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A B S T R A C T

The magnetic-dipole probabilities for the 1D2±3P2 and 1D2±3P1 transitions in carbon-like

and oxygen-like ions are calculated up to atomic number Z � 12, including relativistic

corrections to the magnetic dipole operator. The ratio of the probabilities for these two

transitions is found to change by up to 5 per cent compared with previous theoretical work,

none of which included these relativistic corrections, with the effect being largest for the

near neutral ions. The transition probability ratio for the [O iii] 5007 and 4959 AÊ lines is

found to be 3.01, implying an intensity ratio of 2.98, in significantly better agreement with

the observed ratio than the earlier theoretical work.

Key words: atomic data ± line: formation ± techniques: spectroscopic ± H ii regions ±

planetary nebulae: general.

1 I N T R O D U C T I O N

Several authors have commented on the apparent discrepancy

between the intensity ratio of the [O iii] 5007, 4959 AÊ lines

predicted from the best atomic theory and that observed in high

signal-to-noise astronomical spectra. In the 1980s, observations of

this ratio and other apparently theoretically well-determined

intensity ratios were used to probe the non-linearity of photon

counting systems (e.g. Peimbert & Torres-Peimbert 1987). After

allowing for such non-linearity, Rosa (1985) suggested that the

correct value for the 5007/4959 intensity ratio was 3:03 ^ 0:03,

significantly different to the best theoretical value at the time of

2.88 (Nussbaumer & Storey 1981). The most recent and elaborate

theoretical work on the carbon isoelectronic sequence still predicts

an intensity ratio of 2.89 (GalavõÂs, Mendoza & Zeippen 1997).

The advent of charge-coupled device (CCD) detectors has

confirmed that the measured value is significantly higher with

Iye, Ulrich & Peimbert (1987) quoting a value of 3:17 ^ 0:04

while Leisy & Dennefeld (1996) give 3:00 ^ 0:08. The difference

between theory and observation is small, lying between 4 and

9 per cent, but must be considered well-established because the

5007 AÊ and 4959 AÊ lines can be observed with very high signal-to-

noise ratio in the spectra of gaseous nebulae and the theoretical

ratio has not changed significantly with the increasing complexity

of the atomic computations.

In this paper we will show that the probabilities for the 5007 AÊ

and 4959 AÊ transitions, and the equivalent transitions in other

carbon-like and oxygen-like ions, are affected by small relativistic

corrections to the magnetic dipole operator. These corrections to

the operator were first considered for a multi-electron ion by

Eissner & Zeippen (1981) in the context of a line-intensity ratio in

[O ii], where a much larger discrepancy was resolved. The N-like

sequence was subsequently treated (Butler & Zeippen 1984;

Zeippen 1987; Becker, Butler & Zeippen 1989 and references

therein). The case of [S ii], together with the P-like sequence, was

considered by Mendoza & Zeippen (1982). The effect is important

in [O ii] and [S ii] because the spin±orbit interaction vanishes to

first order between the terms of the 2p3 and 3p3 ground electron

configurations of these ions. Such effects were expected to be

small for ions, such as those of the carbon and oxygen sequences,

where the spin±orbit interaction does not vanish, but are not small

enough to be neglected when differences of a few per cent are at

issue.

2 M E T H O D

2.1 The atomic structure calculation

A comprehensive calculation of radiative forbidden transition

probabilities for members of the carbon and oxygen isoelectronic

sequences has been made by GalavõÂs et al. (1997). They give

results for atomic numbers Z < 28 and consider that their results

are accurate to 10 per cent or better, with the exception of weak

electric quadrupole transitions in ions with Z < 11. We will work

in the same configuration interaction model as GalavõÂs et al.

(1997), using the computer code superstructure (Eissner, Jones

& Nussbaumer 1974; Nussbaumer and Storey, 1978). The ions of

the carbon isoelectronic sequence are described by a basis of 18

electron configurations, created from the 1s, 2s, 2p, 3Ås, 3Åp, 3Åd and

4Åf electron radial wave functions. The 1s, 2s and 2p wave

functions are calculated in scaled Thomas±Fermi±Dirac model

potentials, while the remainder are calculated in a scaled Coulomb
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potential (Nussbaumer & Storey 1978). The ions of the oxygen

sequence are described in a 12 configuration basis using the 1s, 2s,

2p, 3Ås, 3Åp, 3Åd, 4Åp and 4Åf orbitals. The lists of configurations in

these basis sets have been given by GalavõÂs et al. (1997) as have

the scaling parameters of the potentials for the radial wave

functions. The Hamiltonian matrix incorporates the Coulomb

interactions between the electrons and the Breit±Pauli relativistic

corrections described by Eissner et al. (1974). These include all

the one-body and two-body magnetic fine-structure interactions,

spin±orbit, spin±spin etc. GalavõÂs et al. (1997) also use the so-

called term energy corrections (TEC) introduced into super-

structure by Zeippen, Seaton & Morton (1977), in which the

Hamiltonian matrix is empirically adjusted to give the best

agreement between experimental energies and the final calculated

term energies including the relativistic effects. GalavõÂs et al.

(1997) also use experimental energies to compute the final

transition probabilities from the calculated line strengths for each

transition, thereby eliminating any error resulting from differences

of the calculated level energies from the experimental values.

2.2 The intensity ratio for the magnetic dipole transitions

We are concerned here only with the 1D2±3P2 and 1D2±3P1

transitions in the carbon and oxygen-like ions. These two

transitions occur primarily by magnetic dipole radiation, but

there is also a small contribution from electric quadrupole

radiation. We take these electric quadrupole probabilities directly

from the work of GalavõÂs et al. (1997) as deposited in the Centre

de DonneÂes astronomiques de Strasbourg (CDS). These values are

given in Tables 1 and 2, and they contribute less than 0.6 per cent

to the total probability in all cases. The usual form for the

magnetic dipole operator M1 is

M1 � L � 2S; �1�

in atomic units, where L and S are the operators for the total

orbital and spin angular momentum of the ion. This operator has

the property that its matrix elements are only non-zero for

transitions within the same term SL. With this operator it can be

shown that the ratio of the line strengths S for the 1D2±3P2 and
1D2±3P1 transitions, in the limit of LS-coupling when all magnetic

interactions become negligible, is

S�1D2±3P2�
S�1D2±3P1�

� 3: �2�

Using the configuration bases referred to in Section 2.1, we find

that the line-strength ratio differs from 3 by no more than 0.1 per

cent for any O-like or C-like ion with Z < 12, with the largest

difference being for the largest Z. The ratio of the transition

probabilities A is then

A�1D2±3P2�
A�1D2±3P1�

� 3
E�1D2±3P2�3
E�1D2±3P1�3

; �3�

where E are the energy differences. The difference in energy

between the 1D2±3P2 and 1D2±3P1 transitions arises from the fine-

structure splitting of the levels of the 3P term and it is therefore the

magnitude of these magnetic interactions that determines the

transition probability and intensity ratio for low-Z members of

both the O-like and C-like sequences. For [O iii] for example,

these are E�1D2±3P2� � 19 967 cm21 and 20 160 cm21, respect-

ively (EdleÂn 1983, 1985), giving a transition probability ratio of

2.915 in close agreement with the value of 2.918 derived from

the probabilities given by GalavõÂs et al. (1997), which include

the small electric quadrupole contribution. The intensity ratio

corresponding to the GalavõÂs et al. transition probabilities is then

2.890. Because the ratio of the magnetic dipole line strengths does

not depend upon the configuration expansion used, and the

electric quadrupole contribution is very small, it is clear that as

long as the standard formulation for the magnetic dipole operator

is used, this value is definitive.
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Table 1. A-values (s21) for the 1D2±3P1 and 1D2±3P2 transitions in the carbon
sequence. E2: electric quadrupole, M1: standard magnetic dipole, RM1: magnetic
dipole including relativistic corrections to the operator. The E2 and M1 values are
from GalavõÂs et al. (1997). a ^ b denotes a � 10^b.

Ion 1D2±3P1
1D2±3P2

E2 M1 RM1 E2 M1 RM1

C i 1.81327 7.44925 7.13625 1.24926 2.21724 2.22824
N ii 1.19826 1.01523 9.80724 7.93726 2.99723 3.00723
O iii 5.50826 6.98923 6.78523 3.58325 2.03722 2.04222
F iv 1.94225 3.39622 3.30822 1.23024 9.71922 9.73622
Ne v 5.58925 1.25121 1.22121 3.45024 3.49621 3.50121
Navi 1.45224 4.13021 4.04121 8.51624 1.118 0 1.119 0
Mg vii 3.41624 1.192 0 1.169 0 1.87823 3.105 0 3.105 0

Table 2. A-values (s21) for the 1D2±3P1 and 1D2±3P2 transitions in the oxygen
sequence. E2: electric quadrupole, M1: standard magnetic dipole, RM1: magnetic
dipole including relativistic corrections to the operator. The E2 and M1 values are
from GalavõÂs et al. (1997). a ^ b denotes a � 10^b.

Ion 1D2±3P1
1D2±3P2

E2 M1 RM1 E2 M1 RM1

O i 3.75426 2.10723 2.14723 2.21825 6.51323 6.42423
F ii 1.25625 1.24822 1.26822 8.27025 3.93322 3.88522
Ne iii 3.60525 5.34022 5.41322 2.57824 1.72721 1.70821
Na iv 9.02125 1.83621 1.85921 6.95724 6.14221 6.07921
Mg v 1.99924 5.34621 5.40421 1.67623 1.866 0 1.848 0
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2.3 The corrections to the magnetic dipole operator

Following the work of Drake (1971) on two-electron systems,

Eissner & Zeippen (1981) introduced relativistic corrections to the

magnetic dipole operator in the code superstructure for a

general N-electron system. The corrected operator is

M1 0 �
XN

j�1

M� j� �
XN

i�1

X
j , i

M� ij �; �4�

where M( j) contains one-body operators including the first-order

magnetic dipole operator of equation (1), plus corrections of order

a2, while M(ij ) contains two-body operators also of order a2,

where a is the fine-structure constant. Technical details of the

operators and their evaluation were given by Eissner & Zeippen

(1981) and will not be repeated here.

3 R E S U LT S A N D D I S C U S S I O N

We calculate the relativistically corrected magnetic-dipole-transition

probabilities A(RM1) from

A�RM1� � A�M1� S�M1 0�
S�M1� ; �5�

where the values of A(M1) are obtained form the work of GalavõÂs

et al. (1997), as deposited in the CDS, while the line strengths

S(M1 0) and S(M1) are obtained using the operators described in

Sections 2.2 and 2.3 above. We note that the A(M1) have therefore

been calculated in a model that incorporates term energy

corrections and uses experimental level energies.

Tables 1 and 2 contain A-values for the 1D2±3P1 and 1D2±3P2

transitions in the carbon and oxygen sequences, respectively, for

ions with Z < 12. The data from GalavõÂs et al. (1997) are given

together with the relativistically corrected A-values (RM1) for the

magnetic dipole transitions. Table 1 shows that, for the C-

sequence, only the 1D2±3P1 transition shows significant sensitivity

to relativistic corrections in the M1 operator, with an increase of

the corresponding A-value of 4 per cent �Z � 6� to 2 per cent

�Z � 12�. The situation is similar for the O-sequence in Table 2,

but here the A-values decrease by 2 per cent �Z � 8� to 1 per cent

�Z � 12�. The magnitude of the relativistic corrections is therefore

consistent with the 10 per cent uncertainty estimated by GalavõÂs

et al. (1997) for their results for these transitions.

Tables 3 and 4 present the total A-values for the 1D2±3P1 and
1D2±3P2 transitions, including the relativistic corrections to the

M1 operator. They also give the A-value ratios calculated without

and with M1 relativistic corrections. As expected from the results

in Tables 1 and 2, the ratios are affected by the use of the more

elaborate formalism: a 5 per cent to 2 per cent increase is found in

the C-sequence and a 3 per cent to 2 per cent decrease is seen in

the O-sequence, with the larger differences being for the elements

of smaller Z.

In [O iii], the new A-value ratio is 3.01, implying a line-

intensity ratio of 2.98, compared with the previous value of 2.89

from the data of GalavõÂs et al. (1997). This new value for the ratio

differs by 2 per cent or less from the values deduced by Rosa

(1985) and Leisy & Dennefeld (1996) from astronomical spectra,

while the discrepancy with the value of Iye et al. (1987) has been

reduced to 6 per cent.

4 C O N C L U S I O N S

We have shown that the incorporation of relativistic corrections to

the magnetic dipole operator causes observable changes in the

magnetic dipole transition probabilities for the 1D2±3P2 and
1D2±3P1 transitions in C-sequence and O-sequence ions. These

changes are large relative to those that have arisen from

improvements to the wave-function expansions, which have left

the transition probability ratios effectively unchanged over the last

20 yr.

In the case of [O iii], although there is substantial scatter in the

values of the 1D2±3P2 to 1D2±3P1 intensity ratio derived from

astronomical observations, these values are in significantly better

agreement with the new theoretical values given here than with

previous theory.

Of the C-sequence and O-sequence lines considered in this

paper, the [O iii] 5007 AÊ and 4959 AÊ lines are the most prominent

in the spectra of photoionized nebulae, owing to the relatively high
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Table 3. Total A-values and ratios for the 1D2±3P1 and 1D2±3P2 transitions in the
carbon sequence. GMZ refers to GalavõÂs et al. (1997). a ^ b denotes a � 10^b.

Ion 1D2±3P1
1D2±3P2 A(1D2±3P2)/A(1D2±3P1)

l air(AÊ ) A(s21) lair(AÊ ) A(s21) GMZ Present

C i 9824.1 7.15425 9850.3 2.24024 2.985 3.131
N ii 6548.1 9.81924 6583.5 3.01523 2.958 3.071
O iii 4958.9 6.79123 5006.8 2.04622 2.918 3.013
F iv 3996.9 3.31022 4059.9 9.74822 2.864 2.945
Ne v 3345.9 1.22221 3425.9 3.50421 2.795 2.867
Navi 2872.7 4.04221 2971.9 1.120 0 2.709 2.771
Mg vii 2509.2 1.169 0 2629.1 3.107 0 2.607 2.658

Table 4. Total A-values and ratios for the 1D2±3P1 and 1D2±3P2 transitions in the
oxygen sequence. GMZ refers to GalavõÂs et al. (1997). a ^ b denotes a � 10^b.

ion 1D2±3P1
1D2±3P2 A(1D2±3P2)/A(1D2±3P1)

lair(AÊ ) A(s21) lair(AÊ ) A(s21) GMZ Present

O i 6363.8 2.15123 6300.3 6.44623 3.096 2.997
F ii 4869.0 1.26922 4789.4 3.89322 3.155 3.068
Ne iii 3967.5 5.41722 3868.8 1.71121 3.237 3.159
Na iv 3362.2 1.86021 3241.6 6.08621 3.347 3.272
Mg v 2927.5 5.40621 2782.2 1.850 0 3.493 3.422
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abundance of O2+ ions in these objects and the position of the lines

in the centre of the visible spectral range. We note, however, that

homologous lines of [C i] and [N ii] in the C-sequence and [O i]

and [Ne iii] in the O-sequence are also observed, albeit at much

lower intensity (e.g. Liu et al. 2000). A careful analysis of the

relative intensities of these lines from high signal-to-noise spectra

could provide a further test of the theory employed here.
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