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Abstract: Atmospheric escape is a key process controlling the long term evolution of planets. Radiative cooling competes for energy
against atmospheric escape in planetary upper atmospheres. In this work, we use a population balance method and a Monte Carlo model
to calculate the previously ignored emissions of metals (C, N, O and their ions) and compare them with radiative recombination of H II
and Ly-α emission of H I, which are the most efficient cooling mechanisms currently recognized in the upper atmospheres of hot Jupiters.
The results show that the emissions of C, N, O and their ions are strong non-linear functions of environmental parameters (temperature,
density, etc.) and are likely to be efficient cooling mechanisms in the upper atmospheres of close-in exoplanets.
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1.  Introduction
Radiative cooling is a key consideration in calculating the heating

efficiencies  in  planetary  upper  atmospheres  (Tian  F,  2015).  Heat-

ing  efficiency  describes  the  fraction  of  absorbed  XUV  photons

converted  to  kinetic  energy.  Radiative  recombination  of  H  II  and

Ly-α emission of H I are the most efficient cooling mechanisms re-

cognized  today  for  the  upper  atmosphere  of  close-in  exoplanets

(Murray-Clay  et  al.,  2009;  Koskinen  et  al.,  2013a).  Although  the

column-integrated emission of H3
+  is  larger than these emissions

(Shaikhislamov et al., 2014; Yelle, 2004), it is insignificant from the

perspective of atmosphere loss because of the low abundance of

H3
+  in  the  middle  and  upper  parts  of  planetary  thermospheres.

Most  numerical  models  for  H-dominant  planetary  upper  atmo-

spheres  (Yelle,  2004;  Tian  F  et  al.,  2005;  Murray-Clay  et  al.,  2009;

Koskinen  et  al.,  2013a,  b  )  adopt  heating  efficiencies  of  ~10%,

which is  consistent  with empirical  analysis  of  exoplanet  observa-

tions (Lopez et  al.,  2012) and detailed numerical  models for  pure

hydrogen upper atmospheres (Shematovich et al., 2014). With this

efficiency,  rocky  planets  under  strong  stellar  wind  and  XUV  radi-

ation could rapidly lose their  volatiles (Tian F,  2015;  Massol et al.,

2016).

C and O have been observed in the extended H envelopes of hot

Jupiters  (Vidal-Madjar  et  al.,  2004;  Linsky et  al.,  2010)  and are ex-

pected  to  be  abundant  in  the  upper  atmospheres  of  strongly

XUV-irradiated  rocky  planets  (Tian  F,  2009,  2015;  Tian  F  et  al.,

2008a, b, 2009).  The O/H ratio in the upper atmospheres of plan-

ets  experiencing  rapid  water  loss  should  be  ~0.5  (Tian  F,  2015;

Massol et al., 2016). These species and other metals could also be

delivered to planets by interplanetary dust particles. Besides, oxy-

gen  ion  escape  could  be  as  important  as  H  escape  in  water  loss

under strong XUV radiation (Airapetian et al., 2017). But the radiat-

ive effects of metals have been largely ignored in previous studies.

In  this  work,  we  developed  a  population  balance  model  and  a

Monte Carlo  model  to  calculate  the population distributions and

emissions of C, N, O (and their ions) by considering collisional ex-

citation,  collisional  deexcitation,  and  spontaneous  emission,

based on fundamental data in the literature. We found that metal

emissions appear to be important cooling mechanisms for typical

close-in  exoplanets  and suggest  that  future  numerical  models  of

the  upper  atmospheres  of  such  planets  should  include  metal

emissions.

2.  Methods
Tables  1  and  2  show  the  energy  states  and  corresponding  Ein-

stein  coefficients  (s–1)  included  in  our  model.  Between  8  and  14

energy  states  are  considered  to  ensure  that  metal  emissions  in-

crease  by  no  more  than  3%  when  additional  excited  states  are

considered.

2.1  Population Balance Model
The population balance model  solves a series of  species-relevant

equilibrium equations for C,  N,  O,  and their  ions.  For the number

density  of  any  metal  species  at  energy  state  j  (Nj),  the  following

equation can be written (all terms with the unit of cm–3·s–1):

N j

j−1∑
i=1

A ji+N j

j−1∑
i=1

C ji+N j

∑
k> j

C jk=
∑
k> j

NkAk j+
∑
k> j

NkCk j+

j−1∑
i=1

NiCi j,

(1)
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Table 1.   Energy states of metals considered in this work

n Parameters C I C II N I N II O I O II

1

Energy (eV) 0 0 0 0 0 0

Degeneracy 1 2 4 1 5 4

Configuration 3P0 Po
1/2

2 So
3/2

4 3P0 3P2 So
3/2

4

2

Energy (eV) 0.0020 0.0079 2.38353 0.0060 0.01962 3.324

Degeneracy 3 4 6 3 3 6

Configuration 3P1 Po
3/2

2 Do
5/2

2 3P1 3P1 Do
5/2

2

3

Energy (eV) 0.0054 5.3317 2.38461 0.0162 0.02814 3.327

Degeneracy 5 2 4 5 1 4

Configuration 3P2 4P1/2 Do
3/2

2 3P2 3P0 Do
3/2

2

4

Energy (eV) 1.2637 5.3345 3.57557 1.8990 1.96736 5.017

Degeneracy 5 4 2 5 5 4

Configuration 1D2 4P3/2 Po
1/2

2 1D2 1D2 Po
3/2

2

5

Energy (eV) 2.6840 5.3380 3.57562 4.0529 4.18975 5.018

Degeneracy 1 6 4 1 1 2

Configuration 1S0 4P5/2 Po
3/2

2 1S0 1S0 Po
1/2

2

6

Energy (eV) 4.1826 9.2901 10.32591 5.8006 9.14609 14.858

Degeneracy 5 6 2 5 5 6

Configuration So
2

5 2D5/2 4P1/2 So
2

5 So
2

5 4P5/2

7

Energy (eV) 7.4804 9.2905 10.33009 11.4360 9.52136 14.878

Degeneracy 1 4 4 7 3 4

Configuration Po
0

3 2D3/2 4P3/2 Do
3

3 So
1

3 4P3/2

8

Energy (eV) 7.4828 11.9637 10.33590 11.4376 10.74023 14.888

Degeneracy 3 2 6 5 3 2

Configuration Po
1

3 2S1/2 4P5/2 Do
2

3 5P1 4P1/2

9

Energy (eV) 7.4878 10.67967 11.4378 10.74048

Degeneracy 5 2 3 5

Configuration Po
2

3 2P1/2 Do
1

3 5P2

10

Energy (eV) 7.6848 10.68998 13.5411 10.74093

Degeneracy 3 4 3 7

Configuration Po
1

1 2P3/2 Po
1

3 5P3

11

Energy (eV) 7.9458 10.92391 13.5413 10.98879

Degeneracy 7 6 5 3

Configuration Do
3

3 4P5/2 Po
2

3 3P1

12

Energy (eV) 7.9461 10.92935 13.5420 10.98886

Degeneracy 3 4 1 5

Configuration Do
1

3 4P3/2 Po
0

3 3P2

13

Energy (eV) 7.9463 10.93176 10.98888

Degeneracy 5 2 1

Configuration Do
2

3 4P1/2 3P0

14

Energy (eV) 11.60263

Degeneracy 2

Configuration So
1/2

2
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Table 2.   Einstein coefficients (s–1) used in this work

3(–1) represents 3×10–1

Transitions C I C II N I N II O I O II

A21 7.93 (–8) 2.29 (–6) 6.59 (–6) 2.08 (–6) 8.91 (–5) 2.86 (–5)

A31 0 5.99 (1) 1.60 (–5) 1.12 (–12) 1.34 (–10) 1.59 (–4)

A32 2.65 (–7) 6.78 (1) 1.07 (–8) 7.46 (–6) 1.75 (–5) 1.30 (–7)

A41 0 1.40 2.60 (–3) 5.25 (–7) 5.63 (–3) 5.22 (–2)

A42 7.28 (–5) 8.49 3.45 (–2) 9.84 (–4) 1.82 (–3) 9.07 (–2)

A43 2.17 (–4) 0 5.20 (–2) 2.91 (–3) 8.60 (–7) 3.85 (–2)

A51 0 0 6.50 (–3) 0 2.42 (–4) 2.12 (–2)

A52 2.32 (–3) 4.43 (1) 6.00 (–2) 3.18 (–2) 7.54 (–2) 5.19 (–2)

A53 0 0 2.56 (–2) 1.55 (–4) 0 7.74 (–2)

A54 5.99 (–1) 0 0 1.14 1.26 1.41 (–10)

A61 0 0 4.00 (8) 0 4.20 (3) 8.61 (8)

A62 8.60 2.88 (8) 0 5.15 (1) 1.36 (3) 0

A63 2.10 (1) 0 0 1.27 (2) 0 0

A64 0 0 0 9.33 (–4) 5.32 (–3) 0

A65 0 0 0 0 0 0

A71 0 2.41 (8) 4.03 (8) 0 3.41 (8) 8.65 (8)

A72 3.47 (8) 4.76 (7) 0 0 2.03 (8) 0

A73 0 0 0 3.72 (8) 6.76 (7) 0

A74 0 0 0 4.14 (3) 1.83 (3) 0

A75 0 0 0 0 4.61 0

A76 0 0 0 0 0 0

A81 1.16 (8) 7.38 (8) 4.07 (8) 0 0 8.67 (8)

A82 8.66 (7) 1.46 (9) 0 2.82 (8) 0 0

A83 1.44 (8) 0 0 9.10 (7) 0 0

A84 8.23 (4) 0 0 7.33 (2) 0 0

A85 5.80 (3) 0 0 0 0 0

A86 0 0 0 0 3.69 (7) 0

A87 0 0 0 0 1.97 (2) 0

A91 0 2.72 (4) 2.10 (8) 0

A92 8.72 (7) 0 1.54 (8) 0

A93 2.61 (8) 3.46 (8) 9.96 (6) 0

A94 7.70 (2) 8.35 (7) 5.20 (2) 0

A95 0 4.01 (7) 3.62 (2) 0

A96 0 0 0 3.69 (7)

A97 0 0 0 3.61 (2)

A98 0 0 0 0

A10-1 3.64 (4) 4.94 (4) 4.23 (8) 0

A10-2 2.80 (4) 3.11 (8) 3.21 (8) 0

A10-3 2.96 (4) 3.26 (7) 5.27 (8) 0

to be continued
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Continued from Table 2

Transitions C I C II N I N II O I O II

A10-4 3.39 (8) 2.12 (7) 5.16 (3) 0

A10-5 2.80 (7) 1.05 (8) 2.06 (3) 0

A10-6 0 0 1.15 (–2) 3.69 (7)

A10-7 0 0 3.55 (–1) 0

A10-8 0 0 6.32 (–2) 0

A10-9 0 5.17 (–6) 3.41 (–1) 0

A11-1 0 1.44 (8) 0 0

A11-2 0 0 3.14 (8) 0

A11-3 1.17 (8) 0 9.55 (8) 0

A11-4 0 0 2.30 (3) 0

A11-5 0 0 0 0

A11-6 0 2.30 (–5) 2.08 (–2) 6.44 (2)

A11-7 0 5.90 (–4) 4.27 (–1) 3.22 (7)

A11-8 0 6.60 (–3) 2.66 (–1) 0

A11-9 0 0 6.83 (–2) 0

A11-10 0 0 0 0

A12-1 6.54 (7) 1.49 (8) 0 0

A12-2 4.89 (7) 0 1.27 (9) 0

A12-3 3.25 (6) 0 0 0

A12-4 0 0 0 0

A12-5 0 0 0 0

A12-6 0 4.70 (–4) 0 1.18 (3)

A12-7 0 2.80 (–3) 0 3.22 (7)

A12-8 0 4.20 (–5) 7.60 (–1) 0

A12-9 0 0 3.29 (–3) 0

A12-10 0 0 0 0

A12-11 0 0 0 0

A13-1 0 1.51 (8) 0

A13-2 8.82 (7) 1.21 (4) 0

A13-3 2.93 (7) 0 0

A13-4 0 0 0

A13-5 0 0 0

A13-6 0 1.20 (–3) 0

A13-7 0 7.30 (–5) 3.22 (7)

A13-8 0 6.30 (–5) 0

A13-9 0 0 0

A13-10 0 0 0

A13-11 0 0 0

A13-12 0 0 0

to be continued
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where Cij and Cji are the collisional excitation coefficients (unit: s–1)

from energy state i to j and deexcitation coefficients (s–1) from en-

ergy state j to i, respectively. Based on detailed energy balance,

Ci j

C ji
=

g j

gi
e−

E j−Ei
kT ( j > i ),

N j

j−1∑
i=1

A ji

N j

j−1∑
i=1

C ji

N j
∑
k> j

C jk

 are  the  spontaneous  emission  rates  from  energy  state  j

to i.   is the sum of all collisional deexcitation rates from j

to  energy  states  i<j,  and   are  the  collisional  excitation

rates from j to energy states k>j.

Photoexcitation,  photo-deexcitation  and  chemical  reactions  pro-

cesses  are  ignored  in  this  work.  Photoexcitation  should  increase

the population of high energy states, which would enhance emis-

sion from the considered metal species and strengthen our main

conclusion that metal cooling could be important in the upper at-

mosphere  of  close-in  exoplanets.  Photo-deexcitation  will  also

strengthen this  conclusion because the decrease of  excited state

populations  through  this  process  is  accomplished  by  emissions,

again contributing to cooling. Since their consideration could only

strengthen our already significant findings, it is reasonable to neg-

lect  these  processes  in  this  work.  A  further  simplification  is  that

collisional  excitations  from  excited  energy  states  are  ignored.

When the ground energy state contains several fine structure en-

ergy  levels,  the  excitations  from  all  fine  structure  levels  are  in-

cluded.

f (V) = 4π
( m
2πkT

)1.5

V2e
−mV2

2kT

V ≥ V0 =

√
2hEi j

m

Assuming that the velocities of the impactors (V)  follow the Max-

wellian distribution , where m is the

mass of the impactor, and that excitations from energy level i to j

occur  only  when  ,  the  collisional  excitation

coefficient Cij is

Ci j=nV
∫ ∞

v0

σ (V) f (V)dV = 4πn
( m
2πkT

)1.5
∫ ∞

V0

σ (V)V3e
−mV2

2kT dV,

(2)

where n is the number density of the impactors and σ are the colli-

sional excitation cross sections.

In  this  work,  we  adopt  electron-impact  excitation  cross  sections

from  the  literature  (see  the  Supplementary  Materials  for  details).

To  evaluate  the  effect  of  metal  emissions  due  to  collisions  with

background  neutral  particles  or  ions,  we  assume  that  the  excita-

tion  and  deexcitation  cross  sections  of  such  neutral-impact  colli-

sions  are  4  times  those  of  their  corresponding  electron-impact

collisions  because  the  collision  radius  of  neutral  impact  collision

should  be  twice  that  of  electron  impact  collision  if  all  collisional

particles are considered as hard spheres.  We further assume that

neutral-impact collisions deliver half the kinetic energy of the im-

pactors to the targets,  which maximizes the significance of emis-

sions induced by neutral-impact collisions and the subsequent ra-

diative cooling effect (see the Supplementary Materials for the de-

rivations).

2.2  Monte Carlo Model
The  population  balance  model  is  based  on  analytical  solution  of

the  equilibrium  equations  between  collisional  excitation,  colli-

sional  deexcitation,  and  spontaneous  emissions.  While  the  solu-

tions are robust, it is difficult to add new energy levels to the mod-

el. Thus, we developed a Monte Carlo model to explicitly simulate

the  equilibrium  results  of  collisional  processes  of  multiple

particles.

The basic consideration for energy states is the same in the Monte

Carlo model as that in the population balance model. The Monte

Carlo  model  assumes  that  all  particles  are  initially  at  the  ground

energy state. Then, based on collisional frequency, the model pre-

dicts the time required for each particle to have a collision. Once a

Continued from Table 2

Transitions C I C II N I N II O I O II

A14-1 0

A14-2 0

A14-3 0

A14-4 0

A14-5 0

A14-6 3.18 (3)

A14-7 9.03 (3)

A14-8 0

A14-9 3.09 (6)

A14-10 5.73 (6)

A14-11 0

A14-12 0

A14-13 0
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collisional excitation occurs, the model uses the specific collision-

al  excitation  cross  sections  to  predict  to  which  energy  states  the

particle  should be excited.  For  particles  at  the excited states,  the

model  also  calculates  the  time  for  the  particle  to  be  collisionally

deexcited,  the  destination  energy  states,  and  the  time  for  the

particle  to  experience  a  spontaneous  emission.  All  test  particles

are simulated in this fashion until the population distribution of all

particles  does  not  change  with  time.  A  typical  simulation  model

time is  107  seconds which depends on density  and temperature.

The emission rates and the final population distribution obtained

from  the  Monte  Carlo  model  are  consistent  with  those  from  the

population balance model.

2.3  Model Validation
We further validate our models against the classical fine structure

emission of O I in modern Earth's upper atmosphere (Kockarts and

Peetermans,  1970)  (KP70  in  the  following),  which  assumes

Boltzmann distribution for  the lowest  3  energy states  of  O I.  The

typical  profiles  of  electron  temperature  (Te),  neutral  temperature

(Tn),  electron  density  (ne),  and  O  I  density  (the  most  abundant

atomic species) in modern Earth's thermosphere under solar max-

imum  conditions  (Tian  F  et  al.,  2008b)  are  used  as  inputs  in  our

model.

The black curve in Figure 1 is the O I emission calculated using the

classical KP70 formula, which is widely used in Earth upper atmo-

sphere models (Roble et al., 1987; Roble, 1995; Tian F et al., 2008a).

The blue curve in Figure 1 is the O I fine structure emission assum-

ing Boltzmann distribution with all  13  energy states  (used in  our

models).  We can see that the KP70 formula is a good approxima-

tion for  the  cooling in  the  lower  thermosphere  of  modern Earth.

We note that the total O I emission in modern Earth’s upper ther-

mosphere  is  slightly  stronger  than  O  I  63  micron  because  of  the

contributions in other emission lines (not shown in Figure 1).

The orange curve in Figure 1 is the O I fine structure emission cal-

culated by the population balance model when considering elec-

tron-impact  effects  only.  The  red  curve  is  the  O  I  fine  structure

emission in the population balance model when considering both

electron-O I collisions and O I-O I collisions. We can draw two con-

clusions  from  Figure  1:  1)  The  two  curves  do  not  overlap  com-

pletely: O I-O I collisions in modern Earth’s thermosphere are non-

negligible when considering O I fine structure emission; 2) The red

curve deviates from the blue and the black ones at altitude > 400

km:  O  I  emission  calculated  in  the  population  balance  model  is

weaker  than  that  from  assuming  a  Boltzmann  distribution  be-

cause  collisions  in  modern  Earth's  upper  thermosphere  are  not

frequent  enough  to  ensure  a  Boltzman  distribution  of  O  I.  Thus,

one cannot safely assume Boltzmann distribution when consider-

ing metal emissions from planetary upper atmospheres of close-in

exoplanets.  We  conclude  that  our  models  are  valid  for  modern

Earth’s  thermosphere  and  proper  physics  has  been  included  in

our models. Thus although the environments of close-in exoplan-

ets and the Earth are different, in the following we apply our mod-

els to the extreme conditions found in these planets as a first or-

der approximation.

3.  Results and Conclusions
Our  first  result  is  that  metal  emissions  due  to  electron  collisions

are  strong  non-linear  functions  of  Te  (Figure  2  for  ne=106  cm–3

cases; for ne=103 cm–3 cases, see Supplementary Materials). When

increasing Te from 3×103 to 104 K, emissions of O I, C I, and N I in-
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Figure 1.   Comparison of O I emission in modern Earth’s

thermosphere between Boltzmann assumption and our population

balance model in solar maximum condition. The black curve

represents O I 63 μm emission using KP70 formula (Kockarts and

Peetermans, 1970) and Tn. The blue curve represents O I 63 μm

emission assuming 13 energy states following the Boltzmann

distribution under Tn. The orange curve represents O I 63 μm emission

in the population balance model considering only electron collisions.

The red curve represents results of a population balance model

calculation including both neutral collisions and electrons collisions.
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Figure 2.   Emissions of H II radiative recombination (r. r.), H I Ly-α, and

metals (C, N, O) induced by electron collisions at ne=106 cm–3.

Emissions of atoms and ions are shown as solid and dashed curves

respectively. The most important metal emissions are 63 and 0.63 μm

lines for O I, 0.73, 0.37, and 0.25 μm for O II, 370, 0.98, 0.87, and 0.3 μm

for C I, 158 and 0.23 μm for C II, 1.0, 0.52, 0.11/0.12 μm for N I, and 205,

0.66, 0.58, and 0.21 μm for N II (122 μm could become important in

some ne cases, see Supplementary Materials). If metals are with similar

abundances as those of H II and H I, metal cooling would dominate

that of H.
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crease  by  2,  3,  and  4  orders  of  magnitude,  respectively

(Figure  2).  It  is  interesting  that  while  N  I  has  much  weaker  emis-

sion  capability  than  N  II,  C  I  and  O  I  are  much  stronger  emitters

than  their  corresponding  ions  at  Te<104  K.  Thus,  ionosphere

chemistry  can  play  an  important  role  in  the  energy  budgets  of

planetary upper atmospheres under intense stellar XUV radiation.

nH ∼ nH+

The  emissions  from  H  II  radiative  recombination  (Murray-Clay  et

al.,  2009;  Seaton,  1959)  and  H  I  Ly-α  (Glover  and  Jappsen,  2007;

Black,  1981)  are  also  shown  in  Figure  2.  It  is  clear  that  the  emis-

sion capabilities of metals are stronger than that of hydrogen spe-

cies  if  their  abundances  are  comparable.  While  H  is  the  most

abundant  species  in  the  atmosphere  of  Jupiter-mass  and  Nep-

tune-mass planets,  and its  mixing ratio is  not  well  constrained in

rocky  planets;  therefore  the  significance of  metal  cooling cannot

be appropriately determined in Figure 2. To demonstrate this, the

ratios  between  the  number  densities  of  metals  and  H  at  which

metal  emissions  (functions  of  Te  and  ne)  are  equal  to  the  sum  of

H  II  recombination  and  H  I  Ly-α  (also  functions  of  Te  and  ne)  are

shown in Figure 3. For simplicity, we assume  for Figure 3.

The yellow and red regions mark the regions where metal abund-

ances are 10~100 times lower than that of H. The relevant obser-

vations  of  planetary  upper  atmosphere  environments  are:  the

peak temperature in  hot  Jupiters'  upper  atmospheres  are  >104  K

(Murray-Clay et al., 2009; Koskinen et al., 2013a; Yelle, 2004; Owen

and Jackson, 2012) and the O I/H II ratios near the T peak region in

the upper atmospheres of hot Jupiters are >10–2  (Koskinen et al.,

2013a). Thus Figure 3 clearly shows that metal emissions could be

important in a large parameter space.

More  quantitatively,  the  radiative  cooling  rate  near  the  T  peak  is

on the order of 10–9 erg·cm–3·s–1 (Koskinen et al., 2013a). The emis-

sion rate of O I  at  Te>104  K is  close to 10–15  erg·s–1·particle–1  (Fig-

ure 2). Because O I density is 105~106 cm–3 near the T peak in the

upper  atmosphere  of  hot  Jupiters  (Koskinen  et  al.,  2013a),  O  I

emission  should  be  at  least  10%  of  H  cooling.  We  note  that  the

peak temperature in the above analysis  refers to neutral  temper-

ature  Tn;  because  typically  Te>Tn,  metal  emissions  could  be  even

more  significant  in  comparison  to  H  emission  than  Figure  3

demonstrates.

One important feature of metal emissions is that some of the most

important  emissions  are  in  the  visible  and  near-IR  range.  At

ne=106  cm–3,  these  emissions  (shown  in  Figure  4)  include  O  I's

0.63  μm  (Te>3×103  K),  O  II's  0.73  μm  (Te>7×103  K),  N  I's  1.00  μm

(Te>4×103  K),  N  II's  0.66  μm  (Te>2×103  K),  C  I's  0.98  μm  (Te>1×

103  K),  and O I's  0.87 μm (Te>7×103  K).  In comparison, H II  radiat-

ive recombination emits in the EUV wavelength range and H I Ly-α
emission is in the FUV range, both of which could be absorbed by

planetary  upper  atmospheres.  Thus,  metal  emissions  should  be

taken into account in the energy budget of planetary upper atmo-

spheres under strong XUV radiation.

In  order  to  facilitate  the  implementation  of  metal  emissions  in

planetary  upper  atmosphere  models,  relationships  between  log

(ne)  and  log  (F)  are  found  with  Te-dependent  5-term  polynomial

functions; the fitting parameters are given in Table 3.
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Figure 3.   Conditions for metal emissions to be identical to the sum of H II recombination cooling plus H I Ly-α cooling. For simplicity purpose

 is assumed. log(metal/H)=-2 means that density of metal is 1% that of H. C/N/O are more efficient radiators than H in large parameter

spaces, indicating strong cooling potential from metals in the upper atmospheres of close-in planets.
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Assuming Te=Tn,  Figure 5 shows the ratio of total  metal emission

Etotal  (including  both  electron-collision-induced  and  neutral-colli-

sion-induced) and electron-induced metal emissions (Ee) for O I at

103 and 104 K, C I at 104 K, and N II at 104 K respectively. For O I at

103  K,  the  effect  of  neutral  collisions  is  small  if  ne  is  greater  than

105 cm–3. For O I at 104 K, neutral collisions become important for

O I emissions when ne is close to 106 cm–3. For C I and N II, neutral

collisions could also become important in density ranges possible

for  planetary  upper  atmospheres  under  strong  XUV  radiation

(Tian F et al., 2008a, b, 2009; Koskinen et al., 2013a). Note that the

assumption that Tn=Te is not satisfied in most planetary upper at-

mospheres;  Figure  5  thus  serves  only  as  an  indication  of  the  po-

tential significance of neutral-induced metal emissions.

We calculate Etotal/Ee for a wide range of Tn and Te and the results

are  fitted to  6-term polynomial  functions  with  fitting parameters

included in Table 4.  Combining Tables 3 and 4,  total  metal  emis-

sions  can  be  calculated.  We  caution  that  these  are  optimistic  es-

timates  because  of  our  simplifications  for  neutral-induced  emis-

sions.

Close-in mini-Neptunes could lose their  H/He envelopes through
photoevaporation  and  evolve  into  gas-poor  super  Earths  (Lopez
et al., 2012; Tian F, 2015). Metal emissions should be important on
such  planets  because  atmospheric  metal  abundances  should  in-
crease  dramatically  during  this  evolution.  Efficient  metal  emis-
sions could also have interesting implications for the fate of water
inventories  on  rocky  planets  orbiting  M  dwarfs.  It  is  suggested
that rapid water loss could result in the buildup of massive O2 at-
mospheres  on  such  planets  as  a  result  of  early  luminosity  evolu-
tion of M dwarfs (Luger et al., 2015; Tian F, 2015). A recent model
studying  the  early  evolution  of  GJ  1132b  shows  that  O2  is  more
abundant than water vapor in the atmosphere even when consid-
ering  efficient  reactions  of  atmospheric  O2  with  magma  ocean
(Schaefer et al., 2016). In such a scenario, efficient metal emission
could result in negative feedback on water loss, which could help
to preserve planet water inventory.
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Figure 4.   Metal emission rates for ne=106 cm–3. For each metal species only the most important emission lines are shown. The dashed lines

represent that the emissions are UV emissions.
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In this work, we consider only C, N, O, and their ions. Although ab-

sorptions of Na and K in exoplanetary atmospheres have been ob-
served (Sing et al., 2011, 2008a, b ; Charbonneau et al., 2002), their
emissions have not yet been detected. The locations of observed
Na/K  absorption  are  at  10–6  bar  pressure  level  (Sing  et  al.,  2011,
2008b),  which  is  much  lower  than  the  typical  lower  boundary  of

planetary  upper  atmospheres.  Although  the  radiation  capability
of a single Na atom far exceeds that of C/N/O, the overall cooling
capability of Na should be small. The excitation cross section of Na
from the ground state to its first excitation state (2Po, 2.1 eV) is on
the order of 10–15 cm2 (Shuker et al., 1980). Assuming a Te of 104 K,
an  ne  of  106  cm–3,  and  that  every  excitation  leads  to  a  photon

emission  of  2.1  eV  energy,  the  emission  of  Na  is  on  the  order  of
10–14  erg·s–1·particle–1.  The  emission  of  C/N/O  and  their  ions  are
on  the  order  of  10–15  erg·s–1·particle–1  in  the  same  environment
(Figure  2).  Given  that  typically  Na  is  much  less  abundant  than

C/N/O,  it  appears  that  the  emission  of  Na  in  planetary  upper  at-

mospheres  as  a  cooling  mechanism  can  be  ignored.  Thus,  it  is  a

good  approximation  to  consider  metal  cooling  from  C,  N,  and  O

first.

The  influence  of  ionization  fraction  can  be  calculated  when  con-

sidering a  complete ionosphere model  including relevant  ioniza-

tion  and  recombination  processes.  Such  a  model  is  necessary  to

evaluate the importance of  atmospheric escape on planet evolu-

tion as well, which will be an important future work. In this work,

the cooling capabilities of neutral C,  N, O atoms and their single-

ionized ions are calculated without  assuming the Boltzmann dis-

tribution. Fitting formula and parameters are provided so that the

total cooling from these metal species could be included in future

ionosphere and thermosphere models. Future exoplanet observa-

tions could provide interesting observation constraints.

Table 3.   Polynomial fit for metal emissions considering electron collisions for 103 cm–3 < ne < 108 cm–3

log(Ee) = R0 + R1 × log(ne) + R2 × log2(ne) + R3 × log3(ne) + R4 × log4(ne)

note: the unit of Ee is erg·particle–1·s–1

T (K) Parameters C I N I O I C II N II O II

1000

R0 –2.10 (1) –3.78 (1) –2.53 (1) –1.98 (1) –2.72 (1) –2.63 (1)

R1 –1.23 (1) 5.81 2.54 3.02 (–2) 3.92 3.46

R2 5.51 (–2) –1.29 –2.18 (–1) –7.31 (–3) –6.96 (–1) –5.41 (–1)

R3 –7.63 (–3) 1.25 (–1) –8.10 (–3) 7.69 (–4) 5.28 (–2) 3.31 (–2)

R4 3.44 (–4) –4.52 (–3) 1.22 (–3) –2.97 (–5) –1.42 (–3) –5.64 (–4)

5000

R0 –3.37 (1) –2.54 (1) –1.68 (1) –1.52 (1) –1.81 (1) –3.25 (1)

R1 1.13 (1) 5.59 –3.13 –3.08 –2.39 9.62

R2 –2.88 –1.75 1.15 6.29 (–1) 1.22 –2.50

R3 3.20 (–1) 2.43 (–1) –1.34 (–1) –3.59 (–2) –1.82 (–1) 2.90 (–1)

R4 –1.27 (–2) –1.17 (–2) 5.10 (–3) 4.17 (–4) 8.75 (–3) –1.23 (–2)

10000

R0 –2.60 (1) –1.48 (1) –1.33 (1) –2.16 (1) –2.58 (1) –2.82 (1)

R1 6.36 –1.93 –5.53 1.18 4.90 7.83

R2 –1.67 3.71 (–1) 1.95 –7.05 (–2) –8.94 (–1) –2.12

R3 2.06 (–1) –4.22 (–3) –2.43 (–1) 1.07 (–2) 7.53 (–2) 2.66 (–1)

R4 –8.95 (–3) –1.42 (–3) 1.04 (–2) –5.67 (–4) –2.03 (–3) –1.20 (–2)

15000

R0 –2.21 (1) –1.07 (1) –1.41 (1) –2.08 (1) –2.60 (1) –2.57 (1)

R1 3.44 –5.17 –4.73 1.32 5.68 6.28

R2 –8.42 (–1) 1.39 1.78 –1.01 (–1) –1.22 –1.70

R3 1.10 (–1) –1.37 (–1) –2.33 (–1) 1.35 (–2) 1.27 (–1) 2.19 (–1)

R4 –5.01 (–3) 4.83 (–3) 1.05 (–2) –6.53 (–4) –4.67 (–3) –1.01 (–2)

20000

R0 –2.07 (1) –1.14 (1) –1.69 (1) –2.03 (1) –2.43 (1) –2.33 (–1)

R1 2.40 –4.72 –2.22 1.29 4.66 4.55

R2 –5.26 (–1) 1.33 1.07 –8.85 (–2) –9.82 (–1) –1.20

R3 7.20 (–2) –1.37 (–1) –1.48 (–1) 1.17 (–2) 1.07 (–1) 1.56 (–1)

R4 –3.36 (–3) 5.12 (–3) 7.02 (–3) –5.67 (–4) –4.13 (–3) –7.19 (–3)
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Figure 5.   Etotal/Ee at different Te for O I at 103 (panel a) and 104 K (panel b), C I at 104 K (panel c) and N II at 104 K (panel d), respectively.

Table 4.   Polynomial fit for Etotal/Ee for 105 cm–3 < n < 109 cm–3, where Etotal represents metal emissions considering all collisions

Etotal/Ee = R0 + R1 × log(n) + R2 × log2(n) + R3 × log3(n) + R4 × log4(n) + R5 × log5(n)

Particles Tn (K) Te (K) Parameters
ne (cm–3)

103 5×103 104 5×104 105 5×105 106

C I 3000

3000

R0 1.23 (3) 3.37 (2) 2.02 (2) 3.84 (1) 1.14 (1) 4.87 (–1) 7.44 (–1)

R1 –1.02 (3) –2.71 (2) –1.59 (2) –2.86 (1) –7.83 4.17 (–1) 2.03 (–1)

R2 3.37 (2) 8.67 (1) 5.00 (1) 8.66 2.32 –1.35 (–1) –6.42 (–2)

R3 –5.48 (1) –1.37 (1) –7.76 –1.29 –3.37 (–1) 2.19 (–2) 1.01 (–2)

R4 4.38 1.07 5.95 (–1) 9.53 (–2) 2.40 (–2) –1.17 (–3) –7.92 (–4)

R5 –1.38 (–1) –3.28 (–2) –1.80 (–2) –2.76 (–3) –6.67 (–4) 5.69 (–5) 2.47 (–5)

5000

R0 7.49 (1) –4.83 (1) –7.91 (1) –6.79 (1) –2.76 (1) 1.12 (1) 7.55

R1 –6.14 (1) 3.94 (1) 6.30 (1) 5.23 (1) 2.11 (1) –8.15 –5.18

R2 2.01 (1) –1.25 (1) –1.96 (1) –1.57 (1) –6.10 2.60 1.63

R3 –3.26 1.96 3.02 2.32 8.62 (–1) –4.14 (–1) –2.55 (–1)

R4 2.60 (–1) –1.52 (–1) –2.30 (–1) –1.69 (–1) –5.92 (–2) 3.28 (–2) 1.99 (–2)

R5 –8.15 (–3) 4.63 (–3) 6.90 (–3) 4.83 (–3) 1.56 (–3) –1.04 (–3) –6.19 (–4)

10000

R0 –4.07 (1) –8.34 (1) –9.24 (1) –3.29 (1) –5.06 1.50 5.52 (–1)

R1 3.45 (1) 6.70 (1) 7.30 (1) 2.55 (1) 4.25 –3.96 (–1) 3.53 (–1)

R2 –1.13 (1) –2.11 (1) –2.26 (1) –7.58 –1.15 1.25 (–1) –1.11 (–1)

R3 1.81 3.28 3.45 1.11 1.48 (–1) –1.98 (–2) 1.73 (–2)

R4 –1.44 (–1) –2.52 (–1) –2.61 (–1) –7.93 (–2) –8.80 (–3) 1.55 (–3) –1.35 (–3)

R5 4.50 (–3) 7.63 (–3) 7.77 (–3) 2.22 (–3) 1.79 (–4) –4.86 (–5) 4.17 (–5)

to be continued
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Continued from Table 4

Etotal/Ee = R0 + R1 × log(n) + R2 × log2(n) + R3 × log3(n) + R4 × log4(n) + R5 × log5(n)

Particles Tn (K) Te (K) Parameters
ne (cm–3)

103 5×103 104 5×104 105 5×105 106

C I 10000

10000

R0 –7.19 (3) –2.09 (3) –1.42 (3) –6.59 (2) –4.45 (2) –1.32 (2) –6.98 (1)

R1 5.77 (3) 1.66 (3) 1.12 (3) 5.18 (2) 3.50 (2) 1.04 (2) 5.55 (1)

R2 –1.84 (3) –5.26 (2) –3.52 (2) –1.62 (2) –1.09 (2) –3.26 (1) –1.73 (1)

R3 2.91 (2) 8.26 (1) 5.51 (1) 2.51 (1) 1.69 (1) 5.06 2.69

R4 –2.29 (1) –6.45 –4.28 –1.93 –1.31 –3.91 (–1) –2.08 (–1)

R5 7.15 (–1) 2.00 (–1) 1.32 (–1) 5.94 (–2) 4.02 (–2) 1.20 (–2) 6.40 (–3)

15000

R0 –3.45 (3) –9.91 (2) –6.33 (2) –2.08 (2) –1.25 (2) –2.73 (1) –6.30

R1 2.76 (3) 7.85 (2) 4.99 (2) 1.64 (2) 9.90 (1) 2.20 (1) 5.71

R2 –8.78 (2) –2.47 (2) –1.56 (2) –5.12 (1) –3.09 (1) –6.78 –1.78

R3 1.39 (2) 3.86 (1) 2.43 (1) 7.97 4.81 1.04 2.78 (–1)

R4 –1.09 (1) –3.00 –1.88 –6.17 (–1) –3.72 (–1) –7.96 (–2) –2.18 (–2)

R5 3.40 (–1) 9.28 (–2) 5.78 (–2) 1.91 (–2) 1.15 (–2) 2.43 (–3) 6.87 (–4)

20000

R0 –2.17 (3) –6.08 (2) –3.69 (2) –1.09 (2) –7.13 (1) –7.07 9.80

R1 1.73 (3) 4.80 (2) 2.90 (2) 8.63 (1) 5.64 (1) 5.83 –6.93

R2 –5.51 (2) –1.51 (2) –9.06 (1) –2.69 (1) –1.75 (1) –1.66 2.15

R3 8.69 (1) 2.35 (1) 1.41 (1) 4.19 2.68 2.35 (–1) –3.30 (–1)

R4 –6.81 –1.82 –1.09 –3.23 (–1) –2.05 (–1) –1.66 (–2) 2.48 (–2)

R5 2.12 (–1) 5.62 (–2) 3.34 (–2) 9.96 (–3) 6.25 (–3) 4.75 (–4) –7.28 (–4)

N I 10000

10000

R0 –3.06 (3) –1.48 (3) –1.17 (3) –6.21 (2) –4.16 (2) –1.14 (2) –5.88 (1)

R1 2.43 (3) 1.16 (3) 9.22 (2) 4.88 (2) 3.27 (2) 9.03 (1) 4.69 (1)

R2 –7.64 (2) –3.63 (2) –2.88 (2) –1.52 (2) –1.02 (2) –2.82 (1) –1.46 (1)

R3 1.20 (2) 5.64 (1) 4.46 (1) 2.36 (1) 1.58 (1) 4.37 2.27

R4 –9.30 –4.36 –3.44 –1.82 –1.22 –3.37 (–1) –1.75 (–1)

R5 2.88 (–1) 1.34 (–1) 1.06 (–1) 5.60 (–2) 3.75 (–2) 1.04 (–2) 5.38 (–3)

15000

R0 –1.23 (3) –5.46 (2) –3.85 (2) –1.93 (2) –1.19 (2) –8.80 –4.19

R1 9.69 (2) 4.28 (2) 3.04 (2) 1.53 (2) 9.37 (1) 8.07 4.45

R2 –3.03 (2) –1.33 (2) –9.51 (1) –4.79 (1) –2.91 (1) –2.66 –1.52

R3 4.70 (1) 2.06 (1) 1.48 (1) 7.45 4.51 4.39 (–1) 2.59 (–1)

R4 –3.63 –1.59 –1.15 –5.77 (–1) –3.47 (–1) –3.63 (–2) –2.20 (–2)

R5 1.12 (–1) 4.90 (–2) 3.57 (–2) 1.78 (–2) 1.07 (–2) 1.20 (–3) 7.46 (–4)

20000

R0 –7.83 (2) –3.06 (2) –2.13 (2) –1.09 (2) –3.47 (1) 2.59 (1) 7.61

R1 6.12 (2) 2.40 (2) 1.69 (2) 8.49 (1) 2.69 (1) –1.86 (1) –4.48

R2 –1.90 (2) –7.49 (1) –5.31 (1) –2.60 (1) –8.06 5.46 1.15

R3 2.94 (1) 1.16 (1) 8.32 3.96 1.20 –7.86 (–1) –1.35 (–1)

R4 –2.26 –9.01 (–1) –6.49 (–1) –3.00 (–1) –8.99 (–2) 5.52 (–2) 6.65 (–3)

R5 6.92 (–2) 2.79 (–2) 2.02 (–2) 9.05 (–3) 2.70 (–3) –1.50 (–3) –7.35 (–5)

to be continued
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Continued from Table 4

Etotal/Ee = R0 + R1 × log(n) + R2 × log2(n) + R3 × log3(n) + R4 × log4(n) + R5 × log5(n)

Particles Tn (K) Te (K) Parameters
ne (cm–3)

103 5×103 104 5×104 105 5×105 106

O I

1000

1000

R0 –2.19 (2) –2.36 (2) –2.10 (2) –1.74 (2) –1.20 (2) –1.74 (1) –5.11 (–1)

R1 5.75 (2) 2.67 (2) 2.05 (2) 1.40 (2) 9.41 (1) 1.34 (1) 7.56 (–1)

R2 –2.94 (2) –1.06 (2) –7.50 (1) –4.42 (1) –2.88 (1) –3.84 –9.17 (–2)

R3 6.06 (1) 1.93 (1) 1.30 (1) 6.82 4.32 5.36 (–1) –9.10 (–3)

R4 –5.55 –1.65 –1.07 –5.15 (–1) –3.19 (–1) –3.64 (–2) 2.50 (–3)

R5 1.88 (–1) 5.35 (–2) 3.37 (–2) 1.52 (–2) 9.21 (–3) 9.64 (–4) –1.28 (–4)

3000

R0 –2.06 (2) –1.84 (2) –1.77 (2) –1.08 (2) –5.92 (1) 7.86 (–1) 4.98 (–1)

R1 4.01 (2) 1.92 (2) 1.61 (2) 8.58 (1) 4.60 (1) 1.56 (–1) 4.78 (–1)

R2 –1.93 (2) –7.29 (1) –5.60 (1) –2.65 (1) –1.39 (1) –4.46 (–2) –1.75 (–1)

R3 3.88 (1) 1.29 (1) 9.33 4.02 2.05 6.24 (–3) 3.11 (–2)

R4 –3.50 –1.08 –7.48 (–1) –2.99 (–1) –1.49 (–1) –4.27 (–4) –2.67 (–3)

R5 1.18 (–1) 3.45 (–2) 2.32 (–2) 8.73 (–3) 4.26 (–3) 1.14 (–5) 8.91 (–5)

5000

R0 –8.53 (1) –6.91 (1) –5.87 (1) –1.92 (1) –6.24 1.07 9.11 (–1)

R1 1.54 (2) 6.98 (1) 5.27 (1) 1.58 (1) 5.50 –4.32 (–2) 7.59 (–2)

R2 –7.23 (1) –2.58 (1) –1.79 (1) –4.84 –1.65 1.08 (–2) –2.55 (–2)

R3 1.44 (1) 4.50 2.95 7.29 (–1) 2.43 (–1) –1.23 (–3) 4.20 (–3)

R4 –1.29 –3.72 (–1) –2.34 (–1) –5.39 (–2) –1.75 (–2) 6.17 (–5) –3.41 (–4)

R5 4.33 (–2) 1.18 (–2) 7.20 (–3) 1.56 (–3) 4.98 (–4) –9.35 (–7) 1.08 (–5)

3000

3000

R0 2.52 (3) 4.58 (2) 1.78 (2) –5.55 (1) –5.96 (1) –1.05 (1) –1.34

R1 –1.63 (3) –2.83 (2) –1.00 (2) 4.94 (1) 4.82 (1) 8.52 1.67

R2 4.04 (2) 6.56 (1) 1.96 (1) –1.67 (1) –1.51 (1) –2.49 –4.69 (–1)

R3 –4.72 (1) –6.92 –1.41 2.73 2.31 3.58 (–1) 6.43 (–2)

R4 2.60 3.18 (–1) 3.90 (–3) –2.17 (–1) –1.73 (–1) –2.53 (–2) –4.30 (–3)

R5 –5.30 (–2) –4.32 (–3) 2.44 (–3) 6.66 (–3) 5.11 (–3) 7.05 (–4) 1.13 (–4)

5000

R0 9.04 (2) 1.42 (2) 4.54 (1) –1.15 (1) –7.29 7.73 (–1) 1.20

R1 –5.85 (2) –8.61 (1) –2.37 (1) 1.06 (1) 6.51 1.55 (–1) –1.57 (–1)

R2 1.44 (2) 1.95 (1) 4.08 –3.48 –2.01 –4.02 (–2) 5.04 (–2)

R3 –1.68 (1) –1.98 –1.73 (–1) 5.58 (–1) 3.05 (–1) 4.89 (–3) –8.03 (–3)

R4 9.21 (–1) 8.41 (–2) –1.61 (–2) –4.34 (–2) –2.27 (–2) –2.68 (–4) 6.36 (–4)

R5 –1.86 (–2) –8.54 (–4) 1.20 (–3) 1.32 (–3) 6.63 (–4) 4.86 (–6) –2.00 (–5)

10000

R0 9.14 (1) 1.29 (1) 3.87 1.50 (–1) 7.18 (–1) 1.21 1.17

R1 –5.84 (1) –7.12 –1.34 6.94 (–1) 2.12 (–1) –1.71 (–1) –1.34 (–1)

R2 1.43 (1) 1.56 1.50 (–1) –2.22 (–1) –6.22 (–2) 5.48 (–2) 4.31 (–2)

R3 –1.66 –1.47 (–1) 1.33 (–2) 3.44 (–2) 8.80 (–3) –8.71 (–3) –6.87 (–3)

R4 9.05 (–2) 5.21 (–3) –3.32 (–3) –2.60 (–3) –5.97 (–4) 6.87 (–4) 5.44 (–4)

R5 –1.80 (–3) –7.71 (–6) 1.55 (–4) 7.64 (–5) 1.54 (–5) –2.16 (–5) –1.71 (–5)

to be continued
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Continued from Table 4

Etotal/Ee = R0 + R1 × log(n) + R2 × log2(n) + R3 × log3(n) + R4 × log4(n) + R5 × log5(n)

Particles Tn (K) Te (K) Parameters
ne (cm–3)

103 5×103 104 5×104 105 5×105 106

O I 10000

10000

R0 6.64 (4) 1.34 (4) 6.70 (3) 1.30 (3) 6.17 (2) 7.47 (1) 1.66 (1)

R1 –4.92 (4) –9.89 (3) –4.95 (3) –9.60 (2) –4.54 (2) –5.28 (1) –1.02 (1)

R2 1.43 (4) 2.88 (3) 1.44 (3) 2.79 (2) 1.31 (2) 1.47 (1) 2.46

R3 –2.04 (3) –4.10 (2) –2.05 (2) –3.95 (1) –1.85 (1) –1.98 –2.57 (–1)

R4 1.42 (2) 2.85 (1) 1.42 (1) 2.73 1.27 1.26 (–1) 9.05 (–3)

R5 –3.80 –7.63 (–1) –3.81 (–1) –7.27 (–2) –3.36 (–2) –2.94 (–3) 9.44 (–5)

15000

R0 2.52 (4) 5.00 (3) 2.48 (3) 4.54 (2) 2.01 (2) 1.22 (1) –6.04 (–1)

R1 –1.86 (4) –3.70 (3) –1.83 (3) –3.34 (2) –1.47 (2) –7.86 1.26

R2 5.43 (3) 1.08 (3) 5.33 (2) 9.68 (1) 4.25 (1) 2.12 –4.01 (–1)

R3 –7.73 (2) –1.53 (2) –7.59 (1) –1.37 (1) –5.99 –2.71 (–1) 6.46 (–2)

R4 5.37 (1) 1.06 (1) 5.26 9.47 (–1) 4.09 (–1) 1.58 (–2) –5.27 (–3)

R5 –1.44 –2.85 (–1) –1.41 (–1) –2.51 (–2) –1.08 (–2) –3.05 (–4) 1.74 (–4)

20000

R0 1.46 (4) 2.83 (3) 1.39 (3) 2.37 (2) 9.44 (1) –5.54 –9.05

R1 –1.08 (4) –2.10 (3) –1.03 (3) –1.74 (2) –6.87 (1) 4.74 7.00

R2 3.14 (3) 6.10 (2) 2.99 (2) 5.05 (1) 1.98 (1) –1.37 –1.91

R3 –4.47 (2) –8.69 (1) –4.26 (1) –7.15 –2.79 1.99 (–1) 2.55 (–1)

R4 3.10 (1) 6.03 2.95 4.92 (–1) 1.90 (–1) –1.44 (–2) –1.65 (–2)

R5 –8.33 (–1) –1.62 (–1) –7.91 (–2) –1.30 (–2) –4.94 (–3) 4.22 (–4) 4.09 (–4)

N II 1000

1000

R0 –1.95 (3) –6.81 (2) –5.22 (2) –2.69 (2) –1.58 (2) –1.12 1.19 (1)

R1 1.46 (3) 5.13 (2) 3.93 (2) 2.00 (2) 1.16 (2) 9.76 (–2) –8.91

R2 –4.29 (2) –1.52 (2) –1.16 (2) –5.84 (1) –3.35 (1) 4.71 (–1) 2.88

R3 6.23 (1) 2.21 (1) 1.69 (1) 8.36 4.72 –1.51 (–1) –4.60 (–1)

R4 –4.44 –1.58 –1.20 –5.87 (–1) –3.25 (–1) 1.73 (–2) 3.62 (–2)

R5 1.24 (–1) 4.42 (–2) 3.37 (–2) 1.62 (–2) 8.79 (–3) –6.88 (–4) –1.12 (–3)

3000

R0 –3.12 (2) –9.39 (1) –4.50 (1) –1.83 9.60 (–1) 1.04 9.87 (–1)

R1 2.36 (2) 7.08 (1) 3.41 (1) 1.97 –3.01 (–2) –3.33 (–2) 9.67 (–3)

R2 –6.98 (1) –2.08 (1) –9.92 –5.32 (–1) 2.90 (–2) 1.02 (–2) –2.86 (–3)

R3 1.02 (1) 3.00 1.42 6.92 (–2) –7.52 (–3) –1.56 (–3) 4.15 (–4)

R4 –7.42 (–1) –2.12 (–1) –9.39 (–2) –4.30 (–3) 8.02 (–4) 1.17 (–4) –2.96 (–5)

R5 2.03 (–2) 5.89 (–3) 2.73 (–3) 1.01 (–4) –3.06 (–5) –3.46 (–6) 8.21 (–7)

5000

R0 –2.06 (1) –2.39 –5.40 (–2) 1.01 1.00 9.98 (–1) 1.00

R1 1.62 (1) 2.50 7.64 (–1) –1.22 (–2) –2.62 (–3) 1.79 (–3) 8.69 (–5)

R2 –4.78 –7.26 (–1) –2.17 (–1) 4.32 (–3) 8.28 (–4) –5.25 (–4) –1.05 (–5)

R3 6.94 (–1) 1.03 (–1) 3.02 (–2) –7.46 (–4) –1.30 (–4) 7.58 (–5) –1.25 (–6)

R4 –4.93 (–2) –7.19 (–3) –2.05 (–3) 6.28 (–5) 1.00 (–5) –5.34 (–6) 3.45 (–7)

R5 1.38 (–3) 1.96 (–4) 5.41 (–5) –2.06 (–6) –3.05 (–7) 1.46 (–7) –1.91 (–8)

to be continued
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Supplementary Materials

A. Electron-Impact Collisional Excitation Cross Sections

Used in this Work

1) O I: Figure S1 (a).

2) C I: Figure S1 (b).

3) N I: Figure S1 (c).

4) O II: Figure S1 (d).

5) C II: Figure S1 (e).

6) N II: Figure S1 (f).

B. Emission Lines

The following (Figure S2) are the emission rates calculated with ne

of 103 cm–3. For each metal species only the most important emis-

sion lines are shown. Note also that the relative importance of dif-

ferent  lines  could  change  with  different  ne.  Figure  2  in  the  main

text considers different combinations ne and Te.

Continued from Table 4

Etotal/Ee = R0 + R1 × log(n) + R2 × log2(n) + R3 × log3(n) + R4 × log4(n) + R5 × log5(n)

Particles Tn (K) Te (K) Parameters
ne (cm–3)

103 5×103 104 5×104 105 5×105 106

N II

3000

3000

R0 –1.11 (3) –3.19 (2) –1.80 (2) –3.96 (1) –1.76 (1) –8.27 (–1) 4.77 (–1)

R1 8.91 (2) 2.56 (2) 1.44 (2) 3.19 (1) 1.45 (1) 1.42 4.08 (–1)

R2 –2.83 (2) –8.11 (1) –4.56 (1) –9.94 –4.51 –4.41 (–1) –1.27 (–1)

R3 4.46 (1) 1.28 (1) 7.15 1.54 6.97 (–1) 6.80 (–2) 1.96 (–2)

R4 –3.49 –9.96 (–1) –5.56 (–1) –1.18 (–1) –5.34 (–2) –5.21 (–3) –1.50 (–3)

R5 1.08 (–1) 3.08 (–2) 1.72 (–2) 3.62 (–3) 1.63 (–3) 1.59 (–4) 4.61 (–5)

5000

R0 –6.67 (1) –8.73 –9.80 (–1) 5.02 5.05 3.06 2.24

R1 5.42 (1) 7.77 1.58 –3.16 –3.19 –1.62 –9.69 (–1)

R2 –1.72 (1) –2.46 –4.99 (–1) 9.90 (–1) 9.96 (–1) 5.05 (–1) 3.02 (–1)

R3 2.72 3.86 (–1) 7.78 (–2) –1.54 (–1) –1.55 (–1) –7.84 (–2) –4.69 (–2)

R4 –2.13 (–1) –3.00 (–2) –5.97 (–3) 1.20 (–2) 1.20 (–2) 6.05 (–3) 3.62 (–3)

R5 6.60 (–3) 9.26 (–4) 1.81 (–4) –3.69 (–4) –3.69 (–4) –1.86 (–4) –1.11 (–4)

10000

10000

R0 –1.01 (4) –1.88 (3) –8.48 (2) –5.00 (1) 2.43 (1) 1.33 (1) –3.94 (–1)

R1 6.93 (3) 1.28 (3) 5.71 (2) 2.49 (1) –2.37 (1) –9.47 1.25

R2 –1.83 (3) –3.34 (2) –1.47 (2) –2.94 9.07 2.87 –4.49 (–1)

R3 2.32 (2) 4.17 (1) 1.79 (1) –2.87 (–1) –1.66 –4.27 (–1) 8.04 (–2)

R4 –1.39 (1) –2.44 –1.00 7.67 (–2) 1.45 (–1) 3.11 (–2) –7.17 (–3)

R5 3.12 (–1) 5.23 (–2) 2.00 (–2) –3.83 (–3) –4.86 (–3) –8.77 (–4) 2.56 (–4)

15000

R0 –3.74 (3) –6.61 (2) –2.81 (2) –1.18 (–1) –5.85 –2.25 (1) –1.08 (1)

R1 2.57 (3) 4.50 (2) 1.89 (2) 7.20 5.17 1.82 (1) 9.02

R2 –6.80 (2) –1.18 (2) –4.86 (1) –1.34 –1.55 –5.59 –2.72

R3 8.61 (1) 1.47 (1) 5.89 6.92 (–2) 2.32 (–1) 8.49 (–1) 4.07 (–1)

R4 –5.16 –8.55 (–1) –3.29 (–1) 4.73 (–3) –1.74 (–2) –6.37 (–2) –2.99 (–2)

R5 1.15 (–1) 1.83 (–2) 6.53 (–3) –4.13 (–4) 5.20 (–4) 1.88 (–3) 8.67 (–4)

20000

R0 –1.92 (3) –3.25 (2) –1.30 (2) –5.97 –1.03 (1) –9.79 –3.49 (–1)

R1 1.32 (3) 2.21 (2) 8.81 (1) 5.09 9.28 8.34 1.04

R2 –3.49 (2) –5.79 (1) –2.27 (1) –1.47 –3.03 –2.55 –3.17 (–1)

R3 4.42 (1) 7.21 2.76 2.09 (–1) 4.89 (–1) 3.86 (–1) 4.80 (–2)

R4 –2.65 –4.21 (–1) –1.55 (–1) –1.48 (–2) –3.90 (–2) –2.89 (–2) –3.60 (–3)

R5 5.93 (–2) 9.05 (–3) 3.12 (–3) 4.21 (–4) 1.22 (–3) 8.52 (–4) 1.07 (–4)
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C. Model Validation

Figure  S3  shows the  typical  profiles  of  electron temperature  (Te),

neutral temperature (Tn), electron density (ne), and O I density (the

most  abundant  atomic  species)  in  modern  Earth's  thermosphere

under solar maximum conditions (Tian F et al., 2008b). These data

are  used  as  inputs  in  the  population  balance  model  to  calculate

the O I emission rates as a function of altitude.

D. Atomic Collisions Energy Transfer
The momentum and energy equations describing an inelastic col-

lision is:

m1v1+m2v2 =m1v1
′+m2v2

′, (S1)

1
2

m1v1
2+

1
2

m2v2
2 =

1
2

m1v1
′2+

1
2

m2v2
′2+∆E. (S2)
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Figure S1.   (a) Collisional excitation cross sections of O I. σ12 and σ13 are from Itikawa et al. (1990). σ14 and σ15 are from Morgan database and

Henry et al. (1969). σ17 are from Johnson et al. (2005). σ16, σ1–8, 9, 10 and σ1–11, 12, 13 are from Zatsarinny and Tayal (2002). (b) Collisional excitation

cross sections of C I. Data are from Wang Y et al. (2013), Morgan database, Zatsarinny and Bartschat (2004), and Allan et al. (2006). (c) Collisional

excitation cross sections of N I. Data are from Wang Y et al. (2014), Morgan database, Zatsarinny and Bartschat (2004), and Allan et al. (2006). (d)

Collisional excitation cross sections of O II. σ1–2, 3 and σ1–6, 7, 8 are from Zuo M et al. (1995). σ1–4, 5 are from Henry et al. (1969). (e) Collisional

excitation cross sections of C II. σ12 are from Zhang HL and Sampson (1994) and Tambe (1977). σ1–3, 4, 5 and σ1–6, 7 are from Smith et al. (1996). σ18

are from Suno and Kato (2006). (f) Collisional excitation cross sections of N II. σ12, σ13, σ14, σ15, σ16, and σ1–10, 11, 12 are from Zhang HL and Sampson

(1996). σ1–7, 8, 9 are from Ormonde et al. (1973).
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The equations can be modified to the following:

m1 (v1− v1
′) = m1∆v1 = −m2∆v2, (S3)

m1∆v1 (v1+ v1
′) = −m2∆v2 (v2+ v2

′)+2∆E. (S4)

Merging equation (S3) with (S4):
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Figure S2.   Electron-collision-induced emission rates of C, N, and O and their ions for ne=103 cm–3. For each metal species only the most

important emission lines are shown. The relative importance of different lines could change with different ne.

0 400 800 1200 1600

100

200

300

400

500

600

700

Z
 (

k
m

)

T (K)

(a)

  Tn

  Te

106 107 108 109 1010 1011 1012

100

200

300

400

500

600

700

Z
 (

k
m

)

n (cm-3)

  nOI

  ne×105

(b)

 
Figure S3.   Temperature (panel a) and density (panel b) profiles of modern Earth in solar maximum conditions (Tian F et al., 2008b). The black

and red curves represent electron and neutral temperatures respectively in panel a, and represent the densities of electrons (multiplied by 105)

and O I in panel b respectively.
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m1∆v1 (v1+ v1
′) = m1∆v1 (v2+ v2

′)+2∆E

= m1∆v1

(
2v2+

m1

m2
∆v1

)
+2∆E,

which is equivalent to

∆E =
1
2

m1∆v1 (v1+ v1
′−2v2)−

1
2

m1
2

m2
∆v1

2.

m1 = m2 = mIf    ,

∆E =
1
2

m∆v1 (v1+ v1
′−2v2)− 1

2
m∆v1

2 = m∆v1 (v1
′− v2) .

≪
When  the  target  does  not  gain  much  kinetic  energy,  the  excita-

tion could gain maximum energy. In this case v2 v1',

∆E = m (v1− v1
′)v1

′.

To obtain maximum ΔE requires

d∆E
dv1

′ = v1−2v1
′ = 0,

which is reached when

v1
′ =

1
2

v1.

∆Emax =
1
4

mv1
2Thus the maximum ΔE is:  or half the initial kinetic

energy of the impactor.

We  also  note  that  this  derivation  is  for  1D  case.  For  3D  case  the

transfer of kinetic energy to internal energy could be less efficient.
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