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ABSTRACT

We study the nature of the peculiar [Sr11] and Sr 11 emission filament found in the ejecta of Eta
Carinae. To this purpose we carry out ab initio calculations of radiative transition
probabilities and electron impact excitation rate coefficients for Srii. Then we build a
multilevel model for the system which is used to investigate the physical condition of the
filament and the nature of the observed allowed and forbidden Srir optical emission. It is
found that the observed spectrum is consistent with the lines being pumped by the continuum
radiation field in a mostly neutral region with electron density near 10’ cm ™ >. Under these
conditions, the observed emission can be explained without the need for a large Sr
overabundance.

Key words: atomic data — atomic processes — line: formation — stars: abundances — stars:

individual: Eta Carinae.

1 INTRODUCTION

In 1999 February a series of STIS observation of Eta Car was made
at a region about 1.5 arcsec north-west of the star. The spectrum
showed two features at 6738.04 and 6867.85 A which correspond to
forbidden lines of singly ionized strontium ([Sr11]), Doppler-shifted
by approximately —100kms~'. Other lines at about the same
velocity come from [Cru], [Tiu], [Mnu], [Cou], [Ni], [Ca1],
[Fe11] and [Fe1]. Curiously, no H1, He 1, or [S11] lines were present.
These spectra were followed up by observations with more
complete spectral coverage on 2000 March 13. Then, the [Srii]
lines were again detected together with Sri1 allowed emission at
4078 and 4216 A (Zethson et al. 2001).

The observed [Sr1i] lines come from transitions from the Srt
levels of the first excited configuration 4p64d 2D3,2,5,2 to ground
level 4p®5s S ». Resonant Sr 1T emission is produced by transitions
from the excited multiplet 4p®5p ZP‘I’Q’_;,2 to the ground level.

The cosmic abundance of strontium is log(Ns,/Ny) = —9.08
(Barklem & O’Mara 2000), i.e. lower than that of iron and nickel
by factors of about 40000 and 4000 respectively. Because of its
low abundance, spectroscopic observations of strontium in objects
other than the Sun are limited to a few objects enriched in s-process
elements, like type II supernovae (SN1987A, Williams 1987;
SN1995V, Fassia et al. 1998) and the Ba stars (e.g. Eggen 1972;
Culver, lanna & Franz 1977). The fact that [Sri] lines were
observed indicates that either strontium is locally overabundant in
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Eta Car by orders of magnitude or that unusual conditions exists in
this region of the nebula.

8Sr is produced by s-process neutron capture. It can become
overabundant only under neutron-rich conditions during helium
burning or later stages of stellar evolution. This is inconsistent with
the evidence of CNO-cycle-processes ejecta. If the Sr overabun-
dance is real, it must come from a putative compact companion of
the observable central star that ejected the nebulosity.

We have carried out a systematic study of the excitation
mechanisms of the Sr11 ion that may explain the observed lines. We
have calculated radiative transition rates and electron impact
collision strengths for dipole allowed and forbidden transitions of
Sri1. For these we use a ‘state-of-the-art” method, namely the close
coupling approximation with the Breit—Pauli R-matrix (BPRM)
method. Then, we constructed a 12-level excitation balance model
for Sr11 including the effects of electron impact excitation and
continnum fluorescence. This model is used to analyse the
observed spectrum and to estimate the relative abundance of
strontium in the observed region.

2 ATOMIC DATA FOR SR 11

We have calculated atomic data (collisional excitation rates and
radiative transition probabilities) for Sril. The radiative transition
probabilities and ion wavefunctions were obtained with the atomic
structure code SUPERSTRUCTURE (Eissner, Jones & Nussbaumer
1974). The configuration interaction (CI) expansion employed
includes the electron configurations 4s?4p®3s, 4s%4p®4d, 4s°4p°sp
45%4p%6s, 4s’4p°Af, 4s°4p°5d, 4s°4p°6p, 4s5’4p’Ss’, 4s’4p’4d’,
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Table 1. Energy levels incm ™' of

Srt.

LCVCI Eprcscnl Ecxpa
55 %Sy 0.0 0.0
4d°D;, 16133 14555.9
4d°Ds,  16500. 14836.2
5p 2P,  23315. 23715.2
5p 2P, 24572 24516.6
6s °S1 47116. 47736.5
5d°Dsn  52606. 53286.3
5d°Ds, 52731, 53373.0
6p 2P,  54266. 55769.7
6p 2Py, 54587 56057.9
4f 28, 59922. 60991.7
T S 59924, 60991.7

“Moore (1983)

Table 2. f-values for electric dipole transitions of Sr™.

Transition f;)resenl fexpa fepr

5p 2P, —55 %S1 075 071003  0.72 =001
Sp2Po,—552S;,, 036 034 £0015 036 %001
5p 2Py, —4d D5, 0.084  0.096 = 0.02

5p 2P, —4d 2Dy, 0015 0.016 * 0.03

5p 2P}, —4d 2Dsy,  0.062  0.084 = 0.015

“Gallagher (1967)
”Pinnington, Berends & Lumsden (1995)

45%4p”5p’, 4s™4p 6s°, 4s™Ap Af7, 4s%4p°5d%, 4s*4p’6p”, 4s74p Ss4d,
4s%4p°5s5p, 4s24p°5s6s 4s?4p 5saf 4s24p°5s5d, 4s%4p’5s6p,
4s*4p°4d5p, 4s*4p 4d6s, 4s*4p 4daf 4s?4p 4dsd, 4s*4p 4dép,
45%4p°5p6s, 4s4p°5paf 4s?4p 5psd, 4s?4p 5p6p, 4sdpS5s?,
4s4p®5s4d, 4s4p®5sSp  4s4p®5s6s, 4sdp®5sdf,  4s4p®5ssd,
4s4p®5s6p, 4s4p®4ad?, 4s4p®4dSp 4s4p®4d6s, 4s4p®adaf, 4s4p°adsd,
4s4p®4d6p. This large expansion yields eigenenergies that agree
within 2 per cent for most levels, except for the 4d D levels which
differ from experiment by nearly 11 per cent (see Table 1). The
f-values obtained with this expansion also agree well with
experimental determinations, within ~ 10 per cent for all but one
transition (see Table 2).

We have computed electron impact collision strengths for
transitions among the 12 lowest energy levels of Sr11 that belong to
the configurations 4p®5s, 4p°4d, 4p®5p, 4p°6s, 4p°4f, 4p°5d and
4pS6p. We employ the Breit—Pauli R-matrix method (BPRM) and
the set of codes developed in the framework of the IRON Project
(Hummer et al. 1993). Schoning & Butler (1998) showed that the
Breit—Pauli approximation accounts reasonably well for the relativ-
istic effects in elements as heavy as xenon (Z = 54) and barium
(Z = 56), for which BPRM results agree within 20 per cent with the
results of the fully relativistic Dirac R-matrix theory. Thus, the
BPRM method is expected to be accurate for the case of strontium
(Z =38). The calculated collision strengths include important
contributions from near threshold autoionizing resonances. Fig. 1
shows the collision strengths for some of the dominant transitions.

Effective collision strengths and excitation rates were obtained
by integrating the collision strengths over a Maxwellian
distribution of electron velocities for various temperatures between
5000 and 20 000 K.

3 EXCITATION OF SR 11

We build a 12-level excitation equilibrium model for Sri1. which
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Figure 1. Sample of collision strengths versus incident electron energy.

considers both electron impact excitation and continuum
fluorescence excitation (see Fig. 2). A model of this size is
enough to account for collisionally excited emission because at the
temperatures that Sr11 can exist (< 10* K) only the ground state and
the first two excited configurations are significantly populated. The
additional higher excitation levels in our model account for the
most important photoexcitation channels from the ground level. If
more levels were included in our models they would tend to
increase the fluorescence excitation efficiency, although it has been
shown that individual levels contributions decreases rapidly with
the level excitation (Bautista, Peng & Pradhan 1996). We assume
that the radiation field density, U,, at photon energies below the
Lyman ionization limit (13.6eV) can be approximated by a
blackbody with temperature 7Tk times a geometrical dilution factor
w, i.e.

c3U, _ \
8whv3  exp(hv/kTg) — 1°

ey

For the present calculations we try various blackbody temperatures
between 25000 and 60000 K and dilution factors looking for the
best match to the observed spectra.

Fig. 2 presents the adopted energy level diagram for Sr*. The
diagram shows that photo-pumping of the AA6740.25 and
6870.07-A levels may occur by resonant photo-excitation from
the ground 4p°®5s %S level to the 4p®5p 2P° levels followed by
dipole-allowed de-excitation to the 4p®4d D levels. Direct
inspection of radiative transition rates shows that approximately 6
per cent of all photoabsorptions to the 3p®5p 2P° levels will end up
into the 3p°4d *D levels, while the remaining ~94 per cent will

© 2002 RAS, MNRAS 331, 875-879
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Figure 3. The intensity of the [Sri] A6740 per St ion versus electron

density for various values of the dilution factor.
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return back down to the ground level. Photoabsorption to other 2P°
levels may also contribute to the pumping.

Fig. 3 presents the line emissivity per ion of [Srii] A6740.3
(4p®5s 281, —4p®4d *Dsy,) versus N, for a blackbody temperature
of 40000K and four values of the dilution factor, w =0 (no
fluorescence), 10~ m 1072 and 10~ 7. Tt is seen that the intensity of
the [Srii] lines can be enhanced by up to several orders of
magnitude by continuum fluorescence.

An upper bound for the geometrical dilution factor of 1.4 X 10~°
is estimated from the observed projected distance from the filament
to the central star. The actual value of the dilution factor may be
smaller than this depending on the projection angle for the vector
that connects the central star to the filament. In addition, a small
fraction of photons from the central source are likely to be
absorbed by dust. On the other hand, the intensity of the radiation
field also depends on the effective temperature of the source, in
such a way that if the actual temperature were underestimated the
effect on the spectrum would be compensated by increasing the
dilution factor, and vice versa.

4 PHYSICAL CONDITIONS AND THE
STRONTIUM ABUNDANCE

Line emissivity ratios are also affected by fluorescence. The line
intensity ratio /(A6740)/I(A6870) in Fig. 4(a) can be used for
electron density diagnostics in the range ~10°~10% cm . At low
densities and in the presence of continuum fluorescence excitation
the ratio becomes smaller than under pure collisional excitation. As
N, increases collisional excitation dominates and all the curves
for different dilution factors merge. The observed line ratio of
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Figure 4. Line emissivity ratios versus electron density for various values
of the dilution factor.
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1.7 = 0.2 (consistently obtained from two different observations in
1999 and 2000) is consistent with an electron density of the order
of 10’ cm™>. Electron densities much lower than 10’ cm™ > seem
ruled out, especially for the case of a dilution factor near 10~°.

Another interesting ratio is that of resonant to forbidden lines,
logo[I(AN40T8 + 4217)/I(AA6740 + 6870)] versus N, shown in
Fig. 4(b). Under low density conditions this ratio is enhanced by up
to several orders of magnitude by continuum fluorescence and the
magnitude of the enhancement is quite sensitive to values of
the dilution factor and the shape of the radiation field. The
observed value, corrected for extinction, is logjo[/(AA4078 +
A217)/I(AA6740 + 6870)] = 1.0 = 0.2, where most of the error
comes from the uncertainty in the visual extinction (Ay), which is
expected to be around 2 magnitudes for a standard extinction
curve. In this case the observed ratio lies above any possible value
for pure collisional excitation. On the other hand, the observed
ratio is in reasonable agreement with N, =~ 10’cm™3 if
w=4x10""

These two line ratios, between forbidden lines and of allowed to
forbidden lines, can be used together to constrain the range of
possible values of the dilution factor (w) for every blackbody
temperature. Fig. 5 shows the maximum and minimum dilution
factors that can reproduce the observed spectrum, given the
observational errors, for any blackbody temperature between
25000 and 60000 K. This range of dilution factors that match the
spectrum is consistent with the value of around 1.4 X 10™°, based
on purely geometrical grounds, for a radiation field temperature of
about 45 000 K or hotter.

In addition to relatively high electron densities and fluorescence
excitation, the strontium region must have particular ionization
conditions. The energy required to ionize Sr into St is 5.7 eV and
the energy to ionize Sr' into Sr** is 11.0eV. The latter is
comparable to the energy of 10.4eV needed to produce S* and
lower than the ionization energy of H (13.6eV). Thus, Srt may
only survive in regions of very low ionization where even S and H
are mostly neutral. On the other hand, Sr* may coexist in part with
Fet and Ni" which only need 7.6 and 7.9 eV to be formed.

px10 —mF———————

2x107®

Bx107°

5x107°

" 1 " " " " 1 " " " " " " n
3x10* 4x10* 5%10* 6x10*

Il

Figure 5. Range of allowed values for the dilution factor for different
blackbody temperatures of the continuum fluorescence radiation field.

Assuming N. = 10’ cm™3 and considering the whole range of
blackbody temperatures and dilution factors consistent with the
Srir spectrum we find an abundance ratio N(Nit)/N(Srt) =
140 £ 70. The error in this estimate includes uncertainty in the
extinction correction and the scatter in line emissivities for
different allowed temperatures and dilution factors. Two things are
to be noted about this calculation. First, unlike the [Sr11] emission,
the [Ni1] lines are composed of several components at different
radial velocities. Thus, we consider only the [Ni11] line component
at the same velocity as the [Sri1] emission. Secondly, the [Ni1i]
emission is also sensitive to continuum fluorescence (Lucy 1995;
Bautista et al. 1996). For the present calculation we use the models
for Ninn of Bautista et al. but include improved collisional
excitation rates (Bautista, in preparation).

Only neutral and singly ionized ions are present in the spectra.
There is evidence for a significant fraction of neutral iron, and
consequently of nickel since both ions are tied to each other by
charge exchange. On the other hand, the ionization of Sr should be
higher than that of Ni because of the significantly lower ionization
potential of Sr. Thus, N(Ni)/N(Sr) > N(Nit)/N(Sr") = 140. The
remaining factor of enhancement of Sr with respect to Ni, not
greater than a decade, may be explained in terms of differences in
the fractions of depletion of both elements. Sr is a refractory
element, the atomic structure and temperatures of fusion and
sublimation of which are much lower than those of Fe and Ni,
similar to those of Ca (e.g. Irvine & Knacke 1989). Then, it is
likely that the depletion of Fe and Ni is higher than that of Sr in the
ionized nebula. Furthermore, the observed Srii emission may be
explained without the need for a large overabundance of strontium.

5 DISCUSSION

We have calculated radiative transition rates and electron impact
collision strengths for dipole allowed and forbidden transitions of
Sri1. These data were used to study the excitation mechanisms of
optical allowed and forbidden Sri lines. It is shown that the
observed forbidden and allowed Sr 11 emission can be explained by
a combination of continuum fluorescence and high electron density
(~10"em?) in a predominantly neutral region.

It is likely that the Srii emission comes from a region
illuminated by low-energy radiation but shielded from radiation
with energy ~ 10 eV and higher. If this scenario is correct it leads to
the next question: How is such a low ionization region sustained?
Or in other words: What continuum radiation spectrum and
conditions within the filament are required to sustain a sufficiently
large observable region? Partially ionized regions around a H1
region are typically quite thin owing to high optical depth to the
ionizing Lyman continuum radiation and, subsequently, a rapid
drop in the temperature. On the other hand, active galactic nuclei
(AGNs) can have extensive partially ionized zones because of
penetrating X-rays from the non-thermal continuum source and
high gas densities to maintain substantial population in the n = 2
levels of hydrogen which are then photoionized by Balmer
continuum radiation. This latter mechanism seems unlikely to
occur in the strontium filament, since no hydrogen recombination
emission is observed at all. Furthermore, investigating the nature of
the strontium filament of Eta Car is of general importance in the
understanding of partially-ionized zones in photoionized nebulae.

Further observational and theoretical work is under way trying
to constrain better the radiation field illuminating the filament and
the ionization mechanisms. This work should provide better

© 2002 RAS, MNRAS 331, 875-879



estimates of the strontium abundance in the filament and explain
the mechanisms that sustain such a low ionization region.
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