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Abstract. We study the process of meteoroid interaction with the Earth’s
atmosphere, in particular, the effect of ablation. An ablation model is used,
where mass loss of a meteoroid is determined using the saturated vapor pressure
of the assumed meteoroid’s substance. An automated method is suggested,
where we estimate the physical parameters of a meteoroid by comparing data
from observations and models of known parameters. Model constraints and
features of the models are discussed.
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1. Introduction

Meteor bodies, along with asteroids and comets, carry important information
about our Solar system, as the material, of which they are composed, testifies
to the composition of matter in the early stages of Solar system evolution.
Most part of these bodies do not reach the Earth’s surface and do not become
meteorites. A meteoroid entering the atmosphere produces radiation, ionization
and sound waves. Analysis of these effects along with the meteoroid dynamics
allows one to obtain information on the properties of the meteoric body and
meteoric matter. In fact, the atmosphere is a detector to look at the properties
of meteor bodies. The study of meteors permits one to learn more about the
properties of asteroids and comets as they are the parent bodies of meteoroids.
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Table 1. Locations of observational sites

Site Coordinates

Longitude(®) Latitude (°)  Altitude(m)
Mainalon 37.26 22.59 1600
Parnon 37.65 22.29 1400

This is more cost-effective than space missions, although does not completely
replace them.

Most meteoric bodies do not reach the surface of the Earth, so their prop-
erties have to be determined by remote sensing techniques. The problem of
accurately determining the mass and other properties of the meteoroids from
observational data remains unresolved despite the long history of studying me-
teor events (Subasinghe et al., 2017). The details of the interaction of meteor
particles with the atmosphere are poorly known, so all their characteristics are
determined with large uncertainties.

To estimate parameters of meteoric bodies (mass, density, etc.) from ob-
servational data, various ablation models are used (Popova et al., 2019). Two
different ablation models were applied to a number of meteors in Efremov et al.
(2018), and the results showed a significant difference in parameter estimates.
In this paper we apply specific ablation models to observations of the Perseids
and determine the parameters of the meteoroids. The model uncertainties and
constraints are discussed.

2. Observations and model

2.1. SPOSH camera and meteor observations

A series of observing campaigns were carried out during Perseids activity in the
period 2010-2016 from southern Greece (Margonis et al., 2019).

SPOSH (Smart Panoramic Optical Sensor Head) cameras were used for ob-
servations (Fig.1). The SPOSH camera is a flexible and sensitive system de-
signed for imaging meteors not only from Earth observations but also from
space probes orbiting the Earth or other planets (Christou et al., 2012). The
camera is equipped with a highly sensitive back-illuminated 1024x1024 CCD
chip and has a custom made optical system of high light-gathering power with a
wide field-of-view (FOV) of 120x120°. The camera was designed to capture me-
teors of magnitudes as faint as +6™ moving at angular speeds of 5°/s (Oberst
et al., 2011).

Two SPOSH camera systems were deployed at two sites (Mainalon and
Parnon) (Table 1), separated by a 51.5 km-long baseline. The camera fields-
of-view from the two stations overlap due to the near all-sky coverage of the
cameras. To determine the meteoroid speed, a rotating shutter consisting of
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Figure 1. A SPOSH camera with a rotating shutter

two blades was mounted in front of the camera lens. The SPOSH data were
acquired at Mt. Mainalon Station by Anastasios Margonis (TUB) and at Mt.
Parnon Station by master students of the TUB along with DLR scientists. A
software package developed for the SPOSH camera system was used (Margo-
nis et al., 2018). The software consists of different modules, each carrying out
distinct tasks in the characterization of a meteor event.

The range of absolute magnitudes of Perseid meteors recorded in August
2016 was from -6 to +2 magnitudes. Since the model used describes the ablation
process of small meteor bodies (see below), meteors no brighter than —2™ were
chosen.

2.2. Ablation model

An ablation model is used to estimate parameters of meteor bodies (mass, den-
sity, etc.) from observational data. In this model the incoming energy flux is
used for thermal radiation cooling, meteoroid heating and ablation (Lebedinets,
1980; Popova et al., 2019). The mass loss of a particle is determined taking into
account the saturated vapour pressure (Knudsen-Lengmuir equation). To deter-
mine the parameters of meteoric bodies a selection of initial data is required,
which will allow one to reconstruct the observations by solving a system of differ-
ential equations describing the change in height, velocity, mass and luminosity
as a function of time.
The energy balance and mass loss equations are as follows:

L dM 4 dr

]‘ 3 4 4
- —deo(T*—TH - =% L 2t 1
ponpaV = deo( o)~ e T3ty (1)

dM/dt = —4AnR*P,(T)\/u/(27kT), (2)
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where M, V are mass and velocity of the body; ¢ is the time; p, is an
atmospheric density at flight altitude; g is the acceleration of gravity; L is an
ablation heat; ¢y, is a heat transfer coefficient; T" is the body temperature; Tj is
an atmospheric temperature; P, is saturated vapor pressure; u is average atomic
mass of evaporating substance; p is the meteoroid density; R is the meteoroid
radius; € is an emissivity; c is a heat capacity; k is Boltzmann constant; o is
Stefan-Boltzmann constant.

The energy conservation equation is supplemented by the equations of mo-
tion:

dV/dt = —cqmR*p,V? /M, (3)
dy/dt = —gcosv/V, (4)
dH/dt = —V sinvy (5)

and by the equation for the light curve:

dEj,
W7 (6)

where H is the height above the planet’s surface; v is an entry angle (an
angle of the trajectory inclination to the horizon); ¢4 is the drag coefficient; I
is the intensity; E} is the meteoroid kinetic energy; 7 is a luminous efficiency.

This model assumed that sublimation begins as soon as the meteoroid tem-
perature starts to rise (Lebedinec & Suskova, 1968; Love & Brownlee, 1991;
Moses, 1992; Campbell-Brown & Koschny, 2004), and the temperature depen-
dent mass loss rate being modelled using the KnudsenLangmuir formula (Bron-
shten, 1983).

The energy equation (1) is widely used in numerous papers devoted to the
entry of small meteoroids in present form or with some modification (see review
by Popova et al. (2019)). This ablation model is widespread in studies concerning
the influx of micrometeorites, extraterrestrial matter, and cosmic dust as well
the effects of this material on the atmosphere (see for example Plane (2012);
Carrillo-Sanchez et al. (2016); Genge et al. (2017)).

For light curve fitting and meteoroid parameters determination the model is
not used very often. The most elaborated model of this kind, which was applied
to observational data, was suggested by (Campbell-Brown & Koschny, 2004)
to model Leonids meteors. Their dustball model includes equations (1-6) and
suggests that meteoroids fragment into fundamental grains when the threshold
temperature is reached and the volatile 'glue’ is destroyed (thermal disruption).
Kikwaya et al. (2011) used the thermal disruption model (Campbell-Brown &
Koschny, 2004) to fit observational data and to determine meteoroids param-
eters. It was required that the observed light curve and deceleration had to

I=—-71
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be fitted simultaneously by the modeled ones. Bulk densities of the meteoroids
were determined as well as other characteristics were estimated (e.g. grain mass,
threshold temperature)(Kikwaya et al., 2011). Later Campbell-Brown (2017)
and Armitage & Campbell-Brown (2020) modified the fragmentation mecha-
nism of the thermal fracture model to better simulate meteor trails. Armitage
& Campbell-Brown (2020) investigated the ablation of two meteoroids. Their
task was to determine whether high-resolution wakes provide enough data to
constrain the mass distribution of small meteoroid grains.

Capek & Borovicka (2017) used the ablation model (Eqs.(1-6)) as one of
three possible ablation processes to describe the light curves and beginning
heights of small iron meteoroids. They found that another process, i.e. the im-
mediate removal of the liquid from the meteoroid’s surface, is the most probable
mechanism leading to the observed meteors (Capek & Borovicka, 2017; Capek
et al., 2019).

The studies mentioned above combined the considered ablation model with
fragmentation to fit observational data. Here the described ablation model with-
out fragmentation is applied to Perseid meteor observations as a first approach
to look on the model constraints in more detail.

2.2.1. Model parameters

The size and density of the meteoroid, determined from the observational data,
depend not only on the fitted curves of luminosity and deceleration, but also
on the assumptions about the luminous efficiency, heat transfer coefficient, ex-
pressions for the vapor pressure, etc., used in the ablation model. We will call
these quantities the parameters of the model, although they may be dependent
on both the properties of the meteoroid and the mode of its flight.

The luminous efficiency 7 represents the fraction of a meteoroid’s kinetic
energy converted into light, either bolometrically,or in a specific spectral band-
pass. In principle, the luminous efficiency depends on the chemical composition
of the body and its velocity, size and height of flight. Subasinghe et al. (2017)
collected estimates of different authors and demonstrated that the estimates
differ from 10 to 100 times.

In the current application of the ablation model the luminous efficiency (7)
was supposed to be constant over the entire flight of the meteoroid and ranged
from 1% to 5% (Weryk & Brown, 2013; Subasinghe et al., 2017). In the most
part of considered cases the luminous efficiency was fixed at 7 = 5%. The power
output by a zero magnitude meteor is one more factor of uncertainty. Weryk &
Brown (2013) estimated the power of 0™ meteor to be in the range 770-1610 W
for a number of passbands assuming the temperature in the radiative area to
be 4500-6000 K. Here this value is fixed at 1100 W bolometrically.

The meteoroid was assumed to have a spherical shape. The heat transfer
coefficient was supposed to be constant along the trajectory and to be equal to
the value for the sphere in free-molecular mode (¢, = 1). The heat of ablation
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(L) and the average atomic mass (u) are determined by the substance and
correspond to the used saturated vapour pressure P,.

In the frame of this model meteoroid temperature is essential, and pre-
warming is important. The altitude H ~ 300 km is a starting altitude, it is
a reasonable compromise between accurate pre-heat accounting and calculation
time. The numerical code is realized in WolframMath.

2.2.2. Vapour pressure uncertainty

In the ablation model under consideration, the mass loss is determined through
the saturated vapour pressure of the meteoroid, for which different authors
propose markedly different dependencies for the same substance (see below).
The most commonly used pressure-temperature relationship is as follows:

logg Py = A= B/T, (7)

where A and B are constants for a given substance and may vary for differ-
ent temperature ranges. These constants are usually determined experimentally
(Bronshten, 1983).

One of the main components of meteorites is silicates, including olivine (Ru-
bin, 1997). Olivine is a rock-forming mineral, a magnesia-iron silicate with the
formula (Mg, Fe)2[Si0,]. Olivine forms a group or series of olivine. The Fe and
Mg content varies between the two endmembers of the continuous isomorphic
olivine series: forsterite (Fo) - Mg2[Si04] and fayalite (Fa) - Fea[Si0Oy4]. Olivine
is one of the most common minerals on the Earth (Deer et al., 2013). In addi-
tion, olivine is one of the main minerals that make up extraterrestrial matter.
Olivine can be found in of meteorites (Rubin, 1997), it is a major mineral in the
lunar regolith (Arnold et al., 2016), and it is the most common mineral in sam-
ples brought back from the S-type asteroid Itokawa (Nakamura et al., 2011).
The presence of olivine has also been confirmed in comet material (Hanner
et al., 1997; Hanner, 1999) and in cosmic dust (Campins & Ryan, 1989; Riet-
meijer, 2004; Borovicka et al., 2019). Olivine is present in particles belonging to
comet 81P/Wild (Wild II) delivered by the Stardust mission (Zolensky et al.,
2008). Rosetta mission confirmed the presence of olivine in 67P/Churyumov-
Gerasimenko comet (Pétzold et al., 2019).

The saturated vapour pressure dependence on temperature for olivine and
few related substances are shown on Fig.2 according to a number of publications
(references are given in Fig.2 caption). The melting temperature of olivine is
in the range 1500-2100 K at atmospheric pressure in dependence on Fe/Mg
content (Costa et al., 2017). It can be seen that at a temperature of 2000 K
the pressure has a spread of three orders of magnitude. Often dependencies are
obtained experimentally in a narrow temperature range and extrapolation is
used over a wider temperature range. Part of the scatter in the data may be
associated with this.
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Figure 2. Dependence of saturated vapour pressure on temperature for olivine, sil-
icates, iron and magnesium oxides according to different articles. The dashed lines
mark the areas where the relationship for pressure is extrapolated. 1 - Baldwin &
Sheaffer (1971), olivine and chondrite, 2 - Costa et al. (2017), olivine, 3 - Costa et al.
(2017), olivine, vapours Fe/Mg, 4 - Sekanina & Chodas (2012), forsterite, 5 - Sekan-
ina & Chodas (2012), fayalite, 6 - Kazenas & Chizhikov (1976), MgO, 7 - Kazenas &
Chizhikov (1976), FeO, 8 - Kimura et al. (1997) , silicates, 9 - Kimura et al. (1997) ,
quartz.

Campbell-Brown & Koschny (2004) as well as subsequent publications (Kik-
waya et al., 2011; Campbell-Brown, 2017; Armitage & Campbell-Brown, 2020;
Vida et al., 2020) estimated the dependence of the saturated vapor pressure for
some meteor substance based on the solution of Clausius-Clapeyron equation
and calibrated on atmospheric pressure. The resulting function would be lo-
cated above the function for olivine (Fig. 2) and would lead to higher pressures
at 1000-2000 K.

Different studies used various dependences of saturated vapor pressure. For
example, Moses (1992) studied the meteoroid influx and its effect in Neptune’s
atmosphere using the dependence close to Costa et al. (2017) data for olivine
(Fig.2). Genge et al. (2017) modeled the entry heating of basaltic microme-
teorites and used the ablation model with vapor pressure, for which the cor-
responding curve would be located slightly lower than quartz curve on Fig.2.
Love & Brownlee (1991) studied the micrometeoroids entry in the Earth’s at-
mosphere assuming pressure dependence with higher values at T/1000-2500 K
than curves shown on Fig.2 but lower than the dependence by Campbell-Brown
& Koschny (2004). They claimed that the estimated rate of evaporative mass
loss is consistent with that from the laboratory heating of Murchison chondrite.
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Noticeable number of publications, which consider the influx of chemical el-
ements into the Earth’s upper atmosphere, are using Chemical Ablation Model
(CABMOD, Vondrak et al. (2008)). In CABMOD the vapour pressures of the
species evaporating from the meteoroid are calculated using the MAGMA chem-
ical equilibrium code. This model allows one to consider differential ablation and
to predict the injection rates of individual elements. Here we will not consider
the differential ablation and will apply different pressure dependences for olivine
and related substances in the ablation model.

2.2.3. The objective function

The objective function is a measure of the difference between the simulated light
curve and that of the meteor. It serves as the quantitative metric that represents
the fitness of a given solution.

Few objective functions were tested to gain a better understanding of the
limitations and strengths of different options. In the first type of function con-
sidered, the intensity values are used to construct the discrepancy function,
which is minimized during the solution search. The first discrepancy Ay is as
following:

A=y o BF ©

where I, is the observed intensity, I, is the solution intensity. The error is
calculated at altitudes where observational data are available, n is the number
of observational points. The intensity varies by orders of magnitude during the
meteor flight, so another function was constructed based on relative error Ag;:

s = Lo~ BILY,

(9)

Two other objective functions relied on meteor magnitude A 45, and relative
magnitude Aga:

Aanv = \/Z:L L. MS)27 (10)

n

n 2
Apas — \/Zi (M, = M.)/M,)? )
n

where M, is an observed magnitude, M, is a solution magnitude. In order

to avoid My values in the (0,+1) interval and corresponding effects, both light
curves were artificially shifted by 10 magnitudes (parallel transfer).

The meteoroid parameter was determined from the light curve only, as the

deceleration curve was not recorded accurately. The absence of significant de-

celeration (a loss of no more than 10% of the initial velocity) was controlled. It
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Table 2. Velocity, entry angle, absolute magnitude, and F-factor for the meteoroids in
question. Estimates of mass from empirical relationships versus average mass obtained
from four objective functions with saturated vapour pressure from Costa et al. (2017)
(olivine, vapours Fe/Mg).

meteor \Y% ¥ M, Mass F
km/s (°) 107° kg
Jal967 Vel965 Je2006 Vi2018 Modelling

20160811.184336 60.7 12.8 -1.14 14.27 39.35 110.90 11.30 1.73+0.17 0.38
20160811.221139 58.3 32.1 -1.30 10.91 37.26 105.02 8.29 1.14+0.13 0.44
20160811_200532 61.3 17.0 -0.91 9.01 27.29 76.92 7.56 0.97+0.12 0.25
20160811_202351 60.7 21.4 -0.73 6.74 2197  61.920 5.92 0.99+£0.08 0.23
20160811-190504 66.2 14.8 -0.78 6.42 18.94 53.39 5.57 0.934+0.10 0.18
20160811.205252 59.4 21.5 -0.18 4.18 14.37 40.49 4.22 0.51+0.03 0.23
20160811.190233 66.8 13.3 0 .55 1.73 5.61 15.82  2.10 0.19£0.03 0.45
20160811-205351 59.4 22.0 -0.18 4.18 14.37  40.49 4.22 0.46+0.04 0.16
20160811.202522 60.4 19.0 -0.05 3.67 12.43 35.04 3.83 0.42+0.03 0.44
20160811_205505 60.5 22.0 0.12 2.81 10.02  28.23 3.06 0.39£0.02 0.31
20160811.205716 63.5 24.0 0.64 1.30 4.97 14.00 1.62 0.154+0.05 0.53

Note: Jal967: Jacchia et al. (1967); Vel965: Verniani (1965); Je2006: Jenniskens
(2006); Vi2018: Vida et al. (2018)

should also be noted that we did not account for fragmentation in our model,
although its role may be notable (Subasinghe et al., 2017).

3. Application of the ablation model to meteor data

The ablation model described above was used to simulate 11 meteors, whose
velocity, entry angle and maximal absolute magnitude are given in Table 2.

3.1. Effect of the objective function

Application of the ablation model described above to observational data allows
one to determine meteoroid parameters (mass, size and density). Meteoroid
size and density were chosen as independent variables in the search for a so-
lution. A comparison of the simulated and observed light curves for meteor
20160811_184336 is shown in Fig. 3 obtained with saturated vapour pressure
from Costa et al. (2017) (olivine, vapours Fe/Mg). Four objective functions
were used. Various objective functions better describe different parts of the light
curve. Solution obtained using the discrepancy A 47, based on the minimisation
of the standard deviation, better describes the middle part of the light curve,
other solutions better approximate the beginning and the end of the light curve.

Obtained parameters of meteor 20160811_184336 are collected in Table 3
for one saturated pressure dependence. The meteoroid mass estimate slightly
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Table 3. Meteor 20160811.184336 parameters. Vapor pressure P, from Costa et al.
(2017)(olivine, vapours Fe/Mg, L = 6 x 10° J/kg).

Error A Mass, 107 ° kg  Density, kg/m® Radius, cm  Value of A
Aar 1.94 120 0.34 3.79 % 107°
AR 1.50 226 0.25 0.36

Aan 1.82 224 0.27 2.20

ARwm 1.65 204 0.27 0.46

Mean value 1.73£ 0.17 194+ 43 0.284+ 0.03

depends on the choice of the objective function (the scatter is about 15% or
less), the radius also depends slightly on the residual function (the scatter does
not exceed 20%). At the same time, the density estimate demonstrates large
scatter - up to two times.

Magnitude

-1

105 110 115

Figure 3. Light curve of meteor 20160811_184336 (dashed, curve 1) and model curves
obtained with different objective functions: (2) - Aar, (3) - Agrr, (4) - Aam, (5)-
ARgn. Saturated vapour pressure from Costa et al. (2017)(olivine, vapours Fe/Mg).
Corresponding meteoroid parameters are shown in Table 3.

However, the solution found does not always describe the light curve accu-
rately. For example for meteor 20160811_200532 the solution using the saturated
vapour pressure from Sekanina & Chodas (2012) (fayalite) does not describe the
light curve for objective functions A 4p; and Ay (Fig.4).This is due to the im-
plemented solution search procedure. When the model solution has no data for
brightness at certain altitudes (i.e. the model meteoroid burned out earlier than
the observed one), a small value of magnitude +10™ is formally assigned on
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Table 4. Parameters of meteor 20160811_200532, vapor pressure P, from Sekanina &
Chodas (2012)(fayalite, L = 2.46 x 10° J/kg).

Error A Mass Density  Radius A
107° kg kg/m® cm
Aar 0.92 611 0.15 3.60 % 1078
ARrr 0.89 574 0.15 0.55
A 4.97 585 0.27 2.90
ARm 7.23 487 0.33 0.88
Mean value 3.50£2.72 564447  0.23£0.08

Mean value for Aar and Agrr 0.91+£0.02 593+19 0.15
Note: Uncertain values are marked gray

these altitudes. Under this condition, in some cases, the discrepancies A 4, and
Agpr take the minimum values for the model light curves covering the entire
height range, even if the model curves are located far from the observed ones.
The continuation condition of the model curve will need to be reviewed and
improved. At the moment unreliable solutions are not taken into account when
estimating meteor parameters.

Magnitude
-3
-2F
-1
_1F N — -2
— -3
O_

— x=-4
1E — x=5
2r ;

v
3 . H, km

100 105 110 115

Figure 4. Meteor 20160811-200532 (dashed, curve 1) and model curves obtained with
different objective functions: (2) - Aar, (3) - Arr, (4) - Aawm, (5) - Aram. Saturated
vapour pressure from Sekanina & Chodas (2012)(fayalite). Corresponding meteoroid
parameters are shown in Table 4.

The quality of the description of the light curves within the considered abla-
tion model varies from meteor to meteor. Figure 5 shows the model and observed
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Table 5. Parameters of meteor 20160811_205716, vapor pressure P, from Sekanina &
Chodas (2012) (forsterite, L = 3.86 x 10° J/kg).

Error A Mass, 10 ° kg Density, kg/m® Radius, cm  Value of A
Aap 0.15 485 0.09 4.37%107°
ARr 0.15 519 0.09 0.19

Ay 0.15 512 0.09 0.21

Arn 0.15 512 0.09 0.03

Mean value 0.15 50743 0.09

light curves for meteor 20160811_205716. In this case, the parameters are the
same for all the objective functions, and the density varies insignificantly (Fig.5,
Table 5). The F-parameter (see below Section 3.3) is equal 0.5 (Table 2) for this
meteor, one may assume that fragmentation is insignificant in this case.

Magnitude
0.5¢
1.0p --a1
— -2
1.5¢ . — e-3
,:l' / — x=-4
2.0f {ip
i > — x=-5
2.5} iff \

-
N
N

H, km

3002 04 06 108 110
Figure 5. Meteor 20160811_205716 (dashed, curve 1) and model curves obtained with
different objective functions: (2) - Aar, (3) - Arr, (4) - Aanm, (5) - Agn. Saturated
vapour pressure from Sekanina & Chodas (2012) (forsterite). Corresponding meteoroid

parameters are shown in Table 5.

3.2. Influence of the dependence for saturated vapour pressure

As mentioned above, the estimate of meteoroid parameters also depends on
the saturated vapour pressure used. Figure 6 and Table 6 shows the parameter
estimates for meteor 20160811_.184336 using different pressures P, with the same
objective function. Different dependences for vapor pressure significantly affect
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the shape of the light curve and the quality of its fit. At one of the pressures
(quartz (Kimura et al., 1997)) the solution found does not fit the observational
data. With a minimum of discrepancy, the meteoroid is not burned up (due
to the high heat of ablation), but decelerated. No significant deceleration is
recorded in the observational data, so this solution is not taken into account in
the parameter estimation.

When comparing the estimates obtained at different pressures, it can be seen
that the deviation from the average value of mass is not more than 10%, and
the size is not more than 35%. In terms of density, the spread five times higher
or more can five times higher or more.. Thus, it is possible to estimate the mass
of the meteoroid quite accurately, but the density estimate appears uncertain.

Table 6. Parameters of meteor 20160811_184336 obtained with different pressure de-
pendences P, and objective function Agy .

Mass Density Radius L A P,

1075 kg kg/m? cm 10% J/kg

1.50 226 0.25 6 0.36 C2019,0livine,
vapours Fe/Mg

1.67 119 0.32 6 0.42 C2019, olivine

1.63 77 0.37 3.86 0.59 SCh2012, forsterite

1.74 516 0.20 2.46 0.45 SCh2012, fayalite

1.66 88 0.36 7.12 0.43 K1997, silicates

1.64+0.08 205+164 0.30£0.07 0.45+£0.08 Mean without quartz

2.49 0.68 2.06 9.38 0.38 K1997, quartz

Note:C2019:Costa et al. (2017); SCh2012:Sekanina & Chodas (2012);
K1997:Kimura et al. (1997). Uncertain values are marked gray.

3.3. F-parameter

As it was mentioned above, the fragmentation is not included in our model
although it may critically affect the light curve (LC). For the coarse estimate
of the fragmentation influence on the light curve, F-parameter was suggested,
where F' is symmetry, a parameter with no units (Fleming et al., 1993). It is
defined as the ratio of the one-sided width of the LC at 1™ below the peak, to

the total width at this level. Formally F-parameter may be written as:
poliziM (12)

i1 —t2

where t7 is the time near the beginning of the meteor when its brightness is
1™ fainter than the peak, ¢, is the time near the meteor end when its brightness
is 1™ below the peak, and ¢ is the time of the peak brightness (Brosch et al.,
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Magnitude
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Figure 6. Luminosity curve of meteor 20160811.184336 (dashed, curve 1) and model
curves obtained with Agr; discrepancy and using different dependencies for saturated
vapour pressures: (2) - Costa et al. (2017) (olivine, Fe/Mg vapours), (3) - Costa et al.
(2017) (olivine), (4) - Sekanina and Chodas (2012) (forsterite), (5) - Sekanina & Chodas
(2012) (fayalite), (6) - Kimura et al. (1997) (quartz), (7) - Kimura et al. (1997) (sili-
cates). Corresponding meteoroid parameters are shown in Table 6.

2004). F-parameter is used to classify meteoric bodies by the shape of the light
curve.

Observed light curves of meteors under consideration are characterized by
F ~ 0.16 — 0.53, i.e. their maxima are in the middle or are shifted towards the
beginning of the light curve (Table 2). Our data fall within the interval found in
the paper by Koten et al. (2004), who determined that F' values for the Perseids
are in the range 0.20 - 0.95 with the maximum distribution at 0.54. In the frame
of our single body model F-parameter is about 0.5-0.7 (Fig. 3-6), its value varies
with applied pressure dependences.

The closer the observed F-parameter is to 0.50, the more accurately its mass
is determined. This model describes satisfactory meteoroids, whose F-parameter
is about 0.4-0.5. For these meteoroids the fragmentation effect is less significant,
all four objective functions yield close parameters (Fig.5). The meteors with
F ~ 0.2—0.3 are probably be better modeled with fragmentation included. The
fragmentation model will be included into consideration in future studies.

There is no correlation between estimated meteoroid density and the F' pa-
rameter for our data sample. In our sample the size of the meteoroid has more
influence than the shape of the light curve (see below).
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3.4. Mass of the meteoroids

Meteoroid mass is often determined based on empirical relations obtained dur-
ing many years of observations and their interpretation. These relations used
meteor maximum magnitude, velocity and entry angle (Jacchia et al. (1967);
Verniani (1965); Jenniskens (2006); Vida et al. (2018)). Mass estimates based
on these relationships are shown in the Table 2, along with simulation results for
the meteors in question. Estimates collected in the Table 2 demonstrate large
uncertainty in mass determination - more than an order of magnitude, which is
long-standing problem of meteor research.

All considered meteoroids are Perseids, and their velocity are close to each
other. The application of the ablation model is consistent with the well-known
correlation between meteor brightness and meteoroid mass, the smaller is the
maximum brightness, the smaller is the obtained mass of the meteoroid (Table
2, Fig.7).
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Figure 7. Relationship between meteor maximum brightness and meteoroid mass.
Average mass value of the four objective functions with the saturated vapour pressure
from Costa et al. (2017)(olivine, vapours Fe/Mg) was used.

The mass estimates we obtained are closest to the relationship from Vida
et al. (2018) (difference by a factor of up to 10). Given that our estimates were
obtained at a luminous efficiency of 5%, perhaps at lower efficiency of 1% the
mass estimates would agree with the relationship from Vida et al. (2018).

3.5. Meteoroid density estimates

The density of meteoroids in our model is determined with a large uncertainty.
The scatter in density may reach several times for the same meteor using dif-
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ferent objection functions and different vapour pressures (see Table 3, 4, 5,6).

For the 11 meteors in question, the density spread is very wide, ranging from
50 to 1700 kg/m?>. The average density for all meteors is ~ 362 4 237kg/m3,
for individual meteors the spread of average densities is from 114 £ 99t0640 +
500kg/m?. In some solutions we get unusually low densities (= 30 — 60 kg/m?).
There is a weak correlation between density and meteor brightness. For fainter
meteors the average density is higher than for brighter ones. The highest correla-
tion occurs with saturated pressure for fayalite (Sekanina & Chodas, 2012).There
is no correlation between density and F-parameter. This is probably because
meteoroids have different magnitudes, indicating a difference in size, and this
in turn has a greater influence on the resulting density than the shape of the
luminosity curve (which is characterised by the F-parameter).

Density estimation is influenced by both the choice of the objection function
(variation up to 6 times) and the choice of dependence for pressure (up to 2-
6 times). The highest particle densities are obtained using saturated vapour
pressure for forsterite (Sekanina & Chodas, 2012).

Our estimates are within the range of known cometary densities. Density of
dust particles of comet 67P /Churyumov-Gerasimenko collected by the COSIMA
spacecraft in the Rosetta mission ranges from 100 to 400 kg/m? (Hornung et al.,
2016), the average density of the comet itself is estimated as 537 kg/m3 (Pitzold
et al., 2019). Results on the physical properties reveal that dust particles are
essentially aggregates of grains, with high porosities, from at least 50% to much
higher values (see review Borovicka et al. (2019)).

A number of papers have derived estimates of Perseid meteor densities from
observational data. Bellot Rubio et al. (2002) analyzed 413 photographic mete-
ors with brightnesses from —5™ to +2.5™, obtained with Super-Schmidt cameras
under single body and quasi-continuous fragmentation models. Both models as-
sumed that all the energy of the incoming flux is spent on the ablation. The
authors concluded that nearly three-quarters of the meteors in this set can be
described within a single body model. The densities found under the single-
body model are always lower than in the frame fragmentation model. For the 5
Perseid meteors the density was estimated at 600 & 100kg/m?>.

Babadzhanov (2003) estimated the densities of the 111 meteors observed in
Dushanbe using the quasi continuous fragmentation model. For 44 Perseid me-
teors the density was estimated as 1300 £ 200kg/m?>.The mean mineral density
of bright Perseid meteoroids (191 meteors of —1" to —9™ magnitude) was esti-
mated at 2250 £40kg/m? based on the solution of the heat-conduction equation
(Babadzhanov & Kokhirova, 2009). 35% of these meteoroids have densities from
1000 to 2000 kg/m3. In addition, a quasi-continuous fragmentation model has
been used to simulate light curves and to estimate the meteoroid’s bulk density
and grain masses. This model allowed light curves to be reproduced and bulk
densities to be estimated for the 97 Perseid meteors. The bulk density was es-
timated at 1200 4+ 200kg/m? and the porosity was about 45% (Babadzhanov &
Kokhirova, 2009).
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Kikwaya et al. (2011) studied a large group of meteors with brightness from
+2.5™ to +6™, fitting light and deceleration curves to meteoroid parameters.
The investigation was based on the thermal disruption model (Campbell-Brown
& Koschny, 2004). The search for meteor body parameters was carried out in
two stages. First the search was done over the entire parameter phase space
and then over the selected area. For the 107 Perseid meteors the density of the
meteoroids was in the range 420 - 820 kg/m3.

Our density estimates turn out to be lower or comparable to those of other
authors derived from the analysis of observational data with the help of different
models. It is also worth bearing in mind that density estimates with fragmen-
tation are typically higher.

4. Conclusions

A model describing the interaction of small meteoroids with the Earth’s atmo-
sphere is applied to observations of Perseid meteors in order to reproduce the
light curves and to determine the parameters of meteoroids (density, size/mass).
In this model, the mass loss of a meteoroid is determined using the saturated
vapor pressure of the assumed meteoroid’s substance. Dependencies of the sat-
urated vapor pressure to the temperature of the same substance are different
according to other authors, which affects the determination of the meteoroid
parameters. An automated method to estimate the physical parameters of a
meteoroid by comparing observational and model derived data with known pa-
rameters was suggested.

For testing the performance of the model optical meteor observations of
SPOSH cameras in 2016 were used. The range of absolute magnitudes of meteors
was selected as —1.3"™ — +1™. Parameters of meteoroids (density, size/mass)
were obtained. The effects of the chosen dependence of saturated vapor pressure
and used objective functions on meteoroid properties were considered.

The meteoroid parameters were determined from the light curves only, as the
deceleration curves were not recorded, but the absence of significant deceleration
(a loss of no more than 10% of the initial velocity) was controlled. It should also
be noted that we have not considered fragmentation in our model, although its
role may be significant.

The estimate of the mass of a meteoroid has little dependence on the choice
of the objective function (deviation from the mean is no more than 15%), and
the radius also has a low dependence on the objective function (deviation from
the mean no more than 20%). At the same time, the dispersion in density is
much higher.

Saturated vapour pressure dependences slightly affects the mass estimate
(the deviation from the average value is no more than 10%), more pronounced
effect occurs for radius estimate (t deviation is no more than 35%). Density
spread may exceed five times. The vapour pressure dependence significantly
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affects the shape of the light curve, the quality of its fitting and the estimation
of density.

The chosen model better describes meteoroids for which the F-parameter ex-
ceeds ~ 0.4—0.5. For meteoroids with a high F value the effect of fragmentation
is minimal, and the estimate of meteoroid parameters is only weakly dependent
on the chosen objective function. For meteors with smaller F values, it is likely
that fragmentation should be taken into account. The fragmentation model will
be included into consideration in future studies.

The density of meteoroids within our model is determined with a large un-
certainty, which may reach several times for the same meteor using different
objective functions and vapour pressures. The average density for all meteors is
~ 3624237kg/m3. A comparison of our density estimates with data for cometary
matter shows that our estimates are within the range of known cometary den-
sities and appear to be lower or comparable to those of other authors, derived
from the analysis of observational data in various models.
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