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Abstract. The symbiotic nova RR Telescopii has been ob-
served with the 3.9 m telescope at the Anglo-Australian
Observatory (AAO), using the University College London
Echelle Spectrograph (UCLES) in conjunction with a Tek
CCD. It displays a rich emission line spectrum, ranging
in excitation from N i to [Ni viii]. We present a list of
811 measured lines, with their suggested identifications
and absolute line intensities, covering a wavelength range
from 3180 Å to 9455 Å1. The absolute line intensities have
been derived by comparing the high resolution data with
a flux-calibrated low resolution spectrum taken with the
Australian National University 2.3 m telescope. All of the
lines have been successfully identified. Comparing our re-
sults with those of previous studies indicates that the
RR Tel system is advancing towards higher degrees of
ionisation.
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1. Introduction

The symbiotic nova RR Telescopii is one of a subclass
of symbiotic stars. These are interacting binaries whose
spectra indicate the presence of a late type star and a hot
companion (Mürset et al. 1991). RR Tel has been the sub-
ject of many extensive spectroscopic investigations (see,
for example, Aller et al. 1973) due to the great wealth of
lines emitted since its outburst in 1944. Thackeray (1977)
has compiled the observations of RR Tel from its outburst
until the mid 1970s, and cites most relevant references.

McKenna et al. (1997) have presented a detailed cal-
ibrated list of 491 lines in the wavelength range 3444 −
9229 Å in RR Tel, at a resolution of∼ 12 km s−1 (FWHM).
However, it was impossible to distinguish many of the
important spectral features due to blending at this res-
olution, and hence we have decided to further examine
RR Tel’s optical spectrum with a more powerful tele-
scope. In this study, we have obtained new observations
using a CCD detector with the University College London
Echelle Spectrograph (UCLES) on the 3.9 m telescope
at the Anglo-Australian Observatory (AAO). These data
are of higher spectral resolution (∼ 6 km s−1) than the
previous spectra, and so we are able to measure reli-
able emission line intensities for weaker features than was
previously possible. The result is an improved line list for
the optical spectrum of RR Tel with identifications and
intensities of hitherto unidentified lines.

2. Observations and data reduction

Spectroscopic observations of RR Tel were obtained using
the 3.9 m telescope at the Anglo-Australian Observatory
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Fig. 1. The flux-calibrated high resolution optical spectrum of
RR Tel in the wavelength range 4850− 4980 Å, where the flux
is in units of 10−12 ergs cm−2 s−1 Å−1, featuring lines of the
highly ionised species [Fe vii] at 4893.90 Å and 4942.30 Å and
[O iii] at 4931.00 Å and 4958.91 Å, as well as the strong Hβ line
at 4861.33 Å

on July 22 1996. The University College London Echelle
Spectrograph was employed with the 31 lines mm−1 grat-
ing and 700 mm camera, along with the Tek CCD as a
detector. The result was a high resolution, high signal-
to-noise (S/N) spectrum of RR Tel over the near-UV,
optical and near-IR regions, 3100 − 9800 Å. The resolu-
tion was λ/∆λ' 50 000, a factor of 2 greater than for
the previous data from the Cerro Tololo Inter-American
Observatory (CTIO) (McKenna et al. 1997), and the S/N
was ' 20 pixel−1 in the continuum, similar to the CTIO
observations. This allowed a greater dynamic range than
with earlier observations, and enabled us to measure re-
liable line intensities for much weaker features than was
previously possible. A section of our high resolution data
is shown in Fig. 1.

In order to absolutely flux-calibrate our data, it was
necessary to obtain low resolution spectra of RR Tel.
These were obtained on August 2 1996 with the Australian
National University 2.3 m telescope and double beam
spectrograph, which gave a resolution of ' 2 Å pixel−1.
However, this instrumental setup only gave useful data for
wavelengths in the range 3490≤λ≤ 5530 Å. Line fluxes for
wavelengths outside this range were derived from the He ii

recombination line spectrum (see Sect. 4). The low reso-
lution spectrum is shown in Fig. 2, where, due to seeing of
∼ 2′′, the accuracy of the flux calibration is estimated at
±10 %.

All CCD images were reduced using the Image
Reduction and Analysis Facility (IRAF) version 2.3 im-
plemented at the Queen’s University, Belfast STARLINK
node. Standard procedures were followed in the reduction
of the images to one dimensional spectra. Low resolution
spectra were optimally extracted and flux-calibrated
using standards from AAO lists. The densely-packed

Fig. 2. The flux-calibrated low resolution optical spectrum of
RR Tel, where the flux is in units of 10−11 ergs cm−2 s−1 Å−1

Table 1. An illustration of the changes occurring in the inten-
sities of lines as RR Tel progresses towards a higher degree of
ionisation. All intensities are given relative to Hβ = 100

Ion (wavelength) I.P. (eV) I(1968) I(1993) I(1996)

Fe ii (3779.58) 7.9 0.170 0.212 0.088
Fe ii (3824.91) 7.9 0.594 0.480 0.265
Fe ii (3914.48) 7.9 0.453 0.184 0.078
Si ii (3856.02) 8.2 0.453 0.324 0.170
Si ii (3862.59) 8.2 0.665 0.548 0.265
He ii (3923.48) 24.6 0.764 1.164 1.139
[Fe iv] (4206.30) 30.7 0.363 0.232 0.308
[Ne iii] (3868.74) 41.0 60.83 57.20 75.38
[Fe v] (3895.70) 54.8 2.122 2.552 2.678
[Ne iv] (4724.15) 63.5 5.374 3.032 3.378
[Fe vii] (4942.30) 100.0 6.046 6.240 8.092
[Ca vii] (4940.30) 108.8 – 6.040 10.03

échelle spectra were extracted using cosmic ray rejection
algorithms for sky regions only, as cosmic ray hits in the
spectra themselves could be confused with real emission
features. Multiple high resolution échelle images enabled
us to median filter the extracted spectra to subsequently
eliminate cosmic rays. Once reduced to one dimensional
spectra, the data were input to the user-friendly spectrum
analysis program DIPSO (Howarth et al. 1996) for further
analysis.

3. Line identifications

The velocity-corrected measurement for each line of our
RR Tel spectrum is listed, in angstroms, in Col. (1) of
Table 2. In Col. (5) the suggested identities of the ma-
jor contributors to these lines are listed, where the ion is
followed by the laboratory wavelength. A superscript at
one of these wavelengths refers to a note at the end of the
table.
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Fig. 3. Titanium oxide absorption bands detected in the spectrum of RR Tel at 6651 Å, 7052 Å, 7666 Å and 8206 Å

The methods employed in identifying the many emis-
sion lines were the same as those used by McKenna et al.
(1997), and are described therein. However, several of
their listed identifications were found to be erroneous; our
greater spectral resolution allowed us to discard some of
their lines, and to re-identify others. One finding list not
used by McKenna et al. which was employed in the present
study is the near-UV and optical line list of van Hoof
(1998). However, it is still apparent that not all of the
lines in this study are fully resolved. For example, the line
at λ 3724.99Å appears to be a blend of Mn ii λ 3724.81 Å,
O ii λ 3725.30 Å and [O ii] λ 3726.08 Å.

The line widths and shapes were also considered in
identifications – most lines of a given ion and multiplet
were of similar width and shape. Also, the presence of sev-
eral lines from a given multiplet makes it likely that other
lines from that multiplet will be present. Furthermore,
lines were wider for the higher stages of ionisation; for ex-
ample, the average velocity width for the Fe ii and [Fe ii]
lines was about ∆v= 14 km s−1; the average width for
[Fe v] was 41 km s−1, and an average width of 62 km s−1

was found for the [Fe vii] lines. Similarly, O ii lines were
found to have an average velocity width of 30 km s−1 and
the average width of O iv lines was found to be 44 km s−1.
We notice the similarity in velocity widths of the [Fe v]
(∆v= 41 km s−1) and O iv (∆v= 44 km s−1) lines, where
the ionisation potentials are 56 eV and 54.93 eV, respec-
tively.

In cases where it was unclear which of a number of
possible ions were contributing to lines, the average ve-
locity width for each ion was compared to the width of
the line in question. For example, the line at λ 3668.99 Å

was thought to be a blend of H i λ 3669.46 Å and [Ca vi]
λ 3669.10 Å. The measured line was significantly broader
(∆v= 62 km s−1) than the other H i (multiplet 5) lines
which had an average velocity width ∆v= 50 km s−1, so
[Ca vi] is listed as a possible co-contributor. On the other
hand, H i (multiplet 3) lines were found to have an average
velocity width ∆v= 53 km s−1, and the line at λ 3721.51 Å
agreed well with this, so the listing of [S iii] at λ 3721.70 Å
by McKenna et al. (1997) was discarded. In all cases where
blends are listed, the contributors are listed in decreasing
order of perceived importance.

It is possible that some O vi emission has been de-
tected at λλ 3811.36 and 3834.24 Å. The 3811.36 Å line
was listed by McKenna et al. (1997), although its dou-
blet partner at 3834.24 Å was not. Attempts were made
to ascertain whether or not these lines are real, as both
features are blends, by comparing the profiles of the O iii

(multiplet 2) lines at λλ 3759.87, 3774.00 and 3791.26 Å to
that of the line at 3811.21 Å, which we have identified as a
blend of O iii λ 3810.96 Å and O vi λ 3811.36 Å. However,
this method proved inconclusive.

There is evidence of O vi emission at the red end
of the spectrum. We find extremely broadened features
at λλ 6825 and 7082 Å, which have been identified by
Espey et al. (1995) as the Raman-scattered ultraviolet
O vi λλ 1032 and 1038 Å resonance lines (Schmid 1989).
These lines have split profiles, probably due to relative gas
motions in the red giant’s wind.

The line listed in Table 2 at 4446.29 Å is thought to
be a blend of Fe ii λ 4446.25 Å and [Ni viii] λ 4446.20. The
[Ni viii] line is important as it has the highest ionisation
potential (I.P.∼ 136 eV) of all the lines measured in this
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study. It proved impossible to resolve the [Ni viii] totally
for the table, but the line width can be roughly measured
as ∆v' 29 km s−1.

Thackeray (1977) noted that the presence of the late
type star in the RR Tel system is confirmed by the detec-
tion of TiO bandheads in the near infrared and red regions
of the spectrum. These features are known to be promi-
nent in mid M type stars (Kirkpatrick et al. 1991; Vardya
1992) and we have made definitive identifications of the
TiO absorption bands (see Fig. 3).

4. Line intensities

The measured intensity of each line (in erg cm−2 s−1) is
listed in Col. (3) of Table 2. These intensities were ob-
tained over the wavelength range 3490≤λ≤ 5530 Å using
the methods described in McKenna et al. (1997). The er-
ror in each line intensity listed in Table 2 is estimated at
< 15%, except where indicated by the footnotes. Outside
the range 3490≤λ≤ 5530 Å, the intensities were measured
using recombination line intensity ratios in He ii (Hummer
& Storey 1987; Storey & Hummer 1995). Ionised helium
lines at λλ 3203.16, 5952.96, 5977.05, 6036.81, 6074.22,
6170.72, 6233.84, 6406.41, 6527.12 and 6683.22 Å were
compared to the n = 4→ 3 transition at 4685.68 Å.
However, the intensities that this method yields are not
as accurate as those found using the low resolution spec-
trum, and hence errors of ∼ 20% in the intensities of the
lines listed in Table 3 are expected.

The line intensities were corrected for interstellar ex-
tinction (see Col. (4) in Table 2) using the coefficients
listed in Cardelli et al. (1989) for the U , B, V and R spec-
tral regions. E(B − V ) for RR Tel is well quantified as
equal to 0.08 (Jordan et al. 1994).

McKenna et al. (1997) were the first to produce an ab-
solutely calibrated line list of the optical spectrum of RR
Tel. However, Aller et al. (1973) list line intensities rela-
tive to Hβ. Thus, it was possible to carry out an approxi-
mate comparision between the intensity of RR Tel’s lines
in 1968 (Aller et al. 1973), 1993 (McKenna et al. 1997)
and 1996, by scaling the line intensities in this study rela-
tive to Hβ. It was found that the strengths of the lines for
low ionisation species (for example, He i, [O i], Fe ii and
O iii) are decreasing, while the line intensities of species
of higher degrees of ionisation (for example, [Fe vii]) are
increasing (see Table 1). This is the expected result, as
RR Tel’s emission spectrum has been well documented as
advancing towards higher excitation (Kenyon et al. 1993;
Allen 1980).

5. Component structure in the nebular lines

The data used in this investigation are of sufficiently high
resolution to show component structure in many of the

Fig. 4. The [O iii] 4363 Å emission line profile, in RR Tel (flux
measured in arbitrary units). The line profile has been fitted us-
ing two components, separated by ∼ 28 km s−1, and indicated
by dashed and dotted lines, while the solid line shows the ap-
proximate sum of these

nebular lines of RR Tel. For example, the [O iii] λ 4363 Å
line shows definite evidence of a two component struc-
ture in the nebular emission (see Fig. 4). Schild & Schmid
(1996) note that this may illustrate a combination of a
high density component with a logarithmic electron den-
sity (Ne in cm−3) of ∼ 8, along with a low density com-
ponent (log Ne∼ 5.5), which we found to be blueshifted
by ∼ 28 km s−1 with respect to the high density feature
(see Fig. 4), in comparison to the blueshift of ∼ 20 km s−1

found by Schild & Schmid.

The [O iii] lines at λλ 4959 and 5007 Å also show com-
ponent structure. However, in these cases, the line profiles
comprise at least three components, making the modelling
process much more complicated (see Fig. 5). A detailed
analysis of these lines may be used to demonstrate addi-
tional physical characteristics of the RR Tel system, such
as its winds (Nussbaumer & Dumm 1997). Similar struc-
tural attributes to those of the [O iii] lines may also be
found in the profiles of O ii, N ii, N iii and Ne iv. In the
future we intend to pursue a detailed analysis of these and
all the other nebular line profiles, in order to build up a
comprehensive picture of the component structure of the
RR Tel system.

We also find very strong component structure in the
features at λλ 6825 and 7082 Å. These are believed to
be Raman-scattered O vi emission from the λλ 1032 and
1038 Å resonance lines (Espey et al. 1995; Schmid 1989).
The two components of both features are separated by
∼ 330 km s−1.
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Fig. 5. The [O iii] line profiles at a) 4959 Å and b) 5007 Å, showing four-component structure; c) O ii λ 4072 Å showing two
component structure; d) three-component structure in Ne iv λ 4714 Å (flux measured in arbitrary units)

6. Conclusion

We present a detailed calibrated line list of the optical
spectrum of RR Tel, listing 811 lines with identifications,
including 320 lines not listed by McKenna et al. (1997). It
was also necessary to discard some of the lines listed in the
McKenna et al. study and to re-identify others; this was
made possible by the improved resolution of the present
study.

In this study, we have further investigated the changes
that are continually occurring in the emission spectrum of
RR Tel. We have found that the tendency towards higher
levels of ionisation has continued (see Table 1), as noted
by Kenyon et al. (1993) and Allen (1980).

We have noted strong component structure in many
of the nebular emission lines. This structure can involve
2 or more components and may be evidence of a combi-
nation of high (log Ne∼ 8) and low density (log Ne∼ 5.5)
emitting zones in the plasma (Schild & Schmid 1996).

TiO absorption bandheads were found in the near in-
frared and red regions of the spectrum, which indicate the
presence of the late type star in the RR Tel system, as
noted by Thackeray (1977). These features are prominent
in mid M type stars (Kirkpatrick et al. 1991). Figure 3
shows our identifications of these bands.

This optical line list compliments the earlier work
of Zuccolo et al. (1997) who have presented a study of
the changes in the ultraviolet spectrum of RR Tel be-
tween 1978 and 1993, using the International Ultraviolet
Explorer (IUE) satellite.
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