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Physical characteristics of space invasion
B.E. Zhilyaev, A.P. Vidmachenko®, A.F. Steklov
The Main Astronomical Observatory of the NAS of Ukraine, 03143, Academician Zabolotny str., 27, Kyiv, Ukraine

This paper presents an example of the application of theoretical developments on some issues of physics of space
invasion. The effect of brightness oscillations and “wobbling” in the meteor trail, which we discovered, allows us to
obtain estimates of some characteristics of the meteor by measuring the frequency of changes in the brightness in
the trace (f.) and meteoroid oscillations (}n), if its velocity and altitude are known. Based on the proposed “tuning
technique”, it is possible to determine the characteristics of the meteor at one-sided observations. To do this, we
set the initial parameters for the model of meteoroid dynamics by the coincidence of the calculated and measured
values of the frequencies [. and [n. Our simulation allows us to find the altitude at which the ratio of frequencies
[e/[m coincides with the value found in the explosion of a meteoroid. Using this “tuning technique” and assuming the
mineral composition for the meteor, we found estimates of the initial velocity of 21 km/s and the mass of 850 kg of
the meteoroid, which reached a critical value of surface speed at an altitude of about 20.9 km in about 7.9 s with a
residual mass of about 13.9 kg and a residual speed of about 10.9 km/s. At that moment, the meteoroid exploded.

Keywords: space invasions, astronomical observations, photometry, meteors.

1.INTRODUCTION

The inspiring image was snapped by photographer Krista Trinder, which was 19/11/2020 honoured as
NASA’s Astronomy Picture of the Day (Fig.1). This photo depicts a landscape over Childs Lake, Canada,
captured with long exposure [10]. Such celestial phenomenon known in scientific circles as the “Strong
Thermal Emission Velocity Enhancement”, or “STEVE” for short, is seen shimmering over the horizon. This
phenomena has been frustrating perplexed scientists at US-based space agency NASA for years. Such light
was first confirmed five years ago, but experts remain puzzled as to its cause. The colourful streaks consist of
a “purple ribbon in the sky, with a green picket fence structure underneath”, NASA said in an accompanying
statement. The space agency added it as “aurora-like”, meaning it seems to resemble the natural electric
phenomenon responsible for the world-famous Northern Lights.
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Fig. 1. Field observation of the intrusion in Canada. The Fig. 2. Photometry of the image in Fig. 1
meteoroid inversion trace, which indicates its movement
in the atmosphere of the Earth.

We consider this image as a trace of a meteoroid that entered the atmosphere at an angle of 36 degrees
and at a positional angle of 6 degrees. It follows from the image that the explosion occurred at the coordinate
X =200 and the pieces then fell apart.

2. THEORY
Fig. 3 shows the light curve of the centre of gravity of the inversion trace with the oscillation frequency
of 1.66 Hz (drag frequency f.) on a time scale of 7.9 seconds. The wobbling frequency of the centre of gravity
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Fig. 3. The light curve of the centre of gravity of the inversion trace

of the inversion trace [, is estimated at 1.12 Hz.

It is well known that a swirling ball flies along a curved path. Deviations from rectilinear motion indicate
the presence of strength perpendicular to the direction of the flight path. This phenomenon is known as the
Magnus effect. It occurs when a stream of gas flows around a rotating body.

The equation of motion of a meteoroid of mass m and velocity v is written in the form:

mv = F; + fm
where the aerodynamic drag force F, and the Magnus force F,, acting on the meteoroid. The aerodynamic
drag force F is:
F.= %CDpvgowrfl,
where Cp is the drag coefficient depends on the shape of the body. The simplest expression for the Magnus
lifting force F,, is known for a cylindrical body [1]:
F,, =2Sprn [V X &),
where S =7r,,L, is an area of a cylinder, r, and L, are the radius and length of the cylinder, p — gas
density, v — flow velocity at infinity, wy, is the frequency of angular rotation.

In the linear approximation, we can neglect variations of v within H, along the meteoroid track z, where
H, is the height of the homogeneous atmosphere, approximately 7 km.

In this approximation the equation of motion of a meteoroid give the oscillation solutions [2].

The angular frequency of the brightness variations €, has the form
3 CD[)U2
Qe =2nfe=/~
‘ e 4 rmpmt, '
The main frequency of rotation of Magnus €2, has the form

szzwfm:g”;"'” <1+;).
m P

A meteoroid can be considered as an air turbine that converts the energy of the airflow into rotational
energy. We can obtain an estimate the angular frequency of the rotation of the meteoroid as [3]:

CP,OU35T
W =/ -7

Here T is the time span, / is the moment of inertia around the axis of rotation.

where p,, is the density of meteoroid.

Most meteoroids end with an explosion. As the meteoroid moves the atmospheric density increases and
the stagnation pressure at the meteoroid ps = pv?® rises, up to destruction value p; =Y, where Y is Young’s
modulus. Destruction of a meteoroid occurs also when the centrifugal force arising from rotation becomes
equal to the normal force determining the tensile strength of the material of which the meteor consists
Y = ppw’r = pnv, where v, — rotation speed on the meteoroid surface.

Laboratory studies have shown that the tensile strength Y for different samples of stone meteorites varies
in the range of 20 to 200 MPa [4]. Thus, the value of the velocity v, ~3 km/s can be considered as a
conditional value for meteoroid of mineral composition.
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3. MODEL OF THE ABLATION FOR ESTIMATION THE METEOROID CHARACTERISTICS

Last time the computer program has been developed for estimating the environmental consequences
of an asteroid impact on Earth. The program requires six inputs: impactor diameter, impactor density,
impact velocity before atmospheric entry, impact angle, and the target type (sedimentary rock, crystalline
rock) [7, 6]. The motion of a meteoroid through the atmosphere in 3D simulations was performed by set of
authors [7, 8]. We use the classical meteor ablation theory [6, 9].

The model can be implemented by the Impact 4A Software [6]. The numerical integration of the differential
equations was performed using the Runge—Kutta 4 integrator. This was found to be stable at time steps of
0.001 s. We construct a grid of intrusion models using the Impact 4A software program on the plane of the
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Fig. 4. The speed of the meteoroid depending on the height, the speed of rotation on the surface and the critical speed
of dynamic destruction
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Fig. 5. The time span and the value of the meteoroid mass depending on the height
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Fig. 6. The values of the frequencies [, f» depending on the height (left). The frequency ratio f;/fn coincides with the
value found from the measurements on the height of 20.9 km, on a time of 7.9 sec (right). At this moment a meteoroid
exploded and destroyed.
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primary “mass — speed” meteoroid. As a result of modelling, we find the height at which the frequency ratio
[e/[m coincides with the value found from measurements for exploding meteoroid.

4. COMPARISON OF THEORY AND OBSERVATIONS

The ablation of an 850 kg solid meteoroid with an initial velocity of 21 km/s was simulated using the
Impact 4A Software considered above [6].

Fig.4 shows the speed of the meteoroid depending on the height, the speed of rotation on the surface and
the critical speed of dynamic destruction. It is easy to see that the limit of dynamic fracture was reached.

The meteoroid reached a critical value of the stagnation pressure at an altitude of 20.9 km in a time of
about 7.9 sec with a residual mass of 13.9 kg, and a residual speed of 10.9 km/s (Fig.5). At this moment a
meteoroid exploded and destroyed.

Fig. 6 plays a crucial role in our work. The figure shows the values of the frequencies f., f» depending on
the height. By varying the initial parameters of the model, the primary mass and speed of the meteoroid at
the boundary of the Earth’s atmosphere, we find the height at which the frequency ratio [./f, coincides with
the value found from the measurements on time of 7.9 s.

5. METEOROID’S CHARACTERISTICS.

1. A parent object weighing 850 kg entered the atmosphere at a speed of 21 km/s.

2. Burned, lost mass, rotated, shone like Venus.

3. After about 8 seconds it exploded at an altitude of about 21 km. The residual mass of about 14 kg at
a speed of 11 km/sec fell apart into several fragments, which continued to fall.

Thus, we show that “tuning technique” in combination with a simulation model of intrusion allows
determining the meteor characteristics during one-side observations [11-16].
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Pi3nuHi XapaKTePUCTUKH KOCMiYHOTO BTOPTHEHHS
Kunrses B.1O., Bidvmauenxo A.I1., Cmekaros O.D.
[onoBHa actpoHomiyHa o6cepBatopiss HAH VYkpainu, 03143, m. Kuis, By, Akangemika 3a6osotHoro, 27

Y uiéi po6oti mpencraBieHO NPUKJAAA 3aCTOCYBAaHHS TEOPETHUHHX PO3POOOK 3 AesSKMX MHUTaHb (Di3WKH KOCMIiYHHX BTOp-
rHeHb. BnuiMB KosMBaHb SICKPaBOCTi Ta “XMTaHHS” B METEOPHOMY CJifi, IKHH MW BHSIBUJIM, N03BOJISI€ OTPUMATH OLIHKH
NesiKUX XapaKTepUCTHK MeTeopa LIISXOM BUMIipIOBaHHS 4acTOTH 3MiH sickpaBocTi B cuifi (f;) Ta MeTeopoinmHHX KOJNHBaHb
(fm), siKIIO Horo WIBMAKICTb i BUcoTa BigoMi. Ha 0CHOBI 3ampornoHOBaHO!T «TeXHIKK HaJMAlITyBaHHSI» MOXKHA BU3HAUMTH Xa-
PaKTEepPUCTUKH MeTeopa NP ONHOCTOPOHHIX crocTepexkeHHsX. JIJ1s 1bOro MU BCTAHOBUJIM T10YATKOBi MapaMeTpH AJIsI Mogesi
MeTeopoifHOT AWHAMiKH 3a 30iroM po3paxXxyHKOBHX Ta BUMIpSIHMX 3HaueHb 4yacToT f, Ta [,. Halie monentoBaHHsI 103BoJIsiE
HaM 3HAUTH BUCOTY, Ha SIKill CMiBBiIHOWIEHHS YacTOT [;/f, 306iraeThbesi 3i 3HAUEHHSIM, BUSIBJEHHM MPU BUOYXY METeOpoina.
BukopuctoByioun 10 “TeXHiKy HajaliTyBaHHs  Ta MPUIYCKAIOUM MiHepaJbHUE CKJal MeTeopa, MH 3HAHULIA OLIHKH AJIs
noyatkoBoi mBKaKocTi 21 kM/c Ta Mack 850 KT MeTeopoina, IKHH NOCAT KPUTHYHOTO 3HAYEHHSI MOBEPXHEBOI MIBUAKOCTI HA
BucoTi 6au3bko 20,9 KM mpuban3Ho 3a 7,9 ¢ i3 3aJHIIKOBOI Maco 6su3bko 13,9 Kr Ta 3a/MIIKOBOI MIBUAKICTIO GIH3bKO
10,9 km/c. B ueit MOMeHT MeTeopoia BUOYXHYB.

KuarouoBi cioBa: KocMiuHi BTOPrHeHHS, aCTPOHOMIUHI crocTepexkeHHs!, (HOTOMETpPisi, METEOPH.

PusnyecKkue XxapaKTepUCTUKU KOCMHYECKOT0 BTOPIKEHUs
Kunses B.E., Buosmauenxo A.Il., Cmexaros A.D.
[naBHast actpoHomuueckas o6cepatopuss HAH Ykpaunsl, 03143, r. Kues, yi1. Akagemuika 3a6osotHoro, 27

B naHHOI cTaTbe npeAcTaBJeH pUMep IPUMEHEHHs TEOPETHUECKHUX Pa3paboToK MO HEKOTOPHIM BONpocaM (PU3UKH KOCMHYe-
cKUX BTopKeHHH. OOHapyxkeHHbIH HaMU 3(h(eKT KoseGaHUH SPKOCTH U «KauaHHUsI» METEOPHOTO CJefia MO3BOJIsIeT MOJTYUYHUTh
OLIEHKH HEKOTOPBIX XapaKTEPUCTHK MeTeopa, M3Mepsisi 4aCTOTy M3MeHeHHs sipkocTH B ciefie (f;) U KosebGaHUs MeTeopou-
na (fn), ecan H3BeCTHBI €ro CKOPOCTb M BbicoTa. Ha OCHOBe MpensioKeHHOH «MeTOOMKH HAaCTPOHKH» MOXKHO ONpelessiTh
XapaKTePUCTHKH MeTeopa MpH OAHOCTOPOHHUX HabiofeHHsX. [lJsi 3TOro 3aJafiuM HCXOAHbIE MapaMeTpbl MOIENH AHHAMH-
KH MeTeopoHja IO COBMALEHHI0 PACUYETHBIX W M3MePEeHHBIX 3HauyeHHH uactoT f. U fn. Halie momenupoBanue nossosisieT
HaM Ha#TH BBICOTY, Ha KOTOPOH OTHOLIEHHE 4acTOT [./[, cOBmamaer co 3HaYeHHeM, HAHIEHHBIM TPH B3PbHIBE METEOPOHIA.
Hcnonb3ys 3Ty «TeXHHKY HaCTPOHKHM» W INpejrnosaras MHHEpPaslbHbIH COCTaB METeopa, Mbl MOJNYYHJIH OLEHKH Haua/jbHOH
ckopocte 21 kM/c 1 maccel 850 Kr MeTeopoHaa, KOTOPhIE JOCTHIIH KPHUTHUECKOrO 3HAUEHHs TOBEPXHOCTHOH CKOPOCTH Ha
BeicoTe okoJio 20,9 kM mpumMepHo 3a 7,9 ¢ mpH octaTouHo# mMacce okoJsio 13,9 Kr U octaTouHOl cKopocTh okosio 10,9 km/c.
B 3ToT MOMeHT MeTeopoun B30pBaJCs.

KaroueBbie ciioBa: KocMHYeCKHe BTOP2KE€HHS, aCTPOHOMHYECKHE Ha6JIIOD,EHI/IH, ClZ)OTOMeTpI/IH, METEOpPBhI.
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