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ABSTRACT

We have used the relativistic multi-reference Møller-Plesset perturbation the-

ory to calculate the positions of the dielectronic satellite transitions involving

doubly excited 3`3`′ configurations that are associated with the X-ray spectrum

of Fe XVII. A comparison of these positions with the wavelengths employed in

astrophysical modeling codes shows discrepancies of up to 36 mÅ. Inspection

of the spectrum of Capella recorded with the high energy transmission grating

on the Chandra X-ray Observatory reveals several features enhanced by Fe XVI

lines formed by dielectronic recombination, one of which may be of future di-

agnostic use as it is fairly well isolated and in large part formed by dielectronic

recombination.

Subject headings: atomic processes—line: formation— stars: coronae—stars:

individual (Capella)—Sun: X-rays—X-rays: general

1. Introduction

Since their identification in laboratory and solar spectra (Gabriel & Jordan 1969; Gabriel

& Paget 1972), dielectronic satellite transitions have played a major role in the analysis of

K-shell emission spectra. This has been specially true for dielectronic satellite transitions

associated with the emission of the closed-shell heliumlike ions of elements with atomic

number Z ≥ 18, which have been observed in laboratory measurements, the Sun, and in

astrophysical sources (Gabriel 1972; Bitter et al. 1979, 2003; Gu et al. 2012); in addition,

lower-Z ions also display dielectronic satellite lines (Faucher et al. 1983; Wargelin et al.

2001). The reason for their importance is that they can be used as an accurate diagnostic

of electron temperature (Dubau & Volonté 1980).
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Dielectronic satellite lines also play a role in L-shell emission spectra. Dielectronic

satellite lines to the well known characteristic Fe XVII L-shell lines are produced by electron

capture and subsequent radiative decay:

1s22s22p6 + e− → 1s22s22p5n`n′`′ → 1s22s22p6n′`′ + hν (1)

or

1s22s22p6 + e− → 1s22s2p6n`n′`′ → 1s22s22p6n′`′ + hν ′ (2)

The strongest such satellite lines are those with n, n′ = 3 and ` = d.

Dielectronic recombination is a resonant process, because the energy of the free electron

e− must be such that upon capture into a level n′`′ it gives off the correct energy to promote

a bound electron from an n = 2 level to a level n`. The L-shell dielectronic lines are, however,

much weaker than the K-shell dielectronic satellite lines observed in the corresponding he-

liumlike ion of the same element (P. Beiersdorfer, Ph.D. thesis, Princeton University 1988).

Despite their overall weakness, L-shell dielectronic satellite lines can play a role in the spectra

of stellar coronae, as discussed for the case of Fe XVIII (Clementson & Beiersdorfer 2013).

Moreover, Fe XVI lines with a so-called spectator electron n′`′ and n′ = 4 have been observed

in the spectrum of Capella observed with the Chandra X-ray Observatory. They were used to

infer a formation electron temperature of log(T ) = 6.67± 0.026 K (Beiersdorfer et al. 2011).

Fe XVI lines with n, n′ = 3 (but not yet with higher principal quantum numbers) formed by

dielectronic recombination are included in the AtomDB spetral data base commonly used

for the analysis of astropysical spectra (Foster et al. 2013).

Unfortunately, no experimental values for the spectral wavelengths and intensities of the

n′ = 3 dielectronic satellites have yet been produced. As a result, the dielectronic satellites

incorporated into spectral models must rely on calculations. AtomDB, for example, relies on

dielectronic satellite data calculated by Nilsen (1989). Some of the calculated positions of

Fe XVI L-shell lines formed by electron-impact excitation and situated in the 15–18 Å range

were shown to be highly inaccurate (Graf et al. 2009). Even modern atomic physics codes,

such as the Flexible Atomic Code (FAC) (Gu 2008), which has become a standard spectral

analysis package for astrophysical spectra, produce Fe XVI lines that were shown to be

accurate only to ±40 mÅ (Graf et al. 2009). This is considerably worse than the spectrsocopic

accuracy achieved with the high energy grating spectrometer on Chandra. An exception

to this general trend have been the results obtained with atomic physics codes based on

the relativistic multi-reference Møller-Plesset (MRMP) perturbation theory (Ishikawa et al.

1991; Ishikawa & Vilkas 2001). The transition energies calculated with this method for the

collisionally excited L-shell transitions of Fe XVI where found to agree with measurements

within the experimental uncertainties (Beiersdorfer et al. 2012; Dı́az et al. 2013).



– 3 –

In the following we present the wavelengths of the n′ = 3 dielectronic satellite lines

generated by the MRMP method. Comparing these wavelengths to those calculated by Nilsen

(1989) we find differences of up to 36 mÅ. Based on our earlier analysis of the collisionally

excited Fe XVI lines (Beiersdorfer et al. 2012), we assume that our calculated wavelengths

are accurate to within about 2–4 mÅ. Thus, the new n = 3 wavelengths are about an

order of magnitude more reliabe than the data employed in current models. Using the

new wavelength assignments together with dielectronic resonance strengths calculated with

FAC we have searched for possible features related to n = 3 dielectronic satellite lines in

the spectrum of Capella observed with the HETG spectrometer. Unfortunately, most lines

blend with other features, and we have been able to identify only one reasonably isolated

n = 3 satellite line. We also point out several spectral locations where such lines appear to

contribute to excess flux not yet fully modeled.

2. Computational results

An in-depth derivation of the theory and procedures used in the MRMP calculations

was given by Ishikawa et al. (1991) and Ishikawa & Vilkas (2001). The code was used recently

by Dı́az et al. (2013) to produce a complete set of energy levels of singly and doubly excited

energy levels of Fe XVI. Here we use these energy levels to derive the wavelengths associated

with the n = 3 dielectronic satellite lines.

In order to pick out the strongest, and the diagnostically most relevant n, n′ = 3 dielec-

tronic satellite transitions, we have performed calculations with FAC. The relative intensities

of lines formed by dielectronic recombination is essentially independent of electron temper-

ature, as the excitation and autoionization energies are to first approximation the same for

all n = 3 resonances. The relative intensities are in this approximation only a function of

the satellite line factor F2 (Dubau & Volonté 1980):

F2 =
gs

gi

Asi
a Asf

r

ΣjA
sj
a + Σf ′Asf ′

r

, (3)

Here, Asi
a is the autoionization rate for decay of upper level |s〉 to the ground state |i〉 of the

recombing ion; Asf
r is the rate of radiative decay of upper level |s〉 to lower level |f〉; gs and

gi are the statistical weights of the autoionizing level and of the ground state of the target

ion, respectively. The sum over f ′ extends over all levels lower than |s〉; the sum over |j〉

extends over all levels which are populated by autoionization of level |s〉. Our calculations,

therfore, included the necessary energy levels, radiative rates, and autoionization rates to

produce all Fe XVI lines contibuting to its L-shell spectrum emanating from doubly excited

n = 3 levels.
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The dielectronic resonance strengths produced by the FAC calculations are shown in

Fig. 1, where we compare them to those found in the AtomDB data base. The satellite

strengths agree rather well, mostly within 10%, although a few much larger deviations can

also be found. Typically, such deviations are due to differences in the calculated autoioniza-

tion rates, or they are due to approximations made in the summation when computing the

satellite line factor F2. The predicted positions vary on the order of tens of mÅ, as discussed

in the Introduction. For subsequent calculations, we replaced the wavelengths produced by

the FAC calculations with those produced with the MRMP code. In Table 1 we compare

the wavelengths derived from the MRMP calculations with those used in AtomDB for those

Fe XVI lines that receive the strongest contributions from dielectronic recombination.

Dielectronic recombination is not the only mechanism that contributes to the excitation

of the L-shell lines of Fe XVI. Many of the Fe XVI lines are also excited by electron-impact

excitation. In fact, all Fe XVI lines measured by Graf et al. (2009) were produced by electron-

impact excitation. In order to predict how much emission from a given Fe XVI line is due

to electron-impact excitation and how much is due to dielectronic recombination, we have

used FAC to also calculate the collisional excitation rates.

Representative results of our collisonal-radiative calculations are shown in Figs. 2 and

3. Unfortunately, the relative contributions from collisional excitation and dielectronic re-

combination depend on the electron temperature and the relative abundance of neonlike and

sodiumlike iron ions. The results shown in Figs. 2 and 3 were produced by assuming equal

amounts of neonlike and sodiumlike iron ions; the temperature is assumed to be 600 eV and

the electron density is set to 1012 cm−1, in accordance with the analysis of the Capella spec-

trum performed by Behar et al. (2001). We point out that the relative dielectronic satellite

contribution increases, if we assume a lower electron temperature, a higher neonlike iron

fraction, or a lower sodiumlike iron fraction.

Figures 2 and 3 show that the strongest lines are formed by electron-impact excitation.

The contribution from electron-impact excitation is shown in black and red. The black

intensity corresponds to the emission of a given line, if the excited upper level were to decay

only by photon emission. However, all excited 1s22`73`′3`′′ upper levels can also decay by

autoionization. This process is radiationless and diminishes the intensity of the line emission.

Taking autoionization into account results in the line intensities shown in red in Figures 2

and 3. Autoionization is very effective in wiping out the photon emission of the the 3s → 2p

transitions that are located in the spectral range above 16 Å, as shown in Fig. 3. It is

less effective in reducing the photon emission of the the 3d → 2p transitions located in the

spectral range near 15 Å and shown in Fig. 2. Most of the strong, collisionally excited lines

have recently been identified in the spectrum of Capella, as discussed by Beiersdorfer et al.
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(2012).

Figures 2 and 3 show that the dielectronic recombination process overall contributes

a rather small amount of emission to the Fe XVI L-shell spectrum. In these figures, the

contribution from dielectronic recombination is shown in green, which adds to the emission

from collisional excitation shown in red. The dielectronic recombination mechanism leads

to only a small enhancement of the strong collisionally excited lines. It contributes almost

nothing to the emission of the Fe XVI lines in the 16–18 Å region, as illustrated in Fig. 3.

In the 15–16 Å region, there are, however, a few lines that are essentially not formed by

electron-impact excitation but are formed only by dielectronic recombination. These are the

lines that are typically thought of as dielectronic recombination satellite lines and that are of

greatest diagnostic interest. The predicted wavelength of these lines can be found in Table

1.

3. Identification of n = 3 dielectronic satellite lines in the spectra of Capella

The identification of Fe XVI L-shell lines in astrophysical spectra has been difficult

because these lines are rather weak. Their X-ray energies are around 700–800 eV, which is

three times the energy needed to ionize the sodiumlike iron ion. Such high electron energies

do not favor a high abundance of sodiumlike iron ions. In addition, the lines are weak because

autoionization reduces the photon yield, as we have illustrated in the previous section.

The Fe XVI L-shell lines formed by dielectronic recombination can be expected to be

even weaker than those lines formed mainly by electron-impact collisions. Beiersdorfer et al.

(2011) identified excess flux on the long-wavelength side of the dominant Fe XVII line com-

monly referred to as 3C at 15.01 Å, which they atributed to a feature formed by dielectronic

recombination involving an excited electron in the n = 4 shell. Unlike dielectronic satellite

lines involving an n = 4 electron, those involving only n = 3 electrons are not clusted in

a single peak, but are distributed over a wide range of wavelengths, as illustrated in Figs.

2 and 3, and we do not benefit from blending among the n = 3 satellite lines that could

substantially enhance these features.

In Fig. 4 we show a spectrum of Capella in the 14.9–15.5 Å wavelength region. The

spectrum was produced by co-adding 298 ksec of observations collected with Chandra’s high

energy transmission grating in plus and minus order. The spectrum is dominated by the

strong Fe XVII line 3C. The second strongest feature is that of line 3D at 15.26 Å (Behar

et al. 2001).

The Capella spectrum has been fitted (black trace in Fig. 4) using data from ATOMDB,
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which were modified for emissivities and wavelengths, as described by Gu et al. (2006); Gu

(2009). This fit is shown in the figure. ATOMDB does not include collisional Fe XVI tran-

sitions; however, as we have mentioned earlier, it includes the n = 3 dielectronic satellites.

For our analysis, the n = 3 flux was excluded from the fit shown in Fig. 4.

As seen from Fig. 4, the fit underestimates the flux from Capella in the regions labeled

A, B, D, and E; it overestimates the flux at the location of peak C. The latter appears to

be an issue associated with location of the Fe XIX line. It was given by Brown et al. (2002)

as 15.198 ± 0.005 Å, and the fit by Gu et al. (2006); Gu (2009) places it at the lower range

of the experimental uncertainties, i.e. at 15.193 Å. Placing the line at the high range, i.e. at

15.203 Å, would give a much better fit.

The inclusion of the Fe XVI lines improves the fit of the Capella spectrum at the location

of features B and D. Feature D is the result of a collisionally excited Fe XVI line, as discussed

earlier by Beiersdorfer et al. (2012). Feature B is the result of a single Fe XVI lines, the

transition 1s2s22p1/22p
4

3/2
3s1/23d5/2(J = 3/2) → 1s2s22p2

1/2
2p4

3/2
3s1/2(J = 1/2) at 15.110 Å.

This line is formed an almost equal mixture of collisional and dielectronic excitation. It also

is weakly blended with an Fe XIX lines, which Brown et al. (2002) place at 15.079 ± 4 Å.

This line is the closest to a pure dielectronic satellite line in the Fe XVII L-shell spectrum.

The n = 3 dielectronic satellite lines also add flux to other features in the spectrum.

However, they do not add enough flux to fit the features labeled A and E in Fig. 4. Feature

A was shown by Beiersdorfer et al. (2011) to be mainly formed by n = 4 dielectronic satellite

lines that converge onto the 3C line of Fe XVII. By extension, feature E is likely formed by

n = 4 dielectronic satellite lines that converge onto the 3D line of Fe XVII.

4. Conclusion

We have calculated accurate positions of the n, n′ = 3 dielectronic satellite lines of the

Fe XVII L-shell X-ray spectrum. These positions differ from current values by amounts

that are several times the spectral widths of the lines recorded by Chandra’s high energy

transmission grating.

We have identified one feature, situated at 15.110 Å, that has potential for diagnostic use.

A large fraction of its flux is shown to be due to the dielectronic recombination mechanism.

The fraction that is due from collisional excitation can be estimated from the strength of the

strongest collisionally excited Fe XVI lines, which is situated at a calculated value of 15.211

Å (Beiersdorfer et al. 2012), or at a measured values of 15.210 ± 0.04 Å (Graf et al. 2009)).

This line is essentially not affected by dielectronic recombination and, thus, can be used to
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detemine the abundance of sodiumlike iron. It is encouraging that the F2 satellite strength

of the line at 15.110 Å generated by our FAC calculation is the same as that produced by

Nilsen (1989), as illustrated in Fig. 1. This indicates that the atomic data for this satellite

line is probably reliable, although no laboratory measurements currently exist that test

the accuracy of the line strength calculations for any L-shell dielectronic satellite feature.

However, because the n, n′ = 3 dielectronic line at 15.110 Å is weaker than the clusters of

n′ = 4 dielectronic satellite lines (cf. features A and E in Fig. 4), it may be preferable to use

those instead for diagnostic use.

Finally, we note that the spectral fit of the Capella spectrum was improved by the inclu-

sion of the Fe XVI collisional and dielectronic satellite lines. The temperature of Capella’s

corona is rather high relative to the formation temperature of sodiumlike and even of neon-

like iron. The strength of the Fe XVI emission relative to that of Fe XVII is likely to be

enhanced in stars with cooler coronae, such as Procyon or the Sun. Including the Fe XVI

emission in the spectral fits of the X-ray emission of these stars will be, thus, even more

impartant than it was for fitting the details of the Capella spectrum.
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Table 1. Comparison of Atomic Data for Fe XVI Lines Formed by Dielectronic

Recombination.

λa (Å) Transitiona λb
I (Å) Transitionb ∆λ (Å) F2 (s−1)

15.069 21401010(1/2)→22401000(1/2) 15.068 21400101(1/2)→22401000(1/2) .001 1.21[13]

15.090 21400020(1/2)→22400010(3/2) 15.084 21400020(1/2)→22400010(3/2) .006 1.14[13]

15.116 21410010(3/2)→22410000(1/2) 15.110 21410001(3/2)→22410000(1/2) .006 3.25[13]

15.158 21400101(3/2)→22400100(3/2) 15.159 21400101(3/2)→22400100(3/2) -.001 1.85[13]

15.184 21400020(3/2)→22400010(3/2) 15.176 21400011(3/2)→22400100(3/2) .008 2.70[13]

15.191 21400020(3/2)→22400001(5/2) 15.183 21400011(3/2)→22400001(5/2) .008 3.23[13]

15.196 21400110(1/2)→22400100(3/2) 15.194 21400110(1/2)→22400100(3/2) .002 1.82[13]

15.228 12420000(1/2)→22400100(3/2) 15.236 12420000(1/2)→22400100(3/2) -.008 1.10[13]

15.233 21400011(5/2)→22400001(5/2) 15.224 21400011(5/2)→22400001(5/2) .009 3.00[13]

15.251 21400011(7/2)→22400001(5/2) 15.231 21400011(7/2)→22400001(5/2) .020 1.03[14]

15.258 21400002(1/2)→22400010(3/2) 15.241 21400002(1/2)→22400010(3/2) .017 1.38[13]

15.261 22301001(3/2)→22401000(1/2) 15.257 21401010(3/2)→22401000(1/2) .004 6.90[13]

15.280 21410001(3/2)→22410000(1/2) 15.266 21410001(3/2)→22410000(1/2) .014 4.83[13]

15.302 21400101(5/2)→22400100(3/2) 15.290 22300101(5/2)→22400100(3/2) .012 4.99[13]

15.316 22300101(3/2)→22401000(1/2) 15.299 21401010(3/2)→22401000(1/2) .017 1.47[13]

15.370 21400020(5/2)→22400010(3/2) 15.345 21400020(5/2)→22400010(3/2) .025 6.93[13]

15.397 21400002(7/2)→22400001(5/2) 15.366 21400002(7/2)→22400001(5/2) .031 2.28[13]

15.413 21401001(5/2)→22400100(3/2) 15.414 21401001(5/2)→22400100(3/2) -.001 7.39[12]

15.516 22300002(7/2)→22400001(5/2) 15.487 22300002(7/2)→22400001(5/2) .029 1.95[13]

15.519 22310001(1/2)→22410000(1/2) 15.487 22310001(1/2)→22410000(1/2) .032 7.67[12]

15.539 22300011(5/2)→22400010(3/2) 15.503 22300011(5/2)→22400010(3/2) .036 1.54[13]

NOTES.—Occupation numbers for the 2s1/22p1/22p3/23s1/23p1/23p3/23d3/23d5/2 subshells are given to denote the upper and

lower level of a given transition. The 1s1/2 shell is asummed filled in all cases. For example, 21400002 denotes the

configuration 1s22s22p1/22p
4

3/2
3d2

5/2
. The total angular momentum value is given in parenthesis.

a Values from Nilsen (1989)
b Present calculation.
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Fig. 1.— Comparison of the predicted strengths and positions of Fe XVI lines formed

by dielectronic recombination. The calculations assume an electron density of 1010 cm−3.

Emissivities based on the atomic data from Nilsen (1989) is shown in red; those based on

our calculations using FAC are shown in black.
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Fig. 2.— Predicted contributions to the emissivities of Fe XVI lines from collisional excitation

(red line) and dielectronic recombination (green line). Black lines represent the emissivities

from collisional excitation without taking into account losses due to autoionization. The

calculations assume a density of 1012 cm−3, a temperature of 600 eV, and an equal fraction

of neonlike and sodiumlike iron ions.
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Fig. 3.— Predicted contributions to the emissivities of Fe XVI lines from collisional excitation

(red line) and dielectronic recombination (green line). Black lines represent the emissivities

from collisional excitation without taking into account losses due to autoionization. The

calculations assume a density of 1012 cm−3, a temperature of 600 eV, and an equal fraction

of neonlike and sodiumlike iron ions.
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Fig. 4.— Spectrum of Capella in the region 14.9 – 15.5 Å— produced by co-adding 298

ksec of observations collected with Chandra’s high energy transmission grating in plus and

minus order (blue trace). Also shown is a fit of the spectrum (black trace) based on known

spectral lines using data from ATOMDB, but excluding Fe XVI lines formed by dielectronic

recombination. Inclusion of the Fe XVI collisional lines and the n = 3 dielectronic satellite

lines produces the fit shown as a red trace. The positions of the Fe XVI, as calculated by the

MRMP method, are indicated in yellow for collisionally excited lines and in green for lines

formed by dielectronic recombination. Features labeled A–E are discussed in the text.
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