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ABSTRACT

A comprehensive set of 612 hours of visual meteor obsemnatigth a total of 29077 Geminid
meteors detected was analysed. The shower activity is meghéu terms of the Zenithal
Hourly Rate (ZHR). Two peaks are found at solar longitulles= 262°16 and\s = 262°23
with ZHR = 126 +£ 4 andZHR = 134 =+ 4, respectively. The physical quantities of the
Geminid meteoroid stream are the mass index and the spatiger density of particles. We
find a mass index of ~ 1.7 and two peaks of spatial number densit@284 +36 and220+31
particles causing meteors of magnitude +6.5 and brightevioiume of10° km?, for the two
corresponding ZHR maxima. There wér88 + 0.08 and0.98 £ 0.08 particles with masses
of 1 g or more in the same volume during the two ZHR peaks. Tberskof the two maxima
was populated by larger particles than the first one. We coenpa activity and mass index
profiles with recent Geminid stream modelling. The compmarisiay be useful to calibrate
the numerical models.
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1 INTRODUCTION Analyses of single Geminid returns based on world-wide vi-
sual data collected by the International Meteor OrgaroretiMO)
yielded the above-mentioned double peak and further pessiib-
structures (Rendtel et al., 1993; Rendtel & Arlt, 1997). I5aab-
structures were found to exist for several returns, pogsihfting

in solar longitude by-0°02 per year (Rendtel, 2005). Hence the
present analysis as well as those of future returns can bdlpd
out whether this is a drift of real structures, and if so, hbwse
structures evolve and persist. The comparison of activit§ilps —

of particle flux density profiles in particular — is of spediatierest
for the calibration of theoretical stream models.

The Geminids is the densest meteoroid stream the Earthsingas
annually. Its relation to the parent object (3200) Phaethossibly
an extinct cometary nucleus, and the very short orbitalogeoif
1.57 years cause peculiar interest in the structure anditawolof
this stream.

Both, observational evidence and theoretical modellirapsh
that the stream crossed the Earth’s orbit only from the e9th
century onwards and will continue to do so for about 100 years
(Hunt et al., 1985). The first unambiguous detection of thense
nids in 1862 is referred to Greg (1872). An association wigheors
observed in December 1834 (Connolly & Hoffleit, 1991), prio
that established first occurrence, remains doubtful. Nalbesit nu-
merous meteors and fireballs observed on 1830 December,12-13
but without a radiant position, were published by Quétélédl,
1861). The full set of visual observations of the 2004 Geminid meteo

The stream’s short period orbit close to the Sun (perihelion shower comprises a total of 29077 Geminids recorded during
distance 0.14 au) with encounters of the Earth and Venusdmsee 612.03 hours of effective observing time. The observercafly
quences for its evolution and the characteristics of thesoretds. record the meteors without interrupting their alertnestheosky;
Model calculations give an age of the stream of a few thousand otherwise suitable dead time is subtracted from the ohsgpe-
years (Jones, 1985; Williams & Wu, 1993; Ryabova, 1999). For riod leading to an effective tim&.g. If there was no dead time,
example, the “hollow stream” model of Jones (1985) fits the ob T.g is identical to the length of the observing interval.
served double peak separated® in solar longitude (Rendtel, The observing conditions are quantified by an evaluation of
2005) with a stream age of about 6000 years. the stellar limiting magnitude (LM) for various times of tbbser-

vation. This quantity describes both the quality of the sky the
perceptual capabilities of the observer. Reports withaut are
* E-mail: visual@imo.net not used for this analysis.
+ E-mail: jrendtel@aip.de The field of view of the observer is not restrictédtcording

2 DATA AND REDUCTION METHOD
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2 R Arlt & J. Rendtel

to Koschack & Rendtel (1990a), 1.3% of the meteors are seen out-
side a field ofl05° diameter. The alternative of restricting the field
of view by a circular frame over the observer has the advantég
a well defined observed volume in the atmosphere. However, th
installation of the frame has the disadvantage of makingeaoret
observations less mobile and less attractive to amatenamashers
thereby reducing the amount of data available enormously.
Observers are considered individual ‘detectors’. Evemngho
several people may observe together, they neither agree thpo
magnitude of a meteor nor do they ‘negotiate’ the classifioat

of a meteor as a shower member or sporadic meteor. Even though

these observers do see common meteors, their individublaeva
tion of the events adds to the accuracy of the average as they a
independent measurements of the same quantity.

A uniform distribution of observing places on the globe wbul
be ideal for the construction of a full activity profile of a taer
shower lasting several days. Because of the oceans thisdi/ha
possible, but the spacing is small enough to provide an apef
observing periods on different continents. The largest igape-
tween the Hawaiian Islands and Japan with a minimum distafice
about 5900 km, or about 60 degrees in longitude correspgrtdin
4 hours time lapse. However, the radiant is above the hoffiaon
most of the night allowing a reasonable overlap of the olisgrv
intervals.

The data allow the direct determination of two observationa
guantities. One is the population inderescribing the exponential
increase of meteor numbers towards fainter magnitudesvaitie-
tion of the population index can thus describe the particdssis-
tribution at various places within the meteoroid streame other
quantity is the Zenithal Hourly Rate (ZHR) which is definedlzs
number of visible meteorseduced to a limiting magnitude of
LM = +6.5 and the radiant of the meteor shower is in the local
zenith. The first of the two conditions requires a correcfimmob-
serving conditions for each data record. This correctionliresr,
because an observer facing poor sky conditions misses feater
ors whenr is low than whenr is high. The population index thus
serves two purposes: the determination of the mass distibin
the stream and the determination of a standard activity uneas
such as the ZHR.

We start the analysis of a meteor showewith the determi-
nation of the temporal variation of This is donein the following
Section, while the ZHR reduction is presented in Sectionke T
mass index and the particle number density in space are e ph
ical quantities of a meteoroid stream and are determinece@ S
tion 5.

3 THE POPULATION INDEX

The derivation of the population index requires the knogedf
the detection probability of a typical observer to see a oreté

a given magnitude. Since this probability depends on théitim
magnitude of the observer, it is wise to give it as a functién o
the difference to the limiting magnitudéym. These probabilities
p(Am) were taken from Koschack & Rendtel (1990b).

In principle, meteor numbers as a function &fn can now
be fitted by an exponential function leading to the basghis is
not an optimal way of determining the population index, hsea
the fit function has two free parameters of which we throw one
away (the intercept). Statistically, this is a waste of informaton
in the data set. As a consequence, the uncertainty offrom an
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Figure 1. Population index profile of the 2004 Geminids. In the period
261°—263°, each point represents data of 1000 and 2600 Geminids.

exponential fitis is twice the uncertainty from a one-paraméer
relation between the magnitude distribution andr.

The approach used here applies Monte-Carlo simulations of
artificial magnitude distributions(Am) for a givenr applying
the detection probabilities(Am) to the distribution. The average
value Am of this distribution is a monotonous function ef A
large number of simulated magnitude distributions detivemvell
converged value aA\m for each prescribed. An observed value
of Am can thus be converted into a population indexithout a fit
function. The resulting scatter efvalues has indeed half the value
of the fit function method.

The simulated data are given by Arlt (2003) in terms of a con-
version table betweeAm andr as well as a table with the errors
of r as a function of- andn, the total number of meteors involved
in Am.

The full set of Geminid observations provides us with
3192 magnitude distributions with 24947 shower meteors. We
excluded observing periods with limiting magnitudesIgfl <
5.5 leading to a remaining set of 2800 distributions comprising
22198 Geminid meteors. The distribution of Geminid obstons
over time is far from homogeneous. For periods with few regor
magnitude distributions from a much longer time span nedgkto
compiled in one population index than for periods with nuoosr
reports. We apply an adaptive bin size for the populatioexrjto-
file. The algorithm collects magnitude distributions umtilta of
1000 Geminids are gathered and produces-aalue. In order to
prevent the algorithm from binning in too fine steps, a mimmu
bin width of 0204 was set. This width corresponds to 56 min near
the Geminid maximum night.

During the Geminid maximum, up to 2600 Geminids go into
one population index. The time seriesofor the 2004 Geminid
meteor shower is shown in Fig. 1. Large values @brrespond to
large fractions of faint meteors. The time axis is alway®givn
terms of solar longitude referring to equinox J2000.0. Slia-
gitudes correspond to the actual position of the Earth imritst
and make features easily comparable with features of otbesy
Geminid returns.

Bearing in mind that the activity maximum of the Geminids
is expected to occur slightly aftexs = 262°, we are specially
interested in the features near that time. The populatidexris
r ~ 2 in the maximum period 0261°8-262°4. The exception
is a significant increase to = 2.11 & 0.05 at Ao = 262°13
corresponding to 2004 Dec 130"40™ UT. After 262°2, a lower
and nearly constantwas observed. More precisely, there is a weak
tendency of an increase ofrom 2.00 to 2.05 during these 5 hours.

(© 2005 RAS, MNRASDOQ, 1-6
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The time afte262°4 is characterized by a steep decrease of 140
to 1.7 during the course of about 6 hours (2004 Dec3$49" UT. o i
A low population index corresponds to an increased fractibn b
bright meteors. The end of the decrease was observed byebser 100 ¥ 2
in the US, but no further observations are available fronPtheific 8 '
and Asian geographical longitudes, before European oatiens % o,

. . . . o [
set in to deliver the population index at = 263°4. 60 . .

40 . =
4 THE ZENITHAL HOURLY RATES 20
Lt [ ] []

The ZHR is an observational quantity as it refers to the nretem- 2560 2570 2580 2500 2000 2610 2020 2630 2640 2650 2660
ber a single observer can see under certain conditiongrnitsdral Solar longitude (J2000.0)

variation is determined as a step toward the physical oqyaofi

the meteoroid stream, which is the number of particles invargi Figure 2. ZHR profile of the 2004 Geminids.

volume.

The temporal ZHR profile of an individual observer is cer- 140
tainly not a good representation of the activity, on the oaach # %
because subjective skills will affect the meteor rates, andhe 120 L] i
other hand because no closed profile around the clock canrbe co 100 PO I
structed. Our approach is based on the collection of a largriat ' i
of data, and the conclusions are based on the average ZHRafrom , & .
wide variety of observers. N . ' '

In general, the total correction factor necessary to okdain . .
individual ZHR is computed by 40 - .

6.5—LM 20
o — (1)
Teg sin hr

wherer is the population index derived in the previous step of data 210 Zzt',sa, longitude (f;,f;glo) 202
reduction, LM is the stellar limiting magnitude given by tbb-
server, I corrects for possible field-of-view obstructioriB,g is Figure 3. Magnification of the ZHR profile of the 2004 Geminids neartthei

the effective observing time, aridk is the elevation of the radiant ~ MaXimum activity.

of the meteor shower. These values refer to periods of olgprv
time which have typical durations of 1 hour, but may be astsieor
5 minutes when high meteor shower activity is experiencedals
and dead time for notes are accounted for in the effectiveTim.
Since the radiant elevation does not vary linearly with time use
the precise averagﬁttl2 sin hrdt/(t2 —t1) instead of the correction
in (1).

The average ZHR for a specific period of time is computed
with the total correction factor€’; as weights, where the index
refers to the individual observing periods with their limg mag-
nitude, field obstruction, effective duration and radialetvation.
For large meteor numbers,the weighted average is then

A double maximum was found with a first peak & =
262°16 and a second, slightly higher peak & = 262°23.
These solar longitudes correspond to 2004 De@1'320™ UT and
23%00™ UT. The lower value oZHR = 104.8 between the two
peaks coincides with the low population index-of 1.99 at nearly
the same time. Because most of the observations hix{e< 6.5,
the correction to a ZHR is smaller if the population indexoisér,
and the activity dip may be entirely due to the populationeind
variation. This may be real on its own, nevertheless, a teste-
computed a ZHR-profile with a constant= 2. The resulting aver-
ages still exhibit the double maximum wiBHR = 127 + 4 and

N N o ZHR = 129+ 3 and a minimum in between withHR = 109+ 3.
ZHR = Zz i / Zz G @ An artifact because of the uneven distribution of obseovesiround
where N is the total number of observing periods selected for a LM = 6.5 can thus be excluded.
certain determination of the ZHR amg are the Geminid numbers
in the individual periods.

The full activity profile of the 2004 Geminids as derived by
the above procedure is shown in Fig. 2. The same values &g giv
in numerical detail in Tab. 1. The solar longitudes referdairox

5 STREAM PARAMETERS: MASS INDEX AND
PARTICLE NUMBER DENSITY

J2000.0. The error margins result from The population index and the ZHR are observational quantities.
~ In order to obtain physical quantities of the meteoroidastravhich
AZHR = ZHR / A /Z. ni 3 can be compared with other streams, we derive the distoibuti
v particles over mass and the particle number density in space
being solely the 95% confidence interval of independentefre- The exponential distribution of meteors versus magnitude

guencies such as meteor rates. Table 1 also gives an averpge p converts to a power-law distribution versus meteoroid mabke
ulation indexr. When each of the observing records is corrected derivation of the mass index is straight-forward if theraison-
for the limiting magnituder is interpolated between the values of  stant fraction of meteoroid kinetic energy being conveited lu-
Fig. 1. The averages of these interpolated population @xdare minosity. In reality this fraction depends on mass. The niradsx
also given in the Table. is computed by

© 2005 RAS, MNRASDOQ, 1-6
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Table 1.ZHR activity profile of the 2004 Geminids. The number of olser
ing records contributing to an average ZHRN's the total number of Gem-
inids in these records isgen. The column LM gives the average limiting
magnitude of theV observing periods contributing to an average, arsl
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-
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——

#

the population index at each time. The population indicesirsterpolated
between the values plotted in Fig. 1.
Dec pYo) N ng ZHR LM r
8.72 256900 4 26 8.0+18 6.60 2.23+0.07

10.56 258776 11 79 6.9+08 6.43 2.23+0.07
11.57 259799 13 203 20.1+14 6.13 2.23+0.07
12.74 260984 90 968 42.1+1.4 6.13 2.21+0.06
13.03 262282 76 951 63.6+21 630 2.18=£0.05
13.22 262473 160 938 54.0+1.8 6.85 2.05£0.05
13.32 262582 124 973 69.1+22 6.60 1.924+0.04
13.40 262665 144 957 72.7+23 6.47 1.90£0.04
13.64 262907 134 978 96.6 £3.1 6.08 1.97+0.05
13.80 262067 176 942 99.4+3.2 595 2.01+£0.05
13.85 262115 160 965 118.7+3.8 6.14 2.08+0.05
13.88 262148 141 954 124.9+4.0 6.19 2.07£0.04
13.90 262170 146 1045 125.7+3.9 6.19 2.04+0.03
13.92 262190 158 1180 118.8+3.5 6.29 2.01£0.03
13.94 262209 140 967 104.8+34 6.24 1.994+0.03
13.96 262231 164 1458 133.8+3.5 6.32 2.01£0.03
13.98 262250 142 1259 126.2+3.6 6.24 2.03+0.03
14.00 262271 144 1192 125.6+3.6 6.25 2.04+0.03
14.02 262291 137 1119 110.8+3.3 6.29 2.04+0.03
14.04 262314 121 958 110.9+3.6 6.28 2.02+0.03
14.06 262336 110 863 112.9+3.8 6.30 2.024+0.04
14.09 262359 133 969 101.8+3.3 6.34 2.04+0.04
1412 262391 149 955 91.0+£29 6.49 2.06+0.05
1416 262435 174 961 68.5+2.2 6.57 2.00+0.05
14.24 262515 191 922 542418 6.44 187+0.04
1441 262687 207 892 404+14 6.31 1.834+0.06
15.63 2638926 7 28 41+08 651 215+0.14
16.86 268177 1 3 56+28 6.03 2.15+0.14

s=142.5blogr (4)

whereb = 0.92 after Verniani (1973) and accounts for the above
mentioned variability of the energy fraction. The mass inpi®file

of the 2004 Geminids is shown in Fig. 4; the solar longituddab®
points of average are the same as in the population index profile
of Fig. 1. The error transmission fromto s leads to

®)

These are the margins plotted in Fig. 4. The additional dacgy
in b does not enter the error bars there.

Another physical quantity of a meteoroid stream is its spati
number density of particlesin terms of particle numbers per unit
volume. It is the same as the flux dengipywhich is different only
by the factor of the entry velocity,

Q= pVeo. (6)

The physical quantity which allows for a comparison betwein
ferent meteoroid streams is the spatial number densitygthou
The observed number of meteors up to magnitude +6.5 is not

complete because of the limited perception probabilitfdort me-
teors. We have to extrapolate the meteor numbers to trueonoéde
numbers using the perception probabilities as a functiatisthnce

to the limiting magnitude. The extrapolation again invalveand

is described in detail by Koschack & Rendtel (1990a,b). Mpé t

cal observed area and the relation to an effective collectiea are

As = 2.5blog r%
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Figure 4. Mass index index profile of the 2004 Geminids.
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Figure 5. Spatial number density profile of the 2004 Geminids near thei
maximum activity. The results refer to particles causindenes of magni-
tude +6.5 or brighter and are in units of particles pe? km?.

also derived therein. The effective collecting area waweddrfrom
extensive determinations of the detection probabilitiemeteors
among various observers across their field of view.

The particle number density profile of the 2004 Geminids ob-
tained by this procedure is plotted in Fig. 5 showing numlwdrs
particles causing meteors up to magnitude +6.5. This madmiis
caused by particle massestof-10~* g (cf. Verniani 1973; Hughes
1987). The unit for the number densityli§~*km ™2, i.e. particles
in a cube of 1000 km edge length. The corresponding flux densit
for the highest peak in Fig. 5 is 0.03 krih—2. We repeat Fig. 5 in
terms of flux in Fig. 6 for convenience.

When considering only particles with masses down to a cer-
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Figure 6. Repetition of Fig. 5 in terms of flux density for particles sang
meteors of magnitude +6.5 or brighter. The unit of the flukis2h—?.
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Figure 7. Spatial number density profile of the 2004 Geminids for pheti
masses o 1 g. The unit is again particles p&6°® km?3.

tain value, we can directly compare meteoroid streams. Fig.
shows the spatial number density of particles with massdsg.
At the Geminids’ velocity, these particles cause meteormag-
nitude —1. At maximum, there is about 1 particle in any box of
1000 km edge length. This corresponds to a flux density oftabou
1.4 -10~* km~2h~2. The extrapolation to the true number of me-
teoroids from visual observations is now much less seveenad
the smaller error margins.

The highest particle number density down to a mass$.©f

10~* g occurred at the first ZHR peak, whereas the highest density 0.6 L

of only the heavier particles witk 1 g coincided with the second

ZHR peak. The time lapse between the two peaks is smaller for

the more massive particles than for the smaller partictealsb
appears that the number density profile of the larger pesdtitd
wider (full width at half maximum abou®®9 in solar longitude)
than the profile of the entire ‘visual’ stream (abog6).

The Geminid meteoroid stream has the highest particle num-

ber density in space among the annual meteor showers. Téss do
not manifest in an extraordinarily high ZHR because of tHe re
atively slow geocentric velocity. The influence of the speed
twofold. First, as the Earth moves through the stream withwaet
relative velocity, it collects fewer particles. Seconds tmount of
kinetic energy converted into meteor brightness is mucheto
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Figure 8. Various cross-sections through the Geminid meteoroicstrey
courtesy of Ryabova (2004).

the 2004 Geminid data. The peaks in spatial number densipafe
ticles down to a mass @f6-10~* g are separated b o = 0°11
in solar longitude. The peaks of particles which are moresivas
thanl g are separated by onlk\c = 0°06 according to Fig. 7

The peak ZHR of about 130 found during the 2004 return sup-
ports the assumption of a slightly increasing activity otrer last

Geminid meteoroid with a mass of 1 mg is 2.3 magnitudes fainte - decades. Other fine structures are not visible in the 200 st
than a Perseid meteoroid of the same mass. When we observe thgjue to the uneven distribution of observations. However,jrgom
Geminid meteor shower, we observe ten times more massitie par peak close to\, — 261°3 coincides with peaks also found in pre-

cles than during the Perseids. This means that the partoleict
down to a given mass is larger for the Geminids than for the Per
seids if they exhibit the same ZHR and population index

6 DISCUSSION

A recent analysis of data collected over 60 years (Rend@€i5R
shows that the rate and density profiles are remarkably aonst
Even the dip at\g = 262°2 which occurred in previous returns
is obvious in the 2004 data shown in Fig.3. A double peak su-
perimposed with a broad plateau-like profile lasting forwhb?
hours between is a permanent feature of the stream and ssippor
modelling results of Jones (1985) and Ryabova (2001). The la
ter work identifies the two activity peaks as sub-structinethe
stream which are caused by particles ejected before andoaite
helion passage of the parent object. A compilation of olzemal
data by Ryabova (2001) shows that the separation of the ttixc ac
ity peaks decreases with meteoroid mass. We find the sanutieffe

© 2005 RAS, MNRASDOQ, 1-6

vious data sets (Rendtel, 2005).

It has been argued that systematic errors stemming from
radiant-height variations of the observable quantitieg aftect the
results. The influence of the radiant elevation of the pdmnan-
dex was studied by Bellot Rubio (1995). The single-body apph
to the integration of the luminosity of the meteor led to auestl
population index if the radiant is not in the zenith. Obstorss,
however, did not show a clear dependence o the radiant eleva-
tion. The Geminids are special among the major meteor stsawer
that they transit near 2 h local time, while the other majuoveer
radiants transit near dawn or during daytime. Observatfoos
different geographical longitudes thus produce an entibgure
of radiant elevations in one averageobr ZHR. The influence
of any possible radiant height dependence @& averaged out in
most cases. The exception is the low= 1.72 at \g = 262764
which is derived from magnitude distributions by three olbses
in California, lowa, and Virginia who did not face very diféat
radiant heights (abo#® maximum difference). The reader may be
warned about that particular value of being uncertain — tindirig
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of a decrease of after the Geminid maximum remains unchanged
though, with the value ato = 26275 based on 1000 Geminids.

Recent stream modelling of the Geminids was published by

Ryabova (2004) based on an evolutionary mathematical mohel
model provides density profiles along cross-sections titrahe
stream. However, a calibration of the model is required deoto
fix the actual path of the Earth through the Geminid streamx Fl
density profiles from visual observations may provide tlaiibca-
tion.

The 2004 Geminids show a mass index peak just before the

first of the two highest activity peaks. A plateau of the mass i
dex follows, and the second activity peak is followed by gtsli
increase in the mass index. This picture matches the centi®s
A of the model of Ryabova (2004) best. For direct comparisih w
our Figs. 4 and 6, we reproduce the relevant figure thereiigirs-

Because of their abundance, visual observations are still a

powerful method for the determination of the particle cohi@nd
mass index of meteoroid streams.
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