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Abstract. We calculate effective recombination coefficients for the formation of selected lines of N11. New pho-
toionization data are computed which accurately map the near threshold resonances and are used to derive
recombination coefficients for principal quantum numbers, n < 15, including radiative and dielectronic recombi-
nation. Cascading from higher states is included, allowing for the effects of finite electron density in a hydrogenic
approximation. The effects of population in the excited states of the recombining ion are investigated.
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1. Introduction

The principal means of determining elemental abundances
in nebular plasmas has, until recently, been from the mea-
surement of collisionally excited optical forbidden lines.
The emissivities of these lines are very sensitive to the
electron temperature at the temperatures typical of pho-
toionized nebulae. An alternative method of determining
abundance is to ratio the intensities of recombination lines
with those of hydrogen. Such ratios are only weakly depen-
dent on temperature. In planetary nebulae, abundances of
C, N and O derived from recombination lines have been
shown to be larger than those derived from forbidden lines
by factors ranging from 2 to 10 (Liu et al. 1995, 2000,
2001). The origin of these differences is at present unex-
plained. The prerequisite for determination of recombina-
tion line abundances is reliable recombination coefficients
for atomic ions. In this paper we present new recombina-
tion coefficients for the formation of lines of N1I.
Recombination coefficients for N 11 have been given by
Péquignot et al. (1991) considering only radiative recom-
bination, while Nussbaumer & Storey (1984) tabulated
dielectronic recombination coefficients for N11 obtained
from a model in which resonance states are represented
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by bound-state wave functions. Escalante & Victor (1990)
calculated effective recombination coefficients for C1 and
N1 lines using an atomic model potential approxima-
tion for transition probabilities and recombination cross-
sections and adding dielectronic recombination terms from
Nussbaumer & Storey (1984).

We follow the approach of Storey (1994) who, for
recombination to O1I, used a unified approach to the
treatment of radiative and dielectronic recombination
by calculating recombination coefficients directly from
photoionization cross-sections for each initial state. We
also incorporate the further improvements introduced by
Kisielius et al. (1998) in their work on the recombination
of Ne11. Davey et al. (2000), used the same techniques for
recombination of C1I but added electron impact ionization
and excitation and de-excitation for all atomic levels.

In the present paper, the results of a new calcula-
tion of Nt photoionization cross-sections are presented
using the ab initio methods developed for the Opacity
Project (Seaton 1987; Berrington et al. 1987) and the Iron
Project (Hummer et al. 1993), hereafter referred to only
as OP methods. These calculations employ the R-matrix
formulation of the close-coupling method, and the result-
ing cross-sections are expected to be of high quality. The
existing photoionization data for N1I states deposited in
the Opacity Project database (Cunto et al. 1993) is inad-
equate for our purposes, as explained more fully below.
Transition probabilities for all low-lying bound states are
also calculated using the same method, so that the bound-
bound and bound-free radiative data used here form a
consistent set and are expected to be significantly more
accurate than those used by previous authors.
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The effects of finite electron density are also incorpo-
rated, using the methods described by Hummer & Storey
(1987) for hydrogenic ions, but the treatment is not com-
plete and the results are only applicable to plasmas of
relatively low electron density. The range of validity is dis-
cussed more fully in Sect. 4.1. The process of high temper-
ature dielectronic recombination originally described by
Burgess (1964) is not included in the present calculations,
so the results are only appropriate for relatively low elec-
tron temperatures, T' < 27000 K (Nussbaumer & Storey
1983). The temperature and density range are nonetheless
sufficient for the analysis of the spectra of nebular objects;
planetary nebulae, H 11 regions and nova shells.

2. Atomic data for NT
2.1. The Nt term scheme

The principal series of NI is 2s?2p(2P°)nl, which gives
rise to singlet and triplet terms. Also interspersed among
the bound states are members of the series 2s2p?(*P)nl
(n = 3,4) giving rise to triplet and quintet terms. Higher
members of this series lie above the first ionization limit,
appearing as resonances in the photoionization of the true
bound states for triplets and hence giving rise to low-
temperature dielectronic recombination. There are a few
members of the 2s2p?(?D)nl and 2s2p?(2S)nl series lo-
cated above the first ionization threshold which also give
rise to a resonance structure in the photoionization cross
sections for singlets and triplets. For the photon energies
above the second ionization threshold, the main resonance
structure is due to the 2s2p?(2D)nl series with some in-
terlopers from the 2s2p2(2S)nl and 2s2p?(2P)nl series.

The tables of Nussbaumer & Storey (1984) show that
the process of dielectronic recombination has the largest
effect on the three triplet terms 2s2p® (3D°, 3P°) and
2522p3d (*F°). The calculation of recombination coef-
ficients and the role of dielectronic recombination are
discussed in Sect. 2.5.

We use the OP methods to calculate the bound-
bound and bound-free radiative data for NII assum-
ing LS-coupling. Consequently, there are no radiative
transitions between states with different multiplicity.
Furthermore, in this coupling scheme quintet states orig-
inating from the 2s2p?(*P)nl series and lying above the
first ionization threshold can’t decay via autoionization.
Our data extend up to principal quantum number n = 15
and to total atomic orbital angular momentum quantum
number L = 6. We therefore partition the calculation of
level populations into several distinct regimes, according
to quantum numbers and energy. We define Fy as the ion-
ization energy in the principal series of N+ corresponding
to n = 15; (Fp = 0.0178 Ry).

We also define the principal quantum number n = ng,
such that for n < ng, the population structure is deter-
mined solely by radiative processes. Collisionally induced
transitions can be neglected. The approximations that are
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used for different values of n are described fully in Storey
(1994). We give only a brief summary here.

(1) n > nq: the rate of I-changing collisions is com-
parable to or larger than the rate of radiative decay.
Populations in this regime are taken from a purely hy-
drogenic calculation of departure coefficients, b,;, using
the method described by Hummer & Storey (1987), which
makes full allowance for all collisional effects. Only states
that belong to the principal series of N+ are included.

(2) 15 < n < ng: collisional effects are no longer im-
portant, so populations are now determined only by radia-
tive processes, but no accurate atomic data are available.
Various approximate methods are used to calculate energy
levels, radiative transition probabilities and recombination
coefficients. Only states that belong to the principal series
of N+ are included.

(3) States with ionization energy less than or equal to
Ejy: all atomic terms in this energy regime are included in
the calculation of populations, irrespective of parentage.
An energy ordered list of terms is set up and it is assumed
that their populations are determined solely by recombi-
nation and radiative cascading from all accessible higher
states.

2.2. New R-matrix calculation

We have carried out a new calculation of bound state
energies, oscillator strengths and photoionization cross-
sections for N1I states with n < 15 using the OP meth-
ods (Hummer et al. 1993). The N2* target state wave
functions were calculated with the general purpose atomic
structure code SUPERSTRUCTURE (Eissner et al. 1974)
with the modifications of Nussbaumer & Storey (1978).
The wave functions of the nine target terms were expanded
in terms of the electron configurations 2s%2p, 2s2p?, 2p°>,
25231, 2s2p3l, 2p231, 2s3131', 2p313l’, 2s24f, 2s2pdf, 2p24f,
2s314f, 2p3l4f where 1s, 2s and 2p are spectroscopic or-
bitals and 3l, 3" (I,I' = 0,1,2), 4f are correlation or-
bitals. The one-electron radial functions for the 1s, 2s and
2p orbitals were calculated in adjustable Thomas-Fermi
potentials, while the radial functions for the remaining
orbitals were calculated in Coulomb potentials of variable
nuclear charge, Z,,; = 7|An|. The potential scaling pa-
rameters \,; were determined by minimising the sum of
the energies of the eight energetically lowest target states
in our model. We obtained for the potential scaling pa-
rameters: A\js = 1.41443, Aog = 1.25443, A9, = 1.20280,
Az = —0.94850, Az, = —0.92486, A\3q = —1.09320,
Az = —1.88658.

In Table 1, we compare experimental target state en-
ergies (Eriksson 1983) with our calculated values. We use
the experimental target energies in the calculation of the
Hamiltonian matrix of the (N 4 1) electron system and
in the calculation of energy levels, oscillator strengths
and photoionization cross-sections of N11. We use nine
target terms in our R-matrix calculation where we add
1522523d 2D to the terms listed in Table 1 in order to
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Table 1. Comparison of calculated and experimental energies
(in Ry) for the N2 target states.

Configuration Term present experimental
1s%2s%2p Zpe 0.00000 0.00000
1s%2s2p? ip 0.51771 0.52091
’D 0.92246 0.91960
g 1.20597 1.19279
2p 1.33866 1.32898
1s%2p3 4ge 1.70403 1.70123
2pe 1.85796 1.84962
2pe 2.11771 2.09865

increase the dipole polarizability of the ground state of
the N2 target. Because such a term represents a pseu-
dostate, its energy does not need to be corrected as is the
case for the n = 2 states.

2.3. Energy levels

Experimental energy levels for N have been given by
Eriksson (1983) for members of the series 2s22p(?P°) nl,
with n < 16 and [ < 4, for the series 2s2p?(*P) nl, with
n < 12 and | < 4 and the series 2s2p?(?D) 31, 4p although
some levels are missing. For states where no data are given
by Eriksson, energies have been estimated in the following
ways.

Our new calculation of energy levels includes all terms
2sP2p9(S. L) nl (SL) with ionization energy less than Ey
and L < 6, where S, and L. are the total angular mo-
mentum quantum numbers of the core electrons. Energies
calculated by ab initio methods have been used in pref-
erence to quantum defect extrapolation from experimen-
tally known lower terms because they allow, albeit approx-
imately, for the presence of perturbations of the principal
series by members of other series. Such perturbations can
significantly alter energy levels and the radiative proper-
ties of the states.

Secondly, for states with 15 < n < nq,and ! < 5, where
calculated energies exist for lower members of the series, a
quantum defect has been calculated for the highest known
member (usually with n = 15), and this quantum defect
has been used to determine the energies of all higher terms.

Finally, if neither of the above methods can be used,
the term is assumed to have a zero quantum defect.

2.4. Bound-bound radiative data

Radiative transition probabilities are taken from three
sources:

(1) Ab initio calculation: we have computed values of
(g9f) for all transitions between bound terms with ioniza-
tion energy less than or equal to Fy, and with L < 6.
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The data are in LS-coupling and in the electric dipole
approximation, so there are no transitions between states
of different total spin, but two-electron transitions, which
involve a change of core state are included.

(2) Coulomb approximation: for pairs of terms where
oscillator strengths were not computed by the method de-
scribed in (1), but where one or both of the states have
a non-zero quantum defect, the dipole radial integrals re-
quired for the calculation of transition probabilities are
calculated using the Coulomb approximation. Details are
given by Storey (1994).

(3) Hydrogenic approximation: for pairs of terms with
zero quantum defect hydrogenic dipole radial integrals are
calculated, either using the expressions of Gordon (1929)
in terms of hypergeometric functions, or using direct re-
cursion on the matrix elements themselves as described by
Storey & Hummer (1991).

2.5. Photoionization cross-sections and recombination
coefficients

The recombination coefficient for each term SL, or or-
bital nl is calculated directly from the photoionization
cross-section for that state. As in the bound-bound case,
there are three approximations in which the photoioniza-
tion data are obtained.

(1) Photoionization cross-sections were computed for
all terms with ionization energy less than or equal to Fjy
and L < 5. These cross-sections can in principle be con-
volved with a thermal distribution of free-electron energies
to obtain a recombination coefficient which incorporates
both “radiative” and “dielectronic” recombination. There
are two potential problems with this approach. The first
is a shortcoming of the theory, in that the photoionization
cross-sections have been calculated using first-order per-
turbation theory. This approach does not give the correct
behaviour of the cross-section in the vicinity of a reso-
nance whose radiative width is greater than its autoion-
ization width (Seaton & Storey 1976), and overestimates
the contribution of such a resonance to the recombination
coefficient. We discuss this problem further in Sect. 2.6
below.

The second problem is that in many cases treated in
the OP, the free-electron energy mesh on which the cross-
section was calculated was too coarse to accurately de-
scribe the narrower resonance features. Such resonances
may be poorly described or missed altogether by calcula-
tion on a coarse energy mesh. We also discuss the treat-
ment of this problem further in Sect. 2.6 below.

(2) Coulomb approximation: as in the bound-bound
case, the Coulomb approximation is used for terms where
no OP data are available, but which have a non-zero
quantum defect. The calculation of photoionization cross-
section data using Coulomb functions has been described
by Burgess & Seaton (1960) and Peach (1967).
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(3) For the remaining states, hydrogenic photoioniza-
tion cross-sections are used, calculated using the methods
and computer codes of Storey & Hummer (1991).

2.6. Energy mesh for N i1 photoionization cross-sections

The photoionization cross-sections for N1I generated by
the OP were based on a quantum defect mesh with
100 points per unit increase in the effective quantum
number derived from the next threshold. In contrast to
the OP calculations, we use a variable step energy mesh
for photoionization cross-sections that delineates all reso-
nances to a prescribed accuracy (Kisielius et al. 1998).

Detailed consideration of the energy mesh was un-
dertaken for the regions from the 2s?2p(?P°) limit up
to 0.0178 Ry below the 2s2p?(*P) limit and from the
252p?(4P) limit up to 0.0178 Ry below the 2s2p?(2D) limit,
since these regions contain the main contribution to the re-
combination at the temperatures of interest for the triplet
and singlet series. The energy 0.0178 Ry corresponds to a
principal quantum number of fifteen relative to the next
threshold. In the region above the 2s2p?(2D) threshold
and for the all energies in the case of quintet states, a
quantum defect mesh was used.

One problem that arose was that of interlopers from
higher series. In the region below a particular thresh-
old, the quantum defect method outlined above does
not give information about resonances that come from
higher thresholds, these having been eliminated by the
use of contracted matrices (Seaton 1983). Below the
252p%(P) threshold and in the range of our variable
step energy mesh calculation, there are resonances aris-
ing from the 2s2p?(2D)3s, 3d 138, L3P, 13D, M3F, L3G
and 2s2p?(?D)3p L3P, 1:3D°, L3F° states. The positions
and widths of these resonances were determined from a
preliminary calculation of photoionization cross-sections
from a suitable bound state. These data were then added
to the list of resonance information used to generate the
final energy mesh for the detailed photoionization calcula-
tions. The same procedure was applied to define positions
and widths of resonances in the energy range between the
2s2p? (*P) and 2s2p? (2D) ionization thresholds. Here,
amongst the series of resonances arising from 2s2p? (2D)nl
L3, states, the resonances arising from the 2s2p? (28,
2P)3s, 3d 138, L3P, 13D, L3F and 2s2p? (2S, 2P)3p 13S°,
L3po 1,3DO states are present.

The effects of accurate resonance delineation have
been described in detail by Kisielius et al. (1998) in the
case of Ne™ and by Davey et al. (2000) in the case of
C* photoionization.

The unified approach suffers from a shortcoming
whereby the cross-section in the vicinity of resonance
whose autoionization width is comparable to or smaller
than its radiative width overestimates its contribution
to the recombination coefficient. To address this prob-
lem of radiative damping of resonances, we have com-
pared total radiative decay probabilities (calculated with
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SUPERSTRUCTURE) with autoionization probabilities
calculated with the quantum defect methods described
above. As a result, the resonances corresponding to the
states 2s2p?(*P)5g 3F, 3G were eliminated from the list
of resonances used to generate the energy mesh in the
interval below the second ionization threshold. In the sec-
ond interval, the resonances corresponding to the states
252p%(*P)nl LS with (I > 5 and usually, n > 10)
have been removed. As a result, a coarse energy mesh
was used in the vicinity of these very narrow resonances
and they were absent from the calculated photoionization
cross-section.

3. Calculation of NT populations

The calculation of the population structure is a two-stage
process. The first stage involves the calculation of a purely
hydrogenic model to determine the departure coefficients
bni, related to the populations N,,; by

N, N,
NN, NNy )

where the subscript S refers to the value of the ratio given
by the Saha equation, and N, and N are the number den-
sities of electrons and recombining ions respectively. The
details of the atomic rate coefficients and the numerical
techniques employed in this calculation have been fully
described elsewhere (Hummer & Storey 1987; Storey &
Hummer 1995).

The second stage starts from the hydrogenic results for
n > nq, and then solves for the populations of the states
from n = ngq to n = 16 in descending order. The popu-
lations of states with n < 15 are determined by matrix
inversion. More details are given by Storey (1994).

Baker & Menzel (1938) defined the Cases A and B with
reference to the recombination spectrum of hydrogen. In
N 11, there are three low-lying terms, 2s22p? 3P, 'D 'S. We
define two cases for N11. In Case A, all emission lines are
assumed to be optically thin. In Case B, lines terminating
on the 2s22p? 3P are assumed to be optically thick and no
radiative decays to this state are permitted when calcu-
lating the population structure. Since the calculations are
made entirely in LS-coupling, Cases A and B differ no-
ticeably for the triplet and only slightly for singlet series.

4. Results and discussion
4.1. Total and effective recombination coefficients

The population structure of N T has been calculated for
the electron temperatures T, = 1000, 2000, 3000, 5000,
7500, 10000, 12500, 15000, 20 000 K, and for the electron
densities N, = 102, 10, 10°, 10% cm—3. For electron den-
sities greater than 106 cm™3, I-changing collisions would
have to be included for n < 15, which is beyond the scope
of the current approximation.

In Table 2, we give the total recombination coefficients
for N2t 4+ e~ for the above range of electron tempera-
tures and densities. Total recombination coefficients were
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Table 2. Total recombination coefficients for NiI ions
[107'% cm?® s7!] at various electron densities compared to data
from Nahar (1995).

log(Ne)

TIK] Case 2 4 5 6 Nahar

1000 A 10.67 1149 1245 14.13 10.4
B 8.32 8.96 9.71  11.03

2000 A 6.98 7.28 7.60 8.12 6.83
B 5.33 5.56 5.81 6.19

3000 A 5.76 5.93 6.10 6.36 5.41
B 4.41 4.53 4.67 4.86

5000 A 4.87 4.96 5.06 5.17 4.21
B 3.80 3.87 3.93 4.01

7500 A 4.26 4.33 4.38 4.43 3.51
B 3.38 3.42 3.46 3.49

10000 A 3.81 3.85 3.89 3.92 3.08
B 3.03 3.06 3.08 3.10

12500 A 3.45 3.49 3.52 3.54 2.78
B 2.75 2.77 2.79 2.80

15000 A 3.18 3.21 3.23 3.25 2.59
B 2.53 2.55 2.56 2.57

20000 A 2.84 2.86 2.87 2.88 2.49
B 2.26 2.27 2.28 2.29

obtained by summing recombination coefficients to the
metastable and ground states of N . Our data are com-
pared to those of Nahar (1995). One can see reasonably
good agreement taking into account the fact that the latter
data do not include density effects. Some more noticeable
disagreement appears in the temperature range 5000 <
T.[K] < 15000 where the influence of low-energy reso-
nances representing dielectronic recombination are signif-
icant. Our results are larger than those of Nahar (1995),
being 24% larger at 10000 K. More detailed discussion of
these differences is given in Sect. 4.3.

In Table 3 we give the effective recombination coef-
ficients for the metastable 'D and 'S states of NII in
Case B.

In Table 4 are given the effective recombination coeffi-
cients aeg (), for the strongest recombination lines of N 11
for which the valence electron orbital angular momentum,
[ < 2. This restriction is discussed further in Sect. 4.3 be-
low. The effective recombination coefficient is defined such
that the emissivity e()A), in a transition of wavelength A is

ergsem > s 1.
g

(2)

Results are tabulated at a single electron density, N, =
10* cm™3 as the recombination coefficients do not vary

he
E()\) = NEN+CVEH‘()\)7
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Table 3. Effective recombination coefficients [107% cm?® s7!]
for the metastable states of N11 (Case B).

log(Ne)
TIK] 2 4 5 6
2522p2 (1De)

1000 2.664 2.942 3.252 3.753

2000 1.726 1.838 1.953 2.111

3000 1.344 1.413 1.479 1.560

5000 0.987 1.024 1.058 1.092

7500 0.781 0.805 0.826 0.843
10000 0.670 0.688 0.703 0.713
12500 0.601 0.616 0.627 0.633
15000 0.556 0.569 0.578 0.582
20000 0.510 0.519 0.526 0.528

25?2p? ('S°)

1000 0.525 0.581 0.642 0.742

2000 0.339 0.361 0.383 0.415

3000 0.263 0.276 0.289 0.305

5000 0.191 0.199 0.205 0.212

7500 0.150 0.154 0.158 0.161
10000 0.126 0.130 0.133 0.134
12500 0.111 0.114 0.116 0.117
15000 0.101 0.103 0.105 0.106
20000 0.089 0.091 0.092 0.093

greatly with electron density; typically they agree within
a few percent. In the table, data are given for Cases A and
B, as appropriate, but data for Case B are tabulated only
if the recombination coefficients differ by more than 2.5%
from the Case A values. Also tabulated is the air wave-
length of the multiplet, which is calculated from the cen-
tres of gravity of the two terms involved. Most of the multi-
plets listed have considerable fine-structure and the reader
is referred to Eriksson (1983) for a full list of fine-structure
transitions and their wavelengths. Transitions are included
in the tables according to the following criteria:

(1) Only transitions with effective recombination coef-
ficients greater than 9.5 x 1074 ¢cm? s~ ! at at least one
temperature are tabulated.

(2) The components of the 3d — 3p and 3p — 3s transi-
tion arrays are given for all transitions. These transitions
fall in the visible part of the spectrum and among them
are the strongest recombination lines of N1I.

(3) Only transitions giving rise to lines with wave-
lengths greater than 91.2 nm are tabulated.

In Table 5, fit parameters and maximum deviations §
and A (in percent) from the calculated data are given for

the effective recombination coefficients at N, = 10* cm™3.
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Table 4. Effective recombination coefficients [107'* cm?® s™!] at electron density Ne = 10* [em™3].

T, [1000 K]
Transition Alnm] Case 1.0 2.0 3.0 5.0 75 100 125 150 20.0
5d (*F°)-3p (°D°) 185.9 A 9.42 6.01 465 337 259 214 1.84 163 142
4d (*F°)-4p (°D®) 1436.5 A 16.35 10.17 7.73 546 410 3.33 283 249 216
4d (3F°)-3p (°D®) 2317 A 1721 1071 814 575 432 350 298 262 227
4d (*D°)-3p (*°P°) 2522 A 0.24 0.15 0.1 008 006 005 004 003 0.03
B 11.12 6.85 518 3.63 271 219 1.84 1.60 1.35
4p (*D°)-3d (°F°) 616.8 A 8.52 543 420 3.06 238 199 1.73 1.56 140
B 10.20 6.44 497 359 278 231 201 1.81 161
4p (°*D°)-3s (°P°) 1859 A 7.98 508 3.93 287 223 18 1.62 146 131
B 9.55 6.03 465 336 260 217 1.88 169 1.50
3d (°F°)-3p (°D°) 500.4 A 169.17  96.75 69.55 45.53 32.18 25.04 20.66 17.87 15.36
B 173.79  99.06 71.13 46.51 32.86 25.57 21.11 1825 15.68
3d (*D°)-3p (°D®) 479.4 A 0.80 045 032 021 015 011 009 008 007
B 41.21 2326 16.59 1076  7.54 582 478 411  3.46
3d (®*D°)-3p (®*P°) 593.9 A 1.33 0.75 054 035 024 019 015 013 0.11
B 68.16  38.47 27.44 17.80 1247 963 790 6.79 5.73
3d (3P°)-3p (’D®) 4489 A 0.21 012 008 0.05 004 003 002 002 002
B 5.13 290 207 134 094 073 0.60 051 043
3d (*P°)-3p (°P°) 547.9 A 0.69 039 028 018 013 010 0.08 0.07 0.06
B 16.94 9.57 6.83 443 310 240 1.97 1.68 140
3d (®P°)-3p (®S°) 500.1 A 1.70 0.96 0.68 044 031 024 019 017 0.14
B 41.64 2352 16.78 10.88 7.63 590 483 4.14 345
3d (*F°)-3p (*D°) 661.1 A 0.78 044 031 020 0.4 011 0.09 007 0.06
3d (*D°)-3p (*D°) 776.2 A 0.10 0.06 0.04 0.03 002 001 001l 001 0.01
3d (*D°)-3p (*P°) 4447 A 1.26 071 051 033 023 018 015 013 0.1
3d (*P°)-3p (*D°) 6284 A 0.05 003 0.02 001 001 001 0.0l 001 0.00
3d (*P°)-3p (*P°) 391.9 A 0.45 026 018 012 008 006 0.05 0.04 0.04
3d (*P°)-3p (*S°) 843.9 A 0.16 0.09 0.06 0.04 003 002 002 002 001
3p (®’D°)-3s (°P°) 567.9 A 144.81  85.57 63.04 4290 31.55 2551 21.86 19.54 17.49
B 181.59 106.38 78.01 52.70 3855 31.02 26.43 23.51 20.89
3p (®P°)-3s (°P°) 462.3 A 9.43 595 469 363 3.04 276 262 254 246
B 81.06  47.75 3547 2474 18.66 1530 13.18 11.76 10.31
3p (38°)-3s (*P°) 502.9 A 1.92 1.23 096 071 058 052 050 050 0.52
B 21.75 1257 913  6.09 441 352 297 263 231
3p (*D®)-3s (*P°) 399.5 A 7.46 486 3.84 291 240 218 210 209 2.16
B 7.74 501 395 297 244 222 213 211 218
3p (*P°)-3s (*P°) 6482 A 4.69 299 233 174 144 133 130 1.32  1.39
B 4.84 307 239 1.77 146 134 132 133 140
3p (*S°)-3s (*P°) 343.7 A 1.54 1.00  0.79 059 047 041 038 036 0.36
B 1.60 1.03 081 060 048 042 038 037 037
3p (3D°)-2s2p® (°D°) 1345 A 21.98 1299 957 651 479 3.87 332 297 265
B 27.56  16.15 11.84 800 5.85 471 401 357 3.17
3p (®°D°)-2s2p® (°P°) 1742 A 61.43 36.30 26.74 1820 13.38 10.82 927 829  7.42
B 77.02 4512 33.09 2235 16.35 13.16 11.21 9.97 8.86
3p (3P°)-2s2p® (°D°) 127.6 A 5.77 3.64 287 223 18 1.69 160 1.55 151
B 49.65  29.25 21.73 1515 1143 937 807 721 6.31
3p (38°)-2s2p?® (°P°) 167.6 A 2.44 1.56  1.21 090 0.74 0.66 064 0.63 065
B 2758 1594 1158 7.73 559 446 3.77 333 292
3p’ (®D°)-3s" (3P°) 570.0 A 0.05 0.05 008 013 015 015 014 013 0.11
B 027 027 043 070 0.78 0.76 0.71 0.66 0.58
3p’ (°P°)-3¢' (°P°) 4770 A 0.24 016 015 018 019 019 018 016 0.5
B 0.26 018 017 019 020 020 019 018 0.16
3p’ (3S°)-3s" (3P°) 8874 A 0.00 0.00 001 001 002 002 002 001 0.01
B 0.00 001 005 012 016 016 015 014 0.12
252p® (*°D°)-2s%2p® (*P°) 1085 A 51.53  42.17 57.65 85.74 9445 90.88 84.59 78.48 68.90
252p® (°P°)-2s?2p% (®°P°)  91.6 A 71.03 4448 40.63 46.02 48.96 47.60 44.96 42.30 38.16
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Table 5. Fit coefficients, maximum fitting errors §[%] at the electron density N. = 10* [cm™3] and maximum fitting errors
Al%] in the whole density range investigated, 10> < N, [cm™®] < 10°. The temperature range of validity for the fits is
1000 < T. [K] < 20000 when N = 10* [em~?] and 5000 < Tb [K] < 20000 for other densities.

Transition Alnm] Case a b c d f u v ] A

5d (°F°)-3p (°D°) 185.9 A 2.136 —0.802 —0.067 —0.103 —1.472 1.090 2.053 0.87 3.01

4d (°F°)-4p (*D°) 1436.5 A 3.330 —0.800 —0.061 —0.116 —1.526 0.895 1.767 0.97 2.61

4d (°F°)-3p (*D°) 231.7 A 3.505 —0.800 —0.061 —0.116 —1.525 0.891 1.675 0.96 2.62

4d (’D°)-3p (*P°) 2522 A 0.047 —0.787 —0.095 —0.096 —1.543 0.832 1.707 0.77 2.60
B 2.185 —0.807 —0.086 —0.088 —1.559 1.009 2.551 0.85 2.82

4p (’D®)-3d (®°F°) 616.8 A 1.988 —0.877 —0.003 —0.096 —1.491 0.746 1.740 0.78 2.61
B 2.313 —0.888 —0.001 —0.089 —1.514 0.948 2.045 0.89 2.71

4p (’D®)-3s (°P°) 185.9 A 1.861 —0.877 —0.003 —0.096 —1.491 0.745 1.728 0.78 261
B 2.166 —0.888 —0.001 —0.089 —1.514 0.943 1.953 0.89 2.72

3d (°F°)-3p (°D°) 5004 A  25.037 —0.826 —0.011 —0.148 —1.686 —0.070 —0.051 1.03 1.16
B 25.575 —0.830 —0.010 —0.146 —1.689 0.313 0.782 1.04 1.37

3d (’D°)-3p (°D°) 4794 A 0.113 —0.816 —0.027 —0.144 —1.712 —0.240 —0.545 0.81 0.88
B 5.824 —0.821 —0.026 —0.139 —1.709 0.134 0.506 0.84 1.07

3d (®D°)-3p (°P°) 593.9 A 0.187 —0.816 —0.027 —0.144 —1.711 —-0.210 —0.391 0.81 0.88
B 9.632 —0.821 —0.026 —0.139 —1.709 0.134 0.497 0.84 1.07

3d (°P°)-3p (°D°) 4489 A 0.029 —0.826 —0.035 —0.129 —1.729 —0.265 —0.470 0.89 0.96
B 0.727 —0.832 —0.034 —0.122 —1.721 0.115 0.632 0.90 1.14

3d (°P°)-3p (*P°) 547.9 A 0.096 —0.826 —0.035 —0.129 —1.730 —0.268 —0.507 0.89 0.95
B 2.399 —0.832 —0.034 —0.122 —1.721 0.114 0.597 0.91 1.15

3d (®°P°)-3p (®S°) 500.1 A 0.237 —0.826 —0.035 —0.129 —1.730 —0.262 —0.471 0.89 0.95
B 5.897 —0.832 —0.034 —0.122 —1.721 0.119 0.616 0.91 1.14

3d (*F°)-3p (*D°) 661.1 A 0.107 —0.811 —0.010 —0.166 —1.716 —0.336 —0.722 120 1.28

3d (*D°)-3p (*D°) 776.2 A 0.014 —0.824 —0.009 —0.155 —1.706 —0.193 —0.438 1.10 1.17

3d (*D°)-3p (*P°) 4447 A 0.178 —0.824 —0.009 —0.155 —1.707 —0.195 —0.417 1.10 1.16

3d (*P°)-3p ('D°) 6284 A 0.007 —0.811 —0.010 —0.167 —1.715 —0.324 —0.587 1.17 1.27

3d (*P°)-3p (*P°) 391.9 A 0.062 —0.810 —0.010 —0.167 —1.715 —0.328 —0.588 1.17 1.24

3d (*P°)-3p (S°) 843.9 A 0.022 —0.811 —0.010 —0.167 —1.715 —0.325 —0.582 1.17 1.26

3p (°D°)-3s (°P°) 567.9 A 25515 —0.934 0.078 —0.131 —1.649 0.200 0.818 0.57 1.48
B 31.018 —0.925 0.067 —0.128 —1.660 0.460 1.189 0.66 1.61

3p (®P°)-3s (°P°) 462.3 A 2.761 —1.286 0.343 —0.043 —1.581 2.565 —0.854 0.57 5.41
B 15.304 —0.935 0.032 —0.073 —1.605 0.711 0.715 0.75 2.17

3p (38°)-3s (*P°) 502.9 A 0.525 —1.329 0.518 —0.185 —1.618 0.497 0.849 0.99 2.00
B 3.517 —0.922  0.059 —0.125 —1.688 0.115 1.051 0.59 1.39

3p (*D®)-3s (*P°) 3995 A 2,182 —1.322 0.498 —0.172 -1.588 1.366 1.725 0.80 3.58
B 2216 —1.337 0.511 —0.171 —1.610 1.687 0.720 0.75 3.59

3p (*P°)-3s (*P°) 6482 A 1.327 —0.448 0.227 0.047 —0.636 0986 0911 0.82 3.38
B 1.344 —0.447 0229  0.051 —0.642 1.304 0.236 0.74 3.47

3p (*S°)-3s (*P°) 3437 A 0.410 —0.987 0.204 —0.186 —1.426 1.496 2.245 0.15 3.28
B 0.417 —1.009 0.216 —0.180 —1.452 1.860 1.232 0.07 3.36

3p (®D°)-2s2p® (°D°) 1345 A 3.873 —0.933 0.078 —0.131 —1.648 0.198 0.754 0.57 1.40
B 4.708 —0.925 0.067 —0.128 —1.660 0.456 1.233 0.66 1.62

3p (®D°)-2s2p® (°P°) 1742 A 10.823 —0.934 0.078 —0.131 —1.649 0.197 0.781 0.58 147
B 13.157 —0.925  0.067 —0.128 —1.660 0.452 1.130 0.66 1.61

3p (3P°)-2s2p® (®°D°) 1276 A 1.691 —1.286  0.343 —0.043 —1.581 2572 —0.815 0.57 5.43
B 9.375 —0.934 0.032 —0.073 —1.605 0.708 0.671 0.75 2.11

3p (38°)-2s2p® (°P°) 167.6 A 0.665 —1.329 0.518 —0.185 —1.617 0.497 0.820 0.99 2.02
B 4458 —0.922 0.059 —0.125 —1.688 0.122 1.105 0.60 1.40

The coefficients are fitted by a least-squares algorithm to

the functional form

e = 107 x at’ x (1+0.01uY +0.001vY?)
><(1—|—b(1—t)—|—c(1—t)2+d(1—t)3), (3)

where t = T [K]/10%, Y = log,((N.) — 4 and a, b, ¢, d,
u and v are constants. The value of parameter a is con-
strained to have the value of effective recombination coef-
ficient cer(A\)x 10 at T, = 10* K and N, = 10* ecm 2.
The maximum fitting error, J, refers to the fitting for
the whole temperature range studied and the electron
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Table 6. Effective recombination coefficients [107'° cm?® s™1].
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Electron densities are N. = 10%,10*,10°%,10° [cm™3].

T. [1000 K]
Transition Alnm)] Case Ne 5.0 7.5 10.0 12.5 15.0 20.0
3p’ (®°D°)-3s' (3P°) 570.0 A 10? 1.326 1.490 1.449 1.357 1.261 1.100
10* 1.329 1.492 1.450 1.358 1.262 1.100
10° 1.332 1.493 1.451 1.358 1.262 1.100
10° 1.335 1.494 1.452 1.359 1.262 1.101
B 102 6.954 7.802 7.583 7.099 6.596 5.753
10* 6.966 7.807 7.586 7.101 6.598 5.754
10° 6.979 7.814 7.590 7.104 6.599 5.755
10° 7.000 7.823 7.595 7.107 6.601 5.755
3p’ (®P°)-3s' (°P°) 477.0 A 10? 1.768 1.895 1.848 1.747 1.644 1.510
10* 1.783 1.904 1.855 1.752 1.648 1.513
10° 1.796 1.912 1.860 1.756 1.651 1.515
10° 1.810 1.918 1.863 1.758 1.652 1.515
B 102 1.909 2.034 1.979 1.868 1.757 1.613
10* 1.923 2.042 1.984 1.872 1.760 1.615
10° 1.937 2.049 1.989 1.875 1.762 1.617
10° 1.953 2.056 1.992 1.877 1.763 1.617
252p® (3D°)-2s?2p? (*P°) 108.5 A 102 853.02  941.64  906.67  844.13  783.28  687.85
10* 85740  944.49  908.82  845.87  T84.77  689.01
10°  861.04  946.64  910.33  847.05  785.73  689.73
10°  864.13  947.79  910.79  847.18  785.70  689.55
252p? (*P°)-2s%2p? (*P°) 91.6 A 102 458.80  488.98  475.65  449.42  422.82  381.47
10*  460.16  489.59  475.99  449.64  422.98  381.57
10°  461.91  490.34  476.39  449.89  423.14  381.66
10°  465.07  491.62  477.04  450.24  423.35  381.73

density N, = 10* cm™3. Due to the fact that effective
recombination coefficients depend, although weakly, on
the electron density, the accuracy of fitting is worse for
the other densities studied. The fitting error, A, is the
maximum deviation from the calculated coefficients for
all densities considered. Note that when the fits are ap-
plied to the full range of densities, the temperature range
over which the fits are valid is restricted at the lower end
to T, = 5000 K. The fits are accurate to within 1.2% for
all lines in the main series when N, = 10* cm~3 for the
whole temperature region.

Nevertheless, there exist some lines originating from
the 3p’ (3L°) and 2s2p® (3L°) states where fitting to the
form given in Eq. (3) is inaccurate even for a single elec-
tron density. For these lines, radiative recombination and
dielectronic recombination are at least of equal impor-
tance, and the effective recombination coefficients have
a more complex dependence on temperature. Therefore,

we tabulate the effective recombination coefficients g
for these lines in Table 6 at different electron temper-
atures and densities. The transition 3p’ (35°)-3s' (3P°)
(A = 887.4 nm) is not present in Table 6 because it does
not depend on electron density in the range studied.

4.2. Population of excited states of N+

In most calculations of recombination coefficients in neb-
ular plasmas it is assumed that only the ground state of
the recombining ion, 2s22p 2P° in the case of N2%, is
populated. This is a reliable approximation in the case of
astrophysical objects having relatively low electron den-
sity. In N 2F, the 2s2p? *P lies 57161.7 cm™! above the
ground state (see Eriksson et al. 1983), and the popula-
tion of this first excited term is negligible (2.35 x 1079)
even at the highest temperatures and densities considered
in this paper (T, = 20000 K, N, = 105 cm~3) for N2+,
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We consider direct recombination only to the ground state
in our model.

4.3. Discussion

The calculations described here were carried out entirely
in LS-coupling. The work of Erikssson (1983) indicates
that LS-coupling is no longer a good approximation for
f— and g—states of NT, and that the states should be
described by an alternative coupling scheme. We therefore
do not present any transitions with | > 2 even though
sometimes such multiplets have relatively strong lines with
aeg > 1071 cm3s™!. These transitions will be the subject
of a subsequent paper.

A full treatment of the high-I states also needs to
recognise the fact that the ground term of N 2T comprises
two levels, 2P‘l’/2 and 2P§/2 and that the populations of
the 2P9 levels may well differ from those given by the
Boltzmann distribution, so that a correct treatment of
the recombination to the high-I states will require inter-
mediate coupling photoionization data and incorporation
of the population distribution among the 2P¢ levels. The
critical electron density, at which the rates of collisional
de-excitation and radiative decay from 2P§/2 to 2P‘1’/2 are
equal, is approximately 2000 cm™3. At this density, the
populations of the 2P‘l’ /2 and 2P§ /2 levels differ from their
Boltzmann values by about 30%.

In Table 7 we compare our direct recombination co-
efficients to individual terms of NiI with those calcu-
lated by Nahar (1995). In both calculations the R-matrix
method was used to compute atomic photoionization
cross-sections. For most terms the agreement is good with
differences of less than 10%. The exceptions are the re-
combination coefficients to the three 2s2p> states, 3S°,
3P° and 3D°, which are significantly larger in our cal-
culation. For these states direct photoionization to the
2522p 2P° ground state of N 2% is parentage forbidden and
photoionization proceeds mainly through autoionizing res-
onances in the area below the first threshold 2s2p? P. The
three low-lying resonances belonging to the 2s2p?(“P)3d
configuration are situated between 0.075 and 0.085 Ry
above the ionization threshold. These resonances are very
narrow, yet are the principal source of recombination to
the 2s2p> states. The half-widths of the resonances are
5.03 x 1075 Ry for the 2s2p?(*P)3d 3F, 1.04 x 10~* Ry
for the 3P and 3.35 x 10~° Ry for the 3D. In our calcula-
tion of the photoionization cross-section data the energy
interval was in the range from 3.8 x 1076 Ry, near the
narrowest resonance to 1.2 x 107° Ry near the broadest.
Thus there were typically about ten points spanning each
resonance. By contrast, Nahar (1995) used a fixed inter-
val of 0.0004 Ry in this energy range (Nahar & Pradhan
1994, Nahar personal communication). This interval leads
to the area under the resonances and hence their contri-
bution to the recombination coefficients being significantly
underestimated.
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Table 7. Comparison of our direct recombination coefficients
[em® s71] to states of N ™ with those of Nahar (1995). Electron
temperatures are Te = 1000 K and T, = 10000 K, the electron
density is Ne = 10* [em™3).

1000 K 10 000 K
State

Nahar  Present Nahar  Present

2522p® (*P) 2.44-12 226-12  831-13  7.69-13
2s?2p ('D) 1.28-12  1.20-12  4.21-13  3.92-13
25?2p” ('S) 2.55-13  2.41-13  8.27-14  7.75-14
2s?2p3d (®°F°)  1.88-13  2.00-13 5.26-14  5.59-14
2s?2p3p (®°D)  1.29-13  1.41-13  4.84-14  5.42-14
2s?2p4d (*F°)  1.13-13  1.14-13  3.26-14  3.27-14
2s?2p3d (*D°)  1.09-13  1.10-13  2.97-14  3.06-14
2522p3p (°P) 7.51-14  7.70-14 2.87-14  3.02-14
252p® (3D°) 7.25-14  8.10-14 3.28-13  8.16-13
25%2p3s (*P°)  7.07-14  7.92-14 6.17-14  8.13-14
2s?2p4d (®°D°)  7.04-14  7.04-14 1.96-14  1.98-14
2s?2p5d (°F°)  6.32-14  6.33-14  1.86-14  1.84-14
2s?2p3d (®°P°)  5.64-14  6.08-14 1.54-14  1.71-14
2522pdf (3QG) 5.54-14  5.50-14  1.31-14  1.29-14
252p5f (*G) 4.92-14  4.94-14 1.17-14  1.16-14
2s?2p3p ('D)  4.73-14  4.80-14 1.78-14  1.80-14
25?2pdf (°F) 4.46-14  4.57-14 - 1.08-14
2s?2p5d (®°D°)  4.20-14  4.19-14  1.18-14  1.20-14
2s?2p3d ('F°)  4.14-14  4.22-14 —  1.14-14
2s?2p4d (*°P°)  3.93-14  4.06-14 - 1.14-14
2s2p® (3P°) —  240-14 1.54-13  3.50-13
252p® (3S°) - 3.21-17 2.24-14  3.28-14
25?2p4p (°D) - 37114 1.31-14  1.37-14
Total 1.04-11  1.07-11  3.10-12  3.81-12

The total recombination coefficients given at the bot-
tom of Table 7 show very good agreement at 1000 K. The
difference of 19% at T, = 10000 K is caused primarily by
the difference in the contributions from the 2s2p> states.

Escalante & Victor (1990) have also computed effective
recombination coefficients for the N * ion but they used an
approach where recombination coefficients were obtained
by summing radiative recombination coefficients and di-
electronic recombination coefficients from Nussbaumer &
Storey (1984). Effective radiative recombination coeffi-
cients for some of the strongest lines of N1I were also
obtained by Péquignot et al. (1991). Both Escalante &
Victor (1990) and Péquignot et al. (1991) computed their
radiative recombination coefficients using simpler and less
accurate methods than those described here or in the work
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of Nahar (1995). In Table 8 we compare our effective re-
combination coefficient data with the other two calcula-
tions. Line wavelengths given in this table are taken from
our calculations and may differ from the data of other
authors.

In general, there is good agreement between the effec-
tive recombination coefficients presented in Table 8. Note
that we perform calculations in pure LS-coupling so that
we do not present results for transitions between terms
of different multiplicity. Péquignot et al. (1991) give ef-
fective recombination coefficients for transitions between
some states of different multiplicity in the 4f-3d transition
array. Thus it is appropriate, for example, to compare the
sum of the recombination coefficients given by Péquignot
et al. (1991) for the 4f (1G)-3d (*F°) and 4f (1G)-3d (3F°)
transitions with our result for the 4f (1G)-3d (*F°) transi-
tion alone when assessing the degree of agreement between
the two calculations. We present results for the 4f-3d tran-
sitions here only for the purpose of comparison with earlier
work. They are not included in the main tables for the rea-
son given above, that LS-coupling is not appropriate for
these states.

The most striking difference between the present re-
sults and those of Péquignot et al. (1991) and Escalante
& Victor (1990) occurs for the transitions from the
3p (D) state to lower states. The total effective recombi-
nation coefficient in Case A for the three such transitions
given in Table 8 (calculated at T, = 10* K in units of
107 em? s71), is 4.0 from the present work, 4.4 from
Escalante & Victor (1990) and 7.7 from Péquignot et al.
(1991). The distribution between the three transitions also
differs in the three calculations. Since the distribution
depends upon the relative transition probabilities of the
three transitions we have more confidence in our own work
since it employs the most elaborate treatment for the cal-
culation of the bound-bound radiative data. Péquignot
(private communication, 2001) points out that the differ-
ence in the total recombination coefficient to the 3p (3D)
state is due to an error in Table 2 of Péquignot et al.
(1991), where incorrect fit coefficients were given for the
A174.2 and A\134.4 nm transitions. The total recombina-
tion coefficient for the 3p (3D) state inferred from the
data given by Péquignot et al. (1991) for the A567.9 nm
transition is 4.2 x 10713 cm?® s™! at T, = 10* K, in good
agreement with the present result.

5. Conclusion

Total recombination coefficients for N 2t +e~ recombina-
tion and effective recombination coefficients for lines of
N1I have been tabulated at temperatures and densities
appropriate to nebular plasmas. The use of atomic data
of high quality for bound-bound and bound-free radiative
processes among all the terms with n < 15 means that
the results given here should be more reliable than those
of previous workers. It would be desirable to extend the
calculations to higher electron densities to permit reliable
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Table 8. Comparison of calculated effective recombination co-
efficients at T. = 10000 K [107** ecm® s™!] for N11. Sources
are Péquignot et al. (1991, PPB), Escalante & Victor (1990,
E&V) and the present work (K&S), calculated at electron den-
sity Ne = 10* em™2. Column C is for Case A or Case B, and
wavelength is A[nm).

Transition C A PPB E&V  K&S

4f (*G)-3d (*F°) A 4534 0204 0283 0.304
4f (*G)-3d (°F°) A 4026 0.110 -
4f (*F)-3d (*D°) A 4169 0.134 0.181 0.201
4f (*F)-2s2p® (*D°) A 1495 0.097 0.150 0.021
4f(*D)-2s2p% (*P°) A 2236 0.112 0.196 0.007
4f (*D)-3d (*P°) A 4682 0.038 0.083 0.125
4f (3G)-3d (°F°) A 4038 0.878 0.924 0.948
4£ (*G)-3d ('F°) A 4552 0.071 -
4f (*°F)-3d (®D°) A 4234 0650 0551 0.629
4f (*D)-3d (*P°) A 4429 0416 0269 0.396
3d (*P°)-3p (°P) B 5479 0238 0277 0.240
3d (®P°)-3p (®S) B 500.1 0.610 0.445 0.590
3d (®D°)-3p (°P) B 5939 0844 0.819 0.963
3d (3D°)-3p °D) B 4794 0.520 0.481 0.582
3d (°F°)-3p (D) A 5004 1.976 236 2.504
B 2.062 238 2.558

3p (°D)-3s (°P°) A 5679 1.138  1.58 2.552
B 1.411  1.84 3.102

3p (®D)-2s2p (*P°) A 1742 5210 220 1.082
B 6.464 256 1.316

3p (®D)-2s2p® (°D°) A 1344 1.372 0.575 0.387
B 1.703  0.669 0.471

interpretation of NII emission from more dense objects
such as young novae and stellar winds.

In N1 itself, further work is needed on the transition
arrays where LS-coupling breaks down. Relatively strong
recombination lines exist between 5g, 4f and 3d states
which cannot be reliably used at present.
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