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Abstract. This paper investigates how non-Maxwellian distributions of heated electrons modify the macroscopic properties of
the electron gas in the D region. Adjusted electron cooling rates for vibrational excitation of molecular nitrogen and molecular
oxygen, as well as excitation of fine structure levels in atomic oxygen, are presented. These electron cooling rates are compared
to Maxwellian cooling rates from previous studies by Pavlov (1998a); Campbell et al. (2004), Pavlov (1998b) and Pavlov and
Berringston (1999). We find that the electron cooling rates for vibrational excitation of molecular nitrogen and excitation of
fine structure levels in atomic oxygen are more affected by deviations from Maxwellian compared to the cooling rates for
vibrational excitation of molecular oxygen. This is due changes in the electron phase space density, where inelastic collision

between electrons and neutrals leads to redistribution of electrons.

1 Introduction

Electron cooling rates, where electrons transfer some of their kinetic energy through collisions with neutrals and ions, are an
important factor for the energy balance in the ionosphere. Previously, electron cooling rates have typical been calculated under
the assumption that the electron distributions are Maxwellian. This assumption simplifies calculations significantly, and allows
for the computation of analytical expression (Stubbe and Varnum, 1972; Pavlov, 1998a, b; Pavlov and Berringston, 1999; Jones
et al., 2003). However, in the lower ionosphere, the deviation from a Maxwellian can have a significant impact on the electron
cooling rates due to the high densities of molecular nitrogen Ny and molecular oxygen Os.

In the lower part of the ionosphere, the ionization fraction is typical very small: N./N,, ~10~8 — 1071, and the colli-
sion frequency is much higher than the plasma and gyro-frequency. As a consequence, the electron distribution can deviate
significantly from a Maxwellian due to inelastic collisions, as shown by for example Carleton and Megill (1962); Mintzer
(1964); Gurevich (1978); Stubbe (1981); Gustavsson et al. (2004), and by Myrvang et al., referred to hereafter as paper 1. An
important factor contributing to the deviation from a Maxwellian is the excitation of vibrational states of Ny, which have large
cross section between 2-3.5 eV, as shown in Paper 1. These deviations from a Maxwellian affect the macroscopic properties
of the D region electron gas, such as electron cooling and heating rates, refractive index, electron-neutral collision frequency
and absorption of radio wave energy. Accurate electron cooling rates, heat conductivity and related parameters, are necessary
to model the ionospheric response to internal and external forcing. Examples of ionospheric modelling include Belova et al.
(1995); Kassa et al. (2005); Kero et al. (2000, 2007); Myrvang et al. (2021).
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This paper (paper II) is the second in a series of two papers that address the influence of non-Maxwellian electron distri-
butions on the D region electron gas. In this paper, we study how the non-Maxwellian distribution impacts electron cooling
rates. The aim is to compute electron cooling rates using the non-Maxwellian distributions from Paper I and compare them to
previous works by Pavlov (1998a); Campbell et al. (2004) for vibrational excitation of No, Pavlov (1998b) for vibrational ex-
citation of O and Pavlov and Berringston (1999) for excitation of fine structure levels in atomic oxygen O. These calculations
are performed using cross section from Campbell et al. (2004) for vibrational excitation of Ny, Allen (1995) for vibrational
excitation of Oy and Bell et al. (1998) for excitation of fine structure levels in O.

We present cooling rates correction factors that account for the deviation between non-Maxwellian and Maxwellian distri-
butions, as well as an empirical relation between heat absorbed by the electron gas and the second moment temperature for
non-Maxwellian distribution in the D region. The correction factors are expressed as the ratio between non-Maxwellian and
Maxwellian cooling rates. These ratio can be used as corrections factor for Pavlov’s analytical cooling rates for Maxwellian
distributions, which were based on the best available cross sections in 1998-1999, to align with the cooling rates computed in

this work for non-Maxwellian distributions using the best available cross sections we were able to find.

2 Theory
2.1 Rate coefficients

To compare cooling rates for electrons with non-Maxwellian and Maxwellian distributions, expressions for the rate coefficients,
K, are needed. For electrons and neutrals with velocity distributions f.(ve), fn(vn), respectively, the general form of K is

given by the collision integral (e.g., Rees, 1989, p.69):

K:/veNJ(ve)fe('ve)fN(vN)d'veva :/vea(ve)fe(ve)fN(vN)dveva (1)

The relative velocity between electrons and neutrals vy can be replaced with the electron velocity ve, since electrons move

much faster than the neutrals. For Maxwellian distribution, the rate coefficients becomes:

8 1 7 E
K(Te) = WW/U(E)EQXP <_kBTe)dE (2)

0

This expression is derived after a change of variable from velocity to energy, F = %mCUQ, where kg is Boltzmann constant,
m, is the electron mass, o (E) is cross sections and 7 is the electron temperature. When heat is added to the electron gas, for
example by high power high frequency radio wave with angular frequency w and amplitude electrical fields Fy, it is possible
to calculate the electron distribution, as described in Paper 1. For such distributions, the same procedure leads to rate coefficient

for the corresponding energy distribution:
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where E is the energy with speed v/, v is —¢.FEy/m. with —¢g. as the elementary charge of an electron and , T;, is the
neutral temperature, v is the electron-neutral collision frequency, oo By = 2.49-10?! kg-m*-s72 and b=2.8-1072° m -5,
rN = Np/Npo with N, = Ny + O2 + O and N5 = Ny + O, which are the number density of Ny, O or O, and A is the

normalization constant. The normalization constant A is found by conserving the electron density N:

A= Ne

=" “)
47 [ fo(v)v2dv
0

2.2 Cooling rates from Boltzmann equation

The electron cooling rates represents the energy loss of electrons during collisions with neutrals. In these collisions, electrons
at all energies collide with atoms, molecules and ions, losing energy corresponding to the excitation energy of each neutral
species and excitation state. As such, in our solution of the Boltzmann equation, the contribution to the inelastic collisions
integral (0 fo/0t),, for each excitation is calculated as described in Eq. 9 from Paper I. This approach provides a direct method
to calculate the electron cooling rates, explicitly representing the total energy loss of the electron gas for each excitation
process. This allows us to compute the cooling effects due to vibrational excitation of Ny and Os, fine structure levels in O
and electronic excitation of Oa(a'A,), O2(b'EF), O('D) and O(*S). By directly applying this method to the vibrational

excitation of N and O, we obtain the same results as those derived from Eq. 6 and Eq. 7, respectively.
2.3 Electron temperature

In order to compare cooling rates for non-Maxwellian and Maxwellian distributions, a suitable electron temperature needs to
chosen for the Maxwellian distribution. The seemingly most obvious choice is to assign the Maxwellian distribution the same
second moment as the non-Maxwellian distribution, that is, to set the Maxwellian temperature equal to the second moment
temperature 75,4, as described in Paper I. However, we will show that this approach leads to an excessively large total cooling of
the Maxwellian distribution. A physically more reasonable approach is to utilize the electron energy equation (e.g., Shoucri and
Morales, 1984; Hansen et al., 1992; Gustavsson et al., 2010). At steady state, under D region conditions where time variation,
advection and convection of heat are negligible, the energy equation simplifies to a balance between local heating and cooling

(Schunk and Nagy, 1978; Kero et al., 2000):
Q(Te)_L(Te) =0 (5)

Here, L represents the sum of all cooling rates and () is the absorbed power. Using Eq. 5 to determine the temperature,
refereed to hereafter as 77, provides a Maxwellian distribution that absorbs the same amount of heat as the non-Maxwellian
distribution. We use analytical expressions from Pavlov (1998a, b); Pavlov and Berringston (1999) for the Maxwellian cooling
rates. However, it is important to note that these Maxwellian distributions do not contain the same amount of thermal energy

as the corresponding non-Maxwellian distributions.
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2.4 Cooling rates for vibrational excitation of N and O-

For the electron cooling rates of vibrational excitation of Ny and O, we only consider the transition from the vibrational
ground state, since the number density of vibrationally exited Ny and Oy is small, and their contribution to electron cooling is
negligible (Pavlov, 1998a, b). In addition, we assume that the vibrational temperature T,;; is equal to the neutral temperature

T.,. With these assumptions, the electron cooling rate is given by:

10
Lui(N2) = NeNo{1 —exp(—E1 /kT0)} > Q{1 —expluB (kT ' — kT, )]} (6)

v=1
for vibrational excitation of Ny from the ground state v = 0, adapted from Eq. 11 in Pavlov (1998a), and:

7
Luin(02) = N.O2 Y Q{1 —exp[vE] (kT " — kT, )]} @)

v=1
for vibrational excitation of Oz from the ground state v = 0, adapted from Eq. 8 in Pavlov (1998b). In both Eq. 6 and 7, v is
the vibrational level, N, is the electron number density, F is the energy of the first vibrational level with E; = 0.2889 eV for

Ny and E] = 0.1929 eV for O,. Furthermore, for both neutral species () is defined as:
Q=E,K(T.) (8)

Here, K (T) is the rate coefficient as given by Eq. 2 for a Maxwellian distribution and Eq. 3 for a non-Maxwellian distribution.
Note that @) in Eq. 8 is the same as (Jg, in Pavlov (1998a) and Pavlov (1998b). The energy FE, of the vibrational level v is

approximately:
E,=vE] —v(v—1)AFE’ )

for vibrational excitation of O, where AE’ = 0.0015 eV for O,. We take values of E,, for vibrational excitation of Ny from

table 2.1 in Itikawa et al. (1986).
2.5 Rotational cooling rates

To compute non-Maxwellian cooling rates for rotational excitation of Ny and O9, we use the general expression for inelastic

collisions from Eq. 1 in Stubbe and Varnum (1972):

m—1 m
1 E; AE;;
Lot = NeNlZ ZE:O j:%HAEin(Te)gi exp < kan> <6Xp [ T T, (Te = Ty) — 1D (10)

for the neutral constituents IN;, and where E; is the energy of the i'” state of the neutral, AE;; = E; — E;, Ej is the energy
of the j*" state of the neutral, m is the number of energy states of the neutral, Z = Z;’io gjexp(—E;/kyT,) is the partition
function, g; is the statistical weight of the i* state, g; 1s the statistical weight of the jth state and K (T,) is given in Eq. 3.
For rotational excitation of Ny and O2, we consider several transitions from Schmalzried et al. (2023); Takayanagi and Itikawa
(1970); Itikawa et al. (2006). Values of g;, gj, E;j, F; and E; are taken from Schmalzried et al. (2023). Maxwellian cooling

rates for rotational excitation of Ny or Oy are from Pavlov (1998a) and Pavlov (1998a), respectively.



115

120

125

130

135

https://doi.org/10.5194/egusphere-2026-1118
Preprint. Discussion started: 27 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

3 Cooling rates for excitation of vibrational states of N> and O- and fine structure of O

We compute the electron cooling rates using neutral densities and temperatures from MSISE-90 model (Hedin, 1991; Picone
et al., 2002), and electron density from an ionospheric model by Baumann et al. (2013). Table 1 presents the electron densities,

neutral densities and neutral temperatures used in this study for the altitudes of 70, 80, 90 and 100 km.

Table 1. Electron densities, neutral densities and neutral temperatures used in this study for the altitudes of 70, 80, 90 and 100 km.

Height | No [m™%] | No [m™3] | Oz [m™3] | O[m™¥ T, [K]
70km | 1.29-10° | 1.34-10%" | 3.55-10%° | 0 222
80km | 1.03-107 | 8.03-10™ | 3.10-10%° | 1.64-10" | 190
90km | 1.33-10° | 5.32-10"° | 1.31-10'° | 1.17-10'" | 173
100km | 2.14-10° | 7.63-10'® | 1.67-10'® | 1.81-10'" | 195

Electron cooling rates @) for vibrational excitation of Ny and O, as well as for excitation of fine structure levels in O, are
shown in Fig. 1, Fig. 2 and Fig. 3, receptively, as a function of electric field (Ey) for altitudes of 70, 80, 90 and 100 km.
Non-Maxwellian () values are shown as blue solid lines, while Maxwellian () values are shown as blue dashed-dotted lines.
The temperature of the Maxwellian distribution, depicted as red solid lines, corresponds to the second moment temperature
T5,q of the associated non-Maxwellian distribution. For vibrational excitation of Ny in Fig. 1, the discrepancy between the
non-Maxwellian and Maxwellian () varies with height and electric field. At 70 km, the non-Maxwellian @ is slightly lower
than the Maxwellian @ for electric fields above approximately 1 V/m. However, overall, ) for both distributions are quite
similar. At altitudes of 80, 90 and 100 km, the non-Maxwellian () is higher than the Maxwellian @) for electric fields below
2 V/m and consistently lower for electric fields above 2 V /m. Notably,at 80 km the non-Maxwellian () is only slightly higher
below 2 V/m compared to 90 and 100 km. We find that the non-Maxwellian and Maxwellian @ for vibrational excitation of O
in Fig. 2 are generally similar at 70, 80, 90 and 100 km. However, at 80, 90 and 100 km, non-Maxwellian @ is slightly higher
than the Maxwellian @) for electric fields below approximately 1.5 V/m. The results in Fig. 3 for excitation of fine structure
levels in O, show that the electron cooling rates () are zero at 70 km, while at 80, 90 and 100 km, the non-Maxwellian () are
higher than the Maxwellian @, except at 90 km for electric field below 1 V/m.

To understand why the discrepancy between the non-Maxwellian and Maxwellian () for vibrational excitation of Ny varies
with electric field, we consider the deviations of the distribution from Maxwellian and the electron temperature 75,4, both of
which are important factors. As shown in Paper I, the non-Maxwellian distribution exhibits a sharp fall-off at around 2 eV due
to the vibrational excitation of No, which redistributes electrons to energies below 2 eV, thereby increasing the phase space
density in this energy range. This effective cut-off is primarily caused by the large cross sections of vibrational excitation of
Ny in the energy range of 2-3.5 eV. The cut-off at 2 eV becomes more pronounced with higher electric fields, as electrons
are increasingly more likely to excite vibrational states in Ny and degrade to lower energies as more energy is supplied to the

electron gas. Paper I also show that the redistribution of electrons to energies below 2 eV due to the cut-off leads to an increase
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Vibrational excitation of molecular nitrogen

70 km 80 km
8T -+ 6000 8T + 6000
9+ QNM 9+ QNM
+ 5000 45000
) ===-Qy o ===-Qy §Od
‘v -10 T R ‘v -10 T R Rd
o 2nd + 4000 o 2nd 7 4 4000
§-11 7 T §-l1y <
+3000 = 3000 =
B 12 1 B2+ °
(04 2000 o - 2000
o -13 + o -13 +
k<] k<]
a4 1 1000 14+ + 1000
-15 0 -15 0
0 0 4
- 6000 8T - 6000
- 5000 9T 1 5000
o o
‘n - "» -10 1
o - 4000 o - 4000
£ .- T E-11t <
B £3000 5 S 3000
Q- o127 ~
o + 2000 (4 - 2000
o - o -13 +
9 k<]
+ 1000 14+ + 1000
0 -15 0
4 0 1 2 3 4
E, [V/m] E, [V/m]

Figure 1. log,, @ for vibrational excitation of N2 as a function of electric field (Ep) for 70, 80, 90 and 100 km. Blue solid line: Non-

Maxwellian. Blue dashed-dotted line: Maxwellian at the electron temperature 75,4. Red solid line: 75,4 as a function of electric field.

in the gradient temperature T¢g around 0.5-1.5 eV, particularly around 1.1 eV, and to a second moment temperature 75,4 that
varies depending on the strength of the electric field. The temperature T4 increases sharply for electric fields above 2 V /m,
resulting in a relatively high 75,4. The aforementioned effects cause the non-Maxwellian () to be lower than the Maxwellian
Q for electric fields above 2 V/m due to the more pronounced cut-off at 2 eV. This leads to reductions in electron energy
losses to vibrational excitation of Ny for electrons with energies above 2 eV compared to a Maxwellian distribution. Provided
that the electron gas absorb a constant amount of heat, other cooling processes must increase to balances constant electron
heating rates at steady state. As shown in paper I, this is caused by increases in phase space densities below 2 eV. Additionally,
the Maxwellian is computed at the relatively high second moment temperature of the non-Maxwellian, and a Maxwellian
distribution at this temperature will have much larger cooling rates balancing a significantly larger heating rate. This means

that the non-Maxwellian and Maxwellian ) correspond to two different energy flow through the electron gas. Below electric
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Vibrational excitation of molecular oxygen
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Figure 2. log,, @ for vibrational excitation of Oz as a function of electric field (Ep) for 70, 80, 90 and 100 km. Blue solid line: Non-

Maxwellian. Blue dashed-dotted line: Maxwellian at the electron temperature 75nq. Red solid line: T5yq as a function of electric field.

fields of 2.0 V/m, the non-Maxwellian () is higher than the Maxwellian because the cut-off is less pronounced. This means
that the energy loss of electrons above 2.0 eV is less significant. A less pronounced cut-off means that fewer electrons have
degraded from energies above 2 eV to lower energies, leading to a comparably lower temperature 75,4. Consequently, the
Maxwellian cooling rates are computed at this comparably lower temperature, making the Maxwellian cooling rates appear
lower than the non-Maxwellian rates.

For vibrational excitation of Oy, the non-Maxwellian and Maxwellian cooling rates are quite similar. In regions where
the cross section of vibrational excitation of O, is large (0.3-1.1 eV), the phase space density of the non-Maxwellian and
Maxwellian distribution are relatively similar, although the non-Maxwellian phase space density exhibits a slightly steeper
decrease, as shown in Paper 1. Below electric fields of 1 V/m, the non-Maxwellian cooling rates for O, are slightly higher than
the Maxwellian rates, which likely follow the same explanation as for Ny, where the Maxwellian cooling rates are computed at

a comparably lower temperature. The reason why the cooling rates for excitation of fine structure levels in O are higher for the



https://doi.org/10.5194/egusphere-2026-1118
Preprint. Discussion started: 27 March 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Excitation of fine structures in atomic oxygen
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Figure 3. log,, @ for excitation of fine structure levels in O as a function of electric field (Ep) for 70, 80, 90 and 100 km. Blue solid line:

Non-Maxwellian. Blue dashed-dotted line: Maxwellian at the electron temperature 75nq. Red solid line: 75,4 as a function of electric field.

non-Maxwellian compared to the Maxwellian is due to the large cross sections in the regions where electrons are redistributed
by vibrational excitation of Ng to around 1.0-1.5 eV and by vibrational excitation of O to energies around 0.1 eV.

160 This show that a Maxwellian distribution with a temperature corresponding to the second moment temperature of hot
non-Maxwellian distributions leads to unreasonably high electron cooling. From an energetics perspective, this means that
a Maxwellian at 75,4 is not consistent with the heat absorbed by the non-Maxwellian gas. If we instead use a Maxwellian
distribution that has the same absorbed energy as the corresponding non-Maxwellian, the resulting Maxwellian has a much
lower temperature Ty (ref. Eq. 5). Hence, the heated non-Maxwellian distribution contains more total thermal energy than the

165 Maxwellian distribution that loses the same amount of energy to cooling processes. Figure 4 shows the ratio between total
cooling rates for a Maxwellian at 75,4 and the total non-Maxwellian cooling rates in panel (a) and the ratio between 75, and

11, in panel (b). Panel (c) and (d) show total cooling rates for a Maxwellian at 75,4, a non-Maxwellian and a Maxwellian at
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Figure 4. Panel (a): Ratio L/ Lnm between total cooling rates for a Maxwellian at Thq and total non-Maxwellian cooling rates. Panel (b):
Ratio Tona/7T1. For both panel (a) and (b), the x-axis show the total absorbed power Qubs for the non-Maxwellian electron gas. Panel (c):

Total cooling rates for Maxwellian at Tnq, non-Maxwellian and Maxwellian at 71, for Fo = 0.75 V/m. Panel (d): Same as panel (c), but

E() =25 V/m

T with Ey = 0.75 V/m and Ey = 2.5 V/m, respectively. This figure illustrate that the total cooling rates for a Maxwellian at
Tnq become unreasonably high when the non-Maxwellian have a large total thermal energy. Therefore, in Fig. 5, Fig. 6 and
Fig. 7, we show electron cooling rates (), which are the same as Fig. 1, Fig. 2 and Fig. 3, but with a Maxwellian at the electron
temperature 71 . Overall, the temperature 71 is lower than 75,4, especially at 90 and 100 km, where 75,4 exceeds 5000 K while
T, remain below 3500 K. The cooling rates for non-Maxwellian and Maxwellian at 71, for both vibrational excitation of Ng
and O- in Fig. 5 and Fig. 6, respectively, appear more reasonable for the hot non-Maxwellian case. Here, a Maxwellian at 71,
seems to be a better measure than a Maxwellian at T5,5. However, the cooling rates for a Maxwellian at 71, are generally lower

for the colder non-Maxwellian case. This is likely caused by the inclusion of too few transitions for rotational excitation Ny
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and Oo, as well as outdated cross sections for elastic collisions, as shown in panel (c) of Fig. 4.
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Vibrational excitation of molecular nitrogen
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Figure 5. log,, @ for vibrational excitation of N2 as a function of electric field (Ep) for 70, 80, 90 and 100 km. Blue solid line: Non-

Maxwellian. Blue dashed-dotted line: Maxwellian at the electron temperature 77 . Red solid line: 71. as a function of electric field.

4 Discussion

One important difference between the non-Maxwellian and Maxwellian cooling rates is that the Maxwellian cooling rates are
uniquely controlled by the electron temperature. In contrast, for the non-Maxwellian distribution, the cooling rates depend
on the shape of the distribution, which is not uniquely determined by its second moment but also influenced by the impact of
inelastic collisions with the neutral atmosphere. Previous studies typically provide analytical expression for the cooling rates as
a function of electron temperature. These are usually derived and computed from expressions such as Eq. 2 and 8, assuming a
Maxwellian distribution. For example, for ionospheric modelling of radio wave propagation through the D region ionosphere,
one can use the simplified electron energy equation from Eq. 5, where analytical expressions are often applied for the total
Maxwellian electron cooling rates. The balance between local heating and cooling determines the electron temperature, which

in turn determines the electron cooling rates. The non-Maxwellian cooling rates, on the other hand, arises as a by-product

10
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Vibrational excitation of molecular oxygen

70 km 80 km
8T T 4000 8T T 4000
QNM QNM
Y p— 9t meme
- Qy lao00 Qu + 3000
%) -=T 0 -=T P
" 10 + " 10 + =
§ Z § <
N 2000 5 S - 2000
L1+ R =
o o
(=] (=]
1000 - 1000
212+ <12+
13 0 13 0
0 1 2 3 4 0 4
90 km
8T T 4000 - 4000
o - 3000 o - 3000
[%2] [%2]
(3] o™
5 2000 = g 2000 =
S i i
, e 3 2
o o
g - 1000 g - 1000
0 0

Figure 6. log,, @ for vibrational excitation of Oz as a function of electric field (Ep) for 70, 80, 90 and 100 km. Blue solid line: Non-

Maxwellian. Blue dashed-dotted line: Maxwellian at the electron temperature 77 . Red solid line: 71. as a function of electric field.

of the calculation of the distribution function described in paper 1. The distribution function is governed by the heat added
to the electron gas and energy loss processes due to inelastic collisions. Macroscopic properties of the electron gas, such as
electron temperature and electron cooling rates, can be computed through integrals over the electron distribution function.
Our solution of Boltzmann equation provides both the second moment temperatures and the cooling rates. However, since
the second moment electron temperature does not uniquely specifies the distribution function, it is insufficient to compute the
electron cooling rates.

During strong radio wave heating, our results show that the electron distribution becomes significantly different from a
Maxwellian distribution. At steady state, the non-Maxwellian distribution does not change over time because the electrons lose
as much energy as is added through the HF heating wave. For this modified non-Maxwellian distribution, different inelastic

collision dominate compared to a Maxwellian, primarily due to the cut-off at 2.0 eV, where electrons degrade to lower energies
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since the number of electrons has to be conserved. This causes the non-Maxwellian electrons to lose less energy to No through
vibrational excitation, and more to O through excitation of fine structure levels.

The results in this paper are somewhat similar to modelling by Milikh and Dimant (2003), who studied frictional electron

200 heating in the E region auroral electrojet during magnetic storms. Milikh and Dimant (2003) found that the non-Maxwellian

cooling rates are lower than the Maxwellian cooling rates for the temperatures they observed. The main difference between the

work in this paper and Milikh and Dimant (2003) is that they model the electron distribution function at E region height with a

turbulent electric field parallel to the magnetic field to represent frictional heating, while this work apply an oscillating electric

field perpendicular to the magnetic field to represent HF radio wave heating in the D region. This corresponds to approximately

205 three orders of difference in neutral density and one order of difference in electron density. However, qualitatively our results

are consistent.
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The cooling rate modification discussed in this paper should be applicable to any scenario where the electron gas in the lower
ionosphere is significantly heated, since the HF radio primarily add heat to the electron gas through Omhic heating, while the
phase space density remain isotropic. As a consequence, the results presented in this paper utilized to model the response of the
D region to any natural physical processes that add heat to the electron gas. One example is large enough frictional heating due
to ExB-drift, which can heat the electron temperature to as much as three times the background neutral temperature (Browner
et al., 2009). Browner et al. (2009) argues that, since the temperature enhancement is moderate and the ExB drift velocity
is smaller than the thermal velocity, the velocity distribution does not deviate significantly from a Maxwellian. Therefore,
they justify the use of Maxwellian cooling rates. This contrast with our results, which are non-Maxwellian mainly due to No
cut-off, which become more pronounced with higher energy input (i.e. higher temperature). Even for temperatures as low as
600-700 K, the tail of the electron distribution deviates from a Maxwellian, as demonstrated in Paper I. The remaining question
is at what temperature the deviation from a Maxwellian becomes important enough to take into account. To our understanding,
this ought to be more important in the upper part of the D region and the lower part of the E region.

Even though heating works differently in the D region and E-region, any natural process that increases the heat input in the
E-region will behave similarly to the D region. This might indicate that the cooling rates for the D region during heating, as
presented in this paper, might have implications for cooling rates in the E-region, if heating or any natural processes increases

the temperature to a sufficiently high level, provided that the difference in neutral density is taken into account.

5 Conclusions

This paper demonstrates that deviations from a Maxwellian influence the macroscopic properties of the electron gas, such as
electron cooling rates. The vibrational excitation of molecular nitrogen and oxygen, as well as the excitation of fine structure
levels in atomic oxygen, differ from Maxwellian cooling rates. Inelastic collisions between electrons and neutrals lead to exci-
tation of different states in the neutrals, causing a redistribution of electrons. Cooling rates are determined by integrating over
the phase space density, multiplied by cross sections and energy. Any changes in the phase space density will, therefore, affect
the cooling rates. If the cross section of any inelastic collision process happens to be large in regions with increased phase
space density, this will results in an increase in the cooling rates, as observed in the excitation of fine structure levels in O.
Conversely, vibrational excitation of Ny has large cross sections in regions with reduced phase space density, i.e. above ap-
proximately 2.0 eV. During strong radio wave heating, these cooling rates are reduced. Cooling rates for vibrational excitation
of Oy remain comparable to Maxwellian rates because their cross section are large in energy ranges where the phase space

density is quite similar to a Maxwellian.

Code and data availability. Code and data computing cooling rates will be made available.
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of fine structure levels in O.

Appendix A: Correction factor for Maxwellian cooling rates

Figure A1 presents correction factors that take into account the deviation from a Maxwellian. These correction factors are
shown as a function of the absorbed power of the non-Maxwellian electron gas, which is found from Eq. 5, i.e the absorbed
power is equal to the sum of the total cooling rates. The absorbed power at each height and electric field have a corresponding
240 second moment temperature for the non-Maxwellian. We present the correction factors in Fig. Al as the ratio between non-
Maxwellian and Maxwellian cooling rates, where the Maxwellian is at the temperature 71. The different panels in Fig. Al

show the ratio for vibrational excitation of Ny, vibrational excitation of O, rotational excitation of Ny and excitation of fine

structure levels in O.
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