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Abstract. The Geminid meteor shower has been
studied using data obtained by the method of baseline
video observations during the period from December
01, 2021 to December 17, 2021. The meteors were ex-
amined in the brightness range from —3™ to 2™ and with
an angular track length of at least 2°; the sample size
was 327 events. The behavior of the shower is consid-
ered in terms of the interacting DRG (December p-
Geminids) and GEM (Geminids) branches, which are
closely related to each other and share a common origin.
The shower activity was ZHR=127, Flux=19 at the gen-
eral maximum of DRG+GEM (A ~261.8°) and
ZHR=32, Flux=4 at the putative local maximum of
DRG (As~258.8°). Daily drift values were obtained for
GEM (A0=0.84°, A5=—0.27°, Ake=0.75°, AB=1.17°)
and DRG (A0=1.29°, A5=0.09°, Ak=1.09°, Ap=0.23°)
in the equatorial and ecliptic coordinate systems; the

intrinsic drift in the Age—Ag System was 0.09° and —0.26°
for the DRG and GEM components respectively. We
have found the opposite nature of the drift of both
branches with a tendency for them to intersect at the
point a=112.1°, 6=32.5°, A;,=259.8°. We have deter-
mined the kinematic and orbital parameters of meteor-
oids and have identified differences between the most
probable geocentric velocities for the DRG (v4=35
km/s) and GEM (v4=34 km/s) branches. The morpholo-
gy of the distribution of orbits within the meteor shower
has been studied. We give recommendations for reliably
determining whether the meteors belong to one or an-
other branch.

Keywords: meteor, meteoroid, meteor shower,
Geminids, baseline observations, orbital parameters.

INTRODUCTION

The Geminids are an annual high-intensity meteor
shower (ZHR,~120) observed in the Northern Hemi-
sphere. They occur on December 7-17, peaking on De-
cember 13-14 (the solar longitude in the ecliptic coor-
dinate system Ag=262.2°). The radiant point of the
shower at maximum is located at o=112°, 6=+33°, the
daily average drift Aoa=+1.04°, A6=—0.23°, the average
ground speed of meteoroids vy~35 km/s [Jopek et al.,
2003] (see the parameters and their designations in Ta-
ble 3). Annual variations in these parameters are insig-
nificant. The parent body is considered to be asteroid
(3200) Phaethon [Hanus et al., 2016].

The meteor shower is the subject of numerous scien-
tific studies whose relevance is due to the ambiguity in its
origin and the presence of a number of features indicating
that its structure is nonuniform. In particular, there is a
tendency to consider the Geminids as a combination of two
separate components (DRG — December p-Geminids,
GEM — Geminids), which share a common origin and
evolve together [Jenniskens et al., 2016; Koseki, 2023].
On the one hand, the presence of a fine structure may sug-
gest that the meteor shower is of cometary origin, as con-
firmed by numerical simulation methods [Ryabova, 2016,
2021]. On the other hand, differences between kinematic
parameters of meteoroids belonging to different parts of
the Geminids are insignificant and can be explained in
terms of classical concepts provided that the parent body

(3200) Phaethon is considered as an active asteroid
[Ryabova, 2012, 2018; Jewitt, 2012]. The third point of
view, without denying the importance of the initial condi-
tions and factors [Williams, Ryabova, 2011], assumes that
the cause of the occurrence and development of the fine
structure of the meteor shower are natural evolutionary
processes (gravitational, radiation, erosion). Thus, despite
the abundance of experimental data, the problem is far
from being solved.

This study may contribute to resolution of existing
contradictions. The work is based on experimental data
obtained during implementation of the SkyLine project
[Ivanov, Komarova, 20164, b].

1. DATA ACQUISITION
AND PROCESSING

The observational material was collected in the Tunka
Valley (Republic of Buryatia) from December 01, 2021
to December 17, 2021. Weather conditions at the time
were assessed as favorable: minimum clouds and moon-
light. The observations were carried out in the basic mode
(d=150 km), the orientation of the detectors was adja-
cent-crossed with partial overlap of adjacent regions
[Ivanov et al., 2022]. The main observation point is Sa-
yan Solar Observatory of ISTP SB RAS (SSO,
51°37'18" N, 100°55'07" E, 2010 m above sea level),
the corresponding point is the ISTP SB RAS Geophysical
Observatory (51°48'37.5" N, 103°04'37.4" E, 680 m above
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sea level) [https://ru.iszf.irk.ru]. The meteors were auto-
matically detected by detectors with highly sensitive
Watec WAT-910HX CCD video cameras with Smartec
STL-3080DC (F0.95.6 mm) lenses forming a video se-
quence at a resolution of 768576 pixels at a rate of 25
fr/s. The field of view of each detector is 47°x36° at a
scale of 3.75'/pixel, the detectors’ total field of view at
each point is 5000 deg®. The total volume of the detect-
ed atmospheric layer in the altitude range 80-120 km
exceeds 6 million km®. Efficiency in the basic mode is
as high as 55 % of the recorded events.

The events were detected and captured in real
time with the software SonotaCo UFOCapture v.2.24
[https://sonotaco.com/soft/e_index.html#ufoa]. Data
was stored in AVI format without intermediate com-
pression. The material was primary selected visually;
the main quality criteria were the integrity of the
track, the presence of meteor start and end points in
the frame, the absence of external noise, and a suffi-
cient number of comparison stars. Astrometric pro-
cessing of single-sided observations was performed
with the software SonotaCo UFOAnalyzer v.4.24
[https://sonotaco.com/soft/e_ind e x.html#ufoa], using
the star comparison catalog SKY2000 [http://tdc-
www.harvard.edu/catalogs/sky2k.html ] in manual mode
with constant monitoring of meteor start and end
points (criterion S/N=2), the photometric light curve,
as well as accuracy of meteor path reconstruction.
Processing of baseline observations, determination of

orbital parameters, and modeling of space meteoroid
trajectories were carried out with the software SonotaCo
UFOOrbit  v.3.02  [https://sonotaco.com/soft/e_index.
html#ufoa].

The processing results were additionally selected ac-
cording to the criteria given in Table 1. We have chosen
327 events reliably associated with the Geminid meteor
shower. Averaged errors in calculating the parameter are
shown in Table 2.

2. RESEARCH AND RESULTS

To visually assess the activity of meteor showers,
the ZHR (Zenith Hour Rate) parameter is traditionally
used [Brown, 1990], which characterizes the number of
meteors brighter than +6.5 ™ when the radiant point is at
the zenith. We also employ the Incident Flux Density
(Flux) [Molau et al., 2014], i.e. the number of meteors
brighter than +6.5 ™ per unit area of the atmosphere per
unit time. Activity of the Geminid meteor shower was
evaluated according to both criteria by the method de-
tailed in [Vida et al., 2022; Koschack, Rendtel, 19904, b],
taking into account the specifics of the hardware and
software in use. The observational results from SSO
were utilized as initial data. To ensure maximum accu-
racy of the analysis, we excluded the events recorded
during partial clouds from the sample. The results are
presented in Figure 1.

Table 1
Criteria for selecting the results of preprocessing for subsequent analysis
Parameter Value
The number of reference stars n >10
Meteor peak magnitude M.y -3"<m=<2"
Error in finding an arbitrary trajectory point (a, d) +0.1°
Error in determining the radiant point (o, §) +0.1°
Time synchronization error At +0.5s
Angular track length | >2°
Deviation of the ground speed from the catalog Av, +10 %
Heliocentric speed vy, >12 km/s
Orbital eccentricity e <1
Internal parameter of UFOOTrbit quality assessment [Veres, Toth, 2010] >0.7
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Figure 1. Geminid meteor shower activity (2021)
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The meteor shower peaked at Ay ~261.8° (the night
of December 13-14). Maximum Flux and ZHR were 19
and 127 respectively, which is typical of the Geminids and
is consistent with reference data [https://www.
ta3.sk/AUC22DB/MDC2022/Etc/streamfulldata2022. txt]
and the results of other research teams [Vida et al.,
2022; https://w ww.im o.net/mem bers/imo_live_shower/
summary?shower=QUA&year=2021]. Throughout the
observation period, the meteor shower demonstrated
typical dynamics characterized by a pronounced, well-
localized peak near the time of GEM maximum
(Aso~261.8°), as well as a smooth increase and de-
crease around it. A slight asymmetry of the profile to
the left of the maximum near Ay ~258.8° may indicate
a burst of activity of DRG (December p-Geminids)
that is part of the Phaethon complex and is probably
closely related to the main meteor shower. The meas-
ured activity of the meteor shower at the time of the
estimated local DRG maximum was ZHR=32 and
Flux=4. The observations were ceased on December
17, 2021 due to adverse weather conditions. There
were no abnormal upward or downward changes in the
meteor shower activity.

Kinematic characteristics of the meteoroids were ana-
lyzed based on the results of data processing. The frequen-
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cy distribution of ground and heliocentric meteoroid
speeds was analyzed separately for the DRG and GEM
components of the stream in comparison with the mathe-
matical model — the Gaussian function normalized to the
maximum number of meteoroids in the velocity range in
increments of 1 km/s:
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Here, a and o are the mathematical expectation and the
standard deviation respectively, calculated individually
for each sample:

a(v) = Zinzlvi Pi: )
c=./D (V), (3)

D(v)=31, (v ~a)p, (4)

where p; is the probability of finding a value from v;—
Vi+1 in the total sample. The frequency distribution of
the calculated speeds in increments of 1 km/s is illus-
trated in Figure 2.
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Figure 2. Frequency distribution of speeds of DRG and GEM meteor shower components (2021) in comparison with the

mathematical model of normal distribution
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The measured heliocentric speeds v, of meteoroids
of both Geminid components demonstrate a sufficiently
high degree of correspondence with the mathematical
model and a pronounced symmetry of the profile, which
suggests that dispersion of the kinematic parameters of
meteoroids in the stream in this portion of the orbit is
uniform. The most common heliocentric speeds of DRG
and GEM are ~33 km/s and show no significant differ-
ence within the sample under study. On the contrary,
ground speeds v, of both meteor stream components are
unstable, which may be due to the peculiarities of ob-
servations (mainly in the evening and morning due to
the need to select data according to meteorological con-
ditions), measurement errors, and small sample size.
The most probable speed for GEM meteoroids v~34 km/s
corresponds to the reference data, whereas for DRG mete-
oroids it is slightly higher on average, ~35 km/s.

Drift parameters were calculated in a linear approx-
imation by the least square method separately for DRG
and GEM; the results are presented in Figure 3. We
found a pronounced drift of both components toward
each other along each axis, which can be explained by
the peculiarities of the meteor shower pattern.

Along with the daily drift, the components demonstrate
the intrinsic drift not caused by the orbital motion of Earth:
0.09° and —0.26° for DRG and GEM respectively in the
coordinate system Ae—Aso. BOth components have almost
simultaneous activity peak near As~261.8°, whereas their
intersection point is located near the peak, but does not
coincide with it (A~259.9°), which can also be attributed

to the peculiarities of the meteor shower pattern and distri-
bution. The relative location of the DRG and GEM radia-
tion areas as a function of equatorial coordinates and solar
longitude is depicted in Figure 4. The radius of the areas
corresponds to 3o, (See Table 2). Information on the drift
parameters is given in Table 3.

Figure 5 illustrates the distribution of individual ra-
diant points in the equatorial and ecliptic coordinate
systems after reduction to the time of maximum
(Aso~261.8°).

The DRG and GEM components form a single ra-
diation area with a fairly noticeable separation between
impact areas, which may be indirect evidence of the
stream anisotropy in this portion of the orbit. It should,
however, be taken into account that the radiant points
are very close, especially near the maximum, that is
why some meteors when processed might have been
assigned to the wrong component. In general, the stream
features a high density and relative uniformity of distri-
bution in the center of the meteoroid stream and an in-
crease in dispersion and anisotropy to the periphery.
The latter can be caused both by natural physical pro-
cesses accompanying the evolution of the meteoroid
stream and by random fluctuations in parameters against
the background of the small sample. In any case, the
stream is characterized by a fairly compact radiation
area whose estimated dimensions are Aa=6.12°,
AS=4.98°; Ahec=5.67°, AB=5.71°. Calculated equatorial
coordinates of the radiant center are a=113.52°,
5=32.48°.

Table 2
Averaged errors in calculating parameter values
for the analyzed sample of Geminid meteoroids
GEM+DRG GEM DRG
Parameter A Xave Gaver +AXay Gaver +AXay Gaver
r er er
Right ascension o(RA), ° 0.24 0.60 |0.26 | 0.67 021 |0.52
Declination 6 (Dec), ° 0.23 0.58 0.28 0.70 0.18 | 0.47
Solar longitude Agy, ° 0.24 0.57 0.25 0.65 0.20 | 0.49
Ecliptic longitude A, ° 0.22 0.54 0.24 0.61 0.19 | 0.51
Ecliptic latitude j, ° 0.23 0.57 0.25 0.63 0.21 | 0.56
Ground speed vy, km/s 0.54 138 | 0.66 |1.65 042 |1.08
Heliocentric speed vy, km/s 0.40 1.02 043 |1.07 0.37 |0.93
Semi-major axis a, AU. 0.13 033 |011 |0.28 0.15 |0.38
Perihelion distance g, AU. 0.026 | 0.067 | 0.021 | 0.052 | 0.031 | 0.077
Orbital eccentricity e 0.033 | 0.083 | 0.028 | 0.069 | 0.038 | 0.095
Orbital period p, years 0.11 027 |0.09 |0.23 0.12 | 0.32
Argument of perihelion IT, ° 0.20 0.51 0.14 0.35 0.26 | 0.67
Longitude of ascending node Q, ° 0.24 0.62 0.17 0.43 0.31 | 0.82
Orbital inclination i, ° 0.51 1.24 0.33 0.83 0.67 | 1.72
Table 3
Calculated parameters of daily drift of the GEM and DRG components
Aag, ° Ag, ° Ahge, © AB, ° Aechsol), °
GEM +0.84 -0.27 +0.75 -1.17 —0.26
DRG +1.29 +0.09 +1.09 +0.23 +0.09
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Figure 3. Drift parameters of the DRG and GEM meteor stream components (2021)
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The daily drift along the axes of right ascension, decli-
nation, ecliptic longitude and latitude is for DRG
Ao=1.29°, A8=0.09°, Ahec=1.09°, AP=0.23°, and for GEM

The results of calculations of inclination and argu-
ments of periapsis for DRG and GEM are presented in
Figure 6. The relation between these parameters charac-
terizes meteoroid distribution in the cross-section of the
meteoroid stream near perihelion, which appears to be
quite compact, isotropic, and uniform. Both parts of the
stream exhibit uniform scattering around the center and
a commensurate contribution to the overall picture. Dis-
persion increases expectedly from the center to the pe-
riphery with a slight tendency for the argument of peri-
apsis and inclination to decrease, which may result from
natural evolutionary processes. The meteor shower does
not show pronounced bunches and branches.
Distribution of the ratios of the semi-major axis to the
perihelion distance for both components (Figure 6) is
quite dense, which indicates a high degree of compact-

A0=0.84°, A§=0.27°, Akec=0.75°, AP=1.17°.

ness of the meteor shower. DRG and GEM make a
commensurate contribution to the overall pattern of me-
teoroid distribution and are localized in an area centered
at q=0.15 AU, a=1.24 AU, which with high accuracy
corresponds to similar parameters of the assumed parent
body ((3200) Phaeton: q=0.14 AU, a=1.27 AU) and may
indicate a relatively young age of the stream and/or minor
external influence on its evolution. A notable feature of
DRG s the presence of meteoroids with more elongated
orbits at a sufficiently small perihelion distance: appar-
ently, this factor determines their higher velocity, which,
along with an earlier time of maximum, gives reason to
consider DRG as a separate structural element.

Dependence of the main orbital parameters on the solar
longitude is shown in Figure 7. DRG and GEM exhibit a
symmetrical counter trend of the perihelion distance with
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an intersection point near the maximum, with the mete-
or shower as a whole having a stable value of q~0.15
AU throughout the observation period. This behavior
can be explained both by the mechanics of the shower
itself and by the probable cross-identification of meteors

due to the proximity of radiation areas. More accurate
identification of the cause of the observed effect re-
quires follow-up studies based on a larger sample.
Similar conclusions are also valid for orbital inclina-
tions. The meteor stream components exhibit similar
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behavior and a counter trend, yet for the meteor shower
as a whole the trend turns out to be positive and is ~0.16
°/day, whereas the averaged inclination of the meteor
shower is always ~22° and corresponds to that of the
parent body. Variance of the parameter increases over
time to 20° at maximum.

The perihelion longitudes of DRG and GEM demon-
strate an almost synchronous upward trend and a small
level of dispersion (about 7°), which allows us to consider
the meteor shower as a whole. The semi-major orbital axis
despite the counter trend of individual components remains
almost constant for the meteor shower as a whole and is
~1.3 AU (at a =1.27 AU for the parent body). The meas-
ured variance of this parameter does not exceed 1 AU and
has no pronounced time dependence.

The set of individual orbits of Geminid meteoroids
is shown in Figure 8. Figure 8 indicates that the meteor-
oid stream near perihelion has a very dense structure
and compact dimensions; a similar situation with a
slightly larger dispersion persists when the stream ap-
proaches Earth (see projections A and C). All orbits of
the meteoroids included in the sample lie within Jupi-
ter's orbit.

The meteor shower visually retains relative isotropy
and uniformity in all orbital portions; however, it re-
veals a pronounced tendency to increase the semi-major
axes of the meteoroids as orbital inclination, presumably
caused by natural evolutionary processes, increases
(Figure 8, projection B). Referring to Figure 9, a signifi-
cant number of the meteoroids of both parts of the
stream is evenly distributed within a relatively compact
region, with DRG meteoroids having generally higher
orbital inclinations than GEM ones. There is an obvious
positive trend in orbital inclination of both components

Figure 8. Individual orbits of Geminid meteoroids (2021)
from the results of observational data analysis

with an increase in semi-major axes, yet the approxi-
mated increase in the orbital inclination for DRG is
somewhat lower due to the values comprising an almost
uniform series below the main area. The stable nature of
the series and the membership of all values to DRG
suggest its natural origin, but the effect of measurement
errors cannot be excluded.

3. DISCUSSION AND CONCLUSIONS

The available observational data indicate the bimodali-
ty of the ZHR and Flux profiles of the Geminid meteor
shower. A burst of activity near Ay ~258.8° is presumably
characteristic of the DRG component and can be consid-
ered as an additional argument for the existence of a sepa-
rate structural element. Another important feature of DRG
observed by research teams is higher ground speeds of
meteoroids — to 40 km/s versus 35 km/s for GEM [Jen-
niskens et al., 2016]. While in this work the difference
between ground speeds of DRG and GEM did not exceed
1 kml/s, it is reasonable to take into account this feature in
the operational differentiation of the components, which is
not inferior in importance to generally accepted criteria
based on determining coordinates of individual radiant
points and predicted times of maximum [Neslusan, Hajdu-
kova, 2017; Jopek et al., 1999]. This is especially signifi-
cant due to the proximity of the DRG and GEM radiant
points, minor differences between orbital parameters of the
meteoroids included in them, as well as the presence of
features indicating counter motion of the components with
a tendency to intersect near GEM peak. Note that these
features and unavoidable measurement and calculation
errors can lead to erroneous assignment of meteors to one
or another part of the stream. Follow-up studies are re-
quired in order to confirm or refute the effects.

Since the morphological structure of the Geminid
meteor shower appears to be quite uniform (especially
near perihelion) and does not have pronounced features,
even taking into account the signs of the presence of the
two overlapping components DRG and GEM, we do not
yet have sufficient grounds to state that they are of dif-
ferent origins. Taking into account the very similar
characteristics of meteoroids, it is most advisable to
consider DRG as a structural element of the main GEM
meteor shower formed during natural evolutionary pro-
cesses, or an indirect sign of activity of parent asteroid
(3200) Phaethon [Licandro et al., 2007]. The assump-
tion about the presence of a separate parent body, put
forward by some authors as an alternative hypothesis for
the origin of the GEM components [Ohtsuka et al.,
2006], has not been confirmed in this work.

In the study, we have obtained independent data on the
main parameters of the Geminid meteor shower, which do
not contradict the already known ones and clarify them.
Meteor shower activity near maximum (As~261.8°) was
ZHR=127, Flux=19; the contribution of DRG and GEM is
estimated as commensurate. The daily drift in the equatori-
al and ecliptic coordinate systems is Ao=0.84°, AG=0.27°,
AXe=0.75°, Ap=1.17° for GEM and Ao=1.29°, A5=0.09°,
Ahee=1.09°, AB=0.23° for DRG; the intrinsic drift in the
hec—Asor System is 0.09° and —0.26° for DRG and GEM
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Figure 9. Orbital inclinations of DRG and GEM meteoroids (2021) as a function of semi-major axes

respectively. We have also obtained data indicating a coun-
ter drift of both parts intersecting at 0=112.1°, $=32.5°,
Asoi=259.8°. A similar tendency is observed for some
orbital parameters such as perihelion distance
(AQeem=-0.0012 AU, AQpre=10.0017 AU), inclination
(AiGEM:—O.056O, AiDRG:+O.O364O), and semi-major
axis (AaGEM:JFO.OZS AU, Aapre=-0.043 AU) At the
same time, drift of the perihelion longitude for both com-
ponents is co-directional and almost synchronous
(AQGEM+HGEM:+O.86O, AQDRG+HDRG:+0'880)9 minor
differences may be due to the measurement error. The de-
pendence i(a), on the contrary, has a counter trend, is pro-
nounced, and amounts to Aiggpy=16.38°, Aiprg=*13.10°.
The described features of the behavior of DRG and
GEM may be an objective consequence of the processes
accompanying the evolution of the meteoroid stream; it
is, however, necessary to take into account the possibil-
ity of cross-identification of events due to very similar
characteristics of meteoroids of both components.

The work was performed with Unique Research Fa-
cility "Astrophysical Complex" and was financially
supported by the Ministry of Science and Higher Educa-
tion of the Russian Federation (Agreement EB-075-15-
2021-675, Government assignment FZZE-2020-0024,
FZZE-202-0004).
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