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ABSTRACT

The June Bootid meteor shower is known to show irregular activity. We report here the predic-
tion and observations of the 2004 shower. The forecasts were independently performed by three
different teams, who all concurred on a broad activity on June 23, though no estimate of the
level was done prior to the event. Thanks to these predictions, observations around the world
were conducted and gathered by the International Meteor Organization. The broad activity (full
width at half-maximum =~ 7 h) was observed, with a maximum occurring at 14:50 4+ 60 min
UT. The level of the shower reached a zenithal hourly rate (ZHR) of 30 &+ 10, for a population
index of r = 2.49 £ 0.15. Past showers are examined and new associations between the 1916
and 1998 showers and several trails from the early nineteenth century are made. An attempt
to post-predict the values of the level of all these showers is discussed. New observations of

comet 7P/Pons-Winnecke are needed when it returns in 2008.

doi:10.1111/5.1365-2966.2005.09421.x
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1 INTRODUCTION

A meteor shower occurs when the Earth encounters a meteoroid
stream, usually ejected from a comet. Two kinds of showers
can be defined: the major and the minor ones. A major one is
usually intense [sometimes giving rise to a storm, such as the
Leonids —see Arltetal. (2002)] and/or regular [such as the Perseids —
see also Jenniskens (1994)]. A minor one is usually not intense,
with a zenithal hourly rate ZHR < 20 (Koschack & Rendtel 1990),
and/or very irregular. The June Bootids is a minor shower that has
sometimes given rise to an unusually high activity in the past. One
should keep in mind that several names have been given to this
shower, such as ‘Pons-Winneckids’ or ‘t-Draconids’ (Jenniskens
1995). The annual rate is usually low (ZHR < 10), which some-
times makes it hard to recognize (Arlt 2000). The first records of
a June Bootid meteor shower date back to 1916 (Denning 1916),
and subsequent showers occurred in 1927 and 1998 (Spurny &
Borovicka 1998; Spurny 1999; Arlt et al. 1999). The ZHR reached
values of ~100, ~30 and ~80, respectively, in those years. A full
description and further details of these showers can be found in
Arlt et al. (1999). In particular, they show that there is no reg-
ular appearance of the June Bootids, though the parent body is
comet 7P/Pons-Winnecke, which is a Jupiter family comet (Denning
1916).

The question of what could cause such unusual increases of ac-
tivity then arises. Because of the unpredictable nature of the June
Bootids, the 1998 observations were only done by the most dedi-
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cated observers at that time. Thanks to these people, the outburst
could be reported (see Arlt et al. 1999). However, with the return
of the Leonid meteor storms between 1998 and 2002, lots of work
was done to predict meteor showers. Several years before these
events, Kondrateva & Reznikov (1985) were the first to forecast
the Leonid meteor showers correctly. They were followed indepen-
dently and more recently by McNaught & Asher (1999), and subse-
quent work was done during the Leonid meteor storm period (Brown
& Arlt 2000; Lyytinen & Van Flandern 2000; Jenniskens 2001;
Vaubaillon 2002). In the case of the June Bootids, Asher &
Emel’yanenko (2002) have shown that the 2:1 resonance with
Jupiter causes the stream to remain compact, and then potentially
produce an intense meteor shower. Recently, Vaubaillon & Colas
(2005) have found the same kind of behaviour for the m-Puppid
shower, also associated with a short-period comet (26P/Grigg-
Skjellerup). Asher & Emel’yanenko (2002) linked the 1998 outburst
with the trail ejected during the perihelion passage of the comet in
1825. Reznikov (1983) previously noticed the same kind of associ-
ation between the 1916 outburst and the trail ejected in 1819.

In 2004, the situation was totally different from 1998, since a June
Bootid meteor shower was independently predicted by three teams:
Shanov & Dubrovski, Sato, and Vaubaillon. The alert was broad-
cast on mailing lists (such as meteorobs and IMO-NEWS), and the
possibility of a meteor shower was published by Rao (2004). The
need for meteor shower forecasting resides in the fact that intense
meteor showers are rare and precious events. A correct prediction
allows scientists to be ready to record the maximum amount of data
at a specific time. The results derived by these observations concern
the composition of the meteoroid itself and the parent body, the
atmosphere, the orbits of individual particles as well as the stream
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as a whole, the dynamics of small bodies in the Solar system, etc.
(see e.g. Jenniskens 2002). Thanks to these predictions, professional
and amateur astronomers around the world were informed of the im-
minent shower, and many observations took place. The International
Meteor Organization (IMO) gathered and analysed the data, which
are presented here, via R. Arlt.

In Section 2, we describe the three different methods used to
make the predictions. We present the results of the observations in
Section 3. A discussion then follows in Section 4.

2 THE PREDICTIONS FROM DIFFERENT
APPROACHES

2.1 Description of the methods

Several methods exist to perform a meteor shower forecast. The best
way to date is to do a numerical simulation of the trajectories of test
particles released by the parent body. McNaught & Asher (1999)
developed a method where an iteration process allows one to look
at the closest encounter between a particle and the Earth for a given
period of time. The time of the maximum of the shower can thus be
determined. We will now sketch the models of the authors of this
paper.

The first team to present forecasts for the 2004 June Bootids was
composed of Shanov & Dubrovski. Their approach is based on the
study of McNaught & Asher (1999): Some test particles are released
at perihelion in the direction of the comet’s motion, as well as in the
opposite direction. The modulus of the ejection velocity is first set
to a wide range (£50ms™") to find what is the approximate value
that brings particles close to the Earth in 2004 June. An iteration
process then refines this value for a minimum ejection velocity step
of 0.0l ms™".

The predictions made by Sato are based on a similar method.
Particles are released at perihelion as well as at different locations
of the parent body, in a [—100;100] d range around perihelion. The

minimum ejection velocity step is 0.0001 ms~".

Finally, a third approach developed by Vaubaillon, Colas & Jorda
(2005a) was used to make the 2004 June Bootid forecasts. It is based
on the dirty snowball model of Whipple (1951). The ejection pro-
cess occurs as soon as the nucleus reaches a heliocentric distance of
less than 3 au. The ejection velocity is computed according to the
model developed by Crifo & Rodionov (1997). The modulus of the
ejection velocity depends on several parameters, such as the helio-
centric distance, the size of the particle and the angle of ejection (i.e.
the angle between the heliocentric radius vector and the direction
of ejection). A total of 1.75 x 10° particles were simulated. The
program was run on 10 to 50 parallel processors located at CINES,
France.

The technical details and differences between these three ap-
proaches are provided in Table 1.

In all three methods, the past perihelion passages of comet
7P/Pons-Winnecke were considered as a starting point, and 35 re-
turns from 1802 to 2002 were considered. Some orbital elements
are provided in Table 2, as well as some representations of the orbit
in Fig. 1.

2.2 Results

The different models each predicted a June Bootid meteor shower
on 2004 June 23. The main contributors to the shower were trails
mainly ejected in the first half of the nineteenth century. The three
models agreed that all the trails from 1813 to 1858 were close to
the Earth on 2004 June 23 (see Figs 2—4). To some extent, the 1875
trail could also have had a contribution to the shower, since it was
located very close to the Earth.

Interestingly, these figures clearly show that some trails overlap.
This overlap concerns superpositions of parts of a single trail (Fig. 3),
since planetary perturbations make their shape complicated (see also
Section 4). There are also overlaps of different trails (Fig. 4). This is
the reason why a broad shower was expected. The fact that, despite
the overlap, each trail has a different orbit makes the shower not
as strong as it could be if all the trails were ‘exactly’ at the same

Table 1. Features of the different models used to make the 2004 June Bootid meteor shower forecasts.

Model Shanov & Dubrovski Sato Vaubaillon

Ejection velocity [—50; 50] m s~ ! [—30;30] ms~! Crifo & Rodionov (1997) model
Direction of ejection +V comet £V comet sunlit hemisphere

Point of ejection perihelion +100 d around ¢ [g; 3 au]
Non-gravitational forces no no radiation pressure and Poynting—Robertson
Planetary model Bretagnon & Simon (1986) DE406 DE406

Planets Mercury — Neptune + Moon Mercury — Pluto + Moon, Mercury — Pluto + Moon
Ceres, Pallas, Vesta
Algorithm Adams Runge—Kutta—Fehlberg + Encke Radau 15th-order (Everhart 1985)
Name of the program Comet’s dust Integrat Pintem
Table 2. The orbital elements of comet 7P/Pons-Winnecke.
Model Shanov & Dubrovski Sato Vaubaillon
Reference Marsden & Williams (1999) Kinoshita (2004) Rocher (2004)
a (au) 3.4353750 3.435379 1605 +£ 0.000 000 5628 3.4383219 £ 0.000 0090
e 0.634 4237 0.634 424 2529 £ 0.000 000 1624 0.634 0814 + 0.000 0009
i(°) 22.301450 22.301386 7021 £ 0.000 033 0406 22.284 6247 + 0.000 0164
Q(°) 93.428 080 93.4265774361 £+ 0.000076 5182 93.4499831 + 0.000 0465
w (%) 172.312 690 172.314472 9352 4+ 0.000 073 7747 172.2924087 +£ 0.000 0330
T 1996 Jan 2.45304 TT 1996 Jan 2.4515121632 TT 2002 May 15.71977 TT

© 2005 RAS, MNRAS 362, 1463-1471

$202 1eaquianoN g0 Uo 1senB Aq £86886/S9¥ |/77/Z9E/8I0IB/SBIUW/WOoo dNo olWapeoe/:sdiy Wolj pepeojumod



The 2004 June Bootids 1465

TPHS99E

Figure 1. Large (left) and close view (right) of comet 7P/Pons-Winnecke’s orbit. Its inclination is small and its aphelion is located close to the orbit of Jupiter.
Hence any encounter perturbs the orbit a lot. In particular, the position of the comet’s perihelion distance is powerfully modified by the planet. During the
nineteenth century the comet’s perihelion was located inside the Earth’s orbit, whereas in the twentieth century it moved outside the Earth’s orbit. The June
Bootid meteor showers (and especially the 2004 one) were caused by particles ejected in the nineteenth century. Some of them are trapped into the Jovian 2:1

resonance.
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Figure 2. Results by Shanov & Dubrovski: Distance (au) of several trails,
versus time (UT). Some test particles are close to the Earth on 2004 June 22
and 23, making a meteor shower likely.

location. Such a configuration happened in 2001 and involved the
1699 and 1866 Leonid trails (McNaught & Asher 1999; Arlt et al.
2001). That kind of overlap presented here was already reported by
Vaubaillon & Colas (2005).

The stream as a whole is divided into several parts. Some of them
are close to the Earth, but only one actually intersects the orbit of
the Earth. This one is composed of particles ejected mainly from
perihelion returns in 1813 to 1836, and to some extent from re-
turns in 1841 to 1858, plus 1875. A broad shower was expected,
roughly lasting from 10:00 to 17:00 uT on 2004 June 23. A time
of maximum around 14:00 UT 42 h was uncertain, because of the
large duration of the shower. A plateau was instead predicted from
the Shanov & Dubrovski model. The level of the shower was hard
to compute, since only a few observations of strong June Bootid
showers are available as a calibration (Arlt et al. 1999). Moreover,
comet 7P/Pons-Winnecke was poorly documented in terms of phys-
ical data. Fink & Hicks (1996) provide a water production rate of
~3.10 x 10’ mols™! at r, = 1.42 au. The only [Afp] measure-
ment was done by Lowry & Fitzsimmons (2001) when the comet
was far from the Sun (r;, = 5.58 au). They only derived an upper
value of 20.0 cm, which prevented us from fully applying the model
developed by Vaubaillon et al. (2005a). As a first step, only the
simulation of the generation and evolution of the stream, as well

© 2005 RAS, MNRAS 362, 1463-1471
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Figure 3. Results by Sato: Location of the streams in the ecliptic plane.
The continuous line represents the path of the Earth. The large diamonds
(with 40 labels) are the position of the nodes of the meteoroids ejected
at pelihelion. There may be more than one node for a given trail, since
meteoroids were ejected at different values of AV. Small diamonds are the
nodes of meteoroids ejected before or after passage. The labels indicate the
time of ejection of the particle, in terms of number of days before (<0) or
after (>0) the perihelion passage of the parent body. A long-duration meteor
shower is expected on June 23, from particles ejected before perihelion.

as the computation of the position of the node of the meteoroids,
was done. This was performed in order to examine the possibility
of a meteor shower in 2004 June, but no activity level prediction
was made. Fig. 4 showing the configuration of this shower has to be
compared to the 1998 case, represented in Fig. 5. It is clear that the
2004 shower was expected to be much lower than in 1998, but at
that time (i.e. before the shower) no ZHR estimation was computed.
An attempt to give a post-prediction of the ZHR is presented in
Section 4.

The properties of test particles approaching the orbit of the Earth
(geocentric velocity, coordinates of the radiant, etc.) are provided in
Table 3. From this table, we can predict the position of the radiant at
o =2232+ 07,8 =472 & 023 and V, = 14.11 £ 0.03kms™ .
The June Bootid meteors are among the slowest meteors, making
them hard to observe, since only the biggest particles will produce
enough light to be detected.
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Figure 4. Results by Vaubaillon: Nodes of the particles ejected from 1813
to 1875, in the vicinity of the Earth’s orbit (continuous line), in 2004 June.
Again, a long-duration shower is expected on June 23.
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Figure 5. The 1998 June Bootid meteor shower: same as Fig. 4.

3 RESULTS FROM VISUAL OBSERVATIONS

The complete set of visual observations covering the 2004 June
Bootids collected by the International Meteor Organization com-
prises 157 observing periods with a total of 439 shower meteors.
The observing conditions are evaluated in terms of a stellar limiting
magnitude, thereby including the observer’s perception qualities.
‘We thank all the observers, whose names are listed in the Acknow-
ledgments.

The observational measure for meteor shower activity is the
zenithal hourly rate (ZHR), which is corrected for a limiting magni-
tude (Im) of 4+6.5 and a radiant elevation of 90° above the horizon.
The individual correction for an observing period i is

,65-Im 7

Tofr sin hg M

where r is the shower’s population index, describing the exponential
increase of meteor numbers towards fainter magnitudes (see below).
Here, the individual limiting magnitude given for each observing
period is abbreviated by Im, possible obstructions of the field of
view are expressed by F, the effective duration of the period is T e,
and the radiant elevation is Ag.

The geometrical radiant height is altered by the gravity of the
Earth. If the incoming stream has a low geocentric velocity, the de-
viations from the geometrical position can amount to several degrees
towards the zenith. This zenithal attraction is taken into account in
(1). Another effect is the vectorial addition of the motion vector of
the meteoroid and the rotational velocity on the surface of the Earth,
and is called diurnal aberration. It can be as much as 1° towards the
east for the June Bootids, but is not taken into account here.

The population index r is described as the increase in shower
meteor numbers n from magnitude class m to magnitude class
m + 1,r =n(m + 1)/n(m). Not only does it tell us something about
the mass distribution in the meteoroid stream, but it is also necessary
for the correction of individual observations to the standard limiting
magnitude of +6.5. Before computing the actual ZHRs, we have to
determine the value of r.

The magnitudes of 258 June Bootids were used to compute r
using the average magnitude distance from the limiting magnitude
(Arlt 2003). A population index of r = 2.49 £ 0.15 was obtained,
which is significantly higher than typical r-values of major meteor
showers such as the Perseids or Geminids. The population index is
expected to be a function of time, but the relatively small number
of June Bootids recorded does not allow a time-resolved r profile.

Having r at hand, one can compute the individual corrections
C; for the observing periods. The average ZHR for certain given
intervals of time is then found by

ZHR = (1 +Z,~ N,-) /Z . )

where N; are the June Bootid numbers seen in the individual pe-
riods. The average (2) weights observing periods with their total
correction C;. The additional ‘1 +’ results from the skewness of
the distribution of observed numbers around the expectation value
of the distribution, which is the rate we are looking for. An ob-
served number of meteors can be produced by a variety of rates with
varying probability. The average of all these possibilities, assuming
a Poissonian distribution, leads to the expectation value in equa-
tion (2). The difference from the usual Gaussian-based average is
only relevant if (just as with the June Bootids here) meteor numbers
are rather small.

The peak time of the 2004 June Bootid maximum was observed
to occur at 14:50 = 60 min UT on June 23. The uncertainty results
from the small number of observing reports going into the average at
14:46 ut. Observing conditions faced by the four observers covering
the peak average were far from ideal; the average limiting magnitude
was a poor +4.82. Given the symmetry of the profile around this
average, it is likely that the peak occurred in the two hours around
14:50 ur, even if we omit the actual peak average. The full width at
half-maximum (FWHM) is roughly 7 h. Because of the uncertainties
in the observations nearest to the peak, the maximum ZHR is not
very precise either. A level of ZHR = 30 &+ 10 appears to be a fair
estimate.

The population index of r = 2.49 £ 0.15 as derived from
the 2004 observations converts into a differential mass index of
sy =14 25logr =1.99 £ 0.07. The only ingredient to this con-
version is the assumption that magnitude differences are naturally
related to intensity ratios, and intensities uniquely to the energy

© 2005 RAS, MNRAS 362, 1463-1471
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Table 3. Properties of particles approaching the orbit of the Earth, by Shanov & Dubrovski (upper part) and Sato (lower

part).
Trail® Ve b 8 Time? rp —rg° af 8/ 7
(ms) @ ) (au) ©) ©) (kms~")

1863 +09.64 -3.0 Jun 23 07:28 +0.0015 222.5 +46.8 14.13
1858 +09.09 —-3.5 Jun 23 08:32 +0.0006 222.6 +46.7 14.12
1852 +08.48 —-3.2 Jun 23 09:34 0.0000 222.6 +46.7 14.12
1847 +07.96 -2.7 Jun 23 10:32 0.0000 222.6 +46.7 14.12
1841 +07.15 —-3.5 Jun 23 11:10 0.0000 222.7 +46.6 14.11
1841 +07.14 -1.9 Jun 23 11:21 0.0000 222.6 +46.7 14.12
1836 +07.02 —-3.7 Jun 23 11:42 0.0000 222.7 +46.6 14.11
1836 +07.00 —14 Jun 23 12:03 0.0000 222.6 +46.7 14.12
1830 +07.12 —4.6 Jun 23 12:12 0.0000 222.7 +46.5 14.09
1819 +08.58 —11.4 Jun 23 12:17 0.0000 222.8 +46.2 14.05
1825 +07.53 —6.2 Jun 23 12:42 0.0000 222.7 +46.4 14.07
1830 +07.08 —-1.2 Jun 23 12:56 0.0000 222.6 +46.6 14.11
1836 +07.01 0.0 Jun 23 13:05 +0.0031 223.5 +46.5 14.16
1830 +07.09 0.0 Jun 23 13:39 +0.0025 223.4 +46.3 14.14
1825 +07.48 —-1.0 Jun 23 14:43 0.0000 223.6 +46.4 14.13
1819 +08.52 —-0.9 Jun 23 14:00 0.0000 222.5 +46.6 14.10
1825 +07.49 0.0 Jun 23 14:43 +0.0025 223.6 +46.4 14.13
1819 +08.52 —-0.9 Jun 23 15:28 0.0000 222.5 +46.5 14.10
1819 +08.53 0.0 Jun 23 16:06 +0.0033 223.3 +46.4 14.14
1813 +10.85 -2.2 Jun 23 18:10 0.0000 222.6 +46.4 14.07
1813 +10.86 0.0 Jun 23 19:08 +0.0035 222.8 +46.4 14.12
1830 +8.155 0 Jun 23 13:45 +0.0033 223.0 +47.1 14.14
1830 +8.169 0 Jun 23 14:17 +0.0064 2235 +47.3 14.12
1830 +13.807 —104.8 Jun 23 12:30 0.0000 222.5 +46.8 14.14
1825 +8.834 0 Jun 23 14:46 +0.0031 223.0 +47.0 14.13
1825 +8.859 0 Jun 23 15:36 +0.0115 224.2 +47.6 14.08
1825 +12.720 —74.7 Jun 23 13:45 0.0000 222.4 +46.8 14.13
1819 +10.377 0 Jun 23 16:32 +0.0062 223.4 +47.2 14.10
1819 +10.388 0 Jun 23 16:29 +0.0098 224.0 +47.6 14.09
1819 +13.570 —60.1 Jun 23 15:31 0.0000 222.5 +46.7 14.12
1813 +13.166 0 Jun 23 16:09 —0.0040 221.6 +46.7 14.17
1813 +13.290 0 Jun 23 19:32 +0.0034 223.1 +46.9 14.10
1813 +13.291 0 Jun 23 19:15 +0.0045 223.1 +47.0 14.10

“Perihelion return of the comet when the test particle was ejected. *Ejection velocity. “Time difference between particle
node crossing and closest approach of the Earth to this node (Shanov & Dubrovski) or time before comet perihelion (at
ejection, Sato). “Time of the shower (closest approach to the Earth). ¢Distance between particle node and Earth trajectory.
fCoordinate of the radiant. ¢Geocentric velocity.
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Figure 6. Activity profile of the 2004 June Bootids. The data plotted are identical to the data given in Table 4.

© 2005 RAS, MNRAS 362, 1463-1471
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Table 4. Numerical results for the activity profile of the 2004 June Bootids
as derived from visual meteor observations. The Solar longitude A refers
to equinox J2000.0; N ops is the number of observing periods involved in the
average, Njpo is the number of June Bootids contributing.

Date (uT) Time )»@ Nobs NjBo ZHR
Jun 20.270 06:29 89°214 7 0 0+0
Jun 21.097 02:20 902004 7 2 1+1
Jun 22.120 02:53 902980 6 10 3+1
Jun 22.842 20:12 912669 11 6 241
Jun 22.999 23:59 912819 17 32 3+1
Jun 23.356 08:33 922159 10 112 12+1
Jun 23.545 13:05 922340 10 157 26 +2
Jun 23.615 14:46 922406 4 10 33+ 10
Jun 23.658 15:48 920447 5 18 25+6
Jun 23.706 16:57 922493 5 5 12+5
Jun 24.032 00:46 922804 14 17 2+0
Jun 24.947 22:44 932677 14 25 541
Jun 25.877 21:03 942564 11 12 341
Jun 26.967 23:12 952603 20 10 2+1
Jun 27.755 18:07 962354 8 19 341
Jun 28.985 23:38 972527 7 4 2+1

of the meteoroid. At a fixed pre-atmospheric velocity, magnitude
thus refers to mass M, and the distribution is a power law such as
n(M) oc M*™.

Photographic observations showed that the fraction of kinetic
energy converted into luminosity varies as a function of M, and the
resulting mass index would be lower by a factor of about 0.92; here
sy =1+23logr =191+ 0.06 (see Koschack & Rendtel 1990).

A background component of activity may also be detected in the
visual data. The ZHR level is between 2 and 5 (see Table 4 and
Fig. 6). This is not much above the typical detection threshold of
ZHR ~ 1 for visual observations. Because of the peculiarly low pre-
atmospheric velocity of only ~18 km's !, the shower meteors are
distinct from most sporadic meteors. Accidental alignment with a
radiant as close to the antapex as the one of the June Bootids is highly
unlikely. Although it is hard to assess the reliability quantitatively,
we conclude that there was a background activity level of ZHR ~ 3
for the period 91°-99° in Solar longitude (J2000.0), with a maximum
of ZHR = 5 near 94°.

4 DISCUSSION

Comparing the predictions and observations in 2004, we can say
that the June Bootid meteor shower occurred as expected. Also, the
long duration of the shower (i.e. several hours) is in agreement with
the theoretical results. The low activity level of the shower made the
maximum hard to determine, giving rise to large uncertainties in the
peak time as derived from the observations. The models show how
the whole stream was spread out and the difficulties in defining a
maximum were more or less expected. Moreover, the Earth only en-
countered the ‘end’ of the stream, as shown in Fig. 7. From the top to
the bottom, we can see that the trailet encountered in 2004 was a per-
turbed one, resulting in the split of a trail by the Earth. The existence
of such a split was already reported by McNaught & Asher (2002)
and Vaubaillon & Colas (2002). This again illustrates the need for
accurate numerical simulations in order to provide meteor shower

o} A2 ot
B2 ALAZ
1910 oz 22 '
fﬂ .- Earth >
Ra& ¢
Al :Earth ,....-.-.:...—M
19 16 s A

2004 . : .

Figure 7. Illustration of the perturbation of the June Bootid meteoroid
stream by the Earth (this figure shows the 1819 stream, but other ones are
almost similar). T is the time and R the nodal distance to the Earth’s orbit
(upper is outside of the orbit). The first close encounter between the Earth
and the stream occurred in 1910, causing the first gap (i.e. the points Al and
A2, which were coincident prior to 1910, became separated). Subsequently,
the 1916 close encounter caused the points B1 and B2 to separate and the trail
to be divided into three parts, one (shown as the darker section of the trail,
from A1 to B2) being smaller than the others. This is the one encountered
in 2004.

forecasts, since any purely Keplerian view of the dynamics of such
a stream (i.e. not perturbed by planetary perturbations) is unable to
address that point. Considering earlier apparitions, we studied the
past June Bootid meteor showers, following the method developed
by Vaubaillon, Colas & Jorda (2005a,b). Comet 7P/Pons-Winnecke
has had some close encounters with Jupiter in the past three cen-
turies. Reznikov (1976) already mentioned the one occurring around
AD 1800. We found that there were four encounters in the eighteenth
century: 1705, 1716, 1788 and 1800. Table 5 provides some orbital
elements of the comet before and after the 1800 encounter. These
data are to be compared to the ones provided in Table 2. Because of
the proximity of the 2:1 resonance, the comet had many relatively
close encounters with Jupiter between 1871 and 1954. Each of these
made the inclination higher, up to the actual value. The next close
encounters are expected in 2025 and 2037.

As mentioned in the Introduction, the 1916 shower was linked to
the 1819 trail by Reznikov (1983), and the 1998 one to the 1825
trail by Asher & Emel’yanenko (2002). Moreover, a shower was
suspected in 1927, but is uncertain (Arlt et al. 1999). We examined
the circumstances for each of these years, for particles ejected at
each perihelion, back to 1703. The total amount of particles involved
considering these additional simulations is 2.55 x 10°. The plots

© 2005 RAS, MNRAS 362, 1463-1471
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Table 5. The orbital elements of comet 7P/Pons-Winnecke between AD 1700 and 1910 (from P. Rocher initial conditions). The very

low inclination of the comet in 1751 makes 2 and w vary a lot.

a (au) 3.140457 6750 3.4324267213 3.196 5720703 3.2627299142
e 0.752 8833271 0.704 876 1129 0.742 618 5958 0.701763 3191
i(°) 8.384 1371193 2.714 2859986 10.455 970 6960 18.284 6120258
Q) 68.938 9275423 270.128 767 7364 115.782 853 5902 100.572495 1144
(°) 200.631 824 1585 3.541 4675507 160.921 3623753 172.317093 5150
T (0:00:00 uT) 1703 June 01 1751 August 31 1802 August 04 1909 October 11
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Figure 8. The 1916 June Bootid meteor shower: same as Fig. 4.
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Figure 9. The 1927 June Bootid meteor shower: same as Fig. 4.

of the orbital nodes of the particles in these years are shown in
Figs 8,9 and 5.

We found that there were several trails responsible for these show-
ers. The 1927 level of the shower was very low, with ZHR =~ 30 (Arlt
et al. 1999). Fig. 9 shows that the major part of the stream was lo-
cated outside the orbit of the Earth. However, a few particles from
old trails are found very close to the Earth, and could have been
responsible for the observed rate. Arlt et al. (1999) mention that
Dole observed an active radiant located in the constellation of Ursa

© 2005 RAS, MNRAS 362, 1463-1471

Table 6. Association between past June Bootid meteor showers and dif-
ferent trails. The associations made by Reznikov (1983) and Asher &
Emel’yanenko (2002) are indicated in bold face. The trails are listed by
order of contribution to the shower.

Shower Associated trail

1916 1819, 1813

1927 1714, 1720, 1727

1998 1825, all from 1819 to 1852, 1813, 1858 to 1875
2004 1813 to 1858

Major, at RA = 215°, Dec. = +57°. The location of the expected
radiant was computed from the average orbital elements of these
particles, by the use of the program provided by Neslusan, Svoren
& Porubcan (1998). We find RA = 208°, Dec. = +56°, a value
close to the one reported by Dole, and also located in the constella-
tion of Ursa Major. The orbital elements of the particles considered
here are similar to the cometary ones in 1927. Owing to the change
of orbit of the comet, the actual radiant is located at RA = 224°,
Dec. = +47° (according to IMO).!

The results for all the showers are summed up in Table 6. The
difference from previous results comes from the fact that the model
developed by Vaubaillon et al. (2005a) uses many more particles
than other simulations. The possibility of an encounter between
meteoroids and the Earth is more easily found in the larger sample.

An attempt was made to predict the level of the different showers
retroactively. As shown in Section 2.2, comet 7P/Pons-Winnecke
suffers from the lack of an accurate determination of physical pa-
rameters. From several studies and following the model developed
by Vaubaillon et al. (2005a), we adopted or derived the following
values:

(i) radius of the cometary nucleus, r, = 2.6 km, from Lowry &
Fitzsimmons (2001), assuming A = 0.04;

(ii) perihelion distance, ¢ = 1.25 au (Rocher 2004);

(iii) absolute magnitude, my = 11.0, from S. Yoshida;?

(iv) water production rate at perihelion, Qu,0(q) = 8.32 X
10 mols~!, using my and Jorda’s equation (Jorda, Crovisier &
Green 1992);

(v) [Afp] at perihelion, [Afpl(g) = 42 cm, taking the high-
est permitted value of [Afp] provided by Lowry & Fitzsimmons
(2001);

(vi) best-fitting value of the size index of population, s =
[3.0;3.5].

We tried to fit the size index of population s, based on observations
of the June Bootids in 1916, 1998 and 2004 (this paper and Arltet al.

! See www.imo.net/calendar/cal04.htm
2 See http://www.aerith.net/comet/catalog/0007P/2002.html
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Table 7. Fit of the size index of population s of the mete-
oroids ejected from comet 7P/Pons-Winnecke, by using June
Bootid meteor shower observations and the model developed
by (Vaubaillon et al. 2005a).

Year Observations s Predictions
1916 3.00 124
100 3.25 91

3.50 42

1998 3.00 207
81 3.25 158

(peak: 250?) 3.50 75

2004 3.00 29
30 3.25 22

3.50 10

1999). The details of the results are provided in Table 7. The best
value lies in the range s = [3.0; 3.5]. A value of s = 3.5 corresponds
to sp; = 1.83 or r = 2.3. These values are close to the ones observed
by visual observers (see Section 3). A value of s = 3.0 leads to
r = 1.95, which seems much too low. The apparent variation of s
can be explained by the fact that the model uses the [A f p] parameter
to compute the amount of dust emitted by the nucleus. This value
is measured from the scattering of light produced by small particles
of radius in the range [0.1-10 pum], i.e. not in the size range of the
particles responsible for the meteors. We also have to stress that the
value of the cometary nucleus radius was derived when the comet
was far from the Sun (r, = 5.58 au; see Lowry & Fitzsimmons
2001). A variation of the cometary parameters can allow a better
fit.

5 CONCLUSION

The 2004 June Bootids were predicted two months before the event
by three independent models. They all predicted that a meteor
shower would occur on June 23, from trails ejected in the early
nineteenth century. Thanks to the dissemination of this informa-
tion, observations could be conducted all around the world. The
scientific benefits were immediate: Kasuga et al. (2004), for exam-
ple, published the first spectrum of a June Bootid meteor, followed
by Jenniskens (2004). From video observations Ueda et al. (2005)
computed the radiant and the orbital elements of several June Bootid
meteors, in agreement with the results presented in Table 3. We were
also able to associate past June Bootid returns to several trails hith-
erto unknown. The derivation of the peak activity of such a low-level
shower was complicated by the fact that the size index of popula-
tion s does not seem to agree with the observations. However, con-
sidering a lower value makes predictions possible. Therefore, we
call for observations of comet 7P/Pons-Winnecke, and especially
a derivation of the parameter [A f p] for its next perihelion return
in 2008.
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