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ABSTRACT

Context. A significant fraction of small meteors are produced by iron meteoroids. Their origin and the interaction with the atmosphere
have not been well explained up to now.

Aims. The goals of the study are to observe faint, slow, low altitude meteors, to identify candidates for iron meteoroids among them,
to model their ablation and light curves, and to determine their properties.

Methods. Double station video observations were used for the determination of atmospheric trajectories, heliocentric orbits, light
curves, and spectra of meteors. Meteors with iron spectra or of suspected iron composition based on beginning heights and light curves
were modeled. The immediate removal of liquid iron from the surface as a cloud of droplets with Nukiyama—Tanasawa size distribu-
tion and their subsequent vaporization was assumed as the main ablation process on the basis of our previous work. The numerical
model has only five parameters: meteoroid initial velocity v.,, zenith distance z, initial mass m., mean drop size Dy, and luminous
efficiency 7. The theoretical light curves were compared with the observed ones.

Results. The model is able to explain the majority of the selected light curves, and meteoroid parameters that are not directly observ-
able — my,, Dy, and 7 — are determined. Unlike in most meteor studies, the mass and luminous efficiency are determined independently.
Luminous efficiency ranges from 0.08 to 5.8%; it weakly decreases with increasing initial meteoroid mass. No simple dependency on
initial velocity was found. The mean size of iron drops depends on the meteoroid velocity. Slower meteoroids can produce drops with

a wide range of mean sizes, whereas faster ones are better matched with larger drops with a smaller dispersion of sizes.
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1. Introduction

A fraction of fainter meteoroids, which hit Earth’s atmosphere,
are composed dominantly of iron (Borovicka et al. 2005). These
meteoroids usually have low velocities (<20 kms™') and their
orbits indicate asteroidal (in some cases Jupiter family comet)
origin. The meteors mostly have unusual light curves with a
rapid increase of brightness, low beginning heights, and short
trajectories. This population was discovered by Borovicka et al.
(2005), who recorded 14 spectra of meteors with only iron lines
and with the properties mentioned above. Campbell-Brown
(2015) described a “low, slow population” of meteors, which
is probably the same as that of Borovicka. She found that
the frequency of appearance of these meteors increases with
decreasing meteor brightness. Specifically, they form 3% of
meteors brighter than +3 and about 6% of meteors between +6
and +3 magnitudes. This population is also characterized by
strong and refractory material.

Ceplecha (1967) analyzed the radiation of a meteoroid with
a spectrum consistent with iron composition. He concluded that
the spraying of droplets behind the meteoroid is the main abla-
tion process in this case. Borovicka et al. (2005) explain unusual
light curves as being the result of sudden vaporization of a lig-
uid iron drop when it reaches boiling temperature. However,
Capek & Borovitka (2017) found that the vaporization of lig-
uid iron on the meteoroid’s surface is too slow a process, and
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it cannot explain observed meteors with iron spectra (for sim-
plicity we will use the term “iron meteors”). They showed that a
sudden destruction of a liquid iron drop also does not take place.
Similarly to Ceplecha (1967), the spraying of the droplets was
determined to be the most probable ablation process.

In this paper we extend the work of Capek & Borovicka
(2017) by developing a detailed model of the spraying and abla-
tion of liquid droplets. We also ran a number of observational
campaigns aimed at faint meteors at relatively low heights,
around 80 km, in 2016-2018. The model was used to fit the
observed light curves of iron meteors and to derive meteoroid
masses, the sizes of the droplets, and the luminous efficiency. In
order to also include very small meteoroids that produce mete-
ors too faint for spectra to be observed, we used criteria based
on light curve shapes and beginning heights to identify probable
iron meteoroids.

Section 2 briefly describes our observing instruments, tech-
niques, and data processing. It also deals with spectral observa-
tions — observing instruments, and differences between normal
and iron spectra. Section 3 is devoted to the selection of iron
meteors without spectra, meteoroid atmospheric trajectories,
and heliocentric orbits. The model of ablation is described in
Sect. 4. Section 5 deals with the application of the model to
light curves and the determination of parameters of meteoroids.
In Sect. 6 we discuss the ablation process, the ability of the
model to describe observed light curves of iron meteors, and the
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luminous efficiency. Section 7 summarizes the key properties of
the model and main results. The appendix contains a summary
of all meteors that were successfully described by the model, and
corresponding light curves.

2. Observations and data processing
2.1. Double station data

In order to detect faint meteors (including those produced by
iron meteoroids), the video cameras used for many years at the
Ondrejov observatory (e.g. Koten et al. 2004) were modern-
ized and improved. The analog camera was replaced by a digital
DMK?23G445 GigE monochromatic camera. Using a 1/3” Sony
CCD sensor, it provides spatial resolution of 1280 x 960 pixels,
time resolution up to 30 frames per second, and dynamic range
8—12bits. A CCTV Basler C125 F/1.8, f = 8§ mm objective lens
was used to read the output aperture of the image intensifier. The
Mullard XX 1332 image intensifier is the only part of the origi-
nal camera setup that remained. The lens was changed in favor
of the long focal Canon F/2, f = 135 mm lens. This configuration
provides a circular field of view with a diameter of 20° and lim-
iting magnitudes +9 (stellar) and +7 (meteor). The observations
were carried out at our usual double station locations, Ondiejov
(A = 14°46’48.8" E, ¢ = 49°54’36.8" N, 524 m) and Kunzak
(A4 =15°12"1.1" E; ¢ = 49°6’27.3"” N, altitude = 652 m) obser-
vatories. The distance between the stations is 92.5 km and the
azimuth of the southern station 340° (south = 0°). Each station
was equipped with one long focal length camera; the Ondfejov
station also had a spectral camera.

Dedicated software for camera control, observation plan-
ning, and video capture was written. The video was saved as
30s long AVI sequences in eight bits. The internal computer
time, synchronized using an NTP service, was written into each
frame of the video. Approximately 1 TB of data was recorded
and stored on the hard drive for each 8 h of observations. The
sequences were searched for meteors using the automatic detec-
tion software dMaia (Koten et al. 2014) and short sequences
containing meteors were saved. Time correlation was used for
detection of the same events from both stations.

The observations were carried out during the new Moon
periods and only under clear sky at both stations. Also, peri-
ods without significant activity of main meteor showers — with
two exceptions (Perseids and Draconids 2018) — were selected.
Because the aim of the experiment was to observe slow and com-
pact meteors, the intersection point of the lines of the sight from
the two stations was set to be at an altitude of 80 km. About
3000 meteors were recorded all together (Table 1). Due to the
relatively small fields of view, only about 50% of meteors were
double station cases.

The recorded meteors were visually inspected and cases
showing a fast increase in brightness and rather slow motion
were marked as potential iron candidates. This selected 72
candidates. Their records were measured using MAIAMetPho
software (Koten et al. 2016). Later, the atmospheric trajectories
and heliocentric orbits were calculated using standard proce-
dures (Borovicka 1990; Ceplecha 1987). Some of the candidates
were found not to be true double station (each station recorded
a different meteor), a few candidates were excluded because
of poor solution (e.g. due to small convergence angle). Spec-
tral records were inspected independently and meteors with iron
spectra were identified (see Table 2).

The light curves of the meteors were expressed in the form
of absolute brightness, that is, the brightness of the meteor at a
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Table 1. Statistics of the observations.

Year Number Number
of nights  of meteors

2016 8 525

2017 10 590

2018 16 1900

standard distance of 100km. The majority of meteors produce
very similar light curves at both stations. However, there is a
difference in some cases. Despite a careful calibration, it was
impossible to obtain similar light curves. One possible explana-
tion could be a very small angular velocity of some meteors in
the field of view. Since we are interested in slow meteors, their
angular velocity is usually low. According to our experience, in
some cases the extremely low angular velocity causes the meteor
signal to spread among only a few pixels. Then even relatively
faint meteors can be easily saturated if observed with high sen-
sitivity cameras. If the meteor is angularly faster at the second
station, its signal is spread into a higher number of pixels and
the signal is not saturated. This could lead to a larger difference
in the light curves constructed from both stations.

2.2. Spectral data

Spectra were observed from Ondfejov simultaneously with the
direct observations. The camera, recording software, and image
intensifier were the same as for the direct observations but a
Jupiter 2/85 mm lens was used. The lens was equipped with a
blazed transmission grating with 600 grooves mm~'. The rea-
son for using a lens with a shorter focal length than for direct
observations was that otherwise the field of view would be too
small and many spectra would be only partially recorded. The
whole recorded spectrum ranges from 380 to 880nm and its
angular length is 19°. The field of view was smaller and the
sensitivity and spectral dispersion were higher than in our previ-
ous program when we used a 50 mm lens and a 768 x 576 pixel
camera (Vojacek et al. 2019). The new circular field of view
had a diameter of 27° and the dispersion was 1 nm pixel~'. The
spectral resolution was ~2.5 nm in good cases, when the meteor
moved nearly perpendicular to the direction of dispersion. Spec-
tra of meteors brighter than magnitude +2 could be recorded.
This means that spectra were only obtained for a minority of the
meteors observed by the direct cameras.

Figure 1 shows the spectra of two bright meteors, one having
a normal spectrum, the other an iron spectrum. In normal spec-
tra of low and medium speed meteors, the two brightest lines
are the Na line (unresolved doublet at 589.0 and 589.6 nm) and
the Mg line (unresolved triplet at 516.7, 517.3, and 518.4 nm)
(in fast meteors the oxygen triplet near 777 nm is the bright-
est line). Almost all other lines visible in the spectra are due
to Fe. In meteors classified as irons, the Na and Mg lines are
missing. The spectrum is dominated by numerous Fe lines of
multiplets 15 and 37 (multiplet numbers according to the tables
of Moore 1945) at 517-546 nm. We note, however, that some Fe
lines overlap with the Mg line, namely the multiplet 37 line at
516.7 nm, multiplet 36 line at 517.2 nm, and multiplet 1 lines
at 516.6 and 516.9nm. With the available spectral resolution,
these lines cannot be separated from the lines of the Mg triplet.
We cannot therefore exclude the presence of Mg lines in the
spectrum. However, in normal spectra the Mg line at 517 nm is
much brighter than the brightest Fe line at 527 nm (formed by
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Table 2. Trajectories and orbits of nine meteors with iron spectra.

Meteor Hg Hy Hg M nax F Voo a e q 0] i T;
(km) (km) (km) (mag) (kms™") (AU) (AU) (AU) ()

17328029 879 875 85.1 1.3 0.14 15.8 0.86 0304 060 112 164 6.8
17328053 78.6 76.9 75.0 1.1 0.47 14.1 .56 0359 100 212 127 43
17330039 822 79.6 773 -0.2 0.53 18.0 1.37 0273 099 175 247 4.7
17528031 84.6 793 758 —-11 0.60 16.5 2776 0.654 095 456 112 3.0
18417511 83.3 819 775 1.5 0.24 17.8 170  0.510 0.83 257 93 40
18816562 89.4 86.7 783 1.5 0.24 24.9 .11 0.685 035 188 104 53
18A08052 873 813 773 -0.6 0.60 22.6 215 0568 093 338 31 33
18A08311 86.0 84.4 76.7 1.2 0.17 23.6 2.63 0.621 1.00 427 335 29
18A10604 787 769 72.2 0.9 0.28 14.4 0.69 0454 038 101 54 82

Notes. The symbol Hy is beginning height, Hy height of maximum brightness, Hg terminal height, M,,x maximum absolute brightness, the
F parameter, v, initial velocity, a, e, g, Q, i elements of heliocentric orbit, and T the Tisserand parameter with respect to Jupiter.

iron spectrum

800 nm 700
! !

normal spectrum

Fig. 1. Co-added frames of video spectra of meteors 17528031 (fop)
and 17527064 (bottom). Both meteors moved nearly from top to bottom.
Approximate wavelengths are indicated and important spectral lines are
identified.

multiplet 15 line at 527.0nm and multiplet 37 line also at
527.0 nm). If the 517 nm line was comparable to or only slightly
brighter than the 527 nm line, we considered Mg to be miss-
ing or at least significantly depleted in the meteoroid. Thermal
equilibrium is not maintained in the radiating plasma due to rel-
atively high meteor altitudes (around 80 km) and modeling the
intensities of spectral lines would therefore be difficult. Lines
of low transition probability (in particular Fe multiplets 1, 2,
3) are enhanced in non-equilibrium conditions (Borovicka &
Jenniskens 2000).

Figure 2 shows the calibrated plot of summary spectra from
Fig. 1. There are many bright lines in both spectra in the blue
region below 450 nm, where the sensitivity of the image inten-
sifier (also shown in the plot) is low and the lines are therefore
poorly seen in the images. Most of the blue lines belong to Fe as
well. The most visible is the multiplet 41 line at 438.4 nm mixed
with the 437.6nm line of multiplet 2. Other Fe lines present
mostly belong to Fe multiplets 2, 3, 41, 42, and 43 and, below
400 nm, to multiplets 4, 45 and others. A full list of spectral lines
seen in meteor spectra can be found in Borovicka (1994). Among
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Fig. 2. Spectra of meteors 17528031 and 17527064 averaged over all
frames and calibrated using the spectral sensitivity function of the
instrument (plotted as dashed line). The 17527064 spectrum has been
offset vertically for clarity. Lines other than Fe are identified; that is, all
non-identified lines are produced primarily by iron.

these numerous Fe lines there are some lines of other elements,
most notably Ca multiplet 2, Cr multiplet 1, Mn multiplet 2, and
multiplet 1 of ionized Ca, but they are difficult to separate from
the Fe lines under the given spectral resolution. In other parts of
the spectra, there are visible Fe lines in the region 480-500 nm,
where the lines of the multiplet 318 are the brightest contributors.
The spectra also contain continuous radiation.

Poorer spectra of fainter iron meteors, which may also have
poorer resolution (due to less favorable geometry of meteor
flight), are characterized by the absence of well-defined spectral
lines and the presence of just one or two diffuse bands (in fact
unresolved lines) in the region 510-550 nm and possibly another
band near 440 nm. If a meteor exhibited this kind of a spectrum,
it was classified as iron. Examples of iron video spectra from our
previous programs can be found in Borovicka et al. (2005) or
Vojacek et al. (2015).

There were nine meteor spectra among all the candidate
meteors observed by the DMK cameras (see Sect. 2.1). All of
them were iron spectra. No other spectra were found. Three
meteors with iron spectra do not show a typical light curve of
iron meteors — they lack a rapid increase of the brightness. These
meteors were not selected as the candidates for iron, if there
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Table 3. Summary of the data of 45 iron candidate meteors.

Iron candidates

Beginning height (km) 76.7-89.9
Mean (km) 83.5+0.5
Height of maximum light (km) 76.1-87.9
Mean (km) 81.3 +£0.5
Terminal height (km) 70.1-85.1
Mean (km) 76.7 £ 0.5
Initial velocity (kms™') 10.7-26.1
Mean 153+0.5
Parameter F 0.02-0.67
Mean 0.31 £ 0.04
Length of trajectory (km) 3.2-23.1
Mean 9.0+ 0.6

was no spectrum available. All of them are among the brightest
meteors in our sample.

3. Properties of the meteors without spectra

Since the population of refractory meteoroids studied by
Campbell-Brown (2015) was characterized by low beginning
heights (under 86 km), all meteors without spectra with begin-
ning heights above 90 km were excluded from the sample. In the
end, 45 candidates for iron meteoroids remained. The summary
of their atmospheric data are given in Table 3. The maximum
brightness occurred, on average, in the first third of the luminous
meteor trajectory.

The initial velocities of 45 candidates were between 10.7
and 26.1 kms~!. We note that velocities of some meteors were
affected by atmospheric deceleration already at their beginnings,
so some observed initial velocities were below the Earth escape
velocity of 11.2 kms™!. Velocities in only a few cases are higher
than 20 kms~'. The distribution of the beginning heights and
initial velocities is shown in Fig. 3. Velocities below 20 kms™!
prevail in this sample.

The F parameter indicates the location of the maximum
brightness along the luminous trajectory of the meteor (Fleming
et al. 1993). Although the spread of the values for the sample
of iron candidates and meteors with iron spectra looks rela-
tively wide — the F parameter varies between 0.02 and 0.67 —
the histogram shows (Fig. 4) that the majority of the selected
meteors reached their maximum brightness in the first half of
the trajectory.

Another characteristic property of iron meteoroids should
be a shorter luminous trajectory. The sample contains relatively
short meteors with a luminous trajectory length between 3.2 and
23.1 km. The average lengthis / = 9.0 0.6 km. The heights, the
F-parameters, and the trajectory lengths confirm that the initial
selection of possible iron meteoroids was correct and that those
meteors are good candidates for further modeling.

All the selected Fe candidates are sporadic meteors. The Tis-
serand parameter 75 with respect to Jupiter is usually used to
classify orbits in the solar system into the groups of typical
asteroidal orbits, Jupiter family comets (JFC) and Halley type
comets (for example Weissman et al. 2002). Usually, 7y = 3 is
used as the boundary between JFCs and asteroids. Borovicka
et al. (2005) note that there is an overlap between the two groups
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Fig. 3. Beginning height and initial velocity distribution for Fe candi-
dates and meteors with iron spectra.
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Fig. 4. Distribution of the F parameter for Fe candidates and meteors
with iron spectra.

around Ty = 3. The Tisserand parameter 77y for the iron candidate
meteors is shown in Fig. 5. Almost all iron candidates in our sam-
ple have orbits with 7y > 3; only four meteors lie slightly below
this threshold.

Borovicka et al. (2005) defined five groups of the heliocen-
tric orbits. All 14 meteors with iron spectra were classified as
asteroidal-chondritic (A-C) orbits in their work. Such orbits have
Ty > 3 or O < 4.5 AU. The irons are concentrated within a very
small area in the perihelion-aphelion plot (q-Q plot). A similar
plot for our 45 candidates is shown in Fig. 6. The majority of
the meteors settles in the same area of this plot, with perihelion
between 0.8 and 1.0 AU and aphelion up to 5 AU. There are only
six outliers with significantly lower perihelion distances. Still, all
the meteors satisfy the criteria for A-C orbits.
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and meteors with iron spectra (blue circles).

4. Model

Our aim is to describe the flight of a meteoroid through the
atmosphere with as few parameters as possible. We made some
simplifying assumptions as in Capek & Borovitka (2017): mete-
oroids are composed of iron, and they have spherical shape. The
temperature field 7 depends only on radial distance r and mete-
oroids have fast random rotation, which means that the whole
surface is heated homogeneously. The meteoroid is affected
by collisions with molecules of atmospheric gases that cause
its deceleration and heating. The model for meteoroid flight
before ablation is the same as in Capek & Borovicka (2017). The
description of the ablation phase, however, differs. When the sur-
face temperature of the meteoroid reaches the melting point of
iron, ablation begins: molten material starts to be removed. In the
present model its removal is also immediate, but its transforma-
tion into vapor is not. The blown-off material forms a cloud of
droplets and each droplet moves and evaporates independently.
Let us now describe the model in detail.

4.1. Pre-ablation phase

The meteoroid has an initial mass m.,, velocity v, and zenith
distance z. It has constant temperature over its whole volume
T(r,t = 0) = Teq, which is equal to the equilibrium temperature
at Earth’s heliocentric distance. The meteoroid height /4 is given
by

dh
T = —0COSZ. (D)

The velocity v decreases due to collisions with molecules,

b_ 3o @)

dr 4R p

where I is the drag coefficient, p, is atmospheric density, and
p is the density of the meteoroid. The mass m and the radius
R are constant during the pre-ablation stage. The temperature
inside the meteoroid can be determined from the heat diffusion
equation

oT K &T

2K 1
i ( 3

2K1 1 9K\or
pcr

—_— + —_ ],
pc Or? pc Or | or
where c is the heat capacity and K is the thermal conductiv-
ity. Let us note that the thermophysical parameters p, ¢, and
K depend on temperature and therefore on the radial distance
r from the center of the meteoroid (see Sect. 2.3 in Capek &

Borovicka 2017). The energy balance on the surface is

15 _ 4 _ 74 or
A pav —4[60’(T —T0)+KEL:R, “

where A is the heat-transfer coefficient, € is emissivity of the
surface of meteoroid, o = 5.6697 x 10°® Wm=2 K™ is the
Stephan—-Boltzmann constant, and T is the ambient tempera-
ture. The left-hand side represents the absorbed energy, the terms
on the right are energy losses due to thermal radiation and heat
conduction. We assume zero heat flux in the center of the body

orT
—| =0. 5
orlr=o )

The temperature profile inside the meteoroid can therefore be
determined from Egs. (3)-(5).

4.2. Ablation phase

As soon as the surface reaches the melting temperature, ablation
starts. We consider that all molten iron is immediately removed
from the surface by the action of air flow. Instead of the surface
boundary condition defined by Eq. (4), we have

Tlr:R = Tf9 (6)

where Ty = 1811 K is the fusion temperature of the iron. The
temperature of the meteoroid during the ablation phase is there-
fore given by Egs. (3), (5), and (6). The ablation rate is given by
the expression

dm 1 | 4 d oT
i ?f {Agpav - [EO’(Tf - To) + KE s (7

where ¢; = 289 kJ kg~! is the fusion heat of the iron. We consider
that the layer of molten iron is immediately blown of by the air
flow as a cloud of small droplets. Its size distribution follows the
Nukiyama—Tanasawa law (e.g. Semido et al. 1996),

o (F | [ ()

where D is the drop diameter, dN is the number of drops in the
interval of (D, D + dD), and I'(5/3) is the statistical gamma func-
tion. The size distribution expressed by Eq. (8) is widely used in

dN = ®)
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engineering applications and it depends on only one parameter,
the Sauter mean diameter Dy, (for simplicity we will use the term
“mean diameter” or “mean size”). We assume that Dy, does not
change during the flight.

Drops are released during the whole ablation phase from
the height A,y when the melting of the surface begins to the
height where the original meteoroid disappears Agis. As soon as
a drop i is released from the surface of meteoroid, it moves and
ablates independently. Collisions with molecules of atmospheric
gases cause deceleration and heating of the drop. We consider
that all absorbed energy is consumed for evaporation. The height
hi, velocity v;, and mass m; of the drop can be determined from
equations

dh;

m = —u; cos(z), ©))
dy; 2\~ 1/3 )

5 = ~AT(mel) T pard, (10)
dmy; A (m; 213 3

_— = —A— —_ ?, 11
dr 20 (,0 ) Pal; (11)

where A = 1.209 is the shape factor, pq is the density of the drop,
and Q = 7115.134 kIkg™' is the enthalpy of vaporization of
iron. At the instant of drop release, it has the same height and
velocity as the parent meteoroid: i = h € (hyerr, hais) and vg = v.

The normalized luminosity (i.e. with luminous efficiency
7 equal to unity) of evaporated material from the drop i is
given by

I dmy; Uiz + dy;
i ==y 5 tmivi— -
ar 2 My

The total normalized luminosity of the meteor is given by
a sum over all drops released at different times at different
heights in amounts according to ablation rate (Eq. (7)) and size
distribution (Eq. (8)),

I=ZI,-.
i

Our model neglects the oxidation of iron drops (e.g. Genge
2016). Let us compare the oxidation rate with the ablation rate
for the drops. The ablation rate is given by Eq. (11), whereas the
oxidation rate can be expressed as dm,/dt = Ap,Siv;, where p, is
an atmospheric oxygen density and S is the drop cross section.
The ratio of the oxidation and ablation rates is therefore

_20p0
dm v pa

(12)

(13)

dm,

(14)

The ratio p,/p, at altitudes of 70-90 km is about 0.22. For a
liquid iron drop with a speed of 11.2kms™!, Eq. (14) leads to a
value of ~2.5 or ~11% for molar ratio. For faster meteoroids this
ratio is even lower. If we focus on molar ratios, then for 15 km s~/
it is ~6%, and for 20kms~! it is ~3.5%. The velocity of the
drops remains almost constant except for the terminal part of
their trajectory.

The model also neglects energy losses due to the heating of
drops to the boiling temperature. For the assumed drop sizes, this
energy is orders of magnitude lower than the energy necessary
for the evaporation of the drop, and so we neglect it.
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4.3. Drag and heat transfer coefficients

When ablation starts, evaporated molecules form a cloud around
the body, which affects the interaction of airflow molecules with
the surface of the body. The assumption of a free molecular
flow regime is not valid anymore and the dependence of drag
and heat transfer coefficients on ablation rate and flow condi-
tions must be taken into account. We adopt the results of Nelson
et al. (2005), who used the direct simulation Monte Carlo method
for modeling interactions between evaporated and atmospheric
molecules during meteoroid entry. They found that I and A can
be expressed as

_ ]_‘ exp(gBr) — 1

i o ol A 15
g exp(/Br) — 1 ()
f
A=Br—~ 1
rexp(fBr) -1’ (16)
where
f = 0.87864 Kn 068044 (17)
g = 0.91999 Kn 06287 (18)

where Kn is a Knudsen number far from the meteoroid and Br
represents a blowing ratio, which is

Br = _d_m ( Rzpav)71 .

dr (19)

4.4. Numerical implementation of the model

There are only five free parameters in our model: (i) initial mass
Mo, (i1) velocity ve, (iii) zenith angle z, (iv) the mean diame-
ter Dy, of drops, and (v) luminous efficiency 7. Both equations
of motion and the heat diffusion problem are solved numeri-
cally as in Capek & Borovicka (2017). The integration starts
at an altitude of 150 km with initial temperature 7'(r,t = 0) =
Teq = 293.15 K. The spatial step is 0.01 mm and the time step is
chosen according to velocity and the Von Neumann stability cri-
terion. In each time step during the ablation phase the quantity
of mass that is blown off from the surface of the meteoroid is
determined according to Eq. (7). Next we determine the number
of drops n; inside bins (which covers an appropriate size range
around Dy;) according to size distribution Eq. (8). The number
of bins is 20. For each bin, Egs. (9)—(11) are solved by a fourth
order Runge—Kutta method, including the equation for normal-
ized luminosity (Eq. (12)). The drops released in the given
time step then contribute to the total normalized luminosity by
dI(h) = X nili(h).

Some difficulties arise when the mean drop diameter is larger
than ~250 um and the ablation rate is low (which happens near
the end of the light curve). In this case, the volume of the melt
that is released during one time step can be smaller than the vol-
ume of these large drops. The number of these drops is then
lower than one, and this causes artificial waves in the theoreti-
cal light curves. This phenomenon can be seen, for example, in
meteor 05403028 in Fig. A.1.

4.5. Fitting the observed light curves

Each observed iron meteor is described by these quantities,
which are important for our purpose: (i) velocity ve, (ii) zenith
angle z, and (iii) the light curve. Our goal is to determine
the unknown parameters m.,, Dg;, and 7. We use a brute-force
method: at first, a rough grid of initial masses (usually five
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Fig. 7. Examples of light curves of meteors with iron spectra. The observed light curves are black, the theoretical ones are red or blue. The dashed
curves represent the radius R of the meteoroid divided by its initial value R.,. The letters A—E represents the class of the observed light curve (see
the text). Here A is meteor 09820028 from Kunzak station, B is meteor 03802071 from Ondfejov station, C is meteor 08505008 from Kunzak
station, D is meteor 03504018 from Ondiejov station, and E is meteor 12815084 from KunZak station.

values) and mean diameters (usually nine values from 8 to
256 um) is chosen and for each combination a synthetic light
curve is computed. Next, by comparison with observed light
curves, the range of possible masses and mean diameters is
narrowed and for this refined grid synthetic light curves are com-
puted. Finally, the best fitting synthetic light curve determines
Mo and Dy, and 7. The last quantity, the luminous efficiency 7,
is determined as follows. The total re-radiated energy of the
observed meteor is

E, = 1500 f 10~M®/25qy,

where M(7) is the observed visual magnitude of the meteor
(i.e. light curve). The conversion factor of 1500 W for radia-
tive energy output of a zero magnitude meteor was taken from
Ceplecha et al. (1998). Similarly, the total re-radiated energy of
the synthetic light curve is

E,=1 f 1(t)dt.

We require the equivalence of these energies, therefore

(20)

T= EO
~ [1war

(1)

The selection of the synthetic light curve that best matches
the observed one is done according to root mean square devi-
ation (RMSD) together with the condition that the curves have
the same (or similar) beginning height and similar shape. We
stress that unlike most meteor studies, where the meteoroid mass
is computed from the radiated energy assuming a value of lumi-
nous efficiency, our model allows us to determine the meteoroid
mass and the luminous efficiency independently.

Let us note that for each meteor we have two light curves:
one from the Ondfejov station and one from the Kunzak sta-
tion. These light curves differ more or less due to observation
errors. The derived properties of the meteoroid therefore also
differ according to the stations. The resulting properties of the
meteoroid are given as mean of the values, and their uncertainty
is derived from the differences of the values and sampling of the
parameter space (see Table A.1).

5. Results

For the modeling we selected 38 meteors (including nine with
iron spectra) with the best quality light curves, and added eight

10

ﬂ\\\\\\\\\\\\\\\\\

oLl .. 11 . P
0.1 1.0
luminous efficiency T (%)

Fig. 8. Histogram of luminous efficiency 7 derived by the model.

meteors with iron spectra from Borovicka et al. (2005), and
14 meteors with iron spectra from Vojacek et al. (2019). Among
these 60 meteors, we were not able to sufficiently describe
three meteors with iron spectra and four meteors without spec-
tra. The resulting parameters of light curve fits are summarized
in Table A.l. The light curves and their fits can be seen in
Figs. A.1-A.2.

The derived initial masses m. range from 6 to 900 mg.
According to our model the beginning height corresponds to the
beginning of fusion of the meteoroid, that is, reaching a temper-
ature of 1811 K. This is a function of velocity, zenith distance
of the radiant, and meteoroid mass. For a given meteor, the ini-
tial mass can be therefore determined from the beginning height.
The mass also affects the length of the meteor. The masses of
meteoroids with spectra are generally higher than those of mete-
oroids without spectra. This can be explained by the fact that it
is more difficult to record spectra for fainter meteors.

The luminous efficiency is in the interval of 0.08-5.8% (see
Fig. 8). For a given meteor it depends on initial mass; the mean
diameter of the drops has only a small effect on its value.

The mean diameter of iron drops ranges from 4 to 500 ym
and it affects the shape of the light curve and the length of the
meteor. Small drops cause a shorter meteor with a rapid increase
of brightness, whereas larger drops cause a slower increase of
brightness, a shift of the maximum from the beginning, and a
longer meteor. Let us recall that theoretical light curves, which
correspond to iron drops larger than ~250 um, sometimes con-
tain waves near the end that are not real (see Sect. 4.4). The left
plot of Fig. 7 shows modeled light curves (solid color curves)
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and the decrease of normalized radius of two meteoroids (dashed
color curves). The model predicts corresponding mean drop
sizes of 10 and 15 um. Due to the small drop sizes, the kinetic
energy of the melt material is quickly transformed into light and
when the original meteoroid disappears, no more light is emit-
ted. A different case can be seen in the middle plot of Fig. 7,
where the model predicts a mean drop size of 235 um. Here the
transformation of kinetic energy is slower, the drops survive for
a longer time, and the light is emitted more than five kilometers
after the extinction of the meteoroid.

According to the shape of the observed light curve, we clas-
sified the meteors into six groups. A sudden apparition of the
meteor and consequent monotonic decrease of its brightness
characterizes the first group, denoted as A (see Fig. 7 left). The
second group, B, contains meteors with a very rapid increase of
brightness and maximum near the beginning of the light curve
(Fig. 7 left). The third group, denoted as C, has a less rapid
increase of brightness, more rounded shape, and longer lumi-
nous trajectory (Fig. 7 middle). Group D contains symmetrical
light curves (Fig. 7 right). Group E has maximum brightness
in the second half of the trajectory (Fig. 7 right). Meteors with
more complicated light curves or meteors where classification
was impossible belong to group F. In some cases it was difficult
to decide between two neighboring groups. An example of such
a case is meteor 17527052 (see Fig. A.1). We decided to classify
it as A, but group B would also be possible.

The quality of the fit is described by numbers from 1 to
3. Quality 1 means that the shape of model light curve corre-
sponds well to the observed one, and RMSD < 0.5 mag. A value
2 describes cases where the fit is also good but with RMSD in
the interval (0.5, 1). The worst quality, 3, corresponds to cases
where (i) the synthetic light curve has a slightly different shape
but RMSD € (0.5,1) mag, or (ii) it has a similar shape, but
RMSD>1 mag. The model was not able to describe the light
curves of four meteors without spectra. These cases are not listed
in Table A.l. There are also three unsuccessful cases among
meteors with iron spectra (quality 4). These meteors are the
brightest ones in our sample and they exhibit symmetrical light
curves without a rapid increase of brightness.

6. Discussion
6.1. Ablation process

Our simple model is able to describe most of the light curves
relatively well. The best match is for class C. In these cases
the ablation takes place consistently with our model, and minor
differences are possibly given by deviations from idealized con-
ditions: the meteoroid shape is not spherical, melt is removed
with some delay, drops have a different size distribution function,
the meteoroid is not composed of pure iron but of iron-nickel
alloy, and other factors.

Meteors that belong to classes A and B are also described
well, but there are some difficulties. Sometimes the model is
able to fit the initial increase of brightness and the maximum
(usually with small iron drops), but then the model brightness
decreases more quickly than the observed one (see Fig. 7, left
plot). A better fit in terms of a lower value of RMSD can be
achieved with larger iron drops but in this case, the model does
not fit the initial fast increase of brightness and position of
brightness maximum. A possible explanation is that the assump-
tion of immediate removal of the liquid is not valid. The liquid
iron rests on the meteoroid’s surface and the amount of lig-
uid increases until the condition for spraying drops is fulfilled.
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Fig. 9. Luminous efficiency 7 as a function of meteoroid velocity. The
filled symbols correspond to meteors with light curve fit quality 1 and
2. The dashed curve corresponds to the study of Becker & Friichtenicht
(1971).

Ablation starts at this moment and the amount of removed mass
is not equal to newly created liquid, but it follows laws that are
more complicated. Moreover, the distribution of drop sizes may
change according to flight conditions. Both these phenomena
were described by Girin (2017, 2019).

The ability of our model to describe light curves of class D
and E meteors is the worst, because the predicted light curves
always have their maximum brightness in the first part of the
luminous trajectory. Nevertheless, our model predicts similar
beginning heights, maximum brightness, and length of these
meteors; the light curve shape (and especially the position of the
maximum) differs in about half of these cases. The reasons can
be different: the ablation process may be more complicated than
the assumed one (delayed removal of liquid, erosion, fragmenta-
tion), the meteoroid may have a non-iron composition, for larger
meteoroids their shape and rotation may play important role, and
so on. Observational errors may also be an important source of
disagreement.

6.2. Luminous efficiency and drop sizes

A detailed analysis of the dependence of 7 on meteoroid param-
eters is beyond the scope of this article, and it will be presented
in a forthcoming one. We will make only a few brief comments:

(i) There is no clear dependency of luminous efficiency 7
on initial velocity v., (Fig. 9). Laboratory measurements, how-
ever, predict such a dependence for iron meteoroids: Ayers et al.
(1970) studied several meteors produced by artificial iron mete-
oroids of masses between 0.6 and 5.7 g launched by rockets.
They found a velocity dependence of 7 = Tov®, where a =
1.9 + 0.4. Becker & Friichtenicht (1971) determined 7 as a func-
tion of velocity with a peak value of 7 = 1.7% for 18 kms™! for
~0.05-1 um meteoroids under conditions of free molecular flow
in a laboratory (see dotted curve in Fig. 9). A possible explana-
tion of this mismatch is that luminous efficiency 7 is not only a
function of velocity, but also of other parameters such as mass
and flow regime, which vary substantially across the modeled
meteors. A similar spread of 7 was obtained by Subasinghe &
Campbell-Brown (2018) for non-iron meteors. In any case, this
question will be addressed by a subsequent study that will use
more data and will be focused on this problem.

(i) There is only a very weakly defined dependency of
luminous efficiency on initial mass (Fig. 10). If we use only
light curves with fit quality 1 and 2, we find that the luminous


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935203&pdf_id=0

D. Capek et al.: Small iron meteoroids

o

luminous efficiency T(%)

o
T
!
/
/
I
/
%
/
/
“*
|

1000
mass (mg)

Fig. 10. Luminous efficiency 7 as a function of meteoroid mass. The
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Fig. 11. Mean drop size Dy, as a function of meteoroid velocity. The
filled symbols correspond to meteors with light curve fit quality 1 and 2.

efficiency in percent can be estimated as 7 = SmZ,, where mass is
in milligrams, 8 = 2.0°}" and @ = —0.38 + 0.11. Subasinghe &
Campbell-Brown (2018) studied non-fragmenting, non-iron
meteoroids with slightly lower masses and mostly faster speeds
than our cases. They found @ = —0.3647, which is similar to
our value (Subasinghe & Campbell-Brown 2018, their Fig. 10,
lower).

(iii) The mean drop size Dg; as a function of initial veloc-
ity can be seen in Fig. 11. For lower velocities, there is a large
dispersion of values of Dy, from several um to several hundreds
of um. With increasing velocity, the dispersion decreases and
droplet mean size grows.

7. Conclusions

We developed a simple numerical model of the ablation of iron
meteoroids that assumes immediate removal of liquid iron from
the meteoroid surface as droplets with a Nukiyama-Tanasawa
size distribution. The model was able to adequately describe
most of the available light curves, including beginning height,
position of maximum brightness, the length of the meteor, and
its overall shape. Better results were obtained for light curves
with maxima in the first half of the trajectory. The model has
difficulties with symmetrical light curves and cases with max-
ima in the second part of the trajectory. Three meteors with iron
spectra could not be modeled at all. These are in fact the three

brightest meteors in our sample, all brighter than magnitude zero
at maximum. We can therefore conclude that our model, assum-
ing regular symmetric ablation and no fragmentation of the
solid phase, is applicable only to small iron meteoroids causing
meteors fainter than approximately magnitude zero.

For an individual faint meteor, the model allows us to
estimate initial mass m., mean drop size D.4, and luminous
efficiency 7. The fact that mass and luminous efficiency can be
estimated independently is a unique property of the model. No
dependence of luminous efficiency on initial velocity or mean
drop size has been found, and only a weak dependence on initial
mass has been suggested. Meteoroids with high velocities are
fitted best with larger droplets of liquid iron, whereas those with
low velocities create droplets with a wide range of mean sizes.

We can confirm previous findings that iron meteoroids are
encountered primarily on asteroidal orbits with aphelia inside
Jupiter’s orbit and with inclinations lower than 40°. We note,
nevertheless, that Vojacek et al. (2019) found two iron mete-
oroids (with spectra) on Halley-type orbits, both with aphelia
around 6.5 AU and inclinations of 63°. Both these meteors were
analyzed here; their numbers are 05403028 and 12815084.

A natural improvement of the model will be the inclusion of
the theory of Girin (2017, 2019) that predicts the mass shedding
rate from the liquid surface of a meteoroid and the size distribu-
tion of drops. This kind of modification can possibly improve the
agreement of the theoretical light curves with observed ones.
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Appendix A: Meteor parameters and light curves

Table A.1. Parameters of iron meteors.

Meteor Voo z Meo T Dy, Class  Quality Source
(kms™") (deg) (mg) (%) (pm)

09820028 19.1 34.5 80+38 0.38 £0.06 10+£2
01C13024 14.6 38.2 52+10 0.30+0.12 6545
03422018 12.9 73.1 64+7 0.72+0.12 10£2
03802071 17.9 704 135+25 0.10+£0.03 15+9
08728012 19.3 7377 430+43 022+0.08 32+7
03422028 11.7 62.3 68 +7 0.71 +0.16 8+2
17328029 15.8 78.8 150+21 1.05+0.16 15+15
07A08045 311 447 12518  0.24+0.06 300+63
08505008 26.6 31.1 95+15 034+0.04 235+40
09B17008 23.8 28.6 90+9 0.38+0.04 190+19
10406008 14.4 37.8 37+5 1.17£042  50+27

Borovicka et al. (2005)
Borovicka et al. (2005)
Borovicka et al. (2005)
Borovicka et al. (2005)
Vojacek et al. (2019)
Borovicka et al. (2005)
This work
Vojacek et al. (2019)
Vojacek et al. (2019)
Vojacek et al. (2019)
Vojacek et al. (2019)

18417511 17.8 353 54+10 0.73+021 103+14 This work
18816562 24.9 43.9 25+4 1.24+£0.18 220+22 This work
18A08311 23.6 574 265143 0.16+0.08 320+54 This work

03505005 111 252 125+13 0.29+0.08 25+11
03504018 19.3 18.1 10+£2 0.38+0.10 120+23
09421018 18.1 14.7 38+4 1.25+0.18 150+ 15
10406060 32.6 570 45+10 1.38+0.20 450+45
99A19136 21.5 49.9 6+1 2.01+0.83 300+30
17328053 14.1 265 135+30 0.82+0.16 75+24
05728004 214 63.5 210+21 0.31+0.08 50+16
08505025 16.1 301 325+38 0.48+0.12 75+13
05403028 40.7 62.3 35+9 1.51 £0.51 500+ 50
06406048 41.9 577 110+ 11 0.31+£0.08 50050
06725005 20.1 14.5 40+4 1.77+031 170+28
06C14187 12.7 395 125+18 1.88 +£0.26 400 +£40
12815084 43.4 24.0 95 +26 0.18+£0.03 250+25

Borovicka et al. (2005)
Borovicka et al. (2005)
Vojacek et al. (2019)
Vojacek et al. (2019)
Borovicka et al. (2005)
This work
Vojacek et al. (2019)
Vojacek et al. (2019)
Vojacek et al. (2019)
Vojacek et al. (2019)
Vojacek et al. (2019)
Vojacek et al. (2019)
Vojacek et al. (2019)
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WRNNDWNRNPRDNDNDNDNDNDR, R LW, WLWWNONDR, = APRAPRARNDWWWWRWWRIND R, RN Q= = = == W

18A10604 14.4 573 900+£200 0.20+0.06 280+28 This work
17330039 18.0 39.2 This work
17528031 16.5 56.0 This work
18A08052 22.6 15.5 This work
17527052 23.7 18.9 8+2 0.80+£0.23 125+18 A This work
17528003 12.7 14.3 13+2 0.94+0.24 8+5 A This work
17328044 11.6 38.9 377 0.91 £0.35 13+12 A This work
18418500 15.6 23.0 23+4 0.21+0.02 290+40 A This work
18417546 16.7 31.0 15+2 029+0.09 88+23 A This work
18419552 18.3 13.5 8+3 1.39+045 15015 A This work
17528017 11.6 13.1 14+3 0.40+0.13 4+1 B This work
17328019 15.0 74 9+1 5.84+129  90+20 B This work
18417517 16.6 339 6+1 0.66+0.09 9020 B This work
18419522 23.4 38.9 15+4 0.10+0.02 105+ 16 B This work
17527050 31.2 333 16+5 0.53+0.26 260+26 C This work
18414513 13.5 36.5 11+3 1.44+042 10341 C This work
18418531 12.5 48.0 10+£2 2.21+0.33 185+46 C This work
16831033 19.7 31.4 16+4 2.02+044 160+ 16 C This work
16908086 12.4 45.7 66+7 0.31+£0.06 60+12 C This work
16908095 10.7 59.6 56+8 029+£0.05 175+23 C This work
17528006 16.5 27.0 6+2 0.54+035 115+28 C This work
18417537 18.3 2.7 21+5 0.57+0.10 90+9 C This work
18418556 10.7 29.9 16+2 0.68+0.11 19019 C This work
18420548 26.1 25.6 25+4 0.08+0.01 300+85 C This work
17527056 18.0 15.8 6+2 036+£0.12 140+25 C This work
17527048 111 58.8 41+6 0.23+0.08 50+16 F This work
18418502 11.2 20.1 12+3 0.30+£0.04 808 F This work
18420509 12.5 25.8 11+3 0.32+£0.08 140+58 F This work
17328042 11.1 41.7 16+3 0.31+£0.03 55+22 F This work

Notes. The first part lists meteors with iron spectra, the second part contains meteors without spectra. Initial velocity v., and zenith distance z come
directly from observations. Initial mass m.,, luminous efficiency 7, and mean diameter of iron drops Dy; is determined by the model. A description
of light curve classes A-F can be found in Sect. 5. The column “quality” means the quality of the fit; 1 is the best, 3 is the worst, and 4 means
unsuccessful modeling. The cases of unsuccessful modeling are listed only for meteors with iron spectra.
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Fig. A.1. Observed light curves of meteors with iron spectra (diamond and triangle symbols) and best fit model light curves (solid curves). Blue
corresponds to the KunZak station and red to the Ondfejov station. The plots are titled with the meteor designation; v means initial velocity, z is
zenith distance. Parameters of best fit models are: initial mass m, luminous efficiency 7, and mean diameter of iron drops Dy,. The big letter (A, B,
C, D, E or F) followed by a number means light curve class and quality of the fit (see Sect. 5).
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Fig. A.1. continued.
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Fig. A.1. continued. Meteor 17527052 has no spectra. The model was no able to describe light curves of meteors 17330039, 17528031, and
18A08052.
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Fig. A.2. Observed light curves of meteors without spectra (diamond and triangle symbols) and best fit model light curves (solid curves). Blue
corresponds to the KunZak station and red to the Ondfejov station. The plots are titled with the meteor designation; v means initial velocity, z is
zenith distance. Parameters of best fit models are: initial mass m, luminous efficiency 7, and mean diameter of iron drops Dy,. The big letter (A, B,
C, D, E or F) followed by a number means light curve class and quality of the fit (see Sect. 5).
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Fig. A.2. continued.
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