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ABSTRACT

New theoretical Ne vi] electron density—sensitive ratios are presented for the intercombination tran-
sitions R, = 1(1006.1 A)/I(999.6 A) and R, = I(1010.6 A)/I(999.6 A). Temperature-sensitive ratios are also
given for the Ne v] ratio R = I(1137.0 A)/I(1574.8 A). We discuss the potential usefulness of these line
ratios for studying hot gas and apply them to the case of the symbiotic system RR Telescopii. Using
far-UV data that has recently been acquired with the Hopkins Ultraviolet Telescope, we conclude that
the Ne v and Ne vI emission in RR Tel is due to photoionization, with the temperature and density of
the emitting region being approximately T, ~ 18,000 K and N, ~ 10° cm ™3, respectively. These results
are similar to those estimated using other high ionization line diagnostics of the nebular material, such
as O v I(1371 A)/I(1644 A) and Ne v] I(1602 A)/I(2423 A). Although these Ne v] and Ne vi] lines have
been used as diagnostics for solar physics, we believe that this is the first instance in which they have

been applied to another astrophysical object.

Subject headings: atomic processes — binaries: symbiotic — stars: individual (RR Telescopii) —

ultraviolet: stars

1. INTRODUCTION

Emission lines arising from the 2s22p 2P-2s2p? *P inter-
combination transitions in the B-like ions C 1, N 111, and
O 1v have been frequently detected in the spectra of gaseous
nebulae, including symbiotic stars and planetary nebulae
(see, for example, Keenan et al. 1993, 1994). The potential
usefulness of these lines as electron density diagnostics for
the emitting plasma was first noted by Flower & Nussbau-
mer (1975a), who presented theoretical line ratios for O 1v
applicable to solar observations. Subsequently, Stencel et al.
(1981), Czyzak, Keyes, & Aller (1986), and Nussbaumer &
Storey (1982) derived results for C 11, N 11, and O 1v, respec-
tively, which were applicable to the lower density plasmas
found in nebulae.

Although intercombination lines from higher atomic
number B-like ions, such as Ne vi, have been extensively
detected in solar spectra (see, for example, Keenan et al.
1995), to the best of our knowledge they have never been
observed in nonsolar astronomical sources. However,
recent observations of the symbiotic star RR Telescopii
with the Hopkins Ultraviolet Telescope (HUT) have
revealed numerous emission lines in the spectrum between
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2 Guest investigator, Astro-2 mission.

3 Guest observer with the International Ultraviolet Explorer (IUE)
satellite, which is operated and sponsored by NASA, by the European
Space Agency, and by the Science and Engineering Research Council of the
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820 and 1840 A, including the Ne vI intercombination tran-
sitions near ~ 1000 A (Espey et al. 1995). In this paper, we
present theoretical ratios involving these lines and use the
HUT data to investigate their usefulness as plasma diagnos-
tics. In addition, we present HUT measurements of Ne v
lines in the RR Tel spectrum, which should also be useful as
temperature diagnostics, plus IUE data for Ne v tran-
sitions, which allow the extinction toward RR Tel to be
accurately derived. The latter is vital for determining dered-
dened line fluxes, necessary for the evaluation of ratios.

2. ATOMIC DATA AND THEORETICAL RATIOS

The model ion for Ne v consisted of the nine energetically
lowest LS states, namely, 2s2p? 3P, 1D, 1S and 2s2p* S, 3D,
3p, 1D, 38, 1P, making a total of 15 fine-structure levels.
Energies for these levels were taken from Moore (1971).

Electron impact excitation rates among the 2s22p? levels
in Ne v were obtained from Lennon & Burke (1994), data
for all other transitions being taken from Aggarwal (1986).
For Einstein A-coefficients, the calculations of Nussbaumer
& Rusca (1979) and Aggarwal (1986) for 2s22p>-2s?2p? and
25%2p*-2s2p? transitions, respectively, were adopted, apart
from the value for 2s*2p? 3P,~2s?2p* 3P,, where the result
of Johnson, Kingston, & Dufton (1984) was preferred.
Proton collisional excitation rates, which are only impor-
tant within the 2s?2p? 3P ground term, were obtained from
Faucher, Masnou-Seeuws, & Prudhomme (1980).

The Ne vi model ion consisted of the eight energetically
lowest LS states, namely, 2s22p 2P; 2s2p* P, 2D, 28, 2P; and
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2p%*S, 2D, 2P, making a total of 15 fine-structure levels.
Energies for these were obtained from Moore (1971).

Electron impact excitation rates for transitions in Ne I
were taken from Zhang, Graziani, & Pradhan (1994), while
for Einstein A-coefficients the calculations of Dankworth
& Trefftz (1978) were adopted, apart from the value for
2s2p *Py,,-2s*2p *P;,, where we interpolated the calcu-
lations of Lennon et al. (1985), Nussbaumer & Storey
(1982), and Flower & Nussbaumer (1975b) for C 1, O 1v,
and Na v, respectively. Excitation by proton impact will
be important for this transition (Seaton 1964), and in the
present analysis we have used the rates of Foster, Reid, &
Keenan (1996a). However, Flower & Nussbaumer (1975a)
have pointed out that proton excitation should also be
included for the 2s2p?*P,~2s2p?*P,, transitions, and for
these rates we have adopted the recent calculations of
Foster, Reid, & Keenan (1996b).
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Using the atomic data discussed above in conjunction
with the statistical equilibrium code of Dufton (1977), rela-
tive Ne v and Ne v1 level populations, and hence emission-
line strengths, were generated for a range of electron
temperatures and densities. Further details of the pro-
cedures involved and approximations made may be found
in Dufton (1977) and Dufton et al. (1978). Given that all of
the adopted atomic data have estimated uncertainties of
typically +10% (see individual references), we believe that
our derived theoretical line ratios should be accurate to
better than +20%.

Tables 1-3 contain the values of the diagnostic ratios R,
R,, and R, as a function of electron density for several
temperatures in the range T, = 10,000-250,000 K, appro-
priate to both nebular- and coronal-type plasmas. A more
immediate appreciation of the diagnostic power of these
ratios may be achieved by examining Figures 1-3, which

TABLE 1
Ne v] R RaTios
T, K)
log N, 10,000 15,000 10,000 30,000 40,000 100,000 250,000
30...... 0.116 0.380 0.682 0.996 1.35 2.18 221
35...... 0.116 0.380 0.682 0.996 1.34 2.18 221
40...... 0.116 0.380 0.682 0.995 1.34 2.18 221
45...... 0.116 0.380 0.682 0.992 1.34 2.18 221
50...... 0.115 0.379 0.681 0.985 1.33 2.17 2.20
55...... 0.110 0.367 0.663 0.962 1.30 2.14 2.18
60...... 0.0994 0.337 0.612 0.899 1.23 2.06 2.12
6.5...... 0.0807 0.278 0.508 0.765 1.06 1.85 1.97
70...... 0.0615 0.210 0.383 0.583 0.816 1.48 1.65
75...... 0.0558 0.181 0.318 0471 0.647 1.13 1.26
80...... 0.0733 0.222 0.373 0.519 0.680 1.05 1.08
85...... 0.144 0.414 0.668 0.869 1.08 1.43 1.29
90...... 0.375 1.04 1.64 2.05 247 2.89 2.33
9.5...... 1.10 3.02 472 5.79 6.86 7.61 5.77
100...... 3.30 9.09 14.2 174 20.6 224 16.6
105...... 9.62 26.7 42.1 52.5 62.0 67.5 49.9
110...... 24.6 70.5 113 148 176 196 147
115...... 48.6 147 246 350 427 498 393
120...... 704 223 389 617 776 974 836
TABLE 2
Ne vi] R, RaTios
T, (K)
log N, 10,000 15,000 10,000 30,000 40,000 100,000 250,000
30...... 1.09 1.06 1.04 1.03 1.02 1.05 1.08
35...... 1.08 1.05 1.04 1.02 1.01 1.05 1.08
40...... 1.06 1.03 1.02 1.01 1.00 1.04 1.07
45...... 0.995 0.979 0.973 0.969 0.972 1.02 1.05
50...... 0.885 0.879 0.880 0.885 0.899 0.960 1.00
55...... 0.772 0.765 0.766 0.772 0.788 0.847 0.894
60...... 0.707 0.693 0.689 0.688 0.693 0.725 0.758
6.5...... 0.680 0.663 0.655 0.648 0.644 0.650 0.662
70...... 0.671 0.652 0.642 0.634 0.625 0.618 0.619
75...... 0.668 0.648 0.638 0.629 0.619 0.608 0.603
80...... 0.666 0.646 0.637 0.627 0.616 0.604 0.598
85...... 0.664 0.644 0.635 0.625 0.615 0.602 0.596
90...... 0.656 0.639 0.630 0.621 0.611 0.599 0.593
95...... 0.636 0.622 0.615 0.609 0.600 0.592 0.588
100...... 0.582 0.577 0.575 0.576 0.569 0.571 0.572
105...... 0475 0.481 0.487 0.498 0.496 0.517 0.531
110...... 0.345 0.353 0.362 0.378 0.379 0.415 0.444
115...... 0.259 0.261 0.265 0.273 0.274 0.301 0.328
120...... 0.223 0.220 0.220 0.221 0.220 0.231 0.245
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TABLE 3
Ne vi] R, RaTtios
T, K)

log N, 10,000 15,000 10,000 30,000 40,000 100,000 250,000
30..n. 0360 0342 0333 0325 0324 0.340 0.353
35...... 0356 0339 0331 0323 0323 0.340 0.352
40...... 0345 0331 0324 0317 0318 0.336 0.349
45...... 0318 0308 0304 0301 0305 0.326 0.341
50...... 0271 0266 0265 0266 0275 0.301 0.320
55...... 0223 0218 0218 0220 0229 0.255 0.275
60...... 0195 0188 018 0185  0.190 0.205 0.219
65...... 0183 0175 0172 0169 0170 0.174 0.180
70...... 0179 0171 0167 0163  0.162 0.161 0.162
750 0178 0169 0165 0161  0.160 0.157 0.155
80...... 0178 0169 0165 0160  0.59 0.155 0.153
85...... 0178 0169 0165 0160  0.159 0.155 0.153
90...... 0179 0169 0165 0161  0.159 0.155 0.153
95...... 0180 0171 0166 0162  0.160 0.156 0.153
100...... 018 0176 0170 0165  0.163 0.158 0.154
105...... 0201 0188 0181 0174 0172 0.164 0.159
110...... 0236 0217 0208 0197  0.193 0.179 0.170
5. 0296 0271 0257 0242 0236 0.213 0.198
120...... 0363 0336 0321 0303 0296 0.269 0.249

present the results of Tables 1-3, respectively. The Ne v = 1(1010.6 A)/I(999.6 A) .

ratio is given by We note that the Ne v ratio

_ 29,23p _ 35 2723p _ 92921
R =1(2s"2p ; 1~2s2p S}\/ 12s*2p* °P-25°2p" ') R’ = I(2522p* 3P,—252p* 5S)/I(25*2p? *P,~25%2p* 15)
= I(1137.0 A)/I(1574.8 A) ,
( _ )/ ‘( ) = 1(1146.1 A)/1(1574.8 A)
and the Ne v1 line ratios

and the Ne vi ratio
Ry = I(2s*2p Py ,,-252p* *P, ,)/1(25*2p *P3,-252p* *Ps,5)

= 1(997.4 A)/1(999.6 A)
have the same temperature and density dependence as R
and R,, respectively, due to the presence of common upper

Rl = I(2S22p 2P3/2—232p2 4P3/2)/I(2522p 2P3/2—232p2 4P5/2)
= 1(1006.1 A)/1(999.6 A)

and
R, = I(2s*2p*P3,,-252p* *P, ,)/I(25*2p > P3,,-252p* *Ps )

IIIII|I|IIII|IIII|II|I|II|I|llII|III||IIII|l|II|II

log R

11 | 1111 I I | | | - | | I | I L1l l 111 l I | | L4 I 1 |
3 4 5 6 7 8 9 10 11 12
log N,

FIG. 1.—The theoretical Ne v emission line ratio R = I(2s22p? 3P,~2s2p® *S)/I(2s22p? 3P,~25s%2p? 1S) = I(1137.0 A)/I(1574.8 A), where I is in energy units,
plotted as a function of logarithmic electron density (N, in cm ~3) at several values of electron temperature (T,), with curves for different T, labeled as follows:
1=10,000K;2 = 15,000K; 3 = 20,000 K; 4 = 30,000 K; 5 = 40,000 K ; 6 = 100,000 K ; 7 = 250,000 K.
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FIG. 2.—Same as Fig. 1, but for the Ne v1 line ratio R, = I(25*2p?P, ,~
252p2 4P, )/1(25%2p 2Py ;-252p* *Py,) = 1(1006.1 A)/1(999.6 A).

levels, but with
R =250R, R;=1.16R,.

An inspection of Figure 1 reveals that R is very sensitive
to variations in the electron density for N, > 1075 ¢cm ™3
but also varies significantly with temperature over the
whole N, range. For example, at N, = 10° cm ™3, R changes
by a factor of 18.8 between T, = 10* and 105 K, decreasing
to a factor of 6.8 at N, = 10!° cm 3. On the other hand, the
R, and R, ratios in Ne vI vary by <12% and <17%,
respectively, over the same temperature interval, while also
showing some N, sensitivity, changing by a factor of ~4
between N, = 10° and 102 cm 3. Hence, in principle, the
R, R, and R, ratios may be useful in determining both the
electron temperature and density of the high-T, region of a
nebula, with the Ne vI ratios primarily acting as N, diag-
nostics, and Ne v as a T, diagnostic. We note that, although
R neither increases nor decreases monotonically with N,
reaching a minimum in the density interval N, = 107-108
cm ™3, one should be able to infer the density regime of the
plasma in question using R, and R,.

3. OBSERVATIONAL DATA

Observations of RR Tel covering the range 8201840 A
were obtained with the HUT on 1995 March 12, during the
Astro-2 space shuttle mission STS 67. Observational details
have been published elsewhere (Espey et al. 1995), so they
will not be included here. Relevant points of interest,
however, are that the data were obtained with an exposure
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FiG. 3—Same as Fig. 1, but for the Ne i line ratio R, = I(2s?2p 2P ,—
252p* *P, ,)/1(25%2p 2P4,,-252p* * Py ;) = 1(1010.6 A)/1(999.6 A).

of 1080 s, which resulted in signal-to-noise ratios of ~6 per
pixel in the continuum around the Ne vi] and Ne v] lines.

The HUT data were processed with a specially developed
package of IRAF* tasks, and the final fluxed data is
believed accurate at the ~5% level. The line fluxes were
measured using the “SPECFIT” software developed by
Kriss (1994), which uses y* minimization to obtain the best-
fit Gaussian profiles to the emission lines. Table 4 provides
the results of these measurements, together with their errors
(1 o standard deviations) as estimated by the fitting soft-
ware. In the case of blends, the wavelength ratios of multi-
plet components were tied at their theoretical values. The
line widths within each multiplet were also tied to the value
of the strongest component. This was particularly impor-
tant in the case of the Ne vi] lines, where the bluest com-
ponents are blended with intrinsic N 111 emission and with
O 1 airglow because of the low altitude of the space shuttle
orbit. A simple linear fit was found to give a sufficiently
good representation of the local continuum under each line
or blend.

Before the observed Ne line fluxes can be used for diag-
nostic purposes, they first need to be corrected for the effects
of interstellar extinction. We chose to determine this
extinction value using the 1574.8 and 2972.7 A (2s22p2 'D-
25?2p* 1§ transition) lines of Ne V. Because this line pair

+ The Image Reduction and Analysis Facility (IRAF) is distributed by
the National Optical Astronomy Observatories, which is operated by the
Association of Universities for Research in Astronomy, Inc. (AURA),
under cooperative agreement with the National Science Foundation.
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TABLE 4
OBSERVED Ne v AND Ne vi LINE FLUXES®

Ion Wavelength () ~ IUE Image Number  Line Flux
Nev ...... 1137.0 H* 0.91 + 0.08°
Nev..... 1146.1 H 227+0.15
Nev ... 1574.8 H 1.63 + 0.07
Nev..... 1574.8 SWP 14727 257 +0.12
Nev ... 29727 LWR 11293 0.92 + 0.02
Ne vi...... 993.0 H 0.11¢
Ne VI...... 9974 H 0.42°
Ne VI...... 999.6 H 1.62 + 0.10
Ne VI...... 1006.1 H 1.01 £ 0.07
NevI...... 1010.6 H 0.36 + 0.05

2 Dereddened line fluxes in units of 107! ergs cm ™2 s~! derived using
E(B—V) = 0.08 (see § 3 for details).

® H indicates a line detected by the HUT.

° Line flux fixed at 0.40 x I(1146.1 A), using the theoretical ratio.

¢ Line flux fixed at 0.11 x I(1006.1 A), using the theoretical ratio.

© Line flux fixed at 1.16 x I(1010.6 &), using the theoretical ratio.

arises from a common upper level, the intrinsic line ratio is
independent of density and temperature, and has a theoreti-
cal value of I(1574.8 X)/I(2972.7 A) = 2.79 (Nussbaumer &
Rusca 1979). Because of the mild variability of the emission
lines (Aufdenberg 1993), we determined the amount of
extinction from data in which both lines were obtained con-
temporaneously. Since the 2972.7 A line lies outside the
range of the HUT instrument, we use high-dispersion, large-
aperture IUE spectra SWP 14727 and LWR 11293, each of
25 minutes exposure, obtained on 1981 August 1. Gaussian
fits were performed using the “SPECFIT” software dis-

f, [10-12 erg cm=2 5! A1)

Wavelength (&)

Fic. 4—HUT spectrum of RR Tel in the 1130-1160 A wavelength
range, showing the Ne v] 1137.0 and 1146.1 A lines. Weak airglow emis-
sion lies just to the red of the 1146 A line, while the 1 ¢ error array derived
from counting statistics is shown at the bottom of the figure. The signal-to-
noise ratio in these data is ~6 in the continuum region near the Ne v]
doublet. The spectrum has not been corrected for the effects of Galactic
extinction.

TABLE 5
OBserVED Ne v AND Ne vi LINE RaTIOS

Line Ratio Value
R =1(1137.0 A)/I(15748 A)...... 0.56 + 0.06
R, =1(1006.1 A)/1(999.6 A)....... 0.62 + 0.05
R, = 1(1010.6 A)/1(999.6 A)....... 0.22 + 0.03
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Fic. 5—HUT spectrum of RR Tel in the 970-1020 A wavelength
range, showing the Ne vi] multiplet 993-1010 A lines. The blended feature
immediately to the blue of the Ne vi] multiplet is a combination of intrinsic
N 11 emission and O 1 airglow, while the 1 ¢ error array estimated from
counting statistics is plotted along the bottom of the figure. The signal-to-
noise ratio in these data is ~6 in the continuum region near the Ne vi]
emission feature. The spectrum has not been corrected for the effects of
Galactic extinction.

cussed above and gave an observed ratio of 2.37 + 0.12.
Adopting the interstellar extinction curve parameterization
of Cardelli, Clayton, & Mathis (1989) with R, = 3.1, we
obtained E(B— V) = 0.08 + 0.03. We note that this value of
E(B—V) agrees with that derived by Jordan, Miirset, &
Werner (1994) using the same method applied to low-
resolution IUE spectra obtained in 1992. Our extinction
estimate is also in good agreement with E(B—V) = 0.10
found for RR Tel using other methods, such as the ratios of
He 1 recombination lines (Penston et al. 1983) or the shape
of the UV continuum (Miirset et al. 1991).

In Figures 4 and 5, we plot the HUT spectrum from 1130
to 1160 A and from 970 to 1020 A, respectively, overplotted
with the fitted components to illustrate the quality of the
observational data. Figures 6 and 7 similarly show the I[UE
spectra from 1570 to 1580 A and from 2960 to 2980 A,
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FiG. 6.—High-resolution IUE spectrum (SWP 14727) of RR Tel in the
wavelength region 1570-1580 A, showing the Ne V] line at 1574.8 A. The
data have not been corrected for Galactic extinction.
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FiG. 7—High-resolution IUE spectrum (LWR 11293) of RR Tel in the
wavelength region 2960-2980 A, showing the Ne v] line at 2972.7 A. The
data have not been corrected for Galactic extinction.

respectively, which contain the Ne v lines used in the extinc-
tion determination. The de-blended and extinction-
corrected Ne v and Ne vi line fluxes are summarized in
Table 4, with the resultant line ratios being given in Table 5.

4. RESULTS AND DISCUSSION

We have calculated nebular parameters using the HUT
data for the Ne v] and Ne vi] lines that should provide
diagnostics on hot material in the RR Tel nebula. The pres-
ence of density and/or temperature inhomogeneities may
affect the diagnostic ratios R, and R,, but it should be
possible to determine an “average” density and tem-
perature for the gas responsible for the line emission.
Although a complete description of the emission-line region
of RR Tel is beyond the scope of this paper, we apply the
temperature and density diagnostics derived here to make
the first such estimates of the hot gas in this symbiotic
system.

Using the R; and R, line ratios defined in § 2 and sum-
marized in Table 5, we find log N, =8.0+ 2.0 and
5.5 + 0.5, respectively, where the error estimate is derived
from the fit to the spectra and dominates possible errors in
the atomic data (see § 2). The larger density range derived
from the R, ratio is due to the measured value lying in a
density-insensitive range of parameter space. When these
density estimates are coupled with the information provid-
ed by the Ne v] data, we find temperatures of T, < 40,000 K

Vol. 465

and ~20,000 K using the R; and R, ratios, respectively,
thus ruling out collisional excitation for the origin of the
majority of the hot gas. The Ne v] diagnostic also enables
us to rule out densities above log N, ~ 9 predicted by the
R, ratio, since the corresponding temperature is then T, <
10* K, and only weak emission is expected in this regime.

Although these results do not provide a clear-cut deter-
mination of either temperature or density for the RR Tel
nebula, both diagnostic ratios should lead to similar conclu-
sions in terms of the temperature and density of the emitting
gas. We adopt a density of log N, = 6.0, since this lies in the
overlap of both error ranges, and derive a gas temperature
of T, = 18,000 + 2000 K from the Ne v] diagnostic curves.
These values of T, and N, are in good agreement with the
same parameters deduced from other high-ionization line
diagnostics, which should probe the same gas. For example,
Doschek & Feibelman (1993) derived T, ~ 20,000-25,000 K
from the O v I(1371 A)/I(1644 A) ratio, while Hayes &
Nussbaumer (1986) found log N, ~ 6.2-7.0 using 1(1602
A)/I(2423 A) in Ne 1v]. This agreement provides some
observational support for the theoretical Ne v] and Ne vi]
diagnostics presented in this paper, and hence the atomic
data used in their derivation.

5. CONCLUSIONS

We have used improved atomic data to calculate impor-
tant diagnostics for the high-ionization ions Ne v and Ne v1.
Using the theoretical line ratios, together with far-UV data
newly acquired by HUT, we have estimated the tem-
perature and density of the hot nebular material in the
symbiotic nova RR Tel. We find that our results are consis-
tent with estimates made by previous workers using other
line diagnostics and support models of the nebular region in
which the majority of the gas is photoionized. Although RR
Tel does not provide a very clear-cut case for the use of the
diagnostics that we have presented here, these neon line
ratios should prove useful in other astrophysical situations
where hot gas is present.
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