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A Mechanism for the STEVE Continuum Emission

Brian J. Harding!'"”, Stephen B. Mende!"”’, Colin C. Triplett!'”’, and Yen-Jung Joanne Wu!

ISpace Sciences Laboratory, University of California, Berkeley, CA, USA

Abstract We describe a mechanism to explain the subauroral emission feature called STEVE (Strong
Thermal Emission Velocity Enhancement), with a focus on its continuum spectrum. Spacecraft
observations show that emissions co-occur with typically invisible plasma flows known as subauroral ion
drifts. If these flows are fast enough, nitrogen molecules are vibrationally excited by collisions with ions,
overcoming the activation energy of the N, + O — NO + N reaction. The resulting NO combines with
ambient O, producing NO, and spectrally broad light. Importantly, this mechanism also produces N,
which reduces the lifetime of NO from hours to seconds and thus explains why the emission is confined to
a discrete arc. The predicted emission altitude (130 km) and occurrence conditions (>4-km/s flows)
match well with observations. We simulate this mechanism using a simple photochemical model to
demonstrate its validity. This mechanism is initiated by fast ion flows and is thus distinct from auroral and
airglow processes.

Plain Language Summary Citizen scientists and night-sky photographers have been
capturing pictures of a peculiar type of polar light for many years but only recently has the scientific
community explored its significance. This narrow purple/white arc stretches east-west across the sky
and has come to be known as Strong Thermal Emission Velocity Enhancement (STEVE). Although its
appearance is suggestive of aurora, it is not caused by fast electrons from the magnetosphere, and it is
dominated by a broad spectrum (mostly white light). Most auroral and airglow emissions are caused

by electronic transitions of atmospheric constituents initiated by electron or photon impact, producing
spectrally discrete light. The physical processes producing the light in STEVEs are unknown, particularly
the chemical mechanism that produces light that could appear white. In this work we describe a
candidate mechanism where fast-moving ions cause vibrational excitation of nitrogen molecules, which
then undergo chemical reactions to produce spectrally broad light. These fast-moving ions are known to
co-occur with STEVES. This hypothesis is supported by a simple chemical simulation, but observational
validation is needed.

1. Introduction

The mechanisms underlying the optical emission known as a Strong Thermal Emission Velocity Enhance-
ment (STEVE) are unknown. The STEVE phenomenon was identified by night-sky photographers and
citizen scientists, and it was first reported in the modern scientific literature by MacDonald et al. (2018).
STEVESs comprise a thin ribbon of purple light extending east-west for many thousands of kilometers with
a north-south width of only a few tens of kilometers (Gallardo-Lacourt et al., 2018). They usually occur
about an hour after substorm onset and persists for minutes to hours. A triangulation of citizen scientist
photographs found that a STEVE spanned altitudes from 130 to 270 km (Archer, St.-Maurice, et al., 2019).
STEVEs are sometimes accompanied by a green “picket fence” structure at lower altitude. In this paper we
focus on the mechanisms of the more common purple arc and define “STEVE” to refer to this feature only.

Unlike the aurora, which is energized by particle precipitation from the magnetosphere and comprises dis-
crete spectral lines and bands, STEVEs are mostly broadband (Gillies et al., 2019; Liang et al., 2019) and
unrelated to particle precipitation (Gallardo-Lacourt et al., 2018; Nishimura et al., 2019). STEVEs occur
equatorward of the boundary of the electron and proton precipitation region (Gallardo-Lacourt et al., 2018;
MacDonald et al., 2018; Nishimura et al., 2019). A survey of Swarm satellite overflights confirmed that
STEVES are associated with fast subauroral plasma flows known as subauroral ion drifts (SAIDs) and found
a correlation between their occurrence and unusually large plasma velocity, high electron temperature,
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and low plasma density (Archer, Gallardo-Lacourt, et al., 2019). Liang et al. (2019) report the altitude of
continuum emission at 140-145 km.

These studies have revealed fundamental aeronomical questions. What photochemical mechanism pro-
duces the continuum emission in STEVEs? Why is this mechanism only operative above 130 km (i.e., above
most of the typical bright airglow and auroral emissions)? What explains the relationship with SAIDs, and
why do STEVESs only occur for the strongest SAIDs?

Gillies et al. (2019) discuss known mechanisms producing continuum emission in the upper atmosphere.
They consider but ultimately reject emissions arising from meteoric metal compounds such as FeO* and
NiO* as the emissions are not broad enough or too weak. Two additional mechanisms mentioned by Gillies
et al. (2019) are radiative attachment and NO, production:

O+e— O +hv 1)

NO + O — NO, + hv 2)

The rate coefficient for radiative attachment is low below 2000 K (Pavlov, 2014). Moreover, inside SAIDs, the
electron density is low and the rate is therefore reduced. While it is possible that the rate coefficient is ele-
vated at high temperature, the cross section has been reported up to 2 eV and does not increase significantly
with energy (Branscomb, 1962). We thus consider the NO, continuum a more likely candidate.

In section 2, we describe a mechanism by which vibrationally excited N, enhances production of NO and
thus enhances the NO, continuum. A time-dependent photochemical model is used to test this hypothesis
in section 3. Further discussions and conclusions are given in sections 4 and 5.

2. NO, Continuum

The NO, continuum emission has been observed from sounding rockets (Enell et al., 2011; Hedin et al., 2012;
Mcdade et al., 1986) and orbital platforms (Sheese et al., 2011), and it is thought to explain the vehicle glow
observed on the ram surface of the space shuttle (Mende et al., 1988). Its emission rate in the atmosphere is
largely controlled by the variable density of NO. Under quiet conditions, the NO, continuum is weak, and
even in regions of enhanced auroral NO, it only reaches hundreds of Rayleighs (R) in the visible band.

There are three problems with the NO, continuum as an explanation for STEVEs:

1. The NO peak density required to explain the observations is roughly 10'° cm~3. This is much larger than
the largest densities observed even in the auroral zone where production peaks (1-7 x 10® cm~3) (Hedin
et al., 2012), with the exception of one sounding rocket which measured 10'° cm=3 (Zipf et al., 1970).

2. Observed NO density profiles peak around 100- to 120-km altitude (Barth, 2010; Stevens et al., 1997;
Solomon et al., 1999). STEVEs are observed from 130 to 270 km.

3. The chemical lifetime of NO in the thermosphere is typically hours to days. Because horizontal diffu-
sion and advection timescales are shorter, a thin channel of NO production should create a diffuse and
long-lasting glow, not the discrete, transient arc observed.

NO is produced in the thermosphere through various chemical reactions (Barth, 1992; Barth et al., 2009;
Grubbs et al., 2018):

N+0, > NO+0 ©)
NCD)+ 0, - NO+0 4)
N(D) + 0, = NO + O('D) (3)
O*(*P)+ N, - NO + N* (6)

0} +N, - NO + NO* (7
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N*+0, > NO +O* (8)
N+ 0O — NO )

In each, the reactants include at least one minor species and NO production is thus too slow to produce the
required density. Two additional reactions produce NO when N, (the dominant constituent below 200 km),
is in excited electronic or vibrational states (Campbell et al., 2007):

N,[A’E¥]+ 0 — NO + N(°D) (10)

NZ[Xlzg (v>11)]+0 - NO +N (11)

where v denotes the vibrational quantum number. Hereafter, we simplify the notation, dropping the ground
electronic state: N, (v > 11).

The former reaction is a source of NO during the day and in regions of auroral precipitation and could be
important for STEVEs. However, >6 eV is needed to excite N,[A’Z¥] and only ~3 eV is needed to excite
ground state N, to v > 11. Ion impact can cause vibrational excitation, and the thermal ion population has
been observed to have 3 eV of translational kinetic energy in STEVEs. Thus, we focus here on the latter
reaction, which has been previously studied as a significant source of NO (Campbell et al., 2007; Mishin &
Telegin, 1989). Ion impact excitation is different than superthermal electron excitation (which is the primary
source capable of exciting N,[A®E*]), and there is no direct evidence for a superthermal electron population
in STEVEs. If a significant population of superthermal electrons is found to exist, the N,[A’Z?] pathway
should be considered.

The proposed mechanism is shown schematically in Figure 1. In short, a collision with an ion excites N, to
high vibrational levels. This reacts with O via (11) to produce NO, which then produces white emission via
(2). This mechanism is distinct from the aurora, which is caused by particle precipitation, and from airglow,
which is caused directly or indirectly by solar radiation.

The proposed mechanism requires a minimum of ~3 eV, equivalent to 4.4 km/s for NO*, the domi-
nant ion in SAIDs (Anderson et al., 1991). Although not a strict cutoff due to the spread caused by large
ion temperatures, this mechanism explains why STEVEs are observed only for the fastest SAIDs. Coinci-
dent observations of STEVEs and fast ion flows have been reported for ion velocities of 3.9, 4.8 (Archer,
Gallardo-Lacourt, et al., 2019, Figures 1b and 1c), and 5.5 km/s (MacDonald et al., 2018). Typical SAIDs
exhibit slower velocities (median 1.3 km/s), and measurements of SAIDs coincident with STEVESs have ion
velocities in the top 5% (Archer, Gallardo-Lacourt, et al., 2019).

This mechanism also explains why STEVEs are observed only above 130 km, while most of the bright aurora
and chemically sourced airglow occurs at lower altitudes. Below ~130 km, the ion-neutral collision fre-
quency exceeds the ion gyrofrequency (Heelis, 2004), and ions cannot reach the E x B velocity observed by
satellite overflights. Above 130 km, ions can achieve the required kinetic energy.

Finally, the lifetime of NO in this mechanism is reduced from hours to seconds by the simultaneous pro-
duction of N. The principal loss process for NO is the reaction with N, and vice versa (Barth et al., 2009):

NO +N — N, +O. (12)

Equating production and loss for NO and N (reactions (11) and (12)) and using the resulting NO density in
reaction (2) yields the expected volume emission rate (VER):

VER = k2<% [N, > 11)] [0]3) ’ (13)
12

where k,, k,,, and k,, are the rate coefficients for reactions (2), (11), and (12), respectively.

An approximate evaluation of this formula follows. We use published rate coefficients (Aladjev & Kirillov,
1995; Barth et al., 2009; Hedin et al., 2012) and expected densities at 150 km for SAID-like conditions, namely,
[0] =2x10'° cm~3. Densities of O and N, are from the Naval Research Laboratory's Mass Spectrometer and
Incoherent Scatter radar Extended 2000 (NRLMSISE-00) (Picone et al., 2002), increased by a factor of ~2
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fast ion + N, — ion + Na(v > 1)

.
@®" ion Na(v> 1)+ 0 = NO+N
NO + O — NO, + hv
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Figure 1. A schematic representation of the proposed mechanism to produce continuum emission inside subauroral
ion drifts (SAIDs). A channel of reduced density is shown in the ionosphere. Electric fields across this channel are
enhanced, leading to increased ion velocities. Ambient nitrogen molecules are vibrationally excited via impact with
these supersonic ions. If excitation reaches v > 11 (i.e., vibrational energy equivalent to a 4.4 km/s NO™ ion), these
molecules will react with ambient O to produce NO and N. The NO combines with O to produce NO, and continuum
emission. Combined with a small amount of OI 630.0-nm emission (not shown here), this yields the characteristic
purple color of STEVEs.

to account for the increased temperature (described in more detail in section 3). If ion impact excites 5% of
the ambient N, to high vibrational energy states, then [N, (v > 11)] = 3 x 10° cm~3. This yields equilibrium
densities of [NO] = [N] = 2.4 x 10° cm~? and continuum emission of 0.5 nmpc}:n3s. Viewed through an
assumed 50-km emission layer and over the 400- to 800-nm wavelength band, this would produce a column
brightness of 1,000 R.

A N,(v > 11) fraction of 5% is needed to achieve 1,000 R brightness in this calculation. We note that a
v-dependent value for k;; has been calculated by Pavlov (2011) and at v = 20 is 10 times larger than the
conservative value used here, which is from Aladjev and Kirillov (1995). Thus, the above calculation is also
valid for a case where 0.5% of N, is excited to v = 20. The resulting brightness depends strongly on the
vibrational distribution of N,, which is not well known under these conditions. The excitation of N,(v > 11)
is discussed further in section 4. The resulting brightness also depends strongly on the amount of neutral
heating and upwelling via the [O]% term. The chemical lifetime of NO in this case is (klz[N])_1 = 35, far
shorter than the typical lifetime of hours to days. This provides consistency with observations of a thin,
discrete arc.

3. Model Results

To support the approximate calculation in the previous section, here a more comprehensive calculation is
performed using a time-dependent photochemical model which tracks 15 chemical species and 60 reactions.
The following species are explicitly modeled: N, N(?D), N*, N,, N,(v > 11), N, NO, NO*, O, O(D), O('S),
0+, 0,, O;, and e. Rate coefficients are provided in Table Al. Neglected processes include solar and auroral
excitation and three-body reactions, which limits the domain to the nighttime thermosphere above ~110-km
altitude. Number densities are initialized using NRLMSISE-00 (Picone et al., 2002) and the International
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Figure 2. (left) Temperature profiles used in the photochemical model, before (quiet) and after (disturbed) t = 100 s. (right, top) Simulated volume emission
rate of the NO, continuum. (right, bottom) Vertical column brightness of the NO, continuum, assuming a 400-nm-wide band. A second diagnostic case is
shown, where NO production is initiated without simultaneous production of N.

Reference Ionosphere (Bilitza et al., 2017) models for the time, location, and geophysical conditions of the
Gillies et al. (2019) observations. For species not included in these models, densities are initialized assuming
chemical equilibrium. The density of N,(v > 11) is initially set to 0. Although the continuum emission from
NO, production is included in the model, the density of NO, is not, as a newly formed NO, molecule is
rapidly recycled back to NO and O (Kaufman, 1973).

Starting at t = 0's, a quiet time ionosphere/thermosphere is simulated. At ¢t = 100 s, a SAID is imposed,
consisting of increased temperature above 130 km. The quiet and disturbed temperature profiles are shown
in the left panel of Figure 2. The quiet exospheric temperature is 800 K, while the disturbed case is 2000 K. For
simplicity, the plasma and neutral temperatures are set equal. Of course, ion and electron temperatures reach
several thousand kelvins and even above 10000 K in SAIDs (Anderson et al., 1991; Archer, Gallardo-Lacourt,
et al., 2019). To our knowledge, the neutral temperature inside SAIDs has not been measured, but Khalipov
et al. (2018) reported a 500-K neutral temperature increase associated with a 2-km/s subauroral polarization
stream. The ion density in this event was likely larger than the ion density inside SAIDs, but the plasma
flows that create STEVEs are much faster, and heating is proportional to the square of the ion-neutral relative
velocity. The density profiles for major neutral species (O, N,, and O,) are adjusted to maintain hydrostatic
equilibrium at all times above 130 km.

Also at t = 100 s, the N,(v > 11) fraction is set to 5% above 130 km and this fraction is maintained for
10 s. At t = 110 s the model is returned to a free-running state and the N,(v > 11) population rapidly
decays via reaction (11), which turns off the production of NO and N. The NO is destroyed almost entirely
via reaction (12) and the continuum brightness diminishes. Altitudes from 110 to 500 km are modeled even
though SAID ion velocities are insufficient to produce N,(v > 11) below 130 km.

Results are shown in the right panels of Figure 2. The top panel shows the modeled emission profile as
a function of time and altitude. The bottom panel shows the vertical column brightness integrated over
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altitude and over a 400-nm wavelength interval. The emission brightens quickly as soon as the simulated
SAID is initiated, reaching 850 R. When the N, vibrational population is allowed to decay, the emission dims
quickly.

For comparison, we also show in the bottom panel a diagnostic model run in which NO production is initi-
ated without simultaneous production of N. In this case the emission remains bright due to the long chemical
lifetime of NO. This shows that the production of N is needed to explain the short observed emission lifetime
associated with the narrow channel of the emission. However, even with N production, the emission never
decays to 0 because although NO and N are initially produced in equal numbers, reaction (3) (an important
source of NO under quiet conditions) converts some of the N to NO.

In other numerical experiments (not shown), we find that the brightness is sensitive to certain parameters,
which are not well constrained by observations, such as the the altitude profile of Joule heating and neutral
upwelling, the rate of reaction (12) at high temperature, the amount of N,(v > 11), and the vibrational
distribution of N,, among others. For example, if we use k;;, = 1071° (appropriate for v = 20 and T,, = 2000 K
according to Pavlov, 2011), then the maximum brightness is 2,000 R, and it decays to 300 R.

4. Discussion

The previous analysis showed that if 5% of the ambient N, above 130 km is in high vibrational states and
the neutral density is elevated, significant continuum emission is produced. In reality, the amount of vibra-
tionally excited N, is not known, and the N, vibrational distribution is likely more complex than the simple
representation used here. Under a Boltzmann distribution, a vibrational temperature of ~10,000 K is needed
to create a v > 11 fraction of 5%. However, an equilibrium distribution is not expected. At 150-km altitude,
Pavlov, (2011, Figure 1d) calculates the characteristic time for vibrational-vibrational exchange as 160 s. The
characteristic time in the model for the N,(v > 11)+ O reaction is (k11 [O])_1 = 8s. This implies that a newly
excited N,(v > 11) molecule will rapidly produce NO before vibrational relaxation takes effect. Certain
production and loss processes for lower vibrational states have been neglected here but could be impor-
tant: high-temperature electron impact, quenching of O(*D), reaction (12), and vibrational-translational
exchange. Accurate kinetic modeling of the vibrational distribution of N, is needed.

Regarding vibrational excitation by ion impact, a simple calculation yields an excitation rate that is slower
than the instantaneous excitation used in the model. The buildup time to reach a v > 11 fraction of 5% is as
follows:

TNZ = '_’ (14)

where ¢ is the ion-neutral impact cross section, n; is the ion density, and v is the ion-neutral relative velocity.
For the purposes of this simple calculation we have made the optimistic assumptions that the neutral atmo-
sphere is dominated by N,, and ions transfer all of their kinetic energy into N, vibrational energy. Using
the hard-sphere cross section for NO* impact on N, (¢ = 3.6 X 101> cm?), a velocity of 6 km/s, and the
ion densities in the model, the buildup time is 350 s at 300 km and 3,000 s at 200 km. These are likely too
slow. A better understanding of energetic ion-neutral collisions, vibrational excitation, and the altitude pro-
file of plasma density and velocity is needed for further theoretical development. Missing from this analysis,
but potentially important, is the vibrational distribution of ionospheric ions, which is not well understood
(Sheehan & St.-Maurice, 2004), and the vibrational distribution of N,.

In addition to the vibrational distribution, the bulk thermospheric/ionospheric response inside SAIDs is
much more complicated than what is represented by this simple model. For example, significant effects of
plasma dynamics and heating have been observed (Anderson et al., 1991; Rodger et al., 1992). The amount
of neutral upwelling changes the continuum brightness considerably. Additionally, horizontal transport has
been shown to be important for modeling subauroral polarization stream/SAID plasma densities (Richards
et al., 2014).

This paper focuses on the STEVE continuum emission, which comprises about 95% of its radiance, but the
630.0-nm red line component is of potential interest. The red line emission can be produced by a variety of
processes (Solomon et al., 1988). Excitation by collisions with thermal electrons is thought to be the source
of stable auroral red (SAR) arcs (Mendillo et al., 2016). Although similarly located in the subauroral region,
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STEVESs and SAR arcs are distinct phenomena, as noted by Archer, Gallardo-Lacourt, et al. (2019). SAR arcs
occur during the recovery phase of geomagnetic storms and represent the slow decay of ring current energy
transmitted down the field line by heat conduction. The electrons in the high-energy tail of the thermal dis-
tribution have enough energy to directly excite ambient oxygen atoms to the !D state, but not enough energy
to excite any other significant species. This yields pure red emission around 400-km altitude (Kozyra et al.,
1997). STEVESs are distinguished by their narrow latitudinal width, transient appearance, lower altitude,
and the presence of other emissions.

Red line enhancements inside SAIDs have been previously studied (Sazykin et al., 2002) and may be related
to the phenomenon known as “weak SAR arcs” (Khalipov et al., 2001, 2018; Foster et al., 1994). In this
mechanism, a large ion-neutral relative velocity leads to an enhanced O;“ and NO* recombination rate and
thus elevated O(!D) production. Higher electron temperatures can also play a role, as in classical SAR arcs. It
has not been established whether the red enhancements seen in STEVESs are related to this phenomenon nor
is it clear whether the red enhancements within STEVEs have been routinely observed (but categorized as
aweak SAR arc) by the widespread network of instruments sensitive only to a narrow band of the spectrum
at 630.0 nm. In our model (as in Sazykin et al., 2002), dissociative recombination of O;' and NO™ contribute
to red line enhancements in SAIDs. However, because of the large N density, the dominant source of red
line in the model is the reaction:

0! +N = NO* + O('D). (15)

The red line reaches ~40 R in the model, but a quantitatively accurate result will require self-consistent
plasma dynamics and heating. If the elevated electron temperatures that have been measured on the topside
are any indication of electron temperatures at lower altitudes, accurate knowledge of the profiles of elec-
tron density, electron temperature, and oxygen density is needed to evaluate the contribution from thermal
electron excitation.

Although this paper is not focused on the green “picket fence” structures, which are sometimes associated
with STEVEs, a few remarks are pertinent. The picket fence consists mostly of the 557.7-nm green line
(Gillies et al., 2019) and it spans 95-150 km (Archer, St.-Maurice, et al., 2019). While it is well accepted
that the purple arc is not caused by particle precipitation, the relation of the picket fence to precipitation
is controversial. A picket fence was observed at a location magnetically conjugate to a Defense Meteoro-
logical Satellite Program observation of detached precipitation and far ultraviolet aurora (Nishimura et al.,
2019). However, precipitation should create N first negative emissions, while there is no evidence for this
emission in the picket fence spectrum observed by Gillies et al. (2019) (Mende et al., 2019). The horizontal
structuring (~18-km spacing) and magnetic field-aligned structure of the picket fence(Archer, St.-Maurice,
et al., 2019) are suggestive of precipitation and stand in contrast to the purple arc, which appears much less
structured. However, under the proposed mechanism, any underlying structure of the purple arc would be
blurred by the lifetime of NO. The radiative lifetime of the green line upper state is 0.8 s. For a 250-m/s hor-
izontal flow (Archer, St.-Maurice, et al., 2019), this gives a blurring width of 0.2 km, which is negligible for
the picket fence. However, for the purple arc, the lifetime of the proposed emission mechanism is domi-
nated by the lifetime of NO. In the model, in regions of large NO, continuum emission (defined as greater
than 50% of the maximum), the lifetime is 3.5-7.7 s. With an assumed velocity of 5 km/s at the NO, contin-
uum dominant altitude, the horizontal blurring is 17-39 km, which is of the same order or larger than the
horizontal structure. This means it is possible for the green picket fence and purple arc to have the same
underlying ~18-km structure even though the purple arc appears more (or completely) diffuse.

5. Conclusion

‘We have described a mechanism to explain the continuum emission in STEVEs. Nitrogen molecules, excited
to high vibrational energy by collisions with supersonic ions, overcome the activation energy of the N, + O
— NO + N reaction. The resulting NO combines with ambient O to produce NO, and white light. As this
mechanism is only operative where the ions move at the E X B velocity, it explains why STEVESs are observed
above 130 km. It also explains why STEVEs are only observed for high-velocity SAIDs, as 3 eV (equivalent
to a 4.4 km/s NO* ion or a 6.0 km/s O* ion) is needed to excite N, to v > 11 and thus cause reaction (11).
The apparent discrepancy between the thin transient arc and the typically long chemical lifetime of NO is
resolved by the simultaneous production of N, which reduces the lifetime to seconds.
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Vibrationally enhanced nitrogen was introduced into a photochemical model, resulting in visible levels of
continuum emission. Although the computational results lend support to the proposed mechanism, obser-
vational validation is needed. More measurements of the spectral shape may help identify or exclude NO, as
the emitting species. In situ or remote observations of enhanced NO and/or O would be challenging but most
direct. However, these would not directly implicate vibrational N,, which is difficult to observe. Coincident
observations of enhanced N would be indirect validation.
Appendix A: Reaction Rates
In Table Al we list the reactions used in the photochemical model. The reaction rate coefficients were
adopted from the compilation of Grubbs et al. (2018), except where noted. The 630.0-nm emission here refers
to the combined 630.0- and 636.4-nm lines. If an electronic state is not given, the ground state is implied. All
temperatures are in units of kelvin. T, T;, and T, refer to the neutral, ion, and electron temperature. T; is
the effective ion temperature (St.-Maurice & Laneville, 1998). The variable  denotes a scaled temperature:
T
T =300 (A1)
Table Al
Reaction Rate Coefficients, From Grubbs et al. (2018) Unless Otherwise Noted
Reaction Rate coefficient (cm3/s) Reference
NI +0 - NO* + N(*D) 1.4x107101 - 0.07119»21)5—0»44
[T; < 1,500]
52x1071@1 - 0.07119-21)1192
[T; > 1,500]
NI +0— Ot +N, 1.4 x107100.077;023
[T; < 1, 500]
5.2x107110.07704!
[T; > 1,500]
NI +0, - N, + 0} 5.0x 10717708
Nf +e— NCD)+N 1.94%10777;0% [T, < 1,200]
1.72%x 10777057 [T, > 1,200]
NI +e — N(D) + N(*D) 2.64x 107877039 [T, < 1,200]
234107877057 [T, > 1,200]
Ot +N, > NO* +N 1.71676 x 1012
—7.19934 x 10137,
+1.33276 x 107377
~9.28213 x1071°73
+6.39557 x 107107}
[Tf < 3725]
—1.52489 x 10711
+7.67112 x 1037,
+1.19064 x 1071377
~1.30858 x 1071°73
+4.67756 x 107187}
[Ty > 3725] St.-Maurice and Laneville (1998)
0*+0,-> 07 +0 2.78932 x 10711
—6.92612 X 10~ 127,
+8.67684 x 1071377
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Table Al
Continued
Reaction Rate Coefficient [cm3 s71] Reference
—3.47251 x 10—141}
+5.07097 X 10—161;‘,
[Ty < 4800]
—1.74046 x 10711
+3.02328 x 107127,
—2.39214 x 10*155%
—4.02394 X 10—171}
[T; > 4800] St.-Maurice and Laneville (1998)
Ot +NO - NOt +0 6.40408 x 10713
—1.33888 X 107137,
+7.65103 X 10_141'}2,
—3.11509 x 10*151;
+6.62374 X 10*171;
[Ty < 3800]
—7.48312x 10713
+2.31502 x 1071374
+3.0716 X 10—14r;
—2.65436 X 10—161;
+7.76665 X 10*1%}
[Ty > 3800] St.-Maurice and Laneville (1998)
0} +NO - NO* +0, 4.1x 10710
03 +N, » NO* +NO 5% 10716
NI +NO — NO* +N, 7.5%1079 T, 0-32
0 + N — NO* +0('s) 2.48 x 1011
0 +N — NO* +0('D) 1.40 x 10710
0f +e—0('D)+0 1.19 x 10~77; 07
[T, < 1200]
1.18 x 10~77; 061
[T, > 1,200]
0f +e— O('D)+0('D) 7.59 x 10787707
[T, < 1,200]
7.51 x 10787 0:61
[T, > 1,200]
0f +e - 0('D) + 0(*s) 3.90 x 10710707
[T, < 1,200]
3.86 x 1071077061
[T, > 1,200]
N*+0, - 0] +N 1.93 x 10710
N* + 0, - Of + N(D) 8.25x 10711
0 +N(*D) - N* + 0, 2.5%10710
N* +0, —» NO* + 0('D) 1.98 x 10710
N* +0, - NO* + 0 4.95x 1071
N* +0, - Ot + NO 2.8x 1071
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Table Al
Continued
Reaction Rate coefficient (cm?3/s) Reference
N* +NO - NO* +N 5.73x 1070 T, 044
N*+NO - Nf +0 7.08 x 10710 7044
Nt +0 - Ot +N 2.2 x 10712
NO* +e —» O+ N(’D) 2.66 x 10777069
[T, < 1,200]
2.30 x 10777036
[T, > 1,200]
NO* +e—- O0+N 8.40 x 10787069
[T, < 1,200]
7.25x 1078770:56
[T, > 1,200]
—3,600
N+0, >NO+O 1.5x 107 He T Barth et al. (2009)
N+0 - NO 3.33x 10716 .05
X(1 - 0.567 T;%3)
N(’D)+ 0, - NO+ 0 5.58 x 107127,
N(’D) + 0, - NO + O(*D) 6.2 x 10—_1;01"
N(D)+N, > N+N, 10713¢ Tn
NCD)+e—N+e 3.8 x 10712 7081
NCD)+0 - N+0O 1.26 x 10712
N(2D) + 0 - N + 0('D) 1.4x10713
N(’D)+ O —» NO* +e 2.5%x10718 Tgi .
X(2,205+ T,)e ™
N(D)+ 0% - N* +0 1.3x 10710
N+NO - N, +0 1.6 X 10—1"e%60 Barth et al. (2009)
N(D)+NO - N, +0 7 x 10711 Barth (1992)
N(*D) + NO - N + NO 6.7 x 10711 s
O+e— O(D)+e 0.15 793 % e T Mantas and Carlson (1991)
O('D)+N, - O +N, 1.8 x 10‘11e%
O(D)+0, - 0+0, 32x 10‘11e%
0('D) +NO - O + NO 1.5x 10710
O(D)+e—>O+e 8.1 x 10710703
o(lD)+0 - 0+0 2.5%x107 11
0(!s)+0 - 0+0 2x10714
_ETERE
0(!8)+0, > 0+0, 1.6 X 10712¢ 83147y
_ETEE
0(*S)+ 0, — O(*D) + 0, 72X 10713 83T,
0('S)+e—>O+e 1.56 x 10797094
0(S)+e — O('D) +e 8.56 x 1077
0(!S) + NO - O(*D) + NO 5.12x 10711
0(!S) +NO - O + NO 2.88 x 10711
Nt +e—>N 3.6 x 10—12(2%0)0-7
Ot+e—0 3.7 % 10—12(%0)0-7
N,(v>11)+0 - NO+N 10711 Pavlov (2011) p.164
NO + O — NO, + hvggne 10720 Hedin et al. (2012)
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Table Al
Continued
Reaction Rate coefficient (cm3/s) Reference
O('D) - O + hvgz.0nm A=859%x1073s7!
0(S) » O('D) + hvss7 70m A=126s71
0(*S) = O + hv97 3nm A=75x10"%s71
N(D) = N + hvsy0 onm A=6.6x10"%"1
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