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SUMMARY: We present 11 spectra from 12 candidate radio sources co-identified
with known planetary nebulae (PNe) in the Large Magellanic Cloud (LMC). Origi-
nally found in Australia Telescope Compact Array (ATCA) LMC surveys at 1.4, 4.8
and 8.64 GHz and confirmed by new high resolution ATCA images at 6 and 3 cm
(4”/2”), these complement data recently presented for candidate radio PNe in the
Small Magellanic Cloud (SMC). Their spectra were obtained using the Radcliffe
1.9-meter telescope in Sutherland (South Africa). All of the optical PNe and radio
candidates are within 2" and may represent a population of selected radio bright
sample only. Nebular ionized masses of these objects are estimated to be as high as
1.8 M), supporting the idea that massive PNe progenitor central stars lose much of
their mass in the asymptotic giant branch (AGB) phase or prior. We also identify a
sub-population (33%) of radio PNe candidates with prominent ionized iron emission
lines.

Key words. planetary nebulae: individual: SMP L8, SMP L25, SMP L33, SMP L39,
SMP L47, SMP L62, SMP L74, SMP L75, SMP L83, SMP L84, SMP L89

1. INTRODUCTION

Planetary nebulae (PNe) are one of the most
important processes giving rise to and sustaining the
chemical evolution of galaxies, contributing about
half of the overall enrichment of the interstellar
medium. They are the product of lower-mass stars
where the central-star and nebular masses are only
about 0.6 and 0.3 Mg, respectively. However, de-

tection of white dwarfs in open clusters suggests the
main-sequence mass of PNe progenitors can be as
high as 8 Mg (Kwok 1994). Because they con-
tain the products of the nuclear reactions occur-
ring in the later stages of stellar evolution, they
have high levels of helium, nitrogen, oxygen and
carbon. Their expansion into the interstellar en-
vironment carries these products into the galactic
disk. It is very likely that PNe are a greater con-
tributer to the galactic N/O abundance than super-
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novae remnants. The over-abundance of these ele-
ments in typical PNe allows us to support the con-
firmation of a candidate PN with optical spectra
by measuring abundance ratios of these elements.
Optical spectral requirements for the confirmation
of PNe have been summarised very nicely by Reid
and Parker (2006). Classically, PNe can be identi-

fied by a [0 111]5007A:[0 111]4959A:HS intensity ratio
near 9:3:1. This can be relaxed when the intensity
of [N11)6583A is greater than Ha. In that case, a
strong [O 111] line has been often detected along with
the high excitation He114686A line hardly seen in
Hir regions. Generally, the [O11]3727A doublet is
seen in PNe, as well as [Ne111]3869A, [Ar1m]7135A

and He16678A lines. [S1]6717, 6731A are usually
present but not significant when compared to Ha.

The study of extra-Galactic PNe is crucial
to the understanding of PNe in general. Observa-
tions of Galactic PNe are hampered by the uncertain
distances. While the population of nearby Galac-
tic PNe is not small, we can drastically expand our
understanding of Galactic PNe by studying PNe in
other, nearby galaxies, such as the Magellanic Clouds
(MCs).

In this paper we present optical spectra of 11
PNe that co-identify with radio PNe candidates re-
cently found in the Large Magellanic Cloud (LMC).
Spectra of four (4) PNe with radio counterparts were
recently presented for the Small Magellanic Cloud
(SMC) in Payne et al. (2008). Section 2 details our
spectral observations and reduction methods used to
calibrate the data analysed in Section 3. The pa-
per concludes with some final comments and a brief
summary as presented in Section 4.

2. OBSERVATIONS

The first radio PNe candidate of this series
was reported in Payne et al. (2004). Since, ~17

have been found within a few arcseconds of known
optical PNe in the direction of the Magellanic Clouds

(Filipovié¢ et al., in prep.). This includes at least 12
LMC sources from Australia Telescope Compact Ar-
ray (ATCA) observations, complemented with short-
spacings using Parkes data and reduced using the
MIRIAD software suite to create mosaic images at
1.4 GHz (Hughes et al. 2007), and 4.8, 8.64 GHz
(Dickel et al. 2005). Recent followup ATCA obser-
vations at 4.8 and 8.64 GHz give much higher reso-
lutions (4" /2") and appear to confirm that most are
bright radio counterparts within 2 of known optical

PNe. The number and flux densities of these candi-
date radio PNe are unexpected given the distance of
the LMC of ~ 50 kpc (Alves 2004). This may well
modify our current understanding of PNe, including
their progenitor mass and evolution.

Here, we present optical spectra for the ra-
dio candidates shown in Fig. 1 and listed in Ta-
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ble 1. For each, we give its radio name, position
(adopted from the highest available frequency), dif-
ference of radio and optical positions, radio spectral
index, 4.8 GHz flux density, estimated ionized mass
and optical counterpart PNe names. These known
optical PNe have been found in surveys including
Sanduleak et al. (1978) and Read and Parker (2006).
From Table 1, we also note that our spectral indices
support the general belief that PNe are dominant
thermal radio emitters.

Spectral observations were conducted in Jan-
uary 2008, wusing the 1.9-meter telescope and
Cassegrain spectrograph at the South African As-
tronomical Observatory (SAAQ) in Sutherland. We
used grating number 7 (300 lpmm) to obtain spec-
tra between 3500 and 6200 A having a resolution of
5 A. For these, the slit size was 1.5” x 1.5’ with a
spatial resolution of 0.74” pixel~!. Exposure times
were limited to 800 s with a positional accuracy of
<1”.

Data reduction included bias subtraction and
flat-field correction using the IRAF software package.
Extraction (task ‘extractor’), including background
sky subtraction, of data allowed the creation of one-
dimensional spectra, with wavelength calibrated us-
ing standard lines from a CuAr arc. Flux calibration
was applied using the spectrometric standard star
EG 21. Observing conditions were fair with seeing
limited to >1" but varied throughout the night.

3. SPECTRAL ANALYSIS

If one assumes that these PNe have a rela-
tively symmetric uniform density, it may be possible

to crudely estimate their ionized mass (M;):

M; = 282(Dype)* Fs(ne) ™' Mo, (1)

where Dy, is distance (kpc), F5 is radio flux density
at ~ 5 GHz (Jy) and n, represents assumed electron
density (10 cm~2) (Kwok 2000). Table 1 lists an
ionized mass estimate for each PN based on the given
flux densities at 4.8 GHz. These values, as high as
1.8 Mg, imply our selected radio bright objects may
have higher nebular ionized masses than previously
expected.

We used IRAF’s task SPLOT to view and an-
alyze our spectra. Only fluxes from spectral lines
visually distinct from the baseline rms (~ 1071 ergs
em~2 571 A~1) were selected for inclusion in Ta-
ble 2. For each PNe, Table 2 lists the relative flux
densities (using EG21) and 90% confidence intervals
of common lines within our spectral range. These

lines include the [O11]3727A doublet, [Ne111]3869A,

HAM861A and [0 1114363, 4959, 5007A. All values
are shown at their rest wavelengths.
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Table 1. Radio PN candidates in the LMC with available spectra from our study.

AP represents the

distance between radio and optical positions. SMP refers to Sanduleak et al. (1978). Spectral index (o) is
defined here as S, « v*, where S, is the flux density at frequency v. Ionized mass (M;) assumes an electron

density (n.) of 103 cm™3.

3

No. ATCA Radio R.A. Dec. AP a+ Aa |Sisauz| M; | Optical
Source Name (J2000.0) (J2000.0) | (arcsec) (mJy) | (Mg)| PN Name

1 | LMC J045013-693352 | 04 50 13.28 | —69 33 52.7 1 — — — | SMP L8
2 | LMC J050624-690320 | 05 06 24.22 | —69 03 20.1 1 0.2+0.3 2.1 1.5 | SMP L25
3 | LMC J051009-682955 | 05 10 09.38 | —68 29 55.1 17 — — SMP L33
4 | LMC J051142-683459 | 05 11 42.11 | —68 34 59.1 1” — — — | SMP L39
5 | LMC J051954-693104 | 05 19 54.51 | 69 31 04.5 2" 0.0£0.2 2.1 1.5 | SMP L47
6 | LMC J052455-713255 | 05 24 55.31 | —71 32 55.0 1” -0.2£0.2 2.1 1.5 | SMP L62
7 | LMC J053329-715227 | 05 33 29.09 | —71 52 27.2 2" —0.7£0.3 1.1 0.8 | SMP L74
8 | LMC J053346-683643 | 05 33 46.90 | —68 36 43.0 2" — — — | SMP L75
9 | LMC J053620-671807 | 05 36 20.69 | —67 18 07.9 <1” -0.3+0.2 0.9 0.6 | SMP L83
10 | LMC J053653-715339 | 05 36 53.46 | —71 53 39.3 2" — — SMP L84
11 | LMC J054237-700930 | 05 42 37.17 | —70 09 30.4 2" -0.1+0.2 2.6 1.8 | SMP L89

Table 2. Spectral analysis of known optical PNe co-incident with radio sources. Flux densities are given in

units of 10~ ergs cm™

2

electron density (n) of 103 cm~3. There is no correction for extinction.

s7! and include 90 % confidence intervals. Electron temperature (7;) assumes an

Name [O1] [Ne1] [O11] Hp [O 1] [O 1] Hvy/HB EB-V) T.

3727A 3869A 4363A 4861A 4959A 5007A (K)
SMP L8 — 51.0£1.0 18.4+0.6 35.4+0.9 70.8+0.9 207.3+1.0 0.7 -0.9 | 49760
SMP L25 | 118.5+1.1 185.56+1.0 26.1+1.1 144.4+1.0 | 380.5%1.0 | 1110.0£0.9 0.7 -0.9 16430
SMP L33 86.9£1.1 33.9£0.9 2.84+0.8 16.1+1.0 68.0£1.0 198.1£1.0 0.8 -1.2 13039
SMP L39 10.7£1.0 — — 0.9£0.9 3.7+0.9 11.1£0.9 — — —
SMP L47 | 1112.0£1.2 | 676.0£1.1 36.5+1.0 | 124.1+0.9 | 395.3+1.0 | 1183.0+1.0 0.7 -0.9 19056
SMP L62 6.1+1.2 11.3+1.0 3.9+0.9 21.3£1.0 77.8£0.8 236.7+1.0 0.4 0.6 14039
SMP L74 14.54+1.2 14.040.9 2.6£1.1 13.8+0.9 57.1£0.9 172.5£1.0 0.5 -0.2 13409
SMP L75 — 12.3£1.0 1.84+1.2 18.7+£0.9 57.5+0.9 173.1+£1.0 1.0 -1.6 11696
SMP L83 — 9.0x1.0 3.3x1.5 10.14+1.1 28.7£0.9 85.5£1.0 0.5 -0.3 21941
SMP L84 — — 1.8£1.1 11.5+1.0 25.8£0.9 78.8£0.9 — — 16473
SMP L89 | 1203.04+1.1 | 1279.04+1.1 | 116.1+1.4 | 181.2+0.9 | 685.6+1.0 | 1954.0+1.0 1.1 -1.9 30492

4.00E-13 2.00E-12
0 Rh L ﬂ ! k L L 0 Mu’“ Ll L A L !
Wavelength (angstroms) Wavelength (angstroms)

Fig. 1la. Optical spectrum of SMP L8 coincident Fig. 1b. Optical spectrum of SMP L25 coincident

with J045013-693352. with J050624-690320.
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Fig. 1c. Optical spectrum of SMP L33 coincident Fig. 1d. Optical spectrum of SMP L39 coincident
with J051009-682955. with J051142-683459.
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Fig. le. Optical spectrum of SMP L47 coincident Fig. 1f. Optical spectrum of SMP L62 coincident
with J051954-693104. with J052455-713255.
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Fig. 1g. Optical spectrum of SMP L74 coincident Fig. 1h. Optical spectrum of SMP L75 coincident
with J053329-715227. with J053346-683643.
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Fig. 1i. Optical spectrum of SMP L83 coincident
with J053620-671807.
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Fig. 1k. Optical spectrum of SMP L89 coincident
with J054237-700930.

Extinction may be calculated using the
Balmer emission lines: Ha6563A, HB4861A,
H~4340A and H#4102A. Noting that our spectral
range does not include Ha6563A and that there
is increased noise in many of the spectra near the
H64102A line, we estimate Balmer decrements as
Hv/HpB. Characteristic extinction curves are given
by Osterbrock and Ferland (2006) and expected in-

trinsic Balmer decrements are based on Case B re-
combination'. Table 2 lists individual values for
E(B-V) based on these decrements. We cannot ac-

curately measure the Hy4340A line for SMP L39 and

Wavelength (angstroms)

Fig. 1j. Optical spectrum of SMP L8/ coincident
with J053653-715339.

SMP L84 because of baseline noise (Fig. 1). Of the
available decrements, the calculated extinctions are
zero or less for all but one. Thus, three electron tem-
peratures (T,) (SMP L39, SMP L62 and SMP L84)
given in Table 2 may be affected, but their uncor-
rected values are reasonable, given the values are de-
pendent on the [O111] forbidden line ratio having a
maximum interval of 644A.

The 90% confidence errors reported in Table 2
are based on line measurement; we do not account
for absolute photometric errors. Line measurement
errors were calculated using Monte-Carlo simulation
techniques found in the task SPLOT for a sample
number of 100 and measured rms sensitivity. This
1o value was multiplied by 1.64 to estimate a 90%
confidence interval for each flux density.

Tons including [O11] and [N11] have energy-
level structures that produce emission lines from dif-
ferent excitation energies. The relative rates of exci-
tation depend very strongly on temperature and may
be used to measure T,. The only practical probe
for the measurement of electron temperature in our
case is the [O111] forbidden line ratio?. We list elec-
tron temperatures in Table 2 for each of our nebulae,
based on this [O 111] ratio.

Since our spectral range excluded the
[S11)6717,6731A lines needed to calculate electron
densities, we assume a no of 103 cm™3 for this se-
lected radio sample3. We base this approximate
value on PNe averages found in Stanghellini and
Kaler (1989) and estimate T, using the Space Tele-
scope Science Data Analysis System task NEBU-
LAR.TEMDEN, based on a five-level atom approxima-
tion from De Robertis et al. (1987).

1 An approximation characterized by large optical depth, where every Lyman-line photon is scattered many times and is even-

tually converted into lower-series photons.

2Defined as 7>‘495)i§6)‘§’007.

3While the [O111] forbidden line ratio algorithm uses electron density, it should be noted that even a factor of 100 from the

assumed 103 ¢cm —3

in electron density affects the calculated temperature by only a few hundred K at most.
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Table 3. Ionized abundances for [O11], [O111] and

[Ne 1] given in N(X) / N(H™) as determined by NEB-
ULAR.IONIC.

Name Ot x107* | O"? x107* | Net? x 107°
3727A Blend | 5007A Line | 3869A Line
SMP L8 — 0.08 0.36
SMP 125 0.06 0.65 2.50
SMP L33 0.86 1.90 8.13
SMP L39 — — —
SMP L47 0.46 0.58 7.27
SMP L62 0.04 1.40 1.63
SMP L74 0.15 1.79 3.58
SMP L75 — 1.96 3.66
SMP L83 — 0.39 0.87
SMP 184 — — —
SMP 1.89 — 0.28 3.65

Ton abundances are presented in Table 3, com-
puted using NEBULAR.IONIC. This program deter-
mines ionic concentrations with respect to H* ions
based on the flux (on a scale H3 = 100) and the
wavelength of a selected emission line. Comparison
with values obtained for Galactic PNe, such as those
presented by Bohigas (2001), suggest they are not
unusual.

Table 4. Spectra containing prominent ionized [for-
bidden] iron emission lines (1 = flux much greater
than HB; 2 = flux about equal to HB; 3 = flux much
less than Hf3).

Name Iron Emission Lines
SMP L39 | [Fer]4287A(1)
SMP 183 | [Fev]4227A(1)

[Fe vii]5721A(1)
SMP L84 | [Fevi]5427A(2)

Figs. 1a through 1k show our one-dimensional
spectra for each PNe listed in Table 2. These spectra
have typical emission lines which we highlight here.
In addition to the expected [O11], [O 111] and Balmer
lines, we note that several reveal a [Ne111]3869A line
(SMP L8, SMP L25, SMP L33, SMP 147, SMP L62,
SMP L74, SMP L75, SMP L83 and SMP L89) com-
mon in PNe. Many also have a blend at 3968A rep-
resenting [Ne111]/He (SMP L25, SMP L33, SMP L47
and SMP L89). Other lines include He 13889, 4026,
4471, 5876 A and He 114686A.

SMP L39, SMP L83 and SMP L84 show
an assortment of ionized iron_ emission lines in-
cluding [Fe11]4287A, [Fev]4227A, [Fevi]5427A and
[Fevii)5721A (see Table 4). In the previous pa-
per (Payne et al. 2008), we also noted that JD10
in the SMC had a predominant [Fe1r]4881A line.

This seemed unusual since the abundance of iron in
PNe is scarcely studied, due to its relative faintness

(Perinotto et al. 1999). Therefore, we are identify-
ing a sub- population of PNe with prominent ionized
iron lines that warrant further verification and study.
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4. CONCLUDING REMARKS
AND SUMMARY

Most observed PNe have nebular masses of
only 0.3 Mg, although the main-sequence mass of
PNe progenitors can be as high as 8 Mg (Kwok
1994). The PNe studied here may represent a pre-
dicted "missing-mass link”, belonging originally to a
system possessing up to an 8 My or higher central
star. Given values of radio flux density at ~ 5 GHz,
we suggest that the ionized nebular mass of these
PNe could be as high as 1.8 My assuming an aver-
age density of 103 cm™3.

High rates of mass loss that continue for an
extended fraction of a AGB’s lifetime can allow a
significant fraction of the star’s mass to be accumu-
lated. This may result in the formation of a circum-
stellar envelope (CSE) or halo. If the transition from
the AGB to PN stage is short, then such CSEs could
have a significant effect. Perhaps our radio observa-
tions select for high mass PNe, since the quantity of
ionized mass present is directly related to radio flux
density.

Our combined observations suggest that a
population of PNe in the MCs have bright radio
counterparts, with nebular electron temperatures
within a reasonable range given instrument resolu-
tion and sensitivity. Ionized abundances of [O11],
[O 1] and [Ne11] are not unusual. While most have
typical spectra, at least a third have prominent for-
bidden ionized iron lines.
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Opuzurasnu HayuHy pad

Y 0BOj CTymuju mpencTaB/baMO MPEIUMU-
HApHE pe3yaTare cluekTpaiHe amaiusze 11 (ox
no3HaTux 12) paguo KagauzaTa 3a [NIAHEeTAPHY
Marsuuny y Beamkom MarenanoBom O6maky
(BMO). OnTuuka mocmarpama IPUKA3aHa OBIE
ypaberna cy ca Pamkand 1.9-m reneckomom
(Camepuenn, Jysxna A¢pura). Osux 11 pammo
IIaHETAPHUX MarJHA OPUTMHAJHO Cy OTKPUBEHE
y HAmUM paHWjuM paguo-uperaemnma BMO
HanpassbeHuM Aycrpanujckum Teneckonom Kom-
naktHor IToma (ATCA) ma 20, 6 u 3 cm, a
Takobhe cy moTBpbheHe mOmATHUM MOCMATPAMmUMA
BrCOKe pesoayuuje Ha 6 m 3 cm (4”/2”). On-

TUYKEe U panuo-mo3unuje oBux 11 kamgmmaTa 3a
panuo mianerapue marauae y BMO cy ynamene
Mame on 2" u HajBepOBATHU]j€E IPEACTABIbA]Y TIOMI-
IOIyJIalMjy NJAaHETAPHUX MAarjrHa W3ParkeHUX
Kao BeoMa CjajHu paauno-objexktu. JoHU3OBaHE
Mace OBUX MAarJIMHa Cy TpopadyyHaTe Ha 10
1.8 My, mTo maJme moap:kaBa MOCTOjarbe IJIAHE-

TapHAX MarjuHa ca MacuBHuM (no 8 M) mpore-
HUTOPCKUM IIEHTPAJHUM 3Be31aMa Koje rybe sehu
neo csoje mace y AI'D ¢a3u unu uvak mpe ose
daze. Takobe cMO MIEHTUGUKOBAIN U TTOAIOILY-
namujy (33%) paamo miaHeTAPHUX MATJIMHA Ca
OPOMMHAHTHAM E€MUCUOHUM JUHUjaMa I'BoxkDa.
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