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718 PETER M. MILLMAN AND D. W. R. MCKINLEY §3

condensation nuclei in the atmosphere, producing a tendency for heavy
rainfall 30 or 31 days after strong meteor showers. He has compiled a con-
siderable amount of meteorologic evidence in support of this theory, but
the astronomical side of the argument is by no means clear (Millman,
19545; Whipple and Hawkins, 1956), and the validity of the theory still
remains to be proved.

) (oS 3.3. Verociries AND HEereuts

3.31. Meteor velocities.—One of the most significant observed parame-
ters of a meteor is its velocity in the atmosphere, V. A meteor suffers
some deceleration in the earth’s atmosphere before reaching the point in
its path where velocity can be measured. The observed velocity ¥ when
corrected for this deceleration is denoted by V. The effects of the gravita-
tional attraction and rotation of the earth will also have to be taken into
account in any statistical study of meteor velocities. If we apply correc-
tions for these factors to ¥, we have V,, the relative geocentric veloc-
ity. Combining V, vectorially with the velocity of the earth in its orbit,
we can find V), the true heliocentric velocity of the meteor about the sun,

The difficulty of determining meteor velocities by visual methods has
already been mentioned (see Secs. 2.11, 2.12). In addition to large random
errors in visually measured velocities, serious systematic effects seem to be
present. For example, using the data of the Harvard meteor expedition to
Arizona with other material, Opik (1940, 1941) concluded that, for at least
60 per cent of the observed non-shower meteors, ¥ exceeded the parabolic
limit (42 km/sec), but more recent instrumental results do not confirm
this.

Photographic observations yield the most accurate meteor velocities.
In this field the Harvard photographic meteor program has produced the
largest body of homogeneous data to date; we are indebted to the mem-
bers of the Harvard group for providing much of their material in advance
of publication. Various reduction methods have been employed and are
described by Whipple and Jacchia (1957), Hawkins (1957), and McCrosky
(1957). Normalized velocity distributions from the Harvard Observatory
programs are reproduced in Figure 8, where the quantity V_, has been
plotted. Note two major peaks in the velocity distributions, one under
40 km/sec and one between 60 and 70 km/sec. In broad terms these rep-
resent, on the one hand, the meteors which are overtaking the earth and,
on the other, those which the earth meets head-on. In the case of the
small-camera meteors, program C, the positions of the two peaks have been
greatly influenced by the inclusion of a higher percentage of Geminid and

Vo : FRE'LE’*J%

Voo - REREH T

Voo e R CBh < foaf A i
Vi: Be «
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Perseid meteors. The Super-Schmidt programs include proportionately
_more faint meteors. than do the small-camera results, and the Super-

Schmidt velocity-curves show This
suggests that a greater number of the smaller meteoroids are in low-

eccentricity direct orbits.

The correction from the observed velocity Vo to V, will depend on a
number of factors, such as the mass and density of the meteoroid, the
height at which V, is measured, and V' itself. In the case of photographic

; A
=

1
1

il
B W

80 mf

1
' ;
1
‘l'
_.'.'.'i
[] 20 0

Fic. 8.—Frequency distribution of meteor velocities from various Harvard photographic
programs. A: 358 Super-Schmidt meteors, chosen by selecting every tenth meteor (Hawkins
and Southworth, 1958). B: 263 Super-Schmidt meteors, chosen by selecting long paths (Jacchia
and Whipple, 1961). C: 217 small-camera meteors, Massachusetts and New Mexico (Whipple,
1943; Jacchia, 1952; Jacchia, unpublished). D: 2433 Super-Schmidt meteors, reduced by ap-
proximate methods (McCrosky, 1961). Distribution-curves for 4 and B were similar and have

been combined in the figure.

observations, where the observed path is long enough to permit the decel-
eration to be measured directly, the Harvard method is to write an em-

pirical equation of the type
Distance along trajectory = @ + bi+ cé*’,

where # is time and the constant b is V.. The constant & is determined
first, and then a group of simultaneous equations is solved for g, b, and ¢
(Whipple and Jacchia, 1957). As an example of the corrections found in
this way, we can take the data published by Jacchia (1952). For 111 me-
teors observed with small cameras, the mean of (V,, — V) varied from
1.0 km/sec for the slow meteors to 0.5 km/sec for the fast meteors. Mean

values of deceleration ranged from 2 to 5 km/sec? without any marked
B -l (5.

s
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dependence on velocity. In the case of both corrections and decelerations,
there was a tendency for the values to increase with the brightness of the

__ meteor.
’( i The diffraction method of determining meteor velocities by radio (see
3 Sec. 2.44) has been used in most of the published material. Measurement
“?‘f'l'f*- ) of radio meteor velocities begun by the Manchester group in 1947 con-
tinues. A convenient summary of the earlier Manchester velocity data
(Millman, 1954¢) is plotted as a velocity distribution in Figure 9, together
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Fic. 9.—Normalized velocity distributions for meteors observed by radio. Open circles:
1838 meteors observed at Jodrell Bank prior to 1953, Solid dols: 11,073 meteors observed at
Ottawa. Crosses: 2000 meteors observed at Jodrell Bank by Davies and Gill since 1953.

with velocities measured at Ottawa. The quantity plotted is Vo, no cor-
rection having been made for deceleration in the atmosphere. The two
sets of data contain all meteor observations without selection, and it is
interesting to note that the distribution-curves are almost identical. In a
recent report, Davies (1957) mentions the determination of 2400 meteor
orbits in a single 12-month period. The velocity measures on which these
orbits are based have not yet been published. However, J. G. Davies and
J. C. Gill have kindly supplied a summary of 2000 meteor velocities deter-
mined at Jodrell Bank in a survey in which most of the meteors were esti-
mated as of visual magnitude 7 or 8, compared with magnitude 5 or 6 for
the earlier Manchester and Ottawa measures. The velocity distribution
for the recent material, uncorrected for observational selection, is also
plotted in Figure 9.
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The radio velocity distributions also exhibit the two maxima found in
the photographic results. However, although the radio data almost cer-
tainly refer to meteors with fainter mean magnitudes than those observed
photographically, it is evident that a higher percentage of the fast meteors
has been recorded by radio methods. The mean Vo for the early radio data
is 44.7 km/sec and, for the more recent survey by Davies and Gill, 39.1
km/sec. A correction from V, to V, will raise these values by about 1
km/sec. The mean ¥, for photographic data C is 40.7 km/sec; for A +
B, 35.6 km/sec; and for D, 34.3 km/sec.

Whipple (1955) concludes that meteor ionization is favored relative to
photographic luminosity by a factor which, in general, varies approxi-
mately as V% This would explain the greater percentage of fast radio me-
teors. The situation is complicated by various atmospheric effects, par-
ticularly a partial cutoff of radio meteors above 110 km due to rapid dif-
fusion and a similar cutoff below 80 km due to rapid recombination.

In Figures 8 and 9 virtually no meteors are shown with geocentric veloc-
ities in excess of 74 km/sec, the upper limit for meteoroids moving in
elliptical orbits about the sun at the distance of the earth. The small tail
of the frequency distributions above 75 km/sec can be explained by acci-
dental errors in the velocity determinations. We can conclude that this
observational material does not support an assumption of a significant
percentage of hyperbolic meteor orbits for meteoroids larger than those
corresponding to absolute visual magnitudes near +5.

3.32. Metcor heights.—The height, H, at which a meteor will be ob-
served depends chiefly on three basic parameters: its original mass, m;

- its velocity, V. ; and the inclination of its trajectory to the vertical, Z..

Since we cannot observe m_ directly, we shall consider instead, in our
discussion of the observational data, the absolute magnitude of the meteor
M, itself a function of m, V, and Z.

Observations of a meteor path from two or more points on the earth’s
surface make it possible to locate the position of the trajectory in the
atmosphere and, in particular, to determine the height of the meteor above
the earth’s surface (see Pl. 3). The height is of particular interest in con-
nection with the study of the physical properties of the upper atmosphere
and in all investigations concerned with the physics of the transformation
of the kinetic energy of the meteoroid to light, ionization, and heat along
the meteor trajectory.

During the last half of the nineteenth century and the first part of the
twentieth, a large number of meteor height computations were made,
based on visual observations. These suffered from the relatively large er-
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rors unavoidable in visual data. In particular, statistical results were seri-
ously influenced by the systematic increase of parallactic error with
greater height and distance and by the inability of two widely separated
visual observers to select the same points on the meteor trajectory for the
beginning and end of the recorded paths. To minimize this last-named
error, a philosophy of height computation was developed by Fisher (1933)
from earlier work by H. A. Newton and W. T. Denning. This avoids the

M//Mn anp( f{C':{’:ﬂ/f;/ Yz 7.?2—/23';

necessity of selecting points with a one-to-one correspondence on the two z_ﬂqgﬁ@?‘?f ;

In

observed paths. The same line of reasoning is followed in the current andé
more accurate photographic reductions. ;

A compilation of early height measures was made by Lindemann and
Dobson (1923) in their pioncering paper on meteor theory. An analysis of
fircball heights was made by Maltzev (1930), using the material of the von
Niessl-Hoffmeister (1925) catalogue. The most systematic and thorough
study of visual heights resulted from the Harvard Arizona meteor pro-
gram, carried out from 1931 to 1933 at Flagstaff (Opik, 19372). While
these early visual studies of meteor heights did not have the accuracy of
the more recent instrumental results, they did demonstrate the general
nature of the relations between heights in the atmosphere and the three
basic parameters listed above.

As an example of recent photographic meteor data, now being rapidly
accumulated at a number of centers, we examine the Harvard material
(see Sec. 3.31). It is of interest to study in some detail the relations be-
tween meteor heights and the three quantities ¥, M, and Z. In Figure 10
a scatter diagram shows the distribution of the height of maximum meteor
luminosity relative to the velocity V, for 808 Harvard photographic me-
teors. These data are taken from programs A, B, C (Fig. 8), a few dupli-
cations in A and B having been eliminated. The general trend of greater
height with higher velocity is evident, as well as a tendency to cluster at
certain positions, for example, near the Geminid shower velocity at 36
km/sec.

Figure 11 shows the mean heights for beginning and end of path as well
as of maximum light for the same three programs, averaged individually.
All three plots show similar height trends. The chief differences in height
values for the three groups result from the variation in average brightness
of the meteors. The mean absolute photographic magnitudes of the small-
camera meteors (C) range from —2 to —4, for the long-path Super-
Schmidt meteors (B) from +1 to —1, and for the random selection of
Super-Schmidt meteors (A) from -2 to 0. To illustrate further the effect
of absolute magnitude on height, the effcct of velocity was removed by

oL
gk
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reducing all metcor heights to a convenient standard velocity of 40 km/
sec. The correction used is listed in Table 10 and was found from the ninc
relations between height and velocity plotted in Iigure 11.
The heights from the three Harvard photographic programs, A, B, and
C, reduced to a standard velocity of 40 km/sec, have been plotted in IFig-
ure 12 against the absolute photographic magnitude at maximum light,
M . It will be noted that the height of appearance is roughly constant
near 100 km for all meteors, but it must be remembered that the Super-
Schmidts record to a fainter threshold than do the small cameras, and it is
probable that very bright meteors photographed with the Super-Schmidts
would have their beginning heights above the mean points plotted. The
heights of maximum light and end of path are noticeably lower for the
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Fig, 10.—The height of maximum luminesity for 808 Harvard photographic meteors plotted
against velocity.
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Fic. 11.—Photographic metcor heights plotted against the geocentric velocity of the mete
side the atmosphere. Mean values for the beginning and end of path and for maximum luminosity are
shown. A: 358 Super-Schmidt meteors chosen by selecting every tenth meteor (Hawkins and South-
worth, 1958). B: 263 Super-Schmidt meteors, chosen by selecting long paths for deceleration cumPUEﬂ-
tions (Jacchia and Whipple, 1961). C: 217 small-camera metcors, Muassachusctts and New Mexico
(Whipple, 1943; Jacchia, 1952; Jacchia, unpublished).
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brighter meteors. In other words, the brighter meteors have longer visible
trajectories, a natural consequence of the fact that it requires a longer
period to vaporize the larger meteoroids completely. Also, for meteors
brighter than —35.0 mag., the mean position of maximum light occurs
roughly three-fourths of the way along the visible trajectory, but for
fainter meteors, this point approaches the halfway mark. Both Jacchia

TABLE 10

HEIGHT CORRECTION FOR REDUCTION
TO A STANDARD Vo = 40 Km/Sec

Meteor Velocity, Ven Height Correction

(Km/Sec) (Km)

10
- +17

15
+11

20
+ 6

25
+ 4

30
4+ 3

35
+ 1

40
-1

45
-3

50
-5

55
-1

60
- 38

G5
—10

70
—12

15

(1955) and McCrosky (1958) have pointed out the importance of frag-
mentation in the case of a significant fraction of faint meteors. This gives a
higher intensity of light near the beginning of the path and would account
for the above trend.

It remains to study the variation of height with Z. We can take the
basic observations and correct first for the velocity efiect from Table 10,
then for the absolute magnitude effect from Figure 12. The small-camera
data were reduced to a standard with V_ = 40 km/sec and M, = —3,
a value near the center of the observed range. The Super-Schmidt data
were reduced to the same velocity and A7,,, = 0. The resulting variations
of H with cos Z are exhibited in Figure 13. Since the plot is strictly em-
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Fic. 12.—TTeights of the heginning, maximum luminesity, and end of photographic meteor
paths shown in relation to the photographic absclute magnitude of maximum light, Mpm. All
heights have been reduced to a standard velocity Ve = 40 km/sec. Large dols and open circles:
217 small-camera meteors. Swall dots and open cirdles: 263 long-path Super-Schmidt metcors
Crosses: 358 random sclection Super-Schmidt meteors (Millman, 1959b).
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Fic. 13.—Variation of the heights of Harvard photographic metcors with cos Z. The three
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camera meteors, reduced Lo a standard of V = 40km/sec, Mpm = —85. Crosses and broken lines!
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pirical, straight lines have been drawn to indicate the general trend, but
these are not meant to determine the exact form of the relation. It will be
noted that the average effect of Z on the beginning heights of meteors is
small, the total height range being only 2 or 3 km. The end heights vary
more, by as much as 10 km for the bright meteors. In all cases the heights
are greater for large Z, where the trajectory is more nearly horizontal and
the meteor encounters more air particles in dropping through a unit

height.

The first quantitative radio measurements of meteoric heights were

made in 1945 by Hey and Stewart (1947), who used a high-gain vertical
beam to determine a height distribution which ranged from 75 to 120 km,
with a peak at 95 km. McKinley and Millman (1949a) published a fre-
quency diagram for Perseid meteors, using a combination of radar range
with visual angle of elevation, which showed a spread in height from 70
to 145 km and a maximum near 100 km. Lindblad (1956) obtained a
similar height distribution by the same method. Clegg and Davidson
(1950), using radar range and elevation meagurement at a single station,
determined a height distribution for the 1949‘%1)@ ght showers, extending
from 65 to 145 km, with a peak at 80 km, and a similar distribution for the
Quadrantid shower, which showed a maximum at 95 km.

Some early results of the measurement of height from three-station
range-time records were published by Millman and McKinley (1949) and
Millman (1950a). Additional reductions for the 1948-1950 Ottawa three-
station program have since been made. T'igure 14 (solid line) shows a fre-
quency plot of the observed height of the long-duration portion of the
echoes for 548 meteors whose ground positions were within 150 km of the
centroid of the triangle of observing stations. This distribution exhibits a
peak at 97 km and a certain amount of fine structure, some of which may
be significant. The dotted curve in Figure 14 indicates the mean log dura-
tion for the echoes occurring in each height interval. The duration is rela-
tively short for echoes above 100 km but increases rapidly at the peak fre-
quency and remains high down to 80 km.

As in the case of the photographic observations, the radio heights in-
crease with the velocity of the meteor. Evans (1955) has published a

curve showing the relation between mean echo height and meteor velocity -

for non-shower meteors. The heights in this case were determined by the
Clegg-Davidson technique. Evans’ curve has been reproduced in Figure 15
along with the mean heights for 645 meteors observed from three stations
at Ottawa on the combined radio-visual program. No individual velocity
measures were available for most of the Ottawa data, and so they were
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divided into Perseid, Geminid, 8§ Aquarid, and non-shower meteors, a
mean velocity of 45 km/sec being assumed for the last category. Both sets
of data give a similar variation of height with velocity. The slope of these
curves is nearly the same as that given in Table 10 for the photographic
data. The Manchester heights in Figure 15 average 3 km higher than the
Ottawa values; however, the characteristic height given in the Manchester
measures refers to the computed height of maximum ionization for the

smallest detectable meteor, based on observations made at the o point for | o

each meteor; the Ottawa values, on the other hand, are for the mean ob-
~ served height of the maximum echo duration for each meteor.

A comparison of meteor heights determined by the three basic cbserva-
tional techniques is given in Figure 16. The visual heights are mean values
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1. 14.—Solid line: the relative frequency N of 548 radio metcors obseeved at three sta-
tions plotted against height H. Detted line: the mean log duration of the three-station radio
meteor echoes plotted against height If.
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for the beginnings and ends of the visual meteor trajec‘gogiés of 2830 mete-
ors observed on the Arizona program and taken from Opik (1937a, Table
XXVa). Visual magnitudes were reduced to absolute phatographic magni-
tudes by using a color index of — 1.8 for the negative apparent magnitudes
and — 1.1 for the faint meteors. No correction was made for velocity. The
averages for the photographic heights have been transferred from Figure
12. The radio heights plotted are from the Ottawa three-station program,
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Fic. 15.—Dots and solid line: the variation of the characteristic height of meteor echoes with
the observed velocity of the meteor (Evans, 1953). Open circles and dolied line: mean observed
heights for 645 three-station meteor echoes recorded at Ottawa.

which combined visual observations with the radio recording. A photo-
graphic magnitude for each radio meteor was determined from the visual
magnitude by using the color index as noted above. The heights for the
maximum echo duration are indicated by a series of connected open
circles. These have been reduced to a standard velocity of 40 km/sec,
using the relation plotted in Figure 15. No significant dependence of
height on absolute magnitude for this type of echo is shown. The radio
heights connected by the vertical lines refer to the beginning and end of
head echoes. These were not corrected for velocity because the height-
velocity relation has not been determined for this type of echo.
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Figure 16 shows that for bright meteors the radio height of maximum
. echo duration is well above the mean height of maximum light, while the
Fhu ik 1‘%‘3’31:‘:?&%5 true for the faint objects. The two heights coincide near zero
absolute photographic magnitude. The visual heights show the same trend
as the photographic but are consistently lower. It is possible that this is
partly due to some systematic error; for example, the observers may draw
the plotted path too long at the end, while they fail to see the beginning
because the eye cannot cover all portions of a field simultaneously. It must
also be remembered that the sensitivity of the eye is greater than that of
the camera and will follow the path somewhat farther than the photo-

graphic record. (3w
(E.v)
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F1G. 16.—A comparison of meteor heights measured by three basic techniques. Visual: 2830
meteors abserved on the Harvard Arizona Expedition (Opik, 1937a), uncorrected for velocity.
Pliotogra phic: 808 meteors observed on Harvard photographic programs (sec Fig. 12), corrected
Lo a standard velocity of 40 km/sec. Radio: G415 meteors nhserved on the three-station program
al Ottawa. Height of maximum echo duration, corrected to a velocity of 40 km/sec, plotted by
eleven connected open cireles. The beginning and end of head echoes for 76 meteors shown by
vertical lines and open circles, uncorrected for velocity.
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It is of interest to study the heights of meteors belonging to the promi-
nent showers, in relation to the average heights summarized above. From
the results of the Arizona expedition, Opik (1937q) concluded that the
paths of the shower meteors averaged from 5 to 10 km higher in the at-
mosphere than the paths of the non-shower meteors of corresponding ve-
locity. Jacchia, Kopal, and Millman (1950) published the photographic
heights of 170 Giacobinid meteors. Mean height of appearance was 98 km
and of disappearance, 92 km. Making allowance for velocity and absolute
magnitude, the mean heights of these meteors averaged from 10 to 15 km
higher than the general average; this has been confirmed by two Gilacobi-
nids photographed with the Super-Schmidts, as reported by Jacchia at the
ninety-third meeting of the American Astronomical socicty (Sky and Tele-
scope, 15, 207, 1956). Apart from the Giacobinid shower, however, the
other showers do not show any striking height differences from the general
average (Hawkins and Southworth, 1958). There is a slight tendency for 6
Aquarids to be lower than average and for Perseids, Quadrantids, and
Orionids to be higher than average. These variations may be significant
and may arise from differences in the physical structure of the members of

various showers. o

3.33. The problem of lkyperbolic velocities—The controversy over the
existence of hyperbolic meteoric velocities has continued for many years,
and there is still considerable disagreement on the subject. Schiaparelli
(1866) was the first to attempt to show that the observed diurnal and
annual variations in meteor rates could be explained on the basis of a
uniform distribution of meteor radiants over the celestial sphere and a
limiting parabolic meteor velocity. Von Niessl (1878) found that a better
fit between theory and the data available at that time could be obtained if
a large fraction of hyperbolic orbits was assumed to exist. Hoffmeister
(1937, 1948), by a long series of painstaking observations in both the
Northern and Southern Hemispheres, added much to the quality and pre-
cision of the visual data on rates and radiants. In his original analysis
Hoffmeister deduced that 70 per cent of the meteors had hyperbolic veloci-
ties but more recently (Hoffmeister, 1955) has concluded that a downward
adjustment of the percentage of hyperbolic orbits appears justified. The
British observers have also carried out extensive visual programs, and
Porter’s analysis (1943, 1944) of these data led to a rather different con-
clusion, namely, that practically all the observed meteors moved in ellipti-
cal orbits.

Opik (1934b) and Boothroyd (1934) have published observations made
by the rocking-mirror method (see Scc. 2.12). In a study of 583 selected
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%%mﬂﬁﬁbqt:tuEﬁiubbvt$ﬁéeﬁﬁﬁubfh%g
%ﬂem:tcﬁlhf%%ﬁﬁUDQ?\::Tﬁﬁbvﬁﬁéﬂﬁﬁﬁb\%
ﬁ?’ifﬁfil‘l&ﬁ"‘#‘: rici 30
&f\memﬁﬁux%ﬁﬁﬁwﬁﬁxﬁﬁ&(ao.

6ﬁgxﬁﬁéin,ﬁﬁﬁ?ltﬁ?éo
g (ao , 80 )%0?0)@%3&'@75@%& (Lo Mo .“0_)1:§&‘a‘%0

8o ) J2000.03 S &

Lo = cos8o cosdo
Mo = cos8o sinao (1)
No = sindo

1®Bw%ﬁﬁﬁﬁﬁ?%ﬁﬁ%ﬁﬁ\O?®3ﬁ3ﬂ®ﬁﬂ5&%f%:tf‘
J 2000.053}5“@75@%% (L,M.0) ICERETEDo FizbH.

L Lo

ME S\Mo @
N No
o L
0.9999256782 -0.0111820610 -0.0048579477
S= 0.0111820609 0.9999374784 -0.0000271765 3)
0.0048579479 -0.0000271474 0.9999881997
THDo
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:5b(ﬁﬁéﬂtﬁﬁ%&(mengmwﬁﬁﬁtﬁ?ém,mﬁ\

tana = MW/L
sind = N } (4)
OEBETCTCICKDBZI LN TED 20 (a
Z o 0 B0 )EREVWENHBIDUT
L b, RBORER-PT . g
TRz EOR-TH LD,
&t:&ﬁiﬁﬁ%%ﬁ%ﬁﬁﬁﬁﬁ\meﬁﬁﬁﬂﬁbf\

do

8o

113°.85
32°.47 -

?E%E%\:ﬂéJ%%ﬁﬁﬁmﬂ?%EtﬁﬁbTaiﬁo
29, (ORTHESEZHETZ L. '

Lo = -0.3411336
Mo = 0.7716201
No = 0.5368579.

LB, o FICcNiTFRIS RT3, T OKR,

L = -0.3523447
M = 0.7677517
N = 0.5351734

»iEensd, ZIh6T LI,

tana = 2.1789791
sind = 0.5351734

Pk b J2000.04 ST 2 EHEORE, REELT,

114°.65 Ex
= 32°.86

=]
"

(=%}
|
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4. SEBEEORE (B1950.0-J2000.0)

maé\E$%a\ﬁ&%emﬁﬁoﬁﬁcfafﬁ®%¥§ﬁwuuo
ﬁgfifﬂﬁﬂﬁUBKﬂwﬁ\ﬁﬁﬁﬁggxﬁﬁ@ﬁﬁlﬁiﬁﬁﬁﬁaﬁm
Liigﬁg\idﬂﬁ$ﬁ®ﬁﬁ%&®%ﬁ?%%obtﬁofxﬁﬁgfgzi
bfu\%mg\i#%BW%ﬁﬁﬁfﬁﬁéﬂfh%ﬂﬁ$ﬁ@ﬁémﬁéwﬁﬁ
%m%)mﬁﬁ%ﬁ%iw\%n&ﬁﬂﬁwﬁﬁtﬁﬁc%fim@;‘ ;r v
K&ﬁb‘%ﬁﬁmmﬁéﬁﬁﬁﬁﬁﬁﬁﬂ\ﬂﬁﬁ%ﬁlhﬁﬁ%t;;%%\
u,ﬁaﬁmﬁ%mﬁﬁ%ﬁ&J%@ﬁuﬁﬁ?%:aw5$p5%&1h< -
MT\meﬁuﬁmiaim%$q&?atﬁwmmﬁﬁ&&%“ xﬂ]
Qc\ioctu?aﬂﬁiﬁwﬁmﬁﬁﬁﬁﬂﬁﬁfmﬁmﬁ 0 M0 »

X, ' |
lg = sinQo sin 1o -
mo = —cos Qo sin ie
ng = cos io :

<THd, T ﬁﬁﬁﬁﬁl%@ﬁrﬁ]ﬁ’%ﬁ (ag ,bo .co ).

ag = cosQo coswo ~ sinQg sinwg cos 1o
by = sinQq coswo * cos Qo sinwo €0s 1o

ce = sinwo sin Jo

} (6)
THBo

il of 2 ) :nemf@%&&#ﬁﬁigﬁﬁmﬁﬁﬁﬁ(m,%,m) BIV
(Ao %.&)uﬁﬂfag:nuBNWﬁuﬁw%$ﬂﬁﬁﬁﬁsgéﬁvf\

Lo = lo - hE
My = mp cosEp — Mo SINE0

4

No = mo singo * No COSEQ
F 1o,
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Ao = ag

Bo = by coseg - co sineg (8)

Co = bo sineg *+ cp cosep

THETE¥ 2, 712U, &0 = 23°.445787 TH 3, _
SHLTHESNLHMOLERE (Lo Mo Ko )o (A ,Bo G ) B, ¥FICR)RK
THRULIATIIS 2 ES5 T L TI2000.0RICEBETZ 2 MNTES, 00,

Lo _
S(“° )

o

A A
B S| Bo
C Co,

TH%B0 (L H, N).(A B, C) BH53A2NTAHELEORE, FHEOH
ST 2 FEEREEROFAZETH 3,

25 LTRD I J2000. 0B 0FAREE > ¥ RBEEROE (1, 0, 0 )& LT
(a, b, e JILEETE, ZNIEJ2000.0lc 3 2 EilEA e 2T,

o

t

= =

HLT

(10) -

=1
m= Mcose + N sine 1 a1
n=-Hsing + N cose

B XU
a= A
b= Beose + C sine ]I . (12)
¢ = -Bsing +C cose

OBFTEHET AL, 1L € = 23°26'217.448 = 23°.4392011 TH 3.,
TITLNE, HBERESTHB, J2000.0RCH T2 RTAREQ. SEES
i e
tanQ = -1/m ]]

cos i = n

(13)
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sinw = ¢/sin i (14)
eurﬁﬁf%éa:5LrﬁeﬂtﬁuﬁﬁﬁkébbﬁﬁbEumbe\%ﬁw
&Et%%?%:tﬁﬁwoﬂH\UDK?*&ta&ﬁﬁ%tLT$E?5vto
DETHERETTH S,

CHLEFAZDEDP-TEHI I,

ACHEEROHZHEOREER.

Qu = 2510.82 )
io = 24°.15
wyp = 3250.00

2EBLTHZ, 7 6B), ®)XT.

lo = -0.4049644 ap = -0.6346025
mo = 0.0582120 by = -0.7363503
no = 0.9124775 co = -0.2346556

FHETES, chz(), QR THREEERCIERE,

Lo = -0.4049644 Ao = -0.6346025
Mo = -0.3096518 Bo = -0.5821860
No = 0.8603020 Co = -0.5082708

LB, _
ST ATRS 2T IR J2000.0RDECEET B, % DR,

L = -0.4056511 A = -0.6255761
M = -0.3141842 B = -0.5892319
N = 0.8583330 i C = -0.5113318 )

»iEs5h3,
:h&?%m(HLUﬁﬁ?EﬁE%%DEW%EEE?E

1 = -0.4056511 a = ~0.6255761
m = 0.0531669 b = -0'7440058
n = 0.9124804 c = —0.2347548

B3, 2zhs,

tanQ = 7.629763 cos i = 0.9124804

Q = 262° ;
¥ e i = 24°.150

ﬁifﬁ'ﬁbsih%o T Al -4

sin i = 0.4091204 -

THY, A)RT,

sinw =--0.5738036
@ = 324°,984

PEOND, R rnz =

Q = 262°.53
i= 24°.15
® = 324° 93

THh3s,

5. by
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EENEHE IO 5 LD 12000.0 FEAHEADBITIC2WT

EEREES (AU) OF0FAS (BHE. NERERUMHEORE & &) Tld. 1992418
L V. BERAZBUTO B1950.0 £E43 85 Gril=19508EM v EILEY]) » o J2000.05E5 4 (Gl
=20004E 1H1.5H) ABITUTWVW3, ft>T. REOWMEEED. [2000.0 OFFEERICHENT 5
TENBE UL, IS, 45 Y RENRES T J2000.0FE2 5L L 2HEOHELHEL TV 5,

FTC. EHTEO B1950.0FEA AHOFEMEHE T TS 5 L%k, J2000. 00 SHICIEVER
THREDT. TOHEEEN U I OWTHET 5,

(HEEIER TOIEEBEHA]
HEIERA DT THHNTED - M2V TIE. TREOMESHE U8R 1 (RiR. 1985) ¥
PN 2 Y RSGRBRAEOHEEE ) (. 1991) KL FEDANTWS D TCHFMODHA L EIFE
AW, EREBSULDTOLEBEBOTH S,
« BEFEONE2000E 15 IHIEFUTE Uy BifiANw ILEN S Y 7 AFE(365.25H N R
EEOMTH AHESHEE LT, 20004 18 1HIEEFUTODH DA R
s U WEAREFKS RIRAL. BERICWHRITED e RO 2 (G 3R
CRYEWRREUT. | AUTIIBEIFIRE LD EIRH
- WA % IERIFET(Ephemeris Time)» & WERSIHEIFTT(Terrestrial dynamical Time)lZFESE

ST, ZATHRICT OV S LDECEE SV S5 CEBL LM RRRT . 709 A
REIMIEENCRT EFH Y THY . ZOHTJ2000. 05 SA DRI IFIESPHML. KNy
TFEPFRECHTH S,

(1) thBE « IR D J2000. 0453 s ERAE AT & J2000. 06 < B HEE HIE

PPMER (NSEFETHISHROERELNG) M. SRKLVEGRGEIhETIOYE—T
o« AV RIEA. BB, WROFHE (EEAD . POOFEE. THOREERANYT S & EHERH
Ei# A DIRFORMARIOIEEDFRER - FEshIEn 5,

(2) MEWIE
J2000.0 TOHIMETI Lo 0 zEEH,

Lo = 2306".2181T + 0”.30188T2 + 0”.017998T3
6 = 2004”.3109T - 0”.42665T? - 0”.041833T*
z = $a + 07.79280T2 + 0”.000205T2

T TERSEU &5 & T 2050 % Telih & 2.1) 7 A S (36525 )i TR U 2 H D,
T (YW AH - 2451545)/36525 + TT/(24%36525)
TT = UTCHERIE) + AT
AT = TAICEIRSE-FIE) - UTCCRRE M RIE) + 32.5184

TAl - UTCOEIL TR T, IACHICAREN S, BRAICHTELL264.

(3) EWmE

12000.0 TOFiFEE 4 (HEOEH) . de (HEMAOSH) RUHFHIEEME c, 2{EH

dp & delt. HOEGESA). KIBOMET /A" ). BEEEM Bl - fo HOEIHEFE).
Ki% & HOEYIEEA D). RUADEHFZIAHR(Q)DS5>20HELHFEM UL 106 OREREIIHEOE
OE T LUTRO . SFE. TRIEORGE (HilD) 1 2808,

POEM G € 1. NI & 0 #.

£, =23.4392911° - 0.01300417° T - 0.00000164° T2 + 0.0000005036° T3
Z CT. TILREDEGE & i

(4) FERATEMIE

iU WIARREFRFKS 2EATACENS. eTHIC OV THHIE. J2000.0 TOAIEREA,. Hil
ffifs £ . WEROITH SHR w2 H. MERILRIERTESD,
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SUE | BB AECAparent Radiant Point )R
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HIE, BEOHE | | HIEOHH

SRR E

KIB TR NS }«kﬁﬁﬁmmg
E .

2000200 : 4
. | CRERAME

HBERABZEE | | RIS RO
i i J

1 'Zﬁﬁﬁéﬁ%ozmoiO'Z)Iffﬂ'i'tiiﬂ'il;‘s‘é!ﬂﬁﬁi‘ﬁ(.:EI@I?EZ)':":' | BRI A (True Radiant Point)DEFE: !
: e I (av & ) J2000.0%EN PR

!ﬁﬁmﬂbmﬁmﬁﬁm&
(J2000.0) fKSDOHHE

HEOHFERE (12000.0) OFFE | | 7] 12000. 045 Al B

2




M- 065

Eradp = r 1 q 1

A i I sinAs ! i -sinw |

[ Mi =i M| +A| -cosAs cose| +exA| cosw cosg]

[EE =] | -cosA, sing| | cosw sing]

|5 o L i L | i J
e Hf(e-term)

Ty LM NEAMEIEOR, Y, 2650 AL M N & 72 3 3k31T51.
1 WY TEEY T 1976 IR R L 207 . 49552=9. 93650841075 .
e W OELLE CHTEDER0.016712 (9 2K CHIMAFRIC L S) -
As BRI OKEERR T, KXillEROmE 9 iﬁf@#&iﬁiﬁﬁ oL TR S,
elLAUHEMACLEide, + 4 THH.
W IO H SR T 102.9131° (9 2K CHLNERK & 7.5) .

(5) BWIH S B O i 52 4% i D it PEE
TR, BRE. 1B o FREENE(x,y, 2) R E S, J2000.0 TV Y S VIEER (04) BiEH,
(R, Tikhn 0 = 04 + 1.002737909 Tobs + A T. HMlIZITOMSAIIEERSHEL
TERT 5. $5WIERNERITIER T TV AUT0hO ) UV RERID 3 5HH.93)
Oy = 100.460618375° + 36000.7700537° T - 0.000387933° T2 - 0.00000002583° T3
CCTT = (Y28 - 2451545)/36525

(6) WEREMMIE. KIE5IMHIE
FEEAE T OWRIZ B B BIREEOMSY. RUKRESINC & 3 M E0H mRLOMERHHEY
A%, (8) &[E#IT)2000.0 TOYY) = {EEIER .

(7) Kigities d
J2000.0 CDOE2000DAPE AT (x,y,2) % i/, PPMER & AR
£,

BRREY IOV E—F 4+ AZA

(8) MHMEIERO B EIERDDIHE
12000.0 To e (HiH) 2RV, FREBERD o EHEERA x 0B v CE#ET %,

il (dy,4¢)

0.00454506, 0.00037530

Cat 3 & 52 :
R ZOT TS5 0% E> TRIBICHEU RHIRTRY . D72 5HI2B195). 02 Sl b —kE
IR, AHANCIE. 191FE Bl X h X B IHOTF—Y 2BV,
ol 81950.0 J2000.0
iF%) £ = 7 9417 h TT 2=17.9417 h !
KEFEfEiE X = -0.1428165 X = -0.1309324
s -0 8935366 Y = -0.8950674
7 = -0.3874102 Z = -0.3880756
W (£g,6,2) 0.268620, 0.233543, 0.268653 -0.051560, -0.044812, -0.051559

0.00452854, 0.00037306

FEesl (A, h) 140.362° ,36.269° ,99.23 km  140.362° ,36.269° ,99.23 km |
Himes (A, ¢,h) 140.442° ,36.279° ,71.37 km  140.442° ,36.279° ,71.37 km
Bk (o, 8)  114.36°,32.78° 115:17%: ;39.67"
B (o, 8)  113.30°,32.57° 114.10°,32.46°"
T Voo 36.63 km/s 36.64 km/s
MotERE Vg 35.0! km/s 35.01 km/s
ELGEEE Vi 31.20 Im/s 34.20 km/s
T I

AZE T (node)  261.65° 262.36°

WA ) 120.92° 24.93°

ITH S8 Cperi) 324:56°" 324.57°

s hEae) 0.902 0.902

i&B.ﬁa‘.Eﬁﬁiﬁ(q) 0.137 AU 0.137 AU

fFER(a) 1.40 AU 1.40 AU

'I'.r IR 1.66 vear |.6G vear
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PLEQHEERE KB TAS L. HHALIEERE ICHERENAS NS, TOEL. B
WSEEORVE TR <. BNt 81950.0 M6 J2000.0 AOHAEROIEEMEHL T

%o

ZEBOUEEED FOMEALLTIT 2. S 81950.0 CitBXhi2i& 12000.0 Ci¥EEH
PEOEA A IEh G AR O 3, ChETDF—Y 2T J2000.0 THELRET (
HRETOMOE « LEREORAIY oY ET) OUATERIFEE L. SKd B1950.0 TitH
Ui abhirich bR,

UHU. BEROHENE T ZOHIEEDRD. HENNRED L S5 IEVHERIERI AR,
ZNCUE. B1950.0 CHE Xh /B i% 466 2000.0 WigELEBU LiEHRE. ml» o J2000.0 T
SEURIETH. CORBES DRSS R, Hith® 81950.0TOHHM DM L HuEER®
2000.0 AR REEEEATRY, JUHEERORETROAHEE U TR, TRERER) (R
1986) OEHI=AFEOMABIREHVSHiEEH V.

B1950. 004l B1950.00Df# % J2000.00D18
2000. 0l i FEAF I
Bk (a,8) 113,30° +32.51" 114.10° ,32.46° 114.10° ,32.46°
BAZ s (node)  261.65° 262.36° 262.36°
s G) 24.92° 24.92° 24.93°
EH S8 peri)  324.56° 324.54° - 324.57°

FERAHEHICLL., RROMESHETHERX AN S0.01° OFETE. BERsit—HUTEY. ful
ﬁﬁu%&ﬁmoth%oC@%ﬁ\mmﬁ%wﬁﬁmﬁﬁﬁt%i%:tﬁfﬁao

Ufh->T. 0.01° OWELL ERHEALROOTHHM. B1950.0& J2000.0THE & h o #UuH TR
et 154, — AR BIRERIY 3 U THRMbnEEZEX S,

vhk




MyS-067

BllboBonhhBEHHOER 1993. 7.4 MSS-67
EFIFE

1, iFLoic
BENSAOEEFEORELFE L CERERALS 2, AT, 3 2 H0oRKBER
MEEAAFAOEEEFARELEM > TREHMAEZ RS, BHRIEREZT - 1,

. RER _
D#ﬁ ERED, BEHAEYEoXIBEMMICEY . EBSMHEERL 2o
wﬁﬁ®$$$ﬁ%$b Eﬁkﬁb?$ﬁﬁ&Lto
DAREMBZUORKE EBEKTHOMEZIARZ D K1 075 752EKL,

(K1, BEBFHEEE (g) & REH (Q) o BEE]

[(EEEMN 50mm F:1. 455 FEHEHREERZE 24"]

g log(g) BEHSTH BFERBEEEZKST (1:0-17 2:1-2° A:9-10")
3.40-3.59 |#* (g) | 2 REEATE
3.20-3.39 |% | 4 2.59 (3927)

1000™ 3.00-3.19 [%kkkx | 43
2.80-2.99 |#kkk | 4 5 4
2.60-2.79 |#kkk | 4 33 2
2.40-2.59 |*kkkk | 8 473
2.20-2.39 |®kkkkkk | HAS 7 4 3 3

100" 2.00-2.19 |*x% | 5 3
1.80-1.99 |*% | 4 5
1.60-1.79 | | 5

t b=t t B
0 10 20 30 40 50 60 70 80 90
(Q)

[ A8 50mm F:1.2 BEF:13 x17 FHERIEHERZ: 169" (BED 7 {Z)]
4.80-4.99 |* | o 2 ke P S 1
4.60-4.79 |* l 3.79 (61067)
4.40-4.59 | |
4.20-4.39 |*% lE 2

10000" 4.00-4.19 |dkkdokkk | 84 22 2
3.80-3.99 |#kkkkkkkki® | 9 344241 2 1
3.60-3.79 |®kkkkkkk | 674 3 3
3.40-3.59 |¥kkkdkkkk | 5 45 3 2 2 1
3.20-8. 39 |4k | 817 5 8

1000" 3.00-3.19 |% | 8
2.80-2.99 |#% I 8
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Table 3. Orbital and geophysical parameters of sporadic meteors with the highest hyperbolic excesses from the catalogue.*

No Avy a q e i o) Q VG Vi Hp Hg o ) Date
1 2906616 —3.1719 0.9873 1.3113 153.2990 17.5802 314.3032 72.2055 45.0466 116.4608 97.5654 40.8063 —1.0117 20090807
2 2413593 —4.4687 0.4238 1.0948 172.4046 84.4393 216.3326 67.7870 44.5536 112.1436 97.1492 160.2762 11.7301 20091030
3 1.749275 —7.1290 0.3644 1.0511 92.1684 76.7512 306.9017 53.7345 43.8893 109.0628 93.5124 265.7705 5.73063 20090127
4 1.655059 —7.0150 0.9869 1.1408 138.8532 353.4157 158.5104 69.2782 43.7951 114.5988 107.8883 244.0461 —46.2328 20080228
5 1.637756 —7.2995 0.6479 1.0888 118.2225 250.1847 236.2207 61.6854 43.7778 110.5130 100.1769 128.0265 49.9482 20091118
6 1.517986 —7.5975 0.6115 1.0805 127.6048 74.8215 42.2466 63.4425 43.6580 110.0928 86.8926 102.7711 —2.2121 20091105
7 1.172435 —12.1111 0.6239 1.0515 113.4426 73.3922 83.0851 60.0501 43.3124 107.1496 96.2900 134.3140 —15.7582 20081215
8 1.116752 —12.4761 0.3427 1.0275 110.6198 286.6849 251.5134 57.4556 43.2568 107.9839 76.3223 128.7595 43.7464 20091204
9 1.065891 —10.9042 0.2650 1.0243 44.7305 116.6991 33.8677 42.3749 43.2059 106.4742 78.1823 57.8889 —1.7378 20071028
10 1.022281 —10.9347 0.9894 1.0905 138.6304 188.9884 206.7840 68.4448 43.1623 111.5236 98.0221 121.7677 45.3705 20071021
11 1.015846 —14.9901 0.8166 1.0545 144.9689 228.0297 266.3948 68.6731 43.1559 119.4170 90.5691 169.7854 25.2608 20071219
12 1.000133 —13.3490 0.5948 1.0446 104.7752 257.2814 234.9293 57.0778 43.1401 111.5325 92.6466 119.7808 55.6560 20071118
13 0.988334 —15.6856 0.0622 1.0040 29.4713 150.4318 117.5185 47.1615 43.1283 92.0160 75.6131 144.2607 7.4429 20090118
14 0.945392 —14.0671 0.8241 1.0586 105.1398 47.5380 51.4911 57.9997 43.0854 106.6146 100.3348 112.2150 —19.4376 20081114
15 0.924201 —17.6992 0.2590 1.0146 126.9657 117.5512 99.5250 59.7285 43.0642 106.0061 87.4463 145.3108 —4.1827 20080101
16 0.915649 —15.1945 0.4282 1.0282 109.4251 96.7721 57.3985 57.4667 43.0557 107.5014 92.1034 106.1021 —5.0183 20091120
17 0.910201 —17.1081 0.5668 1.0331 131.6527 &80.5221 77.2677 63.7310 43.0502 109.0144 93.8300 134.4448 —6.1496 20071210
18 0.910102 —13.1827 0.7303 1.0554 93.1585 241.0439 215.3270 53.4044 43.0501 109.8385 91.2329 91.5430 66.8080 20091029
19 0.902751 —11.1621 0.4186 1.0375 150.2971 278.1843 16.0001 64.7418 43.0428 121.8153 73.6785 254.0254 —10.4049 20090406

* The symbols denote: Avy—the hyperbolic excess in heliocentric velocity, a—semimajor axis, g—perihelion distance, e—eccentricity, i —inclination,
w-argument of perihelion, {2-ascending node, vg and vy velocities (geocentric and heliocentric), Hp and Hpg beginning and end height in the
atmosphere, @ and §—equatoreal coordinates right ascension and declination of the radiant of a meteoroid, Date—year, month, day of observation.

M. Hajdukova Jr. (2011)
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Stereoscopic and Spectfb'sgopic
Observations for Extra-Solar Meteors
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KIBRI=811 6 EMIEORiH

Ulysses e, L Galileo \\ -© NASA

?:#E’fﬁ%’d)Partlcle counter(Z & 2 T10°~10kg (B %:
0.005~2 num@1g/cm?) DFIFEFHH,

t IEL‘-a\b*Lé o

e laulZHITHRFD3I30%IIEMAR FERBEL NS,
M. Baguhl et.al. 1996
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Optical Observations

* Japanese video network (SonotaCo Net, 2 mag.~)
Vi>42.1 km/s™: 0.13% (19/14,763), V4> 46.6 km/s™": (.
M. Hajdukova Jr. (2011)

* Canadian image-intensified video (9.5 mag.~)
Vy>42.1km/s™: 1.0% (> 16:17/1739), V> 46.6 km/s™": (.
R. Musci (2014)

* Most of recent reports about existence of extra-solar meteors by

optical observations had expressed in a negative sense.
M. Hajdukova Jr. (2016)

*42.1 km/s: parabolic limit

¥ 46.6 km/s: interstellar limit (initial velocity with 20 km/s = means relative
velocity to nearby stars)



a: -1.2s au
e: 1.20

q: 0.26 au
w: 241.7°

Q: 24 .6°

i: 122.7°

©Wikipedia

umuamua
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Image-Intensified Video Data

e Macro CCD
Lens Lens

 Photograph in 1983, 1987, 1989, 1991, 1992 and
2001 Leonids.

e I.I. video camera from 1992 to 2009.
e 3,886 trajectory data of meteors (9.0 mag.~).

Y. Shigeno et al. (1997)



List of video and photographic meteor data

FOV**

| DY kol

| DY kol

All

Shower

Sporadic

Instrument* [Deg.] Star | Meteor All e>1.07 Shower e>1.07 Sporadic e>1.07 Remarks
1185/1.2 12x9 10.5 90 |2,651 74 429 10 2,222 64
1150/12 |20x 15| 9.3 7.8 902 71 161 22 741 49
1m28/14 |36x27| 7.7 6.2 42 6 7 4 35 2
124/14 |42 x 31 7.4 5.9 184 16 84 11 100 5
P50/1.4X6 | 79 x 81 3.5 2.0 103 0 99 0 6 0
P50/14X4 | 79x 54| 3.5 2.0 2 1 2 1 0 0 11191221/83/1(()11
e 1 79x54| - - 2| 0 2 0 0 0 éiigig;i?ss
Total — — — 3,886 168 782 48| 3,104 120

* II: Image intensifier, P: Photograph, Focal length/Focal ratio. ** FOV: field of view.

% LM: Limiting magnitude. T e: eccentricity.
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VH and absolute magnitude of meteor showers

Minimum absolute magnitude is arranged the same value within shower

Shower Date Instrum Number VH [km/s] Absolute Magnitude Remarks
y/m/d ent Mean | & Min. | Mean | Max.
P50/14 | 75 413 026 18 | 05 | -44
Leo | 200IVIS mree T35 1 413 (213 (082 | 49 | 09 | 64
Gem | 1999/12/12 |1I85/12| 47 | 313|332 [075] 70 | 46 | 05
1996/08/12 | o | 34 407 [ 119 | 50 | 27 | -13
Per | 1997/08/12 24 | 407 [ 406 | 116 ] 53 | 22 | -14
2004/08/12 | 1124/14 | 66 406 | 110 41 | 22 | 23
1993/10/24 [ o | 20 405 | 206 | 43 | 28 | 08
Ori | 1996/10/20 18 393|411 178 37 | 22 | 07
2009/10/20 | 1185/12 | 25 399 161 55 | 35 | 19
P50/14 | 27 413 1017 05 | 08 | -44
Leo | 20LIVIS e T 19 | *1° 415 (069 | 05 | <14 | 64
1996/08/12 [ | o | 15 410 0063 30 | 12 | -13
Per | 1997/08/12 13 407 | 410 |084| 29 | 07 | -14
2004/08/12 | 1124/14 | 44 407 090 30 | 15 | 23
1993/10/24 [ | o | 15 411 | 176 | 35 | 24 | 08
Ori | 1996/10/20 18 393 410 [ 198 34 | 21 | 07
2009/10/20 | 1185/12 | 12 408 |082| 35 | 28 | 19




(V) and V S'tandalrdD'eyi‘ation

2 - . B R
[ it — 1 [ o —_
N ~ i /,/ ~ 1
S, F | I N F
Ng R ﬂ. 2 « | %
. [o" o) 1 ~ | o W, ~
: T | 1 T | E
= = - =
3 | | N 5 o~
W\H) & %H
]I . |
% =1 B s
% 1 S | % -
S | . ‘ | =
N . laav ) 13
% o f % o
~ 1 =" N 1 ml
R .6s L N /O.
: .IOac - N .6ow
S "R 401 r NT N 4r
I N ~— e} 5 . N
Aral ’ e 1 &1 — ) 1 ] =
A : . % v Y A % v D
AAAAAAAAA x‘x;.A.fx.“,n...fx.x,x;...f(...;f.....,x:../ufl -+ u . ./,/ .4%
m “ », 1 ow F 4_ . > IO.“_.
- [ = T SRR, [ B o TR B e g <
- = - = ity |+ @
I V 1 H I V L] . .l‘ H
1 . LN 1
'ﬂ Ll L
N I o Bl e -...H.own“n.a “eake) ﬂ...
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn .“ n::n-:--:;-::-.::.nn:n-:--n-;::-..n”.ﬂ.:o.-o\.oo oo'- Moo 1=
: ] I . B e ... n..._..u.mp-..&b.&. ]
L 2 1 L ° 2 ._. smyy o dw
I 1 ® e’ ¢. .l.om
[ P P e -"al.lcbIAﬂw
-y W - n ~ — =t -+ o ~
[s/ury] O :uoneIAlp paepuels HA —w\E:_ O UONBIAIP paepue)s HA
W,
5 g
../, 0 4 ”,/,/ QOJ 2
Fos, o L % —
-~ ]
N by | - F
/./ R 1 r=— [ N - | @
, 3 1 2 : = 1 ~
2 < < : < .
N A_I_~ ] m | Yo o.__I. | _m
N et 1 m | ,/, i [—
: 22 , =g
S nE | nm ~ T o>
S = e
& 1 S~ S
S 1 d i Pz 1 m
35 2 b= 1 o
N { at , =
3 o @ R 12
- 5 &) : 18
- . 8.2 | - $g
) Tt 0" . 1 -
1 B e o 1 | &
A X e B | A 5 v Y
DI — I S s ~ < , LS
w B N ;i % 7 & |l | S 2 17 &
i - o meag
44.. s . % | -h .-N.u H | |
I r - = -5
- ==} N [<P] | < N . | H
F V N 1 H I .o |
r,.//,u. Hl ] . L] .“
................ Nl R e e e Rl Pt o i o 4
s s B S Ie S 1
1 @ L 4 . = s =
1 H o”oﬁ ﬁ-..l.
i . ; a..m.«..s..u. e
18 - 0 ’ y LN ol

Heliocentric speed

° ?\s%v: O uﬂomﬁ&_w__a _,....M_Eﬁm HA

o 1
- o ~ — =T

—w\Ev: O (UOIRIAIP pIepue)s HA



Selection Results of ExoMeteor Candidates

Instrum
ent

Spora
dic

Spora
dic
e>1.0

42.1+30 < VH < 46.6
[km/s]

46.6 < VH [km/s]

Ratio [km/s]

lo<VH - |30< VH
421 <30 |-42.1

lo <VH- |36 < VH
42.1<3c |-42.1

VH-421|VH-421] VH>

>0

> 30

46.6

I185/1.2

I150/1.2 741 49 2% 0 1* 0 0.40% 0%| 0.13%
1128/1 .4 35 2 1 0 0 0 29 % 0 % 0 %
1124/1 .4 100 5 0 0 0 1 1.0 % 1.0 % 1.0 %




Candidates of ExoMeteor

Cross

Path

Path

No. Date uT VH > n=(VH- Abs. angle |length 1 |length 2 Focal length Remarks
[km/s] | [km] | 42.1)/s mag. [ng.] [Dé;g.] [Dig.] [mm]
1994/03/06 | 17:41:19| 547 | 7.5 1.7 39 4 3.2 2.7 50 Removed
1 | 2006/08/20 [16:16:40 | 50.1 1.8 4.5 34 22 34 6.3 85
2 | 2002/08/06 |16:54:23 | 49.8 2.1 3.7 0.3 11 2.9 4.4 85
1994/03/06 | 17:11:24 | 495 | 44 1.7 4.6 2 2.8 4.5 50 Removed
3 | 2004/04/20 [15:08:36| 47.2 1.2 4.4 34 20 5.0 4.8 (24
4 11993/10/24 | 18:33:28 | 46.9 34 1.4 34 77 1.9 1.6 50
5 | 1992/12/30 [18:06:56| 45.8 2.2 1.7 3.7 24 2.2 33 50
6 | 2006/12/22 [19:08:54| 45.7 | 09 4.0 3.6 23 2.4 34 85
7 | 2004/01/24 |18:24:08| 454 1.0 3.3 3.7 15 6.3 6.4 85
8 | 1994/11/16 [18:17:57| 452 | 2.4 1.3 0.9 52 2.8 29 |28
1994/10/14 | 16:58:11 | 45.1 2.1 1.5 2.5 8 4.2 54 50 Removed
2006/12/22 | 17:24:33 | 45.1 1.1 2.7 29 7 4.9 4.5 85| Removed
1993/11/16 |16:03:11| 44.8 2.7 1.0 3.5 7 2.7 3.0 50 Removed
9 | 1996/10/20 |18:32:52| 44.8 2.4 1.1 3.8 277 39 34 50
10 | 2006/12/22 |18:40:56 | 44.7 14 1.8 3.0 12 3.0 32 85
2006/12/22 116:20:42 | 44.6 1.9 1.3 34 4 6.9 7.2 85| Removed
11 | 1996/08/12 |17:29:12| 44.6 1.7 1.5 4.1 14 3.2 5.2 85
12 | 2008/04/04 |17:01:44| 44.5 2.3 1.1 3.6 18 3.2 3.7 85
13 |1 2001/12/14 |15:26:15| 44.2 1.8 1.2 6.1 73 1.0 1.3 85
14 |1 1997/08/12 | 17:04:30| 44.0 1.2 1.6 4.6 64 2.8 3.7 85
15 |1 2001/12/12 | 19:22:11| 44.0 | 09 2.1 -04 60 2.0 1.6 85




Candidate 1 of ExoMeteor

q: 1.012 e: 1.860
(2: 146 4 ®: 181.7
1:177.8

Asymptote direction: Leo

Eanbamanse: 1473 &Y Aug. 19, 2006

Eann Distance: TISF A Aug. 19, 2006 EoN brarance - 1:072 AU Aug. 19, 2006

OrbitViewer ©AstroArts, NASA/JPL




Candidate 3 of ExoMeteor

q: 0.822 e: 1.382
€2: 211.5 ®: 225.5
1:118.7

Asymptote direction: CVn

—
//

d—"/-if'

. Ristance: 7.920 A4

=/

5

Qct. 24, 1993

on bretance : 86.687 AU

QOct. 24, 1993

o bratance - 86.687 AU

Oct. 24, 1993

OrbitViewer ©AstroArts, NASA/JPL




Candidate 5 of ExoMeteor

q: 0.882 e. 1.244
Q: 54.7 ®: 36.4 |
1:134.5 |
Asymptote direction: Ant

SmibREange: 848"y _ToNev. 11, 1994
e 3
1 ’/,A.-"’ff
Tk A -
— e ——— =i
anrbaange: 0-383 AY Nov. 16, 1994 anrbraaanse: 8-4e8au Nov. 11, 1094

OrbitViewer ©AstroArts, NASA/JPL




Candidate 8 of ExoMeteor . | \
q: 0.979 e: 1.208 / |
Q: 140.1 ®:2002 |

i:143.0 |
Asymptote direction: Aur a /

anRistance: 9344 AY

Eanbamange: 8374 AY Aug. 12, 1097 BN bmange: 8374 AY Aug. 12, 1997

OrbitViewer ©AstroArts, NASA/JPL
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Orbital elements and arrival
direction of exometeoroid candidates

Orbital elements Arrival direction

No. o | ¢ * | o*r | Q* ot Abpy | RA- | Dee. | g | s bx | o Remarks

[au] | [deg.] | [deg.]|[deg.] “|[deg.]| [deg.] | [deg.] | [deg.] | [deg.] | [deg.]
1 |1.86]1.01 178 182| 146|2006/08/23 | Tau | 87 25| 87 2| 183 -2
2 |1.7810.95 133| 25| 314|2002/08/22 | Eri 66| -26| 58| -47| 224| -43
3 11.44]0.85 149 223| 31|2004/05/05| Aql | 297 11| 302 31| 49} -8
4 11.38(0.82 119| 226| 212]|1993/11/19 | Dra | 176 75 123 61| 129 42
5 1.28(0.84 165 222| 279|1993/01/24 | Vir | 203 71 199 15| 331| 67
6 |1.15]0.46 137 90| 91[2007/01/27 | Pyx | 126| -21| 144| -37| 247{ 15
7 11.28]0.96 151 18| 123]2004/02/05| Sgr | 274| -36| 274| -13| 357{ -9
8 |1.24]0.88 135 36| 54(1994/12/09 | Ant | 10| -34| 168| -43| 267| 16
9 |1.17]0.70 86 116 209| 1996/09/18 | Pic 84| -60| 64| -83| 269| -33
10 |1.16{0.73 144 121 271|2006/11/22 | Nor | 244 -45| 250| -24| 336 4
11 [1.11]0.40 169 99| 320]1996/09/18 | Cet | 18 21 16 9| 134| -65
12 {1.12]0.53 148| 264 16| 2008/04/04 | Oph | 263 9| 261 33| 32| 22
13 {1.03(0.15 42| 312| 263|2001/11/15| Per | 46 41| 56 23| 149 -15
14 {1.21]0.98 143| 200| 140|1997/08/27 | Aur| 93 53] 190 23| 161f 16
15 |1.13]0.84 156| 223| 260|2002/01/09 [Com| 199 17| 92 29| 331| 78
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Spectroscopic Observations for ExoMeteor

e Automated 3 stations observations of video

imaging and spectroscopy like as Telescope Array. —

i
|

e All meteors (>8 mag.) : 120 meteors/h X 6h X 200
nights = 144 ,000/year

e ExoMeteor candidats (1I85/1.2):
Vu>42.1+30, Vu - 42.1>c : 10/2,222 (0.45%),
Vu > 46.6, Vu - 42.1>30: 2/2,222 (0.09%) ! ¥
144 000 X 0.0009~0.0045 = e S

| |
eeeeeeeeeeeeeeeeeeeeeee

e Spectra (>6 mag.): 130~650 X 2.0¢9)* R

—Metal abundance of ExoMeteor. I

*Luminosity function of sporadic meteor: 1.8~2.2 iR bt Aol i A BT

Telescope Array (Uniyv. | Sl 7

Tokyo, Utah states, USA ) It




Spectroscopic Observation System

Flat mirror

UV objective lens;
£30, F/1.2
- Relay lens 1;
N § £50, F/1.4
Y .
Black-and-white
HDTYV camera
(Sony, XHC-1125)
Diffraction — ] \
grating Image imtensifier ~Relay lens 2;

(Delft Instruments, {50, F/1.4
XX 1450HC)

Objective spectrometer with reflection grating
+ UV image intensified HDTV system.



HDTV Spectrum of 2001 Leonid Meteor
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UV spectrum and chemical composition of Leonid

meteor. (Nobeyama
(Nobeyama) S. Abe, N. Ebizuka et al., 2005




Summary

» 3886 of meteor trajectory taken by Mr. Shigeno and
Meteor Science Seminar Working Groupe (MSS-WG)

are analyzed.

 Number of trajectory data of Perceids, Orionids and
Leonids meteors have € >1.0.

* SD of VH of Perseids: 0.63km/s (I1185/1.2)
0.90 km/s (1124/1.4).

Candidates of ExoMeteors (1185/1.2):
Vi >42.1+430, Va - 42.1>c : 10/2,222 (0.45%),
Vu > 46.6, Vu - 42.1>30: 2/2,222 (0.09%)

e Spectroscopy — Metal abundance of ExoMeteor.



Arrival Dlrectlﬁms of Meteoroids
_with Hyperi)ohc Orbits - \

Noboru Ebizuka,  Yoshihiko Shigeno /

Riken,m\ Meteor/S’c/ieiIlce/Senﬁnar

PERC Int'l Symposium on Dust & Parent Bodies 20022 Feb. 21-22, 2022
N braranass: 0874 AU Aug. 12, 1997




Detection of Interstellar Media in Solar System

7

Ulysses - - | |
* Particle with 10-°~10-1'kg (Radius: 0.005~2 um@1g/cm?) are
detected by particle counters of spacecrafts.

* More than a half of particles nearby the Jupiter are assumed to
be interstellar dusts.

* 3~30% of particles at 1au are assumed to be interstellar dusts.
[M. Baguhl et.al. 1996]



Meteor Rader Observations

Arecibo Otiﬁervatory

' anterbury

« AMOR (26 2MHz New Zealand) 10 1Okg ~ (5 Lm-~ @1g/cm3)
e>2.5 (Vs > 100 km/s): 0.46% (1,600/350,000) [Baggaley, 2000]

*MARS (31.1MHz, Ukraine), 5x10°~10kg (10~100 pm)
e>1.0 (V> 42.1): 3.2% (7,911/250,000) [Kashcheyev, 2001]

* Arecibo (430MHz, D=300m, Puerto Pico), 10-'*~10"kg (0.2~10 pm)
e>1.0 (V> 42.1): 5%  (143/~3000) [Meisel, 2002]



Op tlcal Meteor Observatmns

Silver halide photography I.L Vldeo camera sstem

http://www.ne.jp/asahi/meteor/star/index.html [Fujiwara, 2004]

* JAU/MDC silver halide photography (-3 mag.~) [M. Hajdukova Jr., 2006]
V> 42.1 km/s 1 <0.025% (1/4,581?), Vy>46.6 km/s: 0.

* Japanese video network: SonotaCo Net (2 mag.~) [M. Hajdukova Jr., 2011]
Vy>42.1 . 0.13% (19/14,763), V,>46.6" . 0.

* Canadian image-intensified video (9.5 mag.~) [R. Musci, 2014]
Vy>42.1,Vy-42.1>1c: 0.98% (17/1,739), V> 46.6" . 0.

*46.6 km/s: interstellar limit (initial velocity with 20 km/s = mean relative velocity to nearby stars)

Most of recent reports about existence of extrasolar meteors by optical
observations had expressed in a negative sense. (¢.g. Hajdukova Jr., 2016)



’Oumuamua 11/2017 Ul

a. -1.28 au
e: 1.20

q: 0.26 au
w: 241.7°
. 24.6°

i: 122.7°

©Wikipedia




Stereoscopic Meteor Observations

o Macro CCD
Lens Lens

Image-Intensified Video Camera  [Shigeno etal., 1997]

* Photograph in 1983, 1987, 1989, 1991, 1992 and 2001 Leonids.

 [.I. video camera from 1992 to 2009.
3,886 trajectory data of meteors (9.0 mag.~).




List of Orbital Data of Video
and Photographic Meteor

mstrument* | (D307 | Mg | Moteor | AU | e 10| Shower| UG | Sporadic| SOOI Remarks
85/1.2 | 12x9 | 105 | 9.0 | 2,651 74| 429 10| 2,222| 64
50/1.2 |20x15| 93 | 7.8 | 902| 71| 161| 22| 741] 49
128/1.4 |36x27| 7.7 | 62 02l 6 7 4l 35 2
24/1.4 |42x31| 74 | 59 | 184 16| 84| 11| 100 5
P50/1.4x6 | 79x 81| 3.5 2.0 103 0 99 0 6 0
P5O/4xd | 79x54| 35 | 2.0 2l 1 2 1 0 0| 1 amaids
AN EEERE R
Total - — | = | 388 168| 782 48| 3,104/ 120

* II: Image intensifier, P: Photograph, Focal length/Focal ratio.

** FOV: field of view.
4% LM: Limiting magnitude.

T €: eccentricity.

T

Removed 8 meteors
data with low accuracy.




Hyperbolic Meteoroid 1

e: 1.38
q: 0.82
1: 119
Arrival direction: CVn

Q: 212
o: 226

[0y

SmbRiianee: 82,087 AY

P
/

)

QOct. 24, 1993

San biaance™: B2.687 AY

Oct. 24, 1983

it

Disange: 87.029 &Y Oct. 24, 1903

OrbitViewer ©AstroArts, NASA/JPL



Hyperbolic Meteoroid 2

e: 1.24 Q: 54
q: 0.88 ®: 36 (=
i: 135

Arrival direction: Ant

EanbRiziAnee: 8 Ak hu _TNov. 11, 1994
—— 78 —_— __%' e —
Eanmsange: 8:883 AY Nov. 16, 1994 EanrbEanse: 8448 %y Nov. 11, 1994

OrbitViewer ©AstroArts, NASA/JPL



90

60

Dec.[[deg.]
&

Arrival Directions of Meteoroids
with Hyperbolic Orbit
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Obtained by StellaNavigator©AstroArts



Ratio of Arrival Directions of

Meteoroids with Hyperbolic Orbit
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Ratio of Arrival Directions of
Meteoroids with Hyperbolic Orbit
2.5

]

Collisions.of Asteroids? 1.070>e>1.025 (n=37)
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Cumulative number(/[Areal/[Total number

Ratio of Arrival Direction of
Meteoroids with Hyperbolic Orbit
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Ratio of Arrival Directions of

Meteoroids with Hyperbolic Orbit
2.5

b

P
g Collisions of Asteroids? e>1.0/(n=112)

= ]
Z2.0

<
z L
~ Ecliptic .coordinate
1.5 S W /
3 ey

o T I [ S S S
E1.0 e S :
£ —~-T | N
= Galactic coordinate
20.5

=

=

=
O

0.0

0.0 0.2 0.4 0.6 0.8

1.0

Arealof(celestial spherefrom(galactic or ecliptic plane((sin 8, sin b)



Hyperbolic Meteoroid 3

e: 1.86 m: 182
q: 1.01 (2: 146
1: 178

Arrival direction: Tau

EanpDistence TSI AT

San bisanee™ {472 &Y

Aug. 19, 2006

Aug. 19, 2006

Eanbaaaase: 1473 &Y Aug. 19, 2006

OrbitViewer ©AstroArts, NASA/JPL



Inclination and Ecliptic Latitude of
Meteoroids with Hyperbolic Orbit
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Summary

In order to know indications of extrasolar meteors, the
direction of arrival of meteors with hyperbolic orbit was
obtained, and the number of meteors per unit area from the
ecliptic and the galactic planes was mvestigated.

Significant number of meteoroids with 1.0<e<1.07 are arriving
from the ecliptic plane. It suggests the possibility of collisions
between asteroids!?

*Meteoroids with €>1.07 do not indicate high ratio of arrival
from the ecliptic plane.

It was found that the ratio of meteors from the area in 23.6°
from the galactic plane increased when the meteors from the
area in 5.74° from the ecliptic plane were excluded. However,
the ratio of meteors arriving from the galactic plane was not
significantly high.

*To increase the statistical number, we should investigate open
data of meteor orbits.
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