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Abstract Molecular oxygen collides with its first positive ion in the Earth's ionosphere. The collision
frequency of this particle pair is used to calculate the electric conductivity of the ionosphere. However, for
this parental pair there are two collision types, resonant and nonresonant, and the selection of the
collision type has differed among previous studies in calculation of conductivity. In the present study, we
clarify that the nonresonant collision is physically essential for this pair because the relevant temperatures
are low. That is, the peak of the ionospheric conductivity occurs at altitudes between 100 and 130 km, where
the temperatures of ions and neutral particles are usually lower than 600 K, and for these temperatures
nonresonant collisions are dominant. The collision frequency would be underestimated by 30% if the
resonant collision was assumed at an altitude of 110 km (where the temperature is 240 K). The impact of this
difference on the conductivity is estimated to be small (3%), primarily because molecular nitrogen is much
more abundant than molecular oxygen. Although we have confirmed that the nonresonant collision is
essential, we also include the resonant type, primarily in case of possible elevated temperature events. A set
of ion‐neutral collision frequency coefficients for calculating the conductivity is summarized, including
other particle pairs, in the Appendices. Small corrections to the traditional coefficients are made.

Plain Language Summary The Earth's ionosphere is the region between altitudes of 60 and 800
km. The ionosphere consists of plasma, that is, ions and electrons, collocated with a neutral atmosphere.
Collisions between plasma and neutral atoms and molecules, such as oxygen, create an electric current. The
frequencies of these collisions need to be known to calculate the electric conductivity in the ionosphere.
In this study, we summarize a set of collision frequencies for calculating the electric conductivity. In
particular, we clarify that the nonresonant type of collision is essential between molecular oxygen and
molecular oxygen ions because the temperature is low at altitudes between 100 and 130 km, where the peak
of the ionospheric current is located.

1. Introduction

The Earth's ionosphere is a region of weakly ionized plasmas that begins at an altitude of approximately 60
km (e.g., Brekke, 2013). In the ionosphere, the electric current perpendicular to the magnetic field is mostly
concentrated in the E region at altitudes between 90 and 150 km. The electric current arises from different
velocities between ions and electrons. The different velocities are caused by the collisions with neutral mole-
cules and atoms (“neutrals” hereinafter). Electron‐neutral collisions are less important because electrons are
strongly bound to the magnetic field. It is ion‐neutral collisions that dominate the electric current and con-
ductivity. The dominant ions are NO+, O2

+, and O+, and the dominant neutrals are N2, O2, and O.

There are two types of collisions between ions and neutrals: nonresonant electric‐polarization collisions and
resonant charge‐exchange collisions (Dalgarno et al., 1958; Dalgarno, 1958; Banks, 1966; Banks & Kockarts,
1973; Schunk, 1977). Nonresonant collisions are possible for all ion‐neutral pairs and are caused by the
polarization of a neutral particle induced by an approaching ion (Figure 1a). The resonant collisions occur
between ions and their parental neutrals, such as O2

+ and O2, and are caused by an electron jump from
the parental neutral to the ion (Figure 1b). For such parental pairs, the nonresonant collision dominates
at low temperatures and the resonant collision is dominant at high temperatures.

In previous studies, it is often unclear which collision type was adopted when calculating the conductiv-
ity. The collision type adopted is at times not stated, or more often the study simply refers to textbooks
such as Banks and Kockarts (1973) or Schunk and Nagy (2009) (hereinafter SN2009). Such studies impli-
citly assume that there is a consensus for selecting the collision type in calculations of ionospheric
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conductivities. However, in reality, different collision types have been used
in previous studies. The resonant collision is adopted for the O2

+
‐O2 pair in

some studies (e.g., McGranaghan et al., 2015;Moro et al., 2016), while some
other studies adopt the nonresonant collision for this pair (e.g., Brekke &
Hall, 1988; Ieda et al., 2014).

The purpose of the present study is to summarize a set of collision fre-
quencies to calculate the ionospheric conductivity. In particular, we
clarify the appropriate type of O2

+
‐O2 collision to apply. We confirm

that the nonresonant collision type is physically essential, while we con-
clude that the resonant type should also be included for robustness. The
impact of the difference in O2

+
‐O2 collision type on the conductivity is

investigated in a case study. We summarize the set of collision
frequency coefficients in Appendix A. The coefficients are calculated
in Appendices B and C, which are slightly different from the
traditional values.

2. Temperature in the E Region

Figure 2 shows altitude profiles of a model ionospheric physical quantities above Tromsø, Norway (69.6°N,
19.2°E) at 12 UT on 30March 2012.We selected this example event because it was geomagnetically quiet and
the solar activity was moderate. That is, the 3‐hr geomagnetic Kp index was [3−, 2, 1+, 1−, 1, 1−, 0, 0+] and
the observed F10.7 index (daily 10.7‐cm solar radio flux) was 110.6 × 10−22 W/m2 Hz on this day. The 1‐hr
geomagnetic Dst index (World Data Center for Geomagnetism, Kyoto et al., 2015) was between −16 and 5
nT. This day was also used in our previous study (Ieda et al., 2014). Figure 2a shows the number density

Figure 1. Two types of O2
+
‐O2 collision in the target rest frame. (a)

Nonresonant type caused by the long‐range polarization force. A distant
collision dominant at low relative particle speeds (low temperatures). (b)
Resonant type caused by electron transfer. A close collision dominant at
high speeds (high temperatures).

Figure 2. Altitude profiles of a model ionosphere above Tromsø, Norway (69.6°N, 19.2°E, 67° in magnetic latitude) at 12
UT on 30 March 2012. The local noon is 1047 UT. The plasma and neutral parameters are respectively obtained from the
International Reference Ionosphere (IRI) 2016 model (Bilitza et al., 2017) and the Mass Spectrometer and Incoherent
Scatter (MSIS) model (Picone et al., 2002). The International Geomagnetic Reference Field (IGRF‐12) model (Thebault
et al., 2015) is also used to calculate conductivities. Collision frequencies are calculated using the coefficients in Appendix
A. (a) Number densities of neutral atmosphere (N2, O2, and O). (b) Number densities of ions (NO+, O2

+, and O+) and
electrons. (c) Neutral, ion, and electron temperatures. (d) Electric conductivity (Hall and Pedersen components). (e) Ion
components (NO+, O2

+, and O+) of the Pedersen conductivity. (f) Relative contribution of N2, O2, and O to the O2
+

collision frequency.
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of major neutral species (N2, O2, and O). Figure 2b shows the number
densities of major charged species (NO+, O2

+, O+, and e−). Collisions
between these neutral and charged particles create the
electric conductivities.

We calculate the conductivities using a method essentially equivalent to
that of Brekke and Moen (1993) and SN2009, as follows. For a charged
particle species j (NO+, O2

+, O+, and e−), we defineΩj (1/s) as the gyrofre-
quency and νj (1/s) as the momentum transfer collision frequency (sum of
the collisions with N2, O2, and O). Using the mobility kj ≡ Ωj/νj, the con-
ductivity for each charged species is

σ==; j; σP; j; σH; j
� � ¼ enj

B
kj;

kj
1þ kj

2 ;
kj

2

1þ kj
2

 !
(1)

where //, P, and H refer respectively to the parallel, Pedersen, and Hall
components. The contributions of ion species are summed so that,
for example,

σH;i ≡ ∑
j¼NOþ;O2

þ;Oþ
σH;j (2)

where i refers to the sum of ion species. The total conductivities are

σ==; σP; σH
� � ¼ σ==; e þ σ==; i; σP;e þ σP;i; σH;e−σH;i

� �
(3)

where e refers to electrons.

Figure 2c shows the neutral, ion, and electron temperatures. These tem-
peratures are close to each other in the E region, particularly in the model
data. The temperatures typically increase linearly with altitude in the E

region and approach 1000–2000 K in the F region (above 150‐km altitude). Figure 2d shows the Hall and
Pedersen conductivities, which have peaks at altitudes between 100 and 130 km, as is typical. Note also that
the O2

+ contribution to the Pedersen conductivity (Figure 2e) has a peak at altitudes lower than the Pedersen
peak altitude (Figure 2d). At these altitudes below 130 km, both the neutral and ion temperatures are lower
than 600 K in Figure 2c, as is typical.

3. Collision Type Depending on Temperature

Figure 3 shows the classic O2
+
‐O2 collision frequency coefficients. Two different types of collision are shown;

that is, the nonresonant (Schunk & Walker, 1973) and the resonant (SN2009) types, corresponding
respectively to

ν O2
þ
–O2ð Þ= O2½ � ¼ 4:08 Tr<800 K;nonresonantð Þ (4)

ν O2
þ
–O2ð Þ= O2½ � ¼ 0:259

ffiffiffiffiffi
Tr

p
1−0:073 log10Trð Þ2 Tr>800 K; resonantð Þ (5)

where the definitions of the physical parameters are summarized in Table A1. Note that these coefficients
are not specific to the day of Figure 2 but are in fact generally applied. According to Banks (1966), the non-
resonant (i.e., polarization) collision is effective below the transition temperature (800 K) and the resonant
charge exchange collision is effective above the transition temperature.

However, the two lines in Figure 3 do not appear to cross at 800 K but at 617 K. This is because this
traditional value of 800 K for the transition temperature was likely derived in error as follows. This tem-
perature was likely determined in Figure 3 of Banks (1966) where the nonresonant and resonant lines
appear to cross at approximately 800 K. They used a value of 1.98 for the O2 polarizability. We calcu-
lated that this polarizability gives a transition temperature of 808 K, which is indeed approximately
800 K.

Figure 3. Classic coefficients of the O2
+
‐O2 momentum transfer collision

frequency as functions of the reduced temperature. The two lines represent
the nonresonant (Schunk & Walker, 1973) and resonant (Schunk & Nagy,
2009) collisions. The nonresonant (i.e., electric‐polarization) collision is
effective at low temperatures, and the resonant (i.e., charge‐exchange)
collision is effective at high temperatures (Banks, 1966; Schunk & Walker,
1973). The transition temperature has been traditionally considered to be
800 K but in reality appears to be approximately 600 K. The coefficient is
2.74 (resonant) and 4.08 (nonresonant) at 240 K, where the ratio is 2.74/4.08
≈ 0.67.
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In contrast, the O2 polarizability is recognized in previous studies as approximately between 1.57 and 1.60 as
listed in our Appendix B, except for their unusual value of 1.98 in their Figure 3. Moreover, the same paper
(Banks, 1966) lists a different but usual value of 1.60 in their Table 1 for the O2 polarizability. That is, Banks
(1966) is not self‐consistent and the use of 1.98 is likely in error. The value of 1.98 is close to the polarizability
of CO instead, which is 1.97 in Table 9.10 of Banks and Kockarts (1973). Thus, it may be possible that the CO
polarizability was 1.98 in an unknown reference and was used as the O2 polarizability in Figure 3 of Banks
(1966) due to confusion.

As a result of this overestimation of the O2 polarizability, the nonresonant collision frequency and the tran-
sition temperature are overestimated in their Figure 3. The correct transition temperature should be approxi-
mately 600 K to be consistent with collision frequency coefficients listed in classic models such as Banks
(1966) and Schunk and Walker (1973).

As shown in Figure 2, the neutral and ion temperatures are below approximately 600 K at the altitudes of
peak conductivity. Accordingly, the nonresonant type expression in equation (4) is adequate for calculating
the conductivities due to the O2

+
‐O2 collision. In particular, the relative number density of O2

+ to other ions
is highest at approximately 110‐km altitude, where the temperature is 240 K in the standard atmosphere
(COESA, 1976), which is much lower than 600 K. If the resonant collision was assumed at 110‐km altitude,
the oxygen collision frequency would be significantly (30%) underestimated.

4. Impact on the Total Conductivity

As was shown above, the resonant and nonresonant collision frequencies can be significantly different for
O2

+
‐O2 pairs. We calculate the effect of this difference on the total conductivity, which also includes the

contribution of other particle pairs. Figure 4a shows a 24‐hr time sequence of the conductivities, electron

Figure 4. Time series of model ionospheric physical quantities above Tromsø, Norway (69.6°N, 19.2°E, 67° in magnetic
latitude) on 30 March 2012, shown on the 10‐min and 1‐km grids. The vertical lines indicate 12 UT (approximately 1 hr
after the local noon), corresponding to the time of Figure 2. (a) From top to bottom: calculated conductivities (Hall,
Pedersen, and parallel components), model electron number density, and temperatures (electron, ion, and neutral).
The O2

+
‐O2 collision type depends on the temperature. (b) Ratio of the two types of conductivities, that is, for resonant

collisions and nonresonant collisions assumed for O2
+
‐O2 pairs.
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density, and temperatures on 30 March 2012. The vertical line indicates 12 UT, which corresponds to the
instance of Figure 2. The electron density is the highest around the local noon at 1047 UT. The model elec-
tron, ion, and neutral temperatures do not show significant variation during a day when compared to the
electron density variation.

Conductivities in Figure 4a were calculated by our standard method (equation (3)) using the collision fre-
quencies (equations (A3) and (A4)), where the resonant and nonresonant type is automatically selected
according to the temperature at each altitude. That is, the collision type may be different at different alti-
tudes. In contrast, the conductivities used in Figure 4b were calculated by artificially assuming either the
resonant or nonresonant O2

+
‐O2 collision at all altitudes. That is, the collision type is the same at all alti-

tudes. We took the ratio of these resonant or nonresonant artificially‐type‐fixed total conductivities.
Figure 4b shows the ratio of the resonant type conductivity to the nonresonant type. The red color indicates
that the resonant type is higher than the nonresonant type.

The overall differences between the resonant and nonresonant O2
+
‐O2 total conductivity results are small (at

most 3%) in Figure 4b, primarily because N2 is typically four times more abundant than O2 (Figures 2a and
2f). Accordingly, the O2

+
‐O2 collision typically contributes at most approximately 20% to the total conduc-

tivity. In addition, the number density of O2
+ is at most comparable to NO+ (Figures 2b and 2e) during quiet

intervals, and thus, the O2
+
‐O2 collision contributes at most approximately 10%. Thus, the 30% underestima-

tion of the O2
+
‐O2 collision frequency coefficient results in an impact to the total conductivity by at most

approximately 3%. The maximum difference in this particular case is 3%, which would be typical during
the daytime for quiet intervals.

We see that the difference is mostly in the Pedersen component (Figure 4b) in the lower E region at alti-
tudes between 95 and 115 km during daytime. The altitude range is limited because the O2

+ composition
ratio is high only at these altitudes (Figure 2b), presumably as the result of Chapman‐type solar photoio-
nization. The Pedersen conductivity has a peak at 120‐km altitude (Figure 2d). Below this altitude, an
underestimation of the ion‐neutral collision frequency corresponds to an overestimation of the
Pedersen conductivity.

A weak underestimation (1%), indicated by the blue color, is seen in the Hall component (Figure 4b) near the
peak Pedersen altitude (120 km), where the Hall component is sensitive to the ion‐neutral collision fre-
quency. The difference is not evident in the parallel conductivity, which is dominated by electrons.

5. Discussion
5.1. O2

+
‐O2 Collision

As detailed in section 1, two different types of O2
+
‐O2 collisions are considered in previous studies: the reso-

nant type (e.g., McGranaghan et al., 2015; Moro et al., 2016) and the nonresonant type (e.g., Brekke & Hall,
1988; Ieda et al., 2014). In the present study, we have clarified that the nonresonant type is usually physically
appropriate for O2

+
‐O2 collisions for calculating the conductivity because both the neutral and ion tempera-

tures are usually lower than approximately 600 K near the peak conductivity altitudes.

However, the ion temperature may be unusually elevated in some occasions. In addition, while the transi-
tion temperature had been traditionally recognized as 800 K, it is clarified in the present study to be 600
K. The values of 800 and 600 K correspond respectively to altitudes of 183 and 145 km, according to the stan-
dard atmosphere (COESA, 1976). That is, the transition altitude is no more outside the E region. Thus, it is
more general to also consider the resonant O2

+
‐O2 collisions.

Considering both collision types is consistent with the original proposal by Banks (1966), who used either
the nonresonant or resonant coefficient depending on the temperature of interest. In this regard SN2009
is not readily clear. SN2009 lists the O2

+
‐O2 collision frequency coefficient for the case above 800 K in

their Table 4.5. However, SN2009 does not explicitly give the O2
+
‐O2 coefficient for the case below 800

K; thus, their table is incomplete. Confusingly, SN2009 states that the nonresonant collision occurs
between unlike particles. This statement may have been interpreted that there are no nonresonant colli-
sions for parental pairs. Note that the O2

+
‐O2 nonresonant coefficient is explicitly listed in Schunk and

Walker (1973).

10.1029/2019JA027128Journal of Geophysical Research: Space Physics

IEDA 5 of 12



We calculate and connect the O2
+
‐O2 resonant and nonresonant coefficients as follows. The nonresonant

coefficient is calculated in Appendix B as

ν O2
þ
–O2ð Þ= O2½ � ¼ 4:08 low temperature;nonresonantð Þ (6)

See Table A1 for definitions of the parameters. We calculated the resonant coefficient in Appendix C as

ν O2
þ
–O2ð Þ= O2½ � ¼ 0:262

ffiffiffiffiffi
Tr

p
1−0:0735 log10Trð Þ2 high temperature; resonantð Þ (7)

Either the resonant or resonant coefficient was selected depending on the temperature of each data points
(i.e., practically at each altitude) in classic models (Banks, 1966; Schunk & Walker, 1973).

Equivalently, we use the greater of equation (6) or (7) as

ν O2
þ
–O2ð Þ= O2½ � ¼ max 4:08; 0:262

ffiffiffiffiffi
Tr

p
1−0:0735 log10Trð Þ2� �

(8)

This expression is possible because the resonant coefficient monotonically increases with temperature. That
is, although we define the transition temperature as the temperature (607 K) at which equations (6) and (7)
cross, the value is not necessary in the actual calculations of the conductivity.

Note that Banks (1966) emphasized that the total collision frequency is not the sum of the resonant and non-
resonant frequencies. He recognized that the collision frequency is slightly enhanced (less than approxi-
mately 10%) near the transition temperature but ignored this enhancement in the final expressions.
Accordingly, we simply connect equations (6) and (7) by using equation (8). Other connection methods
would be possible, for example, using spline functions.

5.2. O+
‐O Collision

So far we have studied the O2
+
‐O2 collision frequency in the present study. The other parental pair relevant

for the ionospheric conductivity is the O+
‐O collision. For this pair, the resonant collision has been tradition-

ally assumed for calculating the conductivity, presumably because the transition temperature is relatively
low (231 K based on Appendix A) and in addition this light particle pair tends to be located at high altitudes.

Although the nonresonant collision is probably always negligible in the Earth's recent ionosphere, we
include it for robustness. Our expression is

ν Oþ
–Oð Þ= O½ � ¼ max 4:01; 0:368

ffiffiffiffiffi
Tr

p
1−0:0648 log10Trð Þ2� �

(9)

where we calculate the nonresonant coefficient (i.e., 4.01) in Appendix B, and the resonant coefficients in
Appendix C.

6. Conclusions

Different O2
+
‐O2 collision types have been used in previous studies, often without a clear explanation for the

choice. We have clarified that the nonresonant‐type collision is physically essential because the temperature
is usually low near the altitudes corresponding to peak conductivity. The O2

+
‐O2 collision frequency would

be significantly (30%) underestimated if the resonant collision was assumed at 110‐km altitude.

The impact of this difference on the total conductivity is estimated to be small because other particle pairs
also contribute. The impact was expected to be at most approximately 3% during quiet daytime, and this
expectation was consistent with a case study. The impact may be significantly different in other conditions,
in particular in the presence of auroral precipitations. However, it is currently difficult to demonstrate this,
because the O2

+ composition ratio is unknown under active conditions.

Although the nonresonant collision is essential for the O2
+
‐O2 pair, we discussed that it is more appropriate

to consider the resonant collision as well, primarily for elevated temperature cases. In addition, the transi-
tion temperature is found to be lower (600 K) than the traditionally assumed value (800 K), reducing the
nonresonant domain, and thus reducing the justification for only using the nonresonant coefficients. In
summary, the merged coefficient (equation (A1)) is appropriate for the O2

+
‐O2 pair.
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We summarize a set of collision frequencies for calculating the ionospheric conductivity in Appendix A. We
slightly correct the collision frequency coefficients of SN2009 in Appendices B and C within the classic
regime constructed by Banks (1966).

Appendix A: Summary of Collision Frequency Coefficients

The coefficients of the momentum transfer collision frequency are summarized in this appendix. These coef-
ficients are used in this study to calculate the electric conductivities in the Earth's ionosphere. Small correc-
tions are made to traditional coefficients, as explained in Appendices B and C. The definitions of the physical
parameters associated with the coefficients are listed in Table A1.

Collisions of neutral (N2, O2, and O) and charged (NO+, O2
+, O+, and e−) particles are assumed to be domi-

nant in the Earth's ionosphere. There, collisions between ion and neutrals can be resonant or nonresonant.
The nonresonant collision coefficients are calculated in Appendix B. The resonant collisions are calculated
in Appendix C and are relevant only for parental pairs (i.e., O2

+
‐O2 and O+

‐O). The parental pairs also have
nonresonant coefficients. The merged coefficients of the parental pairs are concluded in section 5 to have the
following forms:

C O2
þ
–O2ð Þ≡ ν O2

þ
–O2ð Þ= O2½ � ¼ max 4:079; 0:2617

ffiffiffiffiffi
Tr

p
1−0:07351 log10Trð Þ2� �

(A1)

C Oþ
–Oð Þ ≡ ν Oþ

–Oð Þ= O½ � ¼ max 4:014; 0:3683
ffiffiffiffiffi
Tr

p
1−0:06482 log10Trð Þ2� �

(A2)

where the “max” operator indicates the greater of the two coefficients (i.e., the nonresonant or resonant) for
each temperature.

Using these parental‐pair merged‐coefficients and the unlike‐pair nonresonant coefficients, the coefficients
for each ion species are expressed as follows:

ν NOþð Þ
ν O2

þð Þ
ν Oþð Þ

0
B@

1
CA ¼

4:355 4:280 2:445

4:146 C O2
þ
–O2ð Þ 2:318

6:847 6:661 C Oþ
–Oð Þ

0
B@

1
CA

N2½ �
O2½ �
O½ �

0
B@

1
CA (A3)

Note that the number of valid significant digits of constants in equations (A1)–(A3) is at most three, although
the constants are rounded to the four‐digit values that we actually used in the present study. We prefer to
keep the fourth digit because the constants are intermediate results before final quantities such as collision
frequencies and conductivities.

The coefficients of the electron‐neutral collision frequencies are adopted from SN2009 as follows:

ν e−ð Þ ¼ 0:233 1−1:21×10−4Te
� �

Te N2½ �
þ 1:82 1þ 3:6×10−2

ffiffiffiffiffi
Te

p� � ffiffiffiffiffi
Te

p
O2½ �

þ 0:89 1þ 5:7×10−4Teð Þ ffiffiffiffiffi
Te

p
O½ �

(A4)

Table A1
Definitions of the Physical Parameters Associated With Collision Frequency

Physical parameters Definition

[N2], [O2], [O] (1/m
3) Number density of neutral molecular nitrogen, molecular oxygen, and atomic oxygen

ν (10−16/s) Momentum transfer collision frequency
C (10−16 m3/s) Coefficient of momentum transfer collision frequency
Te, Ti, Tn (K) Temperatures of electrons, ions, and neutral gases
Tr (K) Reduced temperature (Tn + Ti)/2

Note. “Collision frequency” in the present study refers to the momentum‐transfer collision frequency for momentum
transfer from neutral particles. The laboratory frame is used throughout the present study except when the center‐of‐
mass frame is explicitly stated.
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Appendix B: Nonresonant Collision Frequency Coefficients

Nonresonant electric‐polarization collisions occur between all ion‐neutral pairs. The coefficients of the
momentum transfer collision frequency for this type are calculated in this appendix and small corrections
are made to traditional coefficients.

We calculate the coefficients using the classic method (Banks, 1966; SN2009), which uses the nonresonant
collision cross section form derived by Dalgarno et al. (1958). SN2009 calculated the nonresonant collision
frequency coefficients using their equation 4.88 with neutral gas polarizabilities in their Table 4.1.
However, their results do not perfectly match our results for the following reasons.

The ion‐neutral nonresonant collision frequency (equation 4.88 of SN2009) is

νin ¼ 2:21πe
ffiffiffiffiffiffi
γn
μin

r
nn

mn

mi þmn
(B1)

where we believe that the following definitions are appropriate: collision frequency νin (1/s); fundamental
charge e (esu) = 4.803205 × 10−10; neutral gas polarizability γn (cm3); neutral number density, nn (cm−3),
mass of ions and neutrals mi (g), mn (g), and reduced mass μin = mimn/(mi+mn).

We translate this equation into

νin 1=sð Þ ¼ 25:879×10−16
ffiffiffiffiffiffi
α0
μin

r
nn

mn

mi þmn
(B2)

where the units are changed to neutral gas polarizability α0 (10
−24 cm3), neutral number density nn (m

−3),
and mass in the unified atomic mass unit (u) (i.e., N2: 28, NO

+: 30, O2
+/O2: 32, O

+/O: 16). For clarification,
the conversion from equation (B1) to equation (B2) includes

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γn cm3ð Þ
μin gð Þ

s
nn cm−3
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10−24α0 10−24cm3ð Þ

mu gð Þμin uð Þ

s
10−6nn m−3

� � ¼ 10−6ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:660539

p
ffiffiffiffiffiffi
α0
μin

r
nn (B3)

wheremu (g) = 1.660539 × 10−24 is the unified atomicmass constant. Equation (B2) is equivalent to equation
9 of Banks (1966) and equation 9.73 of Banks and Kockarts (1973), where the center of mass frame is used
and the neutral number density is in cubic centimeters.

Equation (B2) indicates that the nonresonant coefficient of a particle pair depends on the neutral gas polar-
izability. The polarizabilities and resultant nonresonant coefficients used in the present study are shown in
Table B1, along with values from previous studies. There are some differences between the present results,
SN2009, and Schunk and Walker (1973).

The O2‐associated coefficients are slightly smaller in SN2009 (4.27, 6.64) than in Schunk and Walker (1973)
(4.28, 6.66). Since the polarizabilities are the same between them, this is an inconsistency. SN2009 states that

Table B1
Coefficients of the Ion‐Neutral Nonresonant Momentum Transfer Collision Frequency

Polarizability α0(10
−24cm3) Coefficient of nonresonant collision frequency C(10−16m3/s)

Reference N2, O2, O NO+
—(N2,O2,O) O2

+
—(N2,O2,O) O+

—(N2,O2,O)

Present study 1.76, 1.59, 0.77 4.36, 4.28, 2.45 4.15, 4.08, 2.32 6.85, 6.66, 4.01
Schunk and Nagy (2009) Tables 4.1 and 4.4 1.76, 1.60a, 0.77 4.34, 4.27, 2.44 4.13, —, 2.31 6.82, 6.64, —
Schunk and Walker (1973) appendix 1.76, 1.60, 0.77 4.34, 4.28, 2.44 4.13, 4.08, 2.31 6.82, 6.66, —
Banks and Kockarts (1973) Table 9.10 1.76, 1.59, 0.79 —, —, — —, —, — —, —, —
Banks (1966) Tables 1 and 10 1.76, 1.60b, 0.89c —, —, — —, 4.1, — —, —, 4.3d

Note. The coefficients depend on the neutral gas polarizabilities. Dashes indicate that coefficients were not explicitly listed in the corresponding references.
aTypo. Should be 1.59. bTheir Figure 3 uses 1.98 instead. cDifferent from their reference. Should be 0.77. dError due to (c). Should be 4.0.
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they use the O2 polarizability (1.60) in their Table 4.1, which refers to
Banks and Kockarts (1973), where the polarizability is in fact 1.59. Thus,
the 1.60 in SN2009 is likely a typo and it should have been 1.59 (footnote
(a) in Table B1 caption).

We adopt the set of polarizabilities that is likely actually used by SN2009.
However, our results still do not match SN2009 (e.g., 4.36 and 4.34 for the
NO+

‐N2 pair). We can marginally reproduce the coefficients in SN2009
only if the factor 25.879 in equation (B2) was approximately 25.79.
Neither 25.78 nor 25.80 lead to a good reproduction. We noticed that the
use of the proton mass (1.672622 × 10−24 g) instead of the unified atomic
mass constant in equation (B2) results in the factor of 25.79. This is one
possible interpretation for the remaining small differences between our

results and SN2009. The neutron mass (1.674927 × 10−24 g) results in the factor of 25.77 and did not provide
good results.

B.1. Supplemental Clarification of Polarizability

Regarding the polarizabilities α0 (10−24 cm3) listed in Table B1, footnotes (a) and (b) have been already
explained respectively in this appendix and in section 3. Here we make supplemental clarifications for
footnotes (c) and (d) by reviewing supplemental references listed in Table B2.

Banks and Kockarts (1973) does not include references, and Banks (1966) includes referencing errors as fol-
lows. Table 1 of Banks (1966) refers to Hasted (1964) and Dalgarno (1961) for polarizabilities. However, the
N2 and O2 values are not listed in Dalgarno (1961), and are 1.74 and 1.57 respectively on page 506 of Hasted
(1964), which are different from the values in Banks (1966) (1.76 and 1.60). We coincidentally noticed that
Hirschfelder et al. (1964) lists these values on page 950, which may be what Banks (1966) intended to refer
to. The O2 polarizability of 1.59 in Banks and Kockarts (1973) includes no reference, but would be acceptable
because it is between 1.57 and 1.60.

The O polarizability does not appear to be listed in Hirschfelder et al. (1964) nor Hasted (1964), and is listed
in Table 3 of Dalgarno (1961) as 5.2 × 0.148≈ 0.77. Thus, the Banks (1966) value of 0.89 does not exist in their
references, for which we provide the following possible explanation. We coincidentally noticed that
Dalgarno and Parkinson (1959) lists two different values for the O polarizability in their Table 2: their the-
oretical result of 0.89 and an experimental result of 0.77 by Alpher and White (1959). Dalgarno and
Parkinson (1959) expected that their theoretical value of 0.89 was overestimated, and in fact Dalgarno
(1961) lists only the experimental value of 0.77 as the “recommended” value, which was referenced as
0.89 by Banks (1966). That is, Banks (1966) likely uses the unrecommended value out of confusion.

Moreover, the concluding Table 10 of Banks (1966) is not self‐consistent regarding the O+
‐O collision. That

is, the transition temperature can be calculated using their listed nonresonant and resonant coefficients to be
301 K but is concluded to be 470/2 = 235 K instead. This traditional 235 K is very close to our model (231 K
based on Appendix A), which is supposed to be correct. Accordingly, one possible interpretation of the
inconsistency is that they had two different nonresonant collision frequency coefficients. That is, they calcu-
lated and listed the transition temperature using an unlisted practically‐correct coefficient (~4.0) that is
based on the correct polarizability (0.77), but in confusion they listed the incorrect coefficient (4.3 in
Table B1) that is based on the incorrect polarizability (0.89).

These errors in Banks (1966) were presumably noticed and improved by Banks and Kockarts (1973),
although they have no explanation nor references for their Table 9.10. Schunk and Walker (1973) follow
Banks (1966) except that they use 0.77 for the O polarizability presumably because they noted the error.
SN2009 intends to follow Banks and Kockarts (1973) except still using 0.77 for the O polarizability.
Accordingly, we have followed SN2009 in selection of the O polarizability.

Appendix C: Resonant Collision Frequency Coefficients
The resonant charge‐exchange collision occurs between ions and their parental neutrals. The O2

+
‐O2 and

O+
‐O pairs are relevant to the electric conductivity in the Earth's ionosphere. The coefficients of the

Table B2
Supplemental Neutral Gas Polarizabilities

Reference

Polarizability α0(10
−24cm3)

N2 O2 O

Hasted (1964)a Appendix 9 1.74 1.57 —

Hirschfelder et al. (1964) Table 13.2‐3 1.76 1.60 —

Dalgarno (1961)a Table 3 — — 0.77
Dalgarno and Parkinson (1959) Table 2 — — 0.89
Alpher and White (1959) Table 1 — — 0.77

Note. Dashes indicate that polarizabilities were not listed in the corre-
sponding references.
aReferred by Banks (1966).
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momentum transfer collision frequency for this type are calculated in this appendix and small corrections
are made to traditional coefficients.

We calculate the coefficients using the classic method (equations 25, 26, and 28 of Banks, 1966), which
is equivalent to equation 4.151 of SN2009. Our resultant coefficients are slightly different from those of
the classic models (Banks, 1966; Banks & Kockarts, 1973; SN2009). However, the coefficients should be
essentially the same because the same formula (Dalgarno, 1958) and parameters (Table C1) were
adopted for the charge‐exchange cross section. To confirm this, we clarify the causes of the differences
as follows.

The parameters in Table C1 are used in the average resonant charge‐exchange cross section that is approxi-
mated in equation 26 of by Banks (1966) as

QE cm2
� � ¼ A0 þ R2TB0ð Þ−B0log10 2Trð Þ½ �2 (C1)

where R2T = 3.96.

The resonant momentum transfer collision frequency in the center‐of‐mass (CM) frame is

νCM ¼ f0
ffiffiffiffiffiffiffiffi
2Tr

p
2QEnn (C2)

where f0≡ 4
3

ffiffiffiffiffiffi
8kB
πm

q
is a factor, where kB is the Boltzmann constant (1.380649 × 10−16 erg/K), and m (g) is

explained by Banks (1966) as “the ion or neutral particle mass”. We recognize this m (g) as being twice
of the reduced mass and approximate it for simplicity as the neutral mass. We use the unified atomic
mass constant 1.660539 × 10−24 g multiplied by 32 (O2

+
‐O2 collision) or 16 (O+

‐O collision).

Comparing equations (C1) and (C2), the momentum transfer collision frequency coefficient can be
expressed as

νCM=nn ¼ f0
ffiffiffiffiffiffiffiffi
2Tr

p
2 A0 þ R2TB0ð Þ−B0log10 2Trð Þ½ �2

¼ 2f0
ffiffiffi
2

p ffiffiffiffiffi
Tr

p
A0 þ R2T−log102ð ÞB0ð Þ−B0log10Tr½ �2 (C3)

C.1. Banks Output Style

Banks and Kockarts (1973) lists the coefficients as functions of 2Tr in the center‐of‐mass frame as

νCM=nn ¼ fBK
ffiffiffiffiffiffiffiffi
2Tr

p
ABK−BBKlog10 2Trð Þ½ �2 (C4)

Comparing with equation (C3), the constants are

Table C1
Input Parameters of the Average Resonant Charge Exchange Cross Section

Collision Pair O2
+
‐O2 O+

‐O

Cross‐Section Parameter A0 = 5.37, B0 = 0.54 A0 = 5.59, B0 = 0.475
Original Source Amme and Utterback (1964) Knof et al. (1964)
Source in Banks (1966) Table 6 Table 4

Note. These parameters are used in equation (C1).
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ABK ¼
ffiffiffi
2

p
A0 þ R2TB0ð Þ

BBK ¼ ffiffiffi
2

p
B0

fBK ¼ f0

8><
>: (C5)

Using the cross‐section parameter in Table C1, our results in this
Banks output style are

νCM O2
þ
–O2ð Þ= O2½ � ¼ 3:4297⋅10−3

ffiffiffiffiffiffiffiffi
2Tr

p
10:618−0:76368 log10 2Trð Þð Þ2 (C6)

νCM Oþ
–Oð Þ= O½ � ¼ 4:8503⋅10−3

ffiffiffiffiffiffiffiffi
2Tr

p
10:566−0:67175 log10 2Trð Þð Þ2 (C7)

These results are compared in Table C2 with Banks (1966) and Banks and Kockarts (1973). Our results
are very close to Banks and Kockarts (1973). We noticed that the use of the proton or neutral mass
instead of the unified atomic mass constant in equation (C2) results in a perfect match. There are small
differences between Banks (1966) and Banks and Kockarts (1973) for the O+

‐O collision. Since Banks and
Kockarts (1973) is much closer to our results, they presumably noticed and improved the errors in Banks
(1966). That is, the O+

‐O collision frequency is underestimated by approximately 4% at 1000 K in
Banks (1966).

C.2. Schunk Output Style

SN2009 lists the coefficients as function of Tr in the laboratory (LAB) or ionospheric frame as

νLAB=nn ¼ fSN
ffiffiffiffiffi
Tr

p
1−BSNlog10Tr½ �2 (C8)

Equation (C3) should be multiplied by mn/(mi+mn) ≈ 1/2 in this frame. That is, νLAB ≈ νCM/2 for the reso-
nant charge‐exchange collision. Accordingly, the constants are

ASN ¼ A0 þ R2T−log102ð ÞB0

BSN ¼ B0=ASN

fSN ¼ f0
ffiffiffi
2

p
ASN

2

8><
>: (C9)

Using the cross‐section parameter in Table C1, our results in this Schunk output style are

νLAB O2
þ
–O2ð Þ= O2½ � ¼ 0:26173

ffiffiffiffiffi
Tr

p
1−0:073511 log10Trð Þ2 (C10)

νLAB Oþ
–Oð Þ= O½ � ¼ 0:36834

ffiffiffiffiffi
Tr

p
1−0:064820 log10Trð Þ2 (C11)

These coefficients are compared with SN2009 in Table C3. Our results slightly differ from SN2009. The
SN2009 coefficients can be reproduced by starting from the Banks and Kockarts (1973) coefficients in
Table C2. Thus, it is likely that SN2009 did not directly calculate the coefficients but converted the Banks
and Kockarts results, which were already rounded. This is one possible interpretation why SN2009 results

are slightly (<~1%) different from our results.

For clarification, equations (C4) and (C8) are equivalent and are asso-
ciated through νLAB = νCM/2, which can be transformed as

fSN
ffiffiffiffiffi
Tr

p
1−BSNlog10Tr½ �2 ¼ fBK

ffiffiffiffiffiffiffiffi
2Tr

p
ABK−BBKlog10 2Trð Þ½ �2=2 (C12)

fSN 1−BSNlog10Tr½ �2 ¼ fBK G2=
ffiffiffi
2

p� �
1− BBK=Gð Þlog10Tr½ �2 (C13)

where G ≡ ABK − BBKlog102 is a temporal constant. Accordingly, the
conversion from the Banks output style to the Schunk output style is

Table C3
Constants for Resonant Collision Frequency Coefficients in Schunk Output Style

Constants fSN, BSN

Collision pair O2
+
‐O2 O+

‐O

Present study 0.262, 0.074 0.368, 0.065
Schunk and Nagy (2009), Table 4.5 0.259, 0.073 0.367, 0.064

Note. The constants are defined in equation (C9) and are used in equation (C8).

Table C2
Constants for Resonant Collision Frequency Coefficients in Banks Output Style

Constants fBK, ABK, BBK

Collision Pair O2
+
‐O2 O+

‐O

Present Study 0.0034, 10.6, 0.76 0.0049, 10.6, 0.67
Banks and Kockarts (1973), Table 9.13 0.0034, 10.6, 0.76 0.0048, 10.6, 0.67
Banks (1966), Table 10 0.0034, 10.6, 0.76 0.0047, 10.5, 0.67

Note. The constants are defined in equation (C5) and are used in equation (C4).
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BSN ¼ BBK=G

fSN ¼ fBKG2=
ffiffiffi
2

p
�

(C14)
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