond to the Na I-1
(588.9 nm) and Mg I-2 (517.2 nm) multiplets. In the ultraviolet, the contribution
from the H and K lines of Ca was also identified. However, as usual in meteor spec-
tra, most lines correspond to Fe I. The intensities for the Na I-1, Mg I-2 and Fe
I-15 multiplets have provided the intensity ratios Na/Mg=1.08 and Fe/Mg=0.80.
These intensities have been plotted on the ternary diagram shown in Figure 3,
where the solid curve corresponds to the expected relative intensity, as a func-
tion of meteor velocity, for chondritic meteoroids (Borovicka et al. 2005). Thus,
the position of the point describing the SPMN140413 fireball spectrum fits well
the expected relative intensity for a meteor velocity of about 29 km s~!, which is
consistent with a chondritic nature for the meteoroid.

During the first 0.12 seconds after the main flare exhibited by this bolide took
place, the afterglow was bright enough to produce an emission spectrum that could
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Figure 4. Calibrated emission spectrum of the fireball afterglow at different times. Top
panel from left to right, and bottom panel from left to right — these plots correspond to
0.02, 0.04, 0.06 and 0.08 seconds after the main flare took place, respectively. Intensity is
expressed in arbitrary units.

be recorded by two CCD video spectrographs. Wake spectra can provide useful in-
formation about physical processes taking place in persistent meteor trains. How-
ever, such spectra are not abundant in the literature Borovicka and Jenniskens
(2000); Abe et al. (2004). These video spectrographs generate interlaced imagery
at a rate of 25 frames per second (fps) but once these images were de-interlaced
we obtained the evolution of this spectrum with a temporal resolution of 0.02 sec-
onds. In this way, we could analyze the evolution with time of the intensity of
the emission lines identified in this signal. The spectrum was also calibrated in
wavelengths and corrected according to the efficiency of the spectrograph. Figure
4 shows the calibrated afterglow spectrum at different times after the main flare
exhibited by the fireball took place. The contributions from Mg I, Na I, Ca I, Fe
I, Ca IT and O I were identified in the signal (the latter is not shown in Figure 4),
with the Na I-1 and Mg I-2 lines being the most important ones. The brightness
of these lines was found to decrease exponentially with time. This behaviour was
also found for the lines in the afterglow spectrum of Leonid fireballs (Borovicka and
Jenniskens 2000). This is exemplified in Figure 5, where the evolution of the inten-
sity of the Na I-1 line is shown. Additional analysis will be performed in order to
establish the mechanism that drives this evolution of brightness with time.
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Figure 5. Variation with time of the intensity of the Na I-1 line in the afterglow spectrum.

4. Conclusions

We have studied a mag. —11 fireball observed over the south of Spain on April 14,
2013. From the preliminary analysis of this event we have extracted the following

conclusions:

1) The parent meteoroid impacted the atmosphere with a velocity of ~28.9 km s~1.

The fireball began at 104.4 km above the ground level and ended at a height
of around 80.7 km. The maximum luminosity of the bolide took place during
the flare occurring by the end of its atmospheric path.

2) The calculated orbit, atmospheric penetration and tensile strength of the me-
teoroid are comsistent with a cometary origin for this particle. In particular,
the orbital elements show that the meteoroid had a sporadic origin and was
following a JFC orbit before impacting the Earth.

3) The analysis of the emission spectrum of this fireball, particularly the emission
lines coming directly from the ablation of the main meteoroid rock-forming
elements (Fe, Mg and Na), points towards a chondritic nature for the meteoroid.

4) The contributions from Mg I, Na I, Ca I, Fe I, Ca II and O I were identified
in the afterglow spectrum, with the Na I-1 (588.9 nm) and Mg I-2 (517.2 nm)
lines being the most important ones. The brightness of these lines decreased
exponentially with time. Additional analysis will reveal the mechanism that
drives the evolution of this brightness.
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Micro-Raman spectroscopy of meteorite KoSice
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Abstract. The Raman microscope technique was used to characterize 3-5 ym structures
in the matrix of the Kosice meteorite, an H5 ordinary chondrite. Its fall is associated with
a bright fireball that appeared over central-eastern Slovakia on February 28, 2010. Sev-
eral micro-Raman spectra of the interior part of meteorite KoSice sample were collected.
On the basis of characteristic frequencies of Raman modes the main types of minerals
(olivines, pyroxenes) as well as carbon material were identified. The Raman signature of
the carbon material is consistent with the second stage of the amorphization trajectory
between amorphous carbon and nanocrystalline graphite.

Keywords: Kosice meteorite, Raman micro-spectroscpy

1. Introduction

The Raman microscope technique is a non-destructive spectroscopic technique
based on inelastic scattering of monochromatic light (Raman Effect), usually from
a laser source. Inelastic scattering means that the frequency of photons in monochro-
matic light changes upon interaction with a sample. Photons of the laser light are
scattered at a different energy by the sample molecules.

The frequency of the scattered photons is shifted up or down in comparison
with original monochromatic frequency, which is called the Raman Effect. This
shift provides information about vibrational, rotational and other low frequency
transitions in molecules. Raman spectroscopy can be used to study solid, liquid
and gaseous samples. By applying Raman spectroscopy to meteoritic material it
is possible to observe the presence and characterize many minerals and variety of
carbon structures (e.g. Baratta et al. 2008; Wang et al. 2004; Larsen and Nielsen
2006).

It is also a sensitive tool for the study of structural properties of carbonaceous
materials. In particular, it provides an indicator of the degree of crystallinity of sp?
graphitic clusters, which is correlated with the metamorphic grade of meteorites
(Buseck and Bo-Jun 1985; Pasteris and Wopenka 1991; Busemann et al. 2007;
Starkey et al. 2013).

In this contribution we present a Micro-Raman spectroscopy study of the inte-
rior part of the piece of the meteorite Kosice, carried out at the Experimental
Astrophysics Laboratory at the Catania Astrophysical Observatory, Italy.
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2. Laboratory equipment and procedure

Micro-Raman spectra were collected using a triplemate SPEX Raman spectrom-
eter equipped with a 1200 groves/mm holographic grating. The spectrometer is
coupled to a confocal DILOR xy illuminator equipped with an Olympus BX40
microscope with 10x, 50x and 100x magnification objectives. The Raman spec-
trometer is equipped with a continuous Ar ion laser beam (514.5nm) as exciting
radiation and a CCD detector in the 0.4-1.0 um spectral range. Details of the in
situ Raman technique can be found in Brunetto et al. (2004). Using the micro-
scope objectives (50x, 100x) to focalize the exciting laser beam we get the spot
size of about 4 and 2 microns respectively. An example of the microscopic view
of a studied sample area is shown in Fig. 1. The laser power (Art, 514.5nm) on
the sample was kept below 0.3 mW to avoid overheating the sample. The spatial
resolution, set by a confocal pinhole, was 4 ym for the 100x objective; and the in-
strument spectral resolution was 8 cm ™! with a peak position accuracy of 1-2cm ™.
The spectrum acquisition time was 60s and the signal to noise ratio was improved
by multiple acquisitions (ten per spot). In addition, in the case of spectra acquired
in the 200-1200cm~! Raman shift region the final Raman spectra were smoothed
using 5 points in Svitzky-Golay procedure.

3. Results and discussion

Raman spectra of several different regions of the meteorite interior were taken.
On the basis of characteristic frequencies of Raman modes, the main types of
minerals were identified. The common minerals found in our sample of the Kosice
meteorite are silicates. Raman double-band (in a range 800-900 cm™!) indicates
olivine (spectra no. 8,9, 10 in Fig. 2) (e.g. Wang et al. 2004). A Raman “fingerprint”
of pyroxene is identified in spectrum no. 7.

The major Raman peaks in the spectra of olivine and pyroxenes result from
the coupling of fundamental symmetric and asymmetric stretching vibrational
modes of SiOy4 tetrahedra and (SizOg)n chains. The different cations (Mg, Fe, Ca,
etc.) that occupy the octahedral sites formed by the silicates affect the peak po-
sitions of these fundamental vibrations, with respect to the masses of the cations.
The peak-position shift towards higher wavenumbers with increasing Fo content is
linked to the decrease of atomic mass and polyhedral volume in octahedral sites,
and to the degree of coupling of the symmetric and asymmetric stretching vibra-
tional modes of SiO4 groups (Kuebler et al. 2006).

As a consequence, molar ratios of the major cations in pyroxene and olivine
can be determined from their Raman peak positions (Wang et al. 2004; Baratta
et al. 2008; Kuebler et al. 2006). Following the work of Wang et al. (2004), we
estimated the Mg/(Mg+Fe) ratio of observed olivine crystals to be 0.7-0.9; and
Mg/(Mg+Fe+Ca) ratio of pyroxene around 0.75.

The presence of organic material is evident, when their specific bands, viz. D
(~1360cm™!) and G (~ 1582cm™1!), are observed in Raman spectrum. The pres-
ence and width of D and G bands in the spectra depends on the degree of order of
graphitic material. Both bands are due to sp? hybridized carbon sites. The G band
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Figure 1. The microscopic views of the analyzed sample of meteorite Kosice. Positions
of laser spots are indicated and numbered for identification of each spectrum.

is a bond stretching vibration of a pair of sp? sites, it occurs wherever the sp? sites
are arranged as olefinic chains or aromatic rings (Ferrari and Robertson 2000).
In the Raman spectra of highly ordered pyrolitic graphite or natural graphite
with large (> 1 pum) microcrystals only one, the G band is observed. Spectra of
microcrystalline and disordered carbon show an additional D band (Tuinstra and
Koenig 1970). The D band is a breathing vibration of aromatic rings which is acti-
vated by disorder, it only occurs when sp? sites are in aromatic rings (Ferrari and
Robertson 2000).
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Figure 2. Micro-Raman spectra of silicates in meteorite Kosice. Numbers on the left
indicate positions of laser spots at the sample (see Fig. 1).

As well known, graphite is composed of planar hexagonal rings of carbon atoms.
The parameters characterizing the dimensions of graphite layers are L, — the ave-
rage size of graphite layer and L. — which divided by the interlayer spacing gives
the number of layers (Tuinstra and Koenig 1970). Well-crystallized graphite can
have L, values up to several hundreds nanometers, whereas microcrystalline gra-
phite (also referred as amorphous graphite), can have L, values as low as 20-
30 A (Larsen and Nielsen 2006).

The intensity ratio Ip/Ig is a spectral parameter related with the degree of
structural order of carbonaceous material (Ferrari and Robertson 2000). However,
the relation is unambiguous, as is described further. The Tuinstra-Keonig relation
between the graphite domains L, and the D — and G — lines intensities (Tuinstra
and Koenig 1970):

Lo = Cp(\) x Is (3.1)
Ip

where Cp, ()\) is a laser wavelength (\) dependent factor (Cr(514nm)=44A), is
valid for values of the graphitic domain size L, > 20 A. For the range L, < 20 A,
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Ferrari and Robertson (2000) proposed a new and an opposite relation:
Ip

- (3.2)

Ly =C (N x
where C/, (5141nm)=0.0055 A2.

An indication of the degree of order can be provided also by the G and D band
widths - the broader the bands, the more disordered is the graphitic material.
Broadening of the bands indicates an increase in the bond angle disorder (i.e. bond
angle distortions of the three-fold coordinated C atoms from the ideal 120°) and
a decrease in the mean size and/or number of crystallites (Baratta et al. 2008).
Below a certain size of the basic structural unit of the carbonaceous material,
the bands become so wide that they can no longer be recognized as individual
peaks (Wopenka 1988). In the studied sample of meteorite Kosice, both D and
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Figure 3. Micro-Raman spectra of carbonaceous matter in meteorite Kogice. The spec-
tra were fitted after a linear baseline correction by using a two-Lorentzian band model.
The two first order Raman bands D and G are characteristic for disordered carbon. Num-
bers on the left indicate the positions of laser spots at the sample.

G Raman bands were observed in the 800-2100cm ™! Raman shift region (Fig. 3).
After a baseline correction, the Raman spectra were fitted by a two-Lorenzian band
model (Ferrari and Robertson 2000; Larsen and Nielsen 2006) and the individual
band parameters (center, intensity and FWHM of bands) were extracted.

Raman spectra of thermally metamorphosed meteorites have D and G peaks that
are quite narrow and well separated, primitive carbonaceous materials have broad
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and blended D and G bands (Busemann et al. 2007). According to work of Buse-
mann et al. (2007) (see Fig.6 in referred paper), increasing metamorphism from CI,
CM, CR through types 3.05-3.2 to 3.2-3.7 and the EH chondrites leads to smaller
values of D band width, simultaneously, the intensity ratio ID/IG increases up to
~1.5, following by the steep decrease of intensity ratio with decreasing band width.
These trends resemble those described for the transitions from disordered amor-
phous C through “nanocrystalline graphite” to graphite in terrestrial carbonaceous
samples (Ferrari and Robertson 2000; Busemann et al. 2007).

Assuming that carbon material in the Kosice meteorite sample is in the stage 2 of
the insoluble organic matter (IOM) amorphization trajectory between nanocrys-
talline graphite and amorphous carbon defined by Ferrari and Robertson (2000), we
can use the Eq. 3.2 for the estimation of the graphitic domain size of carbonaceous
material L,. It was estimated to be around 14.6 A.

The width of the D line found in Kosice is similar to that found in the IOM of
many ordinary chondrites (e.g. H/L3.6 Tieschitz, H3.7 Brownfield, see Busemann
et al. (2007)).
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Abstract. In our effort to sample the constant drizzle of meteoric dust DUSTER (Dust
from the Upper Stratosphere Tracking Experiment and Retrieval) collected a surprisingly
mineral-rich population of mostly nanometer, and lesser amounts of micrometer, particles.
Our analysis shows that bolide disintegration could be a possible source for this dust in
the upper stratosphere.

Keywords: meteoric dust, dust collection, upper stratosphere, bolides

1. Introduction

Meteoroid ablation and evaporation release metal species and molecules into the up-
per atmosphere where they contribute to the mesospheric metal complex between
100 and 80 km altitude. What happens next is a bit uncertain. It was suggested that
vapors of small extraterrestrial particles would condense in the mesosphere followed
by settling to lower altitudes (Megie and Blamont 1977). In the sulfate aerosol layer
of the stratosphere the smallest (<500 nm) and the largest (=10 pum) sulfate par-
ticles had presumably nucleated on this condensed meteoritic dust (Hunten et al.
1980). There is no evidence to connect this putative, condensed meteoritic dust
from mesospheric to these sulfate particle nucleation centers. Today we know there
is a continuous supply of meteoric smoke nanoparticles, 4 to 20 nm in diame-
ter, between ~85 km to ~35 km altitudes, incl. fayalite (Fe3SiO4) and pyroxene
(Mgg.4Fe 6Si05 Hervig et al. (2009)) that act as condensation nuclei for Polar
Mesospheric Clouds (a.k.a., noctilucent clouds). Other meteoric nanograin compo-
sitions are listed as carbon (C), wiistite (FeO), or magnesiowiistite, Mg, Fe;_,O;
x = 0.1-0.6 (Hervig et al. 2012). These meteoric dust compositions are inferred
from remote sensing data that cannot make unique identifications. If we want to
know their chemical composition, size, shape, morphology and structural state
(crystalline or amorphous) we need to collect these meteoric particles.

2. Particle Collections and Source Connections

The top of the stratospheric aerosol layer at 30 km altitude (Renard et al. 2008)
is a natural lower boundary for any searches of interplanetary materials. The up-
per stratosphere is quite accessible by high altitude balloons that can carry dust
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Figure 1. This cluster of Ca,Al- and Mg,Fe-silicate minerals and SiO2 (tridymite) col-
lected in the stratosphere between 34-36 km during May, 1985 was present in a sample
of sub-micron grains that were clearly volcanic ash fines. Occam’s razor then dictated
that this particle too is volcanic ash. At that time claiming it was extraterrestrial dust
from the Zodiacal cloud could not be supported based on the state of knowledge in 1985.
Today, the same claim is not preposterous. Reproduced from Rietmeijer (1993); Journal
of Volcanology and Geothermal Research.

collectors. Obviously interplanetary dust collections should avoid periods directly
following volcanic eruptions of major magnitude, e.g. Mt. Pinatubo, El Chichén
and Mt St. Helens, as their fine dust entrained in the rising plume could reach
above 30 km (Rietmeijer 1993). The upper part of the stratosphere presents a po-
tentially mixed environment, a crossroads, of terrestrial and extraterrestrial dust.
The terrestrial component would be overwhelmingly dominated by the finest vol-
canic ash particles (Fig. 1). But we learn as we go on. It turns out that 85%-95%
of the observed mid-infrared emission of the Zodiacal cloud is produced by parti-
cles from Jupiter-Family (J-F) comets and that ~85% of the total mass influx at
Earth is J-F comet dust (Nesvorny et al. 2010). Their atmospheric velocities are
typically low; and as low as ~12 km s~!, which means that many J-F comet parti-
cles might survive flash heating. It is then not too farfetched to postulate that this
compact aggregate particle of silicate minerals (Fig. 1) could have survived but
of course comets do not contain chemically differentiated materials. This notion
must be revisited in the light of the mineralogical results from the Stardust mis-
sion. The big surprise was that the dust from 81P/comet Wild 2 closely resembled
asteroid-like minerals and mineral-grain clusters (Brownlee et al. 2006; Zolensky et
al. 2008; Joswiak et al. 2012; Dobrica et al. 2009). Thus, it is not unthinkable that
this silicate-cluster has its analogs among the dust in comet Wild 2 that began
life as a Kuiper Belt Object that became part of a constant supply of Interplane-
tary Dust Particles (IDPs) and micrometeorites (MMs) to the lower stratosphere
and the Earth surface of J-F comet dust in addition to meteoric dust. Meteoric
(smoke) nanoparticles have yet to be collected but for a few possible exceptions.
Crystalline metallic noctilucent cloud particles <500 nm in diameter, and clusters
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Figure 2. The size distribution of meteoric NiO and taenite smoke nanospheres from 5
to 30 nm in diameter (Hemenway et al. 1961) (solid square) and the smallest meteoric
smoke particle, or noctilucent cloud condensation nuclei, size (dot). The solid squares are
the midpoints of each of the six size bins listed in Hemenway et al. (1961). The trend
shows that these nanospheres could be evolved meteoric smoke particles by a process of
grain growth.

thereof ~500 nm in diameter, had pure iron and FeNi- compositions, while other
submicron noctilucent particles had Si and Fe, Si and Ca and pure Si compositions
(Witt et al. 1964). The size distribution from 20 to 800 nm supports they could
be chemically-evolved meteoric dust (Hemenway et al. 1964). Also, NiO and taen-
ite (high-Ni Fe,Ni-metal) spherical nanometeorites intercepted settling in the lower
stratosphere at 20 km altitude in the Arctic November 1960 (Hemenway et al. 1961)
could be evolved meteoric smoke (Fig. 2). The NiO and taenite compositions are
quite acceptable for extraterrestrial dust but unlikely for natural terrestrial dust
in this size range.

Meteoric particles 0.2 to 3 microns in diameter were also collected in the lower
stratosphere at ~20 km altitude. It was concluded that this extraterrestrial compo-
nent residing in the mesosphere and stratosphere did not have a chondritic compo-
sition for Fe, Ni, Mg, Mn, Ca, Na and K (Cziczo et al. 2001). Apparently the tacit
assumption was that meteoric dust once it had settled into the lower stratosphere
should have the chondritic composition of the annual influx of interplanetary ma-
terials to the Earth’s atmosphere. The observed Ca abundance was well below its
chondritic abundance (Cziczo et al. 2001), while no Al and Ti abundances were re-
ported. It could be an indication that differential ablation (Janches et al. 2009) is on
average for all incoming extraterrestrial materials more efficient than anticipated.
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3. Do Meteoric Dust Aggregates Exist?

Laboratory simulations of photo-chemical oxidation of mesospheric Mg, Fe and
Si metals by O3 when settling through the upper atmosphere showed potentially
diverse meteoric nanoparticle compositions. The ~10 nm in diameter meteoric
dust analogs were open aggregates of SiOq (silica), FeaOg (hematite) and FeOOH
(goethite), fayalite, forsterite (MgaSiO4), ferrosilite (FeSiOs), enstatite (MgSiO3),
amorphous olivine [(Mg,Fe)2SiO4] and amorphous pyroxene [(Mg,Fe)SiO3] (Saun-
ders and Plane 2006, 2011). The largest meteoric analog grains in these aggregates
were ~200 nm in diameter showing that initially meteoric nanoparticle sizes could
be increased via simple grain growth. The formation of open nanograin aggregates
is probably an artifact of high particle densities in the experiments as it is in al-
most all experiments of this nature (Rietmeijer and Nuth IIT 2012; Rotundi et al.
1998). It is unlikely that similarly-high particle densities exist in the meso- and
stratospheres except perhaps during strong winds. The finding of branched chains
of nanograin aggregates with typical lengths of 1-2 microns above 35 km altitude
(Bigg 2012) could be interesting evidence that meteoric dust aggregation is possible
in the upper atmosphere. Still, lacking compositional data of these branched chains
we cannot exclude the possibility that they can be chondritic porous (nano)IDPs.
Clusters and short strings of electron-dense spheres (~10 to ~100 nm in diame-
ter) collected >35 km altitude were interpreted as melted metallic particles from
ablating meteoroids (Bigg 2012) but lacking chemical analyses this interpretation
cannot be confirmed albeit also not be denied.

4. DUSTER collecting meteoric dust

DUSTER (Dust from the Upper Stratosphere Tracking Experiment and Retrieval)
is an autonomous instrument designed for the non-destructive collection of dust par-
ticles, 200 nm to 40 microns in size, between 30 and 40 km altitude (~12 to 3 mbar)
in the upper stratosphere. This balloon-borne instrument has an active sampling
system that was specifically developed to minimize and control contamination dur-
ing instrument assembling and autonomous flight performance (Della Corte et al.
2012, 2013). The instrument contains an active collector operational at altitude and
a ”blank collector” that functions as a monitor of particulate contamination dur-
ing all pre- and post-flight operations, and all operations in the laboratory where
a class-100 clean room is used. Another unique DUSTER feature is the rigorous
protocol to accept an individual particle on the active collector as ”collected” dur-
ing stratospheric sampling. That is, all collection surfaces (standard transmission
electron microscope holey-carbon thin films on Cu-mesh grids) are automatically
scanned using a Field-Emission Scanning Electron Microscope (FESEM) and any
particles present are documented. Upon return after collection these same surfaces
are re-scanned and "new” particles are recognized. When the blank’s integrity
was compromised during the actual period of stratospheric collection, or at any
time after closing the actual collector during descent, recovery or transportation to
the laboratory in Naples, these added particles (relative to the pre-flight analyses)
are proof of contamination. When the blanks integrity was preserved, the difference
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Figure 3. Histogram showing the number of particles collected in the upper stratosphere
during 2008 and 2011 as a function of geometric mean particle diameter (microns).

between pre- and post-flight dust loadings on the actual collector are particles that
were collected in the upper stratosphere (for more details see: Della Corte et al.
(2012) and Della Corte et al. (2013)). It is possible that individual particles can
be removed from the collector for further analyses by Fourier Transform Infrared
Spectroscopy (FTIR) and micro-Raman spectroscopy (cf. Ciucci 2011). Fifty-one
particles 0.2 pm to 26 pm in size were collected at altitudes between 32 and 38.5 km
(Fig. 3).

The particles are mostly (1) Ca-bearing calcite and/or aragonite (De Angelis
et al. 2011) with evidence of thermal erosion and incipient melting (Fig 4a), (2)
irregularly-shaped carbon particles (Fig. 4b), and (3) carbon and low-Si C-O-Si
spheres (Fig. 4c). Aluminosilica and aluminum-oxide grains are also present. Rare
aggregate particles include (1) massive (Fig. 4d) and smoke-like (Della Corte et al.
2013) carbon aggregates, (2) quenched 'bunch-of-grapes’ CaO aggregates (Fig. 4e),
and (3) fine-grained CaF; aggregates (Fig. 4f).

5. Bolide Disintegration: A possible new source of meteoric dust

Such particles, but more critically, such assemblages of particles were never before
identified among dust collected in the upper stratosphere. The grain compositions
and morphologies point to an environment wherein each particle experienced flash
heating up to ~4,000K followed by ultra-rapid cooling that caused grain melt-
ing and quenching into spheres and formation of liquid spays that quenched into
smoke-like aggregates (Figs. 4d, -e, -f). That is, the environment had to provide
containment of these grains as a dense cloud. We propose that conditions during
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20 nm

200 nm

Figure 4. (a) thermal erosion of Ca-bearing calcite or aragonite, (b) an irregularly-shaped
carbon particle, (¢) a C-O-Si sphere, (d) an almond-shaped massive carbon aggregate of
(sub)spherical grains (it lacks the typical smoke morphology of soot particles collected in
the lower stratosphere, (e) an agglomerate of CaO nanospheres ~10 to 120 nm in diameter
attached to a 250 nm CaO sphere (Della Corte et al. 2013), and (f) a compact cluster of
fine-grained CaFj grains.

disintegration of a low-tensile-strength bolide meet these environmental require-
ments. We suggest that similar dust particle associations will be found in the dust
clouds that are associated with large bolide events, a.o. the Tagish Lake bolide.

6. Conclusions

There is a constant drizzle of nano- to micrometer size dust settling from the meso-
sphere to the lower stratosphere (and all the way down to the Earth surface) that
consists mostly of J-F family debris in the form of most of the collected IDPs
and meteoric dust due to meteor ablation in the mesosphere. The collected CaO,
spheres were very much part of the dust associations collected by DUSTER but on
the basis of size alone they resemble evolved meteoric smoke particles from noctilu-
cent clouds (Hemenway et al. 1961, 1964). They are in fact oxidized mesospheric
metal nanograins. Other particles collected by DUSTER, are not meteoric smoke
particles as they formed during bolide disintegration in the upper stratosphere.
They represent a possible new source of meteoric dust that was not previously
sampled.
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Abstract. The Canadian Automated Meteor Observatory (CAMO) detects occasional
meteors with two maxima in the image intensified CCD based light curves. We report
early results from an analysis of 21 of these events. Most of these events show qualitatively
similar light curves, with a rounded first luminous peak, followed by an almost linear
sharp rise in the second peak, and a relatively rapid curved decay of the second peak.
While a number of mechanisms could explain two maxima in the light curves, numerical
modelling shows that most of these events can be matched by a simple dustball model
in which some grains have been released well before intensive ablation begins, followed
by a later release of core grains at a single time. Best fits to observations are obtained
with the core grains being larger than the pre-released outer grains, with the core grains
typically 107% kg while the early release grains are of the order of 1072 kg.

Keywords: meteoroid structure, meteor light curve, dustball, intensified CCD, fragmen-
tation

1. Introduction

Light curves provide one of the best indicators of the mode of meteor ablation
and fragmentation, and implied meteoroid structure. The intensity of the light
produced is indicative of the almost instantaneous mass loss rate. In this paper we
consider implications for meteoroid structure and ablation from dual peak meteor
light curves, in particular looking at whether these observations support a dustball
model.

Jacchia (1955) suggested that photographic observations of shortened trails,
flares and meteor wake supported a dustball structure for at least some mete-
ors. However the fragile dustball structure proposed was inconsistent with bright
meteors that survived high pressures to low observed heights.

Hawkes and Jones (1975) developed a two component dustball model that would
fit both faint and brighter meteor light curves. The key idea of this model was
that meteoroids have two components, a grain component with a silicate metallic
composition that is responsible for the light production, and a glue component
(possibly organic in nature) which has a lower boiling point and does not produce
significant luminosity. With this model meteoroids are not necessarily fragile. Un-
der this model some grains will be released early (as the glue reaches its boiling
point) while other grains will be separated during intensive light production by
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the meteor. Fisher et al. (2000) reviewed the observational evidence in favour of
this dual component dustball model (e.g. shorter more symmetric light curves, rela-
tive independence of heights of meteors past a certain mass cutoff, good prediction
of ablation profiles across a wide mass range).

2. Observations

The Canadian Automated Meteor Observatory (CAMO) described in detail by
Weryk et al. (2013) uses image intensified CCD meteor observations at two stations
(baseline ~44.9 km) coupled with automatic detection and analysis software to
provide a large sample of faint meteor light curves, atmospheric trajectory and
orbital data. At each CAMO station are wide field cameras (28° x 21°) operating
at 80 fps. Each station also has a tracking high resolution system at each station
with a field of view of 1.5° x 1.1° operating at 110 fps. The tracking system is
capable of moving across the sky at 2000 deg/s, and is updated in position at
2000 Hz. Only a subset of the events are well tracked with no transverse smearing
or leaving the field of view. The high resolution data will be considered in detail
in a subsequent paper. Both wide and narrow field systems use Gen III image
intensifiers coupled to CCD cameras with the main spectral response from 500 to
850 nm.

The CAMO system observes some events that have two clearly defined peaks in
the meteor light curve. A typical dual peak light curve is shown in Figure 1. We
have analyzed 21 double peak events for this paper. Almost all of these events had
a qualitatively similar light curve structure such as that shown in Figure 1. The light
curves had a rounded first peak, followed by an almost linear (on a plot using
the logarithmic astronomical magnitude) increase for the second peak, followed by
a rounded but usually short duration end of the second peak.

We studied the atmospheric trajectories and orbital parameters of double peaked
meteor light curves, but there were no obvious differences from the general pop-
ulation observed with CAMO. The events studied here ranged in peak brightness
between astronomical magnitude -2 and +4, and in beginning heights all but three
of the events were in the range from 110 km to 80 km and none were above 120 km
(although the triangulation overlap optimization may partly contribute to this).
The events were somewhat slow when compared to the general population, with
42% having speeds of 20 km /s or less. We plot in Figure 2 the Tisserand parameter
plot for the double peak events which suggests that both cometary and asteroidal
origin meteoroids contribute to the double peak events (generally T); > 3 consid-
ered asteroidal). Jopek and Williams (2013) discuss alternative methods to classify
meteoroid orbits.

While the events studied here were identified from the CAMO records by ob-
servers, a subsequent automated search through 198 meteors seeking events with
at least a 1 magnitude difference between local minima and local maxima identified
13% of the events as being double peaked.
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Figure 1. A plot of apparent astronomical magnitude versus time for the light curve for
a meteor observed on Feb 17, 2012 at 06:35:52 UT. The dual peaks in the light curve and
agreement between the observations at the two stations are clearly evident.
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Figure 2. A plot of the distribution of the number of double peak events in this study
according to the Tisserand orbital parameter. The double peak events have representation
from both cometary (T; < 3) and asteroidal (T; > 3) type orbits.
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3. Potential Meteoroid Structures

A number of different mechanisms can produce dual peak meteor light curves.
Perhaps the most obvious explanation would be two near simultaneous parallel
meteors. If the spatial resolution of the observing system is insufficient to resolve
these as parallel light curves, then the result will be a dual peak meteor light curve.
At least occasionally such events have been observed with high resolution systems
(Kaiser et al. 2004).

A second possibility is that differential chemical ablation occurs, with the peak
due to the more volatile chemical species ablating first. While historical theoret-
ical treatments considered meteoroids as chemically homogeneous, clearly actual
meteoroids are collections of different chemical constituents with different thermo-
dynamic properties. Vondrak et al. (2008) describe the CAMOD numerical system
for predicting meteor ablation when differential ablation is taken into account.
Borovicka et al. (2007) among others have provided spectral support for the idea
of differential ablation.

A third possibility is that there is a single meteoroid, but it has varying chemical
or physical structure, with different layers ablating at different rates. This is differ-
ent from the second model in that different regions of the meteoroid have a different
chemical composition (or possibly a different physical parameter such as density).
The idea of meteoroids having coatings is broadly consistent with the literature on
the structure of much smaller interstellar grains by Greenberg and Li (1999).

A fourth possible mechanism is a conventional meteor ablation profile coupled
with enhanced grain release either because of thermal or aerodynamic fragmenta-
tion. Simonenko (1968) invoke this mechanism to explain meteor flares in shower
meteors.

A final option might be a dustball model with some grains having been re-
leased prior to atmospheric luminosity (those producing the first peak) followed by
a subsequent major grain release. Hawkes and Jones (1975) saw this as a routine
occurrence, although how obvious it would be, and whether it would result in two
distinct peaks, will depend on the properties of the luminous grains and the glue.
Of course it is quite possible that some combination of these proposed mechanisms
is responsible for the light curve.

4. Numerical Simulations

We used a quartic Runge-Kutta approach with fixed step size to numerically model
the heating and ablation of dustball grains. The standard equations of meteor ab-
lation were used (Fisher et al. 2000) and the same value for the physical and
thermodynamic parameters as in that work. It was assumed that the meteoroids
were sufficiently small and high enough in the atmosphere that free molecular flow
dominates. The model did not incorporate sputtering as it is of negligible impor-
tance in the mass and velocity regimes considered here. The MSISE-90 atmospheric
model (Hedin 1991) was used to provide atmospheric density profiles. Results from
individual grains are then combined to produce a composite light curve.
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Figure 3. A plot of light curves from both wide field station cameras (square points
are from Elginfield and circle from Tavistock station) along with a fit using the grain
model. This meteor had a speed of 44 km/s, and the light curve extended from 103 to
86 km. The first peak for this event was modelled with outer grains with the following
characteristics: 100 3x 10™° kg grains, 500 7x 107" kg grains, 5000 3x 10~ *° kg grains and
50000 2 x 107! kg grains. The second peak was modelled with a mix of three grain sizes
(all simultaneously released) 100 grains of mass 1 x 10™° kg, 80 grains of mass 5 x 10~
and 60 grains of mass 2 x 107% kg.

The rapid rise of the second peak in almost all of the dual peak light curves
suggested to us a model with sudden release of additional grains part way through
the light curve. We assumed that the second release of grains occurs at a single
point. We will refer to the grains released high as outer grains, and those released
late as core grains. We show in Figure 3 one of the dual peak meteors and the fit
to the light curve provided through this model.

Many of the double peak light curves could be adequately matched with this
simple model. While the computational model results reported here are preliminary,
we have summed over all events that could be successfully modelled to obtain
the mass distribution of the core and outer grains. The data for the total mass in
each grain mass range is shown in Figure 4. An interesting result is that the core
grains are larger in mass than the early release outer grains. The core grains range
from 10710 to 10~° kg, with a peak at 10~® kg. The outer (pre-released) grains
range from 1072 kg to 107% kg, with a peak at 10~ kg. It should be noted that
we have used the traditional luminous efficiency factor and velocity distribution
(that used by Fisher et al. (2000) and many other studies). Weryk and Brown
(2013) have recently suggested on the basis of simultaneous radar and electro-
optical observations that the video meteor mass scale is an order of magnitude
smaller than previously thought. This would not change the result that core grains
are larger, but would shift the actual grain sizes to a smaller size.
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Figure 4. A plot of total mass in different grain mass categories for all events successfully
modelled. The core grains released to produce the second light curve peak are shown on
the left, and the early release grains on the right. This preliminary finding suggests that
the outer grains are smaller in size than the core grains.

5. Conclusions and Discussion

Perhaps the most obvious question is why some meteors, but not all, show a dual
peak structure. A related question is why these events have not been more fre-
quently reported in the past. One possibility is that the relatively high response in
the near infrared of the CAMO detection systems may play a factor.

One of the most striking aspects of the study was the similarity of different light
curves. In almost all cases the first peak is more rounded and symmetric, while
the second peak has a sharp almost linear (in a plot using the logarithmic astro-
nomical magnitude as the vertical axis), followed by a fairly sharp rounded decline.
This suggests to us that a similar mechanism is producing most of the double light
curve events. While other mechanisms can probably also match the results, the sim-
ple dustball model used here seems adequate for the events studied. Malhotra and
Mathews (2011) have conducted a statistical study of smaller meteoroids observed
with large aperture radar, and find that only about one-quarter are consistent with
simple single body ablation. They find that 48% seem to show fragmentation, while
20% imply differential ablation is important.

If a more detailed future analysis continues to suggest that the core grains are
larger than the early release grains, that is an important and somewhat surprising
result. This work suggests that core grains are typically 10~° kg while early release
grains are of the order of 1072 kg. A number of previous studies have sought
to establish the size of meteor constituent grains. Simonenko (1968) found from
an analysis of rapid onset flares on bright meteors a mean grain mass of about
2 x 1079 kg.

Borovicka et al. (2007) have modelled six electro-optical Draconid meteors, us-
ing an erosion model in which grains are released over generally the first half of
the light curve, although for the brightest meteor a number of grains were resistant



Multiple maxima meteor light curves 161

to release and separated later. They generally found agreement using grains from
107! to 1079 kg. They find a model with total pre-release prior to intensive abla-
tion inconsistent with the meteors in this small sample. Of course it should be kept
in mind that these were Draconid meteors, known to have a porous low density
structure (Borovicka et al. 2007).

Campbell-Brown and Koschny (2004) have modelled Leonid light curves using a
thermal erosion two component dustball model. The find that two of the meteors
are well matched with Gaussian mass distribution of grains, while the third requires
a power law distribution. Grain sizes generally range from 1 x 107! to 4 x 1077 kg,
in general agreement with this study. Beech and Murray (2003) used a power-law
mass distribution to match Leonid light curves, generally finding the need for grains
in the mass range from 107!° to 10~7 kg. In an analysis of four Leonid fireball bursts
Hawkes et al. (2002) found that relatively large grains 10~ to 10~ kg were needed
to match the observations.

It is also interesting to compare the grain size distribution with that obtained by
Stardust during encounter with the coma of Comet 81P/Wild 2. Green et al. (2007)
show that most grains are smaller than those reported here, although the total range
is about 107! to 2 x 10~° kg.

It is possible that the outer grains released prior to ablation are produced in a
similar manner to the less spatially and temporally constrained clusters of mete-
oroids occasionally observed (Watanabe et al. 2003; Piers and Hawkes 1993). While
Watanabe et al. (2003) discusses possible production mechanisms, there is not yet
clarity as to how these clusters occur.

Brosch et al. (2004) point out the many parameters of meteor light curve analy-
sis, and how they can help to constrain meteoroid structure and ablation. Stokan
et al. (2013) have studied optical trail widths using the CAMO system and this
information will help constrain the possible meteoroid models. We plan to in a
later paper incorporate the tracking data for a small number of events in a more in
depth investigation of dual light curve events which may help to further constrain
possible models.
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Abstract. This paper contains radiants, velocities, masses and densities of 214 meteor
showers and associations identified among more than 6100 radar meteors observed in
the Gissar Astronomical Observatory during one year cycle 1968-1969. Part of these
streams and associations were observed by the radar technique for a very first time. We
have determined the masses and densities of the meteoroids which constitute streams and
associations. The mean values of masses fall into interval 7 - 10™* = 0.3 g, and densities
are in range of 0.3 = 7 g/cmB. For 76% showers and associations, the mean values of
the meteoroid densities concentrate between 1 and 4 g/cm®. For 11% of showers and
associations, the particle densities have mean values from 4 up to 7 g/cms7 and in the case
of remaining 13% the mean densities of the particles proved to be smaller than 1 g/cm?®.
For the meteoroids, members of showers and associations, our analysis has shown that,
with an increase of the average mass of the particle, its average density decrease. Based
on the radar observations the density and the porosity of meteoroid streams of common
origin (twin meteoroid streams) have been estimated. It was established that the densities
and the structure of meteoroid stream particles of common origin are similar.

Keywords: radar meteor, meteoroid, meteor shower, meteoroid association, meteoroid
mass, meteoroid density, meteoroid porosity

1. Introduction

Physical characteristics of meteoroids, their masses and densities as well as the radi-
ants and velocities are of great interest not only for meteor astronomy, space science
and cosmogony of the Solar System but also for solving important practical and
theoretical problems. They provide information about the nature of the meteoroid
parent bodies, the nucleus of comets and asteroids.

The radar meteor observations carried out in Harvard, Kharkov, Kazan, Obninsk
and Dushanbe resulted in identification of a few dozen to a few hundred of me-
teor showers and associationst. The catalogues of meteor showers contain radiants,
velocities and orbital elements (Korpusov 1970; Kashcheev et al. 1967; Sekanina
1976). However, they don’t include information about the masses and densities
especially of the minor meteor showers and associations.

1 The dividing lines between the terms “shower”, “stream” and association” are not
ridigly defined. In this paper we use the term “association” for groups of meteors which
to our knowledged were discovered in this study.
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In 1968-1969 at the Gissar Astronomical Observatory (GisAO) of the Institute of
Astrophysics, Academy of Sciences of Tajikistan, we have conducted radar obser-
vations of meteors. During this period ~6100 meteor radiants, velocities and orbits
have been obtained. The analysis of these observations, allowed to identify new
showers and associations and to determine the masses and densities of meteoroids,
members of different showers and associations.

Our results contribute significantly, because:

1) our data correspond to meteors brighter than 5 magnitude, when at the Har-
vard, Obninsk, Kharkiv and Kazan stations, the radar systems observed fainter
meteors (+6.5, +13 magnitude),

2) at the other radar stations, velocity of meteors was determined by the diffraction
method only. However, the diffraction patterns are known to form by a part of
meteors only, resulting in loss of valuable information. The bearing-time radio
method (Chebotaryev 1976) which is applied at the GisAO gives the triple rise
in the number of measurements,

3) using the bearing-time radio method the zenith angle of the radiants is deter-
mined 25-50 times more accurately than by the diffraction-time method,

4) in this paper, along with the radiants and velocities, we present the physical
parameters of the particles, members of meteor showers and associations, such
as the mass and density,

5) the geographical location of GisAO contributes to study streams and associ-
ations which have more Southern radians, that are not always available some
other stations.

2. Apparatus and processing of the observed data

We have observed meteors using the radar complex MIR-2 (Chebotaryev et al.
1970), consisted of a transmitter working at the wavelength A = 8 m with the pulse
power of 65 kW and four receivers, three of which were located at 3.8 to 4.1 km from
the central receiver. For further processing we have used only those meteors, which
were recorded by 4 receivers and had at least first maximum in the amplitude-time
characteristics (ATX), and which were not substantially distorted by the noise. We
have observed: 900 meteors in December, 800 meteors in February, 170 in March,
300 in April, 2000 in May, 200 in June, 700 in July, 260 in August, 350 in September,
430 in October and 52 meteors in November.

The results of the radar observations displayed on the cathode-ray tubes were
recorded photographically. For recorded meteors we have found: the date and time
of appearance, the distance to the meteor trail from the main central station,
the distance to the meteor from each of the four receiving points di,ds, ds, ds.
For each i-th channel of the amplitude-time characteristics (ATX), the positions of
the beginning and of the first four maxima N;1, N;2, N;3, N;4 were measured. Using
these data, by the method described in Chebotaryev (1970) we have determined the
angular coordinates (A — the azimuth and Z — zenith distance) of the mirror point
on the meteor trail. Next, using information from all channels the average length
of the Fresnel zones in the pulses was calculated, and by the diffraction method
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described by Kashcheev et al. (1967) the velocity of the meteor was determined.
Independently, the azimuth Ag and zenith angle Zi of the meteor radiant as well
as the velocity V of the meteor were determined by the bearing-time method, using
formulae given by Chebotaryev (1976)

Zr = arctan [— cot Z/ cos (A — AR)] (2.1)
AR = A1 -+ arctan [(tQBl/tlBQ) - CSC A12 — cot Alg} (22)
V =B;cos(Ar — A4;)sin ZR/t;pm, (2.3)

where A; — the azimuth of the i-th receiving station, A;o = A — Ay, B; — the dis-
tance between the remote and the central station, ¢;, — the maximum shift of
the i-th point relative to the central receiver.

The horizontal coordinates of the radiants Ar and Zgr, were transformed into
the equatorial ones, a, dg. The main sources of measurement uncertainty in the ra-
diant position are discussed in detail in Korpusov (1970); Kashcheev et al. (1967);
Chebotaryev (1976). Uncertainties of the meteoroid velocities, determined sepa-
rately by the first and the second method, amount to 3-4 km. Simultaneous mea-
surements of the velocity by both methods reduced the uncertainty to 2-3 km. For
the bearing-time method, the zenith distance of the radiant point is determined
with accuracy 0.9°-1.2°; which is better than in the case of the diffraction-time
method. In case of the azimuth of the radiant, for both methods the uncertainties
are the same.

To identify the meteor showers and associations we have analyzed the radiants
coordinates and velocities of the meteors observed within each of the observation
period. For each detected group of meteors the mean values of the parameters
were calculated. As an example, in case of the Geminids, their radiants occupy
an area similar to a circle. More than 70% of the radiants of the members of this
shower are concentrated in a circle of a radius of 3 degrees. Our mean coordinates
of the radiant and velocities are in good agreement with the mean values obtained
for Geminids by the photographic technique. For this shower, the mean square
errors of the pre-atmospheric velocity V., (the velocity of meteoroid before it was
decelareted by the atmosphere) and radiant ag,dr are equal to:

AVy =2km/s, Aap =2.5° Adg=2°

Finally, by the analysis of radiants and velocities of radar meteors observed dur-
ing the annual cycle 1968-1969 in GisAO, we have detected 214 meteor showers
and associations. Among them, about 30% have negative radiant declinations. In
Kashcheev et al. (1967) the radiants with negative declinations constitute about
10% of the observed sample. In Table 1, our results (the shower radiants and ve-
locities) are compared with those obtained at Harvard (Sekanina 1976), Kharkiv
(Kashcheev et al. 1967) and Obninsk (Korpusov 1970).

Despite the fact that observations in the GisAO and in the other stations were
made in different years, the average values of the coordinates of radiants are in most
cases, practically the same. It seems to validate the frequency of the identified me-
teor streams and the reliability of the results. We have found close similarity among
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Table 1. The main radiant coordinates and pre-atmospheric velocities of selected meteor
showers obtained by radar observations in Dushanbe in 1969 (this study) and in Kharkiv
(Kashcheev et al. 1967), Obninsk (Korpusov 1970), and Harvard (Sekanina 1976).

Source Dushanbe Kharkiv Obninsk Harvard
Showers )\5 aR (SR Voo R 6R Voo R 5R Voo xR 5R Voo

Geminids 13 Dec. 111 32.7 37 111 33 36 112 33 36 113 32 36
p-Geminids 14 Dec. 93 22.1 29 95 24 31 95.3 20 31 94 22 31

Monocerotids 14 Dec. 106 14 40 103 15 39 - - - 94 14 42
o-Hydrids 14 Dec. 133 0.6 55 - - - - - - - - -

Dec. Leonids 15 Dec. 144 22 60 - - - 141 24 62 150 22 56
Comae-Berenicids 14 Dec. 170 22 65 - - - 169 22 67 - - -
Ursids 21 Dec. 230 75 36 - - - - - - - - -

N. a-Leonids 17 Dec. 159 11 32 - - - 155 12 27 - - -

S. a-Leonids 17 Dec. 159 0.9 33 - - - - - - - - -

N. B-Leonids 17 Dec. 179 8 41 - - - - - - - - -

S. B-Leonids 18 Dec. 172 -2 36 - - - - - - - - -

N. §-Virginids 19 Feb. 188 8 40 - - - - - - - - -
S. 0-Virginids 17 Feb. 185 -4 39 - - - - - - - - -
Virginids 15 Mar. 192 -7 36 193 -9 36 191 -8 31 - - -

March Herculids 13 Mar. 261 39.5 37 261 32 34 - - - 261 38 34

N. Librids 15 Apr. 225 -10 35 224 -13 28 225 -13 34 224 -13 28
S. Librids 16 Mar. 229 24 37 - - - - - - - - -

¢-Librids 17 Apr. 242  -19 36 237 -19 40 - - - 236 -19 36
v-Herculids 18 Apr. 272 28 37 - - - 274 28 38 272 30 34
Cygnids 18 Apr. 305 41 42 - - - - - - 303 44 40
vy-Pegasids 10 May 4 18 37 8 21 37 - - - 16 18 35
v-Piscids 12 May 13 22 38 17 19 39 - - - 12 19 36
¢-Cetids 10 May 22 -3 38 - - - - - - 22 -4 38

N. May Arietids 7 May 34 19 29 33 9 31 - - - 37 18 27
S. May Arietids 6 May 34 11 30 - - - - - - - - -
N. e-Arietids 10 May 41 22 27 41 23 27 - - - 44 21 23

S. e-Arietids 12 May 46 13 27 - - - - - - - - -
e-Taurids 12 May 55 29 22 - - - - - - 59 22 17
p-Virginids 6 May 227 -4 24 - - - - - - - - -

«a-Scorpiids 12 May 237 -16 31 - - - - - - - - -
Serpentids 7 May 245 11 33 - - - - - - - - -

N. May Ophiuchids 10 May 250 -16 33 - - - - - - 256 -13 31
S. May Ophiuchids 10 May 248 -29 33 - - - - - - - - -
N. 6-Ophiuchids 10 May 262  -17 37 - - - - - - - - -

S. 0-Ophiuchids 12 May 263  -28 37 - - - - - - - - -
e-Aquilids 10 May 281 22 35 - - - - - - - - -
¢-Sagittariids 4 Jul. 274 -30 24 - - - - - - 290 -26 28
1-Cassiopeiids 15 Jul. 27 65 46 -

S. t-Aquariids 15 Jul. 319  -17 34 328 -18 33 - - - -
m-Aquariids 23 Jul. 327 -2.7 36 330 2 36 - - - 334 -04 37

Perseids 12 Aug. 49 57 58 41 57 60 46 58 60 45 59 58
a-Capricornids 12 Aug. 3 -5 23 - - - 319 -8 3 -7 23
N. §-Aquariids 11 Aug. 345 3 40 337 -5 42 - - 346 5 39
S. -Aquariids 4 Aug. 348 -14 41 341 -16 41 351 -14 40 342 -16 40

~y-Arietids 23 Sep. 31 18 37 - - - - -8 - 28 18 38
B-Aurigids 22 Sep. 87 43 59 90 41 69 - - 86 42 59

Oct. Andromedids 4 Oct. 9 22 30 - - - 10 25 20 9 27 25
S. Arietids 11 Oct. 32 14 32 40 15 33 - - - 32 10 28

N. Taurids 14 Oct. 40 22 36 33 18 30 - - - 46 17 27
7-Taurids 10 Oct. 74 30 57 81 29 58 - - - 70 21 57

Oct. Lyncids 14 Oct. 116 57 60 - - - - - - 121 55 55

the radiant coordinates determined in this study and those by Sekanina (1976),
especially in case of showers v Pegasids, o Cetids, v Piscids, Arietids observed
in May, where the observation periods are virtually identical. Some discrepancies
turned out to be due to individual coordinates of the radiants of the particles of
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the n-Aquariids shower; we have found that sometimes the radiants were grouped
into several active centers. Out of 2000 meteors registered during 6-12 of May, 136
were the n-Aquariids, the members of the most active meteor shower. In this pe-
riod of time, clearly separable from the background were also the daytime streams
0-Cetids (N = 91), v-Piscids (N = 106). Among the lesser known daytime meteor
showers, also clearly distinguishable from the sporadic background, we identified
the Northern and Southern May Arietids; the radiants of these streams are con-
centrated in a circle with a radius of 4 degrees.

A number of showers, such as the Northern and Southern 6-Ophiuchids, 0-Vir-
ginids, a-Scorpiids, v-Hydrids, Southern a-Leonids, Southern Librids as well as
many associations have been revealed using the radar data for the first time.

Small differences in the radiants and velocities for some showers may be due
to small number of meteors detected for a given group, as well as due to some
differences in the period of observations. Despite that our observations were limited
to the bright meteors and that the observations covered the period of activity of
the Perseids, we have identified only a few members of this stream. Out of 260
meteors observed in August, only 11 belong to the Perseids, what can be explained
by the fact that some very bright Perseids gave non-specular echo types. The most
numerous shower during this period was the Southern J-Aquariids (N = 23).

As was mentioned in the introduction, we have made a study of physical charac-
teristics of meteoroids the members of showers and associations. For this purpose,
for each individual meteoroid, we have used: the radar echo duration measurements,
the height h of the maximum ionization of the meteor trail, the pre-atmospheric
velocities V, and the zenith distance Zp of the radiant point. The analysis of
the measurements of the echo duration 7 (in seconds), has shown that in the most
cases, duration of meteor echoes for small meteor showers and associations does
not exceed 4 seconds. For major meteor showers (e.g. the Geminids) duration of
echoes reach up to 22 seconds. In case of the high-velocity meteor showers and
associations duration of radar echos were less and didn’t exceed, as a rule, 1.5
seconds.

For each radar meteor, using the duration of the echo calculated from 4 points,
the electron line densities ¢ have been found by

q= (te F" 412 /4D)D /AN (2.4)

where r is initial radius of ionozed meteor trail, k is rate of the electof ron attach-
ment to the neutral particles, A is a shape factor (constant), D is an ambipolar
diffusion coefficient and A is a radio wavelength.

For determination D and r we have used the following expressions (Voloshchuk
et al. 1989):

lgr = 1.47- 10710065 =1 (2.5)
lgD = 0.79h — 6.6 (2.6)
p=3.3-1072O0-h/H") (2.7)

where, p — is the density of the atmosphere, h — is the height of homogeneous
atmosphere and H* is the atmospheric scale height.
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The mass M (in grams) and the density &y (in g/cm?) of a meteoroid, accounting
for influence of the form of ionization curve were calculated by formulae (Bibarsov
et al. 1990)

M = (3pH"qm /4B cos Zr(Q — Qu/Q — (2/3)Qnu)’ (2.8)

o = V(AN H*V?p,, /2(Q — 2/3Qu ) M'/? cos Z)>/? (2.9)

where p is the atomic mass of a meteoroid in grams, 3 is the ionization coefficient,
Q@ and Qg are the ablation energy, v is correction coefficient for fragmentation, by
is the thermal conductivity coefficient, ¢, is maximum electron line density, p,, is
the atmospheric density at the height of maximum ionization.

The values for H and p,, were taken from CIRA (CIRA 1972). The values for
B, were taken from Table given in Narziev (2003) and k were calculated according
to the expressions given in Narziev (2003) and Bibarsov et al. (1990)

lgk = 4.99 — 0.07h (2.10)

In our calculations we have adopted: y=1.31, A=1, A=1.21, Q=8 - 10!V erg/g,
Qr=2-10' erg/g and u=3.82-10"% g.

Calculated masses and densities of the meteoroids occupy a wide range of val-
ues. For 76% of the identified meteor groups the mean densities of meteoroids for
the members of the same group are equal to 1-4 g/cm3. For 11% of the meteor
showers and associations the mean values of densities are equal 4-7 g/cm?®. For
remaining 13% of the meteor showers and associations the mean densities were
smaller than 1 g/cm3. In Table 2 for each group, we give the mean values of the
radiant coordinates, pre-atmospheric velocity, the meteoroid mass M and density
9.

The analysis of the average values of the masses and densities of meteoroids
(members of showers and associations) has shown that with an increase of the mass
of the particle, the average particle density decreases, see Figure 1. This means that
the porosity of the particles increases that would suggest that for the higher mass
particles, these particles are becoming more porous aggregates (Rietmeijer 2000).
An increasing tendency of the number of particles with decreasing of their masses
were found by the other authors. At this point, our analysis confirmed the results
obtained during the Vega-1 and Vega-2 missions, as well as the results obtained
during the HEOS-2 and HELIOS missions for the interplanetary dust particles
(Smirnov et al. 1986).

Decrease of average density with increase of mass of the particle may be due to
the internal structure of the particles — they can have a different porosity. The par-
ticles which may have the same mass and velocity, can have different cross-sections
and therefore they evaporate at different altitudes. Hence, when comparing the av-
erage meteoroid densities derived from observations at different sites by different
equipment, the differences in the structure of the particles should be noted.

Therefore, it is interesting to compare the mean densities of meteoroids for
the same mass. However, the available observational data for meteor showers and
associations are not sufficient for such selection. For this reason, we have reduced
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Table 2. The radiant coordinates ar,dr and pre-atmospheric velocities Vo, the masses
M and densities dp of meteoroids the members of meteor showers and associations iden-
tified in this study. In the last column, for known showers we give the references to
the papers where some shower paremeters are given; by an asterisk symbol, we have la-
beled these meteoroid groups which, to our knowledge, were discovered in this study. In

the last column: C— Cook (1973), J- Jopek and Jenniskens (2011), K- Korpusov (1970),
Ka— Kashcheev et al. (1967), S— Sekanina (1976), T— Terentjeva (1966).

Showers and Day of aR OR Voo N M do Note
associations (A)  observation  deg deg km/s x107%g  g/em?
December 1968
1 Geminids 12-15 110.6  32.7  36.9 220 9.6 24 C,J, Ka,
2 p-Geminids 12-15 93.9 221 291 7 18.7 1.2 K, Ka
3 A 12-15 100.7 80 391 7 3.8 3.8 *
4 Monocertids 12-15 105.9  14.0 42.0 8 8.5 2.1 3,8, T
5 A 12-15 133.1 1.5 604 13 1.8 4.8 T
6 A 12-15 111.5 J11 449 5 1.8 6.0 K
7 A 12-15 148.8  37.2 537 10 1.0 6.9 K
8 A 12-15 143.9  21.8 641 10 1.7 5.4 K, S
9 A 12-15 1581  27.3 67.0 5 1.2 3.3 *
10 A 12-15 160.1  -83 623 6 3.6 0.5 *
11 A 12-15 165.1  10.6 66.5 8 1.4 4.1 *
12 Comae-Berenicids 12-15 170.3 22.2 64.7 12 1.5 4.7 K, S
13 A 12-15 173.4  31.8 63.8 8 1.4 3.5 *
14 A 12-15 166.1 389 637 5 3.9 4.7 K
15 A 12-15 183.5 346 614 5 - - K
16 A 12-15 198.1  11.8 590 6 . . K
17 A 12-15 215.8 589 40.7 6 4.2 3.4 K
18 A 12-15 229.7 6.1 422 9 2.1 3.7 *
19 A 21-27 112.2 11.7 345 9 2.1 2.8 *
20 A 21-27 110.1  -10.7 364 6 9.6 1.7 *
21 A 21-27 147.4 75 587 6 1.4 5.8 *
22 A 21-27 139.3  -7.2 638 4 2.5 1.9 *
23 A 21-27 1704  -82 66.0 3 1.1 6.5 *
24 A 21-27 181.4 12 715 5 0.9 2.1 *
25 A 21-27 2122 2.9 580 6 3.9 2.1 *
26 A 21-27 240.3  -1.4 488 7 2.0 2.5 *
27 Ursids 21-27 207.3 76.3 37.1 8 10 0.7 J
28 A 21-27 2205 753 356 6 22 0.9 *
February 1969
29 A 1-3 163.9 11.8 40.1 7 3.4 5.9 *
30 A 1-3 158.4 -13 44.7 8 - - *
31 A 1-3 208.0 -0.5 69.7 7 - - *
32 A 1-3 231.9 0.4 66.4 5 1.2 3.1 *
33 N. a-Leonids 1-3 158.7 10.5 31.7 13 12 2.7 K, S, T
34 S. a-Leonids 17-22 159.2 0.9 33.0 9 25 0.4 *
35 N. B-Leonids 17-22 172.2 -2.3 36.3 37 9.1 2.2 *
36 S. B-Leonids 17-22 179.0 8.4 41.1 11 5.2 2.8 K, T
37  S. 6-Virginids 17-22 185.4 - 3.8 39.3 5 - - *
38 N. §-Virginids 17-22 188.4 8.1 40.6 4 2.3 3.5 K
39 A 17-22 196.6 0.6 50.7 6 1.3 1.7 *
40 A 17-22 203.8 -15 58.3 10 11.1 3.6 *
41 A 17-22 211.9 -0.9 60.7 7 1.7 2.1 *
42 A 17-22 221.4 12.6 65.8 7 - - K
43 A 17-22 224.2 7.3 64.8 5 1.4 1.7 *
44 A 17-22 229.0 16.5 67.2 12 0.9 1.4 *
45 A 17-22 232.1 -1.2 69.7 6 0.6 6.0 K
46 A 17-22 240.1 -4.5 67.5 8 3.6 0.7 *
47 A 17-22 240.8 17.1 64.3 7 1.2 2.9 *
48 A 17-22 234.5 7.3 61.3 8 2.2 1.9 K
49 A 17-22 242.2 12.2 70.0 4 0.7 3.0 K
50 A 17-22 248.6 6.3 62.3 5 - - K
51 A 17-22 249.5 -5.2 65.0 13 1.7 2.3 *
52 A 17-22 296.6 -9.1 60.3 9 4.7 2.9 *
53 A 17-22 295.6 - 14.5 36.6 5 8.4 2.6 *
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Figure 1. The densities versus masses of the meteoroids listed in Table 2, exclusive of
the data points 93 and 143.

the value of the density of meteoroids of masses equal to M = 10~2g. As result we
have found that the density of meteoroids with equal masses are not the same, and
they lie in the interval 0.4 +7g/cm3. Such a large spread of the densities of the me-
teoroids, the members of the showers and associations, is partly due to the lack
of statistics, as well as due to differences in the origin, age and evolution of these
objects. To verify the last hypothesis, we analyzed the densities of the meteoroids,
the members of the same stream twins. The average densities §y for some streams
are presented in Table 3. Also, in this table we list the average values of densities
001, do2 for bright photographic meteors observed in Dushanbe (Babadzhanov 2002;
Lebedinets 1987). They correspond to faint photographic meteors and were found
taking into account the quasi-continuous fragmentation. Also we list the average
mineralogical densities d,, taken from Benyuh (1974). The average densities dp; and
0oz differ slightly, mostly due to low statistics of the data used by Babadzhanov
(2002) and Lebedinets (1987).

In Table 3 one can see that in case of the related twin-streams (separated by hor-
izontal lines) the average densities 0 of the meteoroids are not significantly different
from each other. For unrelated streams, such as the a-Capricornids and the Gem-
inids, the average densities § differ by a factor two. The particles of the Geminids
shower have densities greater than 1 g/cm?. In case of the a-Capricornids particles,
which normally have smaller sizes, the densities are smaller then 1 g/cm?3.

Also, in Table 3 we see that densities obtained by formula (2.9) are systematically
smaller than the mineralogical densities d,,. This can be explained by the fact that
formula (2.9) allows to determine only the bulk density. Assuming that the dif-
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Table 2. Continuation.
Showers and Day of aR or Voo N M do Note
associations (A) observation  deg deg  km/s x1073 g/cm
March 1969
54 A 12-16 169.2 -7.0 24.8 4 45 0.4 *
55 Virginids 12-16 192 -7.3 36.4 9 27.8 1.4 K, Ka
56 A 12-16 2042 22 349 5 37.5 3.6 K, Ka
57 A 12-16 235.7  -12 680 5 1.6 3.6 K
58 A 12-16 246.7  24.0 46.9 4 0.7 3.2 *
59 A 12-16 262.6 152 53.9 4 3.3 4.4 *
60 March Herculids 12-16 261.2 39.5 36.5 4 2.0 5.4 S
61 Herculids-Lyrids 12-16 270.6  37.8 404 5 - - S
62 A 12-16 269.8 -51 617 5 2.7 1.8 K
63 A 12-16 284.8 432 413 5 - , *
64 A 12-16 293.2 -20.8 622 6 - - *
65 A 12-16 3185 6.1 380 8 7.0 3.3 *
April 1969
66 A 15-18 2171 -23.4 30.7 6 15 1.5 *
67 A 15-18 218.7 -6.4 28.2 8 19 0.9 T
68 S. Librids 15-18 225.0 -9.7 35.1 14 27 1.1 K, Ka, S
69 N. Librids 15-18 229.1 -24 36.6 7 16 2.8 T
70 A 15-18 237.3 -4.9 35.1 9 6.3 2.6 *
71 ¢-Librids 15-18 241.7 -18.5 35.7 5 5.2 2.6 S
72 A 15-18 250.7 -14 350 7 2.9 3.8 *
73 A 15-18 270.7 -11.9 617 8 2.6 4.5 *
74 p-Herculids 15-18 271.8 28.4 37.0 7 5.2 2.0 K, Ka
75 A 15-18 286.0 127 593 5 12 4.2 *
76 A 15-18 2004 -1.9 635 6 1.4 3.7 K
77 A 15-18 202.4 351 354 13 10 1.5 *
78 A 15-18 205.9 122 705 4 2.7 2.3 *
79 A 15-18 297.3  10.0 57.6 7 - - *
80 Cygnids 15-18 304.9 40.8 41.6 7 4.9 3.5 Ka, S
May 1969
81 ~-Pegasids 5-12 4.0 18.2 37.0 27 7.0 3.9 K, Ka
82 A 5-10 5.1 59.7 34.2 5 17 1.4 *
83 A 5-10 5.6 35.7 39.5 17 7.3 2.4 *
84 v-Piscids 5-12 13.3 21.7 37.5 106 11.2 2.8 Ka
85 A 5-12 20.3 30.2 34.5 16 4.4 2.7 K, Ka, S
86 o-Cetids 5-12 22.4 -3.0 36.6 91 11.5 2.7 C,J, S
87 A 5-12 23.7 14.6 35.1 31 12.1 2.0 Ka
88 A 5-12 25.1 26.8 33.8 27 8.1 2.7 *
89 N. May Arietids 5-12 34.2 19.0 29.0 49 26.4 1.9 K, Ka
90 S. May Arietids 5-12 34.3 10.8 29.8 36 11.4 2.3 J, Ka
91 N. e-Arietids 5-12 41.4 21.9 26.5 8 13.2 1.3 J, K, Ka
92 S. e-Arietids 5-12 45.8 12.7 27.2 11 34.4 1.1 *
93 e-Taurids 5-12 55.2 28.8 21.6 10 151 0.6 K
94 p-Virginids 5-12 227.1 -4.1 23.9 11 22.7 1.7 C, T
95 A 5-10 234.6 8.0 24.3 4 39.5 0.5 *
96 a-Scorpiids 5-12 236.9 -16 31.3 22 29.1 1.4 T
97 A 5-10 244.1 -0.3 31.0 8 27.7 1.7 *
98 Serpentids 5-12 245.4 11.0 32.5 10 12.2 2.0 T
99 A 5-12 244.1 0.4 31.1 6 31.4 0.9 *
100 N. May Ophiuchids 5-12 249.9 -16 32.9 28 22.0 1.3 S
101 S. May Ophiuchids 5-12 247.9 -29 333 7 30.7 2.2 S, T
102 A 5-12 252.1 5.2 39.8 6 4.9 3.3 *
103 A 5-12 252.1 -4.0 29.2 6 72.6 1.0 *
104 A 5-12 259.1 23.8 38.6 12 6.2 2.8 *
105 A 5-12 258.7 22.0 22.7 8 60.0 0.6 *
106 N. 6-Ophiuchids 5-12 262.0 -16.6 37.0 19 18.2 3.8 *
107  S. 6-Ophiuchids 5-12 263.4 -27.7 36.5 9 10.3 3.7 T
108 A 5-10 271.9 29.8 38.2 7 16.1 2.2 *
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Table 2. Continuation.

Showers and Day of aRr Sr Voo N M S0 Note
associations (A)  observation deg deg km/s x1073 g/em?

May 1969
109 e-Aquilids 5-10 281.0 22.2 34.7 40 10.6 2.9 K, Ka
110 A 5-12 281.1 31.1 35.2 10 9.3 1.8 K, Ka
111 A 5-12 290.5 30.0 36.1 19 9.2 2.2 K, Ka
112 A 5-12 291.5 41.9 42.4 11 11.2 4.1 *
113 A 5-12 295.4 22.6 36.2 11 15.4 1.5 K, Ka
114 A 5-12 297.5 19.7 48.8 6 11.7 2.7 *
115 A 5-12 300.6 0.9 66.1 8 0.7 4.2 *
116 A 5-12 303.1 31.3 36.8 21 7.7 3.0 K, Ka
117 A 5-12 303.9 43.8 38.7 5 2.4 1.8 *
118 A 5-12 312.7 36.6 40.0 4 11.3 2.7 *
119 A 5-12 314.8 11.1 60.7 30 2.0 4.6 , Ka
120 A 5-12 322.3 20.7 59.5 11 0.7 2.4 K, Ka
121 A 5-12 326.1 10.5 62.0 18 1.4 3.7 K, Ka
122 A 6-12 334.6 25.3 55.6 13 1.3 3.9 Ka
123 A 5-12 335.2 387 402 15 8.4 3.8 *
124 A 5-12 335.9 51.9 40.5 9 4.8 0.2 K
125 A 5-12 340.6 433 425 10 4.3 3.4 *
126  n-Aquariids 5-12 340.9 1.7 66.9 136 3.2 2.8 J, Ka, S
127 A 5-12 344.6  54.3  37.1 7 18.0 0.3 *
128 A 5-12 350.6  31.3  52.0 8 4.7 3.9 *
129 A 5-12 351.3 32.0 355 11 4.1 2.9 *
130 A 5-12 355.6  21.7  39.3 7 17.5 1.2 K
131 A 5-12 356.1 477  40.1 33 9.2 3.4 K

June 1969
132 A 15-30 10.5 12.6 56.2 5 2.3 2.2 *
133 A 15-30 40.3 20.2 35.4 11 10.4 2.5 K, Ka
134 A 15-30 48.6 8.1 29.7 5 15.9 2.7 *
135 A 15-30 49.7 24.9 38.7 6 5.5 3.5 K
136 A 15-30 63.7 33.7 38.3 9 10.9 4.1 *
137 A 15-30 69.0 31.0 28.0 4 7.3 3.6 S
138 A 15-30 307.7 3.5 35.2 5 12.6 1.4 K

July 1969
139 A 1-3 9.1 20.5 60.9 8 1.9 1.1 K
140 A 1-5 17.9 7.2 66.5 6 1.8 2.8 *
141 A 1-7 17.8 23.7 58.2 5 5.2 3.4 K
142 A 4-5 75.0 14 37.5 6 8.5 2.0 *
143  x-Sagittariids 1-5 273.7 -30.4 24.3 4 310 0.7 S
144 A 1-5 294 -184 33.5 5 25.4 1.4 *
145 A 1-5 305.6 28.5 44.5 4 8.9 1.1 *
146 A 1-5 310.4 -5.4 40.1 5 20.2 2.6 *
147 A 1-5 325.4 22.1 32.5 4 3.8 2.1 *
148 A 14-24 5.7 26.3 61.8 5 2.6 2.8 Ka
149 A 14-24 6.7 59.7 44.0 5 11.1 2.0 K
150 A 14-26 10.4 -0.1 57.8 6 3.0 4.3 *
151 A 14-24 16.2 35.0 63.8 7 - - K
152 A 14-24 18.9 22.5 60.8 13 4.7 2.8 K
153 A 14-24 31.9 30.1 63.4 11 2.3 2.5 K
154 ¢-Sagittariids 14-16 26.7 65.1 46.1 4 3.8 2.0 T
155 A 14-24 37.2 7.3 64.3 5 4.9 1.8 K
156 A 14-24 46.0 30.1 62.5 10 2.3 3.5 Ka
157 A 14-24 94.6 29.6 42.5 4 - - *
158 Capricornids 14-24 298.7 -25.4 23.1 7 44.6 0.7 T
159  S. t-Aquariids 14-24 318.9 -16.7 34.2 15 32.7 1.3 Ka
160 A 14-24 320.6 4.84 29.4 5 10.5 0.8 Ka
161 7-Aquariids 14-24 327.3 -2.7 36.4 11 10.0 1.5 Ka, S
162 14-24 327.1 15.8 27.4 5 37.3 0.2 Ka
163 S. d-Aquariids 14-26 337.1  -19.2 40.8 36 - - J, Ka
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Table 2. Continuation.
Showers and Day of aR SR Voo N M do Note
associations (A) observation deg deg km/s x1073g  g/em?®
July 1969
164 A 14-24 338.0 12.6 299 10 18.1 0.7 *
165 A 14-24 348.4 -24.2 376 10 15.4 4.5 *
166 A 14-24 354.1 27.8 583 6 2.7 2.9 K, Ka
167 A 14-24 354.7  -95 537 6 4.5 4.0 *
August 1969
168 A 3-14 24.9 33.7 57.7 4 - - K
169 A 3-14 27.8 62.6 57.2 4 2.4 1.2 Ka
170 A 11-14 42.1 40.3 60.7 7 2.2 2.6 K
171 Perseids 3-14 49.6 56.8 57.6 11 5.0 0.3 J, K, S
172 A 11-14 58.9 39.9 61.0 5 3.6 2.9 , Ka
173 A 11-22 64.2 7.9 58.9 6 3.4 1.7 *
174 A 3-12 90.2 10.8 46.8 4 9.1 0.6 *
175  a-Capricornids 11-14 317.8 -4.8 23.6 8 24.1 1.2 C, K, J
176 N. t-Aquariids 3-14 333.7 -6.1 34.2 8 2.4 1.6 J, Ka
177 A 3-14 339.1 54.7 44.5 4 4.5 2.9 *
178  N. d-Aquariids 3-14 344.9 2.8 40.1 12 7.4 3.9 Ka
179 S. 6-Aquariids 3-12 347.9 -13.6 41.3 23 15.9 2.9 C, J, Ka
180 A 3-14 348.5 325 37.8 8 2.8 3.8 *
September 1969
181 A 12-27 19.4 10.7 41.1 11 5.1 3.0 K
182 A 22-24 24.6 89.7 39.7 9 13.6 0.5 *
183 ~y-Arietids 12-27 31.0 18.3 37.3 6 2.9 2.8 S
184 A 12-27 717 9.1 50.5 6 - - *
185 A 22-27 74.2 36.6 61.9 4 - - Ka
186 A 12-27 84.0 11.1 53.3 6 0.8 5.0 Ka
187 A 22-27 83.5 27.2 60.5 5 - - K, Ka
188 B-Aurigids 12-27 87.1 425 585 5 : . K, Ka
189 A 12-24 98.2 5.4 60.1 7 1.2 2.7 K, Ka
190 A 12-24 110.1 37.7 63.7 6 - - Ka
191 A 12-27 110.9  20.6 59.9 4 4.3 2.5 Ka
192 A 2227 147.3  -30.9 4 - - *
193 A 22.27 157.0 9.1 358 9 6.5 2.9 *
194 A 22-27 156.7 29.2 404 5 . . *
195 A 12-27 164.5 223 413 5 3.2 3.3 K
October 1969

196 Oct. Andromedids 1-13 8.8 22.2 29.8 4 - - K, S
197 A 1-13 21.9 9.0 30.4 6 14.5 1.1 K
198 A 1-17 25.3 32.4 35.4 6 7.8 2.4 *
199 A 1-17 25.7 21.4 30.0 8 17.5 2.5 *
200 S. Arietids 1-17 31.8 13.5 31.8 14 12.0 1.6 Ka
201 N. Taurids 1-17 39.5 21.5 35.5 9 6.9 3.7 Ka
202 S. Taurids 1-13 74.2 29.6 57.0 5 1.1 4.0 Ka, T
203 A 1-13 77.8 10.3 56.1 4 1.2 3.7 Ka
204 S. v-Aurigids 1-4 82.9 47.9 54.8 5 4.3 2.9 S
205 A 1-17 89.9 -17.6 56.1 5 4.8 1.2 *
206 A 1-13 93.8 9.5 51.9 7 3.1 0.8 Ka
207 A 1-17 97.8 25.9 63.1 7 2.4 0.7 Ka
208 A 1-17 115.5 -3.0 62.6 4 - - *
209 Oct. Lyncids 1-14 116.3 57.3 60.0 5 2.9 2.4 ?
210 77 1-15 120.9 11.6 57.0 5 2.5 1.4 K
211 A 1-15 124.9 30.9 56.7 5 1.8 2.1 *
212 A 1-17 151.2 24.3 48.1 6 1.5 3.3 *
213 A 1-13 162.3 3.0 31.7 5 5.9 0.7 *
214 A 1-15 171.6 31.9 47.8 4 1.4 2.9 *
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Table 3. The average densities (in g/cm?) of the stream meteoroids: dp — determined in
this study and by Narziev (1991), do1 — found by Babadzhanov (2002), doz — published in
Lebedinets (1987), d,, — the mineralogical density given by Benyuh (1974); N — count of
radio meteors in the stream, K — porosity of the meteoroid particle.

Shower name N § o1 o2 Om K%
n-Aquariids 32 3.3 - 2.0 - -
Orionids 13 3.3 - 2.5 - -
N. Taurids 14 2.6 1 3.5 2.7 10
S. Taurids 19 2.2 1 2.3 2.7 20
N. May Arietids 53 1.9 - - - -
S. May Arietids 36 2.3 - - - -
Quadrantids 28 1.7 1.4 2.8 3.4 50
N. § Aquariids 52 2.0 1.7 3.3 4.1 50
S. 0 Aquariids 152 2.3 1.7 3.3 4.1 40
N. t-Aquariids 26 1.5 5.1 - - -
S. t-Aquariids 50 1.9 3.2 - - -
0-Cetids 89 2.7 - - - -
Piscids 83 2.8 - - - -
«a-Capricornids 36 1.2 1.0 2.5 2.8 60
-Sagittariids 4 0.7 - - - -
Geminids 71 2.4 1.6 4.4 3.3 30
a-Scorpiids 71 2.4 1.6 4.4 3.3 30
N. Librids 8 1.1 - - - -
S. Librids 7 2.8 - - - -
N. Ophiuchids 15 3.8 - - - -
S. Ophiuchids 6 3.7 - - - -
N. May Ophiuchids 23 1.3 - - - -
S. May Ophiuchids 5 2.2 - - - -
N. May e-Arietids 6 1.3 - - - -
S. May e-Arietids 11 1.1 - - - -
N. Leonids 9 2.8 0.4 - - -
S. Leonids 29 2.2 0.4 - - -

ference between the mineralogical and the bulk density is due to porosity K of
the meteoroid particle only, we have found that the densities obtained in this study
and those given by Benyuh (1974) may be related by

§=m(l - K) (2.11)

where K=V,/V, V,, — the volume of voids, V; — total volume of a particle. Calculated
porosities K of the meteoroid particles are listed in Table 3.

According to Table 3 porosity of meteoroids of cometary origin equals to 10-
60%. It gives some information about the mineralogical density of meteoroids of
the related streams. As one can see in Table 3, the particles from related streams
(Quadrantids, Northern and Southern 6 Aquariids) have similar values of porosity.
In case of the unrelated streams e.g. for the a-Capricornids and Geminids, porosities
of their particles differ by factor two.
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According to the results of laboratory simulation of cometary nuclei (Ibadinov
1998), porosities of the matrices, which are separated from the surface of the nu-
cleus reach 40-98%. According to the theoretical estimates porosities get 26% for
the most compact spherical particles. Hence, the results of laboratory simulations
of cometary phenomena are in good agreement with our results obtained from
the observations of meteor showers of cometary origin. Also, on a base of complex
radar and photographic observations of meteors we can say that the meteoroids in
the related streams have similar physical characteristics.

3. Conclusions

As result of our study we can draw a few conclusions.

1) From December 1968 till November 1969 we have carried out the radar observa-
tions of meteors. Two techniques were used: the diffraction and the bearing-time
methods. As result, the radiants and velocities over 6100 individual meteors were
determined.

2) Searching amongst the radiants and velocities we have found 214 meteor show-
ers and associations. About half of these streams and associations have been
observed by the radar for a very first time.

3) For the first time, using radar observations and taking into account the factors
influencing the shape of the ionization curves — the masses and densities of
the particles (members of the meteor showers and associations) were determined.

4) We have estimated the porosity of the meteoroids from the meteor shower twins.
We have found that the densities and structures of the meteoroids of a common
origin are similar.
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Abstract. Asteroids and Comets that come close to the Earths orbit are called Near Earth
Objects (NEOs). Any dust ejected from them, meteoroid streams will formed a meteoroid
stream with orbits that are similar to that of the parent body. If the Earth passes through
such a stream, the meteoroids will ablate and produce meteors that are as meteor showers.
In this region, orbits evolve rapidly, hence, over time the orbits of stream meteoroids will
progressively diverge both from each other and from the orbit of the parent body, so that
instead of being observed as a meteor shower, these meteoroids become part of the sporadic
background.

When a meteor shower is observed, a similarity in the orbits should indicate the parent
and several test for this are discussed. If the parent is active, then it is a comet, but if
no activity is found then it could either be an asteroid or a dormant comet. In this case,
the behaviour of the meteor in the atmosphere will indicate whether the parent body was
likely to be an asteroid or a comet.

For sporadic meteoroids the situation is more complicated as they can not be associated
with a given parent body. All that can be done is to classify the orbits as being of comet or
asteroid origin. Several criteria have been proposed and applied to the present day orbits
of sporadic meteors. Using a single criterion can introduce a serious bias into the results
with the fraction of comet orbits understated by up to 29%. Two parameter criteria have
been suggested to remove this bias. Using these criteria on a set of ~78000 sporadic
meteoroids 66—67% have comet type orbits. This fraction can differ for meteors observed
by different techniques, i.e. video, photographic and radar, in general it decreases with
decreasing brightness of the observed meteors.

Keywords: near-Earth asteroids, comets, parent bodies, meteors, meteoroids, meteoroid
streams, sporadic meteoroids, orbital classification

1. Introduction

A meteor is the result of the ablation of a solid particle (meteoroid) in the atmo-
sphere of the Earth. They vary in size from tens of microns (which can only be de-
tected by radar) to several tens of meters such as the recently observed Chelyabinsk
fireball that was seen with the naked eye in daylight. Meteoroids can come from
any parent that releases particles into the near-Earth environment. The major-
ity of the meteoroids in the inner solar system come from two sources, asteroids
and comets, though a few originate from the surface of other solar system bodies
(mostly the Moon and Mars) while a fraction may also originate from interstellar
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space (e.g Baggaley & Galligan, 2001; Janches et. al., 2001). In principle, meteors
can be observed on any other body that has an atmosphere so that the impinging
meteoroid ablates and Christou (2010) has investigated the possible occurrence of
showers on Venus and Mars.

A meteor shower occurs when the number of meteors that are observed is signif-
icantly above the general background and where these meteors have a well-defined
radiant on the sky. The existence of a radiant point indicates that the meteoroids
were moving on parallel paths when they entered the Earth’s atmosphere. To do
this, they all must have similar heliocentric orbits, and so there exists in the inner
Solar System families of meteoroids moving on similar orbits, meteoroid streams.
Multi-station observations of these meteors allow the orbital elements of the he-
liocentric orbit to be determined. This gives a strong indication of parentage of
the stream. The historical development of ideas concerning the association of me-
teoroid streams with asteroids and comets can be found in Williams (2011). In
a comet, there are two principal ways in which a meteoroid stream can be formed.
As a comet approaches the sun, solar heating causes the ices to sublimate and
the resulting gas outflow carries away small dust grains with it as was first pro-
posed by Whipple (1951). Others (e.g. Crifo 1995; Ma, Williams & Chen 2002)
have modified this model, but the results are similar with the ejection velocity
of the meteoroids generally being less than a few 100 ms~!. Many comets have
been observed to either fragment or totally disintegrate. Such a process will also
release a large number of meteoroids. Again, the speed of the meteoroids relative
to the nucleus will be small.

In the case of asteroids, the number of mechanisms that can cause meteoroid
ejection is larger, for example inter-asteroid collisions, internal re-adjustment, tidal
effects and a YORP spin-up leading to rotational instability. The mechanism that
will form the strongest streams is a collision, as was initially suggested by Piotrowski
(1953) and Fesenkov (1958). Proof that asteroids can indeed release dust in this
manner came with the image of 2010A2 (Linear) an asteroid with a dust tail caused
by a collision between two asteroids, in 2009 (Jewitt et al., 2010; Snodgrass et al.,
2010). The velocity of the meteoroid relative to the parent asteroid will still be small
compared with the heliocentric velocity. Thus, in all cases the orbit of the parent
and the initial orbits of the meteoroids will be similar and a meteoroid stream
is formed. (For a mathematical formulation of the physics involved, see Williams,
2002, 2004).

Individual meteoroids can experience significantly different perturbations, for
example through a close planetary encounter resulting in significant orbital changes
(Hughes, Williams & Fox, 1981; Jenniskens, 1998).

An other important effect is solar radiation, through radiation pressure and
the Poynting-Robertson drag, first discussed in the context of meteoroids by Wyatt
& Whipple (1950) and reviewed by Klacka & Williams (2002). Other processes may
also remove meteoroids from the stream, for example, collisions between stream
meteoroids and its parent (Williams et. al., 1993) or collisions with interplanetary
dust particles (Trigo-Rodriguez et. al., 2005). Hence, as the stream gets older, me-
teoroids are lost from it, while the population of meteoroids moving on independent
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orbits gets fed. This population gives rise the sporadic meteor population, which
is more numerous than the population of meteors in showers, with only 25-35%
being in showers. By the very way they come into existence, the sporadic meteors
can not be associated with any given parent body and all that might be inferred is
whether its original orbit was likely to be similar to those of asteroids or comets.
The purpose of this paper is to critically review the methodologies used and results
obtained in determining the relative proportions of meteoroids originating from
asteroids and comets.

2. Methods for determining the parent of a meteor
2.1. Density considerations

It is to be expected that the bulk density of a meteoroid which originated from a
rocky or metallic asteroid would be of the order of 3000 kg m~2 or higher while
one originating from a comet would be between 500 and 1000 kg m~3. A few me-
teoroids reach the surface of the Earth as meteorites. All those have bulk densities
that roughly match those of asteroids. However, there is a selection effect here,
only relatively strong meteoroids can survive the passage through the atmosphere.
The number of meteorites that can be associated with a specific asteroid or comet
based on its orbit prior to encountering the Earth is very small, of the order of 10
and so no conclusions can be drawn regarding the general percentage of meteoroids
originating from comets or asteroids.

There are other difficulties in using the density as the main discriminator for
determining the parentage of meteoroids. First, it is necessary to determine both
the deceleration and brightness of the meteor as it passes through the atmosphere
and any errors in measurement can significantly alter the results. Determining
the deceleration requires a measurement of the velocities at various points, neces-
sitating multiple site observations with accurate timings. This introduces a strong
bias towards brighter meteors that are in streams. Second, the derived density de-
pends critically on the model used for the ablation and in particular whether or
not fragmentation takes place. Assuming that meteoroids were porous and crumbly,
Jacchia et al.(1967) obtained a typical bulk density for meteoroids of 260 kg m~3,
while Verniani (1969) found from 140 kg m~=3 to 630 kg m~3 for stream meteoroids
and 280 kg m~3 for sporadics. Ceplecha (1958) modelled the ablation based using
the heat conductivity equation through a solid body and found (Ceplecha, 1967)
that meteoroid densities lay in the range 1400—4000 kg m~3, an order of magnitude
higher. With the same model, Babadzhanov (1993) found that the densities ranged
from 2500 kg m~2 for the Leonids, to 5900 kg m~2 for the Geminids. Thus, if it
is assumed that the meteoroid structure is comet-like, a comet-like density is ob-
tained, while assuming an asteroid structure give an asteroid density. Babadzhanov
(2002) improved the model and found a range from 400 kg m~3 for the Leonids to
2900 kg m~3 for the Geminids.

There is also the problem that, while a comet nucleus is primarily composed of
water-ice and is very porous, there are embedded within it small non-icy particles
that become meteoroids and these could have a higher density. Conversely, asteroids
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can have crumbly meteoroids on their surface. Hence, it is not surprising that up to
now the major tool for determining a pairing of parent and stream has been orbit
similarity.

2.2. Orbital similarity

A number of authors have proposed criteria to quantify the differences between
two known orbits, for example Southworth & Hawkins (1963), Drummond (1981),
Steel, Asher & Clube (1991), Jopek (1993), Valsecchi, Jopek & Froeschlé (1999),
Jopek et al. (1999, 2008), Nesvorny & Vokrouhlicky (2006). These were summarised
in Jopek & Williams (2013). The relationship between well-known meteor show-
ers and comets have been firmly established using one of these criteria. The best
known are the Perseids and 109P/Swift-Tuttle, the Leonids and 55P/Temple-
Tuttle, the October Draconids and 21P/Giacobini-Zinner and both the Orionids
and the Eta Aquariids with 1P /Halley. There are two associations between bodies
that have been designated as asteroids and very major showers,(3200) Phaethon
and the Geminids and (196256) 1993EH1 and the Quadrantids. Many asteroids
have been suggested as being associated with the Taurid complex. There are many
other established pairings between both comets and asteroids and streams. Lists
can be found in books such as Jenniskens (2006).

There are a number of questions that arise when claims are made that a par-
ticular body is the parent of a given stream based on orbital similarity. First, is
the orbital similarity due to chance. If it is, then we can draw no conclusions regard-
ing the cometary or asteroidal origin of that stream. The systematic monitoring of
the skies, has led to a vast increase in the number of known NEOs. Babadzhanov,
Williams & Kokhirova (2008a) calculated that there is a 1/5 chance that a ran-
domly chosen set of orbital elements will match the orbital elements of some NEO.
Further, the typical period of variations in the orbital elements of Near-Earth aster-
oids is 5000 to 10000 years (see for example Babadzhanov, Williams and Kokhirova,
2012) so that even if orbits were not initially similar, orbital changes can cause them
to become similar at the present time. Porub¢an, Kornos & Williams (2004) sug-
gested that similarity of orbits should be maintained for 5000 years before a generic
association could be claimed. Second, if the association is genuine, the question of
whether the stream formed through dust ejection from the associated asteroid or
did the dust came from a comet that has since become dormant or disintegrated
leaving dormant fragments that are now indistinguishable from asteroids. Mete-
oroid stream can be formed through mutual collisions between asteroids. Streams
formed in this way contain far less mass and are far more diffuse than those from
a comet origin (Williams, 1993) but the Geminids, the Quadrantids or the Taurids
are all very massive streams.

According to Wiegert, Houde & Peng (2008), the probability of a chance align-
ment between (3200) Phaethon and the Geminids is less than 0.001. Soon after
the discovery of (3200) Phaethon, Fox, Williams & Hughes (1983) pointed out that
it had all the characteristics necessary to be the parent of the Geminid meteoroid
stream assuming that ejection takes place continuously over a wide range of true
anomaly, or comet-like. Other papers confirm that the structure of the stream is
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best explained by ejection from a comet (Hunt, Williams & Fox, 1985; Williams
& Wu, 1993a; Ryabova, 2001; 2007), but no comet on the required orbit has been
found. Phaethon brightened by at least 2 magnitudes on 2009 June 20 (Battams
& Watson 2009), though no activity had been observed prior to that date (Hsieh
& Jewitt 2005; Wiegert, Houde & Peng 2008). Ryabova (2012) concluded that me-
teoroids ejected during this outburst could be seen as a weak meteor shower in
2050, but such outbursts can not be the source of the vast majority of meteoroids
in the very strong Geminid stream. Asteroid 2005 UD and 1999 YC have very
similar orbits to that of Phaethon (Ohtsuka et al., 2006, 2008; Jewitt & Hsieh,
2006; Kinoshita et al., 2007; Kasuga & Jewitt, 2008), giving support to the comet
fragmentation hypothesis.

Despite its strength and regularity in the current epoch, no records of the Quad-
rantids exist prior to about AD1800. Integrations (Murray, Hughes & Williams,1980;
Hughes, Williams & Fox, 1981; Froeschlé & Scholl, 1982, 1986; Babadzhanov &
Obrubov, 1987; Wu & Williams 1992) show that large changes in the orbital ele-
ment of the Quadrantids take place over a few thousand years, which may explain
the lack of early observations. However, it is also possible that the strong stream
we observe today only formed a few centuries ago as was suggested by (Wiegert
& Brown, 2004; 2005). No present-day comet has been unambiguously associated
with the stream, though there have been many contenders (see Williams et al.
2004). MclIntosh (1990) suggested that comet 96P/Machholz was a possible can-
didate since the orbits were similar several millennia ago. The characteristics of
the orbital evolution of the comet and stream are also very similar, both showing
changes with a 4000-yr period (Gonczi Rickman & Froeschlé 1992), but this re-
quires the stream to have formed at least several millennia ago. The narrowness
of the central peak in the activity profile led Jenniskens et al.(1997) to conclude
that most of the meteoroids observed today are quite young. The mean orbit of
the Quadrantids was integrated back to 1491 by Williams & Wu (1993b) and these
elements are in remarkably good agreement with those given by Hasegawa (1979)
for C/1490 Y1. Jenniskens (2004) suggested that 2003EH1 was a fragment from
the break-up of C/1490 Y1 while Williams et al. (2004) showed that the orbit
of 2003 EH1 in 1490 could produce the path on the sky described by Hasegawa.
Comet 96P /Machholz is known to fragment and a possible scenario is that several
millennia ago it fragmented, with a smaller part becoming C/1490 Y1. A frag-
mentation of C/1490 Y1 a few hundred years ago produced 2003 EH1 as well as
a large number of meteoroids that are responsible for the strong narrow peak in
the activity curve.

The Taurids can not be regarded as a single stream with many radiants located
in both Taurus and Aries (Denning, 1928). Numerous authors (Olsson-Steel 1988;
Babadzhanov, Obrubov & Makhmudov 1990; Stohl & Porubéan 1990; Steel Asher &
Clube 1991) agree that the stream is a complex of several smaller meteoroid streams
and filaments. Unlike the Geminids and the Quadrantids, the Taurids has an active
comet, 2P /Encke associated with it. Many asteroids are also in the complex (Asher,
Clube & Steel, 1993a; Clube & Napier (1984); Steel & Asher, 1996; Asher, Bai-
ley Emel’yanenko, 1999; Babadzhanov, 2001; Porubcan Kornos & Williams, 2006;
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Table 1. The percentage of 7830 NEAs and 780 periodic comets not correctly classified
by the various criteria.

Q [%] E [%] T [%] Pe [7] K [%]
3.9 3.8 7.2 10.7 16.4 NEAs
1.0 1.5 2.2 5.8 13.8 Comets

Babadzhanov, Williams & Kokhirova, 2008b; Napier, 2010; Jopek, 2011). Asher,
Clube & Steel (1993b) suggested that the whole complex could, have formed by
the fragmentation of a giant comet 20-30 Ky ago.

Thus the population of meteoroids in known streams is dominated by those of
cometary origin. For the sporadic meteors, there is by definition, no associated
parent body and so the criterion for similarity of orbits discussed above can not be
used and different methodologies have been developed.

2.3. Differentiating between types of orbits

In order to discriminate between the orbits of comets and asteroids, Whipple (1954)
proposed K = log[a(l+e)/(1 —e)] — 1, the K-criterion. When K > 0 the orbit is
of a comet type. Using this K-criterion Whipple (1954) found that 96% of known
comets and 99.8% of known asteroids were correctly classified. The criterion can
also be applied to meteoroids, and Whipple classified 90% of 144 bright photo-
graphic meteors as being of comet origin.

Several other criteria can be used. The T-criterion is based on the Tisserand
invariant: 7' = a~! —|—2a}1'5 [a(l — 62)} %) cos I where a; is the semi-major axis of
Jupiter’s orbit and I the inclination of the meteoroid orbit relative to the Jupiter
orbital plane. Kresak (1969) used the condition T' < 0.58 to define a comet type
orbit. Variants of this criterion are widely used in the NEO field (eg Jewitt, 2012;
Babadzhanov, Williams & Kokhirova, 2013).

Two additional criteria, the P and Q criterion defined by P = k%a'-®e, where k
is the Gauss gravity constant and @ = a(1 + e) were proposed by Kresak (1967,
1969). For a comet orbit P > 2.5, and @ > 4.6 AU. @Q is aphelion distance and so
this condition simply requires that the orbit does not go beyond the asteroid belt.

Jopek & Williams (2013) proposed a new criterion, the E criterion (the orbital
energy E) given by E = —0.5k%a~! with a > 2.8 AU for comet orbits.

The reliability of these methods was investigated by Starczewski & Jopek (2004).
The Q-criterion proved to be the most reliable, producing the smallest number of
exceptions. Jopek & Williams (2013) repeated this reliability test, applying all
the criteria to the orbits of 780 comets given in Marsden & Williams (2008) and
7830 near-Earth asteroids given in the NEO Dynamic Site, 2012. Their results are
summarized in Table 1. It is clear that the Q and E criterion are the most reliable
while the K criterion produced the most exceptions.
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3. Comet-asteroid classifications applied to meteoroid orbits
3.1. Historic investigations and recent works

To classify meteoroid orbits the various criteria have been used by several authors.
Using the K-criterion, Whipple (1954) found that 90% of 144 orbits obtained using
a small camera, 90% were of comet type. However this sample contained many
stream meteoroids. Using photographic data obtained by Super Schmidt cameras
Jacchia et al. (1967) found that 99.8% of orbits were of comet type, while Jones &
Sarma (1985) found that the TV meteors were about equally divided into comet
and asteroid types. Steel (1996a) found more comet orbits within photographic data
but roughly the same number of orbits of both types amongst the Canadian TV
meteors and the Adelaide radio meteors. However, in the Kharkov radio meteors
he found more asteroid orbits a result contradicted by Voloshchuk et al. (1997)
who that found 63% of the Kharkov meteors were on comet orbits. Using the Q-
criterion and selecting only sporadic meteors, Starczewski & Jopek (2004) found
that 78% radio meteors, 48% of photographic and 53% of video meteors moved on
asteroid type orbits. For the photographic and video meteor samples, the results
of Starczewski & Jopek are consistent with those given by Steel (1996a), but for
radio meteors are very different from those of Voloshchuk et al. (1997).

Jopek & Williams (2013) studied approximately 78000 observations of meteors
collected from many sources. From this data set, only elliptical orbits which passed
the internal consistency check (see Jopek et al. 2003) were used. The primary aim
of the investigation was to investigate sporadic meteors and so stream meteors were
removed using the method described in Jopek et al. (2008).

3.2. Discussion of the results of the C-A classification

Jopek & Williams (2013) used all the criteria listed earlier so that differences be-
tween them could also be assessed. Their results are summarized in Table 2. The E-
criterion gives the smallest fractions of meteoroids moving on comet orbits, with
the fraction increasing through the @, P and T-criterion, the K-criterion giving
the largest. The differences between the results obtained are in the range 10-15%.
Jopek & Williams (2013) illustrated the reason for the differences in reliability by
means of plots of 1/a against e showing the threshold values of all the criteria
discussed above. The observed meteoroids must lie between the boundaries () = 1
and ¢ = 1, and they occupy almost all this region. The E-curve occupies the lowest
position in the region so that all the meteoroids classed by the E-criterion as comet
were classed as comet by all the other criteria. Starczewski & Jopek (2004) used
a similar classification method and partly used the same meteor data as Jopek
& Williams (2013). Two discrepancies between them are clear. First, Starczewski
& Jopek (2004) found lower fractions of comet orbits amongst all sporadic me-
teoroids and also amongst the data obtained by each observation techniques. In
general Jopek & Williams found about 20% more sporadic meteoroids moving on
comet orbits with the increase being smallest for the radio meteoroids and highest
for the video data. Jopek & Williams used a larger sample of the video meteoroids,
mainly obtained by SonotaCo group (SonotaCo 2009, 2011) where the mean magni-
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Table 2. C - A one parameter classification. In the separate rows we give the percentages
of meteors among the whole sporadic component, radar, video and photographic meteors,
respectively. The last part gives the results by Starczewski & Jopek (2004).

Q [%] E [%] T [%] P [%)] K [%)] Sample size and type
44.0 41.8 56.8 49.0 61.8 77869 all meteoroids
23.4 21.4 36.1 28.1 44.8 45539 radio -,-

73.4 71.0 86.6 78.9 86.1 30899 video -,-
65.5 59.6 70.6 68.4 76.5 1431 photo -,-
23.6 - 35.5 28.7 42.8 55891 all meteoroids
22.2 - 34.0 27.1 41.4 52993 radio -,-
46.9 - 64.9 54.2 63.6 1221 video -,-
51.7 - 60.2 62.4 71.7 1677 photo -,-

tude was —1™, so that they should probably be regarded as “photographic” rather
than video. The orbits used by Starczewski & Jopek (also included in the Jopek
& Williams set) obtained using cameras in Canada and Ondrejov had a limiting
magnitude of 6”-8.

The second discrepancy concerns the small but clear differences between the per-
centages of comet orbits found amongst both the radio meteors and the photo-
graphic meteors, where the same sources were used. However, different methods
were used to eliminate the stream component. Starczewski & Jopek (2004) made
only a limited search for streams, finding that only 15% of the sample belongs
streams while Jopek & Williams (2013) found that 33.4% were in streams. Thus
more comet orbits were eliminated. It is clear that the results depend on how well
the stream component is eliminated.

4. Limitation of the one parameter C-A classification

The foregoing discussion shows that the conclusions depend on the criteria used.
This is illustrated in Figure 1, reproduced from the paper of Jopek & Williams
(2013). According to the Q-criterion, all meteoroids with @ < 4.65 are moving
on asteroid type orbits. However, in Figure 1, there are many such meteoroids for
with ¢ > 75°. Very few real asteroids have such high inclinations and only one
NEA, (2009 HC82), with @ < 4.6 [AU] and ¢ > 75° exists. There are no comets
with such orbital properties. Therefore, the source of all sporadic meteoroids found
in this region of the plot is an interesting question. The highest fraction of such
orbits, 28% were in radio meteor data, with 15% in the video data and only 5% in
the photographic data. These meteoroids are thus predominantly small.

With the E-criterion (see Figure 1), a similar percentage (23.2%) of “asteroid”
meteoroids move on orbits for with ¢ > 75°. For the remaining criteria the percent-
ages of such “asteroid” meteoroids can be found in the paper of Jopek & Williams
(2013) and are of the same order.

Some insight into the source of these sporadic meteoroids with @ < 4.6 AU and
i > 75° can be obtained by using the Hammer-Aitoff equal area diagram. It was
first used by Hawkins (1956) and by many others since (eg Elford & Hawkins,



Origin of stream and sporadic meteors 187

150
150

i [deg]
100
i [deg]
100

50
50

log(Q/Q_t)— criterion log(E/E_t)— criterion

Figure 1. Left panel — 780 Comets (red), 7830 NEAs (blue) and 60412 sporadic me-
teoroids (green) on the i-log(Q/Q:) plane. Additionally, 17457 ”asteroid” meteoroids for
which inclinations ¢ > 75° and aphelia distances Q < 4.6 [AU] are plotted as magenta
rectangles. The right panel — 780 Comets (red), 7830 NEAs (blue) and 59810 sporadic
meteoroids (green) on the and i-log(E/E:) plane. Additionally, 18059 ”asteroid” mete-
oroids for which the inclinations ¢ > 75° and the semi-major axes a < 2.8 [AU] are plotted
as magenta rectangles.

1964; Sekanina, 1973; Galligan & Baggaley, 2005; Campbell-Brown 2008). Jopek &
Williams (2013) found that for the 60412 meteoroids with @ > 4.6 [AU] or i < 75°,
(all the meteors that we are NOT interested in) the regions corresponding to the he-
lion, antihelion, north and south apex and north and south toroidal concentrations,
first identified by Elford & Hawkins (1964), were all visible. On the other hand,
the 17457 meteoroid with @ < 4.6 [AU] and ¢ > 75° were connected only with
the apex concentration, with essentially none elsewhere. These meteoroids entered
the Earth atmosphere with a speed V;; > 30(km/s].

4.1. The origin of meteoroids with Q < 4.6 AU and ¢ > 75°

According to Davies (1957), the aphelion distance of small meteoroids moving on
high-inclined orbits would be reduced on realistic time-scales so that the orbits be-
came more circular. Dycus & Bradford (1964) confirmed that P-R drag can decrease
the aphelion of comet type orbits, changing the trajectories to asteroid type. Arter
& Williams (1995) showed that P-R drag reduced the aphelion of meteoroids in
the April Lyrids shower. Jones et al.(2001), Wiegert et. al. (2009) and Nesvorny et.
al. (2011) have shown that the apex and toroidal meteoroids may originate through
this mechanism from long period or Oort Cloud comets. Therefore the observed
meteoroids moving on highly-inclined “asteroid” orbits evolved similarly and are of
comet origin. With such a large influx of meteoroids that originated in comets, but
now miss-classified as on asteroid type, it is clear that none of the one parameter
criteria proposed to date are able to correctly classify all sporadic meteoroids and
that the asteroid population is overstated.
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Table 3. Cometary orbits among the sporadic meteoroids. The fractions in percentages,
were found by the two parameters C-A classifications (see the text). In round brackets
the limiting magnitude of the observation system are given. Notation e.g. Mg > 2" means
that only meteors fainter then 2 magnitude has been classified.

Q-i E-i T-i P-i K-i Sample Sample type and

(%] (%] (%] (%] (%] size remarks

66.4 66.9 70.3 69.4 78.4 77869 all meteoroids
51.3 49.9 56.0 54.6 67.8 45539 radio orbits
88.5 87.2 91.3 91.1 95.2 30899 video orbits
68.0 64.4 72.3 72.0 79.2 1431 photo orbits
48.3 434 54.9 55.2 61.9 286 photo bolides
67.5 63.1 71.3 70.7 79.7 670 photo Super Schmidt
80.6 T78.7 84.2 83.8 88.8 475 photo small camera
59.9 58.1 63.7 63.0 68.6 322 video Canada (+8.5™)
70.5 68.7 73.0 73.2 82.3 485 video Ondrejov (+5-6™)
86.3 85.5 88.0 87.3 91.3 393 video DMS (46™)
88.9 87.7 91.9 91.5 95.7 7816 video SonotaCo 2007
90.0 88.8 92.7 92.6 96.0 9318 video SonotaCo 2008
88.6 87.2 91.5 91.3 95.7 12565 video SonotaCo 2009
55.9 54.1 60.0 60.6 74.1 170 video Ondrejov Mg > 3™
69.0 67.8 74.7 72.4 82.8 87 video SonotaCo 2007, Mg > 2™
70.9 70.9 75.7 75.7 80.6 103 video SonotaCo 2008, Mg > 2™
64.4 61.6 70.5 71.1 83.5 315 video SonotaCo 2009, Mg > 2™
62.2 59.6 67.2 66.2 83.3 1397 radio Adelaidel (+6™)
65.9 63.5 71.1 69.6 83.4 1106 radio Adelaide2 (+8™)
46.3 44.8 51.8 50.0 65.2 14335 radio Harvardl (412-13™)
41.9 40.6 47.1 45.2 56.7 13968 radio Harvard2 (+12-13™)
56.3 55.0 59.4 58.6 69.4 4136 radio Kharkov (+12-13™)
74.0 73.1 76.9 75.8 80.8 6637 radio Obninsk (46-8™)
52.0 49.5 56.2 56.3 82.6 3960 radio Mogadishu (46-8™)

5. Two parameter C-A classification

To overcome this, Jopek & Williams (2013) proposed that a two parameter ap-
proach should be adopted by adding inclination to each of the other criteria that
have been discussed. Thus, if ¢ > 75° the meteoroid is classed as comet type, irre-
spective of what the previous classifications determine. The new classifications are
listed in full in Jopek & Williams (2013).

Jopek & Williams applied these new constraints to the sample of ~ 78000 spo-
radic meteoroids and found that, as expected, the fractions of comet meteoroids
becomes significantly higher. The detailed results are reproduced in Table 3.

Both the Q-i and E-i criteria, now show that, 66-67% of the sporadic meteors
were on comet orbits, the smallest fraction, 50-51%, was found among the radio
meteors. For the video and photographic sub-samples, the fractions on comet orbits
were 87-89% and 64-68%, respectively.
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As mentioned earlier, Jopek & Williams and Starczewski & Jopek used different
video samples in their analysis. To remove this discrepancy, in the “video” section
in Table 3 the results for each video sub-sample used by Jopek & Williams are
given. It can be seen that the fraction of meteoroids on comet orbits observed
in Canada is about 30% less than in case of the meteors observed in Japan by
SonotaCo. The meteors observed in Japan and Canada correspond to different
ranges of magnitudes, the mean magnitude of meteors observed by SonotaCo being
—1™ but for meteors observed in Canadian the mean magnitude was close to 4.5™.

Concentrating only on the faint meteors by removing all meteors with absolute
magnitudes Mg < 3™ from the Ondrejov results and Mg < 2™ from the SonotaCo
data, the fraction of meteors on comet orbits in the Ondrejov data is 14% less.
In case of the SonotaCo data number classified as comet type orbits decreased by
14-20%.

Different results were found amongst the radio data. The smallest fraction 40—
42% of meteors on comet orbits occurred among the Harvard2 “synoptic year”
sample. For the Harvardl sample, using the same criteria, the results were 4%
higher. In the radio data from the Kharkov radar with a similar sensitivity to
the Harvard equipment, comet orbit accounted for 55-56% of the total. A signif-
icantly less sensitive radar was used in Mogadishu and the percentage of meteors
on comet orbits is smaller, 50-52%.

The radar equipments used in Adelaide and in Obninsk have a sensitivity com-
parable to that used in Mogadishu. In the Australian data many more meteoroids
were found to be moving on comet type orbits. Some of these discrepant results are
probably caused by selection effects arising from the observing strategy used. For
example the Obninsk radio meteor data consist solely of meteors observed at their
descending nodes, and hence all observed radiants have ecliptic latitude 8 > 0,
but there is insufficient data available on most of the observing strategies to allow
a definitive conclusion to be reached.

In the photographic results, the fraction on comet orbits was low, 43-48% .

6. Conclusion

The meteoroid associated with the three major streams, the Geminids, the Taurids
and the Quadrantids, were mostly of cometary origin, though there are bodies that
are classified as asteroids associated with them.

To classify the sporadic meteoroids properly into comet or asteroid populations
a two parameters criterion needs to be used. Using only one parameter criteria
causes the fraction of sporadic meteoroids on comet type orbits to be understated.
For the photographic meteors, the underestimation is quite small, 2-5%. In case of
radio data, the underestimation can reach 15-29%.

This underestimation comes about because there are many orbits that are clas-
sified as asteroid (@ < 4.6 AU) but are on high inclination orbits (¢ > 75°). These
are mostly meteoroids that were originally on comet orbits but where P-R drag has
reduced the aphelion distance ) so that they now satisfy the Q-criterion for being
classed as asteroid type.
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Abstract. Structure of the autumnal part of the Taurid meteor complex based on pho-
tographic, radio and video meteor orbits is investigated and presented. Potential fil-
aments or sub-streams to be associated with the complex were searched for utilizing
the Southworth-Hawkins D-criterion. Altogether fourteen filaments or sub-streams asso-
ciated with the complex were separated, with the length of the complex exceeding 100
degrees. Central part of the complex is formed by four the most dense filaments, the North-
ern and Southern Taurids, Southern Piscids and Omicron Orionids. The most probable
bodies genetically related to the complex besides 2P/Encke are 2005 UY6, 2005 TF50
and 2007 RU17.

Keywords: meteoroids, meteor streams, meteor complexes, Taurids

1. Introduction

The Taurids active in autumn are a meteor stream with the longest activity period
of all major meteoroid streams. Already Denning (1928) from visual observations
recognized the complex structure of the stream, identifying thirteen active radiants
situated in Aries and Taurus. Whipple (1940) and later Whipple and Hamid (1952)
analyzing photographic Taurids indicated a possible relationship of the stream
with comet Encke. At present, as well as P/Encke several Apollo asteroids are
considered for possible progenitors of the stream (Babadzhanov et al., 1990, Stohl
and Porubcan, 1990, Asher et al., 1993, Babadzhanov, 2001, etc.).

As the Taurids are dominant in bright meteors, the activity and structure are
best known from photographic observations, which provide the most precise orbits.
Whipple (1940) for his analysis of photographic Taurids had at disposal 9 orbits.
The last version of the TAU MDC database, version 2003 (Lindblad et al., 2003)
lists 4581 photographic orbits to which additional 292 orbits were added to the new
updated database (Neslusan et al., 2013) and utilized for investigation of the Taurid
complex. In order to get a more complex information on the structure and activity
of the complex, the present analysis was extended also to radio (Harvard Radio
Meteor Project 1965 and 1969, Sekanina 1970) and video (Japanese Network 2007-
2011; SonotaCo 2009) meteor orbits.

2. Analysis and results

The Taurids, their potential streams or sub-streams to be associated with the com-
plex were searched for by an iteration procedure (Porubc¢an and Gavajdovd 1994)
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Table 1. The mean orbits and radiants of the northern and southern branch of the Taurid
meteor complex derived from the densest filaments (N Tau — northern branch; S Tau and
S Psc — southern branch).

N Taurids Photo TV Radar S Taurids Photo TV Radar

q [AU] 0.361  0.378  0.394 q [AU] 0.341  0.366  0.369
a [AU] 2164 2073  1.810 a [AU] 2.047  1.924  1.668
e 0.832  0.817  0.772 e 0.832  0.808  0.775
i [deg] 2.7 2.7 2.4 i [deg] 5.6 5.4 5.5
w[deg] 2035 2921  292.7 w[deg] 1167 1144  116.4
Q[deg] 228.6  230.1 227.1 Q[deg] 34.4 36.7 28.1
7|deg] 162.2 1621  159.8 7[deg] 151.2 1511  144.5
Vg [km/s] 928.14  27.34  25.27 Vg [km/s] 28.38 27.17  25.59
R.A. [deg] 575 584  55.6 RA. [deg] 46.7 479 405

0 r.a. [deg] 0.79 0.81 0.79 0 r.a. [deg]  0.77 0.76 0.76
Dec. [deg] 224 22.7 22.1 Dec. [deg] 12.3 12.6 10.1

4 dec.[deg] 0.16 0.16 0.17 0 dec.[deg]  0.22 0.19 0.19

utilizing the Southworth-Hawkins D-criterion (1963). In order to get the cores of
the streams a strict limiting value D of 0.10 (photo and video), 0.15 (radio) was
applied. Further, only filaments with the geocentric velocity (+5km/s with respect
to the mean Vg of the stream) and radiant (+£10 degrees with respect to the Taurid
radiant ephemeris allowed for the daily motion) were selected.

By this procedure were identified 173 photographic orbits (70 N and 103 S
branch), 1288 TV orbits (625 N and 663 S branch) and 416 radar orbits (165 N
and 251 S branch) belonging to the Taurid complex.

The radiants of the Taurid complex meteors selected by all three techniques are
depicted in Figure 1 and the mean orbits and radiants derived from the densest
filaments (N Tau northern branch; S Tau and S Psc southern branch) are listed in
Table 1.

The complex is best represented by video orbits were 14 filaments could be
recognized (Figure 2, Table 2). The most populated filaments are Northern and
Southern Taurids, Southern Piscid and Southern Omicron Orionids. Due to a very
long period of activity (September — December), the complex is extending over
100 degrees and the Taurid complex radiant passes through five constellations.
The radiant areas of both branches (allowed for the daily motion) form compact
areas of the size of 25 x 15 degrees.

3. Associated NEOs

Potential associations between Taurid filaments and NEOs were searched for among
NEOs known by August 1, 2013 comprising 10069 objects (ASTORB.DAT database
JPL catalogue of comets). Orbital similarity was verified by comparing the mean
orbits of the filaments with the orbits of NEOs applying the Southworth-Hawkins
D-criterion to the osculating orbits of NEOs and filaments.

Taking into account fact that present osculating orbits cannot reflect real ge-
netic associations between the Taurid complex filaments and NEOs, for the analysis

)
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Figure 1. Radiants of the autumnal branch of the Taurid complex meteors selected from
photographic (IAU MDC database), television (Japanese Network — SonotaCo) and radio
(Harvard) observations.

Table 2. The mean radiants (right ascension and declination) and orbital elements of
the filaments of the Taurid complex depicted in Figure 2, derived from the best repre-
sented population provided by video observations. Vg — the mean geocentric velocity and
n — the number of orbits.

Filament Q q a e i w Q T R.A Dec. Vg n
[AU]  [AU]  [AU] [deg] [deg] [deg] [deg] [deg] [deg] [km/s]
01 w Psc (a) 4.37 0.366 2.227 0.834 3.4 293.6 170.9 104.4 0.7 3.5 27.86 9
02 w Psc (b) 3.76 0.291 1.821 0.836 5.4 304.2 166.0 110.2 0.5 4.6 28.92 22
03 p Psc (a) 4.56 0.410 2.239 0.814 4.7 108.5 10.1  118.6 19.5 3.4  26.58 8
04 6 Psc 3.68 0.267 1.766 0.844 4.0 127.4 352.7 120.1 10.6 1.5 29.47 13
05 p Psc (b) 3.62 0.328 1.840 0.819 4.9 119.7 11.5 131.2 25.5 6.2 27.91 44
06 B Ari 3.86 0.338 1.923 0.820 4.0 298.0 197.3 135.3 27.5 14.8 27.86 28
07 S Psc 3.25 0.320 1.732 0.814 5.7 121.0 23.3 144.3 37.6 9.9 27.86 145
08 S Tau 3.79 0.389 2.016 0.806 5.3 111.3 43.1 154.4 52.8 13.9 26.84 304
09 N Tau 3.90 0.378 2.073 0.817 2.7 292.1 230.1 162.1 58.4 22.7 27.34 457

10 0 Ori S 4.05 0.403 2.123 0.808 5.0 108.9 65.4 174.3 745 17.7 26.86 124
11 0o Ori N 4.10 0.366 2.100 0.824 2.8 293.3 247.1 180.3 77.4 254 27.91 41
1277 Gem N 4.18 0.436 2.204 0.800 2.2 284.7 265.5 190.2 93.5 25.6 26.15 42
13 p Gem 4.48 0.378 2.311 0.835 2.5 290.8 267.2 198.0 984 254 28.29 25
14n Gem S 4.10 0.385 2.139 0.819 4.5 110.7 82.4 193.1 93.1 19.2 27.62 25

NEOs with D < 0.30 were selected and their theoretical meteor radiants and en-
counter geocentric velocities at their approaches to the Earth orbit were computed
(Neslusan et al. 1998). Further, additional conditions for potential associations be-
tween filaments and NEOs were applied: differences in the geocentric velocity of
asteroid and filament AVg < 5 km/s and in the theoretical meteor radiant of as-
teroid and radiant of filament AR.A. < 10 degrees, ADec. < 10 degrees. Applying
these conditions 131 potential association were obtained, formed by 67 asteroids
(some of them were associated to more filaments).
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Figure 2. Radiants of the filaments of the Taurid complex derived from video observa-
tions. The numbers correspond to the filaments listed in Table 2.

In order to disclose probable associations, the motion of all the 67 asteroids
and mean orbits of the Taurid complex filaments was integrated for 10000 year
backward (package Mercury 6, Bulirsh-Stoer procedure) and the most probable
bodies genetically related to the complex inferred from a long-term evolution of D,
besides 2P /Encke are 2005 UY6, 2005 TF50 and 2007 RU17. All the three NEOs
with the absolute magnitudes H of 17.94, 20.30 and 18.14, respectively are relatively
small bodies with diameters in the range of approx. 500-1200 m.

4. Conclusions

Analysis of the Taurid complex based on photographic, video and radio meteor
orbits exhibits its very long activity. The complex, with 14 identified filaments of
which the most dense are the Northern and Southern Taurids, the Southern Piscids
and Omicron Orionids, forms a broad stream extending over 100 degrees in solar
longitude (September — December). The radiant area of the complex reduced to
the common solar longitude of 220 degrees is 25 x 15 degrees. Following the orbital
evolution backwards over 10000 yrs, the most close associations of NEOs known by
August 1, 2013 with the Taurid complex are found for 2005 UY6, 2005 TF50 and
2007 RU17.
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Abstract. The near-Earth asteroids (NEAs) 2008BO16, 2011EC41, and 2013CT36 are
moving on similar orbits that, according to the values of the Tisserand invariant, could
be classed as comet-like. Investigation of the orbital evolution shows that the NEAs
are the quadruple crossers of the Earth’s orbit. Consequently, a developed meteoroid
stream, possibly associated with them, might produce four meteor showers. Theoretical
parameters of the predicted showers were calculated and identified with the observable
night-time o-Capricornids and x-Sagittariids, and daytime Capricornids-Sagittariids and
x-Capricornids showers. The comet-like orbits and association with the same meteoroid
stream producing four active showers are strong indications that these asteroids have
a common cometary origin. Earlier the NEAs (2101) Adonis and 1995CS (a potentially
hazardous asteroid), were recognized as dormant comets on the base of their association
with the same meteoroid stream. So, it may be concluded, that either four NEAs are
large sized splinters of Adonis, or all five objects are fragments of a larger comet that
was the parent body of the Capricornids meteoroid stream, and whose break-up occurred
several tens of thousands years ago.

Keywords: near-Earth asteroids, dormant comets, meteoroid stream, meteor showers,
orbits, evolution, radiants

1. Introduction

It is now accepted that some near-Earth asteroids (NEAs) may be dormant or
extinct comets. Indeed, it may be expected that these NEAs might produce me-
teoroid streams during their active periods. So, the existence of an associated
meteoroid stream producing an observed meteor showers and the comet-like or-
bit of a NEA are indicators of its cometary nature. Such NEAs and a meteoroid
streams associated with them which have very similar orbits and a likely common
progenitor form a complexes of near-Earth objects (NEOs). A good example of
such sets is the Taurid asteroid-meteoroid complex which consists of many sub-
streams and has both comet 2P/Encke and more than 40 NEAs moving on or-
bits within it that are in reality dormant or dead comet fragments (Asher et al.
1993; Babadzhanov 2001; Porubc¢an et al. 2004, 2006; Babadzhanov et al. 2008a;
Rudawska et al. 2012a,b; Madiedo et al. 2013). It was shown that such meteoroid
streams as the Piscids, (-Aquariids, v-Virginids, Scorpiids contain from one till
several large NEAs of cometary origin, and these asteroid-meteoroid complexes
are the results of a cometary break-up (Babadzhanov et al. 2008b, 2009, 2012,
2013). Here we report the identification of three new NEAs moving within the o-
Capricornids meteoroid stream which is associated with the asteroid (2101) Adonis.
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Table 1. Summary of Orbital (J2000.0) and Physical Properties of the NEAs.

NEA a [AU] e q [AU] Q [AU] i [deg] £ [deg] w [deg] = [deg] Ty H d [km]

2008BO16 2.4 0.809 0.46 4.40 8.6 133.9 254.4 28.3 29 229 0.13
2011EC41 2.4 0.880 0.29 4.56 9.9 38.8 357.8 36.7 2.8 199 0.53
2013CT36 2.5 0.819 0.44 4.47 6.4 351.6 38.9 30.4 2.9 19.2 0.73

2. Near-Earth asteroids moving on similar comet-like orbits

We searched the ”Near-Earth Objects Dynamic Site” database (NEODyS 2013)
to find a group of Earth-crossing asteroids that move on similar orbits that could
be classed as cometary. Three Apollo group asteroids were identified 2008BO16,
2011EC41, and 2013CT36. Their main properties are given in Table 1, where as well
as the usual orbital elements the absolute magnitude of an asteroid H, it equivalent
diameter d, and the Tisserand invariant 7 are given. To estimate the equivalent
diameters d of the asteroids we used the following relationship (Tedesco et al. 1992)

2logd = 6.247 — 0.4H — logp, (2.1)

where p is the albedo of an asteroid. The values of diameters in Table 1 were
determined under the mean value of the albedo p = 0.07 accepted for very dark
asteroids (Jewitt 1992). Many criteria have been proposed to differentiate between
asteroidal and cometary orbits and these have recently been reviewed by Jopek and
Williams (2013). One of the most widely used is the Tisserand invariant defined
relative to Jupiter (Kresak 1982; Kosai 1992) by the expression

Ty =% 4 2] 21— e2)]° cosi, (2.2)
a aj
where a, e, and ¢ are the semi-major axis, eccentricity, and inclination of the ob-
ject’s orbit, respectively, and a; = 5.2 AU is the semi-major axis of the orbit of
Jupiter. Kresak (1969) suggested that for comets 2.08 < T; < 3.12, and for aster-
oids T; > 3.12. A value of T} at around 3 is still considered to be the boundary
between asteroidal and cometary orbits (Jewitt 2012). According to this criterion,
the above three NEAs orbits are classified as comet-like.
Jopek and Williams (2013) also discuss criteria for claiming an association be-
tween objects based on orbital similarity. A widely used criterion proposed by
Southworth and Hawkins (1963) is the Dgp, defined by the expression

Qo —
2

wﬁ + sin 4y siné2(2sin )2+

D%H = (e2 — e1)? + (g2 — q1)2 + (2sin

e1 + es
2

(22 +wa) — (1 + wl)]z

+[( )2sin 5 , (2.3)
where the subscripts 1 and 2 relate to these two orbits that are being compared.
The orbits are considered to be similar if their value of Dgg < 0.20. In the situation

where the angular orbital elements 2 and w are changing rapidly Asher et al. (1993)
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Table 2. Mutual values of the D criterion.

NEA 2008BO16 2011EC41 2013CT36
2008BO16 0 0.19 0.02
2011EC41 0.19 0 0.17
2013CT36 0.02 0.17 0

proposed a simplified D criterion, namely

a —a Lot — 1

! 3 2)2+(61 —e)? + {2sin ! 5 2}2, (2.4)
with limits similar to those used for Dgp. Mutual values of the D criterion (Table 2)
confirm that all three asteroids have similar orbits therefore probably, a common
origin. To prove that they have a common origin, it is necessary to show that
a related meteoroid stream exists.

D* = (

3. Investigation of the NEAs orbital evolution and a search for
related showers

As was pointed out by Babadzhanov and Obrubov (1992), the nodal distance of
stream meteoroids orbits will be equal to 1 AU at four different values of w, during
one cycle of its variation and so four meteor showers originating from a single me-
teoroid stream can be formed. These four meteor showers consists of a night-time
shower with Northern and Southern branches producing at the pre-perihelion inter-
section with the Earth, and of a daytime shower also with Northern and Southern
branches producing at the post-perihelion intersection. We investigated the secular
variations of the orbital elements of the three NEAs using the Everhart integration
method (Everhart 1974) over one cycle of variation of the argument of perihe-
lion w taking into account the gravitational perturbations from the major planets.
The resulting variations of the heliocentric distances of the ascending node R,
and the descending node R4 versus the argument of perihelion w are plotted on
Figure 1. It is seen, that the asteroids cross the Earth’s orbit four times dur-
ing this period, i.e. the R, and R, are equal to 1 AU at four mean values of w:
105.7 £ 6.5,75.2 £5.9,289.0 & 8.8, and 253.3 £ 9.8. Using the orbital elements of
the NEAs at these positions the theoretical geocentric velocities and radiants of
meteor showers, possibly associated with each of these asteroids, were calculated.
Then a search of published catalogues for observable showers close to theoretically
predicted ones was undertaken. It turners out that all three NEAs are associated
with the same meteoroid stream. The results are summarizing in Tables 3,4,5,
where the theoretical Northern and Southern branches of the night-time shower
are designated as T 7A” and T ”B”, and the Northern and Southern branches
of the day-time shower as T 7C” and T ”"D”. The predicted Northern branch
of the night-time shower was identified with a known meteor shower, which was
identified in radar observations by Sekanina (1973) and named the o-Capricornids.
This shower is listed as SCA with the number 179 in the catalogue of meteor
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Figure 1. Variations in the nodal distances for three NEAs.

Table 3. Theoretical and observed geocentric radiants (J2000.0)and velocities of meteor

showers associated with the NEA 2008BO16.

Shower oy dg Vy Lo Date Dsy  Type Cat.
[deg] ~ [deg]  [km/s]  [deg]

T7A” 293.3 -13.8 26.0 106.9 July 9 N
O o-Capds 298.5 -184 24.6 107.6  July 11  0.17 N S2
T 7B” 295.1  -27.0 26.1 106.3 July 8 N
O x-Sagds 290.7  -26.0 25.6 100.2  July 3 0.05 N S3
T7C” 3064  -13.7 26.0 310.5 Jan.31 D
O Capds-Sagds 299.8 -14.1 25.1 309.8  Jan.31 0.14 D S3
T ”D” 3079 -27.1 259 309.5 Jan.30 D
O x-Capds 314.8 -23.3 26.8 325.1  Feb.15 0.12 D S2

showers of Jenniskens (2006). The nine bolides detected by the fireball networks
of Canada, USA, and Tajikistan also confirm its activity. The predicted Southern
branch of the night-time shower corresponds to the active shower y-Sagittariids.
The Northern and Southern branches of the day-time shower were identified with
the day-time Capricornids-Sagittariids and y-Capricornids, respectively. All these
observable showers also were seen by Sekanina (1973, 1976) using radar obser-
vations. A satisfactory agreement between the theoretical and observable orbital
properties is confirmed by the values of the Dgy criterion. The closeness of the ra-
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Table 4. Theoretical and observed geocentric radiants (J2000.0)and velocities of meteor
showers associated with the NEA 2011EC41.

Shower ay [deg] 0,4 [deg] Vg [km/s] L [deg] Date Dsu Type Cat.

T”A” 291.0 -19.3 31.5 95.3 June 28 N
O o-Capds 298.5 -18.4 24.6 107.6 July 11 0.19 N S2
T 7B” 299.7 -21.2 32.2 101.8 July 4 N
O x-Sagds 290.7 -26.0 25.6 100.2 July 3 0.20 N S3
T”C” 300.1 -13.4 29.8 329.6 Feb.22 D
O Capds-Sagds 299.8 -14.1 25.1 309.8 Jan.31 0.11 D S3
T"D” 325.6 -16.7 31.4 337.2 Feb.28 D
O x-Capds 314.8 -23.3 26.8 325.1 Feb.15 0.19 D S2

Table 5. Theoretical and observed geocentric radiants (J2000.0)and velocities of meteor
showers associated with the NEA 2013CT36.

Shower ag [deg] d, [deg] Vg [km/s] Lg [deg] Date Dsmg Type Cat.

T7A” 294.1 -14.5 26.9 106.3 July 9 N
O o0-Capds 298.5 -18.4 24.6 107.6 July 11 0.19 N S2
T ”B” 300.4 -25.5 26.9 110.2 July 13 N
O x-Sagds 290.7 -26.0 25.6 100.2 July 3 0.05 N S3
T”C” 303.7 -15.7 26.9 309.7  Jan.302 D
O Capds-Sagds 299.8 -14.1 25.1 309.8 Jan.31 0.18 D S3
T7D” 305.1 -26.6 27.1 308.9 Feb.29 D
O x-Capds 314.8 -23.3 26.8 325.1 Feb.15 0.11 D S2

diant coordinates, velocities, and activity dates also prove the relationships between
the NEAs and the meteor showers.

4. Conclusions

The similar comet-like orbits of the NEAs and their association with a meteoroid
stream that produces four active showers are strong indications that these NEAs
have a cometary nature and a common origin. Earlier it was established, that
the NEAs (2101) Adonis and 1995CS (PHA) of 800 and 40 m in size respectively
are associated with the same meteoroid stream producing four meteor showers
(Babadzhanov 2003) mentioned above, and so it can be concluded that they have
a common cometary origin. Thus, either the considered NEAs are large sized splin-
ters of the Adonis, or all five objects are fragments of a larger comet that was
the parent body of the Capricornids meteoroid stream, and whose break-up oc-
curred several tens of thousands years ago. The existence of such fragments of
this family may be expected among the numerous new discovered asteroids. Note
that the longitudes of perihelion of the NEAs 1995CS, 2008BO16, 2011EC41, and
2013CT36 orbits differ from the longitude of perihelion of the Adonis by no more
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than on 5 deg., confirming the relationship between these objects and that they
are moving inside the Capricornids meteoroid stream. At present the location of
the 2008BO16 corresponds to the period of activity of the day-time meteor shower
x-Capricornids (January-February), and the asteroid was discovered exactly at that
time. The date of the NEA 1995CS observations (February 1995) also corresponds
to the period of activity of the day-time meteor shower y-Capricornids.
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Abstract. A brief historical review of the mathematical modelling of the Geminid mete-
oroid stream is given. The ‘hollow stream’ model by Jones (1985) and ‘4-showers’ model
by Babadzhanov and Obrubov (1986) were revised.
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1. Introduction

The Geminid meteor shower is one of the most intense and most studied of the an-
nual showers. The first registered appearance was in 1862 AD according to King
(1926). The parent body of the Geminid stream is generally accepted to be the as-
teroid (3200) Phaethon, discovered as 1983TB. A concise review of the (3200)
Phaethon — Geminid meteoroid stream complex origin can be found in (Ryabova,
2008). Among all meteoroid streams the Geminid stream seems to hold the lead
in the amount of works devoted to mathematical modelling of either the stream as
a whole or some of its structural features. Recently a review was given by Ryabova
(2006), where the general principles of mathematical modelling were discussed, and
in particular methods of calculating the stream’s age and the ejection velocity, as
well as the status quo in the Geminid, Perseid and Leonid streams modelling. But
the objective of that work was not the historical review. However the history of
the mathematical modelling of the Geminid stream is interesting and instructive.
It appears that the first work devoted to a simulation of the Geminids was
that of Plavec (1950). He computed secular perturbations of the Geminid orbit
to obtain the possible period of the shower visibility. This was the fist stage of
modelling when a single orbit was calculated or integrated. Later general features
of the Geminid stream structure were studied by integration of small numbers
of meteoroid orbits and/or theoretical reasoning on this basis. Only several se-
lected publications will be mentioned: Belkovich (1986), Gustafson (1989), Hughes
and McBride (1989), Kramer and Shestaka (1992), Lebedinets (1985), Olsson-Steel
(1987), Terent’eva and Bayuk (1991). Each of tens of named and unnamed works
laid a stone into the wall of contemporary understanding of the stream structure
and the process of its formation. Several of them have a special significance, namely
works of Fox, Williams and Hughes (1982, 1983), Jones (1985), Jones and Hawkes
(1986), Babadzhanov and Obrubov (1986), Williams and Wu (1993). We’ll discuss
strengths and weaknesses of these models and lessons learned from them.
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The qualitative model of the Geminids by Ryabova (2007, 2008) which summa-
rized results of 20-years efforts will also be discussed very briefly.

2. Fox, Williams & Hughes (1982, 1983)

A model developed in these works was based on really large numbers (500 000) of
model meteoroids unlike earlier statistically pure models. It was assumed that all
the orbital elements of all the ejected particles change exactly like those of the mean
orbit of the stream. Certainly, it is not so, but as the first approximation the idea
worked perfectly well. This idea and the other one — activity profile changes as
function time and mass — were later developed by other researchers. As we know
from observations the Geminid shower maximum does not changed its position
with time. Fox, Williams and Hughes explained this phenomenon: the trajectory
of the stream mean node motion matches the skew form of the dense central region
of the stream, i.e. the small nodal regression is caused by a pure geometric factor.

3. Jones (1985)

The aim of the work in question was to study the scatter of meteoroid orbits
caused by gravitational perturbations. The evolution of the orbits of 71 meteoroids
was calculated over a period of 5000 yr into the future. Each of the test particles
was launched on the mean Geminid orbit (Hughes, 1978) with standard Keplerian
elements: a = 1.35 au, e = 0.896, © = 23°.6, {2 = 260°.3, w = 324°.8, and the mean
anomaly was assigned randomly. The numerical integration of the equations of
the motion was carried out using a fourth- order Runge-Kutta technique. Only one
perturbing planet (Jupiter) was taken into account. The author did not publish
the initial time for the integration, or whether all the test-particles were launched
from the mean orbit at the same time. The first is not important, because we are
going to discuss only qualitative features of the model, and the second is obvious
from the results.

According to the author, ‘it had been expected that the result would have been
a gradual diffusion-like expansion of the stream instead of Gaussian distributions
the cross-sections were closed curves indicating that the orbits of the particles in
the stream fall on the surface of a torus’. The computation time was several hundred
hours, so the effect of the other planets on the stream structure was estimated
on the basis of calculations for a single meteoroid. It was expected that ‘Saturn
will cause the thickness of the toroidal shell to increase to about 4 per cents of
Jupiter-only radius of torus. Similarly, the effect of the other perturbations can
also be included by convolution’. The passage of the Earth through the hollow
stream should result in bimodal activity curve of the shower. Taking into account
that Jones (1985) could not explain his results in due time, and according to our
knowledge nobody did at a later date either, and that Jones’ bimodal ‘hollow
stream’ is still referred to (e.g. in Arlt and Rendtel (2006)), we decided to revise
the model.
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We calculated the evolution of the orbits of 71 meteoroids 1000 yr into future
from the initial date 14.12.1985 (JD2446413.5) taken quite arbitrarily. The test
meteoroids were distributed around the mean orbit (its orbital elements are given
above) with 5 degree—step in the mean anomaly. For the numerical integration of
the equations of motion the Everhart procedure 19th order with variable step size
has been used. Planetary coordinates were taken from the JPL planetary Devel-
opment Ephemeris — DE406. Now we are not as limited by computer power as
30 years ago, so we made 3 runs: with only one perturbing planet — Jupiter, with
Jupiter and Saturn, and with 5 planets (Venus — Saturn). Each run takes about
40 min. The results are presented in Figure 1.

We can see that perturbations from the internal planets change the results dra-
matically. The reason is that Jupiter and Saturn are really ‘outer’ planets, en-
veloping the stream orbits. Venus, Earth and Mars intersect the stream, acting like
a blender. So the ‘hollow stream’ is an artifact of the model.

4. Jones & Hawkes (1986)

While Fox, Williams and Hughes (1983) assumed that the orbital elements of
the model meteoroids change in an identical way to the mean Geminid orbit, Jones
and Hawkes (1986) estimated the mean rate of change of the angular Keplerian
elements of particles as functions of their initial orbital energy and angular momen-
tum. They supposed that the stream was generated 1000 years ago, and varying
a and e and calculating the subsequent evolution of the test meteoroids as de-
scribed by Jones (1985) found (di/dt), (dw/dt) and (d§2/dt). Combining this with
the Whipple (1951) comet model, the authors calculated the activity of the meteor
shower, duration of the shower and the motion of the descending node in the inter-
val of 2000 years for meteoroids with mass 10~% g. This work made the next step
after the Fox, Williams and Hughes (1983) model, but still was a very preliminary
model.

5. Babadzhanov and Obrubov (1986)

For the first time this model was presented in (Babadzhanov and Obrubov, 1986)
and reproduced later in several papers (e.g. Babadzhanov and Obrubov, 1987,
1992). The authors estimated the stream age in 20 thousand years. Then using two
motion integrals

(1 — e?) cos? i = const, e(2/5 — sin? i sin® w) = const,

where the first follows from the Jacobi integral, and the second is the Lidov integral,
and also assuming that 2+w = const, the authors obtained a complicated 3D-shape.
Supposing that meteoroids should fill out this volume with time, a stream was
obtained, which gives four showers observed on the Earth: the Geminids, Daytime
Sextantids, Canisids and J-Leonids. Now when computers are fast it is easy to
revise the model. This revision has a pure cognitive purpose, because the age of
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Figure 1. Cross-section of the sample of orbits in the ecliptic plane at the descending node
after 1000 years of evolution. Perturbing planets in (a)—(c) are self-explaining. (d) nodes of
two samples of orbits for comparison. The coordinate system is the standard heliocentric
one.

the Geminid stream determined by several methods hardly exceeds 2-3 thousand
years (Ryabova 1999).

The orbital elements for the parent asteroid were taken to be the same as in
(Ryabova 2007; Table 1). The reference orbit (20 000 years ago) for the model was
calculated using the Gauss-Halphen-Goryachev method (Sukhotin 1981), where
gravitational perturbations from six planets (Venus—Saturn) were taken into ac-
count. This method allows for only secular perturbations of the first order, so
the semi-major axis does not change during the integration. Our orbital elements
for the reference orbit (J2000.0)

a = 1.27134872000 au, e = 0.89687143487,
Q2 =129°.74953808873, w = 83°.79137861121

are in agreement with the orbit, used in the Babadzhanov and Obrubov model
(Obrubov 1993), reduced to J2000.0

i = 16°.11349382510,
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desc
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Figure 2. Geminid model cross-section in the ecliptic plane for 1000 orbits. Both de-
scending and ascending nodes are shown.

a=12712 au, e = 0.898, i = 16°.7, Q = 100°.0, w = 112°.7.

In fact, they are in the good agreement for a Gauss-type method, considering the in-
tegration interval (20 000 years) and the fact that Obrubov (1993) used an other
initial orbit. We checked our Halphen-Goryachev integrator comparing the results
of the Phaethon orbit integration with the results obtained by the Everhart proce-
dure. They are in the excellent agreement (Ryabova 2007; Fig. 2).

Ejection of one thousand of meteoroids was simulated from perihelion of the ref-
erence orbit. The particles were ejected uniformly into the sphere with velocity
650 m s~ ! (like in the Babadzhanov & Obrubov model). The equations of mo-
tion of these particles were integrated to present time (epoch JD2454300.5) using
again Halphen-Goryachev method. In this run the Poynting-Robertson effect and
radiation pressure were taken into account as well as gravitational perturbations.
The key-parameter for the radiation perturbations is the ratio of the particle’s
cross-section to its mass, and we took the mass equal to 1073 g, and the particle’s
radius equal to 0.089 cm. The resulting model stream (Figure 2) is very narrow
(less than 2° in the solar longitude) and produces only two showers none of them
is the Geminids (as well as Daytime Sextantids, Canisids or d-Leonids). The first
model shower meets the Earth on the solar longitude L ~ 251°, and the geocentric
equatorial coordinates of its radiant are o ~ 196°, § ~ —2°; for the second shower
L ~5° «a = 305° 0 ~ —13°. For the Geminid shower L =~ 263°, a ~ 112°, § ~ 32°.
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6. Williams and Wu (1993)

This work considers numerical models of the Geminid stream. For each model 2000
meteoroids were ejected from the Phaethon orbit at three epochs AD 0, 500 and
1000. The evolution of 100 random test particles (sample I) for each model was cal-
culated up to 1983 using the Runge-Kutta-Nystrom numerical integrator, including
gravitational perturbations from Venus, Earth, Mars and Jupiter. The Poynting-
Robertson and Yarkovsky-Radzievskii effects were ignored, but the effect of radia-
tion pressure was included. The particle’s size was taken typical for visual meteors.
The rates of change of the orbital elements of 1900 residual particles (sample II)
were calculated as weighted mean of the closest particles from the sample I (lim-
itations of the computer power 20 years ago!). One more run was made for AD 0
and the smaller meteoroid size (typical for radar observations). The resulting cross-
sections of the model stream and orbital distributions of the model showers were
studied. The results obtained are close to the results obtained recently (see the next
section) for 10 mln-particles models, but they were interpreted in a slightly differ-
ent way — as a proof of the model stream matching the observed Geminid stream.
Now we know that the small scatted in 2 was not caused by underestimation of
the stream age. For the stream age of 10 000 years it is even smaller (Ryabova,
1999). We know also that there exists a systematic shift between the model and
the real maximum of activity, and this has no relation to rms scatters.

One of the main results of this work is the visibility period for the Geminid
shower. For the stream age of 2000 years, the shower could be observed from
AD 1200. This result is worth revising considering new estimations of ejection
velocities (Ryabova, 2013) and an improved orbit for Phaethon.

7. Ryabova (2007, 2008)

If the Geminid stream behaved like the Quadrantid stream or, say, the Orionid
stream, where changes in the meteoroids’ orbits are sharp, and close encounters with
major planets are numerous, this model could not be developed in 1989 (the first
published version). Fortunately the changes in the Geminid’s orbital elements are
so smooth that they may be approximated by polynomials. The method of nested
polynomials was invented by Ryabova (1989), but the idea originates from Fox et al.
(1983). This method is very fast and calculation of orbital evolution for 10 millions
of orbits takes only several minutes on a usual desktop computer. The calculation
time weakly depends on the time interval, so it is practically the same for 2 or 10
thousand of years.

In the first versions of the model some observed features of the Geminid shower
were explained: the shape of the activity curve, the absence of the nodal shift
with time. The main discovery was that the stream has two layers, and the shower
peculiar bimodal shape conforms to cometary scenario of the stream origin. Later
this model was applied to understand the whole of the stream structure: 3D-shape,
density distribution within the stream, mass distribution, radiant structure etc.
For example, several activity ‘spots’ in the radiant area, which some researchers
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ascribed to microshowers of the unknown origin (see references in Ryabova (2008))
were explained.

This model has two serious discrepancies with the real stream. The first is that
the location of the stream is not correct, and the second is that the width of
the model shower is half that of the real shower. We had hopes that the shower
width will increase, if a precise numerical method for calculation of orbital evolution
will be used. Unfortunately, these hopes were not realized (a preliminary numerical
model is under preparation for publication, some of its details were published by
Williams and Ryabova (2011). We believe that the reason for the disagreement is
the dramatic transformation of the Phaethon’s orbit due to jet forces. It is hardly
possible to calculate the initial body orbit, if it is the case.

8. Conclusions

The history of the Geminid stream modelling is long, but the peak of the most
influential works was in the 1980s. I believe (this time I do not use an academic
‘we’ to stress my personal opinion) that 1980s models described above were very
important and inspiring for meteoroid stream modelling specifically and for meteor
astronomy in the gross regardless of their shortcomings.

The main lesson learned from revising the old models is the following: referring
to 30-years old results one should be very careful.
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Abstract. We tried to simulate distributions for Eta-Aquariids (ETA) of dust trails from
1P /Halley, we found out that some dust trails formed by meteoroids ejected in 1197 and
—910 would approach the Earth in 2013. It means that the enhancement of eta- Aquariids
would be expected. Actually, the enhanced activity of eta-Aquariids was observed in 2013.
Its peak time corresponded with the time when the dust trails approached the Earth based
on our simulation. Therefore, it was sure that the enhancement was caused by these dust
trails.

Keywords: meteoroid stream, meteor showers, comet, orbits, evolution, radiants

1. Introduction

Eta-Aquariids (ETA) is one of the established meteor showers. The regular activ-
ity is middle level for meteor showers, its ZHR is about 50. The parent body is
1P /Halley which is the same as Orionids. The enhancement activities of Orionids
were observed between 2006 and 2010, we explained that it was caused by the dust
trail formed by meteoroids ejected in about 3000 years ago (Sato and Watanabe
2007).

We tried to simulate distributions for eta-Aquariids of dust trails from 1P /Halley
by using the same method as Orionids. As a result, we found out that some trails
would approach the Earth in 2013. Therefore, it was expected that eta-Aquariids
would be enhanced in 2013.

2. Dust trail model

We applied the simplest approach of the dust trail model. Each trail was assumed
to be formed by meteoroids ejected during the perihelion passage of the parent
comet. The trail was calculated by test meteoroids ejected parallel to the comet
motion, both ahead of and behind the comet. In some models the meteoroids ejec-
tion is assumed to the sunward (Ex. Ma, et al. 2002). However, we only considered
the ejection along the path because the effect of the divergence of the orbits com-
pared with the parent comet is larger than other assumption, which covers the case
of sunward ejection. It is also noted that the ejected meteoroids perpendicular to
the path move a heliocentric orbit that is indistinguishable from that of the comet.
To calculate the perturbations, we included the three largest main-belt asteroids
in addition to the eight planets, Pluto and the moon. We did not take the effect of
radiation pressure on the meteoroids into account in our calculation. The orbital
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| ——

0.005 au

Figure 1. Distributions of dust trails in 2013. Two kinds of dust trails formed by mete-
oroids ejected in —1197 and —910 would approach the Earth in 2013.

elements of parent comet were those calculated by Yeomans and Kiang (1981).
The calculated trails were those generated from —1403 (1404 BC).

3. Forecast from simulation

Figure 1 shows the distributions of dust trails of eta-Aquariids in 2013. Two kinds
of trails (1197 and —910 trails) would be expected to approach the Earth’s orbit.
These dust trails were complicated because of the perturbations. Table 1 shows
the situation of the dust trails. It gives that the enhancement peak would be ex-
pected to occur between 5:00 and 22:00 on May 6. We announced this forecast
based on our simulation to meteorobs mailing list (by IMO) and NMS mailing list
(by Nippon Meteor Society in Japan).

4. Observation results

An enhanced activity of eta-Aquariids was actually observed in 2013. Figure 1
shows the results of visual observations by IMO (IMO 2013) and NMS (Uchiyama
2013). According to the summary by IMO, the peak was observed between about
2:00 and 18:00 on May 6, the ZHR reached about 130. The similar result was
obtained by NMS, its peak time was recorded about 18:00 on May 6, the ZHR
reached about 110.
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Table 1. Data of main dust trails in 2013. The date is the time when the Earth passed
the ascending node of the given trail particles. AR is the difference in heliocentric dis-
tance between the Earth and each trail in the ecliptic plane. The value of fM means
the approximate degree of extension about dust trails.

Ejection Expected peak time AR Ejection M Radiant Vg Orbital
Year Date Time LS Velocity «@ 5 Period
[UT] [UT] (2000) [au] [m/s] [deg.] [deg.] [km/s] [yrs]

—910 2013 May 06.24 05:44 45.681 —0.0037 —2.36 0.038 337.78 —0.88 66.08 72.0
—910 2013 May 06.24 05:45 45.682 —0.0018 —2.12 0.095 337.77 —0.89 66.04 71.9
—910 2013 May 06.26 06:16 45.703 —0.0017 —2.05 0.038 337.78 —0.88 66.04 71.8
—910 2013 May 06.27 06:27 45.710 -—0.0017 —2.11 0.017 337.79 —-0.88 66.04 71.9
—910 2013 May 06.29 07:02 45.734 -—0.0046 —2.50 0.11 337.82 —-0.86 66.10 72.0
—910 2013 May 06.40 09:42 45.841 —0.0041 —2.29 0.035 337.88 —0.83 66.10 71.9
—1197 2013 May 06.53 12:37 45.959 +0.0021 +3.44 0.013 337.89 —0.80 65.99 71.7
—1197 2013 May 06.89 21:19 46.310 —0.0026 +3.43 0.012 338.14 —-0.67 66.12 71.7

Molau (2013) reported that this year the peak of IMO Video Meteor Network
is by a factor of two to three higher than in the previous years. Its peak of flux
density observed about May 6.

Each peak time was consistent with the expected time based on our simulation.

It was sure that such enhancement of eta-Aquariids was caused by approach of
dust trails obtained by our simulation.
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Figure 2. Results of visual observations. Black square with a solid line means data by
IMO (IMO 2013) and white circle with a dotted line means data by NMS (Uchiyama
2013).
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Abstract. A cluster analysis was applied to the combined meteoroid orbit database
derived from low-light level video observations by the SonotaCo consortium in Japan
(64,650 meteors observed between 2007 and 2009) and by the Cameras for All-sky Me-
teor Surveillance (CAMS) project in California, during its first year of operation (40,744
meteors from Oct. 21, 2010 to Dec. 31, 2011). The objective was to identify known and
potentially new meteoroid streams and identify their parent bodies. The database was
examined by a single-linking algorithm using the Southworth and Hawkins D-criterion to
identify similar orbits, with a low criterion threshold of D < 0.05. A minimum member
threshold of 6 produced a total of 88 meteoroid streams. 43 are established streams and
45 are newly identified streams. The newly identified streams were included as numbers
448-502 in the TAU Meteor Shower Working List. Potential parent bodies are proposed.

Keywords: meteoroid stream, meteor shower, comets, asteroids

1. Introduction

Ongoing meteoroid orbit surveys aim to identify as many as possible meteoroid
streams. Each stream originated from a parent comet or asteroid. By integrating
the parent body orbit back in time, dust can be generated at different epochs and
then followed forward to its orbital evolution into an Earth intersecting stream at
the present time to confirm the association. Each conclusive link provides a record
of the parent body past activity and a 3-dimensional distribution of the dust in
the inner solar system now and into the future (Jenniskens 2006).

In recent years, networks of low-light-level video cameras have contributed many
new meteoroid orbits, complimenting radar studies such as results from the Cana-
dian Meteor Orbit Radar (Brown et al. 2010). The most productive camera network
has been that of the Japanese SonotaCo consortium (SonotaCo 2009). Meteoroid
stream searches in Europe have been mostly focused on single-station observations
(e.g. the International Meteor Organization Video Meteor Database), but multi-
station results are now being gathered by the European Video Meteor Network
Database (Kornos et al. 2013).

In California, the Cameras for All-sky Meteor Surveillance (CAMS) network
started operations in October of 2010. At the end of 2011, 40,744 meteoroid or-
bits were calculated. The work presented here was our first attempt to confirm
some of the previously reported showers listed in the TAU Working List of Meteor
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Showers (Jopek & Jenniskens 2011), and to find potential new meteoroid streams.
We did so by combining the CAMS data with those released by the SonotaCo
consortium.

2. Methods

The 60-camera CAMS network consists of three stations of 20 low-light-level video
cameras each, located at Fremont Peak Observatory, at Lick Observatory, and in
Sunnyvale (or alternatively in Mountain View or Lodi) in California. The three
stations used Watec Wat-902H2 Ultimate cameras equipped with f1.2 12 mm focal
length lenses. The video is stored in four-frame compressed format and analyzed
using the CAMS software package (Jenniskens et al. 2011). The CAMS system
provides data with astrometric precision about 1.4’ O-C (2.8’ per pixel).

The 100-camera SonotaCo network consists of more than 30 stations, which use
both WATEC-100N and WATEC-902H2 cameras equipped with 3.8-12 mm lenses
(SonotaCo 2009). Data are recorded and analyzed by the UFO software package.
The precision of the measured radiant positions is about a factor of two less precise
than the CAMS network (Jenniskens et al. 2011). At the time of this work, in
early 2012, the 2007 — 2009 meteoroid orbits were made publicly available (64,650
meteors).

3. Meteor showers identification

The combined database contains 105,394 meteoroid orbits. This meteor database
was examined using a single-linking orbit grouping method by means of the South-
worth and Hawkins criterion (Southworth & Hawkins 1963) to identify similar
orbits.

In a first step, the TAU List of Established Meteor Showers was used to identify
known meteor showers in the combined database. For each stream identified in
this step the mean orbit was calculated and stream members identified. To obtain
the mean parameters we calculated the angular elements as normalized sin and
cos, the mean radiant position was averaged as a vector, while the rest of the pa-
rameters as arithmetic mean. Those orbits which were not identified in the first
step were used in the subsequent group-search using the single-linking method. Our
grouping algorithm (Rudawska et al. 2012) is based on the single linkage, or nearest
neighbour, method proposed by Southworth and Hawkins (1963). In addition, they
introduced the distance function, Dgg, which now is the most often used criterion
to identify what orbits are similar and may be linked.

Two orbits are thought associated if D is less than an assumed constant threshold,
sometimes taken as D < 0.25 (Lindblad 1971). In the first step, in which the major
showers were identified, we used a threshold of 0.10. In the subsequent grouping
algorithm, we used a low value of 0.05. Hence, only the most identical orbit group-
ings were extracted from the surveys. For our preliminary parent body search, we
used a higher threshold of 0.20.
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4. Results

The results for all clusters with at least 6 members (again, for threshold D < 0.05),
excluding previously identified meteoroid streams, are summarized in Table 1.
The table shows the mean orbital elements and the mean radiant of each new
meteoroid stream. The first two columns give the assigned TAU number and code
of the stream. The next five columns show the mean orbital elements: eccentric-
ity (e), perihelion distance (g), inclination (i), argument of perihelion (w), and
longitude of ascending node (£2), respectively. The following four columns include
the solar longitude, the right ascension and declination of the radiant, and the geo-
centric velocity. The twelfth column shows the number of identified meteors in each
stream. The final column gives the name of the shower.

In the period between April and June we found 11 new meteoroid streams (Fig-
ure 1). In the period between April 22 and May 6, we identified the Camelopardalids
shower (#451), which may originate from comet 209P /LINEAR (formerly known
as 2004 CB). This comet has a close encounter with Earth during May 2014, when
Earth will cross potential dust trails from past returns. The shower provides some
evidence that this weakly active comet produced large dust grains in the past.
The predicted radiant of the possible outburst meteors in 2014 is at R.A.=125,
Decl.=+78, and entry speed is 15.9 km/s (Jenniskens 2006). The observed radiant
is at R.A.=172.6, Decl.=+83.7 with entry speed of 14.7 km/s (Table 1).

From April to June, we found 11 new meteoroid streams (Figure 1). Meteoroid
orbits of the April e Delphinids (#450) and the June € Cygnids (#458) are retro-
grade with unknown long-period comet parent bodies. These are compact showers.

The low velocity 6 Virginids (#452) may originate from 2011 HP4. The May
1 Leonids (#453) may derive from either 2009 EF21 or 2008 EH. The May ¢ Vir-
ginids may originate from 2005 JU1. The May v Scorpiids (#456) are a good match
to the present orbit of 2009 KM. The May § Leonids may originate from asteroid
2013 KB.

The May o Comae Berenicids (#455) move in an orbit roughly aligned with that
of comet 73P/Schwassmann-Wachmann 3. The showers #459 (June e Ophiuchids)
and #460 (A Ophiuchids) may be the same shower, perhaps from Jupiter-family
comet P/2005 JQ5 (Catalina), with Dgy ~0.06. Shower 459 is the more certain
one.

Between July and September we found 12 meteor showers. Compared to the spring
meteor showers, these showers have a smaller number of members. With one excep-
tion, the August v Aquariids (#467), which includes 13 meteoroid orbits that cover
a period between August 8 and 16. These may originate from comet 72P /Denning-
Fujikawa.

The July p Herculids (#463) are perhaps from asteroid 2011 MC. The retrograde
August £ Cassiopeiids (#465) may originate from a Halley-type comet. There is
no candidate parent body. The September p Pegasids (#477) could derived from
either asteroids 2011 EU29, 2004 NL8, or 2009 DA1. The September o Orionids
may originate from comet P/2005 T4 (SWAN).

The autumn showers (Figure 2) extractions include the ¢ Aquariids (#484), with
176 meteors an unusually large group and possibly composed of multiple streams.
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Figure 1. The radiant position of meteor showers found between January and June.
The dashed line is the ecliptic plane.
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Table 1. Mean orbital elements and radiant position of the newly identified meteoroid
streams. Shower 462=175 and shower 499 is part of 20.

IAU Code e q i w Q Ao « § V4| Noj Name

*448 AAL 0.969 0.070 9.2 3328 13.6 13.6 219.7 -12.9 40.7 6 Apr. a Librids
449 ABS 0.605 0.899 1.5 16.1 187.5 13.6 164.9 +4.4 123 7 Apr. B Sextantids
*450 AED 0.997 0.745 122.3 119.1 20.1 20.2 307.2 +11.8 61.5 6 Apr. € Delphinids

*451CAM 0.619 0.998 20.7 168.1 39.1 39.1 172.6 +83.7 14.7 8 Camelopardalids
*452 TVI 0.683 0.856 2.4 2305 39.6 39.5 1969 1.0 14.9| 10 0 Virginids
*453MML  0.545 1.004 2.8 183.0 31.1 40.3 1455 +27.2 7.7| 10 May p Leonids
*454 MPV 0.744 0.652 10.4 259.7 41.6 41.6 220.2 +40.3 21.7| 12 May ¢ Virginids
*455 MAC 0.612 0.902 10.0 223.4 42.8 42.8 205.2 +18.7 13.7| 10| May o C. Berenicids
*456 MPS 0.805 0.522 9.4 2755 61.5 61.5 244.5 -10.6 25.4| 10 May 1 Scorpiids

*457 MDL 0.488 1.003 3.1 189.1 54.2 54.1 171.2 4209 74
*458 JEC 0.997 0.914 95.6 216.8 82.3 82.3 314.3 +33.2 53.2
*459 JEO 0.656 0.833 7.3 236.8 84.1 84.1 246.9 5.2 15.6
460 LOP 0.742 0.741 11.1 248.2 84.5 84.5 2572 3.7 19.7| 3
461 JGS 0.692 0.796 1.8 61.8 288.8 108.9 272.1 -27.1 16.3
462 JGP 0.904 0.524 150.0 273.8 120.8 120.8 358.6 +14.2 62.6
*463 JRH 0.633 0.981 21.3 203.8 124.6 124.6 265.1 +36.4 15.6
464 KLY 0.698 0.939 24.7 215.1 126.8 126.9 277.5 +33.3 18.6
*465 AXC 0.887 0.907 104.9 219.1 135.8 135.8 4.9 +48.9 55.5
466 AOC 1.016 0.724 157.9 64.2 318.5 138.5 30.7 +40.3 67.5
*467 ANA 0.781 0.618 2.6 223.3 154.0 139.4 317.1 13.1 21.8
468 AAH 0.598 0.987 11.9 200.6 142.1 142.1 267.2 +19.2 11.2
469 AUS 0.601 0.930 3.0 217.8 145.1 145.1 287.9 -12.2 11.1
*47T0AMD 0.654 1.011 30.3 177.2 145.4 145.4 253.7 +58.8 19.5
471 ABC 0.638 0.846 2.1 234.5 146.5 146.4 305.4 -14.1 13.9
472 ATA 0.648 0.790 7.4 243.5 147.3 147.3 310.6 -1.8 15.9
473 LAQ 0.877 0.297 2.6 300.3 148.0 147.6 342.3 5.5 30.6
474 ABA 0.701 0.872 10.2 228.1 148.7 148.7 300.0 +4.7 15.1
475 SAQ 0.709 0.723 1.3 215.1 165.6 158.1 329.2 -11.0
476 ICE 0.832 0.421 3.4 134.0 357.2 176.1 4.8 1.4 26.9
*477 SRP 0.723 0.726 6.1 249.8 177.4 1774 3434 +5.0 18.3
478 STC 0.606 0.938 1.7 185.7 174.6 177.7 316.0 -14.1 10.3
*479 SOO 0.928 0.774 159.3 58.1 5.6 185.6 79.2 +12.1 67.6
*480 TCA 0.822 0.845 154.8 131.8 207.3 207.3 137.5 +30.5 67.2
*481 OML 0.819 0.889 151.5 140.3 218.6 218.6 148.0 +29.7 67.3
*482 NGP 0.705 0.938 4.4 207.7 228.4 228.4 354.9 +14.4 114
483 NAS 1.103 0.898 154.2 325.5 51.4 231.4 1499 3.4 71.1
484 IOA 0.652 0.836 3.4 193.7 200.4 234.7 27.6
*485 NZT 0.926 0.172 5.5 1359 60.0 240.0 81.0 +20.5 35.5
*486 NZP 0.859 0.389 13.3 288.2 240.4 240.4 67.3 +33.6 29.4

May § Leonids
June e Cygnids
June e Ophiuchids
A Ophiuchids

July & Sagittariids
July 6 Pegasids
July p Herculids

k Lyrids

Aug. £ Cassiopeiids
Aug. o Cetids

Aug. v Aquariids
Aug. a Herculids
Aug. v Sagittariids
Aug. p Draconids
Aug. B Capricornids
Aug. 0 Aquilids

A Aquariids

Aug. 8 Aquariids
Sept. Aquariids

v Cetids

Sept. p Pegasids
Sept. 6 Capricornids
Sept. o Orionids
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487 NRC 0.616 0.982 14.4 189.1 241.4 241.4 323.2 +43.4 11.8| 14 Nov. p Cygnids
*488 NSU 0.972 0.813 99.9 230.0 241.6 241.6 148.3 +59.2 55.3| 10| Nov. o U. Majorids
489 ZLE 1.344 0.953 155.3 200.0 248.6 248.6 159.6 +24.4 74.0 7 ¢ Leonids
*490 DGE 0.818 0.716 23.5 66.8 69.3 249.3 69.5 -13.6 23.8 7 Dec. § Eridanids
491 DCC 0.942 0.387 167.8 104.9 69.5 249.5 131.7 +12.8 64.1 6 Dec. 6 Cancrids
492 DTH 0.967 0.695 149.6 66.3 71.9 251.9 1392 -0.4 67.1 6 Dec. 6 Hydrids
493 DEC 1.016 0.925 154.3 331.4 71.9 251.9 166.0 -10.0 70.6 6 Dec. € Craterids
*494 DEL 0.947 0.365 94.0 287.2 253.1 253.1 129.2 +49.1 51.7 8 Dec. Lyncids
495DMT 0.609 0.831 4.1 53.6 82.1 262.1 624 +10.3 13.5 9 Dec. p Taurids
496 DED 0.633 0.903 7.4 38.0 82.6 262.6 53.6 4.4 12.2 9 Dec. € Eridanids
*497 DAB 1.002 0.686 112.3 113.3 263.9 263.9 213.5 +22.3 59.5 7 Dec. o Bootids
*498DMH 0.983 0.930 123.5 27.2 84.8 264.8 152.7 —23.8 63.8 7 Dec. p Hydrids
499 DDL 1.152 0.611 137.3 253.0 275.9 275.9 168.8 +27.2 67.0 8 Dec. § Leonids
*500 JPV 0.950 0.669 145.3 110.3 285.6 285.6 220.3 +2.5 66.2 7 Jan. ¢ Virginids
501 FPL 0.829 0.388 4.1 110.0 137.3 317.3 147.8 +9.0 28.3| 14 Feb. m Leonids
*502 DRV 0.923 0.777 153.9 124.0 252.5 252.5 185.1 +12.9 68.1| 19 Dec. p Virginids

Others are more typical. A few are highly inclined streams with retrograde or-
bits such as the December Lyncids (#494). None have candidate parent bodies.
The November 7 Pegasids (#482) are possibly related to asteroids 2010 UMY7,
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2012 UU169, or 2007 PAS, all potentially dormant Jupiter Family comets. The Tis-
serand parameter for 2007 PA8 is 2.95 and for 2010 UMT7 is 2.94, respectively.
Moreover, the 2007 PA8 diameter is around 5 km in diameter (applying relation-
ship between absolute magnitude and diameter given by Pravec & Harris (2007).
It would be interesting to study this object in reference to its possible past activity
that may have supplied this meteoroid stream.

In January, we found the January ¢ Virginids (#500), which is represented
mostly by SonotaCo meteor orbits due to lack of CAMS observations at this time.
The shower is active from January 3 till 7, peaking at solar longitude 285.6 degrees.

5. Discussion

Because the CAMS survey is ongoing, these are preliminary results. In preparation
of publication, these detections were reported to the IAU Meteor Data Center. To
be more certain that these single-linking D-criterion extractions represented true
meteoroid streams, we aimed to collect sufficient data within the CAMS network
alone to confirm the detections. By the end of 2012, a total of 101,000 meteoroid
orbits were measured by CAMS alone and the streams were again investigated,
case by case. This work is the topic of a future publication.

In total, 29 out of the 48 candidate showers in Table 1 were confirmed. These are
marked with a star in the first column of Table 1. In addition, we found that two
of the newly identified streams are likely part of now established showers: shower
462=175 and shower 499 is part of 20.

A total of 21 showers were not detected in the CAMS data collected so far
(those without a star in Table 1). Based in part on SonotaCo data, it is possible
that some of these showers were active only at some time in the period 2007-2009,
before CAMS operations were started, or that they peak at solar longitudes not
yet covered in the current CAMS observations due to bad weather on those days.

Alternatively, it is possible that, in spite of the low D threshold value used in
this study, the remainder are mere chance associations of unrelated orbits. Single-
linking of related orbits alone does not guarantee association.

More meteoroid streams may exist in the data. The discriminant criterion, used
at this low threshold value, does not select streams dispersed significantly in lon-
gitude of perihelion, for example.

6. Conclusions

The Cameras for All-sky Meteor Surveillance (CAMS) and SonotaCo Network
Japan meteor databases were examined by single-linking algorithm combined with
Southworth and Hawkins D-criterion. A total of 88 meteor meteoroid streams were
found, 43 of which were known established showers, two others have since been es-
tablished. A significant fraction of the remainder (at least 29 out of 46) are newly
recognized meteoroid streams. Potential parent bodies are proposed.
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Abstract. The European viDeo MeteOr Network Database (EDMOND) is a database of
video meteor orbits resulting from cooperation and data sharing among several European
national networks and the International Meteor Organization Video Meteor Network,
IMO VMN, (Kornos et al. 2013b). At present, the 4th version of the EDMOND database,
which contains 83 369 video meteor orbits, has been released.

The first results of the database analysis, in which we studied minor streams, are pre-
sented. Using the radiant-geocentric velocity method we identified 267 meteor showers,
among them 67 established showers and 200 from the working list of the IAU MDC.
Making a more detailed examination, we clearly identified 22 showers of 65 pro tempore
showers of the working list of the IAU MDC (updated in August 2013). The identification
of 18 meteor showers was questionable, while 25 showers were not found. For all the iden-
tified temporary meteor showers, we list the weighted mean orbital elements, the radiant
position and the geocentric velocity.

Keywords: meteor showers, meteor orbital databases, cluster analysis

1. Introduction

The rapid development of video techniques in recent years has resulted in the
massive use of video cameras in meteor observations. The number of new meteor
networks has increased, and the efficiency of those already existing has improved.
In three years, the Japanese meteor network database, containing around 30 low-
light level camera observations, grew to 65000 orbits (SonotaCo 2009); SonotaCo
et al. (2010). The recently established system CAMS (Cameras for Allsky Meteor
Surveillance) in the United States obtained 47 000 orbits of meteors just in the first
year of its operation (Jenniskens et al. 2011). In Europe, between 2000 and 2013,
the IMO Video Meteor Network collected over 1.2 million single-station meteors
(Molau 2014). Also, in Europe, the continuous monitoring of meteors and fireballs
is conducted by the 25 stations the Spanish Meteor and Fireball Network (SPMN;
Pujols et al. (2013), which has been working now for 5 years. While till mid-2011,
NASA’s All-Sky Fireball network, established in 2008, with its 6 video cameras, de-
tected 1796 multi-station meteors (Cooke and Moser 2012). Another good example
of well developed regional networks are the Canadian Automated Meteor Obser-
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vatory (CAMO), (Brown et al. 2010) and the Croatian Meteor Network (CMN),
(Andrei¢ and Segon 2010).

Thanks to the broad international cooperation of video meteor observers from
several European countries, a multi-national network EDMONd (European viDeo-
Meteor Observation Network) was created. As a result of its work, the first version
of the EDMOND database, containing data from the years 2009, 2010, 2011 and
half of 2012, was presented at the IMC conference in La Palma, Spain in 2012
(Kornos et al. 2013a). In the last year, observers affiliated to the International
Meteor Organization Video Meteor Network (IMO VMN) have started to share
their data, whereas the data of EDMONd and IMO VMN have been merged.
Nowadays, the data is collected from observers from a substantial part of Europe
and, due to this international cooperation, meteor activity is monitored over almost
the entire Europe. In effect, the database has accumulated 1639358 records of
single-station meteors between 2000 and 2013 (EDMONd — 447 266 and IMO VMN
—-1192092).

2. EDMOND database

The computation of meteor orbits is performed by the UFOOrbit software (Sono-
taCo 2009). As the single-station video data are obtained and reduced using two
different tools, the MetRec (Molau 1999) and UFOAnalyzer tools (SonotaCo 2009),
the UFO data can be used without any changes. However, the data obtained by
the MetRec software has to be first converted into the UFO format using the pro-
gram INF2MCSV written by SonotaCo. The present database contains about 72 %
of MetRec data. As the conversion is not fully compatible, the computation of orbits
is performed in two steps. First, preliminary orbits are computed using UFOOrbit
with basic parameter settings @, and dt = 5 sec (which means that all combina-
tions of single-station meteors within 5 second intervals are computed), and with
additional settings: beginning and terminal heights have to be Hy 2 € (15;200) km,
the empirically derived quality parameter QA > 0.3, and the largest difference in
velocity among considered stations in the orbit computation is dV < 7km/s.

After that, to reject the less precise orbits and false orbits, another filter of
parameters is applied: the angle of observed trajectory has to be @, > 1deg,
the duration of the meteor dur > 0.1sec, the convergence angle Q. > 10deg,
the difference between the two poles of ground trajectory dGP < 0.5deg, and the
difference in velocity between unified velocity and velocity from one of the stations
dv12% < 7.07 %. In comparison to the previous versions of the database, the most
important modification is the restriction of the difference in velocities for stations
used in meteor orbit computation. The definition of all parameters is in the UFO
Manual. More details can be found in (Kornos et al. 2013b).

At present, the 4th version of the EDMOND database containing 83 369 video
meteor orbits, has been released. Most of them (~ 84%) are double-stations orbits.
About 48800 orbits belong to the sporadic background and 34500 are shower
meteors (59 % and 41 %, respectively).
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The EDMOND database was examined in several tests and compared with other
meteor orbits databases. The examination allowed us to demonstrate the character-
istic features of the EDMOND, which are particularly important for future analyses
based on the data.

The derivation of orbital elements, which define the shape of the orbit, is highly
dependent on the uncertainty of the determination of the meteor velocity. One of
the parameters used in the data reduction is dv12% (the difference in the veloci-
ties, given in percentage). The geocentric velocity is the decisive parameter in the
calculation of the orbit. Thus, the dv12% parameter is an important indicator of
its accuracy. The smaller the difference between velocities from different stations,
the more accurate the orbit determination is. Therefore, in the distribution of
dv12%, a decrease in the number of orbits with increasing values of dv12% should
be the most rapid. The comparison of the distribution of dv12% parameter of the
EDMOND (Kornos et al. 2013a) and SonotaCo catalogue showed similar decrease;
with a slightly slower one in the EDMOND.

The distributions of orbital parameters within several meteoroid streams from
EDMOND were also analysed. In Kornos et al. (2013a), the dispersions of orbital el-
ements of the Lyrids from EDMOND were studied. Comparing them with the Sono-
taCo video orbits, the consistency of both datasets was demonstrated. Moreover, if
we compare both sets of video data (Figure 1), the dispersions in 1/a of the meteor
orbits within individual streams obtained from the EDMOND data are about 1.3
times larger than the values from the SonotaCo catalogue. Figure 1 shows the ob-
served differences in the semi-major axes within the meteor streams compared with
the orbital deviations in the streams determined from different datasets. The me-
dian semimajor axes of video meteor orbits in both the EDMOND and SonotaCo
data are systematically biased, probably as a consequence of the method used to
determine the orbits. In comparison with the TAU MDC photographic database
(Lindblad et al. 2003), they are shifted towards the short-period side; the velocities
determined in the video data are slightly underestimated.

An important indicator of the quality of data is the relative number of hyper-
bolic orbits, because the probability of registering real hyperbolic orbits is very
small (Hajdukova et al. 2014a). The apparent hyperbolicity of the orbits is, gener-
ally, caused by a high spread in velocity determination, shifting a part of the data
through the parabolic limit. This, however, does not explicitly mean large mea-
surement errors. Of the 83369 meteor orbits collected in the EDMOND, 5.7%
are determined as hyperbolic. This percentage is roughly comparable to that in the
SonotaCo database. Initially, the proportion of hyperbolic meteors in the latter was
11.58%, but after the selection of quality orbits (Veres and Téth 2010), this was re-
duced to 3.28%. Of the 4712 hyperbolic meteors in the EDMOND, 43% are shower
meteors. Shower meteors which have heliocentric velocities with excesses over the
parabolic limit offer proof of the false hyperbolicity of their orbits. The hyperbolic
orbits in our data were analysed separately in the paper Hajdukovd et al. (2014b).

A comparison of both the EDMOND and the SonotaCo catalogue, in terms of
orbital parameters, showed an equivalence of the data.
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Figure 1. Comparison of the observed dispersion for the chosen meteoroid streams from
different databases (upper line — photographic meteors from the IAU MDC, middle line
— video meteors from the SonotaCo catalogue (2007-2009), lower line — the EDMOND
data) described by absolute median deviation in terms of 1/a: Thin line — the interval
between two limiting values of (1/a); /2, which includes 50 percent of all orbits. Bold line
— the interval between two limiting values of the uncertainty (1/a)r, of the resulting values
of median (1/a) . Dotted vertical line — the parabolic limit. Dashed vertical lines — parent
comets (the figure is taken from the paper (Hajdukovd 2014)).

3. Identification of streams in EDMOND

Meteor showers in the EDMOND database were identified using the TAU Meteor
Data Center Database (IAU MDC; (Jopek and Kanuchovd 2014)). At the end of
August 2013, the IAU MDC list of showers contained 461 showers, 95 of them
established and 366 in the working list.

In the first search, the radiant position-geocentric velocity method was used (we
hereafter call it radiant-V, method). Meteors were selected according to the peaks
activity of meteor showers (£15 deg) given in the TAU MDC list, and fulfilling
the conditions for radiant position (£5 deg) and geocentric velocity (£10%-V,).
A shower was considered only if at least 5 orbits had been identified. In this way,
267 meteor showers were identified, where 200 of them are meteor showers from
the working list and 67 are the established showers.

We focused on pro tempore showers from the IAU MDC working list. Of 65 pro
tempore showers in the list, 61 were identified using the radiant-V, method. To
determine their fundamental parameters more precisely, the first part of the Welch
method (Welch 2001) with Southworth-Hawkins D criterion (Southworth and Haw-
kins 1963) was used. According to the equation (4) in Welch (2001) paper
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where p is a density at a point in orbital elements space, IV is the number of meteors
of a pro tempore shower found in the first step, D; is the value obtained for the i-
th meteor in the pro tempore shower by comparing its orbit with orbits of each
member of the identified shower, and D, is the threshold value that determines
the dynamical similarity among meteor orbits. We searched for the core of each
pro tempore shower identified in the first step of the analysis (i.e. by radiant-V
method).

The procedure creates a group of meteors around each meteor orbit from the ex-
amined shower, which fulfil the condition of the limiting value of Southworth and
Hawkins criterion D, = 0.12. On the basis of the equation (3.1), the value of the
density (p) is determined for each group. The higher the density value, the more
important the group in the examined shower is. However, the highest value of p
does not always mean it is the core of the stream because the initial set could be
contaminated by a nearby separate small shower; or because the MDC data are
not yet accurate enough.

We therefore compared all the available parameters of each pro tempore shower
at the TAU MDC with the mean values of the same parameters of each found group.
We compared as well the mean orbits, radiant positions and geocentric velocities
with newly meteor showers found in the SonotaCo (2007-2009) and CAMS (2010-
2011) databases (Rudawska and Jenniskens 2014). The mean values of the orbital
elements and other parameters of each group were obtained as a weighted arith-
metic mean, where the weight was determined by (1 — D?/D?) (Welch 2001).

The results obtained from this procedure are given in Table 1 and Table 2. Table 1
contains 22 showers for which the identification was certain, i.e. the parameters of
which agree well with those from the IAU MDC list. Another 18 showers, for which
the comparison showed quite considerable differences in some parameters, and thus
making their identification questionable, are shown in Table 2. For instance, the dif-
ference in solar longitude or right ascension of radiant position reaches 10°, while
the difference in eccentricities and perihelion distances, probably due to their high
geocentric velocity, is greater than 0.1. In the EDMOND database (as of August
2013) we could not identify 25 pro tempore meteor showers. The reason is either
the number of orbits in the particular showers was insufficient (less than 5) or
the differences between some of the compared parameters were too big (larger than
in Table 2).

A few low inclined meteor showers (#449, #467, #473, #4775, #476, #478)
seem to be represented as separate branches, where one (or both) of the branch
includes from 1 to 3 members. However, as the amount of meteors in the Northern
and/or Southern branch is small (<5), and there is no evident splitting, in those
cases we considered such shower as one meteor shower. Therefore, we added (or
subtracted) 180 degrees to the angular elements (w, 2) of the smaller branch, and
then the weighted mean of w and Q) of the shower was calculated.
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Table 1. Mean values of the parameters: solar longitude (Lg), radiant position
(RA, Dc)a20oo, geocentric velocity (Vy), orbital elements and (D) — Southworth-Hawkins
criterion of reliably identified pro tempore showers from the IAU MDC in the database
EDMOND. N — number of meteors. In the second line of each shower, there are standard

deviations.
Shower Ls RA Dec Vy q [AU] e w [°] Q [°] i [°] N Dsp
448 AAL  14.4 219.7 -13.0 37.70 0.097 0.945 329.6 14.4 6.7 8 0.05
6.0 3.2 1.6 2.35 0.028 0.025 5.4 6.0 3.5 0.04
449 ABS 7.3 166.5 5.5 14.65 0.844 0.658 52.4 187.3 0.7 5 0.04
5.1 2.4 2.7 0.82 0.023 0.050 4.6 5.1 0.8 0.04
456 MPS 61.7 243.7 -10.5 24.63 0.541 0.790 273.2 61.7 9.0 26 0.05
4.4 2.9 1.4 1.12 0.040 0.025 4.8 4.4 1.2 0.03
458 JEC  83.0 315.5 33.1 52.11 0.911 0.888 218.7 83.0 95.4 10 0.05
1.9 1.4 1.0 0.80 0.008 0.047 1.4 1.9 1.1 0.03
460 LOP 85.9 257.6 -5.4 19.62 0.722 0.724 251.8 85.9 10.3 27 0.05
3.7 2.2 2.4 1.13 0.037 0.032 5.0 3.7 1.0 0.03
462 JGP 120.5 263.5 13.3 62.31 0.484 0.922 275.2 120.5 149.4 12 0.06
3.5 161.1 1.1 0.57 0.040 0.034 4.2 3.5 1.7 0.03
463 JRH 125.8 265.9 36.2 14.18 0.982 0.553 204.5 125.8 19.7 8 0.05
5.2 2.8 2.3 0.97 0.012 0.046 5.4 5.2 1.5 0.03
465 AXC 136.1 4.7 48.9 54.72 0.898 0.843 221.4 136.1 104.2 14 0.06
2.1 3.0 1.3 0.63 0.015 0.049 2.7 2.1 1.2 0.03
466 AOC 136.8 29.0 0.9 65.84 0.696 0.901 70.2 316.8 159.8 6 0.05
4.5 3.5 2.1 0.56 0.025 0.048 2.9 4.5 3.6 0.05
467 ANA 139.5 318.1 -12.2 21.35 0.612 0.752 265.6 139.5 2.6 23 0.06
3.2 2.1 2.1 1.39 0.037 0.037 4.2 3.2 1.6 0.03
474 ABA 147.9 301.3 4.5 15.07 0.860 0.676 230.9 147.9 10.1 11 0.05
6.6 1.9 2.4 1.49 0.041 0.053 7.4 6.6 1.0 0.03
477 SRP 177.1 345.9 5.1 18.41 0.699 0.699 254.8 177.1 5.8 15 0.06
4.2 1.8 2.0 1.51 0.046 0.043 6.6 4.1 1.1 0.03
478 STC 170.7 315.3 -13.3 10.19 0.927 0.561 218.3 170.7 1.1 6 0.05
8.1 1.9 3.5 1.17 0.024 0.041 6.6 8.1 0.9 0.03
479 SOO 185.7 80.4 10.6 66.87 0.792 0.876 56.5 5.7 156.5 20 0.07
3.1 2.2 1.6 0.69 0.031 0.049 4.6 3.1 2.9 0.03
480 TCA 204.1 135.1 29.2 67.31 0.808 0.839 125.9 204.1 158.0 18 0.06
3.5 3.1 1.2 0.52 0.023 0.044 3.8 3.5 2.2 0.03
497 DAB 261.8 210.6 22.9 59.47 0.690 0.967 113.1 261.8 113.6 5 0.03
0.7 1.1 1.2 0.31 0.025 0.021 3.3 0.7 0.5 0.05
500 JPV 288.2 221.9 1.2 65.05 0.657 0.866 106.6 288.2 146.5 8 0.05
3.4 2.4 1.4 0.92 0.028 0.056 3.1 3.4 2.6 0.04
502 DRV 253.2 185.1 12.3 68.18 0.776 0.920 123.8 253.2 154.8 7 0.05
4.0 3.2 1.7 0.82 0.024 0.051 4.1 4.0 2.6 0.04
508 TPI 146.5 351.5 4.0 38.01 0.102 0.951 328.0 146.5 21.1 143 0.06
4.7 3.3 2.0 1.49 0.021 0.014 3.9 4.7 3.0 0.03
529 EHY 258.2 134.1 2.4 61.72 0.362 0.951 107.4 78.2 143.0 18 0.07
3.1 2.6 1.0 0.97 0.029 0.031 4.0 3.1 1.8 0.03
530 ECV 304.9 193.9 -18.6 67.39 0.790 0.813 56.0 124.9 157.9 6 0.05
3.7 3.2 1.7 0.49 0.038 0.026 5.8 3.7 3.9 0.04
546 FTC 144.1 30.2 67.4 52.20 1.009 0.868 173.0 144.1 95.4 14 0.06
2.8 4.3 1.5 1.10 0.002 0.058 2.3 2.8 2.2 0.04
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Table 2. Mean values of the parameters: solar longitude (Lg), radiant position
(RA, Dc)a20oo, geocentric velocity (Vy), orbital elements and (D) — Southworth-Hawkins
criterion of questionably identified pro tempore showers from the TAU MDC in
the database EDMOND. N — number of meteors. In the second line of each shower,
there are standard deviations.

Shower Ls RA Dec Vy q [AU] e w [°] Q] i [°] N Dsu

451 CAM  40.6 182.7 83.2 13.02 1.000 0.517 167.9 40.6 19.0 4 0.04
+ 5.8 7.8 2.6 0.69 0.003 0.033 3.5 5.8 1.2 0.04

464 KLY 125.9 276.3 34.8 18.61 0.945 0.695 213.6 125.9 25.1 6 0.06
6.8 2.2 1.9 1.32 0.018 0.043 4.3 6.8 1.5 0.04

468 AAH 136.3 267.8 20.6 12.47 0.977 0.631 204.4 136.3 13.5 7 0.05
7.4 2.6 2.2 1.05 0.013 0.047 5.4 7.4 1.2 0.04

470 AMD 144.4 254.8 58.2 18.98 1.012 0.631 178.4 144.4 29.5 17 0.07
4.2 4.2 2.6 1.12 0.002 0.041 3.6 4.2 2.0 0.03

471 ABC 137.8 306.3 -12.5 16.95 0.752 0.676 248.9 137.8 3.4 9 0.05
3.8 2.2 2.4 1.42 0.035 0.043 4.6 3.8 1.5 0.03

472 ATA 143.8 310.3 -1.8 18.66 0.742 0.735 248.3 143.8 8.8 10 0.06
6.3 1.9 3.6 1.29 0.046 0.044 7.1 6.3 1.5 0.04

473 LAQ 145.3 341.0 -5.1 31.12 0.279 0.881 303.2 145.3 4.1 20 0.07
2.8 2.4 1.8 1.09 0.026 0.023 3.8 2.8 2.4 0.04

475 SAQ 157.1 330.6 -10.7 21.02 0.669 0.810 255.7 157.1 0.8 8 0.06
4.0 1.6 1.4 1.22 0.033 0.060 5.1 4.0 0.7 0.05

476 ICE 175.5 4.6 -0.7 26.23 0.419 0.811 107.7 355.5 2.6 21 0.07

5.0 2.9 2.1 1.39 0.043 0.032 5.7 5.0 1.7 0.03

481 OML 219.7 148.5 29.1 67.13 0.892 0.793 140.7 219.7 152.1 6 0.06
3.7 3.2 1.7 1.00 0.024 0.048 5.2 3.7 2.6 0.04

484 TOA 233.6 28.5 15.6 14.51 0.824 0.677 233.9 233.6 1.5 5 0.05

4.5 1.7 2.5 1.34 0.037 0.038 6.2 4.5 1.0 0.05

499 DDL 277.4 169.5 26.6 63.06 0.536 0.955 266.1 277.4 135.3 62 0.06
2.8 2.5 1.4 0.85 0.022 0.044 3.0 2.8 1.6 0.03

531 GAQ 49.8 305.8 14.1 60.78 0.980 0.781 201.2 49.8 123.3 6 0.04
2.7 1.9 0.5 0.30 0.012 0.048 3.7 2.7 0.9 0.04

533 JXA 112.6 35.0 9.2 68.85 0.863 0.939 313.8 292.6 171.8 19 0.06

6.6 4.7 2.0 0.55 0.038 0.032 6.5 6.6 2.3 0.03

537 KAU 207.4 90.7 32.0 64.98 0.483 0.965 272.9 207.4 160.4 10 0.06
4.6 4.4 1.1 1.01 0.045 0.040 5.6 4.6 2.5 0.04

538 FFA 215.1 50.9 30.2 38.12 0.187 0.957 311.3 215.1 24.1 5 0.05

5.8 4.8 2.7 1.87 0.021 0.029 4.0 5.8 3.3 0.05

545 KCA 156.4 8.6 49.4 51.36 0.685 0.925 250.7 156.4 93.6 4 0.05
1.9 2.5 1.4 0.94 0.019 0.049 2.0 1.9 1.3 0.04

547 KAP 137.6 43.9 45.6 63.53 0.976 0.852 157.0 137.6 132.0 11 0.06
2.1 2.6 1.4 0.50 0.009 0.040 3.0 2.1 2.2 0.03

4. Conclusions

In the work, the European viDeo MeteOr Network Database (EDMOND) is in-
troduced. Its 4th version contains 83369 video meteor orbits. The Database was
created thanks to the broad international cooperation of several European national
networks and the International Meteor Organization Video Meteor Network, with
the aim of connecting observers within a wide area. This has made it possible to
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combine those observations which otherwise would have stayed as single-station
data.

We expect to use this expanding database, particularly to study minor streams.
The first results are here presented. Using the radiant-V, method we identified 267
meteor showers of the TAU MDC, where 67 of them are established showers and
200 are showers from the working list.

Making a more detailed analysis of pro tempore showers from the TAU MDC
working list, we determined their orbital elements, radiant positions, geocentric
velocities and solar longitudes. The results were divided into two groups, based on
a comparison of the mean values with those available in the IAU MDC. Table 1
contains 22 showers of the 65 pro tempore showers in the working list of the TAU
MDC (August 2013), identification of which was clear and reliable. Identification
of 18 meteor showers listed in Table 2 is questionable, as some their parameters
differ considerably from those at the TAU MDC.

This work showed that the EDMOND database is able to provide relevant data
convenient for the confirmation of meteor showers from the working list of the TAU
MDC, which can improve their orbital and geophysical parameters.
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Abstract. Meteors belonging to the ecliptical showers enter the Earth’s atmosphere from
several directions, (i) of solar apex, (ii) toward the Sun, i.e. helion, and (iii) outward from
the Sun, i.e. antihelion. Other particular sources of meteors, the northern and southern
toroidal, are situated far from the ecliptic. The latter were suspected not to be real.
By studying the meteoroid complex of comet 96P/Machholz, we found that the toroidal
sources are real, but also that they can be a part of meteor complex composed of both
ecliptical and toroidal showers, originating from a single parent body. In contrast, an iden-
tical ecliptic-toroidal structure can have a more than one parent body. Details about
the structure of 96P (and, possibly, also asteroid 2003 EH1) are presented here.

Keywords: meteoroid streams, ecliptical showers, toroidal showers, ecliptic-toroidal struc-
ture, parent body, comet 96P /Machholz, asteroid 2003 EH1

1. Introduction

The small bodies in the Solar System on orbits with perihelion within the snow line
usually produce small meteoroid particles around their orbit. If the orbit of a body
releasing the particles passes closely the Earth’s orbit, some of these particles collide
with the Earth’s atmosphere and an observable meteor shower is produced.

If the entire orbit of the parent body is far from that of the Earth, no shower
is usually observed. However, the orbits of some bodies can exhibit a large libra-
tion, usually due to strong gravitational perturbations by Jupiter. The orbits of
associated meteoroids exhibit the librations as well so that they can closely ap-
proach the Earth’s orbit. Therefore meteors can be produced despite the fact, that
the orbit of their parent is far from Earth.

In the case of some specific meteoroid streams, the libration of the orbits can
lead to their multiple approach to the orbit of our planet and, thus, several meteor
showers originating in a single parent body can be observed. The Jupiter-family
comet 96P /Machholz is one such parent body. In this contribution, we describe our
study of the theoretical stream of this comet.

It should be remembered that comet 96P was suggested as the parent body of
the well-known meteor shower Quadrantids by McIntosh (1990). The relationship
between the comet and the shower was studied by several authors (Wu and Williams
1992; Gonczi et al. 1992; Jones and Jones 1993; Froeschlé et al. 1993; Williams and
Collander-Brown 1998). Babadzhanov and Obrubov (1992, 1993) published a more
complex study concerning not only to the relationship between the comet and
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Quadrantids, but other showers as well. These authors described, for the first time,
the qualitative features of the 96P meteor-shower complex.

In 2003, asteroid 196 256 (2003 EH1) was discovered moving around the Sun on
an orbit that is very similar to the mean orbit of Quadrantids. Immediately after
the discovery, it was believed that this asteroid is exclusive parent body of this
meteor shower (Jenniskens, 2004). The relationship between 2003 EH1 and Quad-
rantids was then studied by several authors (Williams et al. 2004; Porub¢an and
Kornos 2005; Ryabova and Nogami 2005; Wiegert and Brown 2005). Babadzhanov
et al. (2008) suggested the generic relationship not only between the asteroid and
Quadrantids, but they claimed that the asteroid could be the parent body of some
other showers. Today, we know that both objects, 96P and 2003 EH1 (Kanuchovd
and Neslusan 2007; Neslusan et al. 2013a; 2013b), can be, from the point of view of
dynamical evolution, the parent bodies of Quadrantids as well as another at least
three (possibly five) real meteor showers.

2. The modeling of a theoretical stream

To model a theoretical stream of a given parent body, we integrate its nominal
orbit backward in time down to a chosen moment of perihelion passage. At per-
ihelion, we assume an ejection of 10000 test particles from the parent’s surface.
The particles represent the meteoroids. Their modeled ejection is assumed to be
random, in all possible directions, and with the ejection velocity equal to 1/1000 of
the parent’s perihelion velocity. Although the real meteoroids escape from the par-
ent body not only at perihelion and with the ejection velocity in a wider range,
whereby a preferred direction of their ejection can occur, our simple method is
sufficient to fill in the whole six-dimensional phase-space of studied orbital ele-
ments with the particles. Of course, the phase-space is not filled immediately after
the modeling. A certain relaxation time is needed to spread the particles around
the entire orbit of the parent. The relaxation time varies with a different ejection
velocity, but it is always much shorter than the minimum period of the dynamical
evolution of the stream, which we are interested in.

After the modeling of the set of test particles, we integrate all them for the period
ranging from the moment of their assumed escape from the parent until the present.
We use the integrator RA15 produced by Everhart (1985) within the software
package MERCURY developed by Chambers (1999). The perturbations of all eight
big planets are included.

When the integration is completed, we select those particles which are moving
on orbits that currently approach within 0.05 AU the Earth’s orbit . The orbits of
these particles are similar to the orbits of meteors of the shower and can, thus, be
used to make the prediction of shower mean parameters. The limit of 0.05 AU is
larger than the Earth’s radius, determining the actual cross section of our planet.
It is a compromise between the relevance of the particles chosen for our prediction
and their number. The actual number of meteoroids in a stream is by many orders
of magnitude higher than we can include in our computations. Having only ~10%
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Figure 1. The evolution of the ascending (dotted blue curve) and descending (solid red
curve) node of the orbit of comet 96P during one period of the libration of its longitude
of ascending node (~8200 years). The Earth’s orbit is illustrated with the circle.

test particles, we must artificially enlarge the Earth’s cross section to obtain at
least a small group of the particles corresponding to a potential shower.

For comet 96P, we model 8 theoretical streams with perihelion passages about
500, 1000, 2000, 2900, 3000, 3100, 3200, and 4000 years before the present.

3. Evolution of orbital nodes

The libration cycle of longitude of ascending node and the argument of perihelion
of the nominal orbit of 96P lasts about 8200 years. During this period, the nodes of
its orbit move toward the Sun and outward from it, whereby they cross the Earth’s
orbit several times. The evolution of the position of the ascending as well as the de-
scending node is shown in Fig. 1.

In principle, there are 8 crossing points of the curves showing the evolution of
the nodes with the Earth’s orbit. However, as seen in the upper region of Fig. 1,
two crossing points of the ascending as well as two points of the descending node
are so close each other that it is practically impossible to distinguish them. So, we
consider only 6 cross-points and, therefore, predict 6 corresponding showers.
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4. The Meteoroid complex of 96P

Detailed information about the predicted showers of the 96P complex was already
published in our earlier paper (Neslusan et al. 2013a). Therefore we only briefly
summarize their basic geophysical and orbital characteristics in Table 1. We predict
six showers of the 96P/Machholz complex. Four of these showers are well-known:
daytime Arietids, Southern and Northern /-Aquariids, and Quadrantids. In ad-
dition, we predicted another two showers to which we refer as ,filament 4” and
,filament 6”. Filament 4, if exists, is the southern branch of the Arietids. Filament
6 occurs to be the southern counterpart of the Quadrantids when the toroidal
structure of the complex is considered (Sect. 5).

5. The ecliptic-toroidal structure

It is known that meteoroids come to the Earth in relatively higher rates from some
specific directions of sky. From the point of view of this circumstance, the show-
ers can be classified as ,,ecliptical” and ,,toroidal”. The meteors of the eclipti-
cal showers come from (i) the direction of the Earth’s apex, (ii) direction toward
the Sun named ,,helion”, and (iii) direction opposite to the Sun named ,,antihelion”.
The toroidal sources of meteors were reported especially from the radar observa-
tions. The mean ecliptic longitude of their radiant is identical to that of the Earth’s
apex and the mean radiant is far from the ecliptic, whereby the (iv) northern and
(v) southern toroidal showers can be observed.

In the case of 96P meteor complex, we predict showers from (ii) to (v) of the above
described types. The distribution of radiants of the Earth-orbit approaching parti-
cles (within 0.05 AU) considered in all 8 models is shown in Fig. 2 in the ecliptical
coordinate frame with the longitude )\, replaced by angle A\, = A\, — (A +270°) to
emplace the Earth’s apex into the origin of the coordinate system. A\g is the solar
longitude in the time of predicted meteor shower (specifically, we consider the mo-
ment when the Earth is in its closest approach to the orbit of a given meteor).
In Fig. 2, we see that the radiants of d-Aquariids N and S, daytime Arietids, and
daytime filament 4 are situated near the ecliptic. Each shower has its northern
and southern branch as well. Therefore we can regard these showers as ecliptical
showers of the 96P complex. In particular, the Arietids and filament 4 belong to
the helion cardinal direction and §-Aquariids N and S to the antihelion cardinal
direction.

Further, we can see that the mean modified longitude, \,, of the radiants of
Quadrantids and filament 6 (Fig. 2) is approximately equal to zero. These showers
can, thus, be classified as the toroidal showers of the complex. The Quadrantids
belong to the northern and filament 6 to the southern toroidal cardinal direction.

For the identification of the predicted showers a search in three databases:
the TAU MDC photographic (Lindblad et al. 2003), video (SonotaCo 2009) and
radio-meteor (Hawkins 1963; Sekanina and Southworth 1975; Lindblad 2003) for
real showers was carried out. The predicted filaments 4 and 6 were not found in
these observational data. The latter can, however, be detected only from the south-
ern hemisphere. In the data considered, there is a relatively small number of mete-



Table 1. The geophysical and orbital characteristics of the theoretically predicted showers of comet 96P/Machholz. Denotation used:
ay and 04 — equatorial coordinates of geocentric radiant, Vy and V;, — geocentric and heliocentric velocity, v — angular distance of mean
geocentric radiant from the Sun in time when the Earth is in the shortest distance from the mean orbit of shower, A — amount of
the particles in the given shower with respect to the total considered number (the summary amount of all eight models), ¢ — perihelion
distance of mean shower orbit, e — its eccentricity, w — argument of perihelion, €2 — longitude of ascending node, and i — inclination to
the ecliptic.

Arietids 0-Aquariids N Quadrantids Filament 4 0-Aquariids S Filament 6
ay [deg] 31.2 ...474 328.5 ... 343.1 224.5 ... 228.2 53.5 ... 56.5 335.3 ... 347.7 87.9 ... 153.6
0g [deg] 16.6 ... 24.6 —8.3 ... =3.2 48.3 ... 50.3 14.4 ... 16.2 —16.5 ... —13.7 —53.6 ... —41.9
V, [kms™!] 37.9 ... 43.9 39.0 ... 44.3 41.7 ... 42.5 44.1 ... 46.0 36.1 ... 43.2 26.1 ... 45.8
Vi [kmsfl] 35.5 ... 39.1 36.0 ... 38.7 38.9 ... 39.0 37.3 ... 39.6 37.8 ... 38.2 39.3 ... 40.2
~ [deg] 28.6 ... 32.3 144.1 ... 151.3 85.8 ... 88.7 314 ... 34.6 149.0 ... 158.4 90.2 ... 115.5
A %) 2.53 0.05 0.49 0.06 2.04 0.34
q [AU] 0.043 ... 0.151 0.014 ... 0.035 0.960 ... 0.977 0.014 ... 0.036 0.043 ... 0.188 0.897 .... 0.981
e [1] 0.960 ... 0.986 0.974 ... 0.995 0.682 ... 0.688 0.989 ... 0.995 0.950 ... 0.986 0.715 ... 0.810
w [deg] 18.1 ... 37.0 339.8 ... 349.2 170.7 ... 178.2 191.8 ... 200.3 136.6 ... 157.7 —0.7 .... 349
Q [deg] 60.9 ... 86.1 106.5 ... 132.8 281.6 ... 282.7 265.7 ... 272.7 301.4 ... 320.5 85.1 ... 97.8
i [deg] 9.7 ... 33.7 21.8 ... 45.5 72.9 ...74.5 24.3 ... 36.0 18.2 ... 28.6 37.9 ... 81.2

xo[dw0d 10990W 9} JO 9INJONIYS [BPIoI0}-013dI[dr]
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Figure 2. The distribution of radiants of the particles in eight considered models of
the theoretical streams of comets 96P/Machholz, which approach, in their orbits, to
the Earth’s orbit within 0.05 AU. The distribution is shown in the Hammer projection
of the ecliptical coordinate frame with modified longitude to emplace the Earth’s apex
into the origin of the coordinate system. The abbreviations refer to: DAN and DAS -
0-Aquariids N and S, QUA — Quadrantids, ARI — Arietids, and fil.4 and fil.6 — theoretical
filaments 4 and 6 (see Sect. 4).

ors, therefore the corresponding real shower can still exist but not be evidenced in
the data. Filament 4 corresponds to a daytime shower with an extremely short per-
ihelion distance. Also this shower still can be discovered in a larger, more abundant,
radio data. {

We note that an almost identical ecliptic-toroidal structure was recently identi-
fied for the meteoroid complex of asteroid 196 256, also known by its preliminary
designation 2003 EH1 (Neslusan et al. 2013b). The orbit of this asteroid is situ-
ated in the same orbital phase space as that of comet 96P (e.g. Kanuchovéd and
Neslusan 2007). Both orbits are shifted in phase about two millennia (McIntosh,
1990), therefore they seem to be very different at the present. The meteoroids of

1 In some presentations at this conference, the authors (Bruzzone et al. 2013, Brown et
al. 2013; Campbell-Brown et al. 2013) mentioned the observations conducted by the Cana-
dian Meteor Orbit Radar. In the figures of the radiant distribution of detected meteors,
a clear accumulation of radiants corresponding to a southern branch of Arietids can ac-
tually be seen. This accumulation is a good candidate for the real shower predicted by us
as filament 4.
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the streams of both parent bodies, 96P and 2003 EH1, spread over the whole or-
bital phase space after a period, therefore the structure of the 96P and 2003 EH1
streams is, practically, the same. Only the models for the shortest evolutionary
periods (for the release of meteoroids during the perihelion passage 500 and 1000
years in the past) give different pictures. While the early model of 96P stream pre-
dicts the occurrence of Arietids, that of 2003 EH1 stream predicts the occurrence
of Quadrantids in the first stage of the evolution of streams.

6. Conclusions

The meteoroid-shower complex of comet 96P /Machholz has an interesting structure
consisting of six showers with the radiants distributed on the sky symmetrically
with respect to the Earth’s apex. Four showers of the complex, §-Aquariids N and S,
daytime Arietids, and theoretical filament 4, which can be regarded as the southern
branch of Arietids, represent the ecliptical showers of the complex. However, it is
interesting not only that a single parent body can be associated with more than
a single (or two) shower(s), but it can associate the showers of two kinds, ecliptical
and toroidal.

The case of the 96P complex shows that the toroidal showers are ordinary show-
ers, which can be, moreover, related to the ecliptical showers. The toroidal showers
of the 96P complex are the Quadrantids and theoretical filament 6 with the mean
radiant in the southern sky.

Finally, the orbit of asteroid 196 256 (2003 EH1) is situated in the same phase
space as the orbit of comet 96P and can, thus, be another parent body of the com-
plex as meanwhile demonstrated by Babadzhanov et al. (2008), Neslusan et al.
(2013b). There can exist not only multiple showers of a single parent body, but
the multiple showers of multiple parent bodies as well.
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Prediction of meteor shower
of comet 161P /2004 V2
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! Astronomical Institute, Slovak Academy of Sciences, 05960 Tatranska Lomnica, Slovakia
(dtomko@ta3.sk, ne@ta3.sk)

Abstract. We deal with theoretical meteoroid stream of Halley-type comet 161P /2004
V2. For two perihelion passages in the far past, we model the stream and follow its
dynamical evolution until the present. We predict the characteristics of potential meteor
showers according to the dynamical properties of artificial particles currently approaching
the orbit of the Earth. Our dynamical study reveals that the comet 161P /2004 V2 could
have an associated Earth-observable meteor shower, although no significant number of
artificial particles are identified with real, photographic, video, or radar meteors. However,
the mean radiant of the shower is predicted on the southern sky (its declination is about
—23°) where a relatively low number of real meteors has been detected and, therefore,
recorded in the databases used. The shower of 161P has a compact radiant area and

a relatively large geocentric velocity of ~53kms™?!.

Keywords: meteoroid streams, meteors, parent body, comet 161P /2004 V2

1. Introduction

The major meteor showers observed in the Earth’s atmosphere are caused by
the Earth impacting particles which originated from larger parent bodies. A pre-
vailing part of these parents are comets.

If the entire orbit of comet is situated in a large distance from the orbit of our
planet, the particles of the stream usually do not collide with its atmosphere,
hence a detection of the stream is almost impossible in this case. In some Earth-
orbit-distant streams, the gravitational perturbations of major planets as well as
non-gravitational effects can however deflect a significant number of particles from
the corridor around the parent body orbit, into an alternative corridor crossing
the Earth’s orbit. Thus, some cometary or asteroidal objects in distant orbits can
still have associated a stream colliding with the Earth’s atmosphere.

A Halley type comet 161P /2004 V2 (Hartley-IRAS) was discovered by M. Hartley
(U.K. Schmidt Telescope Unit, Australia). He found the trail of a comet on a pho-
tographic plate exposed on November 4th, 1983 (Kronk, http://cometography.
com/pcomets/161p.html). He estimated the magnitude as 15. Before a confir-
mation plate could be obtained, J. Davies and S. Green (University of Leicester,
England) reported on November 11th that the Infrared Astronomy Satellite had
imaged a comet on November 10.35 UTC. They estimated the magnitude as 15.5.
This comet appeared to be identical to that found by Hartley. It is the Halley-type
comet with orbital period of 21.5 years. At the present, the orbit of 161P does not
approach the Earth’s orbit closer than ~0.4 AU.

243
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2. Modelling of the Stream Dynamics

To study the orbital evolution of test particles in the modelled stream, we follow
the procedure suggested by Neslusan (1999). After some improvements in the con-
text of our study, the procedure consists of the following steps.

1. The integration of motion of the parent body backward in time. The inte-
gration periods are 200P, and 500F, for this comet (P, = 21.5 years). The initial
orbital elements are taken from the Catalogue of Cometary Orbits, 16th edition
(Marsden and Williams 2005). We consider the gravitational perturbations of 8
planets, Mercury to Neptune. Their initial position and velocity vectors are taken
from the Astronomical Almanac for year 2004 (2002). Integrator RA15 developed
by Everhart (1985) within the MERCURY package (Chambers 1999) is used to
perform the numerical integration.

2. Modelling the theoretical stream in each moment of parent perihelion passage
reached at the previous step. Specifically, we generate orbits of 10,000 test particles.
These particles are assumed to be ejected from the parent-body surface uniformly
to all directions with the unique ejection velocity equal to 1/1000 perihelion velocity
of parent body.

3. Numerical integration of the stream particles from the moment of their as-
sumed ejection (in step (2)) until the present. Integrator RA15 within the MER-
CURY package is again used. The final characteristics of 8 perturbing planets and
the parent body in the integration in step (1) are taken as initial in this step. Since
we aim to predict new streams, we do not consider any non-gravitational effects.
We assume that an including of these effects characterized with the entire ranges
of possible free parameters would only enlarge the dispersion of predicted stream
characteristics.

4. The analysis of main evolutionary features of the theoretical stream.

5. The selection of the test particles approaching the present Earth orbit closer
than 0.05 AU. Selected particles are regarded as the part of the stream colliding
with the Earth and, thus, causing an eventual meteor shower.

6. The analysis of the dynamical evolution of the Earth-orbit approaching small
part of the modelled stream (EAPS) and, if there are enough particles, prediction
of the characteristics of an eventual meteor shower associated with the studied
parent body.

7. The identification of the Earth-orbit approaching particles with the ac-
tually observed meteors. The photographic al TAU MDC (Lindblad et al. 2003),
radio-meteor (Hawkins, 1963; Sekanina and Southworth 1975; Lindblad, 2003), and
the SonotaCo video-meteor (SonotaCo 2009) databases are used at this identifica-
tion.

3. The Predicted Stream

Since an occurrence of an Earth-surface-observable meteor shower is often related to
a close passage of the parent body around the Earth’s orbit, we show the evolution
of the minimum distance between the orbit of comet and the Earth’s orbit, in
Figure 1. The upper limit of this minimum distance in the case of well-known
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Figure 1. Evolution of the minimum orbital intersection distance (MOID) between the or-
bits of comet 161P and Earth during the last 5 millennia.

major meteor showers is ~0.15 AU (the orbital arc of 1P /Halley associated with
the Orionids). Typically, the distance is several hundredths of astronomical unit.
As one can see on Figure 1, the orbit of comet 161P has been far from the Earth’s
orbit during the last 5,000 years.

The stream associated with this comet is modelled for times of 200 P, and 500 P,,
i.e. about 4,300 and 10, 750 years before the present. The orbital as well as geo-
physical characteristics of seven particles of the EAPS appear to be too different
from the mean characteristics of the EAPS, and therefore although they pass within
0.05 AU of the Earths orbit, we do not regard them as members of the found shower.
The EAPS consists of 729 particles in total.

The predicted geophysical parameters of 161P shower are given in Table 1. In
Table 2 we list the mean orbital characteristics, and their dispersion (characterized
by standard deviation) of the particles released from comet which are on the col-
lision course with the Earth. The positions of radiants of the modelled particles
are illustrated in Figure 2. In this figure, the radiants of a few not-shower particles
are also shown (with squares). The radiant area of 161P shower associated with
the stream modelled for time 200 P, before the present is almost the same as that
associated with the stream modelled for time 500 P, before the present.

The daily motion of radiant can be useful during comparison of observed meteors
with the predicted shower. Variations of the radiant coordinates of the predicted
161P shower with solar longitude are displayed in Figure 3. If the shower is relatively
young, its period activity can be short, lasting only a few days. For the shower
related to the stream modelled in 200 P, before the present (crosses in Figure 3),
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Table 1. Geophysical characteristics of the predicted meteor shower associated with
comet 161P. Denotation used: t.,o — the period for which the orbital evolution is fol-
lowed (the theoretical stream was modelled before this time), taer — period of the activity
of shower during a year, <A> —mean ecliptical longitude of the Sun at the moment of
collision of shower particles with the Earth, ay a 4 — equatorial coordinates of geocentric
radiant, V4 a Vj, — geocentric and heliocentric velocity, v — angular distance of the radiant
from the Sun in time corresponding to the mean longitude. Time tc,0; is given as the mul-
tiple of the catalogue orbital period of the parent comet, P,, the angular quantities are
given in degrees, and velocities in kms™".

tevol tact <)\@> Qg 69 Vg Vh Y
200 Sep. 23.5 — Sep. 26.0 181.48 76.2 —234 53.1 40.6 103.6
500 Sep. 21.1 — Oct. 5.1 183.18 78.2 —22.5 53.6 40.6 103.0

the activity corresponds to 180° < Ay < 182°. It is interesting that the shower
of 161P is compact despite the fact that the minimum distance between the 161P
orbit and the Earths orbit was large, ~1.8 AU, 4300 years before the present (see
Figure 1).

+90°

180° — - 270° o° 90° 180°

Figure 2. The Hammer-Aitoff diagram of the radiants in the equatorial referen-
ce frame. The crosses (small bullets) correspond to the particles for which
the MOID < 0.05 AU.The radiants of few particles with the characteristics largely differ-
ent from the mean characteristics of the shower are shown with squares. The sinusoid-like
curve illustrates the ecliptic.
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Figure 3. Dependence of the equatorial coordinates of theoretical radiants on the solar
longitude in the case of predicted shower from comet 161P /2004 V2. Left panel for right
ascension, right panel for declination. All quantities are given in degrees. The radiants
of shower corresponding to the stream modelled in time 200 P, (500 P,) are shown with
crosses (small bullets).

The geocentric velocity of the predicted shower is relatively high, from ~53 to
~54kms~!. Consequently, a well-seen light effect can be expected at the meteor
events. The shower should be quite well observable, if actually exists.

Our cluster analysis among the theoretical particles and the real meteors taken
from the used databases gave no positive result. In all three considered databases
(Lindblad et al., 2003; Hawkins 1963; Sekanina & Southworth 1975; Lindblad 2003;
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Table 2. Mean orbital characteristics with their standard deviation of the predicted
meteor showers associated with the parent body considered. Denotation: te,or — as in
Table 1, ¢ — perihelion distance, a — semi-major axis, e — eccentricity, w — argument of
perihelion, © — longitude of ascending node, i — inclination to the ecliptic. Quantities
q and a are given in astronomical units and angular quantities in degrees.

tevol q a e w Q 7

200  0.90+0.02 7.6£0.4 0.882+0.007 39.9£1.3 1.5 £0.4 97.5+2.2
500  0.89+£0.02 7.3£0.8 0.8840.02 38.9£1.8 3.2+3.1 99.0+4.5

SonotaCo 2009) we have found only a few orbits for which Dgpy -discriminant
(Southworth and Hawkins, 1963) was reasonable low. To separate the shower from
the database, we use method of ”break point” (Neslusan et al. 1995; Neslusan et al.
2013). No break point was however seen on the plot — identified number vs. critical
Dgp -discriminant dependence.

The mean characteristics of the modelled shower cannot be either related to any
real shower published by Brown et al. 2010; Jenniskens 1994, 2006; SonotaCo 2009,
or listed in the TAU MDC database (see Jopek and Jenniskens 2011; Jopek and
Kanuchova 2014).

4. Conclusions

Comet 161P /2004 V2 could have produced the Earth-observable meteor shower. In
this study no significant number of the modelled particles has been identified with
the real, photographic, video, or radar meteors. However, the theoretical radiants
of the shower is located on southern sky (declination of mean radiant about —23°)
where a relatively low number of meteors has been detected and therefore was
recorded in the available databases. The question on the existence of this predicted
shower still remains opened.
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Abstract. A meteor stream search that uses all the known near-Earth objects (NEOSs)
as parent bodies, with their individual orbital elements as the starting point, has found
statistically significant associations when applied to video meteor data bases. By using
the combined CMN-SonotaCo data sets containing 133,652 video meteor orbits, 30 comets
were associated with meteor showers of which only 23 were previously listed in the IAU
MDC data base. Additionally, 43 asteroids with inclinations over 15 degrees may be asso-
ciated to streams containing ten or more meteor orbits, each possibly representing a new
meteor shower. Lastly, by using a modified search that compared the orbital similarity
of each meteor to all other video meteors in the data base, 1093 groupings with more
than ten meteors were found that may be indicative of several new minor showers. Of
those groups, 6 new showers were found to be potentially associated to a parent body.
Several dozen additional groups are planned for publication and submittal to the IAU for
their consideration as newly discovered streams. Altogether 56,486 (42%) of the meteors
in the combined video meteor data base are in one of the meteor stream groupings found,
while the rest are likely sporadics. Further analysis is needed to prove that the groupings
found are indeed minor showers.

Keywords: meteor showers, meteoroids, parent body search, video meteor observations

1. Introduction

The ongoing collection of multi-station video meteor orbits through 2013 had
reached a point of statistical significance, such that it was time to revisit the search
for new minor meteor streams as well as stream associations to potential new parent
body candidates. Past searches for new meteor streams within orbital data bases
can be found in Lindblad (1971a); Jopek et al. (2003); Svoren et al. (2000) using
photographic orbits, in Sekanina (1976) using radio meteors, and in Greaves (2000)
using video derived orbits. In addition, many papers have also been published con-
cerning the connections between meteor streams and either near-Earth asteroids
or comets in Drummond (1981); Hasegawa et al. (1992); Jopek et al. (2002); Jopek
(2011); Jopek and Williams (2013). Based on these and other previous successes,
this work was initiated to re-examine minor meteor streams by utilizing a large
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combined data base of video meteor orbits. The analysis was started by identifying
a 7seed” orbit to form the basis of a collection of associated meteors in Keplerian
space. The definition of the seed orbit distinguishes the sections of this paper as
follows. Section 2 concerns cometary associations to meteor streams using each in-
dividual comet’s orbital parameters as a seed orbit, section 3 is similar in nature but
starting with near-Earth asteroids (NEAs) as the seed orbits for the search, while
section 4 involves a twist on past searches in that it treats each individual meteor
as a seed orbit to look for associations amongst its neighbors and thereby find new
and existing minor streams. Section 5 ends the paper with a brief summary of the
findings.

Several data components are utilized in searches of this nature. For the near-
Earth objects the latest complete set of orbital elements for both comets and NEAs
were downloaded from the JPL small-body data base search engine JPL (2013)
which contained 3205 comets and 8824 asteroids. These would provide the seed or-
bits for parent-body/meteor-stream associations. Clearly a statistically good sam-
ple of meteors is beneficial for this type of study, which was in the form of multi-
station triangulated video meteor orbits. Since 2007, two independent video meteor
camera networks have been monitoring the skies over Japan and Croatia, the Sono-
taCo Meteor Network and Croatian Meteor Network (CMN) respectively. As a re-
sult of five years of collection, their combined catalogues contain over one hundred
thirty thousand meteoroid orbits comprised of 114,280 meteors from the SonotaCo
data base and 19,372 meteors published by the CMN;, spanning the years 2007-2011.
References to the data bases can be found in SonotaCo (2009), SonotaCo (2013),
Segon et al. (2012), Korlevi¢ et al. (2013), and CMN (2013). Note that the video
derived orbits fall between radar and photographic measurement accuracies, with
the video’s advantage being both a large statistical sample set to work from and
possessing good quality Keplerian elements.

The processing approach breaks somewhat from the search methodologies em-
ployed in the past, particularly for the individual meteor based seed orbit. Previ-
ous studies have often relied on a ”single meteor linking technique” dating back to
Southworth and Hawkins (1963) and Lindblad (1971a). They begin with a meteor
orbit and chain together orbitally similar meteors by treating the pairings indepen-
dently. This was recognized as potentially suffering from long linked chains where
meteors at either end of the chain, can end up being unrelated in their orbital
parameters. Thus, tight orbital similarity criteria were applied to minimize this
risk. Also in the past, the concept of starting from a single meteor and performing
orbital similarity comparisons within a large data base, was considered too compu-
tationally burdensome for computer processing systems. This is no longer the case
as the total computational time for this study amounted to just a few hours and
the entire data base fit easily within modern day computer memory. It is a given
that a large portion of the meteors in the analyzed data bases are in fact sporadics,
but the authors recognized that a significant fraction of meteors are actually mem-
bers of a stream and as such, they have neighbors within such a large data base
to help form the initial mean orbit of a minor stream. Furthermore a search along
the daily drift of the orbital elements in time is included to track the stream across
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its entire activity period. The assumption is that each and every meteor orbit in
the data base could be a potential seed orbit of a minor shower grouping and thus
all should be checked for clustering.

A boot-strapping technique was employed that starts with either a single meteor
orbit or a near-Earth object orbit as a starting seed. The process first finds meteors
with nearly equivalent orbital parameters by applying the usual similarity criteria
(described later) and grouping those meteors into a single mean orbit using arith-
metic averaging. The new mean orbit is run against the entire meteor data base
again and the process is repeated until an unchangeable set of meteors has been
found. A converged mean orbital parameter set is calculated along with a mean
solar longitude which is close in time to the peak flux.

The second phase takes the newly found mean meteoroid orbit near the time of
peak flux, and searches outwards through the data base in solar longitude shifting
by one degree wide bins. So for one day ahead, all meteors are D-criteria tested
against the converged mean orbit that only fall within the next day’s one degree
solar longitude bin after the peak. Meteors meeting both the D-criteria and so-
lar longitude bin constraints are averaged, forming a new mean orbit for the day
after peak. The search continues by advancing another degree in solar longitude,
again finding all meteors meeting the D-criteria constraint relative to the mean
orbit of the day before, as well as falling within the one degree solar longitude bin
width. This process continues stepping forward in time until the meteor counts in
a one degree solar longitude bin falls below two. Then the same process is repeated
starting at the time of peak flux and instead working backwards in time, one solar
longitude bin at a time. No meteors are mixed in the mean orbits obtained per
day since they are segregated by solar longitude bins of one degree width. This
approach permits the association of meteors over a long activity profile to a com-
mon stream, and thus accounts for changes occurring in a stream’s orbital elements
over time. The advantage of the technique is that it adds meteors to a group that
the similarity criteria may have rejected if only a single mean orbit was used to
characterize the stream over its entire activity period.

Three orbital similarity criteria were used in tandem to provide a more robust
level of restriction, such that meteors must meet all three thresholds to be grouped
together. The classic D-criteria developed by Southworth and Hawkins (1963), and
later updated by Drummond (1991) and Jopek (1993), were applied to each inde-
pendent parent body orbit, meteor orbit, or mean orbit when compared against ev-
ery available meteor orbit from the video data base, using thresholds of Dgg < 0.15,
Dp < 0.075, and Dy < 0.15 respectively. These threshold values were selected
based on suggestions in papers by various authors such as Lindblad (1971a), Lind-
blad (1971Db), Jenniskens (2006), as well as others. The same threshold levels are
used in all the processing, unless stated otherwise.

2. Cometary associations to meteor streams

In the first phase of the study, associations between cometary objects and meteor
streams were investigated by starting with a comet as the parent body seed orbit,
and candidate meteor orbits were extracted from the video data base by fulfilling
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the three D-criteria simultaneously. From the resulting list of meteor groupings,
when the initial meteor count in a group was higher than ten, the process con-
tinued with a search for a possible meteor shower as described previously. For
each significant meteor grouping, the resulting orbital parameters, activity period,
radiant drift, and other shower characteristics were recorded per degree of solar
longitude, and then compared with the orbital parameters of known meteor show-
ers from the TAU MDC database (see Jopek and Jenniskens (2011), Jopek and
Kanuchova (2014)). It is important to note that in some cases, this iterative pro-

Table 1. The list of comets associated to meteor showers as found by the search described
in this paper. The number of meteor orbits associated with the particular comet satistying
Dgsu < 0.15 criteria is given in the column ”Meteors”. Possible new showers found based

on this analysis are labeled with a ”*”. Known showers potentially associated with a parent
body are labeled with a ”**”.
Comet  Meteors Shower
109P /Swift-Tuttle 5881 Perseids
55P /Tempel-Tuttle 140 Leonids
1P /Halley 998 Orionids,n Aquariids
C/1917F1(Mellish) 327 December Monocerotids
C/1861G1(Thatcher) 281 April Lyrids
8P /Tuttle 202 Ursids
C/1846J1(Brorsen) 110 December o Virginids
3D/Biela 102 Andromedids
C/1771A1(Greatcomet) 86 July Pegasids
C/1739K1 85 Leonis Minorids
C/1987B1(Nishikawa-Takamizawa-Tago) 85 ** ¢ Geminids???
169P /NEAT 74 a Capricornids
C/1979Y1(Bradfield) 74 July Pegasids
C/1911N1(Kiess) 64 Aurigids
45P /Honda-Mrkos-Pajdusakova 56 August § Capricornids
C/1852K1(Chacornac) 53 n Eridanids
C/1964N1(Ikeya) 46 * July € Arietids
C/1983H1(IRAS-Araki-Alcock) 43 n Lyrids
249P /LINEAR 41 not an unique choice
73P /Schwassmann-Wachmann3 38 7 Herculids - not confirmed by this work
255P /Levy 32 * a Cepheids
C/1864N1(Tempel) 31 ** § Piscids
D/1770L1(Lexell) 31 North. p Sagittariids
185P /Petriew 27 not an unique choice
C/1961T1(Seki) 25 December p Virginids?
P/2005JQ5(Catalina) 25 not an unique choice
C/1957U1(Latyshev-Wild-Burnham) 21 * Kk Aurigids
21P /Giacobini-Zinner 19 October Draconids - not found in this search
C/1790A1(Herschel) 18 B Aurigids - not confirmed by this work
C/1853G1(Schweizer) 17 * ~ Aquilids
C/1943W1(vanGent-Peltier-Daimaca) 17 November Hydrids - not found in this search
197P /LINEAR 16 not an unique choice
C/1862N1(Schmidt) 15 ¢ Arietids
C/1975T2(Suzuki-Saigusa-Mori) 15 A Ursae Majorids
C/2012C2(Bruenjes) 15 * 6 Craterids
103P /Hartley2 14 not an unique choice
C/1939H1(Jurlof-Achmarof-Hassel) 14 * 0 Cetids
C/1718B1 12 m Hydrids?
C/1870K1(Winnecke) 12 * 51 Andromedids
C/1948L1(Honda-Bernasconi) 12 * 55 Arietids
209P/LINEAR 11 * May A Draconids
C/1966T1(Rudnicki) S —

222P /LINEAR 10 not an unique choice
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cess did not produce a well converged and iteratively stable set of meteoroid orbits
and therefore the seed comet was excluded as a possible parent body of a meteor
shower. However, the search did find the existing known comet-stream associations
as well as some new findings. Note there was a final check in the process, to ensure
the link between the comet and the single meteors in the resultant meteor grouping
were unique. Thus each individual meteoroid orbit in an alleged stream was com-
pared with all known NEOs up through May 1, 2013, to test for orbital similarity
to a parent object other than the comet under test.

The complete list of established and possible meteor showers associated with
comets found by this search is given in Table 1. As would be expected, the major
meteor showers such as the Orionids, Perseids, Leonids and several minor showers
were connected to their previously known parent comets. In total, 21 comet parent
bodies were reconnected to previously associated meteor streams, which provided
evidence that the search method was functioning properly.

In some cases, the D-criteria distance between the ”final” mean meteor shower
orbit when compared to the cometary ”seed” orbit, differed by more than the se-
lected thresholds for Dgyg, Dp and Dp. But this was likely due to the different
dynamical evolution of both the meteoroid stream and the comet’s orbit and would
require full dynamical modeling of the two, to truly verify the parent-stream asso-
ciations. Considering the fact that the initial comet’s orbital parameters led us to
the meteor shower, does suggest that there is some connection between the comet
and the meteor stream. Meteor showers with discrepant D-criteria distances be-
tween parent and shower (7 Hydrids and December p Virginids) have been labeled
in Table 1 with a question mark after their name to highlight this difference. In ad-
dition, those comet cases where single meteors within the associated meteor shower
grouping possessed orbital similarities to other NEOs, have been noted in the table
as "not an unique choice”, meaning that some other NEO may also be the parent
body of that particular meteor shower.

Two new possible associations were discovered between cometary parent bod-
ies and minor meteor showers currently listed in the TAU MDC working list,
marked by a double asterisk ”**” in Table 1. Those are comet C/1987B1(Nishikawa-
Takamizawa-Tago) potentially tied to the e Geminid meteor shower, as also found
by Olsson-Steel (1987), and C/1864N1(Tempel) potentially connected to the ¢ Pis-
cids.

More significant are possible links between comets and 9 previously unknown
minor meteor showers, noted with a single asterisk ”*” in Table 1. The associations
cover a wide range of orbits including Jupiter family comets, Halley type comets,
very long period comets, as well as comets on parabolic orbits, and span a full
range of inclinations. This indicates that the approach does not suffer seriously
from selection effects within the realm of cometary association, given the limitation
that this is based on meteors sampled strictly at Earth’s orbit.

One example of a new shower found by starting the search from a comet’s
orbital elements is shown in Figure 1, containing plots of the orbits of meteor
stream members and radiant connected to comet C/1853G1(Schweizer). Comet
Schweizer is a long period comet (approximately 780 year period) having a de-
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Figure 1. Meteoroid orbit plot (left) for the new stream members associated with comet
C/1853G1(Schweizer). The comet’s orbit is the black line. The corresponding radiant
plot is given on the right side. The difference in D¢ to the mean shower orbit is coded
with shades of gray where the black end of the scale indicates a high similarity of orbital
elements.

scending node distance from Earth’s orbit of 0.07 AU, which favors the possibility
that we are observing meteors coming from that parent body. Another very inter-
esting discovery are meteors possibly originating from the extremely long period
comet C/1939H1(Jurlof- and Achmarof-Hassel) for which were found two asso-
ciated meteor showers. This comet has nodal crossing distances with respect to
Earth’s orbit of 0.04 AU and 0.07 AU at the ascending and descending nodes
respectively. The two meteor groupings have extremely similar angular orbital pa-
rameters, lending credence to our strong opinion that both meteor showers found
are really connected to this comet. Due to the small number of meteors found in
the search, the second possible meteor shower has not been listed in Table 1.

3. Asteroidal associations to meteor streams

The search for asteroidal connections to meteor streams is more complicated as
indicated by previous studies in this arena by Jopek et al. (2002) and others. First,
there are many more known NEAs than comets which increase the odds of a chance
alignment with a group of meteors. Second, many asteroids have very similar orbits
and have been conjectured to be grouped into families, which could effectively span
a larger subspace in orbital elements and impose a larger D-criteria threshold (at
the moment the existence of families for NEO asteroids is still debated, see for
instance Jopek (2011) and Schunova et al. (2011) for both positive and negative
opinions). Third, there is an issue of the reliability of the D-criteria used above,
due to the existence of large variances in some Keplerian elements arising from low
inclination orbit comparisons - a common attribute of NEAs.

Despite these short-comings, this first look at NEA to video meteor stream asso-
ciation was undertaken in the same way as was done for the study of comets above.
That is, each NEA is taken as a seed orbit to search for similar orbits amongst
the video meteor data base. This resulted in many possible connections when run
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Table 2. The list of asteroids with inclination over 15° associated to meteor showers as
found by the search described in this paper. The number of meteor orbits associated with
the asteroid is given in the column ”Meteors”, representing counts for Dgy < 0.15.

Asteroid Meteors Asteroid Meteors Asteroid Meteors Asteroid Meteors
3200 Phaethon 8250  2005GE59 31 2004SA 25 2003CQ20 19
2011XA3 213 2002LV 31 2001XU 25 2011GE62 19
2010DG77 53 2011SZ15 30 2013FC8 24 2006 TA8 19
2009ST103 47 2009QJ9 30 2013HH19 23 2008GV 19
2000C0O33 44 2009VP44 30 2003BK47 23 2010HZ104 18
2001MG1 44 2013EW27 28 2001WH1 22 200155287 17
2004UE 42 2008EC69 27 2010TK167 21 2007XN 17
2004CL1 40 2009AD16 26 2010QA5 21 2008TB 17
2007LQ19 36 2005JA45 26 2010UG7 20 2004BE68 15
2010JN71 32 2002JY8 26 2008HK 20 2011FQ17 15
2001XQ 32 2008DD 25 2012KU42 20

with the same thresholds of D-criteria used previously. In several cases, the low-
inclination orbits failed to produce a stable, convergent set of meteors. The D-
criteria performance analysis by Galligan (2001), as well as an analysis done by
Porubcan et al. (2004) suggests that for inclinations below 10 degrees, a tighter
threshold should be used (0.09 and 0.12 per cited paper respectively). Asher et al.
(1993) suggests that different D-criteria entirely should be applied for low inclined
orbits such as the Northern and Southern Taurid showers, but for the opposite
reason, to allow a wider spread in longitude of perihelion. In order to avoid erro-
neous NEA to meteor stream associations for the similarity criteria thresholds set
for this study, the search was limited to asteroids with inclinations higher than 15
degrees. The list of asteroids with the number of associated meteors from the video
data base is given in Table 2. As would be expected, the most striking asteroid-to-
meteor shower connection is clearly revealed by this search: the asteroid Phaeton
and the Geminids meteor stream. Besides Phaeton, our search revealed a possible
association between a new meteor shower and asteroid 2001XQ. Since this asteroid
lies on an orbit typical for Jupiter family comets, it could be possible that 2001XQ
is not an ordinary asteroid, but a dormant comet or extinct comet nucleus.

4. Minor showers found within the video meteor data base

The minor meteor shower search through the video meteor data base was based
on the same procedures as used in the NEO search except for two differences.
The meaning of the parent body ”seed” orbit was modified to represent one of
the meteor orbits in the data base rather than an NEQO. This essentially states that
a single meteor itself is a good starting representative of the mean orbit of a stream,
such that given a large data base and comparing every seed meteor to every other
meteor, a significant number of similar orbit meteors will combine to form a mean
orbit in the first pass through the data (modern computer systems make this level
of processing possible on over 130,000 orbits). As before, if the number of meteors
satisfying all three D-criteria thresholds was higher than 10, that seed meteor was
assigned an associated count and stored in a running list. The process continued
evaluating all possible meteors in the data base (each essentially assigned as a seed
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Table 3. The list of showers from the IAU MDC list (as of 1st August 2013) found by
the second search run. The meteors were claimed to be associated to the particular shower
if Dsg < 0.15, Dy < 0.15 and Dp < 0.075 are satisfied simultaneously. The number of

meteor orbits associated with the particular shower is given in the column ”Meteors”.

Code No. Shower Name Meteors Code No. Shower Name Meteors
GEM 4 Geminids 7612 CAN 411 ¢ Andromedids 36
PER 7 Perseids 6289 ACB 429 a Coronae Borealids 35
ORI 8 Orionids 4710 MLE 438 o Leonids 34
LEO 13 Leonids 1119 SSS 168 Southern o Sagittariids 33
QUA 10 Quadrantids 996 AMO 246 a Monocerotids 33
NTA 17 North Taurids 895 NAS 483 November a Sextantids 32
HYD 16 o Hydrids 888 ZCY 40 ¢ Cygnids 29
COM 20 Comae Berenicids 814 LUM 524 A Ursae Majorids 29
STA 2 South Taurids 682 GAQ 531 7 Aquilids 29
ETA 31 n Aquariids 488 NIA 33 North ¢ Aquariids 28
SDA 5 South § Aquariids 439 ZAR 193 ¢ Arietids 28
FTA 286 w Taurids 409 OUI 241 October Ursae Minorids 28
CAP 1 a Capricornids 351 TPY 340 0 Pyxidids 28
MON 19 December Monocerotids 319 NSA 67 North p Sagittariids 27
SPE 208 September e Perseids 280 CTA 388 x Taurids 27
LYR 6 April Lyrids 270 THA 390 November 6 Aurigids 27
URS 15 Ursids 258 AUP 415 August Piscids 27
KCG 12 r Cygnids 232 FPL 501 February m Leonids 27
NOO 250 November Orionids 226 XHE 346 x Herculids 26
JCO 90 January Comae Berenicids 156 BAR 434 B Arietids 26
ORN 256 North x Orionids 146 GBO 104 ~ Bootids 25
EGE 23 e Geminids 142 BCN 232 Dayt. 8 Cancrids 25
ZCS 444 ¢ Cassiopeiids 135 GUM 404 7 Ursae Minorids 25
AND 18 Andromedids 132 FMV 516 February p Virginids 25
ERI 191 n Eridanids 120 UUM 527 v Ursae Majorids 25
DSV 428 December o Virginids 113 UAN 507 v Andromedids 24
EHY 529 n Hydrids 113 FLY 511 15 Lyncids 24
DKD 336 December x Draconids 112 FOA 534 51 Andromedids 24
XVI 335 December x Virginids 104 BAQ 519 B Aquariids 22
BCD 268 B Cancrids 101 DAB 497 December o Bootids 21
JPG 462 July v Pegasids 92 DSE 34 6 Serpentids 20
LMI 22 Leonis Minorids 89 PDF 45 ¢ Draconids 20
NUE 337 v Eridanids 89 OCT 281 October Camelopardalids 18
OER 338 o Eridanids 78 AIC 505 August ¢ Cetids 18
AHY 331 « Hydrids 75 OLE 515 o Leonids 18
HVI 343 h Virginids 75 ALO 517 April A Ophiuchids 18
PPS 372 ¢ Piscids 73 FHE 345 f Herculids 17
NDA 26 North § Aquariids 70 MPR 435 n Perseids 17
DAD 334 December a Draconids 70 AED 450 April € Delphinids 17
POR 430 September 7 Orionids 66 XCB 323 ¢ Coronae Borealids 16
KUM 445 x Ursae Majorids 65 ARC 348 April p Cygnids 16
DRV 502 December p Virginids 65 CVN 403 Canum Venaticids 16
ECV 530 n Corvids 64 JIP 431 June ¢ Pegasids 16
AUR 206 Aurigids 63 JEC 458 June e Cygnids 16
NPI 215 North § Piscids 63 DEL 494 December Lyncid 16
PSU 339 1) Ursae Majorids 63 JLE 319 January Leonids 15
DXL 204 Dayt x Leonids 61 THC 535 6 Cetids 15
DLI 47 p Virginids 55 TAH 61 7 Herculids 14
GDR 184 July v Draconids 53 KSE 27 K Serpentids 13
JRH 463 July p Herculids 52 XLI 140 April x Librids 13
TCA 480 7 Cancrids 52  MIC 370 Microscopiids 13
ELY 145 n Lyrids 50 RPU 512 p Puppids 13
JBO 170 June Bootids 49 UCE 194 v Cetids 12
SLY 81 September Lyncids 48 SCA 179 o Capricornids 11
BAU 210 B Aurigids 48 SPI 216 South ¢ Piscids 11
DPI 410 é Piscids 47 OMO 227 October Monocerotids 11
DMH 498 December p Hydrids 47 GCM 395 ~ Canis Majorids 11
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Table 3. Continuation

Code No. Shower Name Meteors Code No. Shower Name Meteors
ICY 525 ¢ Cygnids 46 NBO 432 v Bootids 11
NHY 121 v Hydrids 45 NZT 485 November ¢ Taurids 11
KAU 537 K Aurigids 45 MBC 520 May B Capricornids 11
PIH 101 7 Hydrids 44 DSX 221 Dayt. Sexantids 10
DCL 443 December Leonids 44  AAL 448 April a Librids 10
AGC 523 August v Cepheids 44 FFA 538 55 Arietids 10
ASC 55 « Scorpiids 43 AAN 110 « Antliids 9
OCU 333 October Ursae Majorids 41 SSA 237 o Arietids 9
XUM 341 January £ Ursae Majorids 38 DCM 398 December Canis Majorids 9
NLY 437 November Lyncids 38 JMC 362 June p Cassiopeiids 8
AXC 465 August £ Cassiopeiids 38 AHE 518 April 102 Herculids 7

orbit). This first pass produced a very long list of possible meteor groupings (they
are not referred to as potential showers in this stage of analysis), having in all
56,486 meteors out of the 133,652 meteor orbits available, which were assigned into
one of 3,172 groups.

The second pass through the data base attempted to avoid contamination of
minor streams by major showers and is the other modification to the process. In
count sorted order from highest to lowest, each running list meteor orbit was again
assigned as a seed orbit, and the more extensive processing discussed in the intro-
duction was applied to estimate the daily mean orbital estimates across the stream’s
activity period. Thus sweeping up all meteors associated with a particular shower.
These were then removed from the pool of available meteor orbits before the next
lowest count meteor orbit on the running list was set up as the new seed orbit.
The process continued until all meteor seeds with significant counts had been pro-
cessed. The remaining meteors in the pool effectively make up the sporadic meteor
population.

After the second pass, the mean orbital parameters for some groups were found
to be very similar to other groupings, so each group’s mean orbital values were
compared to all the other groups. These similarities were likely due to the poorly
estimated orbital parameters of single meteors falling just outside the D-criteria
of a given group. If a test group contained a smaller number of meteors than
a reference group, and also had mean orbital parameters fulfilling a somewhat
relaxed D-criterion relative to the reference group, that test group was excluded
from further analysis. The similarity threshold was set to the slightly higher values
of Dgy < 0.20, Dp < 0.10 and Dy < 0.20 to perform this culling. These thresholds
were selected to ensure that potentially close but distinct groups of orbits, remain
on the list for further analysis. However, this process did cull the number of groups
significantly, leaving a total of 1,093.

To verify if this processing yielded valid streams, we compared the results with
the data for existing meteor showers already listed in the IAU MDC database.
The potential matching was done in one of two ways. The first was by means of an
orbital similarity test for cases where the orbital parameters were also available for
showers in the MDC. For each group found in the video data base search, the Dgyy,
Dp and Dy values were calculated against all the meteor showers in the MDC
list and reported when Dgpy < 0.15, Dp < 0.075 and Dy < 0.15. The second
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matching method was applied in cases where the mean orbital parameters were not
available from the TAU MDC, where the MDC only contained the right ascension
(RA), declination (DEC) and solar longitude at the time of maximum activity. In
those cases, the radiant drift values were obtained for each group from the video
meteor analysis, and the radiant’s RA and DEC values were calculated for the solar
longitude of maximal activity given in the IAU MDC for a specific shower. If
the resulting radiant separation was smaller than 5 degrees, the radiant distance as
well as the shower TAU code name, were reported along with the group analyzed.
Moreover, in order to ensure that some meteor groups found in this way were truly
representative of a meteor shower, an interactive tool was developed to present
various orbital element plots to an analyst, containing details on a variety of orbital
parameter pairings to better visualize the association of meteors in each group’s
dataset.

If the orbital parameters for a given group matched a known meteor shower
from the TAU MDC data base by one of the two methods above, and in addition
passed the visual inspection for neighboring showers in the Keplerian subspace via
the visualization tool, the group was declared to have been matched to a particular
meteor shower. An example of such a group to known meteor stream matching is
shown in Figure 2.

Meteors: 26 Active in total: 13 days
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RA:256.7 ---> 250.6 <-> 263.0, +1.02 daily
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Figure 2. An example of one product from the data visualization tool used in the detailed
group to shower matching. Existing shower radiants from the MDC are shown in dashed
black circles while individual meteor orbit D-criteria distances are plotted as colored dots.
Larger dots are for the grouped meteors alleged to be in a common stream.

The list of showers in the IAU MDC database (as extracted on August 1, 2013)
that were also found by this search method is given in Table 3. For the 93 estab-
lished meteor showers, this search confirmed the existence of 54 of them. Regarding
the rest, in 6 cases the radiant lies below minus 30 degrees declination (thus making
them very hard to detect in the northern hemisphere based CMN and SonotaCo
data bases), 27 are daytime meteor showers, and the remaining 6 showers (South.
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¢ Aquariids, October Draconids, n Virginids, October Capricornids, a Lyncids and
the February 7 Draconids) were not detected. The latter case is most likely due to
their variable (and very low) activity level. Further details of the results from this
search will be published in the near future and will include several dozen newly
discovered streams. Stream parameters on a number of the most prominent new
minor showers detected has already been sent to the ITAU MDC and placed on their
list of meteor showers awaiting validation as an established shower. A separate web
page is being hosted by the CMN containing all the detailed plots and search results
and will be made available to the public in the near future.

5. Conclusions

The current analysis has resulted in the confirmation of existing relationships be-
tween known meteor showers and parent bodies, as well as several new associations
of statistical significance that are in need of further study. The search methodol-
ogy employed of using a parent body ”seed” orbit to identify potential meteors on
similar orbits through the use of a large meteor orbit data base, is highly effective
for verifying existing parent-body to meteor shower associations as well as quan-
tifying the duration and Keplerian element temporal behavior of meteor streams.
This search resulted in findings of new possible meteor shower to parent body con-
nections which were not known previously. The reasons why the new associations
between comets and meteor showers may not have been found during previous
searches (e.g. Drummond (1981)) is likely due to the different types of data sam-
ples searched, the size of the meteor orbit data bases, or searches based on less
accurate orbits obtained from radar observations.

An important point to emphasize is that all these new findings need to be checked
via dynamical modeling of hypothetical meteor streams produced by any connected
parent body to validate they are truly associated to the actual streams found. In
addition, this work can be extended to include the growing number of meteor orbit
databases, which will also help to validate the results of this search.

Finally, we found a large number of very low flux meteor showers potentially
associated with both asteroids and comets, where additional sample support is
needed for confirmation. We hope that in the near future with further multi-station
meteor orbit data base growth and the publication of the CAMS system data by
Jenniskens et al. (2011), which contains higher accuracy meteor orbits dating back
to November 2010, the additional candidate associations can be verified.
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Abstract. The features of 116 comets that have shown an outbursts in their brightness,
are considered in the paper. The hypothesis on that the outburst in activity of comets are
caused by their passing through meteoroid streams is studied. For this purpose the or-
bital elements of such comets relative to the planes of motion of 68 meteor showers from
Cook’ catalogue are analyzed. It was found that four of the nearest and distant nodes
of comet orbits relative to the planes of motion of nine meteor showers exceeds the av-
erage statistical background with confidence probability from 0.90 to 0.95, and more
than 0.95, respectively. The October Draconids, Aurigids, k-Serpentids, §-Draconids, o-
Hydrids, Coma Berenicids, Leonids, Leo Minorids, and Perseids showers are the most
effective. The results of calculation show that often, the comets outbursts may be caused
by collisions of comets with meteoroids under the passing through the meteoroid streams
that are producing listed meteor showers as well as solar activity.

Keywords: comets, comet outburst, meteor showers

1. Introduction

The notion that an outburst in activity of comets and even fragmentation of the nu-
cleus caused by the passage of the comet through a meteoroid stream is quite
old, Bosler and Roure (1937) suggesting the fragmentation of comet 3D/Biela
was caused by its passage through the Leonid meteoroid stream. Babadzhanov
et al. (1991) revisited this suggestion, concluding that it was unlikely that this
was the cause of the fragmentation of 3D/Biela since it passed through the least
populated part of the stream, the mechanism in general could be responsible for
affecting the behavior of comets.

Williams et al. (1993) suggested the brightening of comet 1P/Halley at that
time was caused by the passage of the nucleus through its own meteoroid stream,
while Hughes and Williams (1998) had suggested that the surfaces of two asteroids,
(951) Gaspra and (243) Ida was due to their respective passages through their own
meteoroid streams.

The possible effects of comet nuclei passing through meteoroid streams was inves-
tigated again by Guliyev (2010). According to this hypothesis, the short-perihelion
comet groups were formed as a result of a collision of the proto-comet nuclei with
meteoroid streams. Such impacts can result in the disintegration of the nucleus and
also produce a short-time brightness increase through the opening of the part of
comet nuclei’s surface.

263
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2. Objects and target of investigation

The data on 116 events where brightness outbursts, took place as well as on the ap-
pearance of large structures in comets comas were investigated. Some of the data
was taken from the catalogue of Andrienko and Vashenko (1981) and some out-
bursts were observed at the Shamakhy Astrophysical Observatory and reported in
Guliyev and Rustamova (2005); Guliyev et al. (2007). The point of the investigation
is to analyze the distribution of the dynamic parameters of comets that experi-
enced outbursts compared to the planes of orbits of 68 known meteor showers.
The data for the showers was taken from the catalogue of Cook (1973).

3. Method

The method of study is the same that was used in Guliyev and Dadashov (2010).
At the first stage using the equations of spherical astronomy the orbital elements
of outburst comets are calculated relative to the orbital plane of the each meteor
shower. The ascending node of the given shower orbit is taken as the initial point
for calculation of the angular orbital elements. The heliocentric distances of both
nodes of the comets orbits are then calculated and the number of comet nodes,
(N) which lie close to the shower orbit is calculated. By varying the longitude of
the ascending node €2 and the inclination ¢ of the selected meteor shower orbit a set
of ”pseudo-showers” was generated, and the above calculation repeated.

The number of nodes n; found by this way are comparing with the value of N
using the relevant methods of mathematical statistics. Values of {2 in the range 0 to
330 deg. were considered in steps of 30 deg., while the inclination i vary from 0 to
90 deg. with the steps used so that the poles of corresponding planes on the celestial
sphere are equidistant each from other. As a result, of the calculations,as well as
N and n; the following values are determined: n,o,t, and o — the mean value of
n; within the 67 areas under consideration, the standard ratio t = (N — n)/o,
the dispersion and the confidence probability, respectively.

4. Results of calculations

The distribution of both the nearest and distant nodes of the outburst comets rel-
ative to the planes of 68 meteor showers listed in the catalogue of Cook (1973) was
considered by using the above described method. Initially, the accepted range of
values for the nodes was taken as the shower’s size from the perihelion to aphelion.
As a rule, a stream excluded from the consideration if the value of the range was
less than 1. If it lies between 1 and 1.67, then the initial interval should decreased.
As a result, out of the initial 68 showers, 12 are of interest and their detail results
are given in Table 1. As it is seen from the Table 1, the values of ¢ relatively to (¢, Q)
are significant in five cases. Their confidence probabilities o exceed 0.95. The re-
sults on t may be considered as satisfactory for eight cases if their initial ranges are
narrowed. Obviously, the secondary ranges often lie close to the perihelion of or-
bits where the showers particles density increases. The October Draconids meteor
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Table 1. The results of calculations on meteor showers.

Meteor shower q

Q Q i tnear(1,Q)  tnear(T1,72)  taist(,Q)  taist(ri,T2)
[AU] [AU] [deg] [deg]

6-Draconids 0.996 4.54 14.4 37.5 - - 2.10 -
x-Serpentids  0.450 - 147 64.0 - - - 2.23(q;4.0)
¢-Bootids 0.950 1.55 40.7 19.0 - - 1.84 -
April Lyrids 0.919 55.08 32.4 79.0 - 2.04(q;1.14) - -

D. (-Perseids  0.340 2.86 78.7 0 1.67 - - -
Perseids 0.953 55.05 139.7 113.8 1.89 - - -
Aurigids 0.802 - 158.6 146.4 - - - 2.8(2.3;3.8)
Oct. Draconids 0.996 6.02 197.0  30.7 - 3.35(q;1.18) - -

Leo Minorids 0.650 116.6 211.7 124.0 - - - 1.8(1.3;3.2)
Leonids 0.985 22.02 235.2 162.6 - - - 1.7(2.1;3.3)
o-Hydrids 0.244 59.76 79.7 125.5 - - 2.12

C. Berenicids  0.580 - 282.7 134.0 - 2.4(.62;1.80) - -

shower is especially effective because its value of ¢ is equal to 3.35. The Aurigids
shower develops nearly the same (¢ = 2.8).

5. Conclusions

The reported results confirm that the collision with the meteoroid streams listed
may be responsible for the outburst in the activity of some comets. A passing
through the showers dense layers may lead to a partial renovation of the comet
nucleus surface due to impacts of the particle. As a consequence the sublimation
activation increases. The hypothesis is supported by the observational data con-
firming the existence of great number of craters on the comets nuclei surface that
were photographed by the space missions during the last years. So, as further work,
it is necessary to study possible association of the comets outbursts with the meteor
showers, which are not included into the catalogue of Cook.
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Abstract. The mechanisms of the ejection of meteoroids from comets are reviewed. We
focused on two questions. The first one is related to the dragging of dust-ice particles by
molecules of gases which sublimate from a cometary nuclei. The second one is related to
jets from cavities in nuclei of comets. In the presented work maximal size of cometary
particles which can be lifted from the cometary nuclei in different heliocentric distances
by gentle sublimation and the jets of cometary geysers was examined.

Keywords: comets, dust, meteoroids

1. Introduction
There are known a several ways of ejection of particles from cometary nuclei:

1) dragging of cometary particles by outflowing molecules of gases released by
sublimation from the surface of the cometary nucleus,
2) jets from the cavites in nucleus,
3) electrostatic levitation,
4) rocket-mechanism.
In this paper we focused on two first mentioned above mechanisms. The first mech-
anism has been well-known for many decades and wide described in the literature.
Contrary, the second mechanism was seen only in the last few years due to space
missions. Occurrence of geysers-like phenomena in the form of strongly colimated
jets of gas and dust are recently reported for a few comets. On September 21,
2001 the spacecraft Deep Space 1 approached the nucleus of Comet 19P/Borrelly
at a distance about 2170 km. The nucleus of this comet, coma and dust jets were
pictured by onboard camera. A main jet which dominated in the near-nucleus coma
was emitted from a broad central cavity and it had geyser-like form (Yelle et al.
2004 and literature therein). On 2010 November 4 the Deep Impact spacecraft
in the frame of the EPOXI mission visited the nucleus of Comet 103P/Hartley
(A’Hearn et al. 2011). On the excellent quality images performed by spacecraft
camera, are visible bright geyser-like jets. NASA’s astronomers stated that this
was the first time in history of cometary researches that comet activity dominated
by sublimation of carbon dioxide was observed so close to the Sun (1.06 AU).
The nucleus of this comet was surrounded by clouds of large number of water
ice relatively large particles which were ejected from nucleus by geyser-like jets of
CO2 (Gronkowski et al. 2011). Also long-standing observations of famous Comet
29P Schwassmann-Wachmann 1 revealed fact that the activity of this comet is
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related with number of jets produced by its nucleus (Ivanova et al. 2011 and lit-
erature therein). The paper presented here is just the development of the work by
Gronkowski et al. 2011. This aim of the presented paper is to compare the effective-
ness of two mentioned above mechanisms of ejection of meteoroids from comets.

2. Gentle sublimation

In the first step of our considerations we determine the maximum radius of a cometary
grains amax which are lifted from the surface of a comet as the results of gentle sub-
limation of cometary volatile species. Dynamics of dust-grains laying on the surface
of cometary nucleus is determined by the following forces: gravitation of a comet
nucleus, drag force coming from the cometary gases and the centrifugal force re-
lated with the rotation of a comet nucleus. Other forces acting on the grains like
solar tidal force (which is the product of the Sun gravitation and inertia force re-
lated with orbital motion of a comet), solar radiation force and Coriolis force are
negligible for the considered large grains sized in the range of several centimetres.
It is easy to show that the condition for a.x has the following form:

1 GM,m
§CD7ra12nax(Ug - Ugr)ng + mgrszN0052¢ = ﬁ'

(2.1)

We note here that in the presented work the notation from paper Gronkowski
et al. 2011 is adopted. Occurs in this equation parameter Cp is the modified free-
molecular drag coefficient for spherical particles of size a,,q: and generally is given
by the following expression:

252+ 1 45t 4+ 487 — 1 21 | Ty

Cp = —= —s? f .
RPN exp(=s7) + 2s% +terf(s) + 3s \| Ty

(2.2)

It should be noted that the magnitude of ”s” is the ratio of relative velocity between
the gas and the grain with respect to the most probable velocity of the gas. Based
on (Eq.(2.1)) we can express amax by the following formula:

QCD MMZUg

= mcos?
327G pgrpnRn (1 — 3Gpnp2¢)

. (2.3)

amax

3. Cometary geysers-like phenomena

The approach to the general problem of geyser-like phenomena for comets presented
in this section is based on the author’s model that was applied strictly to the case of
geysers on 103P/H (Gronkowski et al. 2011). The model assumes that interior of a
cometary nucleus is probably full of cracks, holes and cavities. The assumption that
a cometary nucleus contains of mentioned above ’structural imperfections’ seems to
bee very reasonable. Firstly, holes and cavities can be relics from the times when
the solar system originated and comets were formed due to mutual aggregation
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of cometesimals of various sizes. Secondly, a different kind of cometary ices have
a different rates of sublimation. Such way of cometary material sublimation favours
the creation of holes and cavities in a nucleus. There are various hypotheses about
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Figure 1. The maximal radii amax (in meters) of grains lifted out from a comet nucleus
by gentle sublimation as the function of their densities pgr (kg/m?), radii of nuclei Ry,
heliocentric distances of a comet r and kind of sublimating species. It was assumed that
a cometary nucleus does not rotate.

the origin of comets nuclei. Only two of them are the most favoured. According
to the first one the cometary embryos were created in the giant planet formation
zone. Afterwards, comets nuclei were dynamical scattered by growing protoplanets
to the region of the Ort cloud. Second hypothesis assumes that nuclei of comets
were created as a result of direct accretion in the solar nebula at relatively large
heliocentric distance. One way or the other the cometary nucleus is made up of
an aggregate of 10-100 m ’cometesimals’ and contains significant voids in the form
of holes and caves in the intercometesimals regions. Holes and caves should have
the size distribution that echoes the way in which the comet was created. The results
of the EPOXI mission allow us to assume that the surface of geyser’s cave could
have been covered by more sublimation active species than water ice as carbon
monoxide or carbon dioxide. Solar energy falling on the surface of a comet’s nucleus
is conducted into interior. Therefore, cometary ices in cavities could sublimate.
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Figure 2. The same relation as in Fig.1 but for a rotating cometary nucleus with P=10".

Consequently there accumulated gases could escape outside through narrow cracks
or channels. Finally, geysers-like phenomenon can be observed. The fundamental
role in the description of physical conditions in a comet plays the energy balance
equation at the surface of its nucleus. In this place we should bear in mind two

cases:

(i) cometary ices sublime from the part of nucleus surface which is situated over
the cavity of geyser,
(ii) this part of nucleus does not show any sublimation activity.

In the case (i) the energy balance equation has the following form:

Ac

So(1 — A)cosb

d2

+ (Ac — Avn) () K(T')

For the case (ii) we have following equation:

Ac

So(1 — A)cosb

d2

= (A¢ — AMIN)ean + (Ac — Avn) () K (T')

= (AC — AMIN) EO'TS4 +

ZL(T)
No
AT
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+

AT

Az’

(3.1)
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Figure 3. The same as in Fig.1 but for geysers-like phenomena.

In equations (3.1)—(3.2) the left sides stand for the absorbed by the nucleus solar
radiation energy. The right side of equation (3.1) is a sum of the reradiated by
nucleus energy, the energy used for the sublimation of cometary ices and the heat
conducted into interior of the comet nucleus. In equation (3.2) the right side is
the same as in equation (3.1) but the term related to the sublimation of cometary
ices has been omitted. In the presented above equations Ty stands for the surface
temperature of the nucleus, AT = T;—T, and Ax = 10m is the thickness of the crust
of the cometary material over the cavity. Here T, denotes the temperature inside
the cavity. For simplicity we assume that all the heat conducted from the surface
of the comet nucleus to the cavity is used for the latent heat of sublimation. By
this assumption the following equation is valid:

AT

LM = (Ac — AMIN)h(¢)K(T)E7

(3.3)
where M is the mass flux from the geyser (in kg/s units). In the sake of calculation
the velocity of gas molecules vge, in the jet at the exit of geyser we should use
the Bernoulli equation:

L o v L 2
gV T vy - 1Peav = gVey T v — 1 ey (3.4)
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Here parameter v denotes the ratio of the specific heats of flowing gas. The left side
of this equation is dependent on the physical conditions in the cave and the right
side is dependent on the physical condition at exit of geyser. Additionally, we should
take into account the relation which results from the continuity equation:

M = AMINnggey- (35)

In this way we have obtained two system of equations: (3.1), (3.3), (3.4), (3.5)
for the case (i) and (3.2)—(3.5) for the case (ii). Both systems of equations should
be solved together with the law of the ideal gas, adiabatic law and the equation
of the state given by Clausius-Clapeyron formula. Moreover, dynamic relationship
for molecules of gas escaping from the surface of comet into a vacuum should be
taken into consideration. The condition for emission of large pieces of cometary
material from geyser has analogical form as previously for gentle sublimation case.
Therefore, the formula for the maximum radius ay.x of cometary chunks which are
lifted by geyser’s jet from a comet has following shape:

9CDVgey (1 — « AT
e = 1) b)) (36)
321GpgrpnRu(1 — 5057 )L x

The parameter « stands for the ratio of minimum cross sectional area in the chan-
nel of geyser to the cross sectional area of the geyser’s cavity (o« = Ayin/Ac).-

The results of calculations are presented in Figures (1)—(3).

4. Conclusions

In this paper two mechanisms of the ejection of meteoroids from comets are re-
viewed. The first one is gentle sublimation from comets. The second one are jets
from cometary geysers-like phenomena. Taking into considerations Figs.(1)—(3) we
simply can make some conclusions. Firstly, jets from the geysers can lift much larger
pieces of cometary material in relation to the mechanism driven by gentle sublima-
tion. Secondly, the most effective drag mechanism is controlled by CO sublimation
and the least efficient mechanism is controlled by HyO sublimation.

A lot of numerical tests related to calculations of a;.x Were carried out. These
tests showed some interesting facts.

(a) The efficiency of 'drag mechanism’ for geysers is strongly dependent on the model
of the energy balance over the vicinity of geyser outlet. In the case of (ii) val-
ues of amax are essentially larger in relation to the case (i). Therefore the Fig.3
presents the results only for the case (ii).

(b) The efficiency of ’drag mechanism’ for HoO sublimation in the heliocentric dis-
tance 6 AU is completely negligible.

(c) In the case of geysers the influence of a comet rotation for the value of apax is
negligible.

The calculations related with two mechanisms which potentially are capable of
lifting out of cometary material from a nucleus of a comet into space are carried
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out. It is shown that dragging mechanism can lift the dust grains out from cometary
nuclei at maximum range of a millimetre. Contrary, supersonic jets emanating from
geyser cavity can throw away from the comet large several centimetres sized pieces
of water ice. The results of EPOXI mission to the comet 103P/H fully confirm this
fact.

Acknowledgements

This work was partially supported by Centre for Innovation and Transfer of Natural
Sciences and Engineering Knowledge.

References

A’Hearn M.F., Belton M. J. S., Delamere W. A. et al., 2011, Sci, 332, 1396

Gronkowski P., Sacharczuk Z., Topolewicz S., 2011, AN, 332, 785

Ivanova, A. V., Skorov, Y.V., Korsun, P. P.,Afanasiev, V. L., & Blum, Jrgen., 2011, Icarus,
211, 559

Yelle R.V., Sonderblom L.A., Jokipii J.R., 2004, Icarus, 167, 30






Meteoroids 2013, Proceedings of the Astronomical Conference,
held at A.M. University, Poznan, Poland, Aug. 26-30, 2013,
eds Jopek T.J., Rietmeijer F.J.M., Watanabe J., Williams I.P.,
Adam Mickiewicz University Press in Poznan, pp 275-286

Dynamical modelling of meteoroid streams
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Abstract. Accurate simulations of meteoroid streams permit the prediction of stream in-
teraction with Earth, and provide a measure of risk to Earth satellites and interplanetary
spacecraft. Current cometary ejecta and meteoroid stream models have been somewhat
successful in predicting some stream observations, but have required significant assump-
tions and simplifications. Extending on the approach of Vaubaillon et al. (2005a), we model
dust ejection from the cometary nucleus, and generate sample particles representing bins
of distinct dynamical evolution-regulating characteristics (size, density, direction, albedo).
Ephemerides of the sample particles are integrated and recorded for later assignment of
weights based on model parameter changes. To assist in model analysis we are develop-
ing interactive software to permit the ”turning of knobs” of model parameters, allowing
for near-real-time 3D visualization of resulting stream structure. Using the tool, we will
revisit prior assumptions made, and will observe the impact of introducing non-uniform
and time-variant cometary surface attributes and processes.

Keywords: meteoroid streams, modelling, software tools, visualization

1. Introduction

A pair of articles Vaubaillon et al. (2005a) and Vaubaillon et al. (2005b) describe
a then-novel technique to separate the time consuming integration of numerous
dust particles from the analysis of meteoroid stream structural change due to ejecta
model manipulation. They accomplished this by generating a model independent
uniform distribution of dust particles throughout multiple apparitions of a comet.
These test particles are integrated forward multiple centuries, and the resulting
ephemerides are stored. An ejecta model based on the work of Crifo & Rodionov
(1997) and Jorda et al. (1992) was then used to assign frequency weights to each
of these particles. Density profile change within a region and time of interest (typi-
cally near the Earth at the intersection of the stream with the ecliptic) can then be
quickly re-evaluated based on the manipulation of model parameters and the re-
sulting new frequency weights. The Vaubaillon work involves the generation and
integration of 7 x 10% particles, where particles are binned across ejection direction,
velocity and mass. In our work we also want to bin particles by albedo, as albedo
impacts a particle’s reaction to solar radiation and thus the evolution of the mete-
oroid stream. Therefore, we raise the expected number of particles to consider to
order 108. In the following sections we discuss the implications of this population
size. We will also introduce a variety of jetting, albedo, rotation and nucleus shape
models, evaluating the simplifications of the Vaubaillon approach. Throughout,
the software uses the abstract concept of a model to implement both the simula-
tion of physical processes and the visualization of simulated results. The software
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provides a consistent user interface for manipulating models while in real-time pro-
viding 3D visualization feedback on the resulting stream structure. We maintain a
separation of the model itself from the operations of model definition, parameter
manipulation, and real-time analysis and visualization. Therefore we are able to
quickly adapt to fundamental model changes or replacements.

2. The Challenges

The viability of this project depends on the ability to manipulate physical mod-
els of ejection and cometary state, visually verify the near-nucleus local impact of
the model changes, and visualize the long-term impact on the meteoroid stream
structure, all in near-real time. We therefore began project implementation by pro-
totyping various aspects of the software to ensure our rather lofty expectations
could be met. We also want to quickly determine computer resources and/or ap-
proach changes which might be required to overcome performance obstacles. There
are four primary challenge to this work: 1) can we manipulate arbitrary models in
a user-interface with real-time visual feedback of the local impact? 2) can we gen-
erate and store the long-term ephemerides for the 10® particles in question? 3) can
we quickly assign frequency weights to a population of 10® particles? and 4) can
we visualize the impact of a model change on the meteoroid stream in a near-real
time fashion?

2.1. Models and Model Manipulation

One of the goals of the project is to not only experience the impact of model param-
eter changes on a resulting meteoroid stream, but also to compare various models.
It was recognized that there is great benefit in completely separating the imple-
mentation of a given model from the cross-model concepts of model manipulation
and visual rendering of the stream impact. This realization lead to the abstracting
of the concept of a model, having all models present a common interface for param-
eter manipulation and inspection, and having all models use a common interface
for driving the 3D rendering of stream impact.

2.1.1. Common Model Manipulation

Any model can be thought of as 1) a collection of data values which may be
constant (e.g. pi) or variable, and which are independent or dependent on other
variables, and 2) algorithms to compute dependent model parameters from in-
dependent parameters or other dependent parameters. The software framework
provides an implementation of a C++ model class which supports the definition of
constant, independent, and dependent values, and the definition of C++ functions
to perform model parameter calculations. All the user must do to implement a par-
ticular model is to define a set of parameters and write the parameter computation
code. Parameter computations may optionally use Application Program Interfaces
(APIs) to assign frequency weight distributions to the particle cloud and to manip-
ulate the 3D rendering of the resulting stream. The implementation of the abstract
model class and its use is described in Section 4, but as an example: to implement
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a model which computes ¢ = a + b, the user must define a new model class which
is derived from the abstract model class, define three class members representing
parameters (a, b, ¢), instantiate the parameters with a descriptive name for display
(e.g. a, b, Result ¢, and write a single C++ function whose content is one statement
¢ = a + b;. With the model defined in this way, a wealth of functionality is provided
by the underlying abstract class, and the surrounding software framework:

— generated screen dialogs for the keying, selecting and inspection of model values,

— model value range limiting as part of the model definition,

— real-time calculation and inspection of dependent values as independent values
change,

— the forced manipulation of dependent values, calculating a needed dependent
value,

— the manipulation of independent values to arrive at a needed dependent value,

— uncertainty propagation throughout the model,

— model persistence (reading from a file, writing to a file),

— particle cloud weight distribution via a common API,

— 3D scene manipulation via a common API,

— a model multi-threading framework for smooth display updating during model
changes,

— recording, undo, and playback of model changes,

— scripting of model changes.

2.1.2. Ejection Models

Various cometary dust ejection models have been used to seed the prediction of
meteoroid streams: e.g. Whipple (1950); Brown et al. (1998); Vaubaillon et al.
(2005a) based on the Crifo & Rodionov (1997). Although varying in complexity,
each of these models may be used to generate frequency distributions of particles of
specific attributes through multiple apparitions of a comet. The Vaubaillon model
is the more complex in terms of model parameters, but it is still easily represented
and manipulated in the auto-generated model interface. A sample display is seen
in Figure 1.

2.1.3. Nucleus Shape Model

The shapes of very few cometary nuclei are known. We presume the shape of the nu-
cleus influences the local production of dust, primarily due to localized shading of
the surface by higher elevation points. The shape also impacts the direction of jets
at any given epoch. Historically, celestial object shapes were expressed in a data file
of surface radii over a grid of regularly spaced longitude-latitude values. The soft-
ware supports the manipulation of such a grid via a shape model derived from
the abstract model concept (See Figure 2). In this case, the definition of the shape
model is not done by tedious coding of numerous parameters (the radius at each
longitude / latitude), but is generated programmatically from a shape model file.
The more common current shape model practice is to define an object shape as a set
of surface points expressed in Cartesian coordinates. Triangular patches of surface
areas are defined by a list of edges expressed as a pair of indices into the list of
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Figure 2. The shape of a cometary nucleus expressed as surface radii over a grid of
regularly spaced longitudes and latitudes. Manipulation of the radii results in a real-time
change to the visualization of the nucleus.

surface points. The generation of a shape model from this form of shape definition
is under development.
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2.1.4. Modelling Rotation

Rotation of the cometary nucleus provides an interesting degree of variability to
local generation of dust, as active areas travel in and out of direct Sun exposure.
This project will adopt known rotations of cometary nuclei, and in the case where
rotation is not well known, will allow for the introduction of reasonable rotations
to evaluate rotation impact on the generated stream. The rotation model used is
a simple collection of any number of rotation axes expressed in right ascension and
declination, with rotational period expressed in days, and an optional base line
zero rotation epoch. The baseline epoch allows for the arbitrary setting of zero
rotation at a given epoch, if a cometary orientation has been observed by some
means. The control of the rotation is performed by a standard auto-generated model
dialog, with a operation model parameter (described in Section 3), the display
update pump, driving a simulated time step to the 3D rendering of the nucleus.
In this way the user visualizes the rotating nucleus and the impact of the rotation
changes, including the dynamic impact on jetting or broader more homogeneous
dust production. Axis precession is not currently supported, but is recognized as
a requirement. Precession definition will be added to each axes.

2.1.5. Modelling Jets

Diffuse and collimated dust jets have long been observed in images of cometary nu-
clei. Many models exist attempting to explain their behaviour. This project will not
attempt to predict the existence of jets on a given comet; their presence can only
be confirmed by direct observation of the nucleus or by non-homogeneous dust
distribution in a comet coma and tail. This project will evaluate various aspect
of simulated jets (size, diffusion, density, velocity) to evaluate whether jets have
significant impact on the generated meteoroid stream, and whether that impact
contributes to localized density difference in the stream, or whether the jetted par-
ticles are distributed along the comet orbit dampening those differences. Vaubaillon
et al. (2005a) requires some restriction on the fan out of dust material in order to
properly model observed Leonid meteor shower peaks, so there is reason to research
this further. For the purpose of prototyping, we have used a simple jet model, allow-
ing the user to define an arbitrary number of jets, each with a jet source diameter,
fan-out half angle, dust generation rate, and dust ejection velocity. These jets may
be positioned and modeled using the common model user interface (see Figure 3),
with conical representation of the jets providing the visual feedback to the user
that the desired jetting is being defined.

2.1.6. Modelling Dust Albedo

Although dust albedo is an important indicator of nucleus composition and evo-
lutionary history, the interest in albedo for this project lies in the implications
on meteoroid stream evolution. Darker albedo particles absorb more solar radia-
tion and therefore are more affected in their orbital motion by radiation pressure.
Whereas Vaubaillon et al. (2005a) used a fixed assumed dust albedo we permit
both the interactive change of a cross-nucleus homogeneous albedo, and the sur-
face mapping of various albedos. No prototyping of albedo modeling has yet been
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Figure 3. The modeling of comet jets, allowing the user to specify the position, surface
diameter, fan out, dust velocity and dust production rate. The 3D rendering permits
the visual verification of desired jet properties.

done. However, the confidence is high that this does not add performance concern
to the project, as the specification of localized albedo may be maintained in ex-
actly the same fashion as the comet shape, through a grid of albedos assigned to
a longitude / latitude grid, or through the definition of small triangular patches of
albedo value. The real-time feedback of the dust model change has been simulated
through the implementation of visual property surface mapping of irregular objects
(See Figure 4). The speed of visual feedback on the rotation of a surface object (in-
cluding shadowing) is quite satisfactory. This is a greater complexity problem than
albedo mapping, so we conclude the real-time feedback on albedo model changes
will not be an issue.

2.2. The Generation and Storage of Ephemerides

Increasing the population size of our dust particles from Vaubaillon’s 7 x 10 to
108 raised two areas of concern, the creation and integration of a much larger set
of ephemerides (discussed here), and the need to be able to dynamically assign
frequency weights to these particles in real-time as nucleus and ejection models are
manipulated (discussed in the next section). The generation and management of
the ephemerides seem manageable. From a storage perspective, we look at the data
needed to represent a dust particle and its ephemeris. Considering the data which
must be stored for each particle (particle ID, size, density (or mass), albedo, ejection
epoch, heliocentric ejection direction, sun angle at ejection, ejection velocity) we
assume 100 bytes per particle is an ample allocation. We therefore can estimate
the size of the particle table to be approximately 102 X 102 = 10'° or 10 GB of data.
Considering the ephemeris, we must store for each particle position the following:
particle ID, epoch, position x, y, z, velocity vx, vy, vz. We can assume an upper
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Figure 4. A surface mapping of visual images onto an irregularly shaped object, used as
a proxy for gauging whether maintaining dust albedo distributions will be a performance
concern for the project.

size of 102 bytes per particle ephemeris epoch. By maintaining sparse ephemerides
which may be curve fitted around identified areas of interest, we would hope to
restrict ephemeris sizes to 10? points per particle. In addition, the use of Chebyshev
polynomials are also being considered to minimize the amount of data required to
describe a particle ephemeris. Our upper bound estimate for the overall particle
ephemeris storage for a given comet is 102 X 10?2 X 10® = 10'2 or 1 TB of storage.
This is an easily manageable amount of data.

We then turn to the computational resource required to generate the ephemerides
for a single comet. Vaubaillon et al. document 10-50 processor weeks required for
the generation of their ephemerides. Taking into account the approximately 15-fold
increase in particle population size for this project, we would estimate 150-750 pro-
cessor weeks on comparable hardware. With computational speed increases in cur-
rent hardware over the past 10-years, and recognizing that several high-performance
computation farms of >100 processors are available for use for this project, the inte-
gration requirements seem manageable (1-2 weeks dedicated use of 100 processors).
Fortunately, integration is the one aspect of this project which does not need to
be done near-real-time. This is a onetime computation expense that need not be
repeated as physical models are manipulated.

2.3. Propagation of Weights

The real-time propagation of new particle frequency weights is the major computa-
tion hurdle to overcome. It would not be feasible to compute and reassign weights
across 10® particle in real-time on a typical workstation. Here we must take ad-
vantage of the fact that at any given point in time, one is interested in a specific
area of space (typically near the Earth) near a specific epoch (e.g. at a meteoroid
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stream peak). This means that a substantially few number of particles need to
have weights assigned as a model is manipulated. Considering the overall length
of a typical comet orbit, and the tendency of particles to spread along an orbit,
it seems reasonable that order 10° particles may need weight reassignment during
a given analysis. Assigning weights to this number of particles, and displaying in
real-time the impact of this weighting has been prototyped (See Figures 5 and 6).
More research needs to be done to ensure the efficient selection of particles of in-
terest. Particles are very easily selected based on ejection epoch, but selection on
other particle attributes require more computation to determine if a model change
disqualifies or qualifies particles

2.4. Visualization of Model Impact on Streams

As mentioned in Section 2.3, we are typically concerned with a particle population
of approximately 10° particles at a given point in time. A prototype model was
created to allow for the selection of 10° particles by their orbital element proximity
to a changeable target set of elements. The model uses the common provided API
for weight assignment. Updating the display on a workstation in real-time was
achieved (see Figures 5 and 6).

3. Presentation and Operation Models

We have demonstrated that a model driven approach to real-time 3D rendering of
stream impact is viable. We round out the discussion of models with brief comments
of support models falling into two categories: visualization models and operational
models. Visualization models are the controls which aid in the 3D visualization
of celestial scenes, be they of the cometary nucleus, the meteoroid stream, or any
other solar system context the user desires. These controls are implemented as
derivations of the common abstract model, allowing for interactive scene manipu-
lation, scripting of animations, and persistence of scenes to/from disk. There are
three main visualization models developed or in planning: 1) a scene composition
model indicating the target and eye of the scene (including anchoring the target
and eye to an object, field of view, orientation, reference frames, visual adjustments
for differing visualization media, time steps, etc.), 2) a particle colouration model
permitting the dynamic assignment of colouration schemes to particle attributes
and attribute combinations, and 3) a slicing model permitting the user to manage a
planar slice tool with which one can perform cross-sectional analysis of a meteoroid
stream (See Figure 7). The orientation of the slicing tool is managed independently
from the scene manipulation model, allowing for maximum flexibility in visualizing
stream structure.

Operational models are models which manage how user interactions are reflected
in the modifications and display of other models. Operational models include 1)
the shape impact curve model: a model which describes how the changing of a sur-
face vertex impacts the surrounding environment on the nucleus surface. The user
may specify the shape and extent of an impact curve, allowing the creation of realis-
tic cratering, peaks, rifts, etc.; and 2) the rotation pump: a control of the simulated
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time increments used to animate cometary nucleus rotation. Increasing the pump
value increases the simulated time passage and therefore the apparent displayed
rotation.

Ecliptic
North Pole

Earth’s
orbit

Figure 5. A 3D representation of a portion of a meteoroid stream with 10° particles
selected and shaded according to proximity to a target set of orbital elements.

Ecliptic
North Pole

Figure 6. A second representation of a meteoroid stream, showing the inclusion, exclusion
and change of colouration due to changes in the target set of orbital elements.

Ecliptic
North Pole

Earth’s
orbit

Figure 7. The slicing model tool, permitting the user to perform analysis of meteoroid
stream internal structures via the manipulation of the slicing pane and viewing orientation.
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4. The Implementation of Models

This section describes in further detail the implementation of models based on an
abstract C++ model class. The discussion here presumes a cursory knowledge of
C++ or another Object Oriented language.

4.1. The Definition and Initialization of a Model

All models in our software derive from a C++ class CModel which encapsulates
all interfaces required by the software framework. The CModel class supports both
the static or execution-time dynamic manipulation of model values representing
the model parameters. Model values are implemented in a CModelValue class.
To implement and initialize a model, the user must define a class derived from
CModel, and either declare and initialize statically (see Figures 8 and 9); or pro-
grammatically build the model thought the dynamic allocation of a new values
(new CValue()) and use of a CModel method CModel::addValue(CValue& value).
Identified as an area of possible improvement, the user is required to explicitly
state the interdependencies of the model values (See Figure 10). We would pre-
fer to generate the dependency map at execution time directly from the model
value implementation methods. The final piece of model implementation is the de-
scription of the algorithms to calculate the dependent values of the model. This
is done by implementing a function member <model-class>::calculate<value> for
each CModelValue member <value> within the class. The algorithm can use stan-
dard C++ arithmetic syntax when referring to CModelValue members (See Figure
11). Buried within the CModelValue implementation, and transparent to the user,
are error propagation and formula optimization facilities. The C++ arithmetic op-
erators are overridden to optionally calculate uncertainties, and will force the cal-
culation of dependent variables only when they are needed within another nested
dependency.

4.2. Particle Weights Assignment

The CModel abstract class utilizes a software framework interface to assign weights
to particles. The framework manages the tabling of the integrated particles, the spe-
cifics of the comet ephemeris over time, and the models currently at play. To
populate weights, the developer must implement a single class method used to
signal model changes by the multithreaded framework. This method must iter-
ate through the particle population process over the comet apparitions, selecting
particles of interest, and populating only non-zero weights. The framework avoids
setting weights to zero for all particles not weighted by keeping a sequence number
of model changes, with weighting of a particle resulting in the particle being flagged
with the current change sequence. All particles with a change sequence other than
the current sequence are assumed to have frequency weight of zero.

5. Conclusions to Date

Usability: The prototyping work completed to date demonstrates we are building
a powerful tool for meteoroid stream modelling. Dust ejecta and cometary nucleus
models are easily implemented, and can be easily maintained. Performance: It
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class CMeteoroidModel : public CModel

{

public:
(MeteoroidModel (void);
virtual ~CMeteoroidModel(void);
VALUE_CLASS_DEFINITION(CMeteoroidMadel);
// Crifo and Rodionov (1997) derivation of gas flux Z(rh) from eguation (
SECTION_DEFINITION(CrifoRodionovl997GasFlux);
CONSTANT_DEFINITION(StefanBoltzmannsConstant);
CONSTANT_DEFINITION(WaterGasMoleculeMass);
CONSTANT_DEFINITION(AtomicMassUnit);
VALUE DEFINITION(Emissivity);
VALUE_DEFINITION(CoefficientOfsublimation);
VALUE_DEFINITION(GeometricAlbedoOfNucleus);
VALUE_DEFINITION(LatentHeatOfSublimation);
CALCULATION_DEFINITION{LatentHeatOfSublimationPerGasMolecule,(MeteoroidModel);
CONSTANT_DEFINITION(SolarConstant);
VALUE_DEFINITION(HeliocentricDistanceForGasFlux);
VALUE_DEFINITION(SunAngle);
CALCULATION_DEFINITION({CosSunAngle,CMeteoroidModel);
CALCULATION DEFINITION(TemperatureOfPurelceAtZeroAngle,CMeteoroidModel);
CALCULATION DEFINITION(Temperature0fPurelceAtSunAngle,(MeteoroidModel);
CALCULATION_DEFINITION(GasFluxAtZeroAngle,CMeteoroidodel);
CALCULATION_DEFINITION{GasFluxAtSunAngle,CMeteoroidiodel);
// Jorda et al. (1992)
SECTION_DEFINITION(JordaEtAl1992);
VALUE_DEFINITION(HeliocentricMagnitudeAtPerihelion);
VALUE_DEFINITION(JordaGasProductionFixedParameter);
VALUE_DEFINITION(JordaGasProductionMagnitudeParameter);
CALCULATION DEFINITION(GasProductionRateAtPerihelion,CMeteoroidModel);

)

Figure 8. An example of a model class defined statically through statically defining model
class values.

REGISTER MODEL("Vaubaillon et al. (2@85) Meteoroid Model™,CMeteoroidModel);

CMeteoroidModel: :CMeteoroidModel(void) :
// €rifo and Rodionov (1997) derivation of gas flux Z(rh) from equation (9)
SECTION INITIALIZATION(CrifoRodionovl1997GasFlux,”Crifo and Rodionov (1997) der:
CONSTANT_INITIALIZATION(StefanBoltzmannsConstant,"Stefan-Boltzmann's Constant™,
CONSTANT_INITIALIZATION(WaterGasMoleculeMass,"Water Gas Molecule Mass","amu"),
CONSTANT_INITIALIZATION(AtomicMassUnit,"Atomic Mass Unit™,"kg"),
VALUE_INITIALIZATION(Emissivity,"Emissivity”,"™),
VALUE_INITIALIZATION(CoefficientOfSublimation,”Coeffienct of Sublimation™,™"),
VALUE_INITIALIZATION(LatentHeatOfSublimation,"Latent Heat of Sublimation™,"J K’
CALCULATION INITIALIZATION(LatentHeatOfsublimationPerGasMolecule,"Latent Heat ¢
VALUE_INITIALIZATION(GeometricAlbedoOfNucleus,”Geometric Albedo of Nucleus™,™™
CONSTANT_INITIALIZATION(SolarConstant,”SolarConstant™, "W m~-2"),
VALUE_INITIALIZATION(HeliocentricDistanceForGasFlux,"Heliocentric Distance (for
VALUE_INITIALIZATION(SunAngle,”sun Angle”,"rad"),
CALCULATION_INITIALIZATION(CosSunAngle,”Cos(Sun Angle)”,"",CMeteoroidModel),
CALCULATION_INITIALIZATION(TemperatureOfPurelceAtZeroAngle,”Temperature of Pur:
CALCULATION INITIALIZATION(TemperatureOfPurelceAtSunAngle,"Temperature of Pure
CALCULATION INITIALIZATION(GasFluxAtZeroAngle,"Gas Flux at @ Angle”,"m™-2 s~-1'
CALCULATION_INITIALIZATION(GasFluxAtSunAngle,"Gas Flux at Sun Angle”,"m*-2 s*-I

[t/ Jorda et al. (1992)

SECTION INITIALIZATION(JordaEtAl1992,"Jorda et al. (1992) Gas Production Rate™
VALUE_INITIALIZATION(HeliocentricMagnitudeAtPerihelion,"Helioccentric Magnitude
VALUE_INITIALIZATION(JordaGasProductionFixedParameter,"Jorda Gas Production Fis
VALUE_INITIALIZATION(JordaGasProductionMagnitudeParameter,”Jorda Gas Productior
CALCULATION INITIALIZATION(GasProductionRateAtPerihelion,”Gas Production Rate @

Figure 9. A model class constructor initializing the properties of model values through
the use of initialization macros paralleling the definition macros in Figure 8.

appears that the desires to provide near-real-time model manipulation feedback
and cometary stream structure impact visualization are achievable. All prototyping
has been done on a single workstation representative of the upper-end workstations
available today (in this case 2-processor 8-core laptop). Other uses: In developing
the prototypes for ejecta and cometary nucleus environment models, it became
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// Crifo and Rodionov (1997) derivation of gas flux Z(rh) from equation (9)
SET_DEPENDENCIES3(LatentHeatOfSublimationPerGasMolecule,LlatentHeatOfSublimation,
AtomicMassUnit,WaterGasMoleculeMass);
SET_DEPENDENCIES1(CosSunAngle,SunAngle);
SET_DEPENDENCIES2(TemperatureOfPurelceAtZeroAngle,GeometricAlbedoOfNucleus,
HeliocentricDistanceForGasFlux);
SET_DEPENDEMCIES3(TemperatureOfPurelceAtSunAngle,GeometricAlbedoOfNucleus,
CossunAngle,HeliocentricDistanceForGasFlux);
SET_DEPENDENCIESB(GasFluxAtZercAngle,GeometricAlbedoOfNucleus,SolarConstant,
HeliocentricDistanceForGasFlux,Emissivity,
StefanBoltzmannsConstant, TemperatureOfPurelceAtZeroAngle,
CoefficientOfSublimation,LlatentHeatOfSublimationPerGasMolecule);
SET_DEPENDENCIESY9(GasFluxAtsunAngle,GeometricAlbedoOfNucleus,SolarConstant,
CosSunAngle ,HeliocentricDistanceForGasFlux, Emissivity,
EtefanBoltzmannsConstant, TemperaturedfPurelceAtSuningle,
CoefficientOfSublimation, LatentHeatOfSublimationPerGastolecule);

Figure 10. The definition of the inter-value dependency map implemented as macros
executed within the constructor method of the model class.

CModelValue CMeteoroidModel::calculateGasFluxAtSunAngle()

return ((((1-m _GeometricAlbedoOfNucleus)*m SolarConstant*m CosSunAngle)
/{m_HeliocentricDistanceForGasFlux®*m_HeliocentricDistanceForGasFlux))
-m_Emissivity*m_StefanBoltzmannsConstant
f: :pow(m_Temperature0fPurelceAtSuningle,4.8))
/ (m_CoefficientOfSublimation®m_LatentHeatOfSublimationPerGastolecule);
}

Figure 11. An example of a derived value calculation, using standard C++ syntax to
implement formulae. CModelValue instances (named m<value>) may be used in the for-
mulae in the same manner as one uses numeric variables. Overrides of the C++4 arithmetic
operators implement uncertainty propagation.

apparent that this modelling in conjunction with the powerful 3D scene rendering
is a powerful tool for cometary coma and cometary tail research. Stepping back,
it is also conceivable that this approach could be used in like research areas where
the manipulation of a source environment impacting wide scale long-term evolution,
such as the evolution of the solar system or more specifically, Near Earth Object,
asteroid belt, Kuiper Belt and Oort Cloud populations.

Acknowledgements

We thank Jeremie Vaubaillon for his patience, support, and his explanations and
assistance in recreating his results for the purposes of verifying our methods. We
thank Phil Stooke for his allowing us to use his shape model and surface mapping
of the asteroid Gaspra as our test model for a cometary nucleus.

References

Brown P.; Jones J., 1998, Icarus, 133, 1, 36

Crifo J.F., Rodionov A.V., 1997, Icarus, 129, 1, 72

Jorda L., Crovisier J., Green D.W.E.; 1992, in Lunar and Planetary Inst., ACM, 1991,
285

Vaubaillon, J., Colas, F., Jorda, L., 2005a, A&A, 439, Issue 2, 751

Vaubaillon J., Colas F., Jorda L., 2005b, A&A, 439, Issue 2, 761

Whipple F. L., 1950, ApJ, 111, 375



PART 5

Meteor databases, observation
techniques,

software and data reduction






Meteoroids 2013, Proceedings of the Astronomical Conference,
held at A.M. University, Poznarn, Poland, Aug. 26-30, 2013,
eds Jopek T.J., Rietmeijer F.J.M., Watanabe J., Williams I.P.,
Adam Mickiewicz University Press in Poznan, pp 289-295
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Abstract. The present work is based on an analysis of 83369 meteor orbits collected in
the European video meteor network database — EDMOND (Kornos et al. 2013a), 5.7% of
which have orbits determined as hyperbolic. Among them, we searched for gravitationally
accelerated meteoroids. The investigation showed that only 8 meteoroids from all 4712
hyperbolic orbits had close encounters with one of the major planets, giving a proportion
of only 0.0017 of all hyperbolic orbits. However, for none of these 8 meteoroids did the in-
tegration procedure show significant changes in their orbits; thus, the close encounters did
not cause their hyperbolicity. Indeed, our analysis showed that erroneous determinations
of the heliocentric velocity is responsible for the vast majority of hyperbolic orbits among
the detected meteors in the EDMOND.

Keywords: meteoroids, meteors, hyperbolic orbits

1. Introduction

The high abundance of hyperbolic orbits among detected meteors has always been
an issue, and in spite of great progress in the development of observational tech-
niques and orbit determination it remains so. Their presumably high presence in
databases started an unsuccessful search for interstellar meteoroids but, in fact,
it reflects the quality of observational data. Indeed, the proportion of hyperbolic
orbits in data was found to be dependent on the precision of the data (Stohl 1971;
Hajdukova 1994; current study).

Except for an interstellar origin of meteoroids, there are other sources that are
related to the processes at work in our Solar System which can produce Earth
crossing hyperbolic orbits. In this case, the particles, naturally, originate within
the Solar System.

One of these sources is a possible mechanism of mutual collisions of small bod-
ies in the Solar System as was investigated in the paper Pittich and Solovaya
(2013). Depending on their direction, the fragments will migrate into either the in-
ner or outer part of the Solar System, with different orbital velocities. The orbital
behaviour of the Main Belt body fragments showed, according to these authors,
the possibility for some of them to be shifted on hyperbolic orbits, and migrate
out of the Solar System as hyperbolic meteoroids. A fraction of them may cross
the inner part of the Solar System. In these cases they cross the Earth’s orbit and
they will be observed at Earth as hyperbolic meteors.

Meteoroids perturbed due to a close planetary encounter are probably more fre-
quent. Their production depends sensitively on both the speed and direction with
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which the meteoroids approach the scattering planet (Wiegert 2011). The flux of
gravitationally scattered meteoroids at the Earth is not yet known. However, their
proportion among the registered meteors, according to several studies based on
meteors observed by different techniques and considering different particle sizes,
seem to be rare. Among 7489 video meteors from the SonotaCo TV catalogue
(SonotaCo 2009), none of the hyperbolic orbits was caused by a meteoroid encoun-
tering a planet (Hajdukovd et al. 2013). Among the 4581 photographic orbits of
the TAU Meteor Database (Lindblad et al. 2005), not a single meteor was found
whose hyperbolicity was caused by planetary perturbation (Jakubik 2001). In an
optical search for interstellar meteoroids based on 1739 meteor orbits of high accu-
racy (Musci et al. 2012), the majority of the nominally hyperbolic events could not
have been more than very slightly perturbed due to recent close planetary encoun-
ters. The last mentioned authors found no clear evidence of interstellar meteoroids
among their data and concluded that the few hyperbolic meteors identified were
most likely the result of measurement errors.

These results agree with our previous studies searching for interstellar mete-
oroids (Hajdukovd 1994, 2008, 2011), which demonstrated how extremely small
the number of possible interstellar meteoroids is among the hyperbolic orbits in
the registered data and how great the number of hyperbolic orbits is due to erro-
neous velocity determination. Thus, our task here was also to estimate the limits
of possible errors in EDMOND data. In our analysis, we focused on meteoroids on
hyperbolic orbits produced by planetary perturbations.

2. European video meteor network database

For our analysis, we used the European video meteor network database (EDMOND)
of video meteor orbits (Kornos et al. 2013a). The database is the result of coop-
eration and data-sharing among several European national networks and the In-
ternational Meteor Organization Video Meteor Network (IMO VMN). During the
years 2001-2013, about 109000 preliminary orbits were collected in the database,
the subsequent treatment of which created the current version EDMOND 4.0, which
consists of 83369 orbits (Korno§ et al. 2013b). Two sets of multiple selection cri-
teria were used, which eliminated meteors with the largest errors in their velocity
determination. After this selection, the proportion of hyperbolic orbits in the data
decreased significantly, from 14% of the previous version to 5.7% of the current
version of the database.

Considering that the proportion of hyperbolic orbits in data depends on the qual-
ity of the original observations, an examination of individual hyperbolic orbits
should use only data of the highest accuracy. Thus, additionally, we applied stronger
criteria to the data to obtain a subset of meteor orbits of even higher accuracy, viz.
(1) the duration of the trail had to be over 0.3 seconds, (2) the maximum differ-
ence between 2 poles of ground trajectory had to be smaller than 0.1 degree, (3)
the overlap percentage of trails observed from two stations for a particular meteor
had to be larger than 50%, and (4) the convergence angle Q¢ had to be larger
than 20 degrees. The resulting subset of the 28555 higher quality video orbits con-
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Table 1. Overview of all hyperbolic orbits from the EDMOND (ED), and of those selected
from the subset of higher quality orbits (HQ).

ED HQ
Number of all orbits Nau = 83369 28555
Number of hyperbolic orbits Nesq = 4712 1431
Proportion of hyperbolic orbits Nes1/Nay = 0.057 0.050
Number of shower meteors Nohow = 34562 11160
Number of sporadic meteors Ngpor = 48807 17395
Number of hyperbolic shower meteors Nshow,e>1 = 2018 620
Number of hyperbolic sporadic meteors Nspor,e>1 = 2694 811
Proportion of shower meteors among
the hyperbolic meteors Nohow,e>1/Nes1 = 0.428 0.433
Number of retrograde meteors Ni>g90 = 43571 12267
Number of hyperbolic retrograde meteors Ni>90,e>1 = 3606 1127
Proportion of retrograde orbits among
the hyperbolic meteors Ni>90,e>1/Nes1 = 0.765 0.788

tains 1431 hyperbolic meteors (5.0%) and was used for a search for true hyperbolic
orbits. An overview of the EDMOND data is listed in Table 1.

3. Concentration of shower meteors among hyperbolic orbits

Inaccuracy in the heliocentric velocity is a significant source contributing to the un-
certainty in semi-major axes determination. The value of the semi-major axis is very
sensitive to the value of the heliocentric velocity vy, especially near the parabolic
limit. For meteoroids with high velocities, any error in the determination of vy
can easily push the orbit over the parabolic limit and create an artificial hyperbolic
orbit. To follow the influence of such errors on our sample of orbits considered to be
hyperbolic, we created diagrams showing the radiant positions of orbits for the se-
lected intervals of values of 1/a close to the parabolic limit and beyond (Figure 1).
The analysis showed a high concentration of shower meteors among the hyperbolic
orbits, which is clearly due to measurement errors, mostly in the velocity determi-
nation. A gradual decrease in the concentration of shower radiants with decreasing
values of 1/a would be expected, but their concentration among the orbits of high-
est hyperbolic excesses is still evident. Meteors fulfilling the criteria of belonging to
meteor showers and, at the same time, having heliocentric velocity with an excesses
over the parabolic limit, offer proof of the false hyperbolicity of their orbit. All of
them belong to high-inclined streams with long periods and heliocentric velocities
close to the parabolic limit, mostly with retrograde orbits.

Generally, the errors in the measured velocity increase towards higher velocities,
which belong mostly to retrograde orbits, and so they increase the proportion of
hyperbolic orbits among particles moving on retrograde orbits. The proportion of
retrograde orbits in the data is 52%, whereas that in the hyperbolic data is 77%.
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Figure 1. Position of radiants (in o and ) of hyperbolic meteoroids from the EDMOND,
within chosen limits of reciprocal semi-major axis 1/a in AU ~1. The presence of radiants
of shower meteors with high heliocentric velocities, Perseids (o = 46°, ¢ = 58°), Orionids
(a = 95°, 6 = 15°), Leonids (a = 152°, § = 22°), Lyrids (o = 272°, § = 32°) and Eta
Aquariids (o = 337°, § = —2°), is evident, even among the orbits of highest hyperbolic
excesses.

We examined four meteor showers, which can be clearly distinguished in Figure
1: Perseids, Orionids, Leonids, and April Lyrids. The 2331 Perseids from the period
July 29 — August 26 were identified using the Southworth-Hawkins D-criterion for
orbital similarity (Southworth and Hawkins, 1963), fulfilling the condition Dgpy <
0.25. As much as 9% of these Perseid shower meteors have orbits determined as
hyperbolic with a < 0 and e > 1. For the other three meteor showers, the limiting
value of Dgp < 0.2 was applied. The highest proportion of formally hyperbolic or-
bits (13.9%) was found in the set of 79 meteoroids belonging to the April Lyrids. It
corresponds to the smallest difference between the parabolic velocity and the mean
heliocentric velocity Avy = 0.22kms™! of the April Lyrids meteor shower. Four
hyperbolic meteors among the 91 Leonids in the data resulted in a slightly smaller
proportion of hyperbolic orbits (7.7%). In the set of 802 Orionids, there are 107
hyperbolic meteors (13.3%). A dependence of the contribution of hyperbolic or-
bits in meteor showers on the mean heliocentric velocity of a particular shower,
Ne>1/N = f(vg) is visible. This relationship that was found in our previous stud-
ies (Hajdukovd 2008, 2011) is confirmed by the results from the new data set. It
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Table 2. Close meteoroid encounters within the frame of 1 Hill’s sphere of a particular
planet, obtained by a backwards integration performed for all hyperbolic meteoroids from
the EDMOND. For each meteoroid is listed: the year of observation, its closest distance
to planet encountered, its heliocentric velocity vy measured at Earth and the hyperbolic
excess of its heliocentric velocity Avg; (qual) - orbits of higher quality.

Meteor No Year Planet Distance VH Avyg
[AU] [kms™] [kms™!
399 (qual) 2008 Jupiter 0.2006 42.76 0.66
2481 (qual) 2009 Saturn 0.2938 42.68 0.58
7088 2010 Jupiter 0.1974 43.17 1.07
24980 2011 Jupiter 0.2584 44.56 2.46
18028 (qual) 2011 Saturn 0.3586 42.21 0.11
38652 2012 Jupiter 0.1387 43.27 1.17
27630 (qual) 2012 Jupiter 0.2195 42.23 0.13
6686 2012 Jupiter 0.1728 42.29 0.19

offers proof that determinations of hyperbolic orbits are subject to measurement
errors in the velocity.

The investigation showed that for all four showers the standard deviations of
heliocentric velocities exceed the differences between the parabolic velocity and
the mean heliocentric velocity of the particular shower by a factor of 1.3 to 3.7,
which clearly explains the abundance of hyperbolic orbits among these four meteor
showers.

Applying the results to the subset of sporadic meteors and assuming that their
orbits were determined, in general, with the same precision as for the shower me-
teors, we can conclude that there is a lack of statistical argument for the presence
of real hyperbolic orbits among the EDMOND data.

4. Hyperbolic orbits caused by planetary perturbation

4712 meteors with heliocentric velocities determined as hyperbolic from the ED-
MOND and 1431 hyperbolic orbits from the subset of higher quality orbits we
created for this analysis (see section 2), were searched for unbound meteoroids
due to a close accelerating encounter with one of the massive planets of the So-
lar System. In order to follow their orbital evolution, all hyperbolic orbits were
integrated backwards for 80 years. At this time, all meteors reached a heliocen-
tric distance of at least 100 AU. We followed the same procedure that was used
for analyzing hyperbolic meteors from the SonotaCo catalogue (Hajdukova et al.
2013). For the integration, the multistep procedure of Adams-Bashforth-Moulton’s
type, up to the 12th order with a variable step-width, developed by Shampine and
Gordon (1975) and implemented by Montenbruck and Pfleger (2000), was used. In
the model, the planets Mercury through Neptune were considered as perturbing
bodies; Earth and the Moon were treated separately. The positions of the per-
turbing planets were obtained from the Planetary and Lunar Ephemeris DE406,
prepared by the Jet Propulsion Laboratory (Standish 1998). The orbital evolution
of the meteoroids was, as in our above mentioned study, traced in two steps. In
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the first step, a backward motion of a meteoroid on Keplerian heliocentric orbit
into the distance of 3 Hill’s radii from Earth was calculated, because the orbital
elements in the data refer to the orbit of each meteoroid before it came under the
influence of Earth’s gravity. In the second step, the above mentioned gravitational
model was used and the integration was performed. On such a short passage of
the orbit, it is not necessary to include the influence of non-gravitational forces.

The investigation showed 39 orbits encounters within the frame of 3 Hill’s sphere
of Jupiter, two within the frame of 3 Hill’s sphere of Saturn, and none with any of
the other major planets. Only 8 meteoroids from all 4712 hyperbolic orbits (and
only 4 from the 1431 higher quality orbits) had close encounters with one of the two
major planets closer than 1 Hill’s radius, giving a proportion of only 0.0017 of all
hyperbolic orbits. Six occurred with Jupiter and 2 with Saturn. Their heliocentric
velocities observed at Earth are from 42.20 to 44.56 kms~! and the corresponding
hyperbolic excesses range from 0.11 to 2.46 kms~!. The small number of events
is partly the result of the high inclinations of the orbits which results in only a
short section of a meteor’s orbit being near to the ecliptic plane. About 77% of all
hyperbolic orbits in the EDMOND have inclinations greater than 90°. Nevertheless,
for none of the meteoroids, which had had a close encounter did the integration
procedure show significant changes in their orbits.

The hyperbolic orbits were also searched for a change from a hyperbola to an
ellipse during the backward integration process, connected with the meteoroid’s mo-
tion retreating away from the Sun with respect to the barycenter of the whole Solar
System. This phenomenon was studied previously by Hajdukova et al. 2013, using
a different set of video orbits. It could, theoretically, reveal orbits of interstellar me-
teors but only on the assumption that meteor orbits are precisely determined. In
the catalogue investigated, there are only 30 hyperbolic orbits (which correspond to
a fraction 0.006 of all hyperbolic orbits) that changed during the integrations from
a hyperbolic to an elliptic orbit. For four of them, it took place outside Jupiter’s
orbit; for others, more distantly, at least beyond Saturn’s orbit. In all cases, the or-
bits were retrograde or with very high inclinations, and none of them was caused
by a close meteoroid encounter with a planet. The negligible proportion of orbits
changed from a hyperbolic to an elliptic orbit reflects the insufficient accuracy of
the orbits investigated.

The results of the analysis and an overview of the meteoroids’ close encounters
are shown in Table 2.

5. Conclusions

Our analysis of 4712 hyperbolic orbits from the 83369 meteors from the European
video meteor network database did not produce any convincing arguments in favor
of the existence of true hyperbolic meteors, in spite of the presence of many orbits
with determined values of a < 0 and e > 1 in the data. Meteoroids with hyper-
bolic orbits were searched for close approaches with one of the massive planets of
the Solar System. The integration procedure showed that 8 from all 4712 hyperbolic
meteoroids, and only 4 from the 1431 higher quality orbits, had close encounters
with one of the major planets closer than 1 Hill’s radius. None of these encounters
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produced significant changes in the meteoroid orbits. Not a single meteoroid was
found in the database whose hyperbolicity was caused by planetary encounters.

Furthermore, taking into account (1) a high concentration of shower meteors
among the hyperbolic orbits, (2) a dependence of the contribution of hyperbolic
meteors in meteor showers on the mean heliocentric velocity of a particular shower,
and (3) a high proportion of hyperbolic orbits among particles moving on retrograde
orbits, we can conclude that there is a lack of statistical argument for the presence
of real hyperbolic orbits in the catalogue.

The hyperbolic velocities observed at Earth are most likely a consequence of
observational and measurement errors, mostly in the velocity. Other sources which
can produce the hyperbolicity of a meteor orbit, including a planetary perturbation,
are negligible in comparison. To avoid entering poor quality data into the database,
stronger filters for the selection of the orbits can be used, but this will come at
the expense of the quantity of the data. In any case, an improvement in the velocity
measurement and determination is essential.
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Abstract. The Video Meteor Network of the International Meteor Organization (IMO)
has been monitoring the night sky for shooting stars since 1999. It was the first network
of automated video cameras to observe meteors in visible light in a continuous fashion,
and it remains one of the largest networks to date. By the end of 2012, 81 cameras across
15 countries had recorded more than 1.4 million meteors in 4600 nights. The resulting
database is publicly available and has been used in a range of studies, including the con-
firmation of about 100 known meteor showers, the detection of more than 20 previously
unknown showers, and the characterization of the radiants and velocities of the parent
meteoroid streams. Recent advances include the ability to monitor a meteor shower’s flux
density in real-time. This paper summarizes the history, the characteristics and the main
results of the network, which is led entirely by citizen scientists (i.e. amateur astronomers).

Keywords: citizen science, meteor showers, meteoroid fluxes, video meteor observations

1. Introduction

The Video Meteor Network of the International Meteor Organization, in short
the IMO network, is a joint effort by amateur astronomers to obtain video meteor
observations on a regular basis. This paper summarizes the history, the character-
istics and the main results of the network, which has been operating continuously
for nearly fifteen years.

We start in Section 2 by discussing the three phases which characterize the his-
tory of the network. In Section 3 we describe the project and compare it with other
video networks, and in Section 4 we summarize the main results. Finally, in Section
5 we conclude and offer a future outlook.

2. History

Video observations of meteors have been attempted as early as the 60’s and the 70’s
of the previous century, but the method only gained widespread adoption in the 90’s
when the required equipment became more affordable. The observations were ini-
tially limited to dedicated observing campaigns for selected events, because the data
analysis was a largely manual and hence time-consuming process, carried out off
line after the observations.

In March 1999, however, a first camera in Germany started to monitor the night
sky on a continuous basis (Molau 2001). Its data processing was automated and

297



298 Molau S., Barentsen G.

Table 1. Growth of the IMO Video Meteor Network.
Year Cameras Observers Countries Nights Eff. Time [h] Meteors

1999 8 7 3 117 1022 8352
2000 11 8 5 248 506 12852
2001 19 12 7 293 524 31646
2002 19 12 8 318 5866 23258
2003 23 15 8 357 9614 36 389
2004 21 11 7 351 7376 25205
2005 23 17 9 356 9543 40770
2006 28 19 9 365 14983 69 844
2007 30 22 9 364 16932 75053
2008 37 24 10 366 22984 92 323
2009 43 24 10 365 32291 138765
2010 57 32 12 365 35489 192050
2011 80 46 16 365 69063 312099
2012 81 46 15 366 93 562 353 627

took place in real-time to avoid the need to store the observations on video tape.
This marked the start of the IMO network, which has grown continuously since. In
this section we offer a brief summary of its history, which can be divided into three
phases: (i) the initial setup and data collection; (ii) using the data to establish
meteor showers; and (iii) exploiting the data to estimate meteoroid fluxes.

2.1. Phase 1: setup and data collection

This first phase of the network was characterized by the setup of the network,
the software development and the initial data collection. The IMO network has
been growing constantly from year to year, and so did the output of the network
(Table 1). As of June 2007, meteor observations have been obtained in every single
night.

The first years of the network saw continuous development and improvement of
the software, based on the ever-increasing practical experience. The meteor detec-
tion program, called METREC (Molau 1998), was enhanced significantly and a num-
ber of additional tools were developed to support the preparation and the post-
processing of the observations. The overarching aim was to reduce manual interac-
tion as much as possible, in order to attract a sufficiently large number of observers
which could operate a camera for many years.

2.2. Phase 2: establishing meteor showers

The second phase started in 2006, when the database contained astrometry for
about a quarter million of single-station meteors. After more than 6 years of data
collection, it was deemed that the network had obtained sufficient coverage at all
solar longitudes to switch from occasional analyses of selected showers to a com-
prehensive statistical analysis of meteor showers across the year.

The analysis procedure used is explained in detail in Molau (2007). In brief, it
is based on Bayes’ decision rule and does not require a-priori knowledge about
meteor showers, which are searched for in a two-step procedure. In the first step,
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the database is split into solar longitude intervals. Within each interval, all active
radiants are determined as follows: for each meteor M and each possible radiant R
(/8 /v), we calculate and accumulate the conditional probability P(M|R) to find
the most probable radiants which can explain the data. The conditional probabil-
ity is inferred from the distance between the radiant and the backwards-prolonged
meteor path, as well as the difference between the expected and the observed an-
gular velocity (a procedure similar to the meteor shower assignment performed by
visual observers). In the second step, similar radiants in consecutive solar longitude
intervals are connected to identify meteor showers which are active over a certain
amount of time.

By 2008, the data set had almost doubled in size and the meteor shower search
was repeated with an improved algorithm, which fixed certain weaknesses in the first
analysis (Molau 2010). The improvements included the introduction of information
on the altitude of the meteor layer and the error distribution. Moreover, an observ-
ability function was introduced to correct for the observing geometry and to allow
for a direct comparison of the meteor shower activity.

In 2009, on the occasion of the 10th anniversary of the IMO network, we carried
out the most elaborate meteor shower search till then based on nearly half a million
meteors (Molau & Rendtel 2009). A third step in the shower detection procedure
was added, namely a manual quality check and refinement of the automatically
obtained results. We also linked our results to the newly created meteor shower
working list of the IAU Meteor Data Center (MDC), (Jopek and Kanuchova 2014).

The above analyses had shown the Perseus/Auriga region to be particularly
challenging in the months of September and October, because there appeared to
be a number of nearby radiants with similar properties. Hence in Rendtel & Molau
(2010) we published a specific analysis of meteor showers in that area.

By November 2011, the size of our database had grown to over a million meteors,
and hence the latest and most comprehensive meteor shower search with the best
coverage of solar longitudes (Figure 1) was started and eventually published in
Molau (2014). Not only had the data set grown dramatically, but also the MDC
working list had become fully established and new showers were now actively being
reported to the MDC from different networks. For the first time, we conducted a bi-
directional match between the IMO database and the MDC working list, i.e. we
introduced an additional procedure to check for evidence of showers which appear
in the MDC working list but were not automatically found by us. In total we
could confirm 106 meteor showers from the MDC list plus 23 additional streams
belonging to the Antihelion source.

2.3. Phase 3: estimating flux densities

Starting from 2010, we complemented the radiant searches with flux density esti-
mates. The meteor detection software was extended to estimate the limiting mag-
nitude of the camera in real-time}. When combined with the observing geometry
(field of view, observing direction, meteor shower velocity, radiant altitude and an-
gular distance) and the effective observing time, all of which can be determined

1 Explained in http://www.imo.net/imc2010/talks/Molau.pdf
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Figure 1. Distribution of meteors over solar longitude in the 2013 meteor shower analysis.

precisely for a video system, we were able to calculate the flux density of known
meteor showers on the fly. In April 2011, an online web service was implemented
for observers to upload their flux density data automatically. The web service has
a user interface which allows the meteor shower activity of all major showers to
be analysed with configurable parameters (Molau & Barentsen 2013).

On the occasion of the Draconids outburst later that year, we implemented
a real-time flux density display which allowed enthusiasts world-wide to follow
the development of the outburst online without delay (Molau & Barentsen 2014).

2.4. Current Status

By the end of 2012, the IMO Video Meteor Network had united 46 observers from
15 countries. The majority of the 81 cameras were located in (central) Europe,
where there is a significant overlap of the observing fields. There are also a few
individual systems in America and Australia (Table 2). The database had grown
to more than 1.4 million meteors recorded in 4 600 nights. The combined effective
observing time equals 325 000 hours or over 37 years of continuous observation. All
IMO network data are quality checked and available without restriction in different
formats, and can be downloaded in part from the websitet.

3. Network characteristics

The IMO Video Meteor Network was the first meteor network to continuously
monitor the night sky in visible light, and it is one of the largest video networks
to date. With very few exceptions, all participants in the network are amateur
astronomers organized in local societies, who operate their private video equipment.
Even though there are a few typical configurations such as MINTRON or WATEC
cameras with 3.8 mm or 8 mm f/0.8 COMPUTAR lenses, we have a wide range of
different camera types and properties overall. Many observers operate one or two
camera at their home location, but we also have a few participants who operate up
to five video systems at different locations. Nearly all stations are fully automated
and operate every night.

1 http://www.imonet.org
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The IMO network is a single station network by design, which is the biggest dif-
ference to most other networks. No matter where in the world someone is interested
in meteors, and no matter what kind of camera he or she operates, anyone can join

Table 2. List of observers who had contributed more than 1000 meteors to the IMO
Video Meteor Database by December 2012.

Observer Country Nights Eff. Time [h] Meteors
S. Molau Germany 3461 36452.0 214099
J. Strunk Germany 2501 21389.1 72194
J. Kac Slovenia 2052 23909.4 94 069
F. Castellani Italy 1754 14028.4 46 322
B. Brinkmann Germany 1519 8684.7 31646
I.Yrjola Finland 1438 7561.4 28 468
E. Stomeo Italy 1415 20871.6 127816
S. Slavec Slovenia 1415 6389.8 17725
S. Crivello Italy 1301 15172.2 80078
R. Goncalves Portugal 1299 18463.2 71695
M. Triglav Slovenia 1188 5218.8 18 345
D. Koschny Netherlands 1184 7518.5 36 165
C. Hergenrother USA 1102 7432.3 19440
A. Igaz Hungary 1030 13104.2 48273
O. Benitez-S. Spain 1026 5295.4 13959
M. Govedic Slovenia, 906 7481.6 28028
W. Hinz Germany 900 5018.5 26931
M. Eltri Italy 899 6198.0 27604
H. Schremmer Germany 823 3344.0 11493
E. Rothenberg Germany 808 3717.6 12388
R. Lunsford USA 803 5102.1 33229
M. Otte USA 701 3389.5 13826
I. Tepliczky Hungary 679 4045.9 19375
Z. Perké Hungary 652 3654.1 23570
S. Kerr Australia 648 4666.9 34036
J. Rendtel Germany 647 3823.4 17223
J. Morvai Hungary 595 3141.0 8915
P. Ochner Italy 567 2399.6 7982
E. Berké Hungary 544 7607.5 32985
K. Jonas Hungary 501 2719.9 8112
C. Saraiva Portugal 464 8142.3 19163
S. Csizmadia Hungary 477 1819.9 5773
S. Evans UK 457 2807.3 11411
M. Maciejewski Poland 403 5261.2 13140
L. Scarpa Italy 380 2468.2 8636
S. Quirk Australia 341 3041.8 10109
M. Breukers Netherlands 319 2863.1 8290
S. Kiss Hungary 300 1875.0 2077
B. Roberto Italy 294 1583.4 5320
S. Biro Hungary 287 1723.4 5037
G. Maravelias Greece 273 1625.9 7268
R. Pucer Slovenia 272 1650.9 6231
A. Leroy France 255 1194.3 1676
K. Jobse Netherlands 251 1801.9 20090
M. Nitschke Germany 213 942.5 5425
M. Bombardini Italy 203 1187.0 5670
F. Ocana G. Spain 174 958.4 1218
S. Ueberschaer Germany 173 882.3 1684
U. Sperberg Germany 167 1069.2 4659
R. Stork Czech Rep. 157 1547.6 26 480
Z. Zelko Hungary 127 825.1 2137
M. Currie UK 123 533.9 2133
G. Kladnik Slovenia 64 348.9 1668
R. McNaught Australia 52 401.2 5285
M. Weber Czech Rep. 29 49.4 1050
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the IMO network and contribute to our database, as long as the observing stan-
dards are followed. There is no need to establish a local network of identical camera
with synchronized fields of view, because single meteors from single cameras are
included in the database and used for analyses. Hence, there are both individual
observers as well as national video networks which provide their data to the IMO
network.

This strategy has allowed us to build a data set of unprecedented size. The num-
ber of single-station meteor records in the IMO database is an order of magnitude
larger than the number of orbits obtained by large video networks with synchro-
nized fields of view. Of course this limits the kind of studies which may be performed
using the database. For example, whilst we can reliably determine shower radiants
from single-station meteors in a statistical sense, we cannot obtain orbits for in-
dividual meteors. As a result, the large data set allows us to determine activity
intervals and flux profiles precisely, but the accuracy of certain shower parameters
such as the velocity is lower than what may be obtained from double-station data.

Although the IMO network was originally envisaged as a single-station network,
the database does contain some tens of thousands of double-station observations,
due to the high camera density in central Europe. For this reason, the full IMO
network data set was imported into the EDMOND database (Kornos et al. 2013)
in 2013, for the purpose of analysing the trajectories and orbital parameters using
these double-station observations.

Another unique property of the IMO network is the standardization of the com-
puter hard- and software. All participants use the same digitizer hardware and
the METREC software (Molau 1998) for meteor detection and analysis.

The observations are reported to the headquarters on a monthly basis. Before
they are stored into the database, the observations are manually checked for qual-
ity by a team of network administrators, which is in addition to the initial post-
processing checks made by the observer. This means that the results of every night
are checked by eye at least twice, hence ensuring a high level of quality and con-
sistency despite the large variety of camera systems and observers.

Finally, the results are summarized and published on a monthly basis in WGN,
the journal of the IMO, together with the result of an initial analysis. This provide
the contributors with active feedback.

4. Results

As briefly mentioned in Section 2, multiple analyses have been carried out using
the IMO network database over the years. In this section we summarize the high-
lights.

4.1. Meteor shower analyses

In the second phase of the IMO network, our data analysis activities focused on
the detection of meteor showers. We confirmed about one hundred meteor showers
from the MDC working list, improved their shower parameters, detected more
than 20 unknown meteor showers, and confirmed new discoveries of other teams.
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Figure 2. Velocity of meteors of the a-Capricornids (CAP) and Southern d-Aquariids
(SDA) showers over their activity interval.

We did not only provide information about the radiant position, drift and velocity
of meteor showers. but also provided long-term activity profiles.

During the 2009 analysis we found that not only the radiant position, but also
the velocity of certain meteor showers varies over time (Molau & Rendtel 2009).
Figure 2 depicts the velocity of a-Capricornids and the Southern §-Aquariids me-
teors against time. In both cases the velocities reduce significantly over the activity
period. The observed pattern requires further investigation, but it is likely explained
by a combination of (i) the change of Earth’s velocity vector as it revolves around
the Sun, and (ii) the fact that meteoroids in different regions of a stream are on
slightly different orbits.
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4.2. Flux density calculation

For every major meteor shower since 2011, detailed flux density profiles have been
obtained. Because most of our cameras are located at European longitudes, we can-
not cover all solar longitudes in a single year. However, by combining the data sets
of different years we manage to obtain complete, high-resolution activity profiles.
An example is given in Figure 3, which shows the activity profile of the Perseids
peak based on data obtained between 2011 and 2013.

4.3. Zenith exponent

While analyzing flux density profiles of individual meteor showers, we detected
systematic deviations as a function of the radiant altitude. We found that these
errors can be tackled by adopting a zenith exponent v different than 1.0. In Molau
& Barentsen (2013) we determined the zenith exponent for a number of meteor
showers individually, such that the systematic errors were minimized. We obtained
values between 1.5 and 2.0, with an average value of v = 1.75 over all showers.

4.4. Real-time flux density profiles

The Draconids outburst of 8 October 2011 was a major event which triggered sev-
eral ground-based and airborne observing campaigns. We conducted an experiment
to provide reliable flux density estimates in real time on the internet. About twenty
IMO network observers intended to join the experiment, though only four cameras
in Germany, Slovenia and Portugal enjoyed sufficiently clear skies to upload their
observations in real time. Based on their data, the flux density profile was auto-
matically calculated and published online. The Draconids peak was immediately
and clearly apparent in the graph, which is still available onlinef.

Later, the remaining data were uploaded and analysed. The final data set from
57 cameras contained 1605 Draconids meteors, which was sufficient to calculate
the flux density profile with a temporal resolution of just five minutes (Figure 4). We
could accurately determine the peak time, the flux density, and the full with at half
maximum (FWHM) of the Draconids outburst, published in Molau & Barentsen
(2014).

5. Conclusions and outlook

The IMO Video Meteor Network is a joint effort by nearly 50 amateur astronomers
to obtain video meteor observations on a continuous and automated basis. It was
the first network of its kind and has remained one of the largest networks since, with
more than 1.4 million single-station meteors having been recorded by 81 cameras
between 1999 and 2012. The resulting data set has been quality-checked by eye and
is available to the public.

This paper summarised the history, the characteristics and the main results of
the network. We discussed how the data has been used in a range of studies,
including the confirmation of about 100 known meteor showers, the detection of

1 See http://www.imonet.org/draconids
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Figure 4. High resolution flux density profile of the Draconids on October 8, 2011.

more than 20 previously unknown showers, and the characterization of the streams
and their flux densities. A notable highlight was the outburst of the 2011 Draconids,
during which the network delivered a high-resolution activity profile in real time.
In future work, we aim to carry out further analysis by exploiting the rapidly
growing database, improving the data quality and refining the analysis techniques.
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Abstract. We propose a low-cost robotic optical survey aimed at 1-300 m Near Earth
Objects (NEO) based on four state-of-the-art telescopes having extremely wide field of
view. The small Near-Earth Asteroids (NEA) represent a potential risk but also easily
accessible space resources for future robotic or human space in-situ exploration, or com-
mercial activities. The survey system will be optimized for the detection of fast moving -
trailed - asteroids, space debris and will provide real-time alert notifications. The expected
cost of the system including 1-year development and 2-year operation is 1,000,000 EUR.
The successful demonstration of the system will promote cost-effectiveicient ADAM-WFS
(Automatic Detection of Asteroids and Meteoroids — A Wide Field Survey) systems to be
built around the world.

Keywords: NEO survey, asteroids, meteoroids, space debris

1. Introduction

It has been more than 200 years since the first asteroid, now defined as a dwarf
planet, Ceres, was discovered. Progressive development of instrumentation and
techniques in astronomy revealed the existence of the asteroid main belt and other
dynamically stable and unstable populations of minor bodies throughout the So-
lar System including NEAs encountering the Earth. In 2013, 10,000th NEO was
discovered by the Pan-STARRS survey (Kaiser et al. 2010). Although, the num-
ber of NEA has been rising rapidly within the last decade due to the dedicated
asteroid surveys such as Spacewatch (Gehrels et al. 1986), LINEAR (Stokes et al.
2000), LONEOS (Koehn and Bowell 1999), NEAT (Pravdo et al. 1999), space-
based NEOWISE (Wright et al. 2010) or ongoing next generation surveys such as
Catalina Sky Survey (Larson et al. 1999) and Pan-STARRS, there is a large uncer-
tainty in the population count and orbital properties of small NEA within the size
range of 1 — 300 m are not understood well. In previous studies (Rabinowitz et al.
1994; Bottke et al. 2002; Stuart and Binzel 2004) the population count of 10 m size
NEA differed more than one order of magnitude. Although, NEOWISE mission
supposedly derived accurate diameters of asteroids by the thermal modeling and
assumed that there are less small NEAs that it was predicted before (Mainzer et
al. 2013), recent studies by Harris (2008) and Brown et al. (2013), based on re-
cent ground-based discoveries and the fall of the Chelyabinsk meteoroid in 2013,
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suggest a much higher count. Other previous studies also indicated that small
NEA population could be enhanced by tidal disruption of rubble-pile asteroids
during close approaches to the Earth, such as a theory about the common origin
of Piibram and Neuschwanstein meteorites coming from heterogenous stream of
meteoroids (Spurny et al. 2003) when the frequency of rubble-pile asteroids disrup-
tion were estimated (Téth et al. 2011). Similarly in subsequent studies, Schunové
et al. (2012), Schunova et al. (2014) analysed the creation mechanisms of NEA’s
families and showed supporting evidence for mentioned theories. Moreover, the me-
teoroid streams may contain large particles from break-ups and enriched population
of small NEOs (Porubcan et al. 1992; Rudawska et al. 2012; Babadzhanov et al.
2013).

In the past (T6th and Korno§ 2002, 2003; Veres et al. 2006), we proposed a simple
low-cost survey for discovering population of small asteroids flying-by within one
lunar distance from the Earth. In this paper we introduce an advanced and more
sophisticated, yet low cost concept that will characterize the population of small
NEA that from the large part is undetectable by current telescopic systems.

2. Concept

Automatic Detection of Asteroids and Meteoroids - A Wide Field Survey (ADAM-
WEFS) will consist of 4 identical wide-field astrographs (Houghton-Terebizh f=300
mm, f/1.44) on a fast-track mount with high-precision guiding (Fig. 1). Each tele-
scope will be equipped with a large-scale single chip CCD camera (4096x4096 pix)
providing a total FOV of almost 100 square degrees. The predicted limiting mag-
nitude with the wide-band optical filter will be +17.5 mag. at S/N=5.0 with 30 sec
exposures and a pixel scale of 4.36 arcsec/pix. This configuration is able to survey
almost an entire sky visible from a specified location in 3 visits per night (Fig. 2),
with the rapid image processing providing moving targets in almost a real-time.
We will use the Moving Object Processing System (MOPS, (Denneau et al. 2007))
that has been utilized by the Pan-STARRS and ATLAS (Tonry 2011). Stationary
transients will be processed during the daytime. We propose to build the system at
an existing observatory with a dedicated 60-80 cm follow-up telescope and existing
infrastructure.

2.1. Advantages of ADAM-WFS

The survey budget is considered low-cost compared to the existing or planned all-
sky surveys that focus on deeper limiting magnitude, or space-based observatories,
which are up to two orders of magnitude more expensive. In contrast to existing
or planned deep surveys with narrower fields of view, our survey will cover entire
visible night sky few times per night. In spite of its lower limiting magnitude,
large pixels would decrease the effects of trailing loss for fast moving targets.
Thus, ADAM-WFS will detect more fast moving objects than any survey equipped
with telescopes of similar size.

Usually, the development of a new survey takes years due to the new hardware
and software development and methods to be implemented. Our goal is to avoid
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Figure 1. A design of the ADAM survey telescope - the mount and 4 optical assemblies
in front and rear views (left) and optical path of the Houghton-Terebizh optical system
(right).

Figure 2. Sky coverage of the ADAM survey on one night, taken from the MOPS simu-
lation interface.

reinventing the wheel and use existing routines for image processing, moving
object processing, hardware, mount and optics to speed-up the delivery of the com-
plete system and cut down the cost. We will also count on a compact team of
astronomers and engineers with work and science experience on existing surveys
(Pan-STARRS) or surveys under the development (ATLAS), on full-time and sub-
contracts.

Significant advantage is the existing infrastructure that will serve the proto-
type for the development and operation. It will be built on existing observatory
— Astronomical and Geophysical Observatory of the Comenius University, Modra,
Slovakia (AGO Modra) — that contains workshop, complete infrastructure and non-
stop technical support. Future deployment of ADAM-WFS systems is also strongly
encouraged on existing observatories (e.g. Canary Islands, South Africa). New gen-
eration surveys are often focused on multiple tasks (e.g. Pan-STARRS). Our survey
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will be optimized towards small NEA detection with byproducts available for
additional science.
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Figure 3. Rate of motion of asteroids on near-miss orbits as a function of the minimum
geocentric distance denoted in lunar distances (left) and magnitude loss (a phase effect)
of asteroids as a function of opposition centric ecliptical distance.

2.2. Targets of the survey

The main target of the survey is discovery and characterization of small
NEA and other close-approaching populations. The survey will search for
potential Earth impactors of small and intermediate diameters (1-100m) and
pre-entry detections of bright bolides. The all-sky coverage and optimization
toward high angular rate of motion would make the system a good detector for
monitoring, characterization and discovery of space debris. This combi-
nation of survey properties will also benefit the detection of telescopic meteors
as well. Because the limiting magnitude will not be a competition for multi-meter
apertures and space based telescopes, it will serve the photometry of objects that
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Figure 4. Survey efficiency in finding Earth impacting asteroids (left) and asteroids that
fly-by in the Earth vicinity (right).

are too bright and saturated for next generation surveys, such as bright main
belt asteroids. The extremely low focal ratio and large light gain of the aper-
ture would help discovery of active asteroids (Jewitt 2012), especially at low
solar elongations. The important feature of the project will be the accessibility of
the data — the database will be available for external scientists to mine additional
resources for science byproducts, such as variable stars, novae, supernova,
lensing events, gamma-ray bursts.

3. Expected outcomes

We simulated a one-year ADAM-WFS survey based at AGO Modra Observatory,
by using MOPS with the realistic pointings, avoiding Moon and using orbits of large
MB asteroids, synthetic orbits of asteroids that will approach the Earth within 10
lunar distances based on real asteroids and Earth impacting asteroids (Chesley
and Spahr 2004; Denneau et al. 2013). The apparent rate of motion of asteroids at
the closest distance and phase effect of asteroids near the Earth are shown in Fig. 3.
Figure 4 shows the efficiency of the proposed system in discovering Earth impacting
asteroids and close approachers as the function of diameter and the duration of
the survey. Depending on the population model, this system will be able to discover
30—120 NEAs with D > 10m within 10 lunar distances per year and a comparable
number of smaller asteroids with diameter D < 10m. Figure 5 shows the number
of known large main belt asteroids that will be discovered within one year survey.
Due to the cadence of the survey we will obtain ~ 650 light curves of bright main
belt asteroids every year, suitable especially for slow rotators detection. We also
performed the simulation of space debris detection by using the SPACE-TRACK
debris catalog. The simulation detected 350 - 550 space debris particles per night
(Fig. 6).
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Figure 5. Survey efficiency of large main belt asteroids.

4. Conclusion

The project of ADAM-WEFS represents a new way of observation and exploration of
the small NEO population in the close vicinity of the Earth. The project will fill up
the current gap in our knowledge of small solar system bodies between the bolide-
sized objects observed in the atmosphere and the large asteroids and comets ob-
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Figure 6. Number of detection of space debris per night by ADAM-WFS based on
space-track data. The number of detections per particle per night (N > 0, at least one
detection; N > 1, two and more detections; N > 2, more than two detections). Variations
in the rates are produced by the combination of weather conditions and Earth’s shadow
vs. field of view geometry.
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served telescopically. Identical telescopes can be installed all over the world or
cooperate with other similar projects like ATLAS to increase the sky coverage and
not depend on the daylight cycle to search for small NEOs, Earth impactors and
optical transient events like variable stars, novae or supernovae. Data gathered dur-
ing the operation will provide terabytes of images and database entries for years of
research and data mining. Naturally, additional coordinated follow-up observations
will be needed to complete the orbital and physical determination of newly found
asteroids.
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Abstract. Meteor observing requires a huge field of view (FoV) as its appearance in
the sky cannot be foreseen. In the new era of the time-domain astronomy many telescopes
will cover the whole sky with a cadence of a few days. These requirements lead to fast
large telescopes with wide FoVs, like the Schmidt cameras that were widely used for
meteor observing in the past. Common general-purpose telescopes have small plate scale
and employ large integration times, what plays against meteor detection. We present here
an estimation of the number of meteors detected as a byproduct of these surveys, with
the detailed example of the Test-Bed Telescopes, an ESA project for NEO and space
debris surveillance.

Keywords: meteors, video technique, CCD, Schmidt camera

1. Telescopic meteors

Meteors have been widely observed with the use of telescopes throughout history.
First conscientious studies started probably in the nineteenth century (Taibi, url).
In the twentieth century these efforts were retaken and observers were encouraged
to use telescope techniques for more accurate observations and survey populations
of smaller particles (Millman 1937; Olivier 1950).

In the last decades there has been some specific studies measuring telescopic
meteor fluxes (Henize et al. 1993), but in the vast majority of the cases these are
serendipitous detections (Borovicka and Zamorano 1995; Jenniskens et al. 2004; Iye
et al. 2007).

Nevertheless identifications could be an issue in wide-field telescope images. For-
tunately these telescopes usually have focal lengths large enough to show meteors
(at 100km high) out of focus (Jenniskens et al. 2004; Iye et al. 2007). Also low-earth
orbit satellites are easily discarded taking images only when the Sun is not illumi-
nating these orbits (usually within 2 hours after or before the twilight). Due to their
nature meteors within the hundredths of micron range are monitored using radar
sensors. Most optical meteor surveys observe meteor down to magnitude 6 (mil-
limeters range), however smaller meteoroids are able to produce meteors as they
suffer ablation down to 100 microns (Bronshten 1983). For the sake of simplicity, we
assume they have similar luminous efficiencies and there is constant mass index (s)
in the range of the meteors detectable by wide-field survey telescopes (magnitu-
de < 10). To determine the number of meteors N,,, detectable by the telescope we
need to calculate the flux of meteoroids in the detection range of the telescope, it is
the integral down to the limiting magnitude (Im) of the meteor luminosity function
F(m). Therefore these meteors are observable in the optical range with the use of
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Figure 1. 60 cm {/2.5 prime-focus telescope optical layout. It has a 4-lens Wynne cor-
rector that gives an aberration-corrected FoV of almost 3° in diameter.

silicon devices (i.e., CCDs) and the aid of large collection area optical devices.
F(m)dm = dN,, = m™*dm (1.1)

Inputs for this study are the sporadic meteoroid fluxes detected in the visual range
(down to magnitude +6) by IMONET (Molau et al. 2013) and in the radar range
for fainter meteors (Blaauw et al. 2011).

1.1. Average sporadic meteor

We define some ’standard’ values to simplify the problem. They are educated
guesses to get a rough order of magnitude of the detectable meteors. The best
approximation for such a problem would be a proper simulation with real popu-
lation and conditions. The limiting magnitude of the meteor depends on the sky
brightness, the time of integration and the speed of the meteor. Then the photons
reaching a certain pixel coming from a meteor should be numerous enough over
the photons coming from the sky during the whole time of integration. As the dis-
tribution is close to potential, the 'radar’ meteors would be the most numerous.
For this range the sporadic flux is well above the meteor shower flux. Thus we
can assume some average properties (i.e., 30 km/s speed ), an average elevation of
the FoV of 50 degrees and a mean radiant distance to the sporadic sources of 45
degrees. This leads to an average apparent speed of 8°/s. The area is the projected
FoV at 100 km high, the average beginning height of meteors. Therefore we would
calculate the number of meteors starting in the FoV, but not the ones crossing it.
Consequently we consider the meteors being around 5-10 degrees long to calculate
the number of meteors crossing the FoV.

2. Test-Bed telescopes for SSA activities

Within the Space Situational Awareness (SSA) programme of ESA, it is foreseen
to deploy several robotic telescopes to provide surveillance and tracking services for
man-made as well as natural near-Earth objects (NEOs). The Test-Bed Telescope
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Table 1. Comparison of theoretical numbers with real data from IMONET (video camera
ACR operated by Wolgang Hinz) (Molau et al. 2013).

System FoV (sq. degrees) Meteor lm Meteor rate h™'
TBT 6.25 7 ~1
SuperWasp 482 8 ~ 15
HINWO/ACR 557 6 ~5

(TBT) project will procure a validation platform for an autonomous optical ob-
serving system in a realistic scenario, consisting of two telescopes located in Spain
and Australia, to collect representative test data for precursor SSA services. These
small telescopes are a clear example of this new astronomical survey era. They will
be 60-cm telescopes with a 2.5 x 2.5 square degrees FoV taking short exposure
images during clear nights all year round. The result of this study for the TBT
telescopes with ca. 12 square degrees of FoV is the detection of sporadic meteors
around a couple of them per hour. Low-noise CCD read-out, short exposures and
dark sky are essential to increase the SNR of meteors and the subsequent detection
probability. Else the limiting magnitude is diminished rapidly due to the short time
the meteor spends over a pixel compared to the constant sky background.

3. Meteor detections by telescopes: estimations

Once the flux of meteoroids down to a certain mass/size is known, we can evalu-
ate the performance of these systems (meteor rate) as the product of the flux of
meteoroids by the atmospheric area A monitored by the telescope.

lm
meteor rate = A - / F(m)dm (3.1)

— 00

TBT telescopes have a plate scale of 2.2 arsec/pixel. For a meteor at 8°/s, the light
will be over the pixel for only 0.08 ms. Therefore the relationship between plate scale
and meteor speed is the main constraint for the limiting magnitude. For a typical
exposure of 2 s, the stellar limiting magnitude for TBT telescopes (A=25 km?) will
be around 18, however it would be no more than 7 for our average meteor. This
leads to a value of only 0.06 meteors starting in the field per hour, and around 1
meteor per hour through the field.

However the Super WASP survey is covering 482 square degrees with a plate scale
of 13.7 arsec/pixel. The same ’average’ meteor will spend 0.5 ms over each pixel.
For its typical exposure of 30 s, the stellar limiting magnitude for Super WASP will
be 18, however it would be only 8 for meteors. This leads to a value of around
a tenth of meteors per hour through the field.

In Table 1 it can be seen that a system like SuperWasp could achieve a similar
detection rate that a dedicated meteor detection video camera. Short exposures
are very important for increasing meteor detection rate, what could be the case for
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time-domain surveys. Common general-purpose telescopes have small plate scale
and most scientific cases lead to employ large integration times, what plays against
meteor detection.

4. Conclusions

Meteor detection rates to be achieved with the future wide-field survey telescopes
are similar to the ones for current video networks. Therefore meteors detected as
byproducts in these surveys will be a free source of meteoric data. For this purpose
survey images should be analyzed by meteors scientists using survey archives or
even dedicated algorithm in their processing pipelines. All these telescopes will sum
up thousands of square degrees, observing each night. The combined detecting area
at 100 km high will be more than 10000 km?, similar to some of the video systems
devoted to meteor detection.

A proper simulation should be carried to investigate further in this topic using
real populations. In this Meteoroids 2013 conference other group carried out an exp-
erimental test with a CMOS sensor at the 1.05-m Kiso Schmidt. They get results
in the range expected (Watanabe et al. 2014).
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Abstract. We report on a new software suite for operating allsky cameras intended for
meteor analysis. The software consists of a client component local to each camera, and
a central server component which each camera supplies with data. The software is modular
and major components are open source. Particular attention is directed towards utilizing
published, publicly available code for critical analysis routines.

Keywords: allsky cameras, camera networks, meteoroid orbit analysis, video meteors

1. Introduction

A number of software and hardware tools are available to automate the detection
and recording of meteor events (Molau 2012; SonotaCo 2005; Brown et al. 2010;
Chavez 2009). Cloudbait Observatory and the Denver Museum of Nature and Sci-
ence have operated a network of allsky cameras (Peterson 2011) in Colorado since
2001 using a combination of publicly available software as well as proprietary, inter-
nally developed tools. Maintaining this system has grown difficult as the detection
software is dependent on obsolete hardware. Furthermore, the use of proprietary
analysis code makes it difficult to compare data with that from other camera net-
works.

Our response has been to reconsider the entire system, designing software opti-
mized for our specific requirements, and for allsky meteor networks in general.

2. Current problems

Issues limiting the quality of data, and the efficient growth of the network include:

— current software (Metrec) is dependent on obsolete video digitization hardware,
— current software only supports low resolution analog video cameras,

— analog video digitizers introduce astrometric errors (Peterson 2011),

— use of unpublished, unreviewed analysis code reduces confidence in data,

— system provides limited real-time response to events,

— orbit determination is unautomated,

— data upload mechanism creates security issues for client camera sites.

3. Design goals

The intent was to develop an open source software package that could be easily
implemented by anyone operating an allsky camera network.

319
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Key to this goal was limiting the functionality of the software at the camera site
to nothing more than detection and reporting. This offloads all the critical analysis
work to a centrally managed server, ensuring uniformity in processing and little
need to maintain and update software in the field.

Additionally, it was planned to utilize standard video driver code integral to
the camera computer operating system, allowing for much broader support of video
devices. In particular, it is a goal of the network to migrate from the current NTSC
video cameras to higher resolution cameras with digital interfaces.

Finally, an important design goal was to provide a web access portal to the meteor
data, with access for both camera operators, network operators, other researchers,
and the public.

4. Design strategy

The system was planned to consist of two components: a video acquisition and
meteor detection client, and an analysis server. The client module was intended to
operate in a Windows environment, since that is the primary operating system at
85% of our current camera sites, and is supported by all of them.

The client system’s code was planned to separate video acquisition into a high
priority thread and the meteor detection into a background process. This was
intended to allow modest computer hardware to operate with complex detection
and false event handling even at high frame rates and high resolution.

In order to simplify network configuration for the camera operators, all com-
munication between the client and server was planned to utilize only the HTTP
protocol.

The server code was designed to operate on any system configured as a typical
web server, with no dependence on compiled code or executable modules. MySQL
was chosen for the database component. PHP was chosen for all the code modules,
because its similarity to C makes code translation fairly easy, it is installed by
default on virtually all web servers, and because it is an interpreted language.
The use of an interpreted language means that the network code is automatically
multiple platform, with no need for different compiled versions.

5. Client module

The client module consists primarily of the video acquisition interface and meteor
detection code, supplemented by several optional user utilities.

Video frames are scanned as they are received. Meteors are tentatively identified
by a simple motion detection algorithm which is not computationally intensive.
A ring buffer is utilized so that frames recorded before an event is detected become
part of the meteor record. Recorded frames are maintained in memory and analyzed
using a series of tests running in a low priority thread, eliminating most false
events. Data which are determined to represent a meteor are written to disk. Event
details are transmitted via Internet to the meteor network server. Data include
event endpoints in local horizon coordinates, peak magnitude, start time, and event
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duration. To avoid server overloading on large networks, the raw video is retained
on the client machine and not automatically uploaded to the server. Summary
data are uploaded using the HTTP PUT method, and the client polls the server
periodically for specific instructions. In response to the proper semaphore, the client
may subsequently upload the raw video frames for an event. By restricting all
communications to HT'TP traffic on standard ports, security and firewall issues at
client sites are largely avoided.

Automated start and stop based on location and twilight times, and unattended
operation are fully supported.

Three utility applications are provided. An astrometric calibrator collects a series
of video frames, co-adds them, and produces a plate solution. The latest solution is
always included with the summary data uploaded by the detection module. A post-
processor allows all events to be manually examined and optionally rejected. A data
viewer presents saved videos and the results of local analyses.

6. Server module

The server module manages all of the client stations, and performs the bulk of
the event analysis.

The server module receives event summaries from client stations. Data are im-
mediately inserted in a MySQL database. Timing correlation is used to detect
simultaneous recording of single events across multiple stations. When a correlated
event is suspected, the server posts flags on a hidden web page which is monitored
by the clients, triggering the upload of all video data from cameras potentially in
capture range of the meteor. The server then performs a series of analyses on each
combination of station pairs that recorded that event.

The radiant and timing calculator module accepts the station coordinates, event
start and stop coordinates, and the event start and stop time. It calculates the geo-
centric atmospheric trajectory for each station pair combination. It also calculates
the average velocity and estimates the initial velocity.

The state vector calculator module applies required coordinate transforms uti-
lizing a PHP port of NOVAS (Bangert et al. 2011): ITRS to GCR to ecliptic
coordinates. State vectors are calculated from each station pair combination.

The orbit calculator module accepts a state vector, calculates the heliocentric
positions for the Earth, Moon, and planets utilizing the VSOP82 algorithm (Meeus
1991) , and applies these to a PHP port of the MERCURY integrator (Chambers
J.E., Migliorini F. 1997), performing backward integration to convergence on stable
orbital elements.

The server module also provides a human interface to the collected and analyzed
data. Access is controlled so that information available publicly is optionally limited
in comparison with data available to camera operators and designated researchers.
In its typical configuration, event summaries are available for all events recorded by
every camera, and complete analyses are available for all multiple station events.
The user interface provides searchable access to the meteor database, orbital anal-
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ysis for multiple-station events, a ground track plotter, a graphical orbit plotter,
and a video viewer.

Finally, the server module manages a visual witness input mechanism and wit-
nessed meteor database.

7. Results

Some components of this software remain in active development. Beta code has
been operational on a three-camera subnet (baselines 66 km, 85 km, 101 km, inside
the current Colorado network boundaries, which functions as a reference system)
since May 2013. All cameras are identical, but the three test stations utilize different
video capture hardware than the reference network stations.

The sensitivity of the test system is equivalent to the reference system, but
the major sources of false events that plague the reference system (airplanes, clouds,
water drops on the camera dome) are almost completely eliminated. Most cap-
tured events to date are sporadic meteors, lacking any reference orbit for accuracy
comparison. Orbit solutions for most sporadics are consistent with the antihelion
and apex sources. Confirmed multi-station shower member detections include 22
Southern Delta Aquariids (SDA), 11 Alpha Capricornids (CAP), 30 Eta Aquariids
(ETA), and 25 Perseids (PER). In all cases, calculated orbital elements show good
agreement with published orbits for the associated showers. The largest error is in
the determination of the semi-major axis (mean standard deviation 15%), which is
attributed primarily to the poor accuracy of the initial velocity estimate inferred
from the average velocity during luminous flight.

Math intensive analysis modules ported to PHP yield identical results to their
native versions (C and FORTRAN).

The system has been tested successfully with a 1280 x 960 pixel, 30 frame/s
Firewire camera, providing substantially better data than a conventional NTSC
analog video camera. It is known that digitization of an analog video signal can
produce significant astrometric errors.

8. Ongoing development

A major source of error in the orbit calculation is the use of an initial velocity
estimated from the average velocity. Under development is an automated frame
analyzer that resolves the meteor centroid as a function of time. This will allow
an accurate initial velocity to be determined and a deceleration profile calculated.

The frame analyzer will also provide a light curve (subject to dynamic range
limitations of the hardware). Some cameras in the current network utilize a Lam-
bertian sphere in the field of view to provide an accurate light curve for fireballs
which saturate the detector in the direct image. Plans are to include this feature
in all the new network cameras.

The current astrometry module solves for altitude using a third-order polyno-
mial model. Higher resolution cameras will require a higher order solution, ideally
utilizing published astrometry code.
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Multiple station analysis for events with data from more than two stations is
currently handled by calculating results for each station pair combination, and
then averaging with a simple weighting factor based on the location of the event in
each camera field. A more sophisticated statistical scheme needs to be developed.
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Abstract. We tried to use a new high-sensitivity CMOS sensor of the world’s largest
size as a one-chip (~ 20cmx20cm square) attached to the prime focus of the 1.05 m
(F3.1) Schmidt telescope at the Kiso Observatory, University of Tokyo, for faint meteor
observation. The resulting field of view was 3.3 by 3.3 degrees, with a limiting magnitude
of about 12 in our preliminary analysis. Assuming the height of faint meteors at 100 km,
the derived flux of sporadic meteors is about 5 x 10™% km ™2 s™!. Although the analysis is
still on going, it is clear that this CMOS sensor is useful and effective for observing faint
meteors.

Keywords: CCD, faint meteors, instruments, observation technique

1. Introduction

For observing faint meteors, we need either a large telescope or comparable optics,
which always give a limitation of the field of view. It is a kind of trade-off between
the high sensitivity by using larger telescope and narrower field of view. Reconciling
these conflicting requirements, we need a large-format imaging detector. Usually
we realize it by putting many CCD chips in sequence at the focal plane. However,
we have always undetectable region as a gap of the chips. These gaps can be filled
for the static targets like galaxies by using mosaic imaging technique, but not
for the high-spe ed moving objects like meteors. Therefore, large format one-chip
sensor was desired for future observations.

2. A new large format CMOS sensor

A ultra-high-sensitivity CMOS sensor of the ultra-large format was developed by
Canon Inc. in 2010 (http://www.canon.com/news/2010/aug31le.html, 2010, Ya-
mashita et al. (2011)). The format is 202 x 205 mm square in size which is the world
largest one-chip CMOS sensor. This can be produced from an ~12-inch (~300 mm)
wafer, and is approximately 40 times the size of Canon’s largest commercial CMOS
sensor as shown in Figure 1. The number of pixels is 1280 x 1248. Because the in-
creased size of the new CMOS sensor allows more light to be gathered, it enables
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Figure 1. A new large-format CMOS sensor (left) and a 35mm full size CMOS sensor
often used in digital single-lens reflex camera product (right). This image was provided
by Canon Inc.

shooting in low-light environments. The sensor makes it possible to capture im-
age with one one-hundredth the amount of light required by a 35 mm full-frame
CMOS sensor, facilitating the shooting of 60 frame-per-second video with a mere
0.3 lux of illumination. One of the applications for the new ultra-high-sensitivity
CMOS sensor is video recording of astronomical phenomena in the night sky. We
used this large-format CMOS sensor attached to the prime focus of the 1.05-m
(F3.1) Schmidt telescope (Takase et al. 1977) at the Kiso Observatory, Institute of
Astronomy, School of Science, University of Tokyo, for faint meteor observation.
The resulting field of view was 3.3 by 3.3 degrees.

3. Test observations

Several test observations including operation checks of the system were carried
out during 11-13 January 2011, 3-7 September 2011, and 12-17 December 2012.
The images were taken at the high time resolution as 60 frames per second. In
this system, the limiting magnitude is estimated to be about 12 in our preliminary
analysis. Because of the limitation of the data storage, full-power observations
(14-bit data per 1/60 second) were performed for about one or two hours each
night. During the first period, we counted a sporadic meteor every 5 seconds at an
elevation 30 degree. This is about one order higher detection rate of faint meteors
compared with previous work (Pawlowski et al. 2011).
Assuming the height of faint meteors at 100 km, the derived flux of the sporadic
meteors is about 5x 10 4km~=2 s~1.

The last run was performed during the active period of the Geminid meteor
shower. We could take useful data on December 12 and 13. We pointed the telescope
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Figure 2. An example image of a Geminid meteor detected on December 12 2012.
The center is the north pole, and exposure time is 1/60 sec. The star at the edge of
this image is the Polaris.

to the north celestial pole on December 12, and to the points of 20 degrees north
and east from the radiant point. Figure 2 shows an example of a Geminid meteor
detected on December 12. One of the authors inspected a part of data taken at
around 20h UT by naked eye, and detected 58 meteors, including 11 Geminid
meteors, among about 17000 frames which corresponds to 287 seconds from 20h
00m UT on December 12. Because these data was taken at the elevation of about
60 degrees, the expected area is about 200 km? at the height of 100 km. Therefore,
the flux of the meteors was 1 x 1073 km~2 s~'. This value is two times larger than
that derived in the first run.

During the Leonid meteor shower, Watanabe et al.(1999) derived the flux of
sporadic meteors as 1.3 x 107° km~2 s~! by video observations with a limiting
magnitude of 7. This value was basically that of sporadic meteors due to the lack
of strong activity in the Leonid meteor shower in 1998. If we assume the magnitude
index of 3, then the expected flux for magnitude of 10 will be 3.5 x 10~ km =2 s~ !,
which is almost comparable to that obtained in this observation.

At present, we cannot progress further mainly due to the delay in the develop-
ment of the automatic detection program. We have demonstrated that this CMOS
sensor is useful and effective for observing faint meteors. The flux of faint meteors is
rarely derived, especially for sporadic meteors. Campbell-Brown (2007) noted that
while a significant amount of video data has been collected, sporadic fluxes have
never been calculated for video data. Unfortunately, the system was not stable so
that various noise patterns that frequently occurred on each of the frames, which
was not fixed even in the last observation run. However, these noise patterns can
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be removed by a similar reduction method as used for the flat field correction. It
is not a serious problem for faint meteor observations.
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Abstract. We usually apply various corrections for determining apparent radiant point
to the actual trajectories of shower meteors. In case of low velocity meteor showers, the ve-
locity corrections should be carefully performed together with the error estimate. Here
we show that such correction strongly affects the dispersion of radiant points especially
in case of low geocentric velocity meteor showers.
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1. Introduction

We usually apply various corrections for determining apparent radiant point to
the actual trajectories of shower meteors. In case of low velocity meteor showers,
the velocity corrections should be carefully performed together with the error esti-
mate. Here we show that such correction strongly affects the dispersion of radiant
points especially in case of low geocentric velocity meteor showers.

2. Examination

The radiant is described by the synthetic vector between the velocity of meteoroids
and the velocity of the Earth. We assumed the range of intrinsic dispersion in
the estimate of velocity “d”. Figure 1 shows the relation between the radius of
the radiant and “d”. It becomes obvious that the radius is dependent on the geo-
centric velocity “Vg”. And we derived the corresponding radii of radiant points in
various meteor showers. Figure 2 shows the result when “d” = 2 km/sec. We can
easily recognize the correction effect of the dispersion is larger with lower velocity
meteor showers. While in the case of large velocity such as Leonids and Perseids,
the derived dispersion of the radiants is small, it becomes quite large in the case
of Draconids and Phoenicids. Accordingly, we found out the simple method of cor-
recting this. We calculate the corrected radiant by subtracting the Earth vector
(Figure 3). It means that the actual heliocentric velocity of meteor shower is ob-
tained. Figure 4 shows the result of modified radiant points. It becomes clear that
the derived dispersion of radiants can be obtained by this correction.
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Figure 1. Relation between the radius of the radiant and the geocentric velocity of meteor
showers.
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Figure 2. Derived radii of radiant points corresponding to the error of 2 km/sec. V; is
the geocentric velocity of meteor showers.
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Figure 4. Derived radii of modified radiant points corresponding to the dispersion of
2 km/sec. Vp, is the actual velocity of meteor showers.
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Figure 5. Distributions of radiants between October 20 and November 20 in 2008. Upper
panel shows uncorrected and lower panel shows corrected cases. The radiant of Phoenicids
(PHO) can be recognized only in corrected figure. Data of radiants was referred to from
SonotaCo Networ’
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Figure 6. Distributions of radiants between December 1 and 21 in 2012. Upper panel
shows uncorrected and lower panel shows corrected cases. The radiant of December Piscids
can be recognized only in corrected figure. Data of radiants was referred to from SonotaCo
Network.
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3. Detection of meteor showers

We carried out careful inspection to the observed data for low velocity meteor
showers by taking this correction effect into account, and found the existence of
activities of Phoenicids in 2008 and December Piscids in 2012. Figures 5 and 6
show the result of the obtained radiants of uncorrected and corrected of this effect.

4. Conclusions
It became clear that Phoenicids in 2008 and December Piscids in 2012 can be
recognized only in this corrected figure. It also means that such low velocity meteor
showers were overlooked without this correction. Therefore, we should perform this
correction when we inspect low velocity meteor showers.

Kresak and Porubcan (1970) estimated that the dispersion of radiants was gener-
ally about 1 km/sec. In this case, it seems to be slightly large. We have to investigate
in more detail.
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Abstract. The universal semi-empirical method for the photometry of low-light meteors is
proposed. The method was developed for the photometrical measurements and reductions
of meteor images obtained with the observational television systems of super-isocon type,
which are well-known due to their non-linearity of the response onto the input signal, and
afterimages from the dynamical objects in a television frame, which are not removable
because of construction features of the systems. Semi-empirical method was displayed
in the fact that the photometrical dependences of the television system for the moving
and stationary objects were investigated by means of the test with photographing of
the star sky with the camera, which was rotating with different angular velocities including
zero velocity (i.e. when the camera was in the stationary state). Basing on the obtained
results the calibrating curve was plotted, and light curves of two low-light meteors of
5-6 magnitude were calculated. The proposed method is universal and can be used for
the photometrical processing of data obtained with any television or video system.

Keywords: meteor, meteor photometry, photometric reduction, television system

1. Introduction

Photometry of meteors made by television (TV) technique differs principally from
the photographic one. On the one hand, the TV rate allows investigating a meteor
in its development since the time rate of one frame is always less than the me-
teor existence time, which would have to simplify the photometric processing. On
the other hand, the meteor leaves the straight line image in the frame, similar to
the photographic one but limited in its length by the frame rate, whereas the stars
of comparison still form point object images. Obviously, the scheme of photometric
measurements should greatly differ from the photographic one.

At the photometric measurements of meteors obtained with the help of modern
video cameras equipped with the CCD and amplifier the mostly often the method
of summing pixels is used. The method had been proposed in Hawkes et al. (1993)
and later used in Fleming et al. (1993) and Murray et al. (2000). This method uses
the fact that the meteor image in each frame has a view of a dash of the fixed length
and intensity. Summing the intensities over background over all pixels belonging
to the meteor dash image, and comparing it with sums of intensities over the star
images pixels one can obtain the meteor magnitude. We have to warn about that
such a method will give the correct result only for the video system with the linear
response of the signal onto the input light flux. So, before the use of such a method
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one should carry out testing the observational system for linearity, which can be
done, for instance, through the test with camera rotation (Kozak et al. 2001; Kozak
2008,b).

When we use for the observations the highly sensitive cameras of orticon (super-
orticon) type or isocon (super-isocon) type the application of such an approach is
impossible since, except the obvious non-linear response of the electronic signal onto
the optical one, the given systems posses a significant delay in the accumulation and
readout of a signal from the electronic transmitting tube target. In spite of the fact
that such systems are outdated and posses by a range of imperfections they are
the most sensitive among similar cameras, so they are still used for meteor obser-
vations (Hajdukova et al. 1995; Kozak et al. 2007, 2012). Whereas the methods for
astrometrical and kinematical processing of meteors registered using super-isocon
television systems were developed in Kozak (2002) and Kozak (2003) accordingly,
the method for meteor photometry for these observational systems was not de-
scribed in details. In the given paper the semi-empirical method for the meteor
photometry registered with TV systems of super-isocon type is proposed.

2. Theory of television meteor photometry: formulation of
the problem

The illuminance to be created by a low-light meteor during time ¢ of its flight
along the trajectory L in the atmosphere at distance R from the observer may be
presented in general as a function F;(L,t) where E; is the energy of radiation per
time unit, through area unit and from the trajectory length unit (Js7'm=2m=1),
or from the trajectory angular unit if the trajectory cannot be calculated and R is
unknown (for instance for single station observations, Js~'m~2deg~!). Evidently,
the meteor in such a case is considered as a single-dimension-extensive object in
which the radiation in any moment t occurs from both the meteor coma and its
atmospheric tail. For the lowest meteors being observable with a TV system the af-
terglow from the meteor tail is very low and becomes extinct fast, so the meteor
can be considered as a point radiative moving object. In this case the functional
dependence L = L(t) exists, and the light curve of a meteor can be presented as
a function Ey(t) or Ey(L), where Ej is an illuminance per time unit through area
unit (Js~'m~2). Usually the meteor light curve is plotted as a function of height.
In the case of nebula or cloudy structure of the meteor coma (LeBlanc et al. 2000;
Spurny et al. 2000; Taylor et al. 2000; Campbell-Brown et al. 2013) registered with
the help of observational system of high spatial resolution one can introduce spatial
illuminance (spatial magnitude) as a function of azimuth A and zenith distance Zg
of the meteor: Ey(A, Zg,t), where Eo is measured in Js~*m~2deg~2. It is obvious
that values Fy, F4 and E5 are connected between themselves via single and double
integration.

Observational systems equipped with transmitting tubes are very slowed in accu-
mulation and readout of the signal, therefore they have long afterimage (sometimes
tens of frames dependently on the input signal intensity). The meteor in the frame
leaves the tail to be visible during many frames. And so, the use of any other model
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for meteor photometrical measurements except the model for point radiative mov-
ing object is impossible, and just value Ejy has to be measured. Since the TV system
of super-isocon type is designed for the observations of critically low-light meteors
producing very low and brief atmospheric tails such a limitation is not critical.

In the given work we will not consider all photometrical reductions like conver-
sion of magnitudes from own photometrical system to catalogical one; correction
of magnitude for the atmospheric absorption; correction of meteor magnitude to
absolute one; view field correction etc. since we described them partly earlier in
Kozak et al. (2001). Here we will pay attention to the appropriateness of the mea-
sured photometrical characteristics which would not depend on the described above
problems.

3. Idea of semi-empirical approach for meteor photometry

As was shown above it is difficult to carry out the correct photometrical process-
ing of a meteor registered with the isocon TV system. Taking into consideration
the big amount of TV system tunings (the same star can create different responses
dependently on amplification coefficient, electromagnetic focusing etc.) it becomes
obvious that we can compare photometrical measurement of a meteor only with
stars of comparison presented in the same series of TV frames where the meteor
moves. But there are two problems still exist: what parameter has to be measured
in the meteor and stars images, and how to compare these measured parameters?
For the stationary star images the most optimal approach is in measurements of
their photometrical volumes,

Vi= Z I(m,y)

T,YyEx*

i.e. sums of intensity over background in pixels belonging to the image, and further
plotting the calibrating curve as a function log, Vi = f(m.).

The measurement of similar parameter for meteors is impossible since we cannot
separate its image appeared in the current frame from one in the previous frames
because of long existence of meteor "tail” (electronic afterimage). We could sum-
marize all frames with the meteor images as was proposed in Kozak et al. (2001)
and than try to select a part of summed meteor tail corresponding in its length to
the time of a frame.

Similar scheme was proposed in Hawkes et al. (2001). But such a scheme can be
realized only for cameras with the linear response onto an input signal. As it was
shown in Kozak (1998) for super-isocon TV system V, ~ E%75 i.e. the function is
not linear, and so the same object will produce different integral image depending
on the state of the object (the higher image motion velocity in the frame the lower
intensity will be produced).

Therefore, we should measure some parameter to be proportional to the input
energy flux from the object on the one hand, and be easily measurable for both
stationary and moving images, on the other hand. The most obvious parameter
responded such rules (Kozak 1998) is the intensity over background in one pixel
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with the highest value Injax(z,y) (for the stationary star image this is a star
center Insax(x,y) = Ip(0,0)). But due to fluctuations these parameter measure-
ments will be of low precision. Besides, maximal intensity of the image is the most
sensitive to the possible oversaturation, and its increasing practically stops after
reaching some limit value. The area of the transverse photometrical profile over
background made perpendicularly to meteor image motion through Insax(z,y)
seems to be much better. First, the error of measuring S will be /N times less
that for single pixel, where N is a number of summed pixels. Second, this value
continues to grow up after reaching oversaturation of intensity thanks to trans-
verse enlargement of the image. The calibrating curve can be plotted in this case
as S, = S«(m,) measured upon stationary star images. But after measuring sim-
ilar value for the meteor image Sj; one cannot go into the calibrating curve with
that value because of different exposures of moving meteor and stationary stars
of comparison. Obviously, the transverse photometrical profile area depends, ex-
cept magnitude m s, on the speed of the point spread function (PSF) motion over
the frame: Sy = Sy(mar,var). As a way out from such a situation we can pro-
pose the ”stop” of the meteor image, i.e. determination of its photometrical value
Sar(mar,0) if it were immovable. For the determination of view of the function
Snr = Sar(mas, var) one can use a test with camera rotation during photographing
star sky (Kozak et al. 2001; Kozak 2008,b) since the stars are point objects cor-
responding to considering model of the meteor. Selecting a large range of stars of
different intensities and a collection of star image motion speeds over frame cov-
ering real meteor ones (formed by different angular velocities of camera rotation)
we will obtain some dependency S, = S.(m.,v,) including event of v, = 0. There
are images of stationary and moving fields of camera view with stars, and a frame
with the real meteor in Figure 1. In order to study the dependence of the photo-
metrical profile area for moving star image on the image motion speed over a frame
we have obtained according graphs for some stars from the constellation of Ursa
Major (the first group) and Aquila (the second group) registered in different time.
There were 21 stars processed in the first group. The range of image velocities over
frame was (0; 2.00; 2.41; 2.84; 3.11; 4.78; 4.86; 6.81; 8.07; 9.04 21.45) pixel/frame,
which at angular pixel size of 4 arcmin and the rate 25 fps corresponds to (0; 3.33;
4.02; 4.73; 5.18; 7.97; 8.10; 11.35; 13.45; 15.07; 35.75) deg/sec. According range for
the second group (11 stars) was (0; 1.50; 5.05; 5.10; 6.96; 28.29) pixel/frame, or
(05 2.49; 8.42; 8.50; 11.61; 80.48) deg/sec. The limited amount of the velocities was
conditioned by the difficulties of carrying out the test with the TV camera of rate
25 full frame a second (we used only odd or even fields of the frame for the process-
ing): any slight change of the rotation velocity immediately leads to photometrical
profile change. Nevertheless the given velocity ranges satisfactory reflect the range
of meteor angular velocities. After processing of the test results we have found that
bright objects, intensity of which is close to oversaturation, behave themselves in
different, not easy explainable way, and do not allow realizing adequate photomet-
rical reduction. Further we consider the photometrical processing only for objects
of low and middle intensity. The graph of Si(m.,v.)/Sx(m.,0) vs. v, is shown
in Figure 2. As it can be seen from the Figure 2 the ratio Si(m.,v.)/Sx(ms,0)
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- ™ -

Figure 1. The ”simulated meteor” test. There is a stationary frame at top-left (Ursa
Major sky area); the same area obtained with the rotating camera in top-right; a frame
with a real meteor at bottom-center. TV frames are shown in the inverted view.

demonstrates similar behavior for the stars of different magnitudes of low and mid-
dle range, and so it can be described by one function. For simplification of reducing
S(m,v) to S(m,0) we can select the fit function which has to meet the following re-
quirements: S(m,v)/S(m,0) =1if v =0, and S(m,v)/S(m,0) — 0 when v — co.
The easiest such a function is the exponent

Si(m,v)/S«(m,0) = exp(—Civy) (3.1)

shown in Figure 2 (dotted curve), Cy = 0.33 in our case. The given value of the co-
efficient is probably not the optimal due to absence of points for the range 10-20
pixel/frame, and as a result it is badly fit the data at big velocity values. It is
acceptable for using in meteor photometry in the first approach, but the following
power function seems to be more preferable:

S.(m,v)/S,(m,0) = Cpv~ ¢4 (3.2)

where Cy = 0.51, Cp =~ 0.49 (Figure 2, solid curve). Using this function we have to
remember that S(m,v)/S(m,0) =1 for v ~ 0.25 pixel/frame, but not for v = 0.



340 Kozak P.M.

15 20
v, pixel / frame

Figure 2. Relative transverse photometrical profile areas for star images vs. their image
motion velocity over a frame.

In such a way we automatically suppose S(m,0) ~ S(m,0.25), but in practice we
cannot use this function for v < 0.25.

In such an approach the only problem to be solved is the bad quality of mea-
surements for stationary objects, which is caused by some asymmetry of star image
shapes in odd and even fields of a frame, and low amount of pixels forming the im-
age. The calibrating curve will be plotted with big errors. It is much better to
measure the values of photometrical volumes V, for stationary objects. In addi-
tion, just this value is directly connected with the light flux from the point object
entering the observational system lens, and accordingly with its illuminance Ej.
Taking into account that both values are connected between themselves and are
proportional to the star illuminance we propose to plot the calibrating curve us-
ing just values V.. And for the further transformation of corrected meteor values
Sar(mar,0) to "Var(mar)” we will need to study a view of dependency between
them using stationary star images. The easiest way is to assume that the distri-
bution of intensity in star image can be fitted by some two-dimensional bell-shape
function, for instance by Gaussian function I(z,y) = Iyexp(—(z? +y?)/202 ).
Then the profile of it will be described by single-dimensional Gaussian. Using this
fact we can write V/S = V2o and use this formula for calculating V via S when
the fitting procedure is used and ¢ is known. If measurements are carrying out
in a simplified manner we can derive the analogues formula but with the use of
maximal intensity Iy in the star image center over background, which is measured
easily, and then use V/S? = 1/I;. The obtained ratio calculated upon the stars
used in Figure 2 was the following Vi (m)/S.(m,0) ~ 3.41 £+ 0.35.
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4. Discussion and examples of application of semi-empirical
method for meteor photometry

If the functional dependence of transverse photometrical profile S(v) on the point
object image velocity over the frame v is determined for the used observational
system with the help of the formula (3.1) or (3.2) (or any other) the order of
meteor photometrical reductions seems to be the following. The simplified version
consists in measuring S, (m.,0) of stars of comparison in frames with the meteor
image, selecting their magnitudes m, from a catalogue, and plotting the calibrating
curve upon these values. Then we measure in each frame meteor parameters vy,
and Spr(mar,var). Further using the formula (3.1) or (3.2) we make a meteor
“immovable”, i.e. calculate Sps(mps,0). Finally, we go into the calibrating curve
with this value and obtain the meteor magnitude mp;. The second approach is

log, V"

Figure 3. Calibrating curve plotted using photometrical volumes of stationary images of
stars of comparison during observations on 19 September 2003.

more precise. First we measure more precise values Vi (m,) for stars of comparison
in frames with the meteor image, and the calibration curve is plotted in the form of
m, = my(log,oVi). Then we transform the measurements in each frame of meteor
image Sy (mas, var) and vas to Sy (mar,0) using (3.1) or (3.2). Further we convert
Sar(mar, 0) to the ”photometrical volume of immovable meteor” Vi (mar), go into
the calibrating curve with it and finally obtain the meteor magnitude m ;.

As an example we considered two meteors which were consecutively registered on
19 September, 2003 at 20742™04° and 20"42™31° of UT. The same as in the tests
the lens Jupiter-3 (F = 50 mm, F/1.5) was used for the observations. Their image
velocities over frame were vy = 3.90 & 1.47 pixel/frame (v =~ 6.50 + 2.45 deg/sec),
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and ve &~ 5.14 £+ 1.75 pixel/frame (ve =~ 8.57 &+ 2.92 deg/sec). A short time pe-
riod between events allows us to use the same calibrating curve for both meteors
(Figure 3).

As it is seen from Figure 3 the calibrating curve can be conveniently fitted
by two straight lines: m ~ —1.71log;,V + 10.93 for the range log;,V < 3, and
m ~ —4.75log,,V +20.08 for the range log,,V" > 3. The light curves of the meteors
are shown in Figure 4.

3.0 —
40—
50—
E -

6.0 —

7.0 —

8.0 | | | I | | I |
104 100 96 92 88 84

H, km

Figure 4. Light curves of two sporadic meteors registered on 19 September 2003 with
interval of half-minute.

5. Conclusions

Described above method for meteor photometry was developed first of all for TV
system with the transmitting tube of isocon (super-isocon) type, but due to its
universality can be used for any observational TV /video system. The evident im-
perfection of this semi-empirical method is limited amount of points, correspond-
ing to TV frames containing the meteor image, and therefore the precision of light
curve plotting. For the observational systems with the linear response onto the in-
put signal one can carry out photometry of the meteor image in a similar way in
the summed frame, measuring there a profile in each pixel along the meteor image
increasing significantly in that way a number of points in the light curve. In this
case comparison of such meteor measurements has to be done with the summed
moving star images from the similar integral frame. However, even realizing so
dense photometrical measurements of a meteor one must remember that these val-
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ues do not correspond strictly to momentary meteor magnitude because of large
size of PSF for point objects (they are significantly larger than pixel size).

One more problem which must be solved for the super-isocon system in near
future is the problem of bright star images having another view of the dependence
between their moving and stationary photometrical measurements. In the presented
example we have considered very low-light meteors of 5-6 magnitude (limit meteors
were +7"). However for meteors from Perseid or Leonid showers most of meteors
will be highly oversaturated and so investigations of super-isocon TV system in
a range of bright object images must be continued.
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Evidence for VLF propagation perturbations
associated with single meteors

Rault J.-L.

International Meteor Organization Radio Commission (f6agr@orange.fr)

Abstract. Evidence is given in this study that under some particular circumstances,
a single meteor, when entering the Earth atmosphere, is capable of disturbing the prop-
agation of VLF (Very Low Frequency) electromagnetic waves propagating in the Earth
ground-ionosphere waveguide.

Keywords: radio meteors, VLF, propagation disturbances

1. Introduction

Natural and man-made VLF (Very Low Frequency) electromagnetic waves propa-
gate on Earth at very long distances, thanks to a natural low attenuation waveg-
uide. This waveguide consists of the ground surface layer and of the lowest layer
of the ionosphere which behave like two parallel conductive plates. According to
the ray tracing method commonly used (Delcourt, 2000) to describe VLF radio
propagation on short to moderate distances (< 2000 km), the amplitude of a VLF
rgdio wave at a given observation location can be represented as the vectorial sum
Ay = Ag + Ag.

Vector lengths of Ag and Ag represent respectively the amplitude of the ground
wave propagating along the Earth surface, and of the sky wave reflected from
the D layer (during day time) or E layer (during night time) of the ionosphere.
The angle between the two vectors represents the phase (delay) between the ground
wave and the sky wave components. Therefore, any change in the altitude or con-
ductivity of the ionosphere or in the conductivity of the ground modifies conse-
quently the amplitude of the VLF signal at the reception location.

2. VLF propagation perturbations

Various natural phenomenons (see Figures 3, 4 and 5) such as ultraviolet rays
radiated by the Sun, polar cap absorption events, X rays coming from solar flares,
v rays radiated by distant stars, and thunderstorms lightnings create long duration
or short transient VLF propagation disturbances by modifying the electron density
or the altitude of the ionospheric D or E layers (Barr 2000).

3. Searching for VLF disturbances induced by meteors

The aim of the present work was to study if meteors entering the Earth atmo-
sphere could also cause any VLF radiowaves propagation disturbances. VLF pha-
se (Chilton 1961) and amplitude (De 2012) transient variations occurring during
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Figure 1. Representation of the sky and ground waves propagating in the Earth
ground /ionosphere natural waveguide.
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Figure 2. The VLF signal at the RX reception location is the vectorial sum of the sky
wave and of the ground wave radiated by the transmitter TX.
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Figure 3. Example of VLF amplitude spikes (upper curve) induced by X ray bursts
(lower curve) from solar flares (Loudet 2013).

meteor showers were reported in the past, but these variations were observed on
a statistical basis and at large time scales only (i.e. averaged values). They were
not directly linked to any single meteors.



Evidence for VLF propagation perturbations 347

IS
[=)

W
Lo

W
N

Arbitrary Linear
Units of Amplitude

i | L " " L | "
0525:00 0530:00
Time (UT), 13 Mar 1987

Figure 4. Example of VLF amplitude spikes triggered by LEP (lightnings induced elec-
tron precipitations) (Lev-Tov 1995).
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Figure 5. VLF amplitude anomalies at 07h50mn on the 10** of February 2008 due to
a GRB (7 ray burst) from a distant star (Godet 2008).

3.1. Observation of a first transient VLF disturbance induced by
a single meteor

In the framework of a joint radio/video meteor observations campaign, VLF /VHF
radio and video data were synchronously recorded at the Pic du Midi observatory
during the 2010 Geminids meteor shower (Rault, 2010). The radio set-up consisted
mainly of an e-field ELF/VLF broadband receiver (5 Hz to 24 kHz bandwidth)
specifically designed for meteor observations, a VHF commercial receiver dedicated
to meteor pings detection and a digital hifi stereo recorder. The signal amplitudes
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Figure 7. Pic du Midi observatory, VLF transmitters (GBZ, DHO38, FTA, HWU, ICV)
and Graves VHF radar (GRV) locations. The dotted half-circle centered on GRV repre-
sents the illumination area of the radar.
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Figure 8. First observation at Pic du Midi observatory of a constructive interference on
FTA (middle trace) and of a destructive interference on DHO38 (lower trace) triggered
by a single meteor (meteor VHF echo on upper trace). Time scale: 10s/square.

of five VLF transmitters (GBZ, DHO38, FTA, HWU and ICV) were recorded si-
multaneously 24 hours a day. Meteors were detected in VHF (Very High Frequency)
forward scatter mode, using the french radar GRAVES (GRV) as targets illumina-
tor. Short amplitude transients on the amplitude of the German VLF transmitter
DHO38 and on the french VLF transmitter FTA were serendipitously observed
when a large meteor entered the atmosphere on December 13 at 23h13m44s UT.
No visible transients were observed at the same time on the amplitudes of GBZ,
HWU or ICV. On figure 8, the upper trace shows successive meteor echoes detected
in VHF forward scatter mode. The middle trace shows a constructive interference
between A_’G and A_’S detected on FTA, and the lower trace shows a destructive
interference on DHO38. The horizontal time scale is 10 s/div, and the vertical VLF
amplitudes scales are 0.1 dB/div.

3.2. Observation of further meteor transient VLF disturbances

During the 2013 Lyrids meteor shower, a campaign dedicated to the observation
of potential VLF meteor perturbations was performed in a remote area located
in Lozere, France. About 50 large overdense meteors echoes were manually ana-
lyzed and several new meteor-induced VLF amplitude disturbances were found (see
examples on figure 9).
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Figure 9. Examples of some other VLF destructive or constructive interferences induced
by meteors on the HWU signal recorded in Lozere during the Lyrids 2013. Upper trace:
VHF meteor echo; lower trace: VLF amplitude. Time scale: 10s/square.
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4. Conclusions

Such ”M-SIDs” (Meteor induced Sudden Ionospheric Disturbances) seem to be
faint and rare. They are supposed to be created by sudden variations of density
and/or altitude of the lowest region of the ionosphere, these variations being due
to the outbreak of large meteor overdense trails (presenting a free electrons line
density greater than 2x10* electrons/meter). Until now, all the observed transient
amplitude spikes are presenting a similar shape, starting with a steep slope and
followed by a progressive recovery (with an average duration of about 60 seconds).
No M-SIDs at all were observed during day times. It is supposed that between
sunrise and sunset, the ionospheric D layer produced by the solar UV and X rays is
masking any meteor trails effects, because its altitude is lower than the average al-
titude of the meteor trails. All the observed M-SIDs seem to occur when the meteor
trails appear close to a line drawn between the observation location and the VLF
transmitter location.

Former various VHF /VLF records performed during Geminids 2008, 2009, 2010,
2011, 2012, Leonids 2009, 2012, Perseids 2009, 2010, 2011, 2012 will be analyzed to
identify more VLF disturbances induced by single meteors, and to determine their
main characteristics.
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Abstract. During the General Assembly of the IAU in Beijing in 2012, at the business
meeting of Commission 22 the list of 31 newly established showers was approved and next
officially accepted by the TAU. As a result, at the end 0f2013, the list of all established
showers contained 95 items. The IAU MDC Working List included 460 meteor showers,
among them 95 had pro tempore status. The List of Shower Groups contained 24 com-
plexes, three of them had established status. Jointly, the TAU MDC shower database
contained data of 579 showers.
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1. Introduction

Since its establishing, the activity of the Task Group of Meteor Shower Nomencla-
ture (later transformed into the Working Group on Meteor Shower Nomenclature,
hereafter WG) proved to be advisable.} As results of this activity, several practical
principles (rules) have been adopted:

— the meteor shower codes and naming conventions (Jenniskens 2006a, 2007, 2008;
Jopek and Jenniskens 2011),

— a two-step process was established, where all new showers discussed in literature
are first added to the Working List of Meteor Showers, each being assigned
a unique name, a number, and a three letter code,

— all showers which satisfy the verification criterion will be included in the List of
Established Showers and then officially accepted during next GA TAU.

The naming rules as well as the Established and Working Shower Lists are posted
on the TAU MDC website (Jopek and Kanuchova 2013).

In 2009, during the GA TAU held in Rio de Janeiro, for the first time in history
of Meteor Astronomy 64 showers were officially named by the IAU. Their names
and geocentric parameters were given in Jopek and Jenniskens (2011), and were
posted on the IAU MDC website (Jopek and Karfuchova 2013).

Three years later, in Beijing, next 31 showers obtained their official names (see
Table 1, 2). During the business meeting of the Commission 22 held in Beijing,
the members attending this meeting further agreed that the Working Group on

1 The Task Group of Meteor Shower Nomenclature was established during the GA TAU
held in Prague in 2006.
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Meteor Shower Nomenclature should continue its activity during the next tri-
ennium (2012-15). The members of the new WG are: T.J. Jopek (chair), P.G.
Brown (v-chair), J. Baggaley, D. Janches, P. Jenniskens (C22 president), J. Kac,
7. Kanuchova, G.I. Kokhirova, P. Koten, J.M. Trigo-Rodriguez and J. Watanabe.

Shortly before the GA TAU in Beijing the authors of this paper started an upgrade
of the MDC shower database. Mainly it consisted in: adding the orbital elements,
adding the literature references and additional parameters to already known meteor
showers. During this upgrade we found that for some meteor showers the data given
in the MDC are incorrect. Partly, such data were corrected, but in some cases
deeper studies are needed, and such corrections should be clinched by all members
of the WG.

In this study we describe the results of our work. First we remark new util-
ity options implemented on the IAU MDC shower database. Next we point out
the need of polishing the rules of meteor shower nomenclature, and propose some
standardization for such nomenclature.

2. Upgrade of the IAU meteor shower database

The MDC database upgrading encompassed correction of erroneous data (typos,
mistakes), but also complement of the orbital data and bibliographic information.
Correction of the erroneous data was an easy task because we have been supported
by users who wrote to us about many particular errors. We appreciate their initia-
tive very much.

Next stages of the database upgrade procedure were more labour consuming,
sometimes they were tedious and needed computer software implementation.

2.1. Supplementation of the meteor showers orbits and bibliographic
references

Until August 2012, the TAU MDC shower database contained only shower codes,
shower names, mean geocentric parameters and the name of the possible parent
body. No orbital information i.e. no mean values of the orbital elements were given
and no literature references to the data sources were available. To cure the situation

Leonids Single Shower - Status - Established Next Previou:

RA DE dRA dDE VG a q e Peri Node Incl N References
[deg] ]2000 [km/s] [au] [au) [deg] ]2000

154.24 21.60 0.659 -0.325 70.66 10.1 0.9853 173.30 236.15 162.36 - H.Betlem ??

153.0 +22.0 +0.70 -0.42 70.7 115 0.985 172.5 235.2 162.6 - Cook, 1973

153.6 +22.1 +0.60 -0.45 70.26 10.3 0.984 0.904 1724 235.0 162.1 0009 Kresak and Porubce

1539  +21.6 +0.044 -0.603  70.92 15.2 0.984 172.36 235.7 16253 0029 Lindblad et al., 1
55P/Temple-Tuttle

Figure 1. A fragment of the IAU MDC website screen-shot. An example of the shower
upgraded with the orbital elements and the literature ADS references. Currently, for many
showers several sets of the geocentric and heliocentric parameters are given.

we added orbital and literature information for over 200 showers using different
data sources. Furthermore, for several dozen of showers, the additional sets of
mean geocentric and heliocentric parameters determined by different authors have
been included into the database. In the main part, we copied data published by
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Table 1. Geocentric data of 31 showers (streams) officially named during the IAU
XXVIIIth GA held in Beijing in 2012. The solar ecliptic longitude As , the geocentric
radiant right ascension and declination oy, d4 are given for the epoch J2000.0.

No TIAU Shower (stream) name As Qg Og Vs

No & code ) (°) (°) (km/s)

1 11 EVI eta Virginids 354 182.1 2.6 29.2
2 23 EGE epsilon Geminids 206 101.6 26.7 68.8
3 26 NDA Northern delta Aquariids 123.4 344.7 0.4 40.5
4 100 XSA Daytime xi Sagittariids 304.9 284.8 -18.6 26.3
5 128 MKA Daytime kappa Aquariids 354 338.7 =7.7 33.2
6 151 EAU epsilon Aquilids 59 284.9 15.6 30.8
7 175 JPE July Pegasids 107.5 340 15 61.3
8 184 GDR July Gamma Draconids 125.3 280.1 51.1 274
9 197 AUD August Draconids 142 272.5 65.1 17.3
10 202 ZCA Daytime zeta Cancrids 147 119.7 19 43.8
11 242 XDR xi Draconids 210.8 170.3 73.3 35.8
12 252 ALY alpha Lyncids 268.9 138.8 43.8 50.4
13 257  ORS Southern chi Orionids 260 78.7 15.7 21.5
14 333 OCU October Ursae Majorids 202 144.8 64.5 54.1
15 334 DAD December alpha Draconids 256.5 207.9 60.6 41.6
16 335 XVI December chi Virginids 256.7 186.8 -7.9 67.8
17 336 DKD December kappa Draconids 250.2 186.0 70.1 43.4
18 337 NUE nu Eridanids 167.9 68.70 1.1 65.9
19 338 OER omicron Eridanids 234.7 60.70 -1.5 26.9
20 339 PSU psi Ursae Majorids 252.9 167.8 44.5 60.7
21 341 XUM January xi Ursae Majorids 300.6 169.0 33.0 40.2
22 346 XHE x Herculids 352 254 48 36
23 348 ARC April rho Cygnids 37.0 324.5 45.9 41.8
24 372  PPS phi Piscids 106.0 20.1 24.1 62.9
25 388 CTA chi Taurids 220.0 63.2 24.7 42.1
26 390 THA November theta Aurigids 237.0 89 34.7 33.8
27 404 GUM gamma Ursae Minorids 299.0 231.8 66.8 31.8
38 411 CAN ¢ Andromedids 110 324 48.4 59
39 427 FED February eta Draconids 315.11 23992 62.49 35.6
30 445 KUM kappa Ursae Majorids 223.21 14446 45.44 65.30
31 446 DPC December phi Cassiopeiids 252.48 19.8 58.0 16.4

Jenniskens (2006, Table 7), but in the future we intend to take full advantage
of the original data sources. Such approach will facilitate removing internal data
inconsistency, a problem that we have been noticed during upgrading procedure.
In our opinion, the inconsistency of meteor shower data needs thorough solution.

As the literature references we used the URL addresses of the SAO/NASA As-
trophysics Data System (ADS). Figure 1 illustrates an example of a meteor shower
data record, now supplemented with a few sets of the dynamical parameters and
the literature references.

An upgrade of the MDC shower database will be continued by adding the shower
parameters taken directly from the original papers. Also, if relevant data prove to
be available, for each shower we will include several sets of additional geocentric
and heliocentric parameters.
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Table 2. Heliocentric data of 31 showers (streams) officially named during the IAU
XXVIIIth GA held in Beijing in 2012. The values of the angular orbital elements are
given for the epoch J2000.0. For several showers their mean orbital elements are not given
in the source literature.

No IAU Shower (stream) name a q w Q i
No [AU]  [an] ) ) )

1 11 eta Virginids 2.562 0.382 349.1 280.5 3.5
2 23 epsilon Geminids 10.0 0.731 241.7 209.0 1729
3 26 Northern delta Aquariids 2.536 0.071 332.6 139.0 23.0
4 100 Daytime xi Sagittariids 1.744 0.383 66.6 296.0 4.3
5 128 Daytime kappa Aquariids 1.7 0.18 42 359.7 1.8
6 151 epsilon Aquilids 0.873 0.354 318.3 59.5 59.6
7 175 July Pegasids 44 0.536 267.2 107.5 131.6
8 184 July Gamma Draconids
9 197 August Draconids 1.515 1.007 185.6 141.9 30.4

10 202 Daytime zeta Cancrids 5.00 0.05 206.5 326.9 21.1

11 242 xi Draconids 1.279 0.988 175.3 210.8 69.0

12 252 alpha Lyncids 25.4 0.281 295.9 268.8 84.4

13 257 Southern chi Orionids 2.23 0.594 86.4 80.1 5.2

14 333 October Ursae Majorids 5.9 0.979 163.7 202.1 99.7

15 334 December alpha Draconids

16 335 December chi Virginids

17 336 December kappa Draconids

18 337 nu Eridanids

19 338 omicron Eridanids

20 339 psi Ursae Majorids

21 341 January xi Ursae Majorids

22 346 x Herculids

23 348 April rho Cygnids 6.51 0.8099 125.55 37.0 69.9

24 372 phi Piscids 2.09 0.8559  125.02 106.0 152.6

25 388 chi Taurids 4.97 0.0807 328.49 220.0 12.3

26 390 November theta Aurigids 1.13 0.1160  330.07 237.0 27.8

27 404 gamma Ursae Minorids 4.20 0.9593 199.54 299.0 51.1

38 411 ¢ Andromedids

39 427 February eta Draconids —250 0.971 194.09 315.07 55.20

30 445 kappa Ursae Majorids
31 446 December phi Cassiopeiids

3. Test of meteor shower names correctness

During a normal maintenance of the MDC shower database and during its up-
grade we have met several problems related to shower names. Some problems were
reported to us by the database users, some we have recognized by ourselves.

To ascertain if a shower name listed in the MDC is formally correct, one has
to compare it with the name obtained by applying to this shower the nomencla-
ture rules published e.g. in Jenniskens (2006a, 2007, 2008); Jopek and Jenniskens
(2011). For old, well known showers discovered many years ago, no one would ex-
pect that their names will pass such name test. But in case of the new showers
discovered quite recently it should be different. We just wanted to know to what
extend the shower nomenclature rules are respected by shower discoverers, and on
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the other hand, how well the shower nomenclature WG controls the shower naming
procedure.

To ensure the test objectivity and to perform it automatically we developed a
software in which the shower nomenclature rules were implemented (Jenniskens
2008; Jopek and Jenniskens 2011):

1) a meteor shower should be named after the constellation of stars that contains
the radiant,

2) to distinguish among showers from the same constellation, the shower may be
named after the nearest (brightest) star with a Greek or Latin letter assigned.

3) to distinguish among showers from the same constellation one may add the name
of the month,

4) for daytime showers, those with a radiant less than 32 degrees from the Sun, it
is a custom to add “Daytime”.

5) Finally one can add “Southern” or “Northern” to distinguish between the south
and north branches of a shower, both originated from the same parent body.

By default, the points 3) and 4) relate to the shower activity period.

Our test consisted of two parts. In the first part, using the shower radiant coor-

dinates, we have found in which constellation this point is located.
The constellation borders were established by Delporte (1930) on behalf of the IAU
Commission 3 (Astronomical Notations). Delporte drew the constellation bound-
aries along vertical lines of right ascension and horizontal parallels of declination,
on the epoch pf 1875. For a different epoch, due to precession phenomena, the net of
the spherical coordinates do not overlap with the constellation boundaries. Hence,
Delporte’s publication is not convenient for determining a constellation from the ra-
diant position. For this purpose an approach described by Roman (1987) is excel-
lent. We have implemented it in our testing software, and to take into account an
influence of the precession we have used the formulae taken from the Explanatory
Supplement to the Astronomical Almanac (Seidelmann et al. 1992, ed.).

In the second part of our test, we have found the star nearest to the radiant
position. Corresponding minimum distance along a great circle was calculated be-
tween the radiant and the nearest star, both located in the same constellation.
Also we have verified if we deal with the “Daytime”, “Southern” or “Northern”
radiant, as well on which month the shower activity period falls. To find the month
of the shower activity we found the date of the shower activity corresponding to
the Sun ecliptic longitude given in the MDC. We used the formulae for the Sun
ecliptic longitude given in Meuss (1991); Astronomical Almanac (1994). Through-
out all test the Sun ecliptic latitude was set to zero, the year of the shower activity
was assumed to be 2000 AD.

3.1. Choice of the star catalogue

At the end of AD 2013 the IAU MDC comprised of 95 established showers, 460
working list showers and 24 groups — shower complexes. Inclusively the IAU MDC
list (including complexes) contained 579 meteor showers. We have posed a question
— are the names of these showers correct from the point of view of the meteor shower
nomenclature rules?
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Figure 2. The Hammer-Aitoff diagram of Bayer (top) and Flamsteed (middle) stars taken
from the Yale Bright Star Catalogue. The stars designated by Flamsteed are distributed on
the sky only visible from Great Britain. The Bayer stars are distributed more uniformly.
The bottom diagram contains all 3141 Bayer and/or Flamsteed stars taken from this
catalogue. The sky coverage is better on this diagram, still one can see a few regions

significantly less populated by stars.
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Quickly we have realized that in many cases the shower names can not be verified,
and that the main reason of it lies in insufficient precision of 2-nd rule of the meteor
shower nomenclature. To apply this rule one has to decide on the star catalogue to
use and the limiting magnitude of stars. Such settings were never made by the WG,
therefore to address the above issue we have applied the Yale Bright Star Catalogue
(BSC), 5th Revised Ed. (Hoffleit and Warren 1991).

The BSC contains 9096 starsf brighter then ~6.5 magnitude, which is roughly
every star visible to the naked eye from the Earth. The catalogue is fixed in number
of entries, but its data is being updated. The version of 1991 was the next but four,
and it was compiled and edited by Ellen Dorrit Hoffleit of Yale University. Among
others, the BSC catalog contains the equatorial positions of stars for J2000, the vi-
sual magnitudes, and detailed information on individual entries. This information
includes constellation code and a star name — generally Bayer and/or Flamsteed
name.

Originally Bayer stars were labelled by Greek and Latin letters e.g. “alpha
Centauri”, “d Centauri”. However, to avoid some confusion, astronomers revised
Bayer’s system adding several modifications. E.g. in Orion constellation the Greek
letter “pi” was supposed to apply to all six stars in the arc forming the lions pelt
or shield on Orion left arm. In this case, astronomers added superscripts to Bay-
ers letters (pil, pi2, pi%,...) to distinguish between the individual stars. In the case
of Flamsteed designation system each star is labeled by a number and the Latin
genitive of the constellation it lies in, e.g. “51 Pegasi”.

From the BSC we have drawn a subset of 3141 stars for which Bayer and/or
Flamsteed names were available.f Our subset contains 1561 Bayer’s stars and 2552
stars designed by Flamsteed. 972 stars have both Bayer and Flamsteed designa-
tions. Flamsteed’s catalogue covered only the stars visible from Great Britain, and
therefore stars of the far southern constellations have no Flamsteed numbers. Bayer
stars cover the whole sky more or less uniformly. Figure 2 illustrates distributions
of Bayer and Flamsteed stars on the whole celestial sphere.

3.2. Results of the shower name correctness test

After setting the star catalogue, we used a software in which we implemented all the
shower nomenclature rules. We wanted to test the name correctness of the meteor
showers listed in the IAU MDC. Altogether 554 meteor shower names were initialy
tested, but after including the showers for which we had several radiants, we have
tested 646 shower names.§ We compared all components of the shower names given
in the MDC database with those yielded by out test-software. We were able to
control correctness of the Daytime-Nighttime shower activity, Northern-Southern

t The BSC contains 9110 objects, of which 9096 are stars. Fourteen objects cataloged
in the original compilation of 1908 are novae, supernovae or non-stellar objects that have
been retained to preserve the numbering.

I Three stars from the Trapezoid group in the Orion constellation were omitted to
avoid the same star names.

9 As a natura rei — our test was possible only if the solar ecliptic longitude at the mo-
ment of the shower activity and the radiant coordinates were given. In the IAU MDC, in
case of meteor shower complexes such information is only available for three of them.
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branches, the month of the shower activity and the star and constellation names. As
was expected, we observed that for some showers more than one name component
is incorrectly specified in the IAU MDC database. In Table 3 we collected general
results of the test. We made several tests for a few subsets of the whole radiant set
(646 radiants) and for different sets of the BSC stars.

Table 3. Results of the name correctness test for the IAU MDC meteor showers. The first
row refers to all 646 radiants of 554 meteor showers (status for the end of 2013). The second
row (350 radiants) refers to “old” showers only, observed before the Working Group on
Meteor Shower Nomenclature was organized. The last row involves the showers for which
the names were assigned by the Working Group (WG flag in the first column). The letters
B and F in the first columns mean that Bayer and Flamsteed stars were used in the test.
The second column gives the number of tested shower radiants (NR), the third column
(IN) gives the total number of incorrect shower names, the following columns include
the number of showers for which the test gave negative results due to incorrect: N-S
— Northern-Southern branches, D-N — Daytime and Nighttime activity, M — month of
the shower activity, Star — name of the radiant nearest star, Const — constellation name
in which the radiant is located. For IN, Star, Cons columns the percentage ratio between
quoted values and the NR are given in brackets.

NR IN N-S D-N M Star Const
BF 646 464 (72%) 5 12 6 415 (64%) 156 (24%)
B 350 257 (73%) 3 10 2 216 (62%) 125 (36%)
BF+WG 296 186 (63%) 2 2 4 175 (59%) 31 (10%)

3.3. Discussion of the results

At first glance, the results given in third column of Table 3 are very discourag-
ing. For majority of meteor showers listed in the MDC, their names do not fulfill
the nomenclature rules (see section 3).

In Table 3, the first row presents the most complete result of our test. We used
all 3141 Bayer and Flamsteed stars from the BSC catalogue and tested 646 shower
radiants included in the MDC database. The names of 73% of meteor showers did
not fulfill the nomenclature rules. However one can easily explain significant part
of such a result. In this test we made use of Flamsteed stars as well, but these stars
were not used when names for ~500 of the shower radiants collected in the MDC
were assigned. Flamsteed stars have been in use quite recently for naming meteor
showers.

So we made two additional tests. The first one concerned 350 showers for which
the names were assigned outside the WG, and the second test for 296 showers which
were named by the WG. In the first test only Bayer stars were used, in the second
one, both Bayer and Flamsteed stars. Results of these additional tests are given
in the second and third row in Table 3. The numbers of incorrect names are still
very high, but the high number of incorrect names for showers fixed before the WG
activity time is not a surprise. At that time the shower names were assigned more
or less subjectively, using different star maps and possibly applying individual rules
developed by shower discoverers.
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Figure 3. Top — difficult case of the radiant assignement (marked by star symbol) of
January v Hydrids (#544, JNH). It lies almost on the border of two constellations. Bottom
— the radiant of the August ¢ Cetids (#505, AJC) undoubtedly lies in the Aquarius

constellation.
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The last row in Table 3 enables us to draw a weak conclusion that activity
of the WG brought positive results — among 296 showers a fraction of incorrect
names is a bit smaller. However, this fraction is disconcertingly high, and after
the WG started its activity, one should expect that all fractions in the last row of
Table 3 should be close to zero. Again we can explain such result easily. During
the seven years of its activity the WG had no access to the standard implemented
by our software. Without any commonly used standard, all the work of the WG
was subjective.

Without an objective tool (a software plus a star catalogue) it is very difficult to
find which star is the closest one to a given point on the celestial sphere. Therefore
in Table 3 we see the highest numbers in the seventh column. Additionally these
numbers were increased by each incorrect assignment of the constellation name in
which the shower radiant lies in. Therefore one can assume that the incorrect star
names, for the most cases, resulted just due to mistakes. They were not the results
of the willful nomenclature rules violations.

But it seems to be the opposite in case of the incorrect constellation name assign-
ment. Certainly, a few mistakes were also possible here. E.g. on Figure 3 the radiant
of January v Hydrids lies very close to the border between Hydra and Sextans con-
stellations. By “naked eye” it is very difficult to decide in which constellation this
radiant lies in. Therefore in case of incorrect constellation names we can have some
amount of mistakes, but in most cases, it seems that the shower nomenclature rules
were violated, also by the WG. An example of such nomenclature rule violation
is shown on the bottom graph of Figure 3. On this graph, the radiant point lies
undoubtedly inside the Aquarius constellation, however despite it, the shower was
named August ¢ Cetids.

Our tests have shown that the number of incorrect months, branches and day-
night activities assignments are small. They were caused by mistakes like in case of
the shower Southern § Leonids (see Figure 4), or due to inconsistency of the shower
parameters. In some cases, data given in the MDC shower database were taken
from different sources, e.g. the solar longitude at the peak of the shower activity
and the radiant coordinates are taken from different sources. Therefore, probably
they are inconsistent. But in our software to find e.g. precise radiant elongation
from the Sun at the moment of shower activity one needs consistent data. From
our experience, the data inconsistency in the MDC is a serious problem and should
be investigated separately.

Several incorrect “Daytime” prefixes can be explained by the choice of the value
32 degreest for the critical elongation of the daytime radiant from the Sun. In
the MDC database we have found the shower (#152, NOC, Northern Daytime w
Cetids) with radiant elongation 47 degrees, labeled by Sekanina in his original paper
Sekanina (1976) also as “Daytime” shower. It is clear that the value 32 degrees is
just too rigorous.

1 This value was taken from Jenniskens (2008); Jopek and Jenniskens (2011).
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Figure 4. Southern ¢ Leonids (#113, SDL), the third set of parameters for this shower
contains the radiant coordinates RA=148.6, DE=18.6. Its ecliptic latitude is BE=5.5
degrees, what means that this radiant, marked by a star symbol, lies in the northern
ecliptic hemisphere not the southern one.

4. Conclusions

In 2012 during the GA TAU in Beijing, 31 new meteor showers were officially
named. Thus, at present the list of the established meteor showers contains 95
objects. Including showers placed on the Working list and the List of Showers
Groups the MDC contains 579 meteor showers (see Jopek and Kanuchovd 2013).1

On the IAU website http://www.iau.org/public/themes/naming/ one can
find information on how different astronomical objects and features are named,
inter alia the minor planets and comets. There is no information about the nomen-
clature of meteor showers. To include such information on this website, we believe,
it is essential to formulate and implement the objective rules of the meteor shower
nomenclature. Our study has shown that nomenclature rules published so far are
not sufficient for this purpose. They are not sufficiently precise, hence not objective.
Such situation is very disadvantageous for the meteor astronomers community.

Existing nomenclature problems can be solved twofold: by keeping tradition as
much as possible, or more radically. In the first approach we should transform
existing traditional, imprecise rules into a set of objective ones, e.g. by choosing a
standard star catalogue which will be used for meteor shower name assignments.
More radical approach, perhaps unavoidable, requires more energy and a good will
from the meteor astronomers community. Probably, it would require the break up
with the tradition.

i Status at the end of 2013.
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Another important task is an improvement of the AU MDC shower database.
The MDC database needs further improvement, both as to its contents and as to
its user friendly interface. Without fail, such improvement will require long-term
activity.
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