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Abstract. Results of the detailed analysis of the luminosity and ablation of bright Taurid, that break up into individual pieces in

the Earth’s atmosphere due to the aerodynamic pressure are presented. The aim of this analysis is to determine the composition
and strength of Taurids on the basis of both photographic observations with small-meteor cameras and cameras with long
focal length using the method of instantaneous exposug £ 5.6 x 107* s). The study was carried out by constructing the
theoretical meteor light curve while taking into account its fragmentation into two or more pieces and analyzing the aerodynamic
pressure on the meteoroid at the point of splitting. The bulk densities of Taurids were obtained from an analysis of the observed
light curves and compared with the strength categories obtained on the basis the data of the aerodynamic pressure at the point of
meteoroid splitting. Comparing the resulting values with the known strength properties of various materials lets us conclude that
Taurids could be considered structurally fragile bodies that fall int@tseength category, have a density of 2.3 to 2@,

and can be characterized as carbonaceous chondrites. We discovered a connection between observed low-frequency pulsations
of brightness of the splitting Taurids and the flares of individual pieces. We suggested that the observed lateral displacement
velocity of the pieces could be caused by the explosive nature of the process of Taurid meteoroid fragmentation.
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1. Introduction sporadic and those part of a shower — were determined by ana-

. lyzing the observed smooth light curves within the framework
In order to study the nature of meteor bodies, researchers 1

: X . he gquasi-continuous fragmentation theory. A wide range of
lyze the data obtained from meteor observations, which alor%%teor density, from 0.4/gm® up to 7 gcn?, was obtained
with applying various models describing interaction of m ' : ’

. . } ._as a result (Babadzhanov 1992a,b, 1993; Novikov et al. 1996).
teoroids with the Earth’s atmosphere serve as the basis lldwin & Sheafer (1971) have developed the method for an-
?eterlrjnmm_? t?he rfnattetrrl]altcomp;)hsmon ?]; the bodies |nhque§— zing meteor observations data and determining the charac-
lon. Despite he fact that over the past Tew years much WQltligiics of meteor matter, including meteoroids’ capability to
has been done in studying meteor substance and cIassﬁyF

T

st destruction in the atmosphere. They developed a model of
meteoroids (dust components of the Solar system) into dé St aestruction| SP y deveiop
t

ferent groups based on their composition and structure, i the concept of a series of discrete breakup events triggered

topic remains important. There are several quite successiul When increasing aerodynamic pressure exceeds the material’s

tproach?s tot th_'sl prob Ient1_that ?IIOW _ZStab I(;spmg (I)If fon:/r t?]aﬁj Insile strength. If, however, the aerodynamic pressure exceeds
ypes of material present in meteoroids and fireballs (Wethe e compressive strength of the material then, according to

& ReVelle 1982; Ceplecha & McCrosky 1976; ReVelle 198%aldwin—She&er’s model, an extensive fragmentation of the

Sekanina 1983; Ceplecha 1988) namely: Type | - Ordinq[r)(eteoroid will occur. ReVelle (1979) believed that both aero-
chondrites; Type Il — carbonaceous chondrites; Type A

| t terial: T B fradil { dynamic heating and pressure were responsible for the frag-
usual cometary matenial, 1ype — Very lragile comelary, o yiation of the fireballs. Ceplecha et al. (1993) developed a

material. Not included is the type of iron-rich material that i ynamic model of the sudden gross-fragmentation for the anal-

observed in iron meteorites. An attempt to identify iron-nickglu ¢ 1, 04 ranhic observations of the fireballs of the Prairie
meteoroids among the fireballs of the Prairie Network (PN) w. fid European Networks. The result of that analysis was the

made by ReVelle & Ceplecha (1994) who consequently eSt""ll llowing classification of fireballs: NF — no-fragmentation; IF

lished that seven out of the 287 fireballs were composed Of'rcln()ne fragmentation point: MF — many fragmentation points

The various body densities of the individual meteors —boththe ;| 'A o\ accuracy cases. It was also proposed to classify
* e-mail:natalia@ac.tajik.net meteoroids into several strength categories: a: 0.8 iatyh

eball fragmentation due to aerodynamic pressure. It is based
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b: 2.5, c: 5.3, d: 8.0, e: 11.0 and established their correspafranus-16 long-focused apertur€sf = 1:35,F = 750 mm)
dence to the type of material. Type 22 film was used in fireball observations, the negative

Within the framework of the problem of studying the diversize was 30< 30 cm covering an area of the sky measuring
sity among individual meteoroids inside a meteoroid comple?Proximately 20x 20°, which provided for larger scale
that is very likely to reflect the diversity among the parent bodP@ging and a higher resolution. Such an optical system allows
ies of the complex — the comets this paper analyses and the Hfel0 obtain a reliable estimate of both the linear displacement
teoroids from the Taurid meteor shower. In this analysis, we u@ethe fragments with regards to each other and the lateral
the advantages allowed us by the photographic observatiéiplacement at an angle, for they considerably exceed the
done with long-focused meteor cameras MC-B5(= 1:3.5; precision threshold of the optical system used. Today, our
F = 750 mm) equipped with a near—focal rotating shutter thahoto archives contain a rich collection of instantaneous
provides for extra—short exposuresg5< 104 s) when pho- Photographs of 203 fireballs, each having a minimum of 4-5 to
tographing the meteors. This technique allows us to take instapaximum of 92 instantaneous images of individual fireballs.
photographs of fireballs brighter than an absolute magnitude’dfareful analysis of the instantaneous photographs has shown
—4 at a high resolution (at the distance of 100 km from the firfiteballs splitting into two or more individual fragments for
ball the spatial resolution is 5 m in the center of the photopldfee following showers: Taurids — 3 fireballs out of 4 recorded,

and 12 m at the edge) and presents an opportunity to proc@gsseids — 6 out of 25; Il association and sporadic — 6
the negatives with a high degree of precision. out of 9. It is necessary to note that these numbers are at
, . o he low end, since not all the abovementioned fireballs are

In this paper, we propose a method of identifying the Corég%icienﬂy bright for their fragments to be distinguishable in

position of meteoroids based on analysis of observed featuf .
hé instantaneous photographs. For a comparison, even for the

of fireball luminosity in the Earth’s atmosphere, which in turg ) : S : :
directly depends on the specifics of the meteoroid’s destructi thteSt fireballs of the Geminids-Aquarids, and Leonids,

The core of our method consists of modeling a light curve f(lgrr}stantaneous photographs did not capture any instances of

agmentation.

the meteor that accounts for its splitting into two or more in-
dividual fragments that would best correspond to the observed From the catalogue of instantaneous photographs of mete-
light curve. As a result of comparing the theoretical and S, we selected the photographs of three fireball Taurids that
observed light curves we obtain the densigyand energy of show the disintegration of the meteoroids into large fragments:
fragmentatiorQ; of the Taurids in question. On the other handireballs 643606(1) and 881652 into two fragments, and fire-
the observational data on the height and velocity of the mef&ll 852364 into three. At 0.02 s intervals 32, 39, and 21 in-
oroid at the moment of its splitting becomes the basis for calcgfantaneous images of these fireballs have been obtained by
lating the aerodynamic pressuPgyn, from which we infer the the near-focal rotating shutter. Fireballs 643606(1) and 852364
strength properties of the Taurids and the material that wouldiiere photographed from two stations and were subsequently
those properties. The data obtained is compared to the res@igcessed using the standard computer program. For the end:s
of the analysis of the observed light curves. of each breaks, i.e. for the known instances of ttibe values

of heightsH and velocityV were calculated, and high—quality

graphs of velocity as well as reliable deceleration values were

obtained. Fireball 881652 was photographed only at one station
2. Observations — the Meteor Patrol of the Hissar Astronomical Observatory
and was processed using the method applied to such images
This method accepts the coordinates of the radiant and the ve-
%city as the known values, which is possible if the fireball
glongs to a known meteor shower. Of course, in the case of
ireball 881652, we did not have the graphs of velocity and de-

Astrophysics of the Tajik Academy of Sciences. The doublggleration. The resulting basic data for all the Taurids analyzed

station photos of the fireballs were taken at Kipchak stati(')rﬁth's paper s presented in Table 1, which includes the follow-

located 32 km from the base point. The double-station ph'5'-g: meteor numbeio, pre-atmospheric velocity (km¥; z,

tos of meteors obtained with the small-cameras were usat ith distance of the meteor radiakl;, height of the frag-

mainly to obtain the radiant, height, velocity and mass of tﬁgentat_lon point or strong flare (k.m)i;’ n, number of '”Sta”tf”"

meteors, as well as to calculate their heliocentric orbits. THEOUS IMages and measured points along the meteor trajectory

processing was carried out by a standard computer progr%erﬁpeCt'velyNF' the number of fragments.

(Babadzhanov et al. 1998). The basic data on the atmospheric

trajectories of Taurids from 1957 to 1964 was obtained from tféelzl Photometric data

Meteor Archive and a published catalogue of orbital elements

(Babadzhanov & Kramer 1963; Babadzhanov et al. 1968). \when investigating the features of luminosity of Taurid fire-
Sufficiently reliable and precise quantitative estimatdsalls splitting into fragments, we carried out a detailed analysis

of the motion and luminosity of the meteoroids splittingf the light curves and the instantaneous images of the three

into pieces can be obtained by measuring the images frdaurids considered — 643606(1), 852364, and 881652 — taken

instantaneous photos taken with meteor cameras equipped withultaneously with the small-cameras and the long—focused

2.1. Double-station photographic observations

When studying fragmentation of Taurid fireballs we used tl
observational data obtained from the Meteor Patrol of t
Hissar Astronomical Observatory that belongs to Institute
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Table 1. Observed and calculated parameters of the Taurid meteors.

1147

N/N 643606(1) 852364 8816512 981119 584412 6436412 583815 593225 643422a 643302
Instant. photo Strong flare Smoothness light curve

Vo kms?t 33.0 33.0 29.2 29.2 29.2 29.3 30.8 29.7 32.2 30.4

ninstim. | 32 39 21 - - - - - - -

Z 21.30 13.97 16.91 | 19.65 16.46 26.30 | 32.3 52.7 29.8 36.2

He km 72.4 63.6 65.5 64.3 65.8 66.0 - - - -

Nk piec. 2 3 2 - - - - - - -

nm.p. 94 152 44 40 26 122 34 32 74 92

Mo g 18.2 53.8 21.2 64.2 2.1 18.2 23.0 5.25 2.54 14.6

Meg 6.6 21.6 8.3 - - - - - - -

5o g/cm® 2.4 25 - - - 25 2.6 2.3 2.8 2.8

Q; ergg 48x10° b5x10° - - - 5x10° | 52x10° 47x10° 58x10° 58x1C

Peyn 292 | 0.510 1492 0952 | 1.764 765 0.865 | - - - -

streng. cat.| a a a b a a - - - -

class. IF MF IF - - - NF NF NF NF
instantaneous cameras. For that purpose, we performed pt ' ! staioa T J i
tometric measurements of fireball records with an automate -
microdensitometer MD-100 using our own method of pho: :3 f“\ 503225 1
tometric reduction of instantaneous images (Babadzhanov -4
Konovalova 2000). We obtained the light curves of the fireball: 5 /\ 643302 1
in question measuring theftérent meteor photographs:thero- -4 583815
tating shutter photograph, the photograph of the whole firebal jg /m 1
and the instantaneous photograph. 2 =1

For each measured point along the trajectory we had tt_ :(1) M sea412

tude

following data: the heighH in km and velocityV in kms?® 3
obtained by processing the double-station photographs; tlg
brightnessM in absolute magnitude obtained from photomet-g
ric measurements. Using photometric light curves, we dete§
mined the pre-atmospheric mal§l of fireballs in g as well ~
as the mas#/r of fireballs at the moment of splitting by the
following formula:

te |
Mo =2 —dt,
0 ft; 7,V3

wheret, andte denotes the moment of the beginning and of the
end of meteor luminosityl;, the observed light intensity of the
meteor; the luminousficiencyr, was expressed as = 7oV,
where Igro = -9.28,V in cms?, Igl = 9.72—- 0.4M. The
resulting values are presented in Table 1. The observed light o ) o )
curves (the solid line) of those Taurids are shown in Fig. T'9- 1-Observed (solid line) and theoretical (solid line with open sym-
where theX-axis gives the height of the fireball above sea lev P'S) light curves (.Jf 9 Taurids, Tr_yeax's gives the br'ghmess in stel-
C L. . . ar absolute magnitudes, normalized to a standard distance of 100 km.
|n. kllome.ters andr-axis gives brlghtnegM in gbsolute m.ag- The x-axis gives the height above the sea level expressed in km.
nitude. Figure 2 shows the photometric profiles of the instan-
taneous images of the main body and the fragments, where the
X-axis gives the lengthof the image in relative units, and theflares at the final part of the trajectory, their brightness vary-
Y-axis gives the valudl of the microdensitometer. ing from 0.5 to 1.0 absolute magnitude. The sharp increase in
Closer to the end of their trajectories, the light curves dfeball luminosity during the main flare could be explained by
fireballs 852364 and 881652 exhibit a multitude of minor, inthe sudden increase of the radiating surface, which is possible
significant flares — low-frequency light pulsations. With fireif at the moment of a meteoroid’s splitting into large individ-
ball 852364, two moderately strong flares are observed befasd fragments, a lot of smaller fragments with mass of about
the low-frequency pulsations. Fireball 881652 has a sharp k6°-107° g are also created. This conclusion is borne out by
crease of luminosity at the height of 65.4 km, which repréhe fact that the instantaneous photographs of the fireball at
sents the main flare and lasts approximately 0.06 s, and seviralmoment of splitting or immediately after contain images of

| I I Y
\

A\
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4
>
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/—@\\643505(1 )
E ! 1 | 1 |

100 80 60
heigth, H(km)

U o AN e e e e WY o e W e e N 1

R R N N O R R N R
S“NO_2NOAA_2CNOA_NOA




1148 N. A. Konovalova: Interaction of large Taurid meteoroids with the Earth’'s atmosphere

L M i M

I T T
50 -

o

o
T

relative density

relative density
w
o
T
1

26 10 15 % 30 35 10+ 4
1} ! I

L of - 5 10 15
g relative distance
% st - Fig. 3. The part of observed light curve of Taurid 881652. The mea-
s ‘ {\ n A sured intensity is given as a function of distance. The breaks have

. ; ! . ‘ WA been caused by the rotating shutter. The radiation of the pieces and

10 2 0 4% %0 wake can be seen between individual segments.

relative distance

Fig. 2. The part of meteor trajectory of two Taurids: 881653 and
852364 with observed photometric profiles of instantaneous metgoeteoroid fragmentation is mentioned in Getman (1993). We
images in which the meteoroid splitting into individual pieces can kghould note that the cause of low-frequency light pulsation
seen. They-axis gives the brightness in relative density, thaxis that we discovered through the analysis of instantaneous pho-
gives the relative distance along the meteor trajectory. tographs ders from the nature of the high-frequency pulsa-
tions (flickering) observed in bright Geminids (Babadzhanov &
Konovalova 1986, 1987; Halliday 1988). The high-frequency
type Ill, i.e. a disk-shaped coma and a wake of length of mopelsation N, = 150+ 400 s') with a minor vacillation of
than 100 m. Such meteor wakes as shown in Babadzhanob@ghtness M < 0.5 mag) observable in bright Geminids
Konovalova (1983) are formed as result of a quasi-continuooidginates with the cyclic ejection of the melted surface layer
fragmentation during which a large number of small particles the meteoroid at a frequency matching the frequency of the
with a mass of 1-10° g separate from the main body. observed pulsations.

Comparing two photographs of the fragmenting All three rotating-shutter photos of the splitting
Taurid 881652 obtained with meteor cameras with lontaurids 643606(1), 852364, and 881652 in the final part
focal distance, one of them without a rotating shutter and thétheir trajectory show an increase in the length of the dashes
other one an instantaneous photo, we determined that the nmairresponding to the rotating shutter intervals, to the point
flare created the image No. 14 with a bright coma and sharhere they practically “merge” (Fig. 3). Analysis of the
wake (approx. 280 m), which corresponds to type lll in thiastantaneous photos shows that such “mergers” represent
Babadzhanov—Kramer classification system (Babadzhanoth& movement and luminosity of individual fragments acting
Kramer 1965). But only 0.02 s later the next instantaneolilse independent meteoroids. This observation can be used as
image, No. 15, shows a long wake of type IV (over 580 milirect evidence of a meteoroid’s fragmentation into pieces.
As shown in Babadzhanov and Konovalova (1983) a lofihat allowed us to include in our analysis a few more Taurids
wake of type IV are formed by larger fragments with a maskat were photographed only with the small-cameras. The
of 1073-1072 grams that quasi-continuously separate from ttsame applied to Taurid 981119, photographed from two
main body. This brightest part of the meteor trajectory, ttetations (the High-mountainous Observatory Sanglokh and
flare, occurs when the main body splits into 2 fragments thilie Hissar Astronomical Observatory) with all-sky cameras
are not yet distinguishable in the instantaneous image No. #itying the observation of Leonid-98. The all-sky cameras
only the wake can be seen. Since the mass of these fragmermee equipped with Zeiss—Distagon (“Fish-Eye”) apertures
differs, their deceleration is alsoffdirent, which makes one(F/3.5, F = 30 mm, field of vision 189 diameter of celestical
fall behind the other, so in the image No. 18 the two fragmertiemisphere on the negative 70 mm). Basic information about
are already distinct. The subsequent instantaneous imagfesse meteors is also available in Table 1, and their light curves
Nos. 19, 20, and 21, clearly show the dynamics of the motiane presented in Fig. 1.
and luminosity of these fragments, which not only have a
noticeable lag behind one another, but also exhibit a certaj
degree of lateral displacement. %r}; Spectral data

The comparison and analysis of the fireball images takém this section, we shall consider the spectrum of
with different camera, helped us make another interestifgurid 852364, photographed with an instantaneous cam-
observation: the numerous moderate flares during the fieah MS—75 that has a spectrum dispersion of 67 Atifihe
part of the fireball trajectory (64.0 to 57.5 km) visible omspectrum consists of 11 individual emission lines and 0-order
the norotating-shutter photographs were classified as loat-the four brightest instantaneous images, taken at the height
frequency N, < 150 s) light pulsations on the photos takerinterval of 60—65 km with exposure of.3 x 107 s. The
with a rotating shutter (Fig. 3). This low-frequency light pulline of the sodium doublet D Nal, present as the brightest
sation, with the help of instantaneous photos, were foundlioe in the spectrum, is photographed in 26 images down to
correspond to the flares of the individual fragments. The pdke end of the meteor. The spectrum of the brightest point of
sibility of a connection between low-frequency pulsation arttie meteor trajectory at the height of 61.6 km is presented
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1ol T i T ! f ' N The formula for the light intensitylg(t) at any timet ac-
cording to the theory of meteoroid quasi-continuous fragmen-
tation (Novikov et al. 1984a,b, 1998) is:

relative density
[9)]

i Ny 7,V2
' lo(t) = - 20®(tF_t)
t
I \JL I| l a L 0 1 1 d
5200 5400 5600 5800 X f Nt (té) d—n: (t; té) 0] (T 0— t(')) dty, (2
wavelength, A (t=7)0(t-15)

Fig. 4. Lines in the spectrum of Taurid 852364 in the brightest instamvherer,, V are the luminousféiciency and preatmospheric

taneous meteor image. The units on ghexis are the relative density. meteoroid velocity®(x) — Heaviside's function®(x) = 1 at

The two bright lines on the right are the sodium D line. x> 0 and®(x) = 0 atx < 0. The functionm(t; té) is the mass
of the fragmentzy denotes the lifetime of the parent body to

in Fig. 4. At this height, the fireball has already brokeROmplete fragmentatiorr, being the lifetime of the fragment

into 2 fragments and its spectrum is the spectrum of the§deased at the moment of fragmentation beginningtands

fragments. As the detailed analysis of the spectrum is outsf@éthe lifetime of individual fragment counted frotfuntil its

the scope of this article, we shall limit ourselves to the resufidll evaporationtg is the instant time of meteoroid splitting.

of determining the wavelengths of spectral lines and matching The number of smaller fragments detached from the parent

them with the corresponding chemical elements. Two tabl@§teor body per unittime can be expressed as

of atomic spectral lines were used for reference, the multiple 1 dM

table by Moor (1945) and tables of Zajdel’ et al. (1977). Thik(ty) = -

wavelength scale was determined by means of known lines in

the spectrum. whereM denotes the mass of the parent body at the instant
Thus, in the spectrum of Taurid 852364 the lines of th@met;, my are the initial masses of the smaller fragments.

triplet of magnesium Mgl (5167.32, 5172.6, 5183.6 A) and The equations for Ml/dt; and dry/dt have been derived by
the doublet D Nal (5889.95, 5895.9 A) were successfullepedinets (1980). They read

identified. Other lines are the lines of iron Fel: multiple 15

(5269.5, 5329.5, 5371.5 A), multiﬁle 37 (5227.1 A), multidM  AAMZ3o\V3  diy A AMEPpVe
ple 553 (5208.6, 5229.8, 5283.6 A) and the line Crl multigy =~ " 5523 *  “qt ~  2(Q= Q1)62°
ple 7 (5208.4 A). 0 Q% ( )

(4)

whereA, A, §o stand for the heat transfer d@ieient, the shape-
density coéficient and the bulk density of the parent body re-
spectively, and\’, A, § are analogous quantities valid for frag-
3.1. Theoretical light curve of the meteoroid splitting ments,Q denotes the energy of evaporation, whide is the
into individual pieces energy of fragmentatiom,is the atmospheric density.
The light intensityl4(t) is given by following equation for

In this section we shall concern ourselves with the case gk gyitting of meteoroid into two pieces (Babadzhanov et al.
meteoroid ablation in the Earth’s atmosphere: the meteorg 89):

with initial massMg ablating from the initial heighty un-

til the heightHr via quasi-continuous fragmentation durin 7,V2 dm dMm

which a large number of small further non-fragmenting pa%l(t)z‘TFG(t o) [Tl@)(ml -+ TZG(TOZ— |.()

ticles detach from the parent meteor. After this the splitting of

the meteoroid into two pieces with masdds andM, occurs Where Vg is the velocity of the meteoroid at the moment of

at the heightdz. The mechanism of ablation of these pieces Bplitting, 7o andro, stands for the lifetime of individual pieces

by quasi-continuous fragmentation until its full disentegratiogounted from the time of splitting until its full ablatiokly, M,

Such a theoretical model of meteoroid ablation fully conforn@e the initial masses of these pieces. The pieces ablate from the
to the photographic observations of bright Taurids, where ttige of splitting until full ablation via quasi-continuous frag-
splitting into individual pieces is directly visible on the instanmentation. The common expressions describing the ablation of

3. Method of calculations

taneous photographs. pieces along their trajectory is:
In such a case the following formula for the light intensity ;
[(t) along the meteor trajectory is valid: dM d
(t) along jectory T’l =0 (Te-1) f Niz (th) d—n;'f (t:t5) © (ro1—t5) dity, (6)
1(t) = lo(t) + 11(V), 1) 0 (t-r)O(t-7s)

wherelg(t) is the light intensity along the part of the meteor

trajectory until the point of meteoroid splitting; (t) is the M !

light intensity for the second part of the meteor trajectory a% =0(Te—1) f Ne (t())
0

ter splitting. (t-7)0(t-75)

drry

o (t:t5) © (702 - t) ditg. (7)
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whereN (t7), Nrz2(ty) denotes the number of small fragment8.3. The regular light curves of the Taurids
detached from pieces per unit timg, stands for the time of

termination of the whole meteor event. To compare the data on the determined type of composition for

the splitting Taurids in question, we have analyzed the regular

The expressions for My/dt;, dMz/dty, Nu(ty), Ne(ty) light curves of several Taurids that we had selected from our
and drx/dt are analogous to Egs. (3)—(4) valid for individuatollection of high-quality double-station meteor records with
pieces. reliable processing. At the present, it is a firmly established
belief that the fragmentation of meteor bodies in the Earth's

atmosphere is the most common form of ablation. This is why

3.2. Application of theoretical light curves we chose to analyze the observed regular light curves of the
to observation of splitting Taurids selected Taurids within the framework of a quasi-continuous

fragmentation model.

For the case of ablation of a meteor body in the Earth’s at- The method of calculation of the theoretical light curves
mosphere considered in 3.1, in which splitting into individudyas the same as in the case described in Sect. 3.2, the only
fragments takes place, theoretical light curves were modefiifference being that the theoretical intensity of ligy was
using formulas (1-7) to compare with the observed light Curv_@glcqlat_eq along all meteor t_ra]ectones, since they did not §p||t
for the Taurids in consideration. For this purpose, we chol0 individual fragments. Figure 1 shows the observed light
Taurids N 643606(1) and N 852364 with high-quality doubl&urves of Taurids NN .583.815, 593225, 643433a and 643302a
station photographs and instant photographs available. The R& ell as the th(_eoretlcal Ilght_curves calculated for them. The
parameters for the calculations in Egs. (1-7) were as follo/#&t@ on the obtained meteoroid densigyand energy of frag-

the shape—density cfigient for the meteoroid and the mainfneéntationQy are also presented in Table 1.

fragmentsA = 1.5, for smaller fragmenté = 1.21, specific

energy of evaporatio = 8 x 10'° ergg. The dependence of 3 4. Spiitting due to aerodynamic pressure

the luminous #iciencyr, upon the velocity of the meteds o o

in calculating the theoretical light intensityt), as well as the The splitting of meteor bodies in the Earth’s atmosphere oc-
mass of the meteoroikily upon the observed light intensity ofCurs due to the fracturing pressure caused by the aerodynamic
the meteor was expressed@s= 7oV, where Igy = —9.28, Pressure applied by the oncoming stream of air. Analyzing the
Vin cms?, Igl = 9.72 - 0.4M. This approach allowed usimpact of aerodynamic pressure on the movement and ablation
to avoid the uncertainty related to the choice of value for ttf the meteoroid can be used to determine the physical proper-

luminous dficiency when comparing the observed and theordteS and the substance composing the bodies investigated.
ical light curves. The fracturing pressureffacting the meteoroid during its

movement through the Earth’s atmosphere depends on its ve-

For the smaller fragments, the heat transferfisccient A’ |ocity V. Therefore, the more precisely the meteoroid’s velocity
was assumed to be equal to 1; for the meteoroid and the mgigjetermined at the height of splitting as well as the value of
pieces with size less than 1 cm it was equal to 0.5; and ffe height itself, the more reliable will be the data on the aero-
those larger than 1 cm (in view of the strong obstruction efynamic pressure acquired by processing the meteor records.
fect, as a result of which the heat transferficeent over the Pparticularly successful in this regard are the photos of meteors
trajectory can change almost by a degree) it is equal to Okken with long-focused cameras by the method of instanta-
0.04 (Bronshten 1981). The initial smaller fragment mass neous exposures. Through astrometric and photometric mea-
was assumed identical and equal to°16), while the masses of syring of the instantaneous photos, we obtained the data on
the meteoroid and of the pieces were obtained through photge heightHe of the meteoroid's splitting into fragments, ve-
metric measurements of meteor images. As the composition@fity Vi at the moment of splitting, number of piecds and
the Taurid in question is not known a priori, the denSity of trmeir massMg, and also the information on whether the frag_
meteoroiddo and of its fragments and the specific energy of mentation was singular, i.e. only at one point of the trajectory,
fragmentatiorQ; were obtained by trial and error by searchingy multiple. Thus, on the basis of the data from double-station
for the theoretical light curve that would best match the oind instantaneous meteor photos, we calculated the dynamic

served one. The data of densitigsand of energy of fragmen- pressure at the height of the meteoroid’s splitting
tation Qs for different types of meteoroids (Lebedinets 1980,

Table 1) were used in the calculations, which were carried Rityn = ToaV? (8)

| dg. . . o
by computer ata step equal to 0.1 g where the drag cdcientl” = 1, and the air density, is taken

The results are presented in Fig. 1 where the solid lifimm the tables of the standard seasonal atmosphere (CIRA
represents the observed light curves of the splitting Tauriti872). The results are shown in Table 1. We analyzed them
N 643606(1) and N 852364 while the solid line with opeto determine whether the Taurids under study belonged to any
symbols shows the theoretical light curves, calculated with the strength categories proposed in Ceplecha at al. (1993).
Egs. (1-7). The data on meteoroid densgigyin g/cm™ and The results of that analysis are presented in Table 1.
specific energy of fragmentatid@ in ergg, obtained by com- Figure 5 shows the velocity diagrams for the selected
paring the theoretical light curve calculated using our modgdurids. The lines representing the constant aerodynamic pres-
with the observed light curve, are also presentin Table 1. sure were calculated assuming the dragffedentI’ = 1.
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100 I J | aerodynamic pressure — in itself cannot release enough energy

| to account for the observed velocity of fragment displacement.
We can estimate the velocity, of the lateral displacement of
pieces under simple aerodynamic pressure by using the equa-

90 1= W -] tion proposed by Nemchinov et al. (1999):
/]

U, = V+/pa/do 9

-1 whereV and §y are the velocity and the density of the me-
80 + /1 — teor body respectively, angl, is the air density at the height
of fracturing. Considering that the average height of splitting
1 ’ for the Taurids in question islr = 65 km, where air den-
sity pa is equal to 1718 x 1077 g/cn?, meteoroid velocity

-0 | 310 / V = 27 kms?, and Taurid average densify = 2.5 g/cn?,
. 3 as given in Table 1, we conclude that the lateral velotity

heigth, H(km)

510 4 is about 7 mst. Therefore, the observed lateral displacement
7 velocity U, ops Of the pieces exceeds the velocity obtained from
> 10° Eq. (9) by more than an order of magnitude. From that, we
60 — conclude that the observed lateral displacement velocity of the
2 pieces could be caused by an explosive process that resulted in
310° fracturing of the meteoroid.
8 A N The spectrum obtained from fragments of fractured fireball
20 o5 30 852364 contains bright lines of the Mgl triplet (see Fig. 4).
Magnesium, by virtue of its explosive properties, can be one of
velocity, V (km s~ the leading causes of the meteoroid fracturing. It can be consid-

Fig. 5. The height—velocity diagram for the several Taurids. The “ ered the “trigger” initiating the process of explosion when the

symbols marks the point of the fireball splitting or the strong flarincreasing aerodynamic pressure exceeds the critical strength

The lines running from the top right to the bottom left are lines ajf the meteor body. In addition to this, the spectrum of the frac-

constant aerodynamic pressure calculated from Eq. (8) with a digging fireball 770533 obtained from the instantaneous images

codficientl” = 1. 1 —643422a, 2 — 584412, 3 — 583815, 4 - 64330¢aKen with long-focused cameras also contained strong lines

5-643642(3), 6 - 852364, 7 - 643606(1). of magnesium (Babadzhanov et al. 1979), as did the fracturing
fireball EN 151068 (Borovicka 1993).

This drag cofficient corresponds to the one adopted in
Sects. 3.2 and 3.3. Figure 5 shows the tendency of Tau&id
fireballs to split into pieces under aerodynamic pressures of
about 0.5 to 1.1 Mdyfcn?. This result correlates well with The main results are the following.
the bulk densities of the researched Taurids determined from Research on the luminosity and ablation of Taurid fireballs
the analysis of light curves in Sects. 3.2 and 3.3. Based was conducted by double-station photographic observation us-
this, we concluded that Taurids are mostly carbonaceous chimgy “small” and long-focused cameras and the instantaneous
drites with bulk densities of about 2.3-2.80g™. The data on exposure technique. The study was carried out by the combined
the bulk density, specific energy of fragmentation and dynammitethod of constructing the theoretical meteor light curve while
pressure, obtained by analyzing the light curves and the heiglaléing into account its fragmentation into two or more pieces
at which the Taurids in question fractured, presents the detaifsl analyzing the aerodynamic pressure on the meteoroid at
on strength properties of individual Taurid meteoroid and thiee point of splitting.
structure and composition of their matter. For the Taurids with precise dynamic data at the height
of the disintegration available, we calculated the aerodynamic
pressurePgy, = I'paV?, which fell into the range of 0.51
to 1.76 Mdyn'cn?. Comparing the resulting values with the
The instantaneous photos of Taurids 852364 and 881652 disewn strength properties of various materials lets us conclude
tinctly show lateral displacement of the pieces formed as a that Taurids could be considered structurally fragile bodies that
sult of sudden splitting of these fireballs. The velodity,,s of splitalong fissure lines into large pieces due to the aerodynamic
the lateral displacement of the pieces, obtained by measungrgssure of the incoming stream of air. The Taurids that frac-
these records, appears to be equal to 132'nasd 77 ms! tured into individual fragments fall into theestrength category
accordingly. We note that these valueslbf,ps are the lower (Ceplecha et al. 1993), have density of 2.3 to 2/8ngf, and
bound of the average velocity of lateral displacement since wan be characterized as carbonaceous chondrites. Thus, they
did not take into account the angle of observation. belong to the Type Il meteoroids according to the classifica-
As noted in Nemchinov et al. (1999), the simple destructidion in Ceplecha et al. (1993) for which the presence of one or
of the meteoroid — i.e. the loss of durability as a result of tteeveral points of fragmentation is typical.

Conclusion

3.5. Lateral displacement of pieces of split fireballs
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The lateral displacement velocity, of the pieces at the Babadzhanov, P. B., & Konovalova, N. A. 1986, Doklady Academii
height of splitting under the simple aerodynamic pressure for Nauk Tajik SSR, 29, 262
the Taurids was calculated. The observed lateral displacem@aadzhanov, P. B., & Konovalova, N. A. 1987, Publ. Astron. Inst.
velocity U, ops obtained from measuring the instantaneous im- Czechosl. Acad. Sci., 67, 189
ages of these fireballs appeared higher by more than an ofg@adzhanov, P. B., Novikov, G. G., & Konovalova, N. A. 1989,
of magnitude than the calculated velocity. From this we cop- ~Ston- Vestnik, 23, 277

. . E_abadzhanov, P. B., & Makhmudov, N. 1992, Doklady Academii
cluded that the observed lateral displacement velocity of the Nauk Tajik SSR, 35, 24

pieces could be caused by the explosive nature of the proc§§l§adzhanov, P. B., & Makhmudov, N. 1992, Comet. circular, 426

of meteoroid fragmentation. S Babadzhanov, P. B. 1993, in Meteoroids and their parent Bodies, ed.
The statistical data received from observations indicate that j, stohl, & I. P. Williams, Astron. Inst. of the Slovak Acad. Sci.,

the Taurids most likely to fracture are the large ones, with a Bratislava, 295

mass of a few tens of grams, that enter the Earth’s atmosph@#badzhanov, P. B., Zubareva, T. I., Konovalova, N. A., et al. 1998,
at a small zenith anglex < 20°). The spectrum of split of the  Bulletin of the Institute of Astrophysics, Tajik Acad. Sci., 82, 16
Taurids contains strong lines of magnesium. The presenceBgpadzhanov, P. B., & Konovalova, N. A. 2000, Bulletin of the
magnesium in the composition of Taurids can be considered as!nstitute of Astrophysics, Tajik Acad. Sci., 84, in press

the leading cause, due to its explosive properties, of the sud@@Radzhanov, P. B. 2002, A&A, 384, 317

fracturing of the meteoroid into large individual fragments. THaAAWin, B., & Shedfer, Yv. 1971, J. Geoph. Res., 76, 4653

. - alliday, I. 1988, Icarus, 76, 2
observed light curves of such Taurids have one or several SUrQNY icka. J. 1993, A&GA. 279. 627
(M = -3.5t0-5.5 abs mag) flares. . ' e

] j : . Bronshten, V. A. 1981, Fizika meteornykh yavlenij, Nauka, Moscow;
Using photographic observations, we discovered and ana- gngjish translation: Physics of Meteoric Phenomena (Dordrecht:

lyzed the specific features of luminosity of bright Taurids at Reidel, 1983)

the final part of a meteor trajectory, that are expressed in mgkplecha, Z., & McCrosky, R. E. 1976, J. Geophys. Res., 81, 6257

tiple low-frequency K, < 150 s*) pulsation of brightness. On Ceplecha, Z. 1988, Bull. Astron. Inst. Czechosl., 39, 221

the basis of the data acquired by analyzing the instantane6eslecha, Z., Spurny, P., Borovicka, J., et al. 1993, A&QA, 279, 615

photos of these fireballs, we concluded that the low-frequerfégspar International Reference Atmosphere 1972 (Berlin: Acad.-

brightness pulsations are flares radiated by individual pieces Verlag, 1972) _ _ ,

formed as a result of aerodynamic disintegration of the ma@:latman,v. s..1993, in meteoroids and their parent bod{es, ed: J. Stohl,

meteoroid. The observed elongation and the following “merge” & I. P. Williams, Astron. Inst. of the Slovak Acad. Sci., Bratislava,

. . - . 307
of the rotating shutter da;hes is caused by the I_ummosnyl?efbedinets, V. N. 1980, PyI' v Verkhnej Atmosfere i Kosmicheskom
the large fragments moving one after another with a cert

. - an Prostranstve, Meteory, Gidrometizdat, Leningrad, 248
lag due to the dference in the mass and therefore thetti \1o0re, ch. E. 1945, A Multiplet Table of Astrophysical Interest,
ence in deceleration. On the basis of these data, we came tocontrib. Princeton Univ. Obs. 20
the conclusion that a sharp amplification of brightness (a flanggmchinov, I. V., Kuzmicheva, M. Yu., Shuvalov, V. V., et al. 1999,
followed by low-frequency pulsations observed in meteor light in Evolution and Source Regions of Asteroids and Comets, ed. J.
curves, along with the “merging” of rotating shutter breaks in Svoren, E. M. Pittich, & H. Rickman, Astron. Inst. Slovak Acad.
the photographs of these meteors, can be considered an indirecBci., Tatranska Lomnica, Proc. IAU Coll., 173, 51
indication of meteoroid splitting. Novikhov, G. G., Lebedinets, V. N., & Blokhin, A. V. 1984, Pismav A
Zh, 10,71
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