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ABSTRACT

Non-Maxwellian electron energy distributions, such as kappa distributions, have been proposed to explain discrepancies in observed
astrophysical plasmas. We employed the coronal approximation to study the level populations of ionized nitrogen under kappa distri-
butions across a range of electron temperatures and densities. Both ground and metastable levels were considered. We propose a novel
density diagnostic method that combines these level populations with spectroscopic measurements: level-resolved cross sections for
key atomic processes — electron impact ionization, photoionization (PI), radiative recombination, and dielectronic recombination (DR)
— are calculated using the level-to-level distorted wave method in the Flexible Atomic Code, generalized for kappa distributions, and
the corresponding rate coefficients are then derived. Using these coefficients, we computed the ionization equilibrium, with a particu-
lar focus on the roles of DR and PI. We also investigated the suppression of DR by electron density and its influence on the resulting

ionization equilibrium.

Key words. atomic data — atomic processes

1. Introduction

The elemental abundances observed in astrophysical environ-
ments are shaped by stellar nucleosynthesis and the chemical
evolution of galaxies, stars, and planets (Jonauskas 2022). Nitro-
gen (N), the fifth most abundant element in the Solar System
and seventh in the Milky Way (Werbowy & Pranszke 2011;
Cochran & Cochran 2002), exhibits a complex ionization behav-
ior that is evident in its emission spectra in various charge
states (Kewley & Dopita 2002; Denicol6 et al. 2002; Shapley
et al. 2015; Faisst et al. 2018; Martens et al. 2019). However,
discrepancies in the intensities of solar transition region lines,
particularly among isoelectronic sequences, suggest limitations
in traditional modeling approaches under the coronal approxima-
tion (Hayes & Shine 1987; Judge et al. 1995; Curdt et al. 2001;
Doschek & Mariska 2001; Del Zanna et al. 2002; Peter et al.
2014; Doschek et al. 2016; Polito et al. 2016; Dudik et al. 2017;
Dufresne et al. 2023). In this regime, ionization and recombi-
nation occur on timescales much longer than those of excitation
and deexcitation, enabling a decoupled treatment of ionization
equilibrium and level populations (Dzifcakova et al. 2024).

In many studies, it is typically assumed that the electron
energy distribution follows a Maxwellian distribution, which
represents a plasma in thermal equilibrium. However, a grow-
ing body of observational and theoretical evidence demonstrates
that a wide range of astrophysical environments exhibit non-
Maxwellian characteristics, often featuring high-energy tails
that deviate from thermal equilibrium. These nonequilibrium
features are particularly evident in the solar wind, planetary
magnetospheres, interstellar media, and photoionized nebulae
(Livadiotis 2018; Pierrard & Lazar 2010; Zhang et al. 2013;
Livadiotis & McComas 2013). Such distributions significantly
alter the rates of atomic processes. One widely used model for
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describing suprathermal electron populations is the kappa distri-
bution, which generalizes the Maxwellian distribution by intro-
ducing a high-energy power-law tail governed by the parameter
k. The kappa distribution is used to fit observations across a wide
variety of astrophysical environments. This includes in situ mea-
surements of particle distributions in planetary magnetic envi-
ronments (Pierrard & Lemaire 1996; Mauk et al. 2004; Schippers
et al. 2008; Xiao et al. 2008; Dialynas et al. 2009) and solar wind
(Collier et al. 1996; Maksimovic et al. 1997a,b; Pierrard et al.
1999; Nieves & Viiias 2008; Le Chat et al. 2009; Pierrard 2012),
as well as photon spectra of solar flare plasmas (Oka et al. 2013;
Kasparovd & Karlicky 2009), emission line spectra of planetary
nebulae (PNe) and galactic sources (Nicholls et al. 2012), and
even the solar transition region (Dudik et al. 2011). Moreover,
the kappa distribution can explain the abundance discrepancy
problem in PNe (Nicholls et al. 2017). In the investigation of
the PNe and HII regions, kappa distributions have success-
fully accounted for the systematic discrepancies between plasma
diagnostics derived from collisionally excited lines and those
obtained from recombination lines (Zhang et al. 2015; Lin &
Zhang 2020). Kappa distributions have been utilized to examine
the characteristic thermodynamic properties of energetic solar
protons associated with an interplanetary coronal mass ejection
and its resulting shock (Cuesta et al. 2024). Furthermore, the
kappa distribution represents more than just a non-Maxwellian
electron model; it identifies nonequilibrium plasmas, diagnoses
acceleration sources, bridges micro-to-macro scales, embodies
non-extensive statistics, and is essential for next-generation solar
and astrophysical missions (Hahn & Savin 2015; Pierrard et al.
2023; Shen et al. 2023).

While several studies have explored kappa electron energy
distributions (Dzif¢dkova et al. 2015, 2023, 2024; Song et al.
2025) and atomic processes involving N ions (Kim & Desclaux
2002; Jonauskas 2023; Kyniené et al. 2024; Defrance et al. 1985;
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Elizarov & Tupitsyn 2006; Crandall et al. 1978; Aichele et al.
1998; Song et al. 2024), few have fully integrated these effects
into a unified model that simultaneously treats level populations
and ionization balance. Building on the investigation of carbon
ionization equilibrium by Dzifédkova et al. (2024), in this work
we used the coronal approximation to investigate the level pop-
ulations of ionized nitrogen under kappa electron distributions,
explicitly accounting for both ground and metastable states. We
computed level-resolved cross sections and rate coefficients for
key atomic processes, including electron impact ionization (EII),
photoionization (PI), radiative recombination (RR), and dielec-
tronic recombination (DR), to evaluate their contributions to
ionization equilibrium. Special attention was paid to the suppres-
sion of DR by electron density, a factor often neglected in earlier
studies.

The structure of the paper is as follows: Section 2 describes
the theoretical framework and the modeling approach. Section 3
presents the results and analysis. Section 4 summarizes our
conclusions.

2. Methods

As mentioned in Sect. 1, we calculated the level populations,
rate coefficients, and ionization equilibrium of N under the coro-
nal approximation, taking the metastable states into account. In
this section, we provide a detailed explanation of our calculation
methods.

2.1. Non-Maxwellian electron kappa distributions

We characterized the electron energy distributions using the
well-known kappa distributions, a family of non-Maxwellian dis-
tributions that exhibit an increased number of particles in the
high-energy tail, as described by the thermodynamic index «:

2 61/2
fK (6) = AK 5 (1)
1/2 3/2 € Kk+1
7% (kpTe) (1 + (~—3/2>k5n)

where % < k < oo0; € and T, represent the electron energy and
temperature, respectively; kg is the Boltzmann constant, i.e.,
1.38 x 1072® J/K; and A, is the normalization constant that

approaches 1 when x — oo, which can be expressed as

T+ 1)

= 2
(k=3/2*T(x - @

1/2)

Here, « is a parameter that describes the degree to which the dis-
tribution departs from an equilibrium Maxwellian distribution. A
smaller value of « is associated with a greater deviation from the
Maxwellian distribution. In the limit as k — oo, the distribution
reverts to the standard Maxwellian distribution,

2+/€e €

A family of normalized « energy distributions is shown in
Fig. 1, together with a Maxwellian distribution. As k¥ — oo,
the distribution reduces to the Maxwellian; lower values of
k represent increasingly significant high-energy enhancements.
Some observations of space plasma have revealed an empiri-
cal separation of the « spectrum (Livadiotis & McComas 2013),
which is divided into near- and far-equilibrium regions, with a
separatrix at k = 2.5. The indices in the range 2.5 < k < o0

fM (69 Te) =
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Fig. 1. Comparison of the Maxwellian distribution and « distributions
at a temperature of 1.16 x 10° K. Different colors represent the different
energy distributions.

(Dialynas et al. 2009) represent the near-equilibrium region,
while the far-equilibrium region has indices 1.5 < « < 2.5
(Livadiotis & McComas 2011a,b). Moreover, the introduction
of different values of k provides a reasonable explanation for
the contradictory phenomena observed in experiments. In the
very early phase of a solar flare, if x = 2 (or even lower) is
adopted, the non-Maxwellian high-energy tail causes the tem-
perature diagnosed by line ratios of Fe to be nearly twice as high
as the Maxwellian temperature retrieved from Geostationary
Operational Environmental Satellites (GOES) X-rays, thereby
addressing the previously noted systematic discrepancy between
the two (Dzif¢dkova et al. 2018). When the Sun is in an active
region, k < 3 values are necessary to replicate the observed Fe
line ratios (Lorincik et al. 2020). Moreover, at log T, = 5.9K,
k = 5 provides an excellent match to the observed u FX line inten-
sity ratio, while for Si, k = 7 successfully fits the expenmental
measurements (Dzifédkova & Dudik 2013). Regarding the tem-
perature and metallicity discrepancies between the HII regions
and the PNe arising from divergent measurement techniques, the
energy distribution does not need to deviate significantly from
equilibrium, and « > 10 is adequate to encompass virtually all
observed objects (Nicholls et al. 2012).

Based on the demonstrated success of the values of « in astro-
physical phenomena, we performed calculations for x = 2,3, 5,
and 10 to investigate the influence of the « distributions on the
level populations and the ionization equilibrium of N.

2.2. Level populations

In the collisional radiative model, the population of each excited
level is described by the following differential rate equation:

= [ZA,, + > 0N +ZS,,N]

>j J#i J#i

+(ZA,-]~ + D RN+ QﬁNe]N

i<j J#El J#L

“

where N; and N, represent the population of the i-th level and
the electron density, respectively. The A;; are the probabilities
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Table 1. Ground and excited states included in the calculations of excitation and deexcitation rate coefficients.

NI NII NIII NIV NV N VI NVII
15%2s22p° 15%2522p* 152522p! 157257 15%2s! 1s% Is!
15225%2p%31(1 = 0,1,2) 1522522p'31(1 = 0,1,2) 15225%31(1 = 0,1,2) 1522s'2p! 1522p! 1s'20(1 = 0,1) 201=0,1)
15%2522p%41(1 = 0,1,2,3) 1s22522p'41(1=0,1,2,3) 152252411 = 0,1,2,3) 1s25'31(1=0,1,2) 1s231(1=0,1,2) 1s'31(1=0,1,2) 3l(1=0,1,2)
1522522p%51(1 = 0,1,2,3,4) 15°2522p'51(1 = 0,1,2,3,4) 1s225°51(1 = 0,1,2,3,4) 15225'4l(1 = 0,1,2,3) 152411 =0,1,2,3) 1s'41(1=0,1,2,3) 41(1=0,1,2,3)

1s225'50(1 = 0,1,2,3,4) 152500 =0,1,2,3,4) 1s'5(1=0,1,2,3,4) Sl =0,1,2,3,4)

Notes. The symbol / denotes the orbital angular momentum quantum number.

of a radiative transition; S;; are the EII rate coefficients; R;;
are the recombination rate coefficients; and Q;; and Qj; cor-
respond to the electron impact excitation and deexcitation rate
coefficients, respectively. The ionization, recombination, and
excitation rate coefficients can be derived by convoluting the
corresponding cross sections, which are calculated using the
distorted-wave method in conjunction with the electron energy
distribution function. Specifically, the deexcitation cross sections
are computed based on the principle of detailed balance, i.e.,

de Wi e/} ex
oii (6) = —e ol (e), ®)
wj

where 0';’]? (e) and 0';’;‘ (e) are cross sections for deexcitation and
excitation, respectively; w; represents the statistical weight of
level i, which is equal to 2J; + 1, and J; is the total angular
momentum of level i; and AE;; is the energy difference between
the i-th and j-th levels. The ground and excited states considered
in the excitation and deexcitation processes are listed in Table 1.

In the quasi-steady-state approximation, the level popula-
tion does not change over time, i.e., % = 0. Level populations
should satisfy the normalization condition, that is, },/_, N; = 1,
where r represents the total number of ground and excited lev-
els. Moreover, in the corona approximation, the ionization and
recombination terms can be removed because of the low electron

density. Equation (4) can be rewritten as follows:

% =- [ZAU + Z QijNe]Ni + [Z Ajj + Z jSNe]Ni- (6)

>j J# i<j J#

2.3. Rate coefficients

Based on the coronal approximation, we derived the total cross
sections from the populations of ground and metastable levels,
that is,

O_total (E) — Z Nio_l{hEO (E) , (7)
i=1

where @ (€) and o-f’“’o (e) represent the total cross sections and
the partial cross sections of each ground level and metastable
level, respectively; and r denotes the total number of energy lev-
els. The rate coefficients were calculated via direct numerical
integration over electron energy distributions,

R(T,) = f " WO (€) £, (e, T,) de, ®)
Iy

where v(e€) is the relativistic electron velocity, I is the threshold,
and f, (e, T,) represents the distribution of electron energy.

In particular, it should be emphasized that the PI process
is independent of the electron distribution and depends solely

on the radiation field. Thus, the PI rate is calculated using the
expression (Nussbaumer & Storey 1975; Dzif¢dkova et al. 2024):

Ao pi
Rph()t = 47Th_o—phol-]/ld/l, (&)
0 C

where o, is the PI cross section, J, is the mean intensity, 4
is the wavelength and Ay is the threshold wavelength, £ is the
Planck constant, and c is the speed of light. The mean disk inten-
sity was obtained from the solar minimum irradiances of Woods
et al. (2009), assuming no limb brightening. We note that R,
depends on the ambient radiation field and is independent of «.
However, it does vary with the distance (r) above the solar sur-
face through the dependence of J, on the dilution factor W(r),
where J; = W(r)l,. Here, I, is the disk-averaged radiance at
wavelength A (Dzifc¢dkova et al. 2024).

In addition, for the DR process, the Maxwellian rate coeffi-
cient can be expressed as (Behar et al. 1999)

J g;A%B" E::
DR JiTJ ij
T,) = E -—.
o () QrmkT,y? & 2gi “p ( kTe)

Here, m, denotes the electron mass; g; and g; are the statistical
weights of the initial state (i) and the doubly excited autoioniza-
tion state (j), respectively; and A;‘.l. and B; represent the Auger
decay rate and radiative transition branching ratio of the doubly
excited level (), respectively. As stated in Sect. 2.1, a « distri-
bution can be expressed as a linear combination of Maxwellian
distributions (Hahn & Savin 2015), i.e.,

(10)

Je(&x,T) = Z cifu(ea;Ty),

J

)

where fi (e, a jTK) is the Maxwellian energy distribution at a
temperature of Ty, = a;T,. Therefore, the DR rate coefficients
for a « distribution can be derived from the Maxwellian rate

given by Eq. (10). The coefficients ¢; and a; were obtained from
Hahn & Savin (2015).

2.4. lonization equilibrium

The ionization state can be determined using the following
collisional equations:

dN*
dt

e

= (NESi—l—u + S;—l—u) Nl — [Ne (Sz—»z+1 +Rz—>z_1)

+S5F | N+ N RN, (12)
where N* represents the populations of each charge state (z). The
terms S3717% and S37*! denote the EII rate coefficients for the
transitions from charge state z — 1 to z and from z to z + 1, respec-
tively. S 5,‘1_’2 and § f,_)“l denote the PI rate for the transitions
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Index NI NII NI NIV NV N VI N VII
00 2S22p3 4S3/2 2522]72 3P0 2S22p1 2P1/2 2S2 1S() 251 251/2 1S2 1S() lS1 251/2
01 2522p3 D5y 2572p% 3P 2522p'?Psy 25'2p'3Py 2p'°Pyn  1s'25'3S) 28128y,
02 2522p° Dy, 2572p% Py, 25'2p% 4Py 25'2p'°Pp 2p'Ps,  1s'2s'!S,

03 2522p3 %Py 25%2p7 Dy 25'2p74Ps;,  25'2p' 3P,

04 2522p° 2Py 25%2p7'So  25'2p% %P5, 25'2p' P

05 25'2p°3S,  25'2p?2Ds)y

06 2S12p3 3D3 2S]2p2 2D3/2

07 25'2p%°D,  25'2p% %Sy,

08 2s'2p°3D;  25'2p% %Py

09 2S12p3 3P1 2S12p2 2P3/2

10 25'2p% 3P,

11 25'2p3 3P,

12 25'2p3 'D,

13 25'2p338,

14 25'2p3 1P,

from the charge state z — 1 to z and from z to z + 1, respectively.
Similarly, R>*! and R*!™7 represent the total recombination
rate coefficients for the transitions from the charge state zto z— 1
and from z + 1 to z, respectively. For the ionization processes,
we took both EII and PI into account. For the recombination
processes, we considered both RR and DR. By solving the col-
lisional equations in a steady state, where the time derivative
of the ion population is zero, i.e., % = 0, we can derive the
following equation:

7+1 z—z+1 z—7+1
N&t o Neag ™ + ay, (13)
Nz ( +1-5z +1-7)’
Nelage ~° + apg

where agyy, agg, and apg represent the rate coefficients for the
EIL RR, and DR processes, respectively; and ap; denotes the rate
of the PI process.

Dielectronic recombination is a multistep process in which
an incoming free electron is captured by an ion, exciting one
of the bound electrons and producing a doubly excited reso-
nance state. The DR process is considered complete when the
recombined ion stabilizes to a bound state through the radiative
decay of either the core or the Rydberg electron. An ion left in a
Rydberg state is particularly susceptible to reionization through
collisions with free electrons, especially in high-density plasma
environments. Under these conditions, the DR process is signif-
icantly suppressed, and the rate coefficients can be expressed as
(Dzifcakova et al. 2024)

RDR (Ne’ Te7q’ M) :RDR (Te)XS (Ne’ TequM)’ (14)
where Rpg (T,) represents the DR rate in the zero density limit.
The suppression factor (SF), S (N,, T., g, M), is dimensionless.
It depends on the electron density (N,), the temperature (7),
the isoelectronic sequence (M), and the parameter (g), which is
specific to the ion. Nikolié et al. (2013, 2018) provided fits for the
SF under a Maxwellian distribution, which were subsequently
extended to kappa distributions (Dzif¢dkova et al. 2023; Hahn &
Savin 2015):

S* (Ne Ter g, M) = > @; M (N, Ty, M), (15)
J

A137, page 4 of 17

where SM (Ne, Tj.q, M) represents the SF for the Maxwellian
distribution, and a; denotes the coefficients used in the approxi-
mation of a kappa distribution as a sum of several Maxwellians
at varying temperatures (7;). Specifically, the unsuppressed DR
rates were first computed using the level-to-level distorted-wave
(LLDW) method. The suppressed DR rates were then derived
from these unsuppressed rates using the analytic SF.

We calculated the relevant cross sections using the LLDW
method, which is implemented in the Flexible Atomic Code
(FAC; Gu 2008). The other data presented in this work, including
level populations, spectra, rate coefficients, ionization equilib-
rium, and density suppression, were calculated using our custom
program written in Python.

3. Results and discussion

This section presents the calculated level populations and their
implications for density and temperature diagnostics. The levels
included in our calculations are presented in Table 2. It is impor-
tant to note that for the neutral N atom, there are no long-lived
metastable states; therefore, we only considered the five ground
levels in our investigation.

3.1. Level population

Figure 2 depicts the dependence of the level populations of
NI through NIV on the electron density for both kappa and
Maxwellian distributions. For N1, it is evident that, at a given
temperature of 10*! K, the populations of its five ground lev-
els exhibit negligible variation with increasing electron density,
remaining essentially constant. The population of the lowest
level (252p**S3),) is approximately 0.86 and dominates across
the entire density range, i.e., from 107 to 10'* cm™3. The pop-
ulations of the other four levels are all below 0.1. Moreover,
for N1, the variations in the level populations with density
are almost identical in the kappa and Maxwellian electron
energy distributions. For N1I, the populations of the four low-
est ground levels and one metastable level (2s'2p3°S,) remain
nearly constant with increasing density. For the kappa distribu-
tion with x = 2, their populations are approximately 0.54, 0.20,



Song, Y., et al.: A&A, 708, A137 (2026)

10° T

—_
=
>
T
n

N1log T, =4.1(K)

NIIL log T, = 4.52 (K)

10" E E
S} 1 -]
R P
z V- [ ———
102  Maxwellian L2 E
=3 -
2107 k-—-- - o
< S —00
2 —00 e —=-01
| -=-01 3 S - 02
107 F n 1 100F . 3
k=2 la T
Maxwellian =04 _,-'// ........ 05
10 L L L L L 10 L . L L L L .
107 10% 10° 10" 10" 10" 10" 107 10% 10° 10" 10" 10"
10° T T T T T 10° T T T

TS s e —m e o

NIV, log T, =4.76 (K)

Fig. 2. Level populations of NI, NI,
NIII, and N1V as a function of elec-
tron density. The numbers 00, Ol,
- 02 02, etc., refer to the energy levels
listed in Table 2. Different colors

represent different electron energy
distributions.

"
100 AT ]
S k=2 g T
—: Maxwellian
102 3
=%
3
z —00 102} i
= 10 ---01 | —00
. —-—-02 ---0
s e 03 k=2 o
z /',/', —-=04 Maxwellian " . ——03
10 A L L L L 103 L L L L L
107 108 10° 10" 10" 10" 10 107 108 10° 10" 10" 10" 10°
Density (cm™) Density (cm™)
1 T T T T T T 1 T T T T
NI, ne=10“ em” NII, ne=10Il cm’
k=2 k=3

s
E=] Maxwellian
=
=
=%
=
=%
o
>
%3
=

0.01
4.1

01}

Level population

0.01

Fig. 3. Level populations of N1, NI,
NIII, and N1V as a function of tem-
perature. The numbers 00, 01, 02,
etc., refer to the energy levels listed
in Table 2. The selected electron
density is 10'' cm™3. Different col-

10-3 1 1 1 L

4.4 4.6
Temperature (eV)

0.12, 0.15, and 0.09, respectively. However, the population of
2522p* 1Sy continues to increase with increasing density until
the electron density reaches about 10'° cm™3. When the density
increases from 107 cm™ to 10'°cm™, its population grows by
two orders of magnitude, yet it remains negligibly small. Beyond
this density, i.e., 100 cm™3, the population of this level stabi-
lizes and does not change significantly with increasing density.
Moreover, for levels 2s22p2 IS, and 2s12p3 3S,, the populations
under the « = 2 kappa distribution are slightly larger than those
under the Maxwellian distribution. For N III, the populations of
the ground state levels, 25>2p' 2P/, and 2522p! ?Ps,, exhibit
minimal variation with increasing electron density when the

ors indicate different electron energy
distributions.

Temperature (eV)

density is below 10'° cm™3. When the electron density exceeds
this value, the populations of these two levels decrease slightly
with increasing density. For the kappa distribution with x =
2, their populations decrease approximately from 0.58 to 0.43
and from 0.40 to 0.29, respectively. For metastable levels, the
population increases with density when the density is below
10'°cm™3. However, the populations remain dominated by the
two ground levels. At this density, i.e., 10'°cm™3, the hierar-
chy of the three metastable populations is inverted, with level
2512p? 4P, /2 becoming the most populated one. For the low-
est ground level (25*2p' ?Py)y), the population under a kappa
distribution is slightly higher than that under the Maxwellian
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distributions.
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Fig. 6. Dependence of the spectral intensity ratio of N III on electron
temperature. The meanings of the different lines are the same as in
Fig. 5.

distribution, whereas for the other levels the opposite trend is
observed. For NIV, the population of 25> 'S, decreases from
0.87 to 0.68 with increasing density above 10° cm™3, whereas
the other levels show the opposite trend. For the ground level
25 1Sy, the population is virtually identical under both the kappa
and Maxwellian distributions. However, for the other levels, the
Maxwellian population is slightly higher than that of the kappa
distribution. For higher-charge-state N ions, the level populations
remain virtually unchanged with density, and the ground level
population is extremely close to unity. This trend is also evident
in the subsequent discussion of rate coefficients; for this reason,
these results are not presented extensively in this section.
Similarly, the evolution of the level populations of NI
through NIV as a function of electron temperature is pre-
sented in Fig. 3. The selected electron density is 10" cm™.
The results were calculated for kappa distributions with « val-
ues of 2, 3, 5, and 10, in addition to the Maxwellian distribution.
For N1, the population of level 2522p>*Ss,, is seen to drop
steeply with rising temperature, declining from 0.85 to 0.37
when the temperature increases from 10*' K to 10°K at an
electron density of 10'' cm™. Conversely, the populations of
all other levels increase. At a temperature of 2.3 X 10*K, the
populations of levels 25?2p* 2Ds;, and 2522p® 2Py cross over.
Only at relatively high temperatures do the populations of the
four levels, i.e., 2522p3 2D5/2, 2s22p3 2D3/2, 2522p3 2P1/2, and
2522p> 2P, exceed 0.1 and thereby influence the overall popu-
lations; their contributions are negligible in the low-temperature
regime. Moreover, the temperature dependence of the level
populations is almost identical for the kappa and Maxwellian
distributions. For N II, a similar trend to that of NI is observed.
The population of the ground level 25*2p? 3P, decreases with
increasing electron temperature. Under a k = 2 distribution, the
population decreases from 0.64 to 0.40. Moreover, the popu-
lations of levels 2522p%'D,, 2522p% 'Sy, and 25'2p3S, rise
with increasing temperature. Levels 2s22p? *Py, 25*2p? °Py, and
2522p? 3P, dominate the population variation of NII ion. For
N 11, the population of the ground level 25%2p! *P, /2 decreases,
while that of the level 25>2p' ?P3), increases with the temper-
ature. Moreover, the populations under the kappa distribution
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and the Maxwellian distribution remain essentially the same.
For the metastable levels, i.e., 25'2p? *Py)5, 2s'2p? *P3», and
25'2p? P53, all populations increase with increasing electron

temperature. For NIV, the population of level 25 'S, decreases
gradually as the temperature rises. At a density of 10'' cm™,
its population decreases from 0.99 to 0.63. Moreover, the pop-
ulations of all other levels grow with temperature. At relatively
low temperatures, the ground state dominates. However, as the
temperature increases, the metastable levels begin to exert a
significant influence on the total population distribution. For
NV and higher-charge nitrogen ions, the level populations are
dominated almost entirely by the lowest ground level and are
very close to unity; therefore, we do not show their temperature

dependence in Fig. 3.
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Fig. 8. DI and EA rate coefficients of NIII and NIV. Different col-
ors correspond to different energy distributions, and the different line
shapes represent different electron densities.

The results of level populations show that the population of
metastable levels changes by orders of magnitude with increas-
ing electron density and temperature. For example, for NIII, the
population of metastable levels 2s5'2p**P, 1, 2512p? 4p, /2, and
25'2p? *Ps), changes by an order of magnitude with increasing
electron density, as presented in Fig. 2. Moreover, when the
temperature increases from 10* to 10° K, the metastable levels
also increase by an order of magnitude. These findings pro-
vide guidance for density and temperature diagnostics that use
the spectrum between these levels. The relative intensity of the
spectrum can be expressed as follows:

Il‘j(/l) & Ninj(D(/l), (16)
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where j > i and N; is the population of the upper energy level
involved in the transition, A;; denotes the transition rate from
level j to level i, and ®(1) represents the broadening function.
Since A;; is constant for a given transition, the spectral intensity
depends solely on the upper level population, N;.

Figure 4 presents the NIII spectrum calculated at differ-
ent electron densities for the transition from 2s'2p? to 2s22p!.
In Fig. 4, the four peaks from left to right correspond to the
transitions from 2s'2p? P 5 to 2522p! ?Ps, from 2s'2p? *Ps),
to 2s22p! 2P3/2, from 2s'2p? 4P5/2 to 2s22p! 2P3/2, and from
25'2p? Py 5 to 2522p' ?Py 5. The corresponding transition rates
(A;j) are 54.84 s7', 2329 57!, 106.45 s7!, and 154.29 s7!,
respectively. When taking the level populations under different
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densities into account, the intensity relationships of these four
peaks change. However, for each transition, A;; remains constant,
so intensity variations directly reflect population changes. Thus,
for a particular peak in Fig. 4, the intensity at different densities
is directly proportional to the level population at that density.
We calculated the ratios of the two satellite lines of the
spectrum corresponding to the lower level 2522p' 2P; s2 of N1II,

25'2p% 4Py . 25'2p2 4Py
237277 P (designated as R1) and 23727 P

as R2), and examined their variations with electron density
and temperature. The results are presented in Figs. 5 and 6,
respectively, which show that the satellite line ratios change
significantly with increasing density and temperature. For the
kappa distribution with xk = 2, when the density increases from
107 cm™ to 10'3 cm™3, the ratio of the first set of satellite lines
(R1) increases from 0.15 to 1.51. Meanwhile, the other ratio (R2)
decreases from 0.85 to 0.32, a 62.4% reduction. Moreover, when
the temperature increases from 10*K to 10°K, R1 decreases

namely (designated
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from 1.51 to 1.14, a considerable reduction of 24.5%. Given the
sensitivity of the level population of N III to density and tempera-
ture variations, plasma conditions in astrophysical environments
can be inferred from the spectral intensity, thus achieving the
purpose of density diagnosis.

3.2. Rate coefficients

In this subsection, we discuss the rate coefficients of the various
atomic processes we calculated in detail, including ionization
and recombination. The EII rate coefficients from NI to N VII
calculated using both kappa and Maxwellian distributions, at
selected electron densities of 107 cm~3, 10° cm~2, and 10'! ecm3,
are illustrated in Figs. 7 to 9. The rate coefficients include
contributions from both direct ionization (DI) and excitation-
autoionization (EA) processes. These results indicate that the
DI rate coefficients are approximately one or two orders of
magnitude higher than those of the EA processes, except for N I.
For N1, the contribution from the EA process is comparable
to that of the DI process. Given the relatively low tempera-
tures adopted in our calculations, the ionization rate coefficients
increase with temperature and the rate coefficients increase with
decreasing « (i.e., as the distribution deviates more significantly
from the equilibrium Maxwellian distribution). This trend can
be attributed to the greater number of particles encompassed

by the kappa distribution, which is consistent with the low-
energy region depicted in Fig. 1. For NIII and NIV ions, the
level populations within the temperature range we investigated
are strongly density-dependent: the metastable level popula-
tions rise markedly with increasing density. The increase in the
metastable population raises the total ionization cross sections,
which depend on the populations, so the ionization rate cor-
responds to increases in density. Consequently, the ionization
rate coefficients computed at the three densities, i.e., 10’ cm™3,
10°cm™3, and 10" cm3, differ substantially, most notably for
the EA channel of NIV. In contrast, the ionization rate coeffi-
cients of all other ions remain essentially identical across the
density grid. It should be noted that the EA cross sections for
N VI and N VII are both exactly zero, so their corresponding rate
coefficients vanish and are therefore omitted from Fig. 9. In addi-
tion, to benchmark our calculated ionization rate coefficients,
taking N1I and N III as examples, we compare our calculations
with the KAPPA database (Dzif¢dkova et al. 2021) in Figs. A.l
and A.2. A discussion of the comparison results is also given in
the appendix.

In addition to EII, the PI rate was examined. We used Eq. (9)
to calculate the PI rate of N, and the results are presented in
Fig. 10. Note that the PI rate depends only on the radiation field
intensity and the level populations, and thus the PI rate varies
with temperature and density exactly the same way as the level

A137, page 9 of 17



Song, Y., et al.: A&A, 708, A137 (2026)

-~ ne = 107 cm"" """""" Ile = 109 cm-3 ne = 1011 cm'3
10! —T— — — T — T — T
' NII ] NIII |
1ot
: 10"
102 Fos
_fl'\
‘v
ME L
S _K=2 k=3 10_12:1(:2 k=3 ] k=2 k=3
] Maxwellian [ Maxwellian Maxwellian
g 103 L . L . L . L . L . L L . L . 1012 L . L . L . L .
= 4.2 4.4 4.6 4.8 5.0 4.2 4.4 4.6 4.8 5.0 4.2 4.4 4.6 4.8 5.0
‘g 10710 v r v r v v r T r v T T r v
< [ ]
£ NV N VI N VII ;
E 10-]] F
S S
5]
=
E 101 -
o 3
= 101
1012fF k=2 k=3 I k=2 x=3
Maxwellian [ Maxwellian Maxwellian
10712 . L . L . . N N . N . 1012 L— N . N . L .
4.5 5.0 5.5 4.5 5.0 5.5 6.0 4.5 5.0 5.5 6.0
log T, (K) log T, (K) log T, (K)
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shapes represent different electron densities.

populations. Furthermore, we observe that the PI rate decreases
systematically as the charge state increases.

In addition to the ionization process, we investigated the
influence of the electron energy distribution on the recombina-
tion rate coefficients — both RR and DR. Figures 11 to 13 present
the rate coefficients for these recombination processes. Since the
RR cross sections for N1 ion are both exactly zero, only the DR
rate coefficients are shown separately in Fig. 11. As can be seen,
because the RR cross sections decrease steadily with the inci-
dent electron energy, their rate coefficients likewise diminish as
the temperature rises. In contrast, the temperature dependence of
the DR rate coefficients is more intricate. Over the temperature
range we investigated, the DR rate coefficients exceed the RR
rate coefficients for all ions except N VI and N VII for both kappa
and Maxwellian distributions. In addition, for N III, the RR rate
coefficients become slightly larger than the DR rate coefficients
at the lowest temperatures. Moreover, the density dependence
of the RR rate coefficients simply tracks that of the level pop-
ulations and does not need to be repeated here. For the DR
process, however, its rate coefficients are suppressed by higher
densities: the higher the density, the stronger the suppression.
Thus, the DR rate coefficients decrease markedly as the density
increases from 10° cm™ to 10'' cm™3. Specifically, for a given
energy distribution and temperature, the rate coefficients of the
DR process decrease as the electron density increases. The total
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recombination rate coefficients are presented in Fig. 13, where
it is evident that they are also strongly affected by the electron
density due to the density suppression of the DR process, except
for N VI and N VII, for which the total recombination process is
governed by the RR process.

Similarly, to validate the accuracy of our calculations, we
compared the RR rate coefficients calculated for all N ions with
those from the Atomic Data and Analysis Structure (ADAS)
database (Summers & O’Mullane 2011) and the FLYCHK code
(Chung et al. 2005). The comparison is presented in Fig. A.3.
Furthermore, taking N1II and N1II as examples, we also com-
pared the total recombination rates calculated in this work with
those from the KAPPA database (Summers & O’Mullane 2011).
The results are shown in Figs. A.4 and A.5. A detailed discussion
of these comparison results is also provided in the appendix.

3.3. lonization equilibrium

Armed with these accurate, level-resolved rate coefficients, we
evaluated the ionization equilibrium of N ions. We first consid-
ered the EII, RR, and DR processes without density suppression
to compute the ionization equilibrium of nitrogen under different
electron energy distributions at selected electron densities of
107cm™3, 10°cm™3, and 10'' cm™3, as shown in Fig. 14. The
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results demonstrate that the greater the deviation from the
equilibrium Maxwellian distribution, the more pronounced the
differences in the ionization equilibrium become. For the case
of k = 2, within the entire temperature range investigated (10* to
10° K), neutral nitrogen and NI ion have negligible fractional
abundances. Even at 10* K, the ion population is already dom-
inated by NIII and NIV. As « increases and the distribution
approaches the Maxwellian form, lower charge states become
increasingly populated. Under a Maxwellian distribution, the
fractional abundance of neutral nitrogen reaches 0.947 at 10* K.
This difference arises because, at low temperatures, the EII rate
coefficients for k = 2 are significantly higher than those for

the Maxwellian distribution, enhancing ionization from lower
charge states and shifting the ionization equilibrium toward
higher ionization stages. In addition, the effect of electron den-
sity on the ionization equilibrium is minimal, with only slight
changes observed for N III, NIV, and N V. The influence of tem-
perature and density on the ionization equilibrium is generally
less pronounced than that of the electron energy distribution.

As discussed in Sect. 2.4, the increase in electron density
suppresses the DR process to some extent. We computed the den-
sity SF taking NI as an example by using Eqgs. (14) and (15),
at electron densities of 107 cm™ and 10'! cm™; the results are
presented in Fig. B.1.
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After incorporating the density suppression effect for the
DR process, we recalculated the ionization equilibrium of N, as
shown in Fig. 15. Taking a density of 10'' cm™ as an example,
it can be observed that the density suppression effect has a very
strong influence on the ionization equilibrium of nitrogen. Fur-
thermore, the results reveal that suppression of DR reduces the
overall recombination rate, thus causing the peak of ionization
equilibrium to shift toward lower temperatures both for kappa
and Maxwellian distributions. This shift is most pronounced for
lower-charge-state N ions.

Furthermore, we analyzed the influence of the PI process on
the ionization equilibrium, as shown in Fig. 16. The PI process
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significantly influences the ionic distribution only at low temper-
atures and for the lower charge states, whereas it has virtually
no effect on the distribution of N III and higher-charged N ions.
This effect becomes increasingly pronounced as « increases, that
is, as the electron distribution approaches the Maxwellian distri-
bution. However, in any case, neither density suppression nor PI
has an impact on the ionization balance of nitrogen comparable
to that of the adopted electron energy distribution.

In Fig. 17, we present the final ionization equilibrium
of N when all processes, namely EII, PI, RR, and sup-
pressed DR, are taken into account. The ionization equilibrium
for N we calculated is compared with the KAPPA database
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(Dzif¢dkova et al. 2021), as shown in Fig. 18. We can observe
that, overall, our distributions are shifted toward lower tempera-
tures, which is due to the fact that we accounted for the density
suppression of DR in our calculations.

4. Summary and conclusions

We have carried out a comprehensive study of the level popu-
lations, rate coefficients, and ionization equilibrium of nitrogen
ions in plasmas characterized by the kappa distribution, a non-
Maxwellian electron energy distribution function commonly
found in astrophysical environments. For ionization stages rang-
ing from NI to N VII, our analysis includes both ground states
and long-lived metastable levels. Our results demonstrate that
metastable level populations are highly sensitive to variations in
electron temperature and density. Based on these dependences,
we propose a novel diagnostic approach that combines level
population modeling with spectroscopic observations to infer
plasma conditions.

We further computed level-resolved rate coefficients for key
atomic processes, including EII, PI, RR, and DR, under both
Maxwellian- and kappa-distributed electron energies. Using
these rates, we determined the resulting ionization equilibrium of
nitrogen ions, finding that non-Maxwellian effects have a strong
influence. Our analysis reveals that PI and density suppression
for DR play significant roles in shaping the ionization equilib-
rium. These processes, especially under kappa distribution con-
ditions, can substantially shift the ionization equilibrium toward
higher or lower charge states, depending on the temperature,
density, and the value of «.

Dzif¢dkova et al. (2024) investigated the ionization equi-
librium of carbon under a « distribution, and our results are
similar to their findings in several regards. First, we find that
level-resolved ionization rates increase with density (e.g., for
N1V), whereas the total recombination rate decreases, and that
recombination processes shift the formation temperatures of

48 50 52 54 56 58 6.0
log T, (K)

ferent colors correspond to different
charge states.

lower-charge-state ions toward lower values. These trends were
also reported by Dzifédkova et al. (2024) for carbon. Second,
both studies show that as « decreases (i.e., as the distribution
departs further from a Maxwellian distribution), the ion forma-
tion temperature decreases markedly, the temperature range over
which the ion forms becomes broader, and the peak abundance
declines. Finally, both studies find that the influence of density
suppression on the ionization balance weakens as k decreases,
and that the PI process is significant only at relatively high «
values.

These findings provide new insights into the ionization equi-
librium of nitrogen in non-Maxwellian plasmas, contributing to
a more accurate interpretation of astrophysical and laboratory
plasma diagnostics.
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Appendix A: The comparison of calculated rate
coefficients
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Fig. A.1. Comparison of total EII rate coefficients for N II between our
calculations and KAPPA database (Dzifc¢dkova et al. 2021) at density of
107 cm™3. Lines of different colors represent different energy distribu-
tions.
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Fig. A.2. Comparison of total EII rate coefficients for N III between our
calculations and KAPPA database (Dzifc¢akova et al. 2021) at density of
107 cm™3. Lines of different colors represent different energy distribu-
tions.

Taking N II and N III as examples, we compared the total EII
rate coefficients we calculated with those in the KAPPA database
(Dzif¢dkova et al. 2021), which are presented in Figs. A.l and
A.2, respectively. It should be noted that the latest version of
the KAPPA database is based on the widely used CHIANTI 10
database Dzif¢dkova et al. (2021). Furthermore, the ionization
rate coefficients in the KAPPA database do not include density
information, so we compare our results calculated at a density of
107 cm™ with those from KAPPA. The comparison results indi-
cate that, for N1I, our calculations agree better with the KAPPA
database for the kappa distributions. For the Maxwellian dis-
tribution, our calculated rate coefficients are slightly higher the
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Fig. A.3. Comparison of RR rate coefficients between our calcula-
tions and FLYCHK (Chung et al. 2005) as well as ADAS(Summers &
O’Mullane 2011) of N1II to N VIL

KAPPA values. Moreover, for the N III ion, although our calcu-
lations are likewise marginally higher than KAPPA under both
kappa and Maxwellian distributions, overall the two datasets
are in good agreement, which validates the accuracy of our
calculations for EII rate coefficients.

Similarly, we also compared the recombination rate coef-
ficients for N ions with the ADAS database (Summers &
O’Mullane 2011) and the FLYCHK code (Chung et al. 2005).
The comparison of RR rate coefficients for all N ions is pre-
sented in Fig. A.3. For NI, our calculations agree well with
FLYCHK at higher temperatures and are slightly higher than
those in ADAS expect for a temperature of 10* K. For N III, over-
all, our calculations are slightly higher than those of FLYCHK
and ADAS. In terms of N IV, our RR rate coefficients are slightly
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Fig. A.4. Comparison of total recombination rate coefficients between
our calculations and KAPPA(Dzifcakova et al. 2021) of N II. The solid
lines represent our calculated results, and the dashed lines represent the
KAPPA results. Different colors correspond to different densities.

higher than FLYCHK and ADAS at low temperature. For NV,
the present values coincide exactly with ADAS, whereas for N VI
and N VII they are in good agreement with both ADAS and
FLYCHK, confirming the reliability of our computations.
Additionally, taking N IT and N III as examples, we also com-
pared our total recombination rate coefficients with those of the
KAPPA database (Dzif¢dkova et al. 2021), as shown in Figs. A.4
and A.5, respectively. Unlike ionization, the KAPPA database
provides total recombination rate coefficients at various densi-
ties. Therefore, we compared our recombination rate coefficients
calculated at three electron densities, i.e., 107 cm™3, 10°cm™
and 10'"' cm™3, with the corresponding KAPPA results. It can
be observed that for N II our calculations are slightly higher than
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Fig. A.5. Comparison of total recombination rate coefficients between
our calculations and KAPPA(Dzif¢dkova et al. 2021) of N III. The solid
lines represent our calculated results, and the dashed lines represent the
KAPPA results. Different colors correspond to different densities.

those in KAPPA, whereas for NIII the opposite is true. Nev-
ertheless, overall our calculations agree well with the KAPPA
database.

Appendix B: Density suppression factor

In this section, we take NII as an example and present our
calculated density SF in Fig. B.1. These results indicate that
the density suppression effect is more prominent for the «
distribution than for the Maxwellian. For x = 2, at a specific tem-
perature, the suppression is approximately 6.5% higher than that
observed in the Maxwellian case. The effect is strongest at lower
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temperatures and decreases as temperature increases. Addition-
ally, higher electron densities lead to stronger suppression.

0.84 T T T T T T T T T 0.36 T T T T T T T T T
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Fig. B.1. Density SF of NII ion at N, = 10’ cm™ (left) and N, =
10" cm=* (right), plotted as a function of temperature. Lines of differ-
ent colors represent different energy distributions.
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