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ABSTRACT

The speed and mass dependence of meteor air plasma temperatures is perhaps the most im-
portant data needed to understand how small meteoroids chemically change the ambient at-
mosphere in their path and enrich the ablated meteoric organic matter with oxygen. Such
chemistry can play an important role in creating prebiotic compounds. The excitation condi-
tions in various air plasma emissions were measured from high-resolution optical spectra of
Leonid storm meteors during NASA’s Leonid Multi-Instrument Aircraft Campaign. This was
the first time a sufficient number and range of temperature measurements were obtained to
search for meteoroid mass and speed dependencies. We found slight increases in tempera-
ture with decreasing altitude, but otherwise nearly constant values for meteoroids with speeds
between 35 and 72 km/s and masses between 10~° g and 1 g. We conclude that faster and more
massive meteoroids produce a larger emission volume, but not a higher air plasma tempera-
ture. We speculate that the meteoric plasma may be in multiphase equilibrium with the am-
bient atmosphere, which could mean lower plasma temperatures in a CO,-rich early Earth
atmosphere. Key Words: Prebiotic molecules—Origin of life—Meteors—Plasma tempera-
tures—Multiphase medium. Astrobiology 4, 81-94.

INTRODUCTION ablation products can chemically change the or-

ganic molecules ablated from the meteoroid (Jen-

NFALLING EXOGENOUS MATTER responsible for niskens et al., 2004). Meteoroids ~150 um in size
meteors is capable of altering the atmospheric  represented a significant source of mass influx at
composition in its wake, creating compounds the time of the origin of life, rivaling the amount
such as NO that are important for nitrogen fixa- of material delivered by less frequent comet and
tion. In the process, the mixture of air plasma and  asteroid impacts (Chyba and Sagan, 1992; Love
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and Brownlee, 1993; Jenniskens et al., 2000). To-
day, only a small mass fraction (<8%) of mete-
oroids in the 10-50 um range survive entry in
Earth’s atmosphere and arrive unaltered as mi-
crometeorites (Anders, 1989). An even smaller
fraction of large meter-size asteroidal debris sur-
vives in the form of meteorites. The bulk of in-
falling meteoroids is ablated in the Earth’s at-
mosphere, and in the process creates brief flashes
of light called meteors.

Some of the relevant chemistry occurs in a
warm (T ~4,400 K) air plasma, thought to result
from expansion into the ambient atmosphere of
impinging air molecules after their interaction
with the meteoroid and its ablation vapor cloud
(Boyd, 2000; Jenniskens et al., 2000; Popova et al.,
2000). The physical conditions in this plasma set
the tone for the subsequent chemical evolution of
ablated compounds and the atmosphere in the
meteor’s path. The initial impact excitation is a
highly non-local thermodynamic equilibrium
(LTE) process, but the product is a warm plasma
with air plasma and metal atom emissions that
are nearly in equilibrium (Jenniskens et al., 2000).
From this plasma, the site of the bulk of hot-tem-
perature chemistry, the bulk of optical emissions
is observed. The plasma only gradually cools
with distance away from the meteoroid (Jen-
niskens and Stenbaek-Nielsen, 2004).

Earlier excitation temperature measurements,
summarized in Table 1, were based on analysis of
the curve of growth of radiation from metal abla-
tion lines in photographic spectra of bright fireballs
(Ceplecha, 1964, 1968; Harvey, 1973). The brighter
metal atom lines of meteors as faint as +0 magni-
tude are affected by self-absorption and damping,
due to significant absorption of emitted photons in
the plasma itself (Ceplecha, 1973). Values of the
metal atom excitation temperature of such fireballs
were calculated to range from 3,000 to 5,500 K, with
no obvious dependency on meteor velocity or
mass. The only significant dependence was noticed
by Ceplecha (1965), who found a decrease in the
excitation temperature as a function of meteor lu-
minosity during a flare. However, these and other
measurements of temperature are model depen-
dent, with early measurements later corrected up-
wards, to match the luminous efficiency, by as-
suming that the effective radiating volume increases
with decreasing lower energy level of the excita-
tion. The adjusted values were around 5,500 K and
pertain to bright fireballs at a typical altitude of 75
km and speed 32 km/s (Ceplecha, 1973).
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More recent excitation temperatures were de-
rived by fitting synthetic spectra of optically thin
radiation (i.e., no self-absorption) to the metal
atom ablation lines (Borovicka, 1993). Borovicka
(1994) concluded that several lines, including Ca*
and Mg, originate from a separate hot gas com-
ponent with T ~10,000 K. This high-temperature
plasma makes up only 0.02% (in number, not vol-
ume) of the meteor vapor envelope in slow me-
teors but accounts for more than 5% in fast me-
teors. Borovicka (1994) considered the O and N
atomic lines in meteor spectra to be part of this
high-temperature gas because of their high exci-
tation energies (11-12 eV). Moreover, results from
curve of growth analysis of atomic oxygen lines
by Ceplecha (1973) also pointed to an air plasma
temperature of about 14,000 K.

The recent introduction of cooled charge cou-
pled device (CCD) detectors in meteor spectro-
scopy (Jenniskens et al., 2000) provides the near-
infrared sensitivity and detector linearity necessary
to derive air plasma temperatures from the shape
of the first positive bands of molecular N, (first
identified by Cook and Millman, 1954) and the
relative intensity of the O and N atomic lines.
From the first such spectra recorded during the
1998 Leonid Multi-Instrument Aircraft Campaign
(MAC) (Jenniskens and Butow, 1999), we found
that the chemical equilibrium of N and N, was
well described by an LTE temperature of about T
~4,300 K. This happens to coincide with the
chemically most interesting temperature domain
in air plasma chemistry for a CO,-rich early Earth
atmosphere, making meteors a relatively efficient
source of reduced molecules in an oxidizing at-
mosphere (Jenniskens et al., 2000).

Here, we use the same measures of tempera-
ture to consider the mass and speed dependence
at the peak of optical luminosity. Extrapolation
to smaller sizes provides the relevant conditions
for meteoroids that supply most of the mass in-
flux, which are particles ~150 um in size with a
median speed of about 25 km/s, rather than the
much brighter or faster meteors that can be mea-
sured by optical techniques.

METHODS

A large sample of high-quality Leonid spectra
were measured during the 2001 Leonid MAC
(Jenniskens and Russell, 2003), all of which en-
tered the Earth’s atmosphere at 71.6 = 0.4 km/s.
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In addition, a small number of spectra from the
annual Perseid (60.6 = 0.6 km/s) and Geminid
(36.3 + 0.6 km/s) showers were measured in re-
cent ground-based campaigns, which are in-
cluded in order to address the issue of the
dependence of excitation temperatures on mete-
oroid speed. The two-stage thermoelectrically
cooled CCD slit-less meteor spectrograph for as-
tronomy and astrobiology (“ASTRO”) and its in-
strumental properties are described in detail in
Jenniskens et al. (2004). In summary, a Pixelvision
camera with two-stage thermoelectrically cooled
1,024 X 1,024 pixel back-illuminated SIO03AB
CCD with 24 X 24 um pixel size (24.5 X 24.5 mm
image region) was used in un-intensified mode
to keep as high a spectral resolution as possible.
To limit the readout time (dead time) to less than
1's, we recorded images with 4X binning in the
direction perpendicular to the dispersion direc-
tion. The imaging optics was an AF-S Nikkor
£2.8/300D IF-ED 300-mm telephoto lens, which
provided a field of view of 5 X 5°. In front of the
lens was mounted an 11 X 11 cm plane trans-
mission grating (#35-54-20-660 by Richardson
Grating Laboratory, Rochester, NY, with alu-
minum coating) on a 12-mm BK7-type glass sub-
strate. We measured a dispersion of 540 A /mm
and a blaze wavelength of 698 nm (34°). This con-
figuration provided a full second order spectrum
out to about 925 nm.

RESULTS

ASTRO was deployed onboard the U.S. Air
Force 418 Flight Test Squadron-operated NKC-
135 “FISTA” research aircraft over the continen-
tal United States during the 2001 Leonid MAC
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mission at the time of the intense November 18
10:40 universal time (UT) Leonid storm peak (Jen-
niskens and Russell, 2003). This storm was caused
by dust released from the 1767 return of comet
55P / Tempel-Tuttle. Twenty-three high-resolution
spectra were obtained, 13 of which contain one
of the First Positive bands of Nj. This sample
dataset (Table 2, which includes four spectra
from the 1998 Leonid MAC mission and four
spectra from ground-based campaigns during
the Perseids and Geminids) more than doubled
the number of available spectra from prior mis-
sions and ground-based campaigns. While Table
1 provides data for —5 to —22 magnitude fire-
balls, the newly acquired data are for fainter me-
teors of magnitude +3 to —2. Each spectrum cov-
ers a spectral range of about 200 nm, with a
central wavelength determined by the position
of the meteor on the sky relative to the viewing
direction of the camera.

Figure 1 shows the raw data of one of our best
results, a Leonid meteor spectrum in second or-
der that is centered on the Ay = +2 First Positive
band of N,, meaning the transitions from the B —
A electronic state of N, that also correspond to a
change of +2 in the vibrational quantum number
(Herzberg, 1950). The meteor moved from bot-
tom to top. The images from background stars
were removed by subtracting an image taken
shortly after the meteor. On top of the broad dif-
fuse emission of N, are lines of atomic nitrogen.
Nearly all of the detail in this spectrum is due to
the various rovibrational transitions in the nitro-
gen molecule. Atomic lines from ablated metal
atoms are few and faint in this part of the spec-
trum.

Figure 2 shows the reduced spectra, derived
from data such as that shown in Fig. 1, acquired

FIG. 1.

Spectrum of the 09:42:25 UT Leonid meteor in the range 699-768 nm in second order. Most emission lines

are rotational and vibrational structure in the Ay = +2 First Positive band of molecular nitrogen. Superposed are
emission lines from atomic nitrogen and some meteoric metal atoms, including third order lines of iron (466-512 nm).
Background star images have been removed. The wavelength scale runs left to right; the meteor moved from bottom
to top, increasing in brightness. The spectrum is terminated by the end of the exposure.
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during the 1998 (4) and 2001 (13) missions, and tracting a background frame taken a second after
during the 1999 (2) and 2000 (1) Perseid and 2001 the meteor to remove stars and dark current,
(1) Geminid ground campaigns. Superposed on (2) correcting the rows for vigneting (flatfielding),
each reduced spectral plot shown in Fig. 2 is the (3) removing cosmic ray hits and star residues,
calculated emission line spectrum for N, as dis-  (4) aligning and averaging the CCD rows to cor-
cussed in the next section. The data reduction rect for the meteor’s motion relative to the direc-
process is described in Jenniskens ef al. (2004). In  tion of dispersion, and (5) correcting the result-
summary, each spectrum was reduced by (1) sub- ing one-dimensional spectrum for the instrument
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spectral response function. The spectrum ob-
tained by reducing the image of Fig. 1 is shown
in the lower left corner of Fig. 2.

The B — A electronic state of N, is shown in
the energy diagram of Fig. 3. The different ranges
of wavelengths in individual spectra cover the
different changes in vibrational quantum num-
bers between upper and lower state Av = +1 (860
nm), +2 (770 nm), +3 (680 nm), and +4 (590 nm)
bands from the First Positive band system of N,
(Herzberg, 1950). Superposed on the N, bands are
groups of atomic nitrogen lines at ~746 nm, 822
nm, and 869 nm, and unresolved groups of
atomic oxygen at 615.8 nm, 777.3 nm, and 844.7
nm. Only the Leonid spectra, which were ob-
tained at altitude, are free of water bands origi-
nating from absorption in the Earth’s atmosphere
(called telluric), which cover significant parts of
the near-infrared spectrum. In addition, all spec-
tra near 760 nm contain the telluric oxygen
A band, while ground-based observations also
show the telluric oxygen B band at 680 nm.

Temperature measurements

Each reduced spectrum was then compared
with the spectrum generated using an air plasma
emission model. The expected relative abundance
for each relevant compound was calculated by as-

E
(eV)
i N N+ N
15— 2
T 3
1 cn
4 V=21 u
10 2+
] = BT, ‘s+'s
N v = 72/‘154L 9 - = = = dissociation
i =it - limit
5 _| AL,
] 1+
0— X X4
FIG. 3. Simplified energy level diagram of the nitro-

gen molecule. The First Positive band originates in the
B — A transition.
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suming LTE for an air plasma in equilibrium with
its surroundings at a pressure of 107° atmos-
pheres (95 km altitude). The expected emission
intensities of the First Positive bands of N, and
the atomic nitrogen and oxygen lines were cal-
culated with the NEQAIR2 program (as updated
in Laux, 1993), and using the 1966 National Bu-
reau of Standards database of Einstein coeffi-
cients for the atomic lines. The results were com-
pared with emission intensities calculated with
an updated SPECAIR program, which contains
the more modern 1996 NIST database (C.O. Laux
et al.,, manuscript in preparation). The latter
showed differences of 20-30% in the Einstein co-
efficients of the relevant N I lines, leading to sys-
tematically lower temperatures by 20-40 K.

The next step in the data analysis involved
matching the calculated N, molecular band to the
observed spectrum, and subsequently matching
the atomic emission lines relative to the best fit
of the N, band (i.e., shown as superposed plots
for each example shown in Fig. 2). For each emis-
sion line, a best-fit temperature was calculated
from interpolated intensities in the spectrum at
4,100, 4,300, 4,500, and 4,670 K. The best-fit in-
terpolated temperature Ti,; was calculated by
matching the sum of intensities expected for each
temperature component to the observed spec-
trum:

Tint = —(E/k)/In {[a(=E/kT,) +
b(—E/kTp)]l/(a + b)) )

where E is the upper energy level, T, and T}, are
the lower and higher temperature, and a and b
are constants used to find the interpolated means.
The results are summarized in Table 2. Results
differ slightly from those of Jenniskens et al.
(2000) because of a better treatment of the in-
strument response functions. Small errors in the
position of the N, band result in systematic dif-
ferences in all of the emission line temperatures
for a given spectrum. In general, the calculated
temperatures were determined to vary within a
small range for each diagnostic, in most cases less
than =100 K, with small systematic variations on
the order of 100 K between different diagnostic
emission line (and band) ratios. For example, the
845 nm line of O I (relative to the N, band
strength) suggests a lower temperature than the
822 nm line of N I. These temperatures are
thought to describe the chemical equilibrium in
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the plasma, which determines the abundances of
the various compounds.

Another temperature measurement follows
from the shape of the band profile itself. Each
band is well resolved, with band heads from in-
dividual vibrational transitions. The Av = +2
band in Fig. 2, for example, has peaks represent-
ing the vibrational (0,2), (1,3), (2,4), etc., transi-
tions, the width of each peak determined by the
molecule’s rotational level populations. The slope
of the molecular band at high vibrational levels
changes slightly with increasing vibrational tem-
perature of the N, molecule. The intensity slope
at low wavelengths is proportional to the popu-
lation distribution of the vibrational levels. By fit-
ting the low wavelength slope of the band to the
model spectra, we were able to estimate the vi-
brational temperature of N, (Fig. 4).

Some of our spectra showed enhanced emis-
sion in the Ay = +2 band contour at short wave-
length above that expected from LTE. At least in
some of these cases, we suspect that excess emis-
sion near 620 nm (Fig. 2) may be molecular emis-
sion from CaO, which peaks at 620 nm. FeO emis-
sion may be present as well. Indeed, these
suspected oxide emission bands are strong in
those meteor spectra that have a strong metal
atom line component (indicated by footnote b in
Table 2). Such contamination can result in mis-
leading results for the vibrational temperature.

Finally, we measured electronic excitation tem-
peratures for the nitrogen lines from the relative

LEO 10:47:26

- N
o

W O o

Intensity (a.u.)

H
PRSI NN T SO TR TN T T T TN S TN T AN SO S N

700 710 720 730 740
Wavelength (nm)

FIG. 4. Variation of the shape of the model N, band
profile for different assumed vibrational temperatures.
Models at 4,500 and 4,300 K are superposed on the ob-
served spectrum of the 10:47:26 UT Leonid meteor of No-
vember 18, 2001.
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FIG. 5. Response of the N I line ratio to variations in

the electronic excitation temperature. The observations
of the 10:47:26 UT Leonid meteor of November 18, 2001,
after subtraction of the N, band profile, are compared
with LTE models at 4,300 and 4,500 K.

line intensity ratio of the 746 nm N I lines. The
main 3p*p-3p*s transitions (vacuum wavelengths
742.57, 744.43, and 747.04 nm) have the same
12.00 eV excitation energy, but there are small
contributions from higher levels at 13.67 eV.
These lines are so close together in the spectrum
that small errors in the instrument response and
flatfielding have no effect on the outcome. This is
important because the observed variations are
small (Fig. 5).

In principle, the O I lines at 777 nm (10.74 eV)
and 845 nm (10.99 eV) could be used to measure

4500 T
X C : .
o 4450 | . ]
=z r . .
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FIG. 6. Gradual increase of temperature with decreas-
ing height as observed from the variation of the N/N,
intensity ratio (expressed as the corresponding temper-
ature in an LTE model) as a function of height for two
meteors.



METEOR AIR PLASMA TEMPERATURES

6000
5500
5000
4500
4000
3500
3000
2500
2000

TT T T T T T T[T TTT TTT [T T T T[T TTT[TTTT[T]

our data

T ¢
i o

i E T

Excitation temperature (K)

00—
[coRIo]]
U FEEEY FENEY RTREY FTTES PR ST

TITT[TI T[T [ VI T [A T[T [T IIT[ITI7T

TN N T T T T G W U O A B O T ¢

-15 -10 -5 0 5 10
Magnitude

[

-25 -20

FIG. 7. Temperature as a function of meteor peak vi-
sual magnitude. Small dots show our results, while large
symbols are data reported in the literature. Literature data
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ablation emissions and fits of optically thin emission to
meteor spectra (Table 1).

the electronic excitation temperature of oxygen
atoms (Park ef al., 1997), but those lines are far
enough apart in wavelength to be sensitive to
any potential intensity calibration uncertainties.
Moreover, only four of our spectra show both
oxygen lines. The 616 nm line has a significantly
higher excitation energy (12.75 eV), but it was not
measured simultaneously with the other O Ilines.

Temperature dependencies with height,
mass, and speed

The various temperatures derived here are
mean values for a part of the meteor trajectory,
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in particular that part of the trajectory that was
bright enough to be recorded. This tends to co-
incide with the peak of the meteor’s luminosity
near 85-115 km.

There was a small gradual increase in the
plasma temperature with altitude, judging from
the relative increase in the strength of the N I
lines. Figure 6 shows results for the 2001 Leonid
of 09:42:25 UT (Fig. 1) and the 1999 Perseid spec-
trum at 07:52:38 UT. The observed trend (between
115 and 85 km) was: T (K) ~ —7.0 X H (km).

We find that all temperatures derived from the
N I/ N, ratio were in a small range from 4,300 to
4,700 K, with most results between 4,300 and
4,400 K. All results are summarized in Fig. 7 as a
function of visual peak magnitude of meteor
brightness. The observed trend with meteor mag-
nitude was very weak. Earlier data summarized
in Table 1 are also shown. Those early data scat-
ter widely, but center around the same value.

The brightness (and meteoroid mass) depen-
dence of the chemical equilibrium temperatures
for individual nitrogen and oxygen lines, in rela-
tion to the molecular band of nitrogen, is sum-
marized in Fig. 8. Each set of data showed a grad-
ual increase of temperatures to smaller meteor
brightness, but the trend is very weak, with a
slope of only about +15 K/magnitude (Table 3).
The result disagreed significantly with the results
of Ceplecha (1964), who derived a 10 times
steeper dependence versus peak bolometric mag-
nitude from the variation of excitation tempera-
ture in the flare of a bright fireball: T (in K) =
(4,427 £ 399) + (151 * 47)M (in magnitude).
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FIG. 8. Chemical equilibrium temperatures as a function of the meteor peak visible magnitude. Right panel: Re-
sults from oxygen lines at 616, 777, and 845 nm. Left panel: Results from nitrogen lines at 747, 822, and 868 nm.
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TaBLE 3. TEMPERATURE (IN K) DEPENDENCE AS A FUNCTION OF MAGNITUDE FOR CHEMICAL
EquiLiBriuM LINE RATIOS RELATIVE TO MOLECULAR NITROGEN EMISSION

E; (eV) Intensity (arbitrary units) T (m = 0) AT/magnitude Correlation coefficient
N I 747 12.00 85 4,352 13.7 0.77
NI 822 11.84 320 4,440 13.0 0.22
N I 868 11.76 1,480 4,446 15.6 0.31
01616 12.75 50 4,633 —38.0 0.84
01777 10.74 1,700 4,371 5.6 0.22
01845 10.99 880 4,293 15.7 0.75

The temperatures calculated for the vibrational
excitation of N, electronic excitation for N, and
the chemical equilibrium temperatures were
found to be very similar (Fig. 9). This result im-
plies that the air plasma is nearly in LTE.

Small deviations from LTE were determined to
be present in the data. The O 1777 and 865 nm
lines were systematically weaker than predicted
from an LTE plasma, while the O I 616 nm line
is stronger (Fig. 8). Such deviations are important,
because they refer to the most common compo-
nents in the air plasma. Less abundant com-
pounds, including organic molecules from the
meteor ablation, exhibited a chemistry that is
likely more non-LTE due to less frequent colli-
sions. Some of those systematic deviations may
be due to uncertainties in the Einstein coefficients.
With the newer values, the results for 868 and 822
nm N I lines would move 10-20 K closer to those
derived from the 747 nm lines.

We also checked the dependence of the excita-
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FIG. 9. Comparison of different temperature indica-

tors, including vibrational excitation (O), electronic ex-
citation (), and chemical equilibrium in the air
plasma (*).

tion temperature on meteor entry speed from
four spectra obtained in ground campaigns out-
side the Leonid season. The sample consisted of
three Perseid spectra obtained in ground-based
campaigns in 1999 and 2000, and one Geminid
spectrum obtained in December 2001. The spec-
tra were distorted by telluric absorptions of wa-
ter vapor and the atmospheric O, B absorption
band, which affected the shape of the nitrogen
band at ~750 nm. However, precise measure-
ments made on the few high signal-to-noise spec-
tra acquired to date indicated that the excitation
temperatures were the same as those of faster
Leonid meteors of similar brightness (Fig. 10).

DISCUSSION

Oxygen and nitrogen lines are from
warm plasma, not hot

The results in this paper are contrary to previ-
ous findings on several points. Borovicka (1994)
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FIG. 10. Velocity dependence of meteor plasma tem-
perature. Symbols as in Fig. 7. Speeds for natural mete-
oroids in elliptic orbits are in the range 11-72 km/s.



METEOR AIR PLASMA TEMPERATURES

assigned the O I (777.4 nm) band “without doubt”
to the high-temperature T ~10,000 K component
responsible for Ca* and Mg™ emissions, mainly
because of atomic oxygen’s relatively high exci-
tation energy of 10.74 eV. Indeed, Ceplecha (1971)
concluded on the basis of the O I curve-of-growth
analysis that the oxygen and nitrogen lines cor-
respond to a high-temperature (T = 14,000 K)
emission. However, Leonids and Perseids are
known to display strong Ca* emission above
about 0 magnitude. With no significant change in
the O I/N; and N I/Nj line ratio with increasing
meteor brightness, this implies that the source of
the hot T ~10,000 K component thought to be re-
sponsible for Ca* emission lacks significant air
plasma emissions of atomic oxygen and nitrogen.
Indeed, the match of model and observed air
plasma emissions at low temperature implies that
the oxygen and nitrogen lines are part of the
warm T ~4,400 K component that also produces
the molecular N, emission. Although faster me-
teoroids have stronger Ca* lines, Leonids do not
show a significantly different N I/N, ratio than
Geminids that enter at half the speed. We con-
clude that the high-energy atomic lines could be
observed at low temperatures in our spectra be-
cause oxygen and nitrogen atoms were so much
more abundant in the air plasma than the metal
atoms, not because they were excited to higher
energies.

The optical thickness of the air plasma

The constant O I/N; and N I/N; intensity ra-
tios also imply that the oxygen and nitrogen lines
are not optically thick. It was previously thought
(Ceplecha, 1964; Borovicka and Majden, 1998)
that the abundance of emitting atoms was suffi-
ciently high for other atoms in the gas to absorb
the emitted radiation. These earlier investigations
suggested that the more intense metal atom lines
of meteors as faint as +5 magnitude show such
self-absorption. If self-absorbed, a progressive
decrease of N I and O I line intensity relative to
that of the weaker molecular N, band would have
been expected with increasing meteor brightness.
That would have produced a false increase of
temperature with meteoroid mass, but the oppo-
site (if any) was observed.

If the plasma was optically thick in the most
intense lines but not in fainter lines, then the ob-
served radiation would emerge from different
depths within the plasma volume, deeper so for
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the lines that originated from higher excitation
energies. Within measurement uncertainty, the
temperature was not a function of the energy of
the upper level, as expected for an optically thick
plasma (Table 3). Instead, the meteor air plasma
emission was well described by an optically thin
plasma for all observed lines (for meteor magni-
tudes of -2 and less).

We conclude that the meteor plasma does not
become significantly hotter with increasing me-
teoroid mass over the range 107°-1 g. This con-
clusion is likely valid for an even wider mass
range. The excitation temperatures derived from
the metal atom line emissions of bright fireballs
by Ceplecha (1973) give very similar tempera-
tures (Fig. 7). These data suggest that the varia-
tion of meteor plasma emission temperature for
meteoroids that range in mass from 1075 to 10° g
is at most a few 100 K.

Introducing possible different phases of meteoric
air plasma

The finding that the meteoroid plasma emis-
sion temperature does not vary more than a few
100 K for meteoroids that range in mass over 11
orders of magnitude is perhaps too large a range
tobe consistent with our previous suggestion that
a bigger or faster meteor would simply create a
larger vapor cloud and thus create more plasma
rather than a hotter plasma (Jenniskens et al.,
2000). It is unclear how the measured tempera-
ture can remain unchanged when the physical
conditions change from a rarefied flow regime for
0 magnitude meteors to a continuous flow regime
accompanied by the formation of a bow shock for
—10 magnitude fireballs.

One possible explanation is that the plasma tem-
perature reflects a balance between heating and
cooling in the gas, a process similar to the one that
causes the cool, warm, and hot phases of the in-
terstellar medium, which have widely different
temperatures but are in pressure equilibrium with
each other (Begelman, 1990). Field et al. (1969) pro-
duced the first model for a two-phase equilibrium
of the interstellar medium, in which radiative cool-
ing is balanced by cosmic ray heating. The two
phases in the model included cold dense clouds at
T ~100 K and a second intercloud medium with
T ~10,000 K, with a third unstable phase T ~5,000
K only expected in transient phenomena.

The characteristic temperatures of the warm
and cold thermal phases are insensitive to the de-
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tails of the heating processes. Instead, they reflect
the rate of cooling at various temperatures L(T),
called the cooling curve, a function of the ener-
gies of the resonance and fine-structure lines that
are responsible for the cooling of the gas. If the
gas is in pressure equilibrium, the instability cri-
terion is (6L/8T), < 0. In a meteor plasma, the
heating is caused by collisional excitation of mol-
ecules with the ambient air. During radiation,
there is still a significant translational velocity dif-
ference (>5 km/s) between air plasma and am-
bient air in the direction along the meteor’s path.

A necessary and sufficient condition for the ex-
istence of a multiphase equilibrium is that the sys-
tem be in pressure equilibrium and thermally un-
stable over a finite range of temperature. Cooling
of the plasma occurs primarily through energy
transfer in collisions of atoms with molecules and
in radiation from those molecules. Hence, the
presence of the molecules has a strong cooling ef-
fect that will tend to lower the temperature and
create more molecules, thereby creating a ther-
mally unstable condition. Thus, once there is pres-
sure equilibrium with the surrounding medium,
it is possible that different phases will form in the
meteor plasma at temperatures just above the dis-
sociation temperature of O,, and N,. While those
phases may not be thermally stable, they occur
because the cooling time scales are long in com-
parison with the occurrence of the meteor phe-
nomenon.

If a mole fraction of 10~2 N, molecules is suf-
ficient to create a warm phase at T ~4,300-4,450
K, then a cold phase may exist at the O/O; equi-
librium around 2,240-2,300 K. Similarly, a hot
phase may be associated with the N*/N and
O™ /O ionization equilibrium at around 8,000 K,
with the atoms being more effective radiators.

The very small temperature increase with de-
creasing altitude (Fig. 6) is not a strong argument
against such a multiphase model of the air
plasma. Expansion of the plasma at higher alti-
tudes would be expected to cause adiabatic cool-
ing, thus affecting the equilibrium temperature.

IMPLICATIONS

The consistency of excitation temperatures
makes it possible to extrapolate the observed
trends to fainter meteors of sizes relevant for the
mass influx at the time of the origin of life. If we
allow for the weak positive trend with increasing
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mass, the temperature would be T = 4,500 K for
a typical 150 um Leonid meteoroid (at +12 mag-
nitude). Sporadic meteors with V = 25 km/s of
similar size would have a magnitude of about
+16 (Jenniskens ef al., 1998). Hence, temperatures
measured for visual meteors are representative
for conditions in the meteors associated with
~150 um grains responsible for the peak of the
mass influx.

This 4,500 K temperature is favorable for at-
mospheric chemistry and will be a factor in the
chemistry of ablated organic molecules. In par-
ticular, under LTE conditions atmospheric CO,
will dissociate into CO and O, and subsequently,
CO will dissociate into its atoms. Between tem-
peratures of about 3,600 and 5,000 K, the carbon
atoms will react with N, and other molecules to
form relatively high abundances of C,, C3, and
CN (Jenniskens et al., 2000). Yields are highest for
T ~4,100 K. The atmospheric carbon atoms can
also react with meteoric organic matter to form
longer carbon chains. At the same time, nitrogen
radicals peak in abundance above 4,000 K and can
react with other meteoric organic molecules to
form stable —CN and C=O bonds in reactions
with oxygen atoms and CO, molecules. Thus, or-
ganic compounds can be created that are enriched
in nitrogen and oxygen compared with the or-
ganic matter typically found in the (micro-) me-
teorites that are studied in many laboratory in-
vestigations. How much this process counteracts
the extraction of carbon by reaction with O and
OH radicals needs to be investigated in chemical
modeling. Such work is outside the scope of this
paper.

The picture could significantly change if our
hypothesis of a multiphase medium is correct. In
that case, the meteor plasma temperature may be
different in a different atmosphere. If the plasma
temperature is lower, this would favor the sur-
vival of organic molecules that are ablated from
the meteoroid. On the other hand, the NO fixa-
tion rate, which is mostly determined by oxygen
atom attack with nitrogen molecules, would be
significantly lower, perhaps to the point of being
negligible.

In a Mars-like CO,-rich atmosphere on the
early Earth, an equilibrium around 2,170-2,230 K
might have been established just above the
CO/CO, dissociation threshold or above the
CO/C threshold. The latter is more likely, how-
ever, because both CO and CO, are good thermal
emitters, in which case the temperature would



METEOR AIR PLASMA TEMPERATURES

have been similar to that observed in today’s
Earth atmosphere.

We conclude that the excitation and chemical
equilibrium temperatures in meteor plasma re-
main in a narrow range for a wide range of en-
try speed and initial mass. Whether the reason for
this is the presence of a multiphase equilibrium
can be tested, for example, in future meteor ob-
servations on Mars or in laboratory experiments
of artificial meteors in CO,- and O,-rich atmos-
pheres.
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