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ABSTRACT

Context. It has been thought that fast-moving meteor spectra consist of only two excitation temperature regimes: the 5000 K main
component and another hot component at 10 000 K. This belief does not always satisfy observed spectra due to the lack of sufficient
physical correlation among derived excitation temperatures, observed fluxes, upper energy levels (E,), and Einstein A coefficients

(A,) of each spectral emission line.

Aims. This work tries to correlate them and discovery new excitation temperature regimes in meteor spectra in the visual to near IR

wavelength region.

Methods. We focus on the upper energy levels and Einstein A coefficients of observed spectral emission lines. A model fitting the
first positive band of nitrogen (N,) and total number of Sill under quasi-neutral conditions proved the key to identifying of new

components.

Results. We have identified two new excitation temperature regions in meteor spectra. One is a Mid component at 8000 K for N, and
another a Jet component above 10 000 K for Si II. This breakthrough has allowed us to reproduce the meteor spectrum.
Conclusions. The spectra of high-speed meteors may consist of more than two excitation temperature regions including the main,

Mid, hot, and Jet components.
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1. Introduction

Many photographic and video-television techniques have been
applied to meteor spectroscopy using slit less instruments. These
studies have provided insight into the physical and chemical
properties of meteoroids in meteor showers under a simple ther-
mal equilibrium model (Ceplecha et al. 1998). Slit less and small
instruments provide a wide field of view (FOV) and high statis-
tics but a low-dispersion spectra data set. On the other hand,
big telescopes can provide high-quality spectra with relatively
high dispersion but with the problem of their smalls field of view
(FOVs). The unpredictability of a meteor’s appearance, position
and their short duration rarely allow us to capture meteor spec-
tra data on big telescopes. Therefore, it is most common to use
small instruments and wait till bright meteors pass through the
wide FOV — in other words, spectroscopic observations of mete-
ors depend on “luck”.

Fortunately, 3 examples of sporadic meteor spectra in the
wavelength range of 3500-10500 A have been reported. They
appeared in high-dispersion slits on big telescopes by accident.
On June 18, 1977, Stauffer & Spinrad (1978) first detected a spo-
radic meteor spectrum with the 3.05 m telescopes at Lick obser-
vatory (USA). Second, Borovicka & Zamorano (1995) obtained

* Appendices are only available in electronic form at
http://www.aanda.org

a spectrum of the scattered light of a bright and slow-moving
fireball using the 2.2 m telescopes at the Calar Alto Observatory
(Almeria, Spain) on Dec. 19, 1988. Last, on May 12, 2002,
Jenniskens et al. (2004a) imaged a meteor spectrum that crossed
the long slit of the European Southern Observatory (ESO) Very
Large Telescope (VLT). These examples provide high-quality
and high-resolution data (several A/pixel) to enable them to
study metals, non-metallic emissions, and molecule bands. On
the other hand, no spectra of meteoroids in the major meteor
showers have been observed with big telescopes.

The Leonid meteor shower is one of the strongest activ-
ity showers in each year. Especially from 1998 to 2002, the
Leonid meteor showers presented the increased activity asso-
ciated with the passage of the parent comet 55P/Tempel-Tuttle
in 1998. Understanding the physical and chemical properties
of these meteors has benefit from the effort made during its
recent active season using small instruments (Kasuga et al.
2006; Trigo-Rodriguez et al. 2003; Borovicka & Jenniskens
2000; Borovicka et al. 1999). The high velocity of the Leonids
(72 kms™") compared to other meteor showers results in their
having the highest impact energy in Earth’s atmosphere.

For very fast meteoroids, “the hot component condition” is
applied when attempting to unravel their spectra. This is the as-
sumption of only two excitation temperature regions. One is a
hot component at 10000 K and the other the main component at
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Fig. 1. Spectra of V838 Mon and a meteor taken by the 182 cm tele-
scope at 2"15m24.3% UT 2004 Nov. 18. The telescope was pointing in
a southerly direction at 1.56 airmass for V838 Mon, which is centered
in the frame. The meteor spectrum was captured to the east (right) of
V838 Mon, and a field star spectrum appears between them. The wave-
length increases from bottom to top.

around 5000 K. Emissions of neutral and ionized atoms and at-
mospheric molecular bands have been observed in the near-UV
to near-IR wavelength region (Borovicka 1993; Ceplecha et al.
1998; Borovicka & Jenniskens 2000). The hot component the-
ory has had success in deriving chemical compositions of me-
teoroids in the Leonid meteor showers so far, although little is
known about the physical conditions of the theory.

In this paper we provide a meteor spectrum captured
in a 182cm telescope in the visual-near IR wavelength re-
gion. The 182 cm telescope of the Mount Ekar Station of the

T. Kasuga et al.: Is a 2004 Leonid meteor spectrum captured in a 182 cm telescope?

Astronomical Observatory of Padova was observing the spec-
trum of V838 Mon. During a 3600s exposure in slit spectro-
scopic mode, a meteor crossed the slit. Thus, we obtained a
meteor spectrum at the same time as that of V838 Mon. The
possible Leonid meteor spectrum enabled us to study the excita-
tion temperatures of spectral emission lines of non-metallic and
metallic elements and molecular bands. First positive band of ni-
trogen (N,) and ionized silicon emissions (Si II), which had been
classified into typical components, may need to be grouped into
new components. Our goal is to suggest new excitation tempera-
ture regions for satisfying the observed meteor spectrum. In this
paper we describe the possibility that high-speed meteor plasma
spectra consist of more than two excitation temperature regions.

2. Observation

The primary target was V838 MON (RA 07"04™05°, Dec.
—03°50'51""), using the 182cm telescope of the Mount Ekar
Station of the Astronomical Observatory of Padova. The obser-
vatory is located at latitude +45°50’36”N, longitude 0°46"17"E,
and altitude 1350 m. The exposure began at 215™24.3% UT 2004
Nov. 18, and a meteor crossed the slit during a 3600 s exposure
in slit spectroscopic mode. Therefore, spectra of both the meteor
and V838 Mon were obtained at the same time (Fig. 1) .

A TK512CB1 charged-coupled device (CCD) was employed
at the f/9 Cassegrain focus. The system is sensitive to the visible-
near IR wavelength region (5800-7085 A) using a Boller &
Chivens spectrograph with a grating of 600 lines mm~'. A spec-
tral resolution of 1/A1 ~ 800 was achieved with a dispersion
of 120 A mm™" (2.36 A pixel™"), and the data were recorded as
16-bit images.

Reduction of the spectrum at the Asiago Observatory was
carried out using standard tasks in the NOAO IRAF package.
After subtraction of the CCD bias, the image was divided by a
normalized flat-field to correct for pixel-to-pixel sensitivity vari-
ations. The wavelength calibration was made with the emission
lines of a Fe-Ar lamp, and the spectral response of the instrument
was calibrated with a spectrum of the standard star HD60778
taken on the same night.

3. Analysis and result
3.1. Line identification

Figure 1 shows the raw CCD spectrum of the meteor while Fig. 2
provides line identification in the reduced 1D spectrum. Neutral
metallic atom emission lines at 5891.42A (Nal-doublet) and
ionized metallic lines at 6346.31 A and 6370.47 A (Sill) were
clearly identified. Nonmetallic emission lines at 6157.35 A©D),
6482.54 A (N1), 6562.26 A (H, 1) and molecular bands of the
first positive band of N, (B3I, — A’Z} 5880-7085 A) were also
identified. These features are common to spectra obtained for
other fast-moving meteors such as the Leonids, Perseids, and
Coma Berenecids (e.g. Borovicka 1994; Harvey 1977). Most of
the emission features at wavelengths longer than 6000 A orig-
inate in the Earth’s atmosphere. They were identified using a
line catalog as shown in Table B.2. Emission lines of OI, N1,
H, I, and Sill suggest the presence of the high-excitation tem-
perature region that corresponds to the hot component condition
(Borovicka 1993, 1994).

A few emission lines of neutral non-metallic atoms and ion-
ized metallic atoms also exist in the spectrum. These lines should
be weak because of their high upper energy levels. In order to
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Fig. 2. 1D meteor spectrum extracted from the spectra shown in Fig. 1. Calibrated flux density is in units of 10~* ergs~' cm™2 A~!. The red curve
shows the observed spectrum, while the blue curve is the best-fit model using atomic catalog lines and first positive band of N,. Residuals to the fit
are shown with black fine dots below the spectrum. The green curve represents the model of the first positive band of N, with a derived excitation
temperature of N, 8010 + 260 K. Excitation temperature of OL, NI, H, I, Sill, and Nal are set as 10 000 K and 5500 K, respectively.

explain them, Borovicka (1993) employed two types of spectra.
One is the hot component with a high-excitation temperature of
10000 K, which is composed of OI, NI, H, I, and Sill in the
near-IR and Mg II (4481 A), Call (3933, 3968 A) in the near-UV
to visual range (Borovicka 1993; Borovicka & Jenniskens 2000).
The other is the main component with a low-excitation temper-
ature of 5000 K mainly consisting of neutral metallic atoms.
Borovicka (1994) suggests that the hotter component is pro-
duced by a meteor shock wave associated with fast-moving me-
teors. Indeed, our meteor exhibited strong atomic emission lines
that belong to the hot component and imply that its entry ve-
locity must be fast. Taking the observed emission lines and the
image date and the direction into consideration, we believe that
this object is probably a Leonid meteor. Hereafter, we assume
that this is the case.

3.2. Model fitting

The Boltzmann distribution for the population of each energy
level was assumed for the model fitting (Kasuga et al. 2005b).
The total number of neutral atoms N, in the upper energy level
E, is expressed as

Ju E,

NU gONO exp( kBTex)’ (1)
where Nj is the total number of neutral atoms at the ground-state
energy level, g, and gq are the statistical weights of the upper
and ground state energy levels respectively, T is the electronic
excitation temperature, and kg the Boltzmann’s constant. The g-
value of each energy level is taken from the Physical Reference
Data of the National Institute of Standard and Technology
(NIST) as listed in Table B.1.

Here the optically thin model was assumed for the observed
spectrum. The self-absorption effect is suggested by estimating
the emissions’ curve of growth using only small numbers of

Fe I-multiplets. However, this technique should not be applied
for other elements and other emission lines (Ceplecha 1973;
Borovicka 1993).

The flux ]7(/1) of a line emitted by atoms in a transition from
a state u in the upper energy level E, to a state 1 in the lower

energy level E is expressed as
—(A = 20)*
) - exp (M) s (2)
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where & is the Plank constant, ¢ the velocity of light, A, is the
Einstein transition probability of spontaneous emission, vy =
(Ey — E))/hc is the wavenumber of the line, r the distance from
the meteor to the observer, and Ny/4nr? the column density. The
spectral profile was assumed to be Gaussian with A the wave-
length of the line center and V2o the width of the instrumental
profile. First, to determine o, we fit the ionized atomic emission
lines of Sill (6346.31A and 6370.47 A) because they were not
convoluted with other features. We derived o= = 2.40 + 0.31 A
and hereafter apply it to all the spectral lines. These, Ny for Sill
was an arbitrary value and 7. was fixed at 10000 K for the hot
component condition (Borovicka 1993).

First positive band of N, (B3Hg — A3ZF) was fit to the ob-

served meteor wavelength range (5880-7085 A) as shown in
Fig. 2. Second, we fit the three strong band sequences of the first
positive band system as the baseline of the observed spectrum.
The vibrational quantum numbers are v of Av = +2, Av = +3,
and Av = +4. Their band position, Einstein A coefficient, and the
calculation procedure for the first positive band of N, is given in
Appendix A. We do not take the blackbody continuum into ac-
count because Harvey (1977) confirmed that most of the meteor
spectrum in the near-IR wavelength region is caused by the first
positive band.

Third, we fit the atomic emission lines of OI, NI, H, I, SiIl,
and Nal using Eq. (2). The number of OI, NI, H, I, SiIl, Nal
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Table 1. Results of the excitation temperatures of Sill, corresponding
total number of Sill (=n.), and abundance ratios of N/O, H/O under the
hot component condition.

Te of SIIK]  Sill=n)[em™] N/O  H/O
10(?00“ 1.0£03x 10" 1877369 0.59%07
14000 3.7+£09%10'6 188368 0.59%074
15000 21£05%x 10" 188736  0.59*07
16000 13£03x10' 189735  0.59%074
17000 87+2.1x10° 18933  0.60%7
18000 6.0+ 1.5x10"  19.07360  0.607073

|
20000 33£08x10° 19233 0.607072

-19.2 —-0.60

¢ Borovicka (1994).

at the ground-state energy level and N, at all energy levels were
evaluated from the observed fluxes. The excitation temperature
of N, was derived to be 8010 + 260K (see Appendix A). We
found that T of N, was between the hot and the main compo-
nents. We propose it as “the Mid component”, and this possibil-
ity is discussed in Sect. 4.1. Excitation temperatures of O I, N1,
H, I, and Sill were assumed to be 10 000K and 5500K for Nal
to follow the hot and main component conditions for the Leonids
(Kasuga et al. 2005a; Trigo-Rodriguez et al. 2003; Borovicka &
Jenniskens 2000). The model fit result for the Leonid meteor
spectrum is shown in Fig. 2, where we considered all the catalog
lines listed in Table B.2 for the calculation.

Atoms in the ground state and all excited levels were
summed to obtain the total number. This modification success-
fully resulted in the derivation of total neutral and/or ionized
atomic abundance. To transform column density into number
density, we assumed the typical thickness of meteor plasma vol-
ume to be about 10 m (Babadzhanov & Kokhirova 2004; Boyd
2000).

Since the telescope was pointed at an elevation of 39.9° (at
an airmass of 1.56) when the meteor spectrum was captured, we
could estimate the distance from the meteor to observer to be
about 171.59 km with the assumption that the altitude of Leonid
meteor visibility is 110 km (Millman et al. 1971).

3.3. Electron density

Electron density is needed in the Saha equation to obtain the
total number of each atomic species. It lets us derive the de-
gree of the numbers of singly ionized and neutral atoms (Allen
1999). Hereafter, the ionization temperatures (=Tjo,) for the hot
and main components are given the same value for the excita-
tion temperatures (=7 ) for each component. To derive the elec-
tron density under the hot component condition, we defined the
Saha’s functions that satisfy the equals of total metal abundances
and pressure of the radiant gas between the main and the hot
components (Kasuga et al. 2005a). Unfortunately, the method
requires two species of both neutral and ionized emission lines,
such as Cal, Mgl, Call, Mgll, for the main and hot compo-
nents respectively, and none of these emission lines appear in the
observed wavelength range. Then, to obtain electron density we
applied the quasi-neutrality theory defined by Saha equation. We
can consider a total number of the singly ionized one as the same
value that of electron density if more highly ionized atoms had
no need to be concerned (Borovicka 1993). Results are shown in
Table 1.
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Kasuga et al. (2006) found values for electron densities de-
rived from 2002 Leonid meteor spectra of 103 ~ 10" cm™.
Those results agree with other studies obtained from the elec-
tron volume density (~10'> cm™); (Nagawasa 1978) and the
condition of neutrality with the geometrical model of mete-
ors (102 ~ 10" cm™); (Borovitka 1993). Babadzhanov &
Kokhirova (2004) carried out their both methods used the Call
concentration and conclude that free electron densities are in the
range of ~10"3 ~ 10" cm™3.

In this study the analysis process under the hot compo-
nent condition was applied to the Leonid spectrum as stated
above. Even though our application derived too high a value
for the electron density (n, = 1.0 + 0.3 x 10'® cm™); (see
Table 1) the excitation temperature for the hot component was
fit at 10 000 K. The derived value is not in the range of previous
studies. The Sill (6347.10, 6371.36 A) emissions can be much
weaker due to the extremely small values of Einstein A coeffi-
cients (~107! s7!) and their high upper energy levels (~10eV)
(see details in Sect. 4). However, we find strong Si Il (6347.10,
6371.36 A) emissions in the meteor, implying that these lines
originate in the much higher-excitation temperature component.

For the purpose of deriving a realistic electron density from
Sill emission lines, we assume that these lines belong to a “Jet
component” that has a much higher excitation temperature than
the hot one. We try to raise the Tex of Sill from 10000K to
20000K for every additional 1000 K and estimate the total num-
ber of Sill. As shown in Table 1 we can follow a value of elec-
tron density that gets close to a realistic value with the increase
in the excitation temperature of the Jet component. We discov-
ered that a realistic electron density is obtained at an excitation
temperature for the Jet component of 72 = 17 000K because
its value is within the realistic range 103 ~ 105 cm™ (see
Sect. 4.2).

To derive total abundances, the electron density for the hot,
mid, and main component are obtained from the Saha equation
using the relationship for the pressure balances of continuous
components, as expressed by

Jet Jet Hot Hot Mid Mid Main Main
p=ng kgTo, =ng kpTe =ng kpTe =ng "kgT, 3)

where nXandTX are electron density and excitation temperature
for component X: the jet, hot, mid, and main components re-
spectively. Then n can be rewritten as n* - T2/ TX and applied
in the Saha equation to derive total abundances. The singly ion-
ized nitrogen molecular band (N7) is not considered because its
dissociation energy (9.76eV) is clearly lower than the ionized
energy (15.58 eV) (Allen 1999). Derived results are included in
Table 1.

4. Discussion
4.1. Upper energy levels and excitation temperature

A remarkable result is that our derived value of excitation tem-
perature of the first positive band of N, is Tex = 8,010 =
260 K, which is much higher than the typical value of ~4500 K
(Jenniskens et al. 2000b, 2004a,b). The difference may be caused
by the source of meteor plasma, which may be either the body
or the train (trail). However, we focus on the possibility that the
difference is due to a dependence on upper energy levels (E,) of
the first positive band of N, as argued by other researchers.
Harvey (1977) and Ceplecha et al. (1998) have suggested
that the N, is due to a higher excitation temperature region
in the meteor body plasma. The former determined effective
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Table 2. Four type components and their excitation temperatures, with
representative elements for each component, the catalog of wavelength;
A, Einstein A coefficients; A,;, and upper energy level; E,. Bold fonts
are keys to find new components and its category.

Elements A[A] Au [s71 E, [eV]
Jet component; T.x over 10000 K (This work)
Sill 6347.10 5.84e-01 10.0
6371.36 6.80e-01 10.0
Hot component; Tex ~10000 K
Sill = 6347.10 5.84e-01 10.0
6371.36 6.80e-01 10.0
4481.13 2.33e+08 11.6
MgIl 4481.15 1.55e+07 11.6
4481.33 2.17e+08 11.6
6155.98 5.72e+06 12.7
Ol 6156.77 5.08¢+06 12.7
6158.18 7.62e+06 12.7
6481.71 3.43e+06 13.6
NI 6482.70 4.90e+06 13.6
6483.75 3.67e+06 13.6
6484.80 4.20e+06 13.6
H, I 6562.72 2.245e+07 12.0
6562.85 6.465e+07 12.0
Mid component T, ~ 8000 K (This work)
N, ¢ 5880-7085 ~1.0e+04§ ~8.0~9.5%
(Av = +4, +3, +2)
Main component; Tex ~5000 K
Cal 4226.73 2.18e+08 2.9
3743.36 2.6¢ + 07 4.3
Fel 4383.54 5.00e+07 4.3
4404.75 2.75e+07 4.3
5167.32 1.13e+07 5.1
Mgl 5172.68 3.37e+07 5.1
5183.60 5.61e+07 5.1
Nal 5889.95 6.16e+07 2.1
5895.92 6.14e+07 2.1
Call § 3933.66 1.47e+08 3.2
3968.47 1.4e+08 3.1

+ Borovicka (1994);
§ see Table A.1;
¢ nitrogen first positive band (B*I1, — A’Z}).
+ — Suggestion of the main component condition (Kasuga et al. 2005a,
2007).
—Included in both the main and the hot components. (Borovicka 1993,
1994; Borovicka & Jenniskens 2000).
— T is 1500-2000 K (Babadzhanov & Kokhirova 2004).
1 Table 1 in Harvey (1977) also presented.

vibrational temperatures (=7¢x) of N, for relatively high-speed
meteors such as Leonids, Perseids, and Coma Berenecids. Their
excitation temperatures of 15000-20000 K indicated that these
values are consistent with the radiation from moderately high
upper energy levels (E, ~ 8 eV). The latter also discuss the pos-
sibility that N is one of the sources of the hot component due to
its high upper energy level. Derived values from Harvey (1977)
are higher than our excitation temperatures. This is because the
second positive band of N, (C3I1, — B*I1,), which has higher up-
per energy levels (~11eV) in the near UV to visual wavelength
region, is also taken into account in their model even though they
are very faint. Contamination of the second positive band and
absolute majority of metallic emission lines in the wavelength
range (Kasuga et al. 2005b) might let Harvey (1977) derive rel-
atively higher excitation temperature.

Ceplecha (1973) found upper energy levels corresponding to
reasonable excitation temperature by visualizing Boltzmann dis-
tribution of levels for Fe I-multiplets. The correlation for other
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emission lines are possible. In order to review the correlation
about other emission lines we summarize the representative
emission lines observed in Leonid meteor spectra for the main
and the hot components in Table 2 (Kasuga et al. 2005a).

Lines with high excitation energies, such as Sill (~10.0eV),
MglI (~11.6eV), OI lines (~12.7eV), H, I (~12.09eV), and
NI(~13.6eV ), have been included in the hot component. On
the other hand, lower excitation energy lines, such as Mgl
(~5.1eV), Fel(~4.3eV), Cal(~2.9eV), and Nal (~2.1eV), are
emitted from the main component. Their upper energy levels are
closely correlated with their excitation temperatures, except for
the emission lines of Call(~3.1eV).

The components of Ca Il have been discussed by several au-
thors. Borovic¢ka (1993) considers them under the hot compo-
nent condition; however, Borovicka (1994) and Borovicka &
Jenniskens (2000) show that Ca II were also included in the main
component. Babadzhanov & Kokhirova (2004) suggest that the
excitation temperature of Call is in the 1500-2000K range in
consideration of their realistic values of the electron density.

Kasuga et al. (2005a, 2007) discuss the origin of the Call
emissions (3933.66, 3968.47 A) from the view point of their
low upper energy levels. To derive the electron density under
the hot component condition, we applied the Saha functions as
described in Sect. 3.3. Call (3933.66, 3968.47 A) was assumed
to be in the hot component (Borovic¢ka 1993), which resulted in
two types of electron densities: one with a positive value and the
other negative. The appropriate electron density is selected as the
positive value following Borovicka (1993). However, we found
an unrealistic situation in that both derived values of the electron
density are negative in some meteor spectra. This means Call
are not always under the hot component. The collapse of the hot
component so far is recognized by the unbalanced pressure of
radiant gas and metal abundances among just two types of com-
ponents. In that situation, Call was assumed to be in the main
component instead of the hot one due to its low upper energy
levels (~3.1eV) and extracted electron density.

We point out that the excitation energy of the upper energy
level correlates closely with its excitation temperature and sug-
gest that the origin of Call is likely to be in the main and not the
hot component. Babadzhanov & Kokhirova (2004) derived rel-
atively low excitation temperatures, which may be another pos-
sibility because it seems to be related to Call’s upper energy
levels. This means that the hot condition with only two types of
components is not always satisfied, suggesting that other com-
ponents corresponding to their upper energy levels may exist.
Thus, we support Harvey (1977) and conclude that our derived
excitation temperature for the first positive band of N, is consis-
tent with their upper energy level. We refer to the new excitation
temperature region as the Mid component, which consists of the
first positive band radiation at T.x ~ 8000 K (Table 2).

4.2. Einstein A coefficients and excitation temperature

Higher upper energy levels require higher excitation tempera-
ture. The intensity of observed fluxes also depends on those
physical values and the Einstein A coefficients: Ay as expressed
in Eq. (2). Clearly observed atomic emission lines in our me-
teor spectra yield values of Ay = 10° ~ 10% s7! (Kasuga et al.
2005a). However, in this work, we found extremely small Ay-
values for Sill (107! s7!) and expect that its excitation tem-
perature might be higher than those of the hot component (see
Sect. 3.3). Here we approach the reason for the high value of our
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derived excitation temperature, Tex = 17000 K, from the view
point of the small value of A,.

The excitation temperature of SiIl has been set to 10000 K,
and this value is assumed to be same as that of MgII (Borovicka
1994). This is an unreasonable supposition if meteoroids are

composed of solar abundance Mg/Si = 1.05*327 (Asplund et al.

2006). In Table 2, values of Ay in MgII (4481 A) and other
elements under the hot component show almost 10 ~ 108 571,
except for those of Sill ~10! s71. On the other hand, we can
find that almost all elements in the hot component show simi-
lar values of upper energy levels. This fact enables us to expect
that fluxes of Sill are much smaller than those of MgII and that
the ratio is about 107':10%. However, both Fig. 2 in Borovicka
(1994) and Fig. 19 in Borovicka (1993), which are relative in-
tensities of spectra, show that SiIl and Mg II do not reflect their
values of Ay. The former derives a flux ratio of Sill:MgII of
about 1:2, while the latter finds a ratio of about 1:10. If Sill
and MgII are at the same excitation temperature of 10000 K,
their singly ionized numbers should almost have the same val-
ues. This is because, as Borovicka (1994) points out, ionization
energies of Si and Mg are almost the same, 8.15eV and 7.65¢eV,
respectively (Allen 1999). In this situation their relative fluxes
can surely be attributed to their Einstein A coefficients, although
it is not reflected in the observed spectra. Therefore, it is hard to
argue that Si Il and MgII are at the same excitation temperature.

Our derived electron density at 10000 K under the quasi-
neutrality condition is also a questionable value (n. = 1.0
0.3 x 10'® cm™3) because it is out of the range of typical values
derived by previous researchers (see Sect. 3.3). The abnormal
value of our electron density may be caused by three factors:
excitation temperature, geometrical thickness, or the altitude of
the meteor illumination. To resolve the issue, we first tried to
raise the excitation temperature of the Sill emissions to pro-
duce a more realistic electron density under the assumption that
they belong to a “Jet component” that has a higher excitation
temperature than the hot component. As the excitation temper-
ature of the Jet component increases to 17 000K, the electron
density gets close to a realistic value. Second, we assumed the
geometrical thickness was extremely large, which might let us
obtain unusual values for the electron density. If the geometri-
cal thickness of the meteor plasma increases beyond the nor-
mal size (to 50m), a realistic electron density can be obtained
at 14000K (n. = 7.4 + 1.8 x 10" cm™3). The excitation tem-
perature of Sill is predicted to be higher than that of the hot
component even if the geometrical thickness is up to ~100m
thick. Third, the high-altitude meteor illumination at 200 km is
supposed to be shown by earlier Leonids observation (Spurny
et al. 2000). This hypothesis also gives an unrealistic electron
density (n = 3.6 + 0.9 X 10'¢ cm?), even at 20000K. Much
higher excitation temperature is expected if the altitude of me-
teor illuminations is above 110km. Thus, we conclude that an
excitation temperature of Sill is higher than 10 000 K, providing
evidence of a higher temperature region than the hot component.
To confirm this prediction, it is important for future work to de-
rive electron density from the total number of Mg II under the
quasi-neutrality condition.

4.3. New excitation temperature regions
Borovicka (1994) has hypothesized that in fast-moving meteor

spectra there are two excitation temperature regions. One is the
main component of 5000K and another the hot component of
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10000 K. Intermediate or other temperature regions have not
been confirmed (Borovicka 1994).

In this work we have found two new components. One
is “the Mid component” composed of mainly neutral N,
(BT — A’%Y), and the other “the Jet component” composed of
Sill. The excitation temperature of the “the Mid component”
is about 8000K, while that of “the Jet component” is above
10000 K. Their upper energy levels E, and Einstein A coeffi-
cients Ay proved to be the keys to identifying the new compo-
nents.

This study suggests that meteor plasma spectra consist of
several temperature regions, such as the main component, the
Mid component, the hot component, and the Jet component. The
temperature increases gradually from the main to the Jet compo-
nents. To confirm its validity, we should consider a pressure bal-
ance and an equivalence of metal abundances among four types
of continuous components. The former is considered (Eq. (3))
in this study, but the latter in each component is not estimated.
It might be good to apply to the Saha function to metal ele-
ments, especially to SiI and Si II, under the old and new compo-
nents conditions. To derive them, we need high-resolution me-
teor spectra from the near UV to near IR wavelength region,
which includes neutral and ionized atomic emission lines and
the nitrogen band for each component.

5. Summary

A meteor spectrum was captured in a 182cm telescope in
the visual-near IR wavelength region. We identified emission
lines of OI, NI, H, I, Sill, Nal and molecular bands of N,
(BT — A’%). Concluding remarks are as follows.

1. Hot component features as identified earlier in Leonid mete-
oroids were confirmed.

2. The excitation temperature of the first positive band of N,
(B3I, — A’%Y) is ~8000K with an upper energy level of
(8 ~ 9eV) suggesting that the excitation energy of the upper
energy level correlates closely with its excitation tempera-
ture.

3. Emission lines of SilI (6346.31 A and 6370.47 A) originate
in an even higher excitation temperature region: the Jet com-
ponent.

4. A high-velocity meteor spectrum consists of more than two
excitation temperature regions: a main, Mid, hot, and Jet
component in order of increasing temperature.
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Appendix A:

Here we describe the model of the first positive band of nitro-
gen: Np (B3Hg - A3E;r ). Molecular band emissions consist of
many individual emission lines (Herzberg 1950). Wave numbers
of those emission lines correspond to the transitions between two
electronic states and are given by

v=T,-T)+ G W)-G"W"N+F'IT)-F'J")) (A1)
where v depends on the electronic energy of the state T, vibra-
tional energy G, rotational energy F, vibrational quantum num-
ber v, and total rotational quantum number J. The single-primed
letters refer to the upper state, and the double-primed letters refer
to the lower state. The energies T., G, and F' are in units of wave
numbers cm™!. The vibrational energy G(v) is approximated as

Gv)=w +£—wx +12+a) +£3+ (A2)
V) = We |V 2 eXe |V ) ele |V 2 .

where we, weXe and wey, are vibrational constants.

For triplet transitions where spin splitting is ignored, the cen-
tral component of the triplet is used as an effective emission line
(Arnold et al. 1969). Then, we applied it to the triplets for the
model fitting. Hence, the rotational energy F(J) is expressed in
Herzberg (1950) as

4
F(J) = F(K) = B,[K(K + 1) + 4Z,] — D, (K + %) , (A3)

where K, B, and D, are rotational quantum number and two ro-
tational constants for the vibrational level of v, respectively. The
factor Z, is given by

AY(Y - 1) - 3 -2K(K +1)
7, = , (A4)
3 [AZY(Y—4) + 4+ 4K(K + 1)]

and

Y=—

B, (AS5)

is a measure of the coupling strength of the spin to the internu-
clear axis. We obtained the spin - orbit interaction constant A for
the upper and lower states from Huber & Herzberg (1979). The
rotational constants B, and D, are given by

B, = B 1 1y A6
U—eaev+2+yev+2 (A.6)
D, = D + (v+%) (A7)

where Be, D., ., B., and 7. are rotational constants at
the equilibrium position. The constants applied in Egs. (A.1)
through (A.7) are obtained from Huber & Herzberg (1979) and
Lofthus & Krupenie (1977) and references therein.

These transitions are characterized by strong P and R
branches, although other branches are negligibly small (Arnold
et al. 1969). The selection rule of the first positive band [N;
(B3Hg — A3L)]is AJ = %1 and the P-branch is AJ = —1(J' =
J” — 1), while the R-branch is AJ = +1(J’ = J” + 1). The
symbol J is replaced by the symbol K, which denotes rotational
quantum number without spin. It is assumed to be Ky.x = 100
in the least — square model.

Table A.1. Bands of N, (B3I, — A’Z}), with the wavelength A, and
Einstein coefficient A,.,» (Forrest et al. 1992).

Band(v',v”) A[um] Ay [s7']
Av=+4
10, 6 0.5842 8.13e+4
9,5 0.5894 6.4e+4
8,4 0.5974 4.6e+4
7,3 0.6001 2.93e+4
6,2 0.6057 1.59e+4
5,1 0.6114 6.59¢+3
Av=+3
17,14 0.5857 8.0e+3
16,13 0.5917 1.48e+3
15,12 0.5979 3.0e+2
14,11 0.6042 5.68e+3
13,10 0.6106 1.77e+4
12,9 0.6172 3.52e+4
11,8 0.6239 5.58e+4
10,7 0.6309 7.59¢+4
8,5 0.6454 9.91e+4
7,4 0.6530 9.6le+4
6,3 0.6608 8.21e+4
5,2 0.6689 5.95e+4
4,1 0.6772 3.35e+4
3,0 0.6858 1.16e+4
Av=+2
21,19 0.5916 4.79e+2
19,17 0.6072 5.84e+3
18,16 0.6150 1.47e+4
17,15 0.6230 2.52e+4
16,14 0.6312 3.48e+4
15,13 0.6394 4.10e+4
8,6 0.7042 5.71e+3
7,5 0.7147¢ 2.2e+4
6,4 0.7255% 4.60e+4
53 0.7368% 7.03e+4
4,2 0.7484+ 8.4e+4
3,1 0.76067 7.61le+4
2,0 0.7732% 4.29e+4

+ With the increase of K, their rotational line come into our wavelength
range.

The spectral flux f(A1) of emission from the rotational lines
is written as

’

4nr?

f) = (A.8)

—(1 = Ap)?
hevAgy - (u)

202

The number N’ of particles in their upper energy level is given
by a Boltzmann distribution

Nod' 2K’ + 1) [ he
= exp|—
Q( Tex )total P kB Tex

for the total number Ny of N, molecules in all energy lev-
els, electronic multiplicity d, partition function Q(7x), Planck
constant i, Boltzmann constant kg, the velocity of light ¢, the
wavenumber v in Eq. (A.1), and the electronic excitation temper-
ature Tex of N, (Arnold et al. 1969). Here, we assume vibrational
and rotational excitation temperatures at the same value for Tey.
Our model employed the Einstein coefficients A, listed in
Table A.1, which were calculated by integrating f U Ry, *dr
where ¥, y,’* are weighting functions and R.(r) is the transition
moment function (Forrest et al. 1992).

The electronic multiplicity d is given by d = 6 (25 +1) where
¢ and S are the lambda doubling factor and quantum number of
the resultant spin of N, molecules respectively. For the upper

!

T+ G )+ F'(K'))| (A9
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electronic state of the first positive band 6 and S are 2 and 1
respectively (e.g. Herzberg 1950). The approximated partition
function Q (Stupochenko et al. 1961; Drellishak 1964) of di-
atomic molecules in all electronic states is calculated with

N heT,
Q(TEX)lotal = Z[die)(p (_ C )

i=1 kB Tex
T8 kp Tex heG(v))
v _ A.10
[u =0 hCB”/ P ( kpTex . ( )

where i is the electronic state number and vjyax the cut-off vibra-
tional quantum number (Arnold et al. 1969). As a first step, we
take the transition of B3Hg — AT} (=Q(Tex)B-a) into our fitting
model for the simplicity, not Q(Tex)wota that includes the transi-
tion of all electronic states. It lets us have the total number of
N; in the electronic state B — A (n = 1 in Eq. (A.10)) and the
excitation temperature 8010+260 K. With the excitation temper-
ature, the ratio of over twenty - seven electronic states Q(7ex)iotal
compiled by Lofthus & Krupenie (1977) relative to Q(Tex)B-a 1S
roughly calculated to be Q(Tex)total / Q(Tex)B-a ~20 by focusing
on electronic energy states. Therefore, the total number of N, in
all electronic energy states is found to be 6.4 + 2.4 x 10' cm™3.
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Appendix B
Table B.2. Metallic and nonmetallic emission lines in the visual — near IR wavelength range. Observed elements and their line positions, catalogued

line position, the Einstein A coefficient, energy E; and E, respectively of the lower and upper levels, configurations, and statistical weights g; and
g, of the lower and upper levels respectively.

Identified [A]  Element Catalog [A] Auls™] E, - E,[eV] Configurations g1 — Gu
5891.42 Nal 5889.950 6.16e+07 0.0 — 2.1044293 2p6.3s — 2p6.3p 2-4
Nal 5895.924 6.14e+07 0.0 — 2.1022973 2p6.3s — 2p6.3p 2-2

Sill 5957.56 5.60e-01 10.06644 — 12.14699 3s2.4p — 3s2.5s 2-2

Ol 5958.39 3.78e+05  10.988792 — 13.0690505  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).5d 3 -3

5957.97 (0] 5958.39 6.80e+05  10.988792 — 13.0690505  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).5d 3 -5
Ol 5958.58 2.27e+05  10.988861 — 13.0690505  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).5d 5-5

Ol 5958.58 2.52e+04  10.988861 — 13.0690505  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).5d 5-3

Ol 5958.58 9.06e+05  10.988861 — 13.0690505  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).5d 5-7

5978.20 Sill 5978.93 1.13e+00 10.07388 — 12.14699 3s2.4p — 3s2.5s 4-2
NI 5999.43 3.64e+06  11.602633 — 13.6686598 252.2p2.(3P).3p — 252.2p2.(3P).4d 2-2

NI 6008.47 3.58e+06 11.602633 - 13.6655507 2s2.2p2.(3P).3p — 2s2.2p2.(3P).4d 2-4

oI 6046.23 1.05e+06  10.988792 — 13.0388262  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).6s 3 -3

Ol 6046.44 1.75e+06  10.988861 — 13.0388262  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).6s 5-3

Ol 6046.49 3.50e+05  10.988880 — 13.0388262  2s2.2p3.(4S*).3p — 2s52.2p3.(45%).6s 1-3

Nal 6154.225 2.50e+06 2.1022973 — 4.1163588 2p6.3p — 2p6.5s 2-2

Ol 6155.98 5.72e+06  10.740224 — 12.7537150  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*)4d 3 -3

6157.35 Ol 6156.77 5.08e+06  10.740475 — 12.7537016  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).4d  5-7
Ol 6158.18 7.62e+06  10.740931 — 12.7536965  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).4d  7-9

Nal 6160.747 4.98e+06 2.1044293 — 4.1163588 2p6.3p — 2p6.5s 4-2

6346.31 Sill 6347.10 5.84¢-01 8.121023 — 10.07388 3s2.4s — 3s2.4p 2-4
6370.47 Sill 6371.36 6.80e-01 8.121023 — 10.06644 3s2.4s — 3s2.4p 2-2
NI 6411.65 7.86e+05  11.752894 — 13.6860934 252.2p2.(3P).3p — 252.2p2.(3P).4d 4-2

NI 6420.64 8.97e+05  11.757531 — 13.6880228 252.2p2.(3P).3p — 2s2.2p2.(3P).4d 6-6

NI 6423.02 547e+05  11.757531 — 13.6872921 252.2p2.(3P).3p — 252.2p2.(3P).4d 6-4

6439.39 NI 6440.94 1.33e+06  11.763846 — 13.6882539 2s2.2p2.(3P).3p — 2s2.2p2.(3P).4d 8-8
[e) 6453.60 1.65e+06  10.740224 — 12.6608561  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).5s 3 -5

6456.16 Ol 6454.44 2.75e+06  10.740475 — 12.6608561  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).5s 5-5
Ol 6455.98 3.85e+06  10.740931 — 12.6608561  2s2.2p3.(45%).3p — 2s2.2p3.(4S*).5s 7-5

6482.54 NI 6481.71 3.43e+06  11.750091 — 13.6623950 252.2p2.(3P).3p — 252.2p2.(3P).4d 2-4
NI 6482.70 4.90e+06  11.763846 — 13.6758571 252.2p2.(3P).3p — 2s2.2p2.(3P).4d 8-10

NI 6483.75 3.67e+06  11.752894 — 13.6645947 252.2p2.(3P).3p — 252.2p2.(3P).4d 4-6

NI 6484.80 4.20e+06  11.757531 — 13.6689208 252.2p2.(3P).3p — 2s2.2p2.(3P).4d 6-8

NI 6491.22 1.37e+06  11.752894 — 13.6623950 252.2p2.(3P).3p — 252.2p2.(3P).4d 4-4

NI 6499.54 1.18e+06  11.757531 — 13.6645947 252.2p2.(3P).3p — 252.2p2.(3P).4d 6-6

NI 6506.31 6.91e+05  11.763846 — 13.6689208 252.2p2.(3P).3p — 252.2p2.(3P).4d 8-8

6562.26 HI 6562.72 2.245e+07  10.1988101 12.0875066 2s - 3p 2-4
HI 6562.852 6.465¢+07  10.1988511 12.0875110 2p-3d 4-6

NI 6622.54 7.93e+05  11.757531 — 13.6291681 252.2p2.(3P).3p — 252.2p2.(3P).5s 6-06

NI 6636.94 1.40e+06  11.752894 — 13.6204717 252.2p2.(3P).3p — 252.2p2.(3P).5s 4-4

NI 6644.96 3.49e+06  11.763846 — 13.6291681 252.2p2.(3P).3p — 252.2p2.(3P).5s 8-6

NI 6646.50 2.18e+06  11.750091 — 13.6149808 252.2p2.(3P).3p — 252.2p2.(3P).5s 2-2

NI 6653.46 2.74e+06  11.757531 — 13.6204717 252.2p2.(3P).3p — 252.2p2.(3P).5s 6-4

NI 6656.51 2.17e+06  11.752894 — 13.6149808 2s52.2p2.(3P).3p — 252.2p2.(3P).5s 4-2

Sill 6660.52 3.64e-01 14.503470 — 16.364432 3s.3p.(3P*).4s — 3s.3p.(3P*).4p 4-6

Sill 6665.00 2.16e-01 14.489088 — 16.348795 3s.3p.(3P*).4s — 35.3p.(3P*).4p 2-4

Sill 6671.88 4.80e-01 14.528227 — 16.386035 3s.3p.(3P*).4s — 3s.3p.(3P*).4p 6-38

Sill 6699.38 4.20e-01 14.489088 — 16.33924 3s.3p.(3P*).4s — 35.3p.(3P*).4p 2-2

NI 6722.62 3.56e+06  11.844476 — 13.6882539 252.2p2.(3P).3p — 252.2p2.(3P).4d 6-8

Sill 6750.28 1.49¢-01 14.528227 — 16.364432 3s.3p.(3P*).4s — 35.3p.(3P*).4p 6-6

Sill 6818.45 1.08e-01 12.877090 — 14.694961 3s52.5p — 3s2.6d 2-4

Sill 6829.82 2.16e-02 12.880129 — 14.694961 3s2.5p — 3s2.6d 4-4

Ol 7001.92 2.65e+06  10.988792 — 12.7590200  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).4d 3 -5

Ol 7002.23 3.53e+06  10.988861 — 12.7590115  2s2.2p3.(4S*).3p — 2s2.2p3.(4S*).4d  5-7




