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Preamble

“One must say that the present knowledge of the masses and distances of planetary nebulae is,
at best, uncertain. This is largely caused by the lack of reliable basic astrometric observations

upon which to found a scale of masses and distances.” (O’Dell 1962)

“At the Tatranskd Lomnica meeting 10 years ago, there seemed little hope that one day
soon planetary nebulae distances would become reliable. That day is near, if not here already.”
(Liller 1978)

“The distances to galactic planetary nebulae remain a serious, if not the most serious, prob-
lem in the field, in spite of literally decades of study, and of attempts to find a good solution.”
(Cahn, Kaler & Stanghellini 1992)

“It is unfortunately less obvious ... how one could devise a new ‘grand unification’ calibra-
tion that simultaneously handles both the lower surface brightness objects that prevail among
the nearby nebulae and the brighter PNe that dominate samples like those in the Galactic bulge

and extragalactic systems. We leave this daunting task to future workers” (Ciardullo et al. 1999)

“A vacuum is a hell of a lot better than some of the stuff that nature replaces it with.”
Tennessee Williams, Cat on a Hot Tin Roof (1955)
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Abstract

An accurate census of the nearest planetary nebulae (PNe) is needed for calculations of the total
number, space density, scale height, and birth rate of PNe in the Galaxy, to understand the
dynamics of an evolving nebula and its relationship to the cooling history of the central star,
and also to provide an unbiased sample to investigate the frequency of binary central stars and
their role in the formation and shaping of these objects. This study presents the most refined
volume-limited survey of PNe known to date.

Integrated Ha fluxes for over 400 mostly evolved PNe are presented, based primarily on data
from the Southern Ha Sky Survey Atlas (SHASSA) and the Virginia Tech Spectral-Line Survey
(VTSS). Aperture photometry on the digital images was performed to extract Ha+[N 11] fluxes.
The [N 11] contribution was then deconvolved using literature data, new data from slit spectra,
or spectrophotometric data from the Wisconsin H-Alpha Mapper (WHAM) also obtained as
part of this project. Comparison with previous work shows that the flux scale presented here has
no significant zero-point error. The Ha fluxes are used to determine new Zanstra temperatures
for those PNe with accurate central star photometry, calculating surface-brightness distances
for each PN in the sample, and in conjunction with accurate [O 1] fluxes, new absolute PN
magnitudes for delineating the faint end of the PN luminosity function. A spectroscopic survey
of a range of MASH PNe is also presented. New emission-line intensities for 60 PNe are given,
including a preliminary discussion of the chemical abundances of this sample.

New distances have been determined for a large number of PNe, by either critically examining
the literature, or by deriving new extinction and kinematic distances where suitable. For all PNe
not amenable to these approaches, distances were estimated from a new Ha surface brightness
— radius (SB-r) relation. The Ho SB—r relation covers >6 dex in SB, and while the spread in
SB is ~1 dex at a given radius, optically thick (mainly bipolar and bipolar-core) PNe tend to
populate the upper bound of the trend, while common-envelope PNe and high-excitation PNe
fall along the lower boundary in SB-r space. Using sub-trends has allowed more precision in the
determination of distances, as good as +22% in the case of high-excitation PNe. The adopted
SB-r zero point, set from 122 galactic calibrators, recovers the distances to the LMC, SMC and
the Sagittarius dSph galaxy to within 5%.

With distances to all nearby PNe, I have generated the most accurate volume-limited sample
of PNe (D < 1.0 kpc) yet considered, containing ~56 PNe. An extension sample to 2.0 kpc con-
tains ~210 PNe. An accurate database of parameters for nearly all of these objects is presented,

providing integrated fluxes, diameters, morphological classifications, distances, ionized masses,



expansion velocities, kinematic ages, chemical abundances, and central star properties for each
PN in this volume-limited sample. Details are also given on a number of misclassified ‘PNe’
which contaminate the local volume, including, amongst others, Abell 35, DHW 5, Sh 2-68,
Sh 2-174, Hewett 1, RE 17384665, PG 01084101, PG 01094111, PHL 932 and EGB 5.

The observation that known close-binary PNe fall on a particular trend in SB-r space, is
suggestive that these form a separate population to the majority of PNe. Recent conclusions
that the great majority (or all) PNe go through a common-envelope phase are not supported
at this point in time, though there is no doubt a modest frequency of common-envelope events
has occurred in the solar neighbourhood. The exact number awaits a full multiplicity census of
all objects within this volume. A preliminary estimate of the binary frequency of PN central
stars in the solar neighbourhood is ~52-58%, and hence I conclude that it is possible for single
stars to produce PNe.

A deep local PN luminosity function is presented, extending to 10 magnitudes below the
bright PN cutoff magnitude, M*. The local [OIII] PNLF is seen to be much more bottom-heavy
than previously recognised, with up to half of all PNe being fainter than 7 mag below M *. An
exponential increase in PN numbers occurs to ~8.3 mag below M, , where a marked turnover in
the PNLF is seen. The very faintest PNe may represent a population of low-mass objects with
low-luminosity central stars. New estimates for the number density, scale height, birth rate,
and total number of Galactic PNe, as extrapolated from the solar neighbourhood sample, are
also given. The total Galactic population is estimated to be 24,000 £+ 4000 PNe with r» <1.5 pc,
and 13,000 + 2000 PNe with » <0.9pc. The MW/LMC luminosity ratio implies a total LMC
PN population of ~2400. Evidently many more PNe remain to be discovered in this system.
The observed Galactic population leads to a PN birthrate of 0.8 + 0.3 x 1072 pc=3yr~!, fully
consistent within the errors with the birthrate of white dwarfs.

A remarkable bow-shock nebula around a previously unnoticed, bright, nova-like cataclysmic
variable, V341 Ara, has also been discovered as part of this study. The star has a high space
motion, leading to the formation of the parabolic bow-shock at the interaction of the disk wind
and the ISM. The proximity of this nebula to the Sun suggests the space density of such objects
may quite high. Similar nebulae might be found through a narrowband search around other

CVs with significant proper motion.
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Chapter 1

Introduction

Planetary nebulae (PNe) are some of the most beautiful and fascinating objects in the heavens.
In simple terms, a planetary nebula is a bubble or toroid of ionized gas, produced from a low- to
intermediate-mass star (~1 to 8 M) towards the end of its evolution. Typically representing
about a half solar mass of ionized gas, PNe are an important, albeit brief (~30,000 — 50,000 yr),
evolutionary phase in the lifetimes of a significant fraction of Milky Way disk stars. They are an
important tool in our understanding of the physics of mass loss for low- and intermediate-mass
stars (Iben 1995), the chemical enrichment of our Galaxy, and in turn, its star formation history
(e.g. Maciel & Costa 2003). Planetary nebulae also function as ideal test particles to probe the
dynamics of the Galactic bulge, and by extension, the dynamics of external galaxies.

In order to refine our understanding of this brief evolutionary stage, a far more complete
census of PNe in our Galaxy is needed, especially an accurate volume-limited survey centred on
the Sun from which unbiased statistics can be determined. Such a census allows the total PN
population in the Galaxy, the true proportion of different morphological and chemical classes,
the range of central star properties, PN lifetimes, and the relative contribution of common-
envelope systems to the PN population to be ascertained. These questions will be addressed in
subsequent chapters in this work.

It is beyond the scope of this chapter to give an exhaustive summary of our current state
of knowledge concerning planetary nebulae. For detailed reviews, the reader is referred to the
works of Aller (1976), Terzian (1980), Kaler (1985), Khromov (1989), Peimbert (1992), Pottasch
(1992), Iben (1993), Kwok (1994, 2005), Weinberger & Kerber (1997), Kerber (1998), and the
monographs by Pottasch (1984), Gurzadyan (1997) and Kwok (2000). A good recent review of
the processes that shape the morphology of PNe is presented by Balick & Frank (2002).

1.1 Historical Overview

Planetary nebulae were classed as a new type of celestial object on morphological grounds
by William Herschel in the late eighteenth century. However, the first planetary nebula to
be discovered, though not then classed as such, was M 27, found by Charles Messier in 1764.
Fifteen years later, the Ring Nebula, M 57, was independently noted by Darquier and Messier



in 1779. They were both observing the comet of that year (see Jones 1975). Messier, along
with his compatriot Pierre Mechain, added two more PNe (M 76 and M 97) by 1782. Soon after,
William Herschel began his extensive survey of the northern sky with reflecting telescopes of
his own construction. His telescopes far exceeded the light grasp of the small instruments
used previously, and consequently Herschel catalogued 2509 new non-stellar objects, dividing
them into eight morphological classes. His class IV, which he termed planetary nebulae, were
named in allusion to the circular disc-like appearance of some of the first known examples,
which visually resembled the ghostly bluish-green disc of the newly-discovered planet Uranus. '
Herschel included 79 objects in his new planetary nebula class, though most eventually turned
out to be galaxies. Only twenty of them are now known to be true PNe.

Sir John Herschel continued his father’s survey of the heavens with an 18-inch speculum?
reflector, firstly from Slough, England (Herschel 1833) and later at the Cape of Good Hope
to chart the southern sky from 1834 to 1838 (Herschel 1847). He found over 2000 nebulae
and star clusters, including 20 new PNe, and eventually combined his and his father’s work
(including discoveries from other astronomers) into a General Catalogue (GC) of nebulae and
clusters, totalling over 5000 objects. This was later revised by Dreyer (1888) as the venerable

New General Catalogue (NGC).

Meanwhile, Huggins (1864) had noted that NGC 6543 (The Cat’s Eye) had an emission-line
spectrum, and was thus composed of a rarefied high-temperature gas.? Until then the nature of
nebulae in general, and PNe in particular, was unknown, though the topic had been speculated
on at length. Indeed, William Herschel, in a remarkably prescient statement, had postulated
that the diffuse planetary NGC 1514 was not an unresolved mass of stars, but was indeed
gaseous in nature. He wrote (Herschel 1790):

A most singular phenomenon; a star of 8th magnitude with a faint luminous atmosphere of
a circular form, about 3’ in diameter. The star is perfectly in the centre, and the atmosphere
is so diluted, faint and equal throughout that there can be no surmise of it consisting of
stars, nor can there be a doubt of the evident connection between atmosphere and star.

Huggins and others (e.g. Secchi 1867, Herschel 1868) spectroscopically examined several of
the brightest planetary nebulae, and it became apparent that three bright lines were almost
ubiquitous in these objects — a line due to hydrogen (H3) and two bright “nebulium” lines of
then unknown provenance. Even though the mystery of the nebulium lines was not solved until
much later, being produced from metastable transitions of doubly-ionized oxygen (see Bowen

1927, 1928), the relative brightness of these lines in most PNe allowed the discovery of more

Tt was Herschel himself who discovered Uranus on the night of March 13, 1781. He may have also been
partly influenced by the statement of Darquier, who in 1779 described the Ring Nebula, M 57, as “very dim and
perfectly outlined; it is as large as Jupiter and resembles a fading planet.” Later, his son John Herschel (1847)
discovered and described NGC 3918 as “...very like Uranus, only about half as large again and blue.”

2Speculum metal is a reflective alloy of copper, tin and sometimes a trace of arsenic. It was commonly used
to make the primary mirrors of reflecting telescopes in the early- to mid-nineteenth century.

34On the evening of August 29, 1864, I directed the telescope for the first time to a planetary nebula in
Draco. .. I looked into the spectroscope. No such spectrum as I expected! A single bright line only... A little
closer looking showed two other bright lines on the side toward the blue, all the three lines being separated by
intervals relatively dark. The riddle of the nebulae was solved. The answer, which had come to us in the light
itself, read: Not an aggregation of stars, but a luminous gas.” (Huggins 1897)



distant examples embedded in the star fields of the Milky Way (see section 1.5).* The first
discoveries were found with the use of a visual spectroscope (e.g. Pickering 1880), but the great
majority were discovered later by photographic techniques, pioneered at Harvard Observatory
by Pickering and Fleming. Many of these new discoveries were included in the NGC, and the
two supplemental Index Catalogues (Dreyer 1895, 1908). These catalogues listed in total >100
objects described as either ‘planetary’ or ‘annular’ nebulae; of these, 85 are true PNe.

Several other NGC/IC objects (e.g. NGC 246, NGC 1360, NGC 7293, and IC 4406, among
others) were classified as true PNe only later, based on the spectroscopic work of other workers.
Another example is the high-excitation object NGC 6026, which was shown to be a PN, and
not a galaxy, by de Vaucouleurs (1955b) and independendently by the amateur astronomer E.J.
Hartung in 1958 (Hartung 1968). The most recent NGC object ‘discovered’ to be a PN (Shaw
& Bidelman 1987; Maehara et al. 1987) is another high-excitation object, NGC 2242 (see Swift
1887), long assumed to be a faint galaxy.

1.2 Planetary Nebulae: a working definition

There has been considerable controversy in the past over the working definition of a PN, based
in part on differing morphological, spectroscopic, and physical or evolutionary criteria for clas-
sification, which have changed over the past two centuries. Indeed, as recently as 1967, at least
one eminent commentator has described a PN as any object in a catalogue of PNe.?

A consensus taxonomic defintion remains elusive, even at present (e.g. Kohoutek 1983;
Lutz 1993; Kohoutek 2001). Based on an overview of the literature, as well as an analysis of
the properties of a volume-limited PN census derived in this work (see subsequent chapters), I

consider a PN to be an ionized emission nebula with the following observational characteristics:

e A round or axisymmetric shape, sometimes with multiple shells or outer haloes. Note
that many evolved PNe are perturbed through interaction with the interstellar medium
(ISM);

e A photoionized emission-line spectrum characterised by recombination lines of hydrogen
and helium as well as various collisionally-excited forbidden lines of heavier elements such
as oxygen, nitrogen, sulfur and neon. The [O111] lines are usually, but not always, the

strongest emission lines in the optical region (see §1.4);
e Thermal free-free emission in the radio spectrum;
e A nebular radius, » < 2.5 pc (the vast majority have r < 1.5 pc);

e An ionized mass roughly between the empirical limits of 0.01 and 3 My, to differentiate
PNe from lower-mass nova shells and higher-mass ejecta shells from massive Population I

stars;

4For a historical review of the key developments in PN spectroscopy, see Kaler (1973).

5During a session at TAU Symposium 34, R. Minkowski responded to a query from D.S. Evans, stating: “As to
the question of how to define a planetary nebula, there is no better way than to accept any object in a catalogue
of planetary nebulae if nobody has serious objections” (Osterbrock & O’Dell 1968, p. 290).



e A shell expansion velocity typically between 10-60 kms~! though some strongly bipolar

PNe can have higher expansion velocities along the major axis;

e A hot, low-mass central star with a temperature of at least 25,000 K (up to ~250,000 K),
and a mass between the empirical limits of ~0.55 and 1 M,. It is possible that lower mass
stars might be formed via a common-envelope process. Corresponding surface gravities
are generally in the range, logg~3.0-7.5 cms™2.

I argue that the term planetary nebula has a distinct physical or evolutionary meaning,
and be restricted to the ionized shell ejected at the end of the asymptotic giant branch (AGB)
evolutionary phase, either by a single star, or as part of a common-envelope ejection (e.g. Iben
& Tutukov 1993). This basic definition was put in plain terms by Lutz (1993) who stated that
“a PN is a star that ejects some material while evolving from the red giant to the white dwarf
phase”. In other words, the ionized gas was shed by the now hot central star, at the end of
the previous AGB phase. This is a crucial point, as in many symbiotic systems, which are
often confused with PNe, the gas has been donated by a companion red giant, and not the
white dwarf, which is usually the source of the ionizing radiation field (e.g. Corradi et al. 2000;
Corradi 2003). Further discussion of this point is given in §1.7, below.

I also argue that the term should not be applied to any hypothetical nebula around a
post-EHB or AGB-manqué star (see §8.3 for a further discussion). Armed with a working
evolutionary definition, the next section describes in detail the evolution of PNe between the
AGB and white dwarf phases.

1.3 The Evolution of Planetary Nebulae

As a low- to intermediate-mass (0.8-8 M) star nears the end of its main-sequence (MS) lifetime
(during which hydrogen is stably converted into *He), it begins to exhaust the supply of fuel in its
core. Consequently, the core contracts under gravity and its temperature increases, which causes
the outer layers of the star to expand. The star now moves away from the main sequence and
climbs the giant branch in the Hertzsprung-Russell (HR) diagram. While the stellar luminosity
increases by a considerable factor (~103 for a solar-mass MS star), the surface area of the star
increases enormously, so the surface cools to an effective temperature of ~3500 K (corresponding
to an early M spectral type), a natural consequence of the Stefan-Boltzmann law. The star is
now a first-ascent red-giant branch (RGB) star (see figure 1.1 for a schematic depiction of the
full evolution of an intermediate-mass star in the HR diagram).

During this phase, the star’s surface layers become less gravitationally bound, a consequence
of the large increase in radius. Hence, the mass-loss rate increases markedly (Reimers 1975;
Willson 2000). Convection becomes the dominant energy transport mechanism in the envelope
due to increased hydrogen opacity at cooler temperatures. As a result the convective envelope
can dip into the nuclear burning zone which causes an increase of N and a simultaneous

decrease in 2C and %0 in the envelope, a process termed the first dredge-up.



In stars less massive than ~2Mq, the He core is contracting as the star climbs the RGB,
getting hotter, denser, and more electron-degenerate (Iben & Renzini 1983; Herwig 2005).
When the temperature is high enough for He ignition in the degenerate core (via the triple-a
process) the energy released simply increases the central temperature, as the core cannot expand
due to its degenerate state. This causes the burning rate to further increase, ending up as a
thermonuclear runaway. This is called the core helium flash (Iben & Renzini 1983).

Note that the luminosity flash is as high as 10'° L, yet the overall stellar luminosity is
relatively unchanged. The energy released by the flash is used to change the equation of state
of the core, ‘lifting’ the degeneracy and restoring an ideal-gas state. In general terms, it takes
more than one of these flashes to remove the degeneracy in the core. Subsequent He flashes
are much weaker and eventually the core reaches a state of steady He burning. As a result,
the star rapidly cools and becomes less luminous, moving down and to the left in the HR
diagram to become a zero-age horizontal branch (ZAHB) or red clump star, depending on the
metallicity (see figure 1.1). For higher mass RGB stars (>2 M), the core is hotter but less
dense. Degeneracy is hence avoided, and the star ignites core helium gently. The star is now
in an evolutionary phase with two energy sources: a He-burning core and a H-burning shell
exterior to it.

As the core helium is exhausted, the star again increases in luminosity and cools, becoming
a second-ascent red giant. Owing to the position of the evolutionary track in the HR diagram
(closely parallel to the RGB track, but slightly blueward), these stars are called asymptotic giant
branch (AGB) stars (figure 1.1). As the outer layers cool and become less dense, convection once
again becomes the dominant heat-transfer mechanism. If the convective envelope penetrates
the H-burning shell, it brings to the surface the products of H burning (He plus N from the
CNO cycle) during the so-called second dredge-up. However, this only occurs for stellar masses
above ~4M (Herwig 2005).

For detailed accounts of the varied facets of AGB evolution, see Becker & Iben (1979, 1980),
Iben & Renzini (1983, 1984), Iben (1991), Groenewegen & de Jong (1993), Marigo, Bressan &
Chiosi (1996), Busso, Gallino & Wasserburg (1999), Karakas, Lattanzio & Pols (2002), Habing
& Olofsson (2003), Izzard et al. (2004), Herwig (2005) and Karakas & Lattanzio (2007).

AGB evolution is divided into two phases: the early-AGB (E-AGB) and the thermally puls-
ing AGB (TP-AGB). In the E-AGB phase, the star consists of a degenerate CO core surrounded
by a He-burning shell, in turn surrounded by a convective hydrogen envelope (see figure 1.2).
As the helium shell runs out of fuel, the thermally-pulsing AGB (TP-AGB) phase begins, char-
acterised by separate (dual) shells of H and He which alternatively switch off and on to provide
the energy source of the star. These shells are separated by an intershell region rich in *He and
12C (see figure 1.2). As the shell helium is exhausted, the hydrogen shell compresses and fires
up, exterior to the now dormant helium shell.

Approximately every 10° years, the helium shell beomes thick enough to reignite (the helium
shell flash or thermal pulse), and as a result, expands the outer layers of the star; the H-burning
shell is pushed outwards to a zone of lower temperature and density, so fusion there ceases.

When He in the inner shell is exhausted, the hydrogen shell compresses and reignites again
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Figure 1.1: Hertzsprung-Russell diagram showing the evolution of a 2M solar-metallicity star from
the main sequence to the white dwarf state (red track). The blue track shows a born-again scenario
(triggered by a very late thermal pulse) for the same mass, but shifted slightly in logT and log L for
clarity. The red and green stars represent the position of the central star of NGC 6853 (H-rich) and
the naked PN nucleus PG 1159-035 (H-deficient). The numerical labels indicate the logarithm of the
approximate time (in years) for each evolutionary phase. Figure adapted from Herwig (2005).

quiescently (the interpulse phase). Roughly a few dozen thermal pulses occur over the course
of the TP-AGB phase. During each pulse, the ash of the innermost He-burning shell adds to
the degenerate CO core, so it slowly gains in mass up to the end of the TP-AGB phase.
TP-AGB stars are generally larger and more luminous than RGB stars (L may exceed
10* solar luminosities, and diameters are of the order of ~2AU). Temperatures can be as
cool as 2500 K (spectral type M8 or even later). As the star nears the tip of the TP-AGB,
it typically shows Mira variability (with a periodicity of the order of ~1 yr), a result of the
internal instabilities in these objects. The mass loss rate increases with time, and after each
thermal pulse, fusion products are brought up via convection to the surface (the third dredge-up).
The surface becomes further enriched with helium, CNO, and slow neutron capture (s-process)
elements (Iben & Renzini 1983, 1984; Herwig 2005; Sterling & Dinerstein 2008). In stars with
main-sequence masses of ~2 — 4 My, repeated dredge-up events completely alter the surface
chemistry, giving rise to carbon stars (R Leporis and V Hydrae are well-known nearby examples).
In massive AGB stars (~4 to ~8 M)%, nuclear burning can occur in the deepest layers of

the convective envelope. This process, known as hot-bottom burning (HBB) is the reason that

5Progenitor stars with masses of ~8 to 10 M, are destined to form super-AGB stars, which end up producing
ONeMg cores, or possibly neutron stars (Herwig 2005). Such stars are not likely to produce observable PNe and
are not considered further here.
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Figure 1.2: The schematic structure of a TP-AGB star, not to scale. Refer to the text for details.
Figure adapted from Karakas (2007).

AGB stars in this mass range have O-rich surface chemistries, unlike the lower mass carbon stars
(e.g. Izzard et al. 2004; Herwig 2005; Marigo 2007). In high-mass AGB stars, the envelope can
be extremely enriched in nitrogen, as a result of dredged-up primary carbon being efficiently
converted to nitrogen during envelope burning (Kingsburgh & Barlow 1994). The so-called
Type I PNe (e.g. Peimbert 1978; Kingsburgh & Barlow 1994) are the offspring of these stars.

Eventually, as the star leaves the AGB, it ejects almost its entire outer envelope in a final
extensive mass-loss phase via the so-called superwind (e.g. Renzini 1981; Wachter et al. 2002).
This phase of enhanced mass-loss occurs at a rate of up to M = 104 Mg yr—! (Zijlstra 2006)
at a relatively sedate velocity of ~10-20 kms~!. Consequently, the outer layers of the star are
eroded and shed into the surrounding ISM. The AGB star is surrounded by a large expanding,
circumstellar envelope of dust and gas, which is often the site of maser emission. Masering
molecules that have been detected in the winds of late TP-AGB stars are OH (hydroxyl), SiO,
and HoO (e.g. Zijlstra et al. 1989; Habing 2004). The more massive AGB stars have both
strong OH masers and strong infrared emission from the ejected shell of dust and gas. Known
as OH/IR stars (e.g. Cohen, Parker & Chapman 2005, and references therein), these are the
immediate precursors of the pre-planetary nebulae (PPNe)”.

When the star’s outer envelope is reduced via mass loss to below ~1072 M, the superwind

"The term pre-planetary nebula — formerly proto-planetary nebula (see Sahai, Sdnchez Contreras & Morris
2005) — refers to the optical or near-IR (reflection) nebula visible prior to the onset of ionization by the CSPN.
Supergiants of intermediate spectral type (B-K) without associated nebulae that are positioned in the HR diagram
between the AGB and PN phases are usually referred to as post-AGB (PAGB) stars (see van Winckel 2003, for
a review). PPNe and PAGB stars fall outside the scope of this dissertation, but a useful catalogue of PAGB
objects is presented by Szczerba et al. (2007). Sahai et al. (2007) provide a very useful morphological catalogue
of PPNe, including a library of HST images. Further images are given in Siédmiak et al. (2008).



effectively ceases and the star rapidly evolves to higher temperatures; the main mass-loss phase
is assumed to be complete when the surface temperature of the core reaches Tog = 5000 K
(Schonberner 1983). The star moves to the left in the HR diagram (Figure 1.1) at approximately
constant bolometric luminosity, which is primarily determined by the core mass of the star
(Paczyniski 1971; Kwok 1994) as given by the equation:

L M,
=~ 592 ~0.52 1.1
o~ 50(M® 0.52) (1.1)

As the newly exposed core of the post-AGB star — hereafter the planetary nebula central
star (CS) — reaches a surface temperature of ~25,000 K, the ejected envelope begins to be ion-
ized by the copious amount of hard ultraviolet radiation produced by the CS, and sculpted by
the fast wind (v ~ 2000 kms™; M = 107 Mg yr~!) from this hot star. The ejected envelope
then becomes visible as a planetary nebula. The core mass also influences the maximum tem-
perature, Ti,.x, the CS will eventually reach, which is typically 100,000 to 250,000 K. Tylenda

(1989) gives an approximate formula as a function of the core mass:

M,
log Tynax ~ 5.72 + 2.411log MC (1.2)
©

Eventually, hydrogen burning via CN-cycle reactions ends and the central star ‘rounds the
knee’ in the HR diagram to descend along the white dwarf cooling track (see Figures 1.1 & 1.3).
The time taken from the cessation of the superwind to the beginning of the WD cooling track

is a steep function of the core mass, as empirically given by Tylenda (1989):

M, M.
log At ~ 4.96 (M@ —1.0) — log (M@ —0.52) (1.3)

From this equation, the nuclear burning time is approximately 12,000 years for a 0.6 Mo
core, 1700 years for a 0.7 Mg, core and only 20 years for a 1.0 M core! Such a brief lifetime for
high mass cores effectively biases against the discovery of their PNe for two main reasons: (1)
such stars come from high-mass B-type progenitors which are intrinsically rare compared to the
F-type main-sequence stars which are considered to be the numerically dominant precursors of
PNe, and (2) the rapidly-evolving core will already start to descend the WD cooling track well
before the optically thick, high-density PN phase is over (Marigo et al. 2004). Furthermore,
high-core mass PNe might preferentially have greater internal extinction, which makes them
fainter at optical wavelengths (Ciardullo & Jacoby 1999), but see Shaw et al. (2001, 2006) for
a contrary opinion. Hence it is not surprising that no CS has yet been definitively observed to
have a mass >1 Mg, even though such WD masses are not uncommon (e.g. Sirius B, Holberg
et al. 1998; Barstow et al. 2005).

As the star ‘rounds the knee’, the luminosity of the CS quickly drops by an order of mag-
nitude (in less than 103 years for a 0.6 M, core; Schonberner 1983). After this epoch of rapid
dimming, the star continues to slowly fade and cool at a decreasing rate. For detailed treat-
ments of the evolutionary tracks of PN central stars in the theoretical HR diagram, refer to
Schonberner (1983), Wood & Faulkner (1986), Blocker & Schonberner (1990), Stanghellini &
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Figure 1.3: Evolution of post-AGB H-burning models for masses of 0.605 M), 0.625 M and 0.836 M.
Tick marks are in units of 10® years. Figure taken from Blocker (1995).

Renzini (1993), Vassiliadis & Wood (1994), and Blocker (1995; see figure 1.3). Detailed evo-
lutionary cooling sequences for post-PN WDs are given by Bergeron, Wesemael & Beauchamp
(1995).

Concurrent with the dramatic fading of the CS, the nebular gas has been expanding at
a typical velocity of ~20 kms~! (e.g. Weinberger 1989), and as a result, the PN eventually
fades below the level of detectability as it disperses and dissolves into the ISM. The processes
of AGB mass-loss and PN dispersal seed the ISM with CNO- and s-processed elements from
which future generations of stars will be born. Consideration of the initial-final mass relation
for WDs (e.g. Williams 2007; Kalirai et al. 2008, and references therein) leads to the conclusion
that a PN progentor star may lose 50% to 80% of its mass during the RGB and AGB phases.

A minority of PN central stars are observed to have strongly hydrogen-deficient surface
compositions (Iben et al. 1983; Iben 1984), and are now subdivided into two main types. The
Wolf-Rayet central stars (e.g. Crowther, De Marco & Barlow 1998; Pena et al. 1998; Gérny &
Tylenda 2000; Gérny 2001; Acker & Neiner 2003) are observed to be still on the horizontal track
in the HR diagram, and show spectral features analogous to their massive Population I cousins
of the carbon sequence (i.e., strong emission lines of ionized helium, carbon and sometimes
oxygen). Others are typified by spectra showing absorption lines of highly ionized He, C, and
O. These are the PG 1159 stars, named after the prototype of the group: PG 1159-035 (see
Wesemael, Green & Liebert 1985; Quirion, Fontaine & Brassard 2007).

An evolutionary sequence from late-[WC] through early-[WC] (or [WO]) and PG 1159 stars
to non-DA white dwarfs is now generally accepted (e.g. Werner & Herwig 2006, and references
therein). The deficiency of surface hydrogen is likely caused by a (very) late thermal pulse
(VLTP) or an AGB final thermal pulse (Iben et al. 1983). This causes complete envelope



mixing with hydrogen being ingested and burned (Werner & Herwig 2006). Hence helium-shell
burning recommences and the star is transformed back into an AGB star. This is the so-called
“born-again” scenario (Herwig et al. 1999; De Marco 2002; Miller Bertolami et al. 2006;
Werner & Herwig 2006). For a contrary opinion on the production mechanism for H-deficient
stars, however, see De Marco (2008).

It turns out that about 20-25% of hot WD stars are H-deficient (e.g. Iben 1984; Althaus
et al. 2008), though a higher fraction, 33%, is found in the local sample near the Sun (Holberg
et al. 2008), which agrees with the fraction (26/88 or 30%) of PN central stars with known
spectral types within 2.0kpc (see §9.5). A recent catalogue of known hydrogen-deficient stars
is given by Jeffery et al. (1996), and further reviews are provided by Althaus et al. (2005),
Quirion, Fontaine & Brassard (2007) and Jeffery (2008). Evolutionary tracks of H-deficient
central stars have been described by Werner & Herwig (2006) and Miller Bertolami & Althaus
(2006, 2007).

Mention also needs to be made of the common-envelope (CE) ejection mechanism (e.g. Iben
& Tutukov 1993; Iben 2000) in the formation of PNe. Such PNe have close-binary central stars,
with periods typically of the order of days (e.g. Bond 2000; Bond & Livio 1990; De Marco 2006;
De Marco, Hillwig & Smith 2008) and are the precursors of cataclysmic variables (e.g. Hillwig,
Honeycutt & Robertson 2000), and potentially, Type Ia supernovae (e.g. Parthasarathy et al.
2007). Post-CE PNe are further discussed in §7.3.4.

1.3.1 The Interacting Stellar Winds (ISW) Model

As any cursory glance at the major PN imaging catalogues will reveal, PNe show a remarkably
diverse range of morphologies (see Chapter 4). The interacting stellar winds (ISW) model, first
proposed by Kwok, Purton & FitzGerald (1978; see also Kwok 1982; Balick 1987; Frank et
al. 1993; Mellema & Frank 1997; Dwarkadas & Balick 1998) has now been refined into the
general interacting stellar winds (GISW) model (e.g. Frank 1999; Kwok 2000). This GISW
model explains PN structural features as the result of a spherical high-velocity post-AGB wind
snow-plowing into the earlier, often-axisymmetric, AGB-superwind and shaping the nebular gas
into a shell-like, elliptical or bipolar morphology. An example of a typical multiple-shell PN,
NGC 2022, is illustrated in Figure 1.4.

The GISW model is now generally accepted in theory, but the range of observed PN mor-
phologies requires that the original AGB wind was in the majority of cases obviously non-
spherical. There is considerable debate at present regarding the mechanism needed to gener-
ate a strongly axisymmetric AGB wind. Proposed mechanisms include stellar rotation (e.g.
Dwarkadas 2004), binary companions (e.g. Soker 1998, 2002a), circumstellar disks (Kastner &
Weintraub 1995), magnetic fields (Garcia-Segura, Lépez & Franco 2005), or a combination of
several processes (Balick & Frank 2002).

Soker (1997) argues that a planetary nebula will have a bipolar morphology if the CS has a
close binary companion. However, PNe with bipolar morphologies are more concentrated to the
Galactic plane (Corradi & Schwarz 1995), with a smaller scale height than elliptical and round

PNe, suggesting that the mass of the progenitor star has a strong influence on the morphology
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Figure 1.4: The basic morphological features of a typical multiple-shell PN. Figure taken from Corradi
et al. (2003). The main structural features are labelled.

of the ejected PN (see §4.2). This would not be generally expected if binarity was the sole
factor producing a bipolar morphology, though see the counter-arguments of Soker (1997).
Furthermore, Soker & Subag (2005) have also argued that spherical PNe (akin to canonical
Stromgren spheres) are less likely to be detected due to their intrinsic faintness. This point will
be further discussed in Chapters 4 & 8.

1.4 The Spectra of PNe

The high temperature of most CS means the bulk of their photon flux is blueward of the Lyman
limit. Hence, the gaseous shell ejected from the CS is photoionized and emits an emission-line
spectrum. The main emission lines in the optical region are recombination lines of hydrogen and
helium (plus a few of the strongest lines of oxygen, nitrogen and carbon in bright, compact PNe),
with prominent optical emission from various collisionally-excited forbidden lines of heavier
elements such as O, N, S, Ne, and Ar. There is also a nebular continuum present (usually only
detected in PNe of higher surface-brightness) produced by recombination, two-photon emission,
and free-free-emission. Planetary nebulae show a diverse variety of optical spectra and have
spectral characteristics in common with symbiotic stars as well as with ordinary HII regions,
Wolf-Rayet shells, and some supernova remnants (also see §1.7).

PNe range from very low excitation objects like BD +30°3639 and He 2-131 (with strong
Balmer lines and [O 11] emission) surrounding relatively cool cores (Teg ~ 30,000 K) to higher
excitation objects where the archetypal pair of [O 111 lines at A\ 4959,5007A are the dominant
emission lines in the optical spectrum. There are also very high-excitation PNe such as NGC 246
and NGC 4361 (e.g. Kaler 1981), where Helt A4686 emission is stronger than Hf3, and the relative
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strength of the [O 111] A4363 line indicates a high electron temperature. These PNe also show
strong [Ne V] lines and generally have little or no trace of low-ionization species such as [O 11],
[N11], and [S11]. Fluorescent lines of O1r and NIII are sometimes seen in the highest-excitation
PNe. Other PNe of high excitation belong to the bipolar class, but in these examples a wide
range of excitation states are often seen, from [O 1] to [Ne v]. Such PNe are often optically thick
(Jacoby & Kaler 1989; Kaler & Jacoby 1989) and are often seen to have extensive molecular
envelopes (e.g. Zuckerman & Gatley 1988; Kastner et al. 1996). Furthermore, these objects
(e.g. NGC 2440 and NGC 6302) likely have very large density gradients between the central
torus and the bipolar lobes, in order to explain the large range in ionization states.

Abundance variations can have a profound effect on the optical spectrum of a PN. Greig
(1967, 1971) first drew attention to the correlation between certain PN morphologies, nebular
excitation and chemistry, noting that some binuclear (now called bipolar) PNe usually had very
strong [O11] and especially [N11] lines. In some cases, the [N11] lines for Type I PNe can be
several times the strength of Ha (Corradi et al. 1997; Frew, Parker & Russeil 2006). Peimbert
(1978) and Peimbert & Serrano (1980) defined ‘Type I’ PNe as those with N(He)/N(H) > 0.14
or log(N/O) > 0. Kingsburgh & Barlow (1994) have formalised the definition of a Type I PN
(see §9.3.6), which for present purposes corresponds to log(N/O) > —0.1. The spectrosocopic
data, abundances and proportion of Type I PNe in the solar neighbourhood sample will be
presented and discussed in more detail in Chapter 5.

In the great majority of PNe, the [O 111] doublet lines are the strongest in the optical spectrum
(after dereddening). The spectrum of M 1-57, a typical middle-aged PN, is shown in Figure 1.5,
which can be compared with two more examples in Figure 1.13. To help elucidate the wide
variety of spectral signatures seen in PNe, the concept of the Excitation Class (EC) has been
introduced (e.g. Page 1942; Aller 1956; Feast 1968; Gurzadyan 1970, 1988; Webster 1975;
Gurzadyan & Egikyan 1991). Primarily the EC is a direct proxy for the temperature of the CS,
but the EC is also influenced by a number of second-order effects: the abundances of He, O and
Ne (depending on the line species used in the definition), the stellar luminosity (manifested as
the ionization parameter), and the optical depth of the PN (which reflects the size and density
of the PN shell).

The most widely used of the earlier schemes was that of Aller (1956). His definition is a
semi-quantitative measure of the excitation of the PN, on a scale of 1 to 10, and used the relative
line strengths of [O11] A3727 and [O 111] A4959, relative to HA, and for high-excitation nebulae,
the strengths of Hell A\4686 and [Nev] A3426. Even though the 3426/Hf ratio is a powerful
diagnostic at highter temperatures, much of the spectrophotometric data in the literature does
not extend far enough to the blue to record the [NeV] line, especially for the fainter PNe, so
this scheme is somewhat compromised for the current study.

More recently, Dopita & Meatheringham (1990) have introduced the decimal excitation
class, and give two equations depending on whether HelIl emssion is detectable. They took
this approach as the EC defined by the earlier workers was a discrete variable. Dopita &
Meatheringham’s approach considers EC as a continuous variable, which can be related to

other PN parameters in a more formal way (see Chapter 9).
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1.5 Detection Techniques for PNe

As befits the large range in apparent size, integrated magnitude, surface brightness, coherence,

and excitation class shown by individual PNe, a large and diverse range of detection methods

has been used in their discovery. These various methods are summarised below, separated on

the basis of the detector/technique used.

1. Visual discoveries:

Some of the brightest and best-known PNe were found at the eyepiece by pioneering

observers like Charles Messier, Pierre Mechain, and the Herschels, William and John (see

section 1.1), and classified as PNe purely on morphological grounds. These were followed

by later discoveries of more compact objects (e.g. Webb 1879; Barnard 1892; Espin 1907;
Jonckheere 1913, 1916) and PNe of somewhat lower surface brightness (e.g. Gale 1896).

2. Spectroscopic Techniques:

(a)

(b)

Spectroscopic surveys conducted visually with a direct-vision prism in the optical
train of the telescope (e.g. Pickering 1880, 1882; Copeland 1884a, b), leading to the

discovery of several very compact (near stellar) PNe.

Spectroscopic discoveries made from objective-prism plates. The pioneering work by
E.C. Pickering and Williamina Fleming was a by-product of the Henry Draper (HD)
catalogue at Harvard Observatory from 1891 onwards, later continued by Annie Can-
non and Margaret Mayall (see Hearnshaw 1986). The middle decades of the twentieth
century provided a vast increase in the number of new PNe as photographic surveys
reached greater depth, typified, for example, by the work of Hubble (1921), Huma-
son (1921), Merrill (1942), Vyssotsky (1942), Minkowski (1946, 1947, 1948), Haro
(1952), Perek (1960), Henize (1961, 1967), The (1964), Nassau, Stephenson & Capri-
oli (1964), Kohoutek (1965, 1969, 1972), Wray (1966), Stock & Wroblewski (1972),
Sanduleak & Stephenson (1972), Stenholm (1975) and Sanduleak (1975, 1976).

This technique has been particularly applicable to the Galactic Bulge, which contains
large numbers of compact, relatively high-surface brightness PNe (see Kohoutek 1994,
2002). References to a number of additional papers that utilized this technique can
be found in Acker et al. (1983, 1992, 1996).

Targeted long-slit spectroscopy around hot white dwarfs and subdwarfs (e.g. Méndez
et al. 1988c). The serendipitous discovery of the putative PN Hewett 1 (Hewett et al.
2003) from Sloan Digital Sky Survey (SDSS) spectra is also noted, though its status
as a PN is unlikely (see Chapter 8). Spectroscopy is, of course, the primary technique

used to confirm the nature of PN candidates discovered from other methods.

3. Photographic plates and films:

(a)

Discoveries from visual inspection of broadband photographic plates. The earliest

discoveries were mostly serendipitous (e.g. Curtis 1919; Menzel 1922; Baade 1935;
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Shapley 1936; Jones & Emberson 1939; Miller & van Dien 1949a,b; see also Barbieri
& Sulentic 1977). However, since the 1950s, there have been more systematic surveys
utilizing large-format Schmidt telescope plates. Numerous discoveries (especially of
old faint PNe) came from the Palomar Observatory Sky Survey (POSS) plates (e.g.
Abell 1955, 1966; Vorontsov-Vel’'yaminov 1961a; Kohoutek 1962, 1963, 1964, 1971;
Ellis, Grayson & Bond 1984). Numerous discoveries in the southern hemisphere came
from plates taken with the UK Schmidt and ESO Schmidt telescopes (e.g. Blaauw,
Danziger & Schuster 1975; Schuster & West 1976; Longmore 1977; Kohoutek 1977;
Longmore & Tritton 1980; Lauberts 1982; Hartl & Tritton 1983, 1985; see also
Cappellaro et al. 2001).

By the close of the 20th century, the longest-running discovery program was that
of the ‘Innsbruck’ group (e.g. Weinberger 1977; Purgathofer & Weinberger 1980;
Dengel et al. 1980; Saurer & Weinberger 1987; Melmer & Weinberger 1990; Kerber
et al. 1994; Kerber & Weinberger 1995; Kerber, Lercher & Weinberger 1996; Kerber
et al. 1998, 2000a) who found ~130 new (mostly evolved) PNe in both the northern
and southern sky as a result of painstaking visual scrutiny of large numbers of POSS I
and ESO/SERC UKST Schmidt plates and films. Additional faint PNe have been
found from POSS II plates (e.g. Ali & Pfleiderer 1997), while Whiting, Hau & Irwin
(2002) and Whiting et al. (2007) found several PNe in a search for dwarf galaxies
from the POSS II and ESO/SERC surveys.

In addition, PNe have been discovered directly from Digitized Sky Survey (DSS)
digital images (e.g. Bond et al. 2003), including nearly 70 candidates found from
systematic visual scans conducted by several amateur astronomers (e.g. Kronberger
et al. 2006; Teutsch, pers. comm., 2006, 2007; Kronberger pers. comm., 2007; Jacoby
et al. 2008). These recent finds hint that there are still numerous faint PNe remaining
to be discovered on broadband surveys outside the zones covered by the AAO/UKST
Ha Survey and the Isaac Newton Telescope Photometric Ha Survey (IPHAS, see
Chapter 2). It should be reiterated that spectroscopy or spectrophotometry has

been generally used to confirm the PN candidates found on these surveys.

Discoveries from direct inspection of narrowband (including interference-filter) photo-
graphic plates such as the six new evolved PNe announced by Weinberger & Sabbadin
(1981). Heckathorn et al. (1982) and Fesen et al. (1983) added three more candi-
dates from plates taken as part of the emission-line survey of Parker et al. (1979).
In addition, a few true PNe were found on plates taken by Gum (1955), Hase &
Shajn (1955), Johnson (1955), and Rodgers, Campbell & Whiteoak (1960) — these
medium-band surveys were primarily for HII regions and diffuse Ha emission.

Recently there have been the numerous discoveries from narrowband AAO/ UKST
Ha Survey films by Parker et al. (2001b, 2003, 2006a), on which much of this
thesis is based (see Chapter 2). The recently published Macquarie/AAQO/Strasbourg
Ha (MASH) Catalogue of Galactic PNe (Parker et al. 2006a), contains 903 true,
likely and possible PNe discovered solely from the Anglo-Australian Observatory UK
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Schmidt Telescope (AAO/UKST) Ha survey of the Southern Galactic plane (Parker
et al. 2005a). The MASH catalogue represents the largest ever incremental increase
in Galactic PN numbers, and has increased the number of known Galactic PNe by
~60%, revolutionising their statistics. This catalogue has recently been supplemented
by the MASH-II catalogue, which contains 335 objects (Miszalski et al. 2008; see
Chapter 2).

Image comparison techniques (subtraction or quotient imaging) applied to digitized
photographic survey plates and films. Sabbadin (1986), Cappellaro et al. (1990,
1994) and Turatto et al. (1990) have found new PNe by comparing digitized POSS
red with infrared plates of the Palomar Near-Infrared Photographic Survey (PNIPS).
Peyaud et al. (2003) have discovered numerous bulge PNe from difference imaging of
digitized SHS data scanned from AAO/UKST Ha and short-red (SR) films as part of
the MASH project (see also Peyaud et al. 2004; Peyaud 2005). Birkby et al. (2007)
and Miszalski et al. (2008) searched the remainder of the SHS data in the same way.
Pierce (2005) and Miszalski et al. (2008) have also mined the AAO/UKST digital

data for PNe on a number of SHS fields by investigating colour-colour plots.

4. Optical CCD Imagery:

(a)

Discoveries from direct inspection of narrow-band CCD survey imagery. For example,
many large, highly evolved candidates (Corradi et al. 2005; Sabin 2007, pers. comm.)
have so far been discovered on IPHAS Ha mosaics (see Drew et al. 2005). It should
be noted that prior to IPHAS, only small areas of the sky have been surveyed in this
way (see the next point). A catalogue of new PN candidates found from IPHAS is in
preparation (see Corradi et al. 2005, and §2.6) while a couple of individual objects
have already warranted separate publication (Mampaso et al. 2005, 2006).

Comparison of deep on-band and off-band CCD imaging (Beaulieu, Dopita & Free-
man 1999; Boumis et al. 2003, 2006) which has also been used successfully by Jacoby
and co-workers for the discovery of numerous extragalactic PNe (e.g. Jacoby et al.
1990; Jacoby & de Marco 2002; Ciardullo et al. 2002, and references therein). The
present author has found a number of emission nebulae, including some PN candi-
dates (see Frew, Madsen & Parker 2006, and Chapter 2), on continuum-subtracted
images from the Southern Ha Sky Survey Atlas (SHASSA; Gaustad et al. 2001)
and the Virginia Tech Spectral line Survey (VTSS; Dennison, Simonetti & Topasna
1998). Additionally, the IPHAS consortium (see Chapter 2 and Drew et al. 2005)
has discovered numerous compact PNe (Viironen et al. 2006; Viironen 2007; Corradi

et al., in preparation) using colour-colour plots.

Targeted CCD imaging around hot pre-white dwarfs and subdwarfs (Motch et al.
1993; Appleton et al. 1993; Tweedy & Kwitter 1994; Jacoby & Van de Steene 1995;
Liebert et al. 1995). Details on a targeted search using SHASSA and VTSS images

are given in Chapter 2.
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5. Discoveries at non-optical wavelengths:

Search techniques at infrared and longer wavelengths have the advantage of avoiding the
worst effects of interstellar extinction, and are a very useful adjunct to the various optical

methods, especially close to the Galacic plane.

(a) New PNe selected from IRAS colours, followed by radio, IR or optical (imaging
and/or spectroscopic) confirmation (Pottasch et al. 1988; Ratag et al. 1990; Ratag
& Pottash 1991; Van de Steene & Pottasch 1993, 1995; Van de Steene, Jacoby
& Pottasch 1996; Van de Steene, Sahu, & Pottasch 1996; Garcia-Lario et al. 1997;
Beer & Vaughan 1999; Suérez et al. 2006). However, there is always a question mark
over these PN candidates until confirmatory spectra and high-resolution optical /NIR
or radio images are obtained. Kistiakowsky and Helfand (1995) used [S111] A9532
imagery to confirm candidate PNe selected from radio surveys using IRAS colour-

colour plots.

(b) Comparison of deep on-band and off-band CCD imaging in the near IR. Recently,
Jacoby & Van de Steene (2004) have conducted an on-/off-band CCD survey of a
4 x 4 degree region of the Galactic bulge in the light of [S111] A9532 which has the
benefit of detecting extremely reddened PNe. They disovered 94 candidate PNe of
which 63 were spectroscopically confirmed. Shiode et al. (2006) are currently using
the 1.8-m Perkins Telescope to conduct a pilot [S111] imaging survey of the Galactic

plane, searching for new PNe. Significant numbers of PNe are expected to be found.

(c) Discoveries of very heavily reddened PNe at mid-infrared wavelengths with the
Spitzer Space Telescope (SST) (e.g. Cohen et al. 2005; Kwok et al. 2006).

(d) General surveys at radio wavelengths (e.g. Wouterloot & Dekker 1979)

Methods (2b) and (3) have led to the greatest number of PN discoveries, in the bulge and
disk respectively, but in general, the majority to date of highly-evolved planetary nebulae have
been found by methods (3a), (3b), (3c) and (4a) above. It should also be noted that a handful
of recent PNe discoveries have resulted from the re-appraisal of objects previously catalogued
as HII regions from earlier survey work (e.g. Arkhipova & Lozinskaya 1978; Fesen, Blair &
Gull 1981; Fesen, Gull & Heckathorn 1983; Napiwotzki & Schonberner 1993; Frew 1997; Frew,
Parker & Russeil 2006).

1.6 Catalogues of PNe

While the NGC and IC catalogues included most of the brightest members of the class, the first
essentially accurate compilation of PNe was by Curtis (1918) who used both spectroscopic and
morphological criteria. Illustrations (based on detailed photographs) of 78 individual PNe were
also provided in the monograph. Only one object (the Crab Nebula, M 1, a well known SNR)
was erroneously included and questionably so, by Curtis. He also undertook a spectroscopic
survey of an additional sample of candidate nebulae from the NGC and IC in order to find new
PNe, stating:
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The fact that but one object [NGC 7139] out of seventy-nine small nebulae has proved to
be of the planetary type would further support the view that no very great increase in the

proportion of planetary nebulae is to be expected from future surveys.

This vastly incorrect prediction should not prejudice the reader against the otherwise excel-
lent standard of Curtis’s pioneering paper.

The next working PN catalogue was that of Vorontsov-Velyaminov (1934). His General
Catalogue of Planetary Nebulae included 131 PNe.® The next important compilation was the
work of Minkowski (1950) who included a total of 371 PNe, with many of the new objects
found by Minkowski himself. The considerable increase in numbers of PNe was a result of the
objective-prism surveys which were then being undertaken.

A seminal catalogue of PNe was compiled by Perek & Kohoutek (1967). Their Catalogue of
Galactic Planetary Nebulae (CGPN or the ‘PK Catalogue’) included 1036 PNe, discovered up
to the beginning of 1965. Following its publication, six supplements outlining new discoveries
and misclassified PNe (Kohoutek 1978, 1983, 1989, 1992, 1997b, 2000) were incorporated into
the new Version 2000 of the Catalogue of Galactic Planetary Nebulae (Kohoutek 2001). As
Kohoutek has emphasised, over 90% of known PNe have been discovered since 1945. This
catalogue also includes a table of 334 pre-PNe and a list of 86 possible ‘post-PNe’.

The Catalogue of Central Stars of true and possible Planetary Nebulae (Acker et al. 1982)
included data on the 460 central stars known at that time, and this was followed by the Index
and Cross-identification of Planetary Nebulae (Acker et al. 1983) which included information on
1518 PNe, including probable, possible and misclassified objects. This led eventually to the pub-
lication of the important Strasbourg-ESO Catalogue of Galactic Planetary Nebulae (SECGPN;
Acker et al. 1992) and its First Supplement (Acker et al. 1996). A compilation of the most
important catalogues of planetary nebulae in chronological order is given in Table 1.1.

Since these important compilations have been published, there have been significant new
discoveries of PNe. The most important contribution is the MASH catalogue (Parker et al.
2006a) which represents the largest incremental increase in Galactic PN numbers to date. A
key strength of the catalogue is that the new PNe have all been discovered from the same
uniform, observational data, the AAO/UKST Ha Survey (Parker et al. 2005a). MASH PNe
are typically more evolved, obscured, and of lower surface brightness than those found in most
previous surveys (Parker et al. 2006a). MASH contains 578 true PNe (64% of the total), 186
likely PNe (21%) and 139 possible PNe (15%). The catalogue is described in more detail in
Chapter 2, and the reader is also referred to the conference proceedings of Parker et al. (2003,
2005b, 2006b) and the preliminary CD-ROM (Parker et al. 2001b) for additional information.

The total number of true, likely and possible PNe known is currently around 3200, including
the discoveries from the MASH Catalogue, new confirmed PNe found in the MASH-II supple-
ment (Miszalski et al. 2008), the initial discoveries from the IPHAS survey (see Chapter 2),
plus some new faint PNe found as part of the ongoing ‘Deep Sky Hunters’ project (Kronberger
et al. 2006, Jacoby et al. 2008).

8Note that the SIMBAD database erroneously lists this first catalogue as having 288 objects. Later editions
(Vorontsov-Velyaminov 1948, 1962) included 288 and 591 PNe respectively.
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Table 1.1: Catalogues of planetary nebulae

Author Year No. of PNe
Pickering 1880 50*
Curtis 1918 788
Vorontsov-Vel’yaminov 1934 131
Vorontsov-Vel’yaminov 1948 288
Minkowski 1950 371
Vorontsov-Vel’yaminov 1962 591
Perek & Kohoutek (CGPN) 1967 1036
Acker et al. (SECGPN) 1992 1143%
Acker et al. (SECGPN, 1st suppl.) 1996 13854
Kohoutek (CGPN 2000) 2001 1510
Parker et al. (MASH) 2006 903*
Miszalski et al. (MASH-II) 2008 335*
Viironen et al. (IPHAS) 2007 4009

* No details provided

§ Excludes southern PNe

T Another 347 objects were listed as possible PNe

 The total here refers to the 242 true PN in the first supplement added to the total in Acker et al. (1992).
The supplement includes another 142 possible PNe. Note that the SECGPN and its supplement and the CGPN
contain essentially the same objects.

* The MASH and MASH-II catalogues contain newly discovered (true, likely or possible) and newly confirmed
PNe only.

® Unpublished list of candidate PNe. A program of spectroscopic confirmation is in progress.
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1.7 PN Mimics

For one reason or another a huge range of different astrophysical objects have turned up in
published catalogues of planetary nebulae. Similarly, PNe have been found lurking in lists of
HII regions, reflection nebulae, and low-surface brightness galaxies, and even three candidate
Galactic globular clusters have turned out to be PNe after spectroscopic analysis (Bica et al.
1995; Parker et al. 2006a).

Many PNe have been classified in the past using one criterion only. Either the emphasis was
placed on morphology (for PNe discovered from photographic plates or CCD images) or on the
object having a PN-like spectrum (for those found spectroscopically). As an example, figure 1.6
shows a bipolar PN and a symbiotic nebula with remarkably similar morphologies, so the po-
tential for contaminants to appear in the various catalogues of PNe is high. Along with Q.A.
Parker, the present writer has spent a good deal of time examining in detail most of the >1200
MASH PN candidates (and some of the MASH-II candidates) using a multiwavelength approach
to reject non-PNe (see Parker et al. 2006a and Miszalski et al. 2008, for additional details).
Furthermore, several known objects currently accepted as PNe in the literature have been shown
herein to be ionized Stromgren zones in the ISM. Detailed multi-wavelength investigations of
nearby examples of such nebulae (and their ionizing stars) will be found in Chapter 8.

Since a key science driver of this thesis is the definition of a cleaned, bias-free ‘solar neigh-
bourhood’ PN sample for further detailed studies (see Chapter 9), it is germane to consider
the nature of PN mimics (e.g. Kohoutek 1983; Acker et al. 1987) in some detail. Hence, for

convenience, a review is given here, greatly extended from the work of Kohoutek (1983):

1. Emission-line stars. A wide range of stars with emission lines have been discovered over
the years from objective-prism surveys. As a result, many of these objects (collectively
regarded as point-source emitters, in the context of this thesis) have been misinterpreted
as compact and ‘stellar’ PNe in previous catalogues. Lists of emission-line stars in PN
catalogues have been given by Allen (1973) and Acker et al. (1987), and a more recent
discussion is provided by Pierce (2005). Emission-line stars are generally not a PN con-
taminant in the solar neighbourhood, but are described here for completeness, subdivided

into the main classes.

(a) Symbiotic stars. The traditional definition encompasses those objects that show
a composite spectrum with emission lines of HI and Hel (and often [O 111] and
Hell) present in conjunction with an absorption spectrum of a late-type (K, M, S, or
carbon) giant star (e.g. Kenyon 1986). In reality, they show a wide variety of spectral
characteristics (see Munari & Zwitter 2002, and figure 1.7). Symbiotic systems are
usually subdivided into S-type systems which contain a normal (stellar) red giant
which dominates the near-IR colours, and D-type systems where the central binary
contains a Mira and the IR colours indicate the presence of dust. Symbiotic systems
generally can be weeded out from PNe using near-IR photometric colours, and in

optical spectra, the presence of a red continuum and/or strong [O 111] A4363 relative
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Figure 1.6: Images showing the difficulty of PN classification. Here are two objects that are very similar
morphologically. The top panel shows NGC 6537, a strongly bipolar Type I PN with a faint and very
hot CS. The bottom panel shows the bipolar symbiotic outflow He 2-104, ejected from a binary system
consisting of a WD and a cool Mira star. Strong bipolarity is also found in the nebulae around massive
stars, such as the Homunculus around 1 Carinae and the hourglass nebula around Supernova 1987A.
[Image credits: NGC 6537, G. Mellema et al., HST, ESA, NASA; He 2-104: R. Corradi et al., TAC,
STScl, NASA].
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to A5007 in higher-excitation objects. Symbiotic stars are generally much denser
than even the youngest PNe. Gutiérrrez-Moreno (1988) and Gutiérrrez-Moreno,
Moreno & Cortés (1995) have used the [O111] A4363/A5007 ratio to separate PNe
from symbiotics. This ratio is a good temperature indicator at densities typical of
PNe, and a good density indicator at the densities characteristic of symbiotic stars.
Therefore, diagnostic diagrams using emission-line intensities (Gutiérrrez-Moreno,
Moreno & Cortés 1995, see Figure 1.8; Feibelman & Aller 1987) or optical and
near-IR colours (e.g. Schmeja & Kimeswenger 2001; Ramos-Larios & Phillips 2005;
Corradi et al. 2008; figures 1.9 and 1.10) are of great utility to help differentiate
PNe from symbiotic stars. Raman-scattered OVI emission lines at AA6825, 7082A
are also a useful disgnostic for symbiotic stars when visible (Schmid 1989, 1992).
Catalogues of symbiotic stars have been presented by Allen (1984) and Belczyniski
et al. (2000), and they are the most common PN contaminant in the Galactic bulge
(e.g. Acker et al. 1987). Corradi et al. (2008) have utilised a method of selecting
candidate symbiotic stars by combining IPHAS and near-IR (2MASS) colours, which
helps to differentiate symbiotic stars from both normal stars and other Ha point-
source emitters, incuding compact PNe (see figure 1.10). An important new catalogue
of 1183 candidates has been presented by them. A few yellow symbiotics with F- or
G-type spectra are also known; M 1-2 (V471 Per; O’Dell 1966; Siviero et al. 2007),
Cn1-1 (HDE 330036; Lutz 1984; Munari & Zwitter 2002; Pereira, Smith & Cunha
2005, and figure 1.7) and PC 11 (HD 149427; Gutiérrez-Moreno & Moreno 1998;
Munari & Zwitter 2002) have been catalogued as ‘stellar’ PNe in the past.

Note that resolved symbiotic outflows often show close morphological similarity to

PNe, as illustrated in Figure 1.6, and are described in more detail below.

Be and Ble] stars. Be stars are B-type main-sequence, subgiant or giant stars with
prominent Balmer emission. The bright lines are generated in a circumstellar disk
or envelope, due to rapid rotation or the influence of a magnetic field or a binary
companion. Ble] stars are supergiants which have additional emission lines of species
such as Fe 11, [Fe 11], [O 11] and [S 11], and occasionally P-Cygni absorption profiles.
The Ble] stars are not a homogenous class of objects, and several appear to have
large nebular shells associated (e.g. Marston & McCollum 2006). Curiously, the
peculiar Ble] star He 2-90 has features in common with PNe, as it is surrounded by
an extended bipolar nebula. Its evolutionary state is uncertain, but is a possibly a
post-AGB object or PPN (see Sahai et al. 2002; Kraus et al. 2005).

Wolf-Rayet stars. Wolf-Rayet (WR) stars are hot, evolved, massive stars with ex-
ceptionally strong stellar winds that have caused the loss of their hydrogen envelopes,
leaving their helium cores exposed. The high mass-loss rates give rise to very broad
emission lines of helium, carbon, nitrogen and oxygen. The ejecta nebulae and wind-
blown bubbles surrounding Wolf-Rayets have occasionally been confused with PNe
(see below). The stars themselves are also potential PN mimics, but the width of

the lines is usually enough to differentiate them from PNe on spectra of adequate
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Figure 1.7: Spectra of the symbiotic stars H 1-25 (top), H 1-36, H 2-38, and the yellow symbiotic Cn 1-1
(HDE 330036) from Munari & Zwitter (2002) showing the variety present in the group.
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Figure 1.9: A diagnostic, reddening-corrected IJK two-colour diagram for PNe and symbiotic stars
using DENIS data, taken from Schmeja & Kimeswenger (2001). The figure plots bona fide PNe (open
circles), bipolar PNe without symbiotic features (filled circles), symbiotic Miras classed in the literature
as PNe (filled squares), symbiotic Miras not classed as PNe (open triangles) and suspected symbiotic
Miras (open squares). The stellar main sequence (solid line) and giant sequence (dotted line) are given
as well as the regions of Miras and semi-regular variables (dashed and dotted boxes, respectively).
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dispersion (e.g. Stenholm 1975). There are two spectral subclasses: WN stars, which
have broad emission lines of helium and nitrogen, and WC stars, which show broad
helium, carbon and oxygen lines. Wolf-Rayet features are present in the central stars
of some PNe and are denoted [WR] to differentiate them from their Population I
cousins. Almost all belong to the [WC]/[WO] sequence except for the rare [WN] ob-
jects N66 in the LMC (Pena et al. 2004) and PM 5 (PHR 1619-4914) in the Galaxy
(Morgan, Parker & Cohen 2003). However, further work is needed to completely rule
out the possibility that this latter object is a Pop I WR ring nebula.

Luminous blue variables (LBVs). These bright variable hypergiants display rich
emission-line spectra from H, He and a number of permitted and forbidden metal
species. These lines help to differentiate them from other emission-line stars and
stellar-appearing PNe. For a review of LBVs, see Humphreys & Davidson (1994).

Examples of LBV ejecta nebulae are discussed further below.

Pre-main sequence emission objects, including T Tauri stars (Joy 1945), Herbig
Ae/Be stars (Finkenzeller & Mundt 1984) and (compact) Herbig-Haro objects. Many
HAeBe stars have rather similar spectra to the Ble| stars and are associated with

regions of star formation, which can be used to ascertain their true nature.

Cataclysmic variable stars (CVs). This large class of variable stars includes
classical and recurrent novae, nova-like variables and dwarf novae. CVs are semi-
detached binaries in which a white dwarf star is accreting material from a close,
Roche lobe-filling companion, usually a main sequence G-, K- or M-type star.

Importantly, erupting novae in the ‘nebular’ phase show strong Balmer and [O 111]

emission and have been confused in the past with ‘stellar’ PNe on objective-prism
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plates. There are even three or four old novae in the NGC/IC catalogues (e.g.
IC 4544 = IL Normae and IC4816 = V1059 Sgr), erroneously classified as ‘gaseous
nebulae’. Curiously two objects discovered by Fleming (1895), IC 2189 and IC 2206
(see Dreyer 1908), have no known counterparts and it will be interesting to conduct a
search for possible old nova candidates at the precessed IC positions. Contaminating
novae have also been found in recent CCD surveys for PNe in the Magellanic Clouds
(Jacoby 2006). Resolved nova shells and related objects are discussed in more detail

below.

2. Late-type stars. On small-scale objective prism plates, the spectra of ordinary late-type
(M-type) giant stars can present apparent ‘emission’ near Ha due to the relative bright-
ness of the red continuum around 6600A compared to the deep absorption dips from TiO
band-heads at adjacent wavelengths. Several M-type stars were present in the CGPN
(Perek & Kohoutek 1967). This property of M-stars has also led to contamination of
candidate PN samples defined via Ha — R versus R plots obtained from SuperCOSMOS
IAM data (see Pierce 2005; Parker et al. 2005a) and in SHS quotient imaging and digital
Bj;/SR/Ha composite images (Miszalski et al. 2008; Parker et al., in preparation). In-
cluding IR photometry in the analysis is of great benefit in such cases. Many Mira-type
variables can have intrinsic Balmer emission (classed as Me and Se stars), which may
lead to misclassification as compact VLE PNe on poor-quality spectra, leading to further
confusion (see Kohoutek 1983; Pierce 2005). In addition, variable stars can be confused
as PN candidates in techniques which use on-band/off-band image subtraction or blink-
ing. This can occur if the exposures are not contemporaneous and the star has changed

brightness between exposures (e.g. Jacoby 2006, Reid 2007).
3. HII regions.

(a) Compact HII regions. A number of compact HII regions have been picked up
by the numerous objective-prism surveys over the years, with many of the higher
excitation objects being misidentified as PNe (see figure 1.13). These compact HII
regions form an important contaminant which have been removed from the MASH
survey (see Parker et al. 2006a). Other examples of compact HII regions formerly
classified as PNe include He 2-77 (Caswell & Haynes 1987), Abell77 = Sh2-128
(Mampaso et al. 1984; Bohigas 2003; and see figure 1.12), We 1-12 (Kimeswenger
1998) and Wray 16-185 (Acker et al. 1987; Ogura & Noumaru 1994; Gyulbadaghian
et al. 2004; Roman-Lopes & Abraham 2006).

Certain compact HII regions show a distinct cometary or bipolar form, e.g. Sh 2-106
and Sh2-201 (Mampaso et al. 1987), and overlap with cometary reflection nebulae
and bipolar PNe morphologically (see also Calvet & Cohen 1978, and Rodriguez
1992). NGC 2579 is an interesting case: this compact HII region has also been
classified as a planetary nebula (=Ns 238; Nordstrom 1975; Schwarz, Corradi &
Melnick 1992), a cometary nebula (Parsamyan & Petrosyan 1979) and an ordinary
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Figure 1.11: Images of various PN mimics, adapted from DSS and SHS images Top: (L): NGC 6164/65,
a bipolar ejecta nebula around the Of star HD 148937 (B image, 10’ wide). (R): Wolf-Rayet ejecta
nebula RCW 58 (Ha image, 10"). Middle: (L): A faint interacting shell around the Wolf-Rayet star
WR 16 (Ha image, 10"). (R) A newly discovered WR shell, PCG 11 (Ha image, 5'). Bottom: (L): The
true PN PHR 1424-5138 as a comparison object. Note the bright CS relative to the faint nebular surface
brightness (Ha image, 5'). (R): The old nova shell around GK Persei (Rp image, 5).
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Figure 1.12: Top: (L): Abell 77 (Sh 2-128), a compact HII region (Rp image, 5’ wide). (R): The low-
surface brightness HII region, vBe 1 (Ha image, 10"). Middle: (L): Bipolar symbiotic outflow, He 2-104
(Ha image, 5'). (R) Longmore 14, a reflection nebula (B; image, 5'). Bottom: (L): PHR 0818-4728, a
compact knot in the Vela SNR (Ha image, 5'). (R): Blue compact galaxy He 2-10 (Rp image, 5).
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reflection nebula in the past (see the discussion by Copetti et al. 2007). The peculiar
nebula M 1-78 (Puche et al. 1988; Gussie 1995) is now interpreted as a compact HII
region contaminated by N-rich ejecta from a Wolf-Rayet star (Martin-Hernandez
et al. 2008). Additional misclassified HII regions are discussed by Rubin (1970),
Glushkov et al. (1974), Felli & Perinotto (1974) and Acker et al. (1987).

In general, consideration of the nebular spectral features, radio fluxes, environment,
and near- and mid-IR characteristics (including any embedded sources) is usually
enough to differentiate between PNe and compact HII regions. Compact HII regions
in external galaxies can also be confused with PNe, but generally appear more ex-
tended (if not too distant), are of lower ionization, and usually show strong continua
from embedded OB stars (Jacoby 2006).

Diffuse HII regions. In the course of this work, a number of symmetrical, round,
low-surface brightness nebulae were initially suspected to be PNe in the MASH work-
ing list. Spectra have shown most of them to be HII regions around OB stars,
confirmed where possible by comparing optical images with Mid-course Space eX-
periment (MSX) imagery/data (see Cohen & Parker 2003) and IRAS maps. HII
regions (and young stellar objects) that have extensive amounts of warm dust show
strong MIR emssion especially at 8.3um and 21.3um as seen in MSX data (Cohen
& Parker 2003). Conversely, only 10-20% of bona fide PNe show detectable MIR
emission, and most of these are fairly compact and of high surface brightness in
Ha. Other nebulae in the MASH list are assumed to be HII regions due to their
association with known star-forming complexes, molecular clouds, and neighbouring
emission and reflection nebulosities. Several contaminants in MASH were removed
based on Spitzer GLIMPSE Survey data in the zone |b| <1° (see Cohen et al. 2007).
One object from the literature that has had particular difficulty in classification is
the faint HII region vBel = G339.2 — 0.4 (Murdin Clark & Haynes 1979; Shaver
et al. 1980; Rosado 1986) due to its vaguely PN-like morphology. Further details
on this object are provided in §8.17 and it is illustrated in figure 1.12. In general,
diagnostic diagrams using a range of emission-line intensities are of great utility
in differentiating HII regions from PNe (e.g. Sabbadin, Minello & Bianchini 1977;
Canto 1981; Kennicutt et al. 2000; Riesgo-Tirado & Lépez 2002; Riesgo & Lépez
2006; Kniazev, Pustilnik & Zucker 2008).

As a caveat however, a slit spectrum of the peculiar high-latitude ‘planetary nebula’
around the sdOB star PHL 932 shows strong Balmer lines, only weak [N 11] and
almost undetectable [O 111] emission, and is practically indistinguishable from spectra
of these aforementioned H 11 regions. Some MASH objects may therefore turn out to
be ‘PHL 932-type’ nebulae, which are very likely Stromgren zones in the ISM around
hot subdwarfs and white dwarfs (see Chapter 8).

In fact, it is shown that several large, nearby nebulae currently accepted as PNe are
also just Stromgren zones in the ISM, each one ionized by a hot pre-white dwarf or
subdwarf. For example, the classification as PNe of Abell 35 (e.g. Jacoby 1981),
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Hewett 1 (Hewett et al. 2003), DeHt5, Sh2-68, Sh2-174 (Tweedy & Napiwotzki
1994), RE J1738+665 (Tweedy & Kwitter 1994), and PG 0108+101 (Reynolds 1987),
amongst others, is unlikely (see Frew & Parker 2006; Madsen et al. 2006). These
nebulae, plus others, are discussed in Chapter 8. Demonstrated Strémgren spheres
around hot ‘naked’ low-mass stars do exist, such as the large, extremely low sur-
face brightness nebula around the subdwarf star PHL 6783 (Haffner 2001). Several
optically-thin PNe also have faint surrounding haloes which are almost certainly ion-
ized ISM; e.g. Abell 36 and Abell15 (McCullough et al. 2001), NGC 246 (Haffner
2001) and Sh 2-200 (Madsen et al. 2006; Frew & Madsen 2008, in preparation, and
§4.2.2). NGC 6751 (Chu et al. 1991) is a more distant example of a PN ionizing the
surrounding ISM.

Mention should also be made of so-called ‘lazy PNe’, with low-mass, slowly-evolving
central stars. Such nebulae may have expanded to large diameters (with consequent
low surface brightness) before their CS have reached a sufficient temperature to
ionize the AGB wind. Such nebulae would show up as faint diffuse objects primarily
emitting in Ha and may not show an obviously PN-like morphology (i.e lack of a
well defined rim), due to the late onset of the fast stellar wind. These nebulae would
be very difficult to differentiate from diffuse HII regions. Isolated nebulae at high
galactic latitudes with no obvious nearby dust clouds or star-forming regions may be
candidates for such objects. FP 1054-7011 (discovered as part of this study) has a

faint blue star within, and may be such an example.

4. Population I Shell (and ejecta) nebulae.

(a)

Shell/ejecta nebulae around O- and B-type stars. The ‘Bubble nebula’ NGC
7635, around the O6.5III star BD+60°2522, was originally suspected to be a PN
by Hubble (1922) and was considered to possibly be “a PN in an HII region” as
late as 1973 (Johnson 1973, 1974). The peculiar nitrogen-rich bipolar ejecta neb-
ula NGC6164-65, catalogued as a PN by Henize (1967) surrounds the O(f) star
HD 148937 (figure 1.11), which is closely related to the WR stars. Another example
may be Sh 2-266, a ring nebula around MWC 137, a possible Ble] supergiant (Esteban
& Fernandez 1998).

Wolf-Rayet (WR) nebulae. These nebulae can be subdivided into ejecta nebulae
and stellar wind-blown bubbles in the ISM. Again, morphological criteria alone has
made differentiation between these objects and true PNe difficult in certain cases.
Some ejecta nebulae have morphologies rather like PNe; e.g. M 1-67 (Merrill’s star),
which was suspected to be an unusual PN for many years (e.g. Perek & Kohoutek
1967), RCW 58 (Chu 1982; and see figure 1.12), and PCG 11 (Cohen, Green &
Parker 2005; figure 1.11). Other nebulae are simple wind-blown shells in the ISM;
examples are NGC 6888 (the Crescent Nebula), NGC 2359 (e.g. Johnson & Hogg
1965), NGC 3199, Sh 2-308, and the spherical limb-brightened shell around WR, 16
(Marston et al. 1994; see figure 1.11). Another object that was formerly classified as a
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PN is the compact nebula around the WN8 star, We 21 (Duerbeck & Reipurth 1990).
A catalogue and atlas of nebulae associated with Wolf-Rayet stars was presented by
Chu, Treffers & Kwitter (1983), with more recent discoveries summarised by Marston

(1997, and references therein).

(c) LBV ejecta nebulae. One object which was classified as a PN for many years
is the ring nebula He 2-58, associated with the luminous blue variable (LBV) star
AG Carinae (Thackeray 1950; Henize 1967). It is an annular nebula made up of
oxygen-poor ejecta (Johnson 1976, Thackeray 1977). The bipolar Homunculus nebula
around the eruptive variable n Carinae is related. This remarkable object was ejected
during the ‘Great Eruption’ of this star observed in the 1840s (Frew 2004). Another
possible LBV, Wray 17-96, is also surrounded by a nebula (Egan et al. 2002).

5. Reflection nebulae. A few symmetrical reflection nebulae have been misclassified as
PNe, such as NGC 1985 (Sabbadin & Hamzaoglu 1981; Lutz & Kaler 1983) and Lo 14
(Longmore 1977; and see figure 1.12); this latter object had been previously classified
as a reflection nebula by van den Bergh & Herbst (1975). Furthermore, the occasional
‘cometary’ reflection nebula (e.g. Parsamyan & Petrosyan 1979; Neckel & Staude 1984)
has been confused with a PN on morphological grounds. The continuous spectra of re-
flection nebulae allow them to be easily differentiated from PNe. Note that from the
initial visual search of the AAO/UKST Ha Survey, reflection nebulae were weeded out by
comparing short-red and I-band images with the Ha images. Conversely, a few objects
classified as reflection nebulae are in fact PNe (e.g. DS 1 = GN 10.52.5.01; Neckel &
Vehrenberg 1990). These authors likely classified this PN as a reflection nebula due to
the presence of a bright central star, the nebula’s irregular and amorphous morphology,
and the fact that it is brighter on SERC J plates compared to red plates.

6. Supernova remnants (SNRs). At least one filamentary nebula initially classed as
a PN has turned out to be a SNR, e.g. CTB 1 = Abell 85 (Abell 1966). Conversely,
the one-sided filamentary PNe, Abell21 (the Medusa nebula) and Sh 2-188, have been
misclassified as a SNRs in the past. Indeed, Abell 21 was omitted from the CGPN (Perek
& Kohoutek 1967) despite its earlier announcement as a PN by Abell (1966). Mention
has already been made of the historical status of the Crab Nebula (M 1).

A few individual compact knots of extended SNRs have also been misidentified as PN
candidates, such as Haro2-12 which is a bright knot in Kepler’s SNR of 1604 (Acker et
al. 1987; Riesgo & Lépez 2005) and PHR 0818-4728 (Parker et al. 2001b), which turned
out to be a compact knot in the Vela SNR (see figures 1.12 and 1.13). The unusual
‘Paperclip’ nebula, found as part of the MASH survey (see Parker, Frew & Stupar 2004)
is the brightest part of a newly identified Galactic SNR (Reynoso & Green 2006; Stupar
et al. 2007). Attention is also drawn to the unusual filamentary nebula FP 0821-2755
(see Appendix A and figure 2.10). It has been classified in the literature as a possible
SNR by Weinberger (1995), Weinberger et al. (1998) and Zanin & Kerber (2000), though
it might be a peculiar PN instead (Parker et al. 2006a). Diagnostic plots (see figures 1.14,
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Figure 1.13: Representative spectra of two PNe, a reddened, compact HII region and a SNR.. Top left:
Spectrum of NGC 5189, a typical PN of medium/high excitation. Top right: Spectrum of PHR1315-6555,
of special interest as it is very likely a bona fide member of the intermediate-age open cluster ESO 96-SC04
(Parker, Frew, Képpen & Dobbie 2008, in preparation, and §6.4.10). Bottom left: Spectrum of a highly-
reddened, compact HII region, M 2-62 (Frew et al. 2008, in preparation). Bottom right: Spectrum of
PHR 0818-4728, a small isolated knot from the Vela SNR, which was included in the preliminary MASH
database (Parker et al. 2001b, 2003) as a PN candidate. Note the relative strength of the [Su], [O1],
[N11] and [N1] lines in the knot.

5.2 and 5.3) are often very useful in differentiating SNRs from PNe and HII regions based
on observed emission-line ratios (e.g. Sabbadin, Minello & Bianchini 1977; Canto 1981;
Fesen, Blair & Kirshner 1985; Riesgo-Tirado & Lépez 2002; Riesgo & Loépez 2006).

SNRs in external galaxies may also be confused with PNe (Ciardullo, Jacoby & Harris
1991; Jacoby 2006), but are generally more extended (if not too distant to be resolved).
Like their Galactic counterparts, they can be separated from PNe spectroscopically using

diagnostic diagrams.

Herbig-Haro (HH) objects and young-stellar objects (YSOs). For a detailed
review of Herbig-Haro objects, including a discussion of their spectra, see Schwartz (1983;
see also Raga, Bohm & Canté 1996). Proximity to star-forming regions, morphology, and
spectral features such as the presence of strong [S 11] and [O1] emission can usually be
used to differentiate HH objects from PNe (e.g. Cant6 1981; Ogura & Noumaru 1994),
A lack of non-thermal radio emission can be used to split HH obects from SNRs. Lists of

YSOs and other compact nebulous objects in and around star forming regions are given by
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Figure 1.14: Log I(Ha)/I|N 11] versus log I (Ha)/I[S 11] diagnostic diagram from Riesgo-Tirado & Lépez
(2002), which can usefully separate HII regions, PNe, and shock-excited nebulae such as SNRs.

Parsamyan (1965), Gyulbadaghian & Magakyan (1977), Cohen (1980) and Gyulbadaghian
et al. (2004). The reader is also referred to the recent survey of Urquhart et al. (2007).

8. Bowshock nebulae. These form a rather heterogeneous class of objects. Emission
nebulae with PN-like morphologies and spectra are known around CVs, supersoft X-ray
sources (e.g. Remillard, Rappaport & Macri 1995), and pulsars. There are currently only
two bowshock nebulae known to be associated with nova-like CVs, but both have, at least
initially, been offered as PN candidates. They are EGB 4 associated with BZ Cam (Ellis,
Grayson & Bond 1984; Krautter, Klaas & Radons 1987; Hollis et al. 1992; Greiner et
al. 2001) and a highly interesting nebula found by the author, Fr 2-11, associated with a
previously unnoticed nova-like variable, V341 Ara (see Frew et al. 2008, in preparation,
and Appendix B).

Furthermore, the peculiar nebula Abell 35 may be a bowshock nebula inside a photoionized
Stromgren sphere (see §8.2). Indeed the emission spectra of EGB 4, Fr 2-11, and Abell 35
are quite similar. Three possible PNe in the MASH catalogue (Parker et al. 2006a) may
in fact be similar nebulae: PHR 1052-5042, PHR 1539-5325 and PHR 1654-4143. Further
work is needed to elucidate their nature. Curiously, the compact core of the supernova
remnant CTB 80 is morphologically like a PN in [O 11] light (Blair et al. 1984; Fesen &
Gull 1985), but has a strong non-thermal radio spectrum. It is probably a pulsar wind
nebula seen relatively head on (Hester & Kulkarni 1988, 1989; Lozinskaya et al. 2005).

9. Nova Shells. These are shells of gaseous ejecta produced by classical and recurrent nova
eruptions. Typically about 10~* M, of ejecta is produced in a nova eruption (e.g. Cohen
& Rosenthal 1983), or 2 to 4 orders of magnitude less mass than is contained in a PN

shell. However, nova shells show both spherical and axisymmetric structures and have
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spectral signatures which can be reminiscent of PNe (e.g. Slavin, O’Brien & Dunlop 1995;
Downes & Duerbeck 2000). A faint nebulosity around Q Cygni (Nova Cygni 1876) was
designated as NGC 7114 and classed as a possible nebulous variable or planetary nebula
by Dreyer (1888). This nebulosity seems to be no longer visible (Corwin 2006).° The
shell around GK Persei (Nova Persei 1901) is one of the best-known examples of the class
(figure 1.11). GK Persei is of further interest due to the claim by Bode et al. (1987) of a
possible ancient PN surrounding it (see also Bond 1989, Tweedy 1995a, and Bode 2004).
Recently, Shara et al. (2004, 2007) discovered a large extended fossil nova shell around

the dwarf nova, Z Cam.

10. Light echoes. Light echoes have also been seen around erupting novae and nova-like
transients, e.g. the recent eruption of V838 Mon (Bond et al. 2003, and references therein).
While not apparently related to the CVs, the interesting case of V-V 1-7 (Vorontsov-
Vel’yaminov 1961b; Perek & Kohoutek 1967) deserves mention. Méndez et al. (1980)
have proposed it to be a transient reflection nebula or light echo in the interstellar medium
(ISM). Alternatively it may be a peculiar plate defect'® (see §2.3.4).

11. Resolved Symbiotic Outflows. While only about two dozen objects of this class were
known prior to MASH/MASH-II, their strongly bipolar morphology has caused many of
them to be classified as PNe (and pre-PNe), as illustrated in Figure 1.6, though there has
been confusion in the literature (see Allen 1988; Schwarz, Aspin & Lutz 1989; Lutz et al.
1989; Corradi & Schwarz 1993a, 1993b, 1995; Corradi 1995, 2003; Corradi et al. 1999,
2000; Kwok 2003; Lépez, Escalante & Riesgo-Tirado 2004; Schwarz & Monteiro 2004).

Some authors use the term ‘symbiotic PN’ arguing that symbiotics and PNe (and pre-
PNe) have physical, if not evolutionary links (e.g. Schwarz, Aspin & Lutz 1989; Smith
& Gehrz 2005; Arrieta, Torres-Peimbert & Georgiev 2005). For an illustration of the
confusion present in the literature, the bipolar outflow around BI Crucis has always been
considered to be a symbiotic nebula since discovery (Schwarz & Corradi 1992), as has the
bipolar nebula around the nearby Mira star R Aquarii (e.g. Merrill 1940; Kaler 1981a).
However, He 2-104, the Southern Crab (Lutz et al. 1989; Schwarz, Aspin & Lutz 1989;
Corradi et al. 2001; Corradi 2003; Santander-Garcia et al. 2008, and figure 1.12) was
initially classified as a PN (Henize 1967), but is ostensibly of the same class.

Following on from §1.2, I use the definition given by Corradi (2003), that states that in
resolved symbiotic nebulae, the ionized gas comes from a star in the red giant or AGB
phase (i.e. it is a pre-PN). Corradi (2003) has also used a simple statistical argument
to show it is highly improbable that a true PN central star would have a binary Mira
companion. Nevertheless, evolutionary links between the symbiotic outflows and PNe are
likely: many current symbiotic systems may have been PNe in the past when the white

dwarf companion was at an earlier phase in its evolution. Similarly, many PNe with binary

9see http://www.ngcic.org
10A recent unattributed note in the SIMBAD database (dated July 2007) describes it as a “POSS-I artifact
misidentified as a nebula.”
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central stars may go through a symbiotic phase in the future, when the companion star
evolves to the AGB.

Hence, I separate true bipolar PNe (e.g. NGC 6537) from resolved symbiotic outflows like
He 2-104 (see figure 1.6). As an aid to classification, Schmeja & Kimeswenger (2001) have
used DENIS colour-colour plots (figure 1.9) to clearly differentiate symbiotic outflows (and
unresolved symbiotic stars) from PNe. These authors have also suggested that the well-
known bipolar nebulae M 2-9 (Schwarz et al. 1997; Livio & Soker 2001) and Mz 3 (Cohen
et al. 1978) are probable symbiotic outflows. A search for new resolved symbiotic nebulae
was undertaken by Kohoutek (1997a) and several new examples were discovered as part
of the MASH survey (Parker et al. 2006a; Cohen et al. 2007); see the Miscellaneous
Emission Nebula (MEN) Catalogue (Parker, Frew et al. 2008, in preparation) for further
details.

The LMC object RP 916, one of the recently discovered RP planetaries in the LMC (Reid
& Parker 2006b) is shown by Shaw et al. (2007) to be a very unusual object. However, the
very red optical and IR colours of the central source, its intrinsic variability, along with
the extreme bipolar morphology, may indicate that it is a symbiotic outflow analogous
to its better studied Milky Way cousins. Its large size of 0.75pc is notable, but not
unprecedented amongst symbiotic nebulae (Corradi 2003; Santander-Garcia et al. 2008).
However, nebular and molecular emission and hot dust may have affected the observed
central star colours. In the future, NIR spectroscopic observations should shed light on

the true nature of this unusual object.
12. Galaxies.

(a) Low-surface brightness (LSB) galaxies. Similarly to reflection nebulae, a few
LSB dwarf galaxies were initially interpreted as evolved PNe on morphological criteria
alone. Deep imaging (occasionally resolving the stellar population; e.g. Hoessel,
Saha & Danielson 1988) or spectroscopy (detecting the redshift) has confirmed their
identity as galaxies. Conversely, a number of candidate LSB galaxies have been shown
to be bona fide PNe (e.g. Hodge, Zucker & Grebel 2000; Makarov, Karachentsev &
Burenkov 2003).

(b) Emission-line galaxies. A range of galaxy sub-types can have strong Balmer (and
forbidden) emission lines, and are potentially confused with PNe on objective prism
plates, where the lack of spectral resolution precludes an extragalactic identification
without recourse to matching direct imaging, when of relatively low redshift. These
range from nearby blue compact dwarf (BCD) galaxies (sometimes referred to as
‘intergalactic giant HII regions’), HII region-rich late-type galaxies (e.g. Turatto et
al. 1993), and Wolf-Rayet galaxies (Vacca & Conti 1992), to more distant LINER and
Seyfert galaxies, and other active galactic nuclei. Two examples of nearby starburst
dwarf galaxies are He 2-10 (figure 1.12) and IC 4662 (West & Kohoutek 1985), classed

as possible PNe from objective prism plates by Henize (1967; see also Kondratieva
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1972). A useful list of misclassified emission-line galaxies is given by Acker, Stenholm
& Véron (1991). In addition, six initial PN candidates in the MASH survey have
turned out to be low-redshift emission-line galaxies (Ho still falls within the filter
bandpass out to ~1100 kms™!).

In addition, distant emission-line galaxies can contaminate on-band/off-band [O 111]
surveys for PNe in galaxies in and beyond the Local Group (e.g. Jacoby 2006; see
§1.5). Ly-« emission from starbust galaxies at redshift, z = 3.1 falls in the bandpass
of [O111] A5007 interference filters, as do [O11] emitters at z = 0.34. Rarely, closer
emission-line galaxies at z = 0.03 can have Hf shifted into the filter bandpass (e.g.

Jacoby 2006, figure 2), but these can generally be eliminated on other grounds.

(¢) Ring galaxies. A few (non-emission-line) ring galaxies plus galaxies with compact
nuclei found on small-scale photographic plates have also been confused with PNe
morphologically. Shapley (1936) catalogued two round nucleated galaxies (NGC 6630
and IC 4723) as PNe, stating that “because of their appearance there is no doubt
that [they] belong to the planetary class.” Their identity was questioned by Evans &
Thackeray (1950) before they were correctly omitted by Perek & Kohoutek (1967).
The best known example of a ring galaxy masquerading as a PN is Abell 76 (Abell
1966) which was shown to be an extragalactic object by Chopinet (1971; see also
Chopinet & Lortet-Zuckerman 1976). Another example is PHR 0950-5223, which is

a curious emission-line ring galaxy at cz = 2300 kms~1).

13. Plate defects and flaws. The photographic process is prone to a wide range of emulsion
and processing defects (UKSTU Handbook 1983), and many defects are present on large-
scale Schmidt plates such as the POSS. Comparison of first and second epoch plates can
generally eliminate these flaws easily. However, when only a single epoch plate is available,
the true identity of a PN candidate is less obvious. A number of entries in the Abell (1966)
list of evolved PNe were only visible on the POSS E (red) plate, and some of these have
turned out to be flaws (e.g. Abell 17 and Abell 32; K. Wallace, 2004, pers. comm.).
Another example of a plate flaw on the POSS which had been identified as a possible PN
is K 2-4 (Kohoutek 1963; see Lutz & Kaler 1983 for a discussion of this object).

Note that the Kodak Technical-Pan film used for the AAO/UKST Ha Survey is especially
sensitive to static charge build-up (Parker et al. 2005a) which attracts dust particles and
other detritus. Furthermore, static discharges may generate faint diffuse spots on the
emulsion (Reid 1991). Despite precautions, detritus can build up on the films and is hence
present in the digital data, after scanning with the SuperCOSMOS measuring machine
(these are further discussed in §2.3.4). Images of ‘mandrel’ marks on this survey can be
remarkably like spherical PNe in appearance, but have been carefully eliminated from the
MASH catalogue as they are always in the same relative position(s) on the field images
(see §2.3.4 and figure 2.12).
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1.8 Thesis Overview

The study of PNe opens a window to the critical phase of stellar evolution between the AGB and
white dwarf phases. However, due to the relatively small numbers catalogued prior to MASH
and MASH-II (i.e. ~1,500), their potential to unlock the secrets of the late-stage evolution of
low- to intermediate-mass stars has only been partially realised (Parker et al. 2006a). This
is particularly true for the most highly evolved PNe where there was, until recently, a serious
shortage of known examples.

Most prior statistical studies have used flux-limited samples of galactic PNe (e.g. Manchado
et al. 1996). However, a volume-limited local sample of PNe has the potential to better answer
some of the remaining unsolved questions of PN research, such as the intrinsic proportions of
different morphological and compositional subtypes, to better pin down the scale height(s) and
kinematics of different populations (which will help define the lower-mass bound for progenitors
to produce visible PNe), and answer the very important question of whether binarity is an
essential ingredient in the recipe of PN formation.

The science goals of this study are to provide the most accurate census of nearby PNe in the
solar neighbourhood (D < 1.0 kpc) yet compiled (as well as an extension to 2.0kpc), to refine
the statistical distance scale(s) for PNe, to examine the faint end of the PN luminosity function
(PNLF), to elucidate the binary frequency of PN central stars, and to give fresh estimates for
the total Galactic PN population and birthrate.

In Chapter 2, I present the results of searches for new PN candidates based on the AAO/UKST
Ha Survey, the Southern H-Alpha Sky Survey Atlas and the Virginia-Tech Spectral-line Survey,
supplemented with new data from the INT Photometric Ha Survey and the Wisconsin H-Alpha
Mapper.

Chapter 3 summarises new self-consistent estimates of global fluxes in the main emission-
lines for a large number of PNe. Very few old PNe have accurate numbers for these quantities,
and those that are published are heterogeneous and often very inconsistent (cf. Kaler 1983b;
Hippelein & Weinberger 1990; Xilouris et al. 1996). I have generated the most accurate and
complete database of fluxes for the nearest, most highly-evolved PNe yet compiled. This is
important in the context of estimating reliable distances and ionized masses for these PNe.

In Chapter 4, I discuss the morphological charateristics of PNe, the adopted classification
schema, and provide morphological classifications for all PNe in the local volume, with the goal
of providing true proportions of the different morphological classes of PNe.

Chapter 5 presents the main results of our spectroscopic survey of nearby PNe, including a
discussion of the preliminary chemical abundances of the solar neighbourhood sample.

Chapter 6 discusses the distance scale problem, and the definition of a reliable set of cal-
ibrating PNe for a new Ha surface brightness — radius (SB-r) relation, discussed in detail in
Chapter 7. Distances are presented for all PNe studied herein, either obtained via the kine-
matic or extinction-distance methods, obtained with the new Ha SB-r relation developed here,
or are revised distances critically evaluated from the literature. Chapter 8 details a number of

misclassified PNe, especially those considered to be candidates for the local volume.
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With new distances to all nearby PNe, I have generated the most accurate volume-limited
sample of PNe yet considered, presented in Chapter 9, including an accurate database of pa-
rameters for nearly all of these objects and their central stars, as well as looking at the vexing
question of single versus binary PN progenitors.

Chapter 10 presents the first volume-limited PN luminosity function (PNLF) centred on
the Sun, emphasising the faint end, and Chapter 11 presents new estimates for the number
density, scale height, birth rate and total number of Galactic PNe, as extrapolated from the
solar neighbourhood sample. Chapter 12 summarises my main conclusions of the study.

Appendix A in the backmatter gives detailed notes on individual bona fide PNe in the
solar neighbourhood. A summary of the nebulae found using SHASSA, VTSS and WHAM is
presented as Appendix B, while a database of magnitudes and colour indices for a large set
of PN central stars is given as Appendix C. Appendix D gives the abstracts of the relevant
refereed papers and conference proceedings that have been authored or co-authored by me as
a result of working on this project. Finally, the journal abbreviations used in the reference list

are summarised in Appendix E.
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Chapter 2

A Search for New Planetary Nebulae

2.1 Introduction

Any volume-limited sample of planetary nebulae will be dominated by large, evolved, hard-to-
detect examples. A simple argument to elucidate this point follows: Kaler (1983b) defined a
‘large’ PN as having a radius, r > 0.175 pc, while Kaler, Shaw & Kwitter (1990) adopted a
smaller limit of r» > 0.15 pc. After considering the observable properties of a sample of well
studied PNe with a range of surface brightness, an evolved PN is here defined as having r >
0.20 pc (see later). Assuming a mean expansion velocity of 20 kms~! (Weinberger 1989), this
size corresponds to a nebular age of ~10,000 years. The upper limit to the age of an observable
PN is poorly known, but is of the order of 5x10* years or more (e.g. Zijlstra & Pottasch 1991;
Pierce et al. 2004; Frew & Parker 2005, and Chapter 11). Thus, it is clear that at least ~80%
of all PNe are, by definition, evolved objects.

Since an accurate census of the nearest planetary nebulae is needed for reliable calculations
of the total number, space density, scale height, and birth rate of planetary nebulae in the
Galaxy, as well as relating the dynamics of an evolving nebula to the cooling history of the
central star, it is important that a new search be undertaken for evolved PNe in the solar
neighbourhood, defined here as the volume within 1.0 kpc of the Sun. Considerable additional
effort has resulted in an ‘extension sample’ out to a radius of 2.0kpc from the Sun, but as is
shown later, this sample is much less complete at the faint end of the PN luminosity function
(see Chapter 10).

Prior to the advent of the AAO/UKST and SHASSA surveys, a list of the largest PNe by
angular size (38 examples), had only 10 situated south of the celestial equator — including two
needing to be confirmed as true planetary nebulae (Frew 1997). In that article, the number of
large PNe in the north polar cap above declination +50°, which included 10 PNe, was compared
with the number of known PNe in the south (two PNe). As a result, it was suggested that
a considerable number of low-surface-brightness objects remained undiscovered in the ‘deep-
south.” Other lists detailing the largest PNe in the sky were given by Borkowski, Sarazin &
Soker (1990), Tweedy (1995b), and Tweedy & Kwitter (1996).! Cahn & Wyatt (1976), Jacoby

LOf further interest is the website by Jens Bohle (in German) summarising ‘Die grofien Planetarische Nebel’,
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(1980), Daub (1982), Weinberger (1986), Ishida & Weinberger (1987) and Terzian (1993) give
lists of local PNe in the solar neighbourhood, dominated by large evolved objects.

As stated earlier, the first step to obtaining an accurate census of planetary nebulae in
the solar neighbourhood is to conduct a search for new large PNe (see below). Fortunately,
a number of recent deep surveys covering the Ha+[N11] lines have recently become available.
The recently completed AAO/UKST Ha Survey (Parker et al. 2005a) was used to catalogue
903 new PNe candidates (the MASH catalogue), of which the majority of these new PNe are of
low to very-low surface brightness (Parker et al. 2001b, 2003, 2006a). Some of the largest new
MASH PNe were found by re-examining the blocked-down digitized SuperCOSMOS Ha Survey
(SHS) data; these were missed by the original eyeball scans of the survey films. For the PNe of
largest angular size, the overall MASH (+ MASH-II) sample has reversed the north-south bias,
at least along the Galactic plane, with ~15 new large PNe (>5" across), and another 100 new
examples 2/-5" across having been found so far in the southern sky.

For areas further from the Galactic plane that are not covered by the SHS, a visual inspection
of all of the fields of the Southern H-Alpha Sky Survey (SHASSA), outside the zone of coverage
of the SHS to look for additional diffuse nebulosities and PN candidates was undertaken. as
well A supplemental search for similar nebulosities with the Virginia Tech Spectral-line Survey
(VTSS) was also undertaken. Observations taken by the Wisconsin H-Alpha Mapper (WHAM;
Haffner et al. 2003) will also be used as an adjunct to both search for new PNe, and to critically
assess a number of poorly studied PN candidates (see Chapter 9 and Appendix 8).

The INT Photometric H-Alpha Survey (IPHAS; Drew et al. 2005) of the northern Galactic
plane was directly motivated by the success of the SHS, and is also leading to the discovery
of new evolved candidate PNe, though the numbers of likely solar neighbourhood PNe are
predicted to be considerably less due to the smaller areal coverage of the survey and the fact
that the northern hemisphere had previously been searched to greater depth.

In this chapter I will detail the results of these searches for new large PNe, using the
AAO/UKST Ha survey and SHASSA, as well as a supplemental search of the northern sky with
VTSS. I will examine each of these surveys in turn, detailing the discoveries that were made
from each, and will examine the statistics of the new objects with regard to completeness. The
new PNe will be combined with a critically-assessed ‘refined sample’ of previously known PNe
to define a clean, relatively unbiased solar neighbourhood sample (plus the extension sample)

which will be analysed in subsequent chapters.

2.2 The AAO/UKST Ha Survey

A key adjunct to this project is the Anglo-Australian Observatory/UK Schmidt Telescope
(AAO/UKST) Ha Survey, now available online as the scanned SuperCosmos Ha Survey (SHS;
Parker et al. 2005a). This is a high-resolution, narrow-band Ha+[N11] survey covering ~4000

square degrees of the southern Galactic plane? extending to a galactic latitude of |b| ~ 10 —

located at: http://www.jens-bohle.de/projekt_grosse_pn.htm
2The survey also included a separate contiguous region of 700 square degrees covering the Magellanic Clouds.
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Table 2.1: Summary details of various current Ha surveys

Survey Coverage Depth  Resolution Field size Filter Coverage Reference

(sq. deg) (R) (arcsec) (deg) FWHM
SHS! 4000 2-5 1-2 55x55 T0A 0 < +2°% || <12° Parker et al. (2005a)
IPHAS? 1800 2-3 ~1 03x03 954 0> —2°% b <5° Drew et al. (2005)
SHASSA® 17000 0.5-2 48 13x13 324 § < +15° Gaustad et al. (2001)
VTSSs? >1000 ~1 96 10 x 10 17A 6 > —20° Dennison et al. (1998)
WHAM?® 17000 0.15 3600 1.0 0.25 A 6 > —30° Haffner et al. (2003)

! http://www-wfau.roe.ac.uk/ss/halpha/

2 http://astro.ic.ac.uk/Research/Halpha/North/
3 http://amundsen.swarthmore.edu/SHASSA

* http://www.phys.vt.edu/halpha

5 http://www.astro.wisc.edu/wham

13°(see Figure 2.3).

2.2.1 Characteristics of the Survey

The survey, which commenced in early 1998 and was completed by 2003, used a large high-
quality optical interference filter (see Parker & Bland-Hawthorn 1998) with a bandpass of 70 A
centred close to Ha. A graphical plot of the effective filter bandpass is shown in Figure 2.1,
and the salient properties of the AAO/UKST survey, including a comparison with the other Ha
surveys discussed in this chapter, are given in Table 2.1.

Matching 3-hour Ha and 15-min broadband (5900 — 6900A) short red (SR)? exposures were
taken over 233 overlapping fields of the Galactic plane. To allow full contiguous coverage in He,
the fields were done on 4° centres because of the slightly smaller circular aperture (~305 mm
diameter)? of the Ha interference filter (see Parker et al. 2005a for further details). Hence a
new southern sky-grid® of over 1100 four-degree field centres was created (cf. the 893 standard
5° field centres of the UKST and ESO southern sky surveys).

The Ha survey was carried out using hypersensitised large-format Kodak Technical Panchro-
matic (Tech-Pan) film (Parker & Malin 1999). This emulsion has high quantum efficiency (with
hypersensitised film having a DQE approaching 10%; Phillipps & Parker 1993), a very fine grain
(~ 5um), and an extended red response to nearly 7000 A with a useful sensitivity peak at Ha.
Further details on the suitability of this emulsion for astronomical applications, as well as its
adaptation for use at the UK Schmidt Telescope are found in Parker & Malin (1999) and Parker
et al. (2005a).

Consequently the survey has arcsecond spatial resolution and very good sensitivity to faint

diffuse Ho emission down to a surface brightness of ~2 — 5Rayleighs®, corresponding to a

3Note that the short red moniker does not refer to exposure time, but instead refers to the use of a OG590
filter compared to the normally used RG630 red filter.

4This is probably the world’s largest interference filter used for astronomical applications.

5An index map of the Ha survey region is available online at http://www-wfau.roe.ac.uk /sss/halpha/

51 Rayleigh = 106/471' photons em™2 s7! sr7! =241 x 1077 ergem 257! sr7! = 5.66 x 1078 erg cm 2
s~ ! arcsec™? at Ho
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Figure 2.1: The top plot shows a high resolution transmission scan from the central area of the
AAQO/UKST Ha filter. The bottom plot shows a lower resolution scan showing the narrow peak around
Ha and the extended response into the near-IR. The Tech-Pan emulsion long-wavelength cut-off is at
6990A so longer wavelengths are not recorded. Figure reproduced from Parker et al. (2005a).
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Figure 2.2: 3 x 3 arcminute extracts of SHS data around a newly discovered PN (PHR1706-3544) from
the 3-hour Ho survey data (left), matching 15 minute Tech-Pan SR data (middle) and earlier epoch
60 minute IITa-F R-band data (right). The new PN is only visible in the Ha image. Note the well
matched depth for point sources between all three exposures and the better PSF of the Tech-Pan images
compared with the ITla-F exposure.

2 1 2

surface brightness of ~1 —3 x 1077 erg cm™2 s~! arcsec™2, or an emission measure of about 5

—12cm~%pe. This can be compared to the approximate surface brightness limit of the Palomar
Observatory Sky Survey (POSS) red plates, using the 103a-E emulsion, ~107!6 erg cm=2 s~!
arcsec 2 or ~20 R (Peimbert, Rayo & Torres-Peimbert 1975), a factor of 10 brighter than
the SHS limit. Both the POSS-II (Reid 1991) and UKST Survey red plates used the Illa-F
emulsion; these plates have a sensitivity limit about twice as deep as the POSS, or ~8 — 12 R. In
comparison, sky-limited narrowband CCD sensitivity limits are at the ~1 R level (e.g. Xilouris
et al. 1996), comparable to SHASSA and VTSS (see §2.4 and §2.5). Careful comparison shows
that the CCD images of Tweedy & Kwitter (1996) reach the same sensitivity level.

Figure 2.2 illustrates the qualitative difference between the 3-hour Ha and contempora-
neous 15-min SR Tech-Pan exposures, as well as a comparison with a standard first-epoch
60-min R-band Illa-F UKST survey image. This region includes a newly discovered plan-
etary nebula (PHR 1706-3544) found from the Ha survey data and included in the Mac-
quarie/AAQO/Strasbourg Ha planetary nebulae catalogue (Parker et al. 2003, 2006a, and see
below). Note the improved resolution of the Tech-Pan image, the very similar depth of the
Ha and SR exposures for point sources and the better point-spread function (PSF) for the
Tech-Pan compared to the IIIa-F emulsion. The colour terms of the Tech-Pan emulsion have
been derived by Morgan & Parker (2005), where these terms are shown to be stable and quite
similar to those previously derived for the older IIIa-F emulsion.

To take advantage of the UKST’s large, 6.5° field of view it was necessary to obtain a
physically large narrow-band filter to be placed as close as possible to the telescope’s focal plane
(Parker et al. 2005a). An RG 610 glass substrate was cut to 356 x 356 mm, the standard size of
UKST filters, and coated with a multilayer dielectric stack to give a clear aperture of ~ 305 mm
diameter, making it probably the world’s largest astronomical, narrow-band interference filter.
At the UKST plate scale, the filter allows field coverage of approximately 5.7° in diameter on the
sky (slightly less than the standard Schmidt field). Therefore, to ensure complete, overlapping
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survey coverage with the circular aperture interference filter it was necessary to use 4°-spaced
field centres.

In addition, the central wavelength of the interference filter was set slightly longward of
zero-velocity Ha for two reasons. Firstly, the UKST has a fast, {/2.48 converging beam. This
leads to the interference filter ‘scanning down’ in wavelength for an off-axis beam compared
to a beam normal to the filter. Secondly, the aims of the survey were to map diffuse Ha (4
[N11]) emission in the Milky Way (covering the full range of observed disk velocities as well as
to map positive velocity gas in nearby galaxies out to the distance of the Virgo and Fornax
clusters (cz = ~1500 kms™!). Given a bandpass (FWHM) of 70A, the filter was hence centred
at 6590A where the peak filter transmission is around 90% (for further details see Parker &
Bland-Hawthorn 1998 and Parker et al. 2005a).

2.2.2 The SuperCOSMOS Ha Survey (SHS)

Both the narrowband Ha and broadband short-red (SR) photographic images have been scanned
and digitised by the high speed SuperCOSMOS plate scanning machine at the Royal Observa-
tory, Edinburgh (Hambly et al. 1998). The resulting SuperCOSMOS Ha Survey (SHS; Parker
et al. 2005a) is now available online,” both as as full 0.67”-resolution pixel data and also as 16 x
blocked-down (11” resolution) images of each survey field®. A similar scanning and processing
pipeline was employed to the analogous SuperCOSMOS broad-band sky surveys (SSS) outlined
in detail by Hambly et al. (2001 a,b,c). Full details of the SHS are given in the definitive paper
of Parker et al. (2005a), and are briefly described here.

Figure 2.3 shows all 233 survey fields in the southern Galactic plane (mosaiced together by
M. Read) which together make up the entire Ha survey. The individual scanned images have
been incorporated into an online mosaic within the freeware ‘Zoomify’ environment? which
allows visualisation of the images. This interactive SHS map is available online'?, and can be
zoomed-in to a level where each pixel represents about 12 arcseconds. Hence this map is a
factor of 18 lower in resolution than the full 0.67 arcsecond data available online.

The full-resolution Hor and SR data for the 233 survey fields are also available online!!. The
data products are given as FITS files with the header information providing photographic, pho-
tometric, astrometric and scanning parameters in standard image-analysis mode (IAM) format
(e.g. Hambly et al. 2001b). The FITS images also have an accurate built-in World Coordinate
System (WCS). The scanned pixel data are processed through the standard SuperCOSMOS
object detection and parameterisation software (Beard, MacGillivray & Thanisch 1990) to pro-
duce the associated Fits table extension data for each field. This process determines a set of 32
image-moment parameters which provide the astrometry, photometry and morphology of the
detected objects in each SHS field (see Parker et al. 2005a).

"http://www-wfau.roe.ac.uk/sss/halpha,/
8The blocked-down SR fields were not available at the commencement of this study. A new search for evolved
PN candidates using difference imaging of the blocked-down data is described later in this chapter.
9see http://www.zoomify.com
http:/ /surveys.roe.ac.uk/ssa/hablock /hafull. html
"http://www-wfau.roe.ac.uk/sss/halpha
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The calibration of the SHS was undertaken by Pierce (2005) and Parker et al. (2005a). It was
shown that continuum emission can be successfully removed from the Ha images by subtracting
a scaled SR image. Unlike CCD data, which enjoys a linear response frame to frame over a
wide range of emission strength, photographic data is more difficult to calibrate because both
the response of the Tech Pan emulsion and the SuperCOSMOS scanner behave non-linearly
over wide dynamic ranges. Variations in sensitivity are also to be expected between exposures.
Despite these caveats, Pierce (2005) showed the SHS can be calibrated with reasonable accuracy
by means of a comparison with the SHASSA images (Gaustad et al. 2001).

The comparison showed that the SHS recorded diffuse Ha + [N 11] emission over a wide
range of intensties from ~ 5 R to more than 500 R, the approximate saturation limit of the SHS.
Emission down to ~2R has been measured on one field, HAL1109, comparable to the CCD-
based IPHAS survey. A crude calibration scheme for all 233 SHS fields was based on comparison
of a carefully selected binned 30" region from each SHS field with the equivalent area from the
calibrated SHASSA Ha image. An important caveat is that the chosen SHS fields need to be
carefully examined for flaws which can affect the SHS digital data (see §2.3.4).
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Figure 2.3: All 233 SHS fields mosaiced together by M. Read. The top panel covers galactic longitude I = 40° to 310°, and the bottom panel I = 300°
to 210°.




2.3 The Macquarie/AAQO/Strasbourg Ha (MASH) Catalogue

The Macquarie/AAO/Strasbourg Ha (MASH) Catalogue of PNe details the discoveries made
from the AAO/UKST Ha Survey, and totals 905 new Galactic PNe (Parker et al. 2005b,
2006a). Excluding the bulge sample, most of these PNe are of very low surface brightness
and are often heavily reddened. This catalogue supercedes the the preliminary version of the
catalogue released on CD-ROM!? in 2001 (Parker et al. 2001; see also Parker et al. 2003).

As the FWHM of the He filter bandpass is 70A with a central wavelength of 65904, it
is more accurately an Ha + [N1JAA6548, 6583 filter. This is an advantage for PN searches
based around the Ha line as many Type I PNe can have [N 11]>>Ha by up to a factor of five or
more (e.g. Guerrero, Manchado & Serra-Ricart 1996; Corradi et al. 1997; Kerber et al. 2000;
Frew, Parker & Russeil 2006). As noted above, the central filter wavelength is redward of Ha
to account for the scanning down of wavelength with off-axis flux as the filter encounters the
f/2.48 converging beam of the UKST.

The MASH catalogue includes a good many PNe of very large angular diameter. The survey
has increased by about 60% the number of Galactic PNe discovered from all sources over the
last century. Furthermore, the new sample has the potential to better examine the poorly
represented extremes of PNe evolution, and provide more statistically significant samples of
both compact and old, highly-evolved PNe. The international MASH Consortium has been
set-up to exploit this new sample of PNe.

Once the SHS Ha pixel data became fully available in 2003 it was possible to check all the
previous visual identifications and in particular to obtain more accurate estimates of nebular
size, position and morphology. All catalogue entries have been completely updated in this way
and the current MASH release represents a more consistent description of the new PNe com-
pared to what was available in the preliminary CD-ROM. This catalogue has been completely
superceded with many contaminants such as HII regions removed and significant numbers of

13 as Catalogue

PNe added. The full catalogue is now accessible through the VizieR service
V/127. A few basic plots of the new MASH data are provided in Figure 2.4 (refer to the cap-
tion for details), where the MASH catalogue is compared with similar data from the Acker et al.
(1992, 1996) catalogues. Greater numbers of PNe have been found at lower Galactic latitudes,
which is due to the AAO/UKST survey’s deep sensitivity in Ha which is less affected by dust
than [O 111] imagery.

To help the reader visualise the scope of the MASH project, a random example selection from
the MASH online catalogue (Parker et al. 2006a) is presented as Figure 2.5. Figure 2.6 shows
an example of an individual PN summary page from the MASH online catalogue. Figure 2.7
shows a mosaic (from a developmental database) of a set of PNe from the MASH catalogue.

An updated version is available through VizieR.'4

2formerly known as the Edinburgh/AAQ/Strasbourg Catalogue
Yhttp:/ /vizier.u-strasbg.fr/vizier/MASH/
Y“http://vizier.u-strasbg.fr/vizier/MASH /gallery.htx
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Galactic latitude histogram of Acker 1992 catalogue (0.5 degree bins) Galactic latitude histogram of MASH catalogue (0.5 degree bins)
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Figure 2.4: Basic comparison plots between the Acker et al. catalogues and the new MASH PN
catalogue. The top two plots show the galactic latitude histograms of the Acker et al. and MASH
catalogues respectively, but are restricted to a |b| of 15 degrees (dictated by the SHS coverage). MASH
PNe are found significantly closer to 5=0° than previous samples, especially away from the heavily
obscured bulge region. This improved low latitude coverage is a product of the survey’s deep sensitivity
in Ho which is less affected by dust than [O 111] imagery. The middle two plots show the Galactic
latitude versus longitude plots of Acker et al. (left) and MASH PNe (right) in the region of overlap
in the southern Galactic plane. They show the increased PN number density of the MASH sample in
the bulge region, and a more uniform disk distribution compared to the equivalent Acker sample. The
final two plots give the MASH histograms of galactic longitude in degrees, and major axis in arcseconds.
Figures taken from Parker et al. (2006a).
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Figure 2.5: Random example selection from the MASH online catalogue (list in RA order)
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Figure 2.6: Example of an individual PN summary page from the MASH online catalogue: Top:
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Figure 2.7: A mosaic showing a series of PNe from the MASH catalogue, in RA order. Figure courtesy of B. Miszalski.



2.3.1 MASH Discovery Techniques

Several different search techniques were necessary to fully utilise the SHS data, a consequence
of the wide range in size and brightness of the PNe apparent on the survey. These are visual
inspection of the original survey films, visual inspection of the blocked-down survey images, and

inspection of the digital difference and/or quotient images.

Visual Inspection of Survey Films

The bulk of MASH PNe have been discovered from careful visual scrutiny of the original Ha
survey films using a binocular microscope on a field-by-field basis, primarily by Q. Parker, M.
Hartley, and D. Russeil (leading to the PHR prefix for the majority of MASH PNe). The process
began in 1998 and all 233 survey fields, which each effectively cover ~ 25 square degrees, were
examined by early 2003. Figure 2.8 shows 4 x 4 arcminute Hea, SR and quotient (i.e. Ha divided
by SR) images of a typical example of a new PN discovered in this way.

Visual scanning was effective at finding resolved (> 5”) candidate PNe on the basis of
morphology, and in general, isolation from extensive diffuse emission and dust clouds. However,
because of the finite angular field of the microscope, very large PNe (> 5') were sometimes
missed. Some additional PNe of very large angular size were discovered by visually examining

the blocked-down digital images (see the next point).

Blocked-down survey images

The Ha survey online digital data was useful for a complete re-appraisal of the entire survey, to
hunt for extremely low surface brightness and large angular scale PNe, missed from inspection
of the original films. Frew & Parker performed a careful systematic visual search of 16 x 16
(11 arcsecond resolution) blocked-down Ha FITS data of all 233 survey fields, downloaded from
the SHS website in 2003. These blocked-down images effectively enhance large angular size, low-
surface brightness features (e.g. Pierce et al. 2004), making them easier to detect. Since the
fields have an accurate WCS coordinate system built into their FITS headers, reliable positions
could be determined for each candidate; 10’ fields were then downloaded at full resolution to
discern the morphology of each candidate and to grade them for spectroscopic follow-up (several
flaws were identified at this point).

This search revealed nearly 100 large-scale (>3 arcminute) faint candidate PNe and other
nebulosities (including several SNR candidates and highly reddened HII regions), which have
formed the basis for further follow-up. These additional confirmed and possible PNe are identi-
fied by the FP (Frew-Parker) prefix in the MASH catalogue. SHS Ha images of the 12 largest
FP PNe are given in figures 2.10 and 2.11. Further details are given in the online MASH
database and in Appendix A. Those objects currently not considered to be PNe are listed in

table 2.2, which includes a brief description of their nature.
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Figure 2.8: 4’ x 4’ extracts of SHS data around a newly discovered PN, PHR1520-5243. Images show
the 3-hr Ha survey data (left), matching 15 min SR data (middle) and a simple quotient image (right).
The new PN is 53 arcseconds in diameter and is essentially visible only in the Ha image. Note the well
matched depth for point sources between the two exposures.

Difference and/or quotient imaging

Another significant advantage of the SuperCOSMOS Ha and SR data was the ability to perform
simple quotient (Ha and SR image division) or more sophisticated difference imaging. This is
an effective way of revealing the underlying nebulosity (see fig 2.8), especially if the PN is
extremely faint and diffuse, even more so than the nebulae found using the previous technique.
The technique works extremely well for very small objects located in a crowded field (i.e. in the
Galactic Bulge). This approach works well because the Ha and SR data point spread functions
(PSFs) are very similar (e.g. same telescope, emulsion, and stellar limiting magnitude).

Many additional bulge PNe were discovered by the use of a sophisticated difference imaging
technique developed by Bond et al. (2001). It is based on variable PSF matching between
the Ha data and equivalent broad-band SR data, and gives better performance than simple
quotient imaging. In Figure 2.9, three typical examples of new compact bulge PNe uncovered
by this technique are presented. This technique has been used on 18 dense bulge fields to reveal
137 new PNe (to go with the 350 PHR PNe found visually in the bulge) which have been
subsequently confirmed spectroscopically using the 6dF multi-fibre spectrograph on the UKST
(Peyaud, Parker & Acker 2003, 2004, 2005; Peyaud 2005). This technique has also led to the
discovery of several new symbiotic stars and other emission-line stars in the bulge.

Recently, the entire set of SR fields has also become available in blocked-down digital form.
Hence, Birkby et al. (2007) and Miszalski et al. (2008) have performed quotient (Ha/SR)
imaging of all the 16 x 16 (11 arcsecond resolution) blocked-down images to search for new
nebulosities. Over 100 very faint PNe candidates (plus >100 more diffuse HII regions) have
been found using this new technique, including two very large objects which are candidates for
the solar neighbourhood sample, as well as more than 200 very compact, high surface brightness
PNe along the Galactic plane outside of the bulge, missed from the inspection of the original films
beacause of their small size. Those that were spectroscopically confirmed have been recently
published in the MASH-II catalogue (Miszalski et al. 2008).
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Figure 2.9: SHS extracts (dimensions 1.4’ x 1’) three newly discovered PNe in the galactic bulge. The
columns represent the 3-hr Ha survey data (left), matching 15 min SR data (middle) and difference
images based on application of the point-spread function matching scheme of Bond et al. (2001) (right).
This method has proven to be very effective in uncovering large numbers of compact emitters in the
Galactic bulge (e.g. Peyaud 2005). Figure taken from Parker et al. (2005a).

IAM data

Point-source emitter candidates are also selected from the SuperCOSMOS TAM data (and not
the pixel data), using a combination of Ha — R versus R — I colour-colour plots (see also
Pierce 2005). In Parker et al. (2006a), only four PNe were discovered using this technique;
a single PN found by E. Hopewell & Q. Parker during a 6dF spectroscopic follow-up run for
emission-line star candidates, and two PNe confirmed at SAAO by R. Pretorius for a similar
programme; these have PKP (Pretorius, Knigge, Parker) designations. Since then, Miszalski et
al. (2008) used this approach to mine the entire SHS survey exterior to the Galactic Bulge, and
have found more than 200 compact Ha emitters, most of which have already had spectroscopic
confirmation.

New non-PN Ha point-source and compact emitters are a by-product of this technique.
Drew et al. (2004) report the discovery of only the fourth known massive WO star in the Milky
Way, while Hopewell et al. (2005) present five new WC9 stars discovered from the SHS data.
Pierce (2005) demonstrated the utility of the SHS to reveal significant new populations of Ha
emitters (e.g. T Tauri stars) in several star forming regions, in particular the Vela molecular

ridge.

2.3.2 MASH projects

Several projects underway by the MASH team will result in major catalogue updates over the

next two years. The current MASH catalogue largely contains well-resolved PNe because of the
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search techniques originally employed before the availability of the online digital SHS data in
2002. These visual scans were not particularly sensitive to compact/barely resolved sources.
However, ~30 per cent of PNe in previous catalogues have angular size < 6”, so large numbers
of faint, barely resolved candidates were expected to be discovered from the survey. As outlined
above, several hundred new emitting sources have been found as a result of recent large-scale
difference imaging and colour-composite imaging of the survey outside of the bulge, and those
objects spectroscopically confirmed as PNe are included in the MASH-II supplement (Miszalski
et al. 2008).

A number of individual papers have already been published under the umbrella of the
MASH project. The identification of a significant population of new PNe in the Galactic Bulge
(e.g. Peyaud, Parker & Acker 2003, 2004, 2005; Peyaud 2005) has already been mentioned).
Furthermore, a number of new Wolf-Rayet central stars have been found (Parker, Morgan &
Russeil, 2000; Morgan, Parker & Russeil 2001; Parker & Morgan 2003) including the detection
of the only [WN] PN central star in the Galaxy (Morgan, Parker & Cohen 2003).

An unusual PN also been reported around a strongly masing OH-IR star (Cohen, Parker &
Chapman 2005; Cohen et al. 2006) which may represent a previously unobserved phase in PN
evolution. Spitzer GLIMPSE observations of MASH PNe have been reported by Cohen et al.
(2007). Other MASH papers have detailed the discovery of a very large PN in an early stage
of interaction with the ISM, designated PFP 1 (Pierce et al. 2004), as well as two, very large
bipolar Type I PNe previously misidentified as HII regions (Frew, Parker & Russeil 2006).

2.3.3 Other projects

New optical counterparts of supernova remnants (SNRs) in the SHS have already been noted
by Walker, Zealey & Parker (2001) and in more detail in a parallel study to this one, by
Stupar et. al. (2007) and Stupar (2007). One new Galactic SNR discovered serendipitously
via the MASH programme has already been reported (Parker, Frew & Stupar 2004; Stupar et
al. 2007), and several more have been found from a dedicated search of the SHS (e.g. Stupar,
Parker & Filipovi¢ 2007, 2008, in preparation). A significant increase in the known population
of optically detected Galactic SNRs is promised, comprised of both new discoveries and new
optical detections of previously-known radio SNRs.

A new Population I Wolf-Rayet star and its ring nebula, PCG 11, was noted by Cohen,
Parker & Green (2005), while many new optical HII regions have also been catalogued. Cohen
& Parker (2003) refined the MASH PN database using Midcourse Space eXperiment (MSX)
thermal-IR data (see also Cohen et al. 2002, 2007). In addition, a new sample of symbiotic
stars and other emssion-line stars has been tabulated. These new discoveries will eventually be
published as part of the Miscellaneous Emission Nebula (MEN) catalogue (Parker, Frew et al.
2008, in preparation).
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Figure 2.10: Ha images of six newly discovered candidate PNe from the SHS. Top panel: FP 0711-2531
(left, image 20" wide), FP 072140133 (right, 20’); middle panel: FP 0739-2709 (left, 20), FP 0821-2755

(right, 10"); lower panel: FP 0840-5754 = Fr 2-6 (left, 15"), FP 0905-3033 (right, 20"). North is up and
east at left in all images.
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Figure 2.11: Ha images of six more newly discovered candidate PNe from the SHS. Top panel: FP 1554-
5651 (left, image 5" wide), FP 1556-4955 (right, 20"); middle panel: FP 1705-5415 (left, 20"), FP 1721-5654
= Fr 2-12 (right, 20'); lower panel: FP 1804-4528 (left, 15'), FP 1824-0319 (right, 30'). North is up and

east at left in all images.
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Table 2.2: Nebulae discovered from SHS blocked-down SHS im-
ages, rejected as PNe.

8¢

Name Other « 1) l b a b Remarks

@) @)
FP0646-0003 PMN J0646-0003 06 46 22 -00 03 16 212.40 -1.15 360 300 HII region
FP0648-0613 06 48 32 -06 13 44 218.15 -3.48 45 35 Flaw
FP0648-0611 06 48 55 -06 11 10 218.16  -3.38 400 340 probable HII region
FP0708-0831 07 08 42  -08 31 37 222.48 -0.08 HII region, ALS 192 involved
FP0709-2555 07 09 26 -25 55 57 238.11 -7.85 780 720 Diffuse nebulosity?
FP0723-1146 07 23 57 -11 46 50 22711 1.72 1140 1140 Diffuse emission
FP0741-4107 07 41 11  -41 07 48 254.81 -8.95 elongated HII region
FP0742-1338 07 42 17 -133824 230.90 4.75 840 840 Faint amorphous nebulosity
FP0745-2951 07 45 42 -29 51 55 245.38  -2.64 600 600 Aysmmetric PN candidate
FP0752-2616 07 52 46  -26 16 45 243.08 0.52 180 180 Round compact HII region
FP0800-2829 08 00 20 -28 29 40 245.84 0.81 3600 3800 Faint emission ring
FP0823-2722 08 23 30 -27 22 48 247.71  5.70 1200 1140 Possible one-sided PN
FP0828-2157 GN 08.26.9, Bran 152 08 28 31 -2157 54 243.87 9.71 1200 900 Part of Gum nebula
FP0839-5217 083905 -5217 39 269.64 -6.57 450 420 ring or bubble in ISM
FP0850-2831 08 50 17  -28 31 50 252.19  9.77 900 720 Irregular HII region
FP0900-5150 09 00 15 -51 50 28 271.34  -3.76 1500 1420 large emission patch; real?
FP0904-4023 09 04 01  -40 23 40 263.18 4.31 540 540 Irregularly-round PN candidate
FP0911-4051 09 11 47 -40 51 32 264.52  5.08 240 170 Faint nebula with outer shell?
FP0917-5019 09 1745 -50 19 10 272.08 -0.70 1200 900 probable HII bubble
FP0921-3828 09 21 22 -38 28 32 264.07  8.06 900 840 diffuse emission
FP0926-3737 09 26 12 -37 37 38 264.14 9.34 900 720 Probably just diffuse HII?
FP0930-5053 09 30 37 -50 53 44 273.94 0.31 15 13 Flaw
FP0931-5540 09 31 03  -55 40 40 27726 -3.13 400 250 real object? flaw?
FP0939-5209 09 3943 -5209 16 275.84 0.33 360 360 probable HII region?
FP0941-5611 09 41 52 -56 11 46 278.74 -2.51 600 540 very faint, round nebula
FP0948-6417 09 48 44  -64 17 38 284.67 -8.11 Flaw
FP0953-6608 09 53 00 -66 08 00 286.20 -9.30 1200 1000  vague nebulous arc
FP1001-5458 Bran 279, Fest 2-747 10 01 38  -54 58 07 280.14 0.21 1252 1082  Symmetric HII region
FP1004-5830 10 04 34 -58 30 27 282.57 -2.40 600 540 structured HII region
FP1018-6056 10 18 47 -60 56 45 285.44  -3.37 1260 1200  faint ring-shaped HII region
FP1022-5354 10 21 50 -53 44 56 281.86  2.89 1200 1140  HII region?
FP1022-5320 102220 -53 19 50 281.70  3.27 300 300 Diffuse emission?

Continued on next page




Table 2.2 — continued from previous page
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Name Other «a 1) l l a b Remarks

(//) (//)
FP1029-4341 1029 31  -43 41 27 277.52  12.07 720 660 large ring nebula?
FP1038-5802 RCW 51, vdBH 42a, Hf 30 10 38 34  -58 02 29 286.08 0.41 300 300 Round wispy HII region
FP1054-7011 Fr 2-7, MPA1054-7013 1054 10 -70 11 45 293.25  -9.56 485 400 Isolated emission patch
FP1100-5816 11 00 22 -58 16 40 288.75  1.50 360 90 probable HII region
FP1116-5443 11 16 22 -54 43 50 289.41  5.63 possible filament of SNR?
FP1116-6129 Bran 351 1116 34  -61 29 52 291.86 -0.86 120 100 Unusual HII region?
FP1200-5317 12 00 02 -53 17 36 295.20 8.81 480 240 probable flaw
FP1312-5819 131232 -5819 19 305.71  4.44 660 180 HII emission?
FP1333-5754 133330 -57 54 00 308.51 4.52 1200 1200 large, faint emission patch
FP1337-6400 IRAS 13342-6345 13 3741  -64 00 42 307.97  -1.59 35 20 peculiar HII region
FP1415-6714 14 1545 -67 14 31 310.97 -5.70 2400 1500 large emission ring
FP1444-5950 14 44 48  -59 50 36 316.70  -0.05 600 300 peculiar knotty HII region
FP1448-5641 14 48 20 -56 41 24 318.50 2.61 540 540 diffuse emission ?
FP1514-5814 151429 -58 14 26 320.85 -0.43 arcuate nebula
FP1538-4740 1538 52 -47 40 26 329.80 6.27 filament or flaw?
FP1545-6801 154555 -68 01 44 318.15 -10.48 ... no detection on spectrum; flaw
FP1549-5643 1549 52 -56 43 54 325.60 -1.90 Flaw ?
FP1611-5202 16 11 13 -52 02 39 331.02 -0.42 probable diffuse emission region
FP1612-4952 LEDA 3077847 16 1208 -49 52 18 332.61 1.07 14 12 small compact neby; YSO?
FP1612-5109 16 12 27 -51 09 08 331.77  0.10 probable HII region
FP1613-5405 16 1303 -54 05 28 329.82  -2.10 330 160 faint nebula of uncertain nature
FP1615-4949 16 15 05 -49 49 09 332,99 0.78 200 180 probable HII region
FP1616-5117 G332.1-00.5 16 16 45 -51 17 54 332.20 -0.45 compact HII region
FP1634-3626 16 34 21 -36 26 09 345.06  7.61 480 480 irregularly round emission patch
FP1636-4032 16 36 41  -40 32 18 342.30 4.52 360 330 probable HII region
FP1639-5233 16 39 23 -52 33 00 333.67 -3.85 480 270 general emission
FP1644-5807 16 44 34 -58 07 35 329.91 -8.06 1800 900 SNR? HII region?
FP1648-5918 16 48 20 -59 18 30 329.31 -9.19 240 180 probable general emission
FP1648-6115 16 48 28 -61 15 30 327.78 -10.43 690 660 vaguely ringlike nebula
FP1659-5013 16 59 53  -50 13 30 337.51 -4.83 general emission?
FP1705-4609 17 05 15 -46 09 52 341.28 -3.06 300 300 HII region around B2II star
FP1706-4246 17 06 02 -42 46 01 344.13  -1.09 27 14 unusual flaw
FP1706-4242 1706 05 -42 42 21 344.13  -1.09 540 540 diffuse emission / HII region
FP1710-3137 171031 -313721 353.56  4.82 diffuse emission?
FP1729-3637 1729 28  -36 37 46 351.69 -1.26 known as SNR 351.7-01.2

Continued on next page
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Table 2.2 — continued from previous page

Name Other o 0 l l a b Remarks

(//) (//)
FP1729-5423 17 29 58  -54 23 09 336.71  -10.97 ... faint diffuse HII region
FP1732-5100 173230 -5100 14 339.84 -9.51 faint irregular emission region
FP1739-4529 1739 28 -4529 15 345.20 -7.60 small emission patch
FP1755-1301 175516 -1301 44 14.86 6.18 420 390 probable HII region?
FP1756-4420 17 56 47 -44 20 32 347.76  -9.69 1500 1500 large, faint nebula around HR 66757
FP1800-4416 18 00 25  -44 16 45 348.20 -10.20 1200 1000  general emission
FP1811-2206 18 11 05 -2206 25 8.78 -1.56 780 600 WR bubble or SNR?
FP1819-0330 18 19 50 -03 30 57 26.17 5.41 270 100 v.v. faint arcuate object
FP1859-1049 18 59 46  -10 49 53 24.19 -6.75 720 720 probable diffuse emission
FP19004-0115 19 00 33 401 1540 35.09 -1.45 540 450 large dusty HII region




2.3.4 Spurious images in the SHS

It was noted in §1.7 that a number of catalogued PNe have turned out to be emulsion flaws.
Since the source material for the MASH project is photographic film, it is germane to consider
the nature of flaws and defects in some detail. Furthermore the production of the digital SHS
from the survey films using SuperCOSMOS has introduced an additional population of spurious
images that would not otherwise be present. In summary, flaws may be classed as spurious
images in the emulsion itself due to processing defects or electrostatic marks, and those caused
by contaminants on the surface of the emulsion or on the back of the film prior to scanning
with SuperCOSMOS. Satellite trails and transient phenomena (asteroids, novae) produce real
images which may have no counterpart in other survey bands of the same region, and are not
considered here.

Flaws can sometimes be picked up by examination of the pixel images directly, though they
are often missed, and can also appear as spurious detections in the IAM data. The spurious
images have a variety of sizes and shapes and may be in or out of focus depending on whether
the contaminating source is on the emulsion surface or on the platten used by SuperCOSMOS
to sandwich the film flat for scanning.

The SuperCOSMOS machine is located in a class-100 clean room and each film is air-cleaned
prior to scanning. However, contaminating dust particles (~20-100 pm in size) are sometimes
present on the emulsion before shipment to SuperCOSMOS. Unfortunately the estar base of the
Tech-Pan film used for the exposures is prone to charge build-up. This occurs when the film is
first inserted into its protective cellophane envelope after developing at the telescope. This is
done in a non-clean room environment at the UKST and fine particles can be drawn onto the
emulsion surface at this time (Parker 2003, pers. comm; Parker et al. 2005a). Hence Tech-Pan
film exposures are particularly prone to spurious images from dust and crud which can lead to
a higher level of artefacts in the SHS data compared to the other glass-plate based surveys of
the SSS. A more detailed discussion of these spurios images is provided in Parker et al. 2005).
In general flaws produced from particulate dust are not relevant to the present study through
quasi-stellar spurious images may be mistaken for small PNe or PN central stars!®.

The SuperCOSMOS scanning system is highly specular so detritus present on the emulsion
surface that is often invisible when viewed on a light table is revealed in bold relief in the
scanned SuperCOSMOS data. Fortunately, having matched exposures in two bands (Ha & SR)
makes identification of these artefacts more straightforward. For example, since the Ha and SR
exposures are registered on the same pixel grid, quotient or difference imaging can reveal the
locations of spurious images. We can also take advantage of the fact that the image properties
of spurious images are usually quite distinct from real astronomical images, often being sharper
than is possible from the combination of telescope optics and seeing disk, and therefore not
consistent with any normal PSF. To illustrate some of the flaws visible on the Ha data, a 5x5
arcminute region extracted from HA273, a survey field with a particularly high level of spurious

images, is shown in the two left panels of Figure 2.12. In general spurious images due to the

5 Further details can be found at http://www-wfau.roe.ac.uk/sss/halpha/haspurious_images.html
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Figure 2.12: Left and Centre: 5 x 5 arcminute extracts of SuperCOSMOS Ha data highlighting a
contaminating spurious image together with a matching image with the TAM data overlaid and with all
the spurious images in the frame highlighted. Right: A 5 x 5 arcminute image showing a mandrel flaw.
Note the typical spherical outline as well as a characteristic ‘notch’ at top right.

presence of crud only become evident on examining the full-resolution pixel data. That is,
they may mimic a true astronomical object on the blocked-down images. A number of ‘PN
candidates’ were noted during an examination of the blocked-down FITS whole-field images by
Frew & Parker. These were only later noted as flaws or crud after examining the full-resolution
data.

One unusual type of artefact is unique to the SHS, which derives from the use of a special
vacuum-backed mandrel in the film/plate holder of the UKST. Small metal tubes attached to
a vacuum pump are used in order to keep the flexible Tech-Pan film coincident with the curved
focal surface (not necessary for glass plates). Unfortunately, in some cases as the film was being
removed from the holder, stray light entered the metal tubes, forming circular artefacts on
the film which look rather like faint spherical PNe. In general, the uniform surface brightness
and very circular outline of these mandrel flaws belies their origin as does their consistent x,y

coordinates from field to field (see the right panel of Figure 2.12).

2.4 SHASSA

Except for the Magellanic Cloud fields (see Reid & Parker 2006a,b), the AAO/UKST Ha survey
is restricted to within about 10-12° of the Galactic Plane. To supplement the search for PNe
from the AAO/UKST Survey, the writer visually searched the entire Southern Sky H-Alpha
Survey Atlas (SHASSA; Gaustad et al. 2001)', outside a Galactic latitude of |b| = 10°, with

the aim of discovering new evolved PNe in the Solar Neighbourhood.

2.4.1 Survey Characteristics

SHASSA is a robotic wide-angle digital imaging survey of the of the southern sky, with the
aim of detecting Ha emission from the warm ionized interstellar medium. It is comprised of

narrowband (Ha + [N 11]) and continuum images of the entire southern sky (6 < +15°). SHASSA

http://amundsen.swarthmore.edu/SHASSA /
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has coarse spatial resolution (48" pixels) but is continuum-subtracted and flux calibrated.

SHASSA consists of 2168 images covering 542 fields south of +16° declination. There are
four images available for each field: Hea, red continuum, continuum-corrected Ha (generated
by subtracting each continuum image from the corresponding Ha image), and a smoothed Ho
image. Each image subtends 1014 x 998 pixels (~13° on a side). The Ha images have an
effective resolution of 48" and a limiting sensitivity of better than 2 R pixel ™!, corresponding to
an emission measure of 4 cm~® pc. The smoothed images are median-filtered to 5 pixels (4.0")
resolution and allow features as faint as 0.5 R to be detected. Additionally, the smoothed images
generally remove star residuals better, though these images were not utilised in the search for
new emission nebulosities, nor for determing flux measurements of new and known PNe (see
the next chapter). Further details are given by Gaustad et al. (2001).

SHASSA is accurately flux-calibrated across the whole survey (see Chapter 3, and Finkbeiner
2003) and is of great utility for determining integrated fluxes for large and/or reasonably con-
spicuous PNe, as well as providing an accurate baseline calibration for the SHS data (see Pierce
2005; Parker et al. 2006a; Parker et al. 2008, in prep).

2.4.2 Search Technique and Results

The continuum-subtracted SHASSA Ha fields contain large numbers of filter artifacts (especially
near bright stars), compact emitters and variable stars. This precludes the use of an automated
search technique for new PN candidates. Hence a visual ‘eyeball’ search was conducted of all
SHASSA fields, outside of a Galactic latitude of 10°. Candidates were selected as discrete,
symmetric Ha enhancements, to differentiate them from the diffuse ISM background. As a
result, seventeen nebulae were found from SHASSA images'’. With one exception, Fr2-8, all
candidate nebulae are >5 across (i.e. ~7 SHASSA pixels)!®. All previously known PNe larger
than this size in the latitude zone examined were recovered in this blind search, as was the
putative large PN Hewett 1 (Hewett et al. 2003), and the nebulae associated with the hot stars
PHL 932, PG 01084101 and PG 0109+111 (see Chapter 8). Figures 2.13 and 2.14 present image
cutouts from SHASSA or VTSS for each of the discoveries.

Table 2.3 summarizes the main properties of the new nebulae, updated from the table
published in Frew, Madsen & Parker (2006). Two additional objects (nos. 19 and 20) have
been designated since the publication of that paper. The inividual nebulae are discussed in
more detail in §B.3 in the backmatter. Most of the new discoveries are probable Stromgren
zones in the ISM, and some were independently found as ‘point-source’ enhancements in the
WHAM data, a product of the 1° beam size of the instrument (see Reynolds et al. 2005).
Some nebulae show unusual line ratios for HII regions (e.g. strong [O 1] or [N 11] emission)
based on slit spectroscopy and WHAM data (see Chapter 8, and Madsen et al. 2006 for further

7The ‘Fr 2=’ designation is applied to the 20 possible PNe and diffuse nebulae found from SHASSA and VTSS
images, analogous to the true and possible nomenclature used by Kohoutek (1963b, and subsequent papers).
The ‘Fr 1-’ designation refer to two true PNe found prior to the commencement of this thesis from broadband
photographic plates (see Frew 1997 and Frew, Parker & Russeil 2006).

8 The high-excitation PN Fr 2-8 was found serendipitously from SHASSA field 057. It had been independently
noted as a PN by Coéte et al. (1997), but no details were provided in their paper.
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details), suggesting these are ionized by a hot subdwarf or white dwarf star, and may be possible
PNe (see below). Arguably the most interesting discovery, though not a PN, is a remarkable
bow-shock nebula, Fr 2-11, associated with the star V341 Ara, a previously unknown nova-like
catalcysmic variable (Frew et al. 2008, in prep., and see §B.2).

In addition, a targeted search for emission nebulae was undertaken from the SHASSA survey,
plus a few available VTSS fields (see below). To faciliate this, a working list of hot white dwarfs
and subdwarfs culled from the literature was constructed. The stars were taken primarily from
the updated list of McCook & Sion (1999)!9, sorted by spectral type (DO or DA) and/or by
blue U — B and B — V colour indices. Additional stars were taken from the compilation of
Napiwotzki (1999), while a set of sundry hot stars and subdwarfs were taken from Méndez et
al. (1988c), Kwitter et al. (1989), Tweedy & Kwitter (1994), Werner et al. (1997) and Rauch
(1999), to see if any nebulae had been missed by these authors. In addition, Reynolds (1987)
conducted a high-sensitivity search for Ha emission enhancements around nine hot low-mass
stars that have no associated emission nebulosity visible on the POSS (emission measures <60
cm~%pc). These stars were also included in the working list.

The search technique was straightforward: for each hot star, the relevant SHASSA or VTSS
fits image was examined in the GAIA image viewer, and the cursor was moved to the stellar
position using the embedded WCS. Any discrete Ha enhancements, diffuse Ha emission, or other
features were noted, though the vast majority of stars had no obvious detection. Table 2.4 lists
the stars which were examined in this way. It should be noted that the number of catalogued
hot white dwarfs in the northern hemisphere is greater than that in the south by roughly a
factor of two, at the time this search was conducted (2004). This bias is being slowly remedied
by new surveys in the south, e.g the Edinburgh-Cape Survey (Stobie, Kilkenny & O’Donoghue
2004), but the necessary observational follow-up to obtain accurate photometry and spectral
typing for many stars remains to be done.

Disappointingly, only one possible PN candidate was noted as a result of this supplemen-
tary search, and a poor quality one at that, a faint diffuse nebula north following the DAO
star, HS 211541148 (Dreizler et al. 1995; Rauch 1999). In addition, the previously known
diffuse nebulae around PG 0108+101, PG 0109+111 and PG 10344001 (see Chapter 8) were
noted during this search, redundantly, as it turned out. Other nebular detections are noted in

Table 2.4, but can be attributed to diffuse background emission, rather than being fossil PNe.

2.5 VTSS

A complementary survey to SHASSA, the Virginia Tech Spectral line Survey (VTSS; Dennison,
Simonetti & Topasna 1998)%° covers the northern hemisphere (§ > —15°) along a wide strip
around the Galactic plane (|b| < 30°). Like SHASSA, the combination of fast optics (f/1.2),
narrowband interference filters, and a CCD gives this survey very deep sensitivity to diffuse Ha

emission.

Ysee the Vizier online catalog I11/235A at http://vizier.u-strasbg.fr/
http://www.phys.vt.edu/halpha
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The VTSS used the Spectral Line Imaging Camera (SLIC), which obtains 10° wide images
in the light of Ha and [S 1] A6717,6731A emission, using narrowband interference filters. The
Ha filter has a narrower bandpass filters than SHASSA (17A, with essentially no transmission
of the flanking [NII] lines). The VTSS survey consists of a partial set of 10° diameter circular
images with a sensitivity limit of ~1 Rayleigh, comparable to SHASSA. However, the resolution
is approximately half that of SHASSA, with 96” pixels. Each field name consists of the standard
3-letter IAU constellation abbreviation, plus a 2-digit running number (e.g. Cygl0).

Each field was planned to have four images available: He, [S 11|, continuum-corrected He,
and continuum-corrected [S 11]. The continuum-corrected Ha and [S II] images are produced by
subtracting an aligned and scaled continuum image from the H-alpha or [S 11] image. Continuum
images are taken with a wide-bandpass filter, or a double-bandpass filter straddling the H-alpha
line or [S 11] doublet (Dennison, Simonetti & Topasna 1998).

2.5.1 Search Technique and Results

Available fields from the VTSS were also examined for nebulosities similar in character to those
discovered on the SHASSA fields. Unfortunately less than half of the survey is complete at
present (currently 107 fields), and no new data has been placed on the VTSS website since
2004. This has limited the utility of this survey to add to the discoveries made from the
SHASSA survey.

The VTSS contains rather fewer numbers of artifacts, though the coarser resolution has made
the identification of separate emission regions more difficult, especially in areas of widespread
diffuse emission. As for SHASSA, these candidates were selected as discrete, morphologically
symmetric Ha enhancements, though the symmetry criterion was relaxed somewhat for the
VTSS survey due to its poorer inherent resolution. Only three new objects were found from
the available fields of VT'SS. All three nebulae are probable Strémgren spheres in the ISM, and
their main properties are summarised in Table 2.3. The individual nebulae are discussed in

more detail in §B.3.
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Figure 2.13: SHASSA discovery images of the emission nebulae Fr 2-1 to Fr 2-9. Top panel: (L): Fr 2-1
(image, 240" wide). (C): Fr 2-2 (60'). (R): Fr 2-3 (240’). Middle panel: (L): Fr 2-4 (240"). (C): Fr 2-5

(60"). (R): Fr 2-6 (60”). Lower panel: (L): Fr 2-7 (60"). (C): Fr 2-8 (30’). (R): Fr 2-9 (60"). NE is at top
left in all images.
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Figure 2.14: SHASSA and VTSS discovery images of the emission nebulae Fr 2-10 to Fr 2-18. Top
panel: (L): Fr 2-10 (image, 240" wide). (C): Fr 2-11 (60’). (R): Fr 2-12 (60’). Middle panel: (L): Fr 2-13
(607). (C): Fr 2-14 (240’). (R): Fr 2-15 (60). Lower panel: (L): Fr 2-16 (60’). (C): Fr 2-17 (60’).
(R): Fr 2-18 (60"). NE is at top left in all images.

Figure 2.15: SHASSA discovery images of the emission nebulae Fr 2-19 (left) and Fr 2-20 (right).
Images are 120" and 240" on a side respectively. NE is at top left in both images.
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Table 2.3: Details for 20 Ha nebulae discovered from the SHASSA and VTSS surveys. The positions are for J2000. Column 7 gives the field number
(SHASSA fields have the 3 digit code while VTSS fields include a constellation prefix), while columns 8 and 9 give the ID and V' magnitude of the suggested
ionizing star candidate. Columns 10 and 11 give the Ha flux (from SHASSA, VTSS and/or WHAM data) and the [O 1] A5007 flux from WHAM data (see
Chapter 3). The last column gives alternative identifications for the nebulae, including objects from the WHAM Point Source Catalogue (WPS; Reynolds
et al. 2005) and some nebulae which were independently picked up in the SHS data covering the overlap zone (FP objects).

Name R.A. Dec. l b Size Field Star |4 F(He) F(5007) Type Other ID
(arcmin)

Fr 2-1 010200 —611800 3009 —55.8 100 x 95 025 LB 3174 12.34 HII

Fr 2-2 024046 4102116 161.9 —44.1 20 x 15 238 —11.1 ? WPS 53

Fr 2-3 04 56 20 —280748 2293 —36.2 20 x 15 101 MCT 0455-2812  13.95 —10.8 —10.6 HII?

Fr 2-4 071152 —=820303 2941 —26.1 90 x 60 004 —10.35 HII?

Fr 2-5 081014 —672722 280.7 —17.8 80 x 45 015 HII?

Fr 2-6 08 40 23 —575449 2743 —9.8 82 x6.3 031 PN? FP 0840-5754

Fr 2-7 105410 —70 1145 293.2 —-9.6 80 x 7.5 016 PN? FP 1054-7011

Fr 2-8 140043 —-510212 3139 +104 2.0 x 1.9 057 —11.5 PN AM 1357-504

Fr 2-9 142331 —091848 3376 +47.3 80 x 60 184 G124-26 15.48 —10.3 —10.0 HII WPS 82

Fr2-10 150919 —052054 353.9 4435 30 x 30 720 PG 1506-052 14.0 —10.7 —11.2 HII?

Fr2-11 165748 —63 1200 3275 —12.5 8.0 x 6.0 037 V341 Ara 10.74 —10.9 CV

Fr2-12 172109 —-565425 3339 —-11.3 7.3 x6.0 038 —11.0 PN? FP 1721-5654

Fr2-13 175900 43429 36 60.5 +25.1 15 x 12 Her13 —11.1 HII

Fr2-14 202600 4763700 109.8 +21.1 90 x 80 Cep08 HII WPS 31

Fr2-15 202716 +11 49 20 55.1 —15.1 25 x 20 265 —10.4 —10.6 PN? WPS 16

Fr2-16 211830 +1201 36 629 —25.1 30 x 15 266 HS 211541148 16.7: HII?

Fr2-17 211945 —56 2345 339.7 —42.7 80 x 30 041 HII?

Fr2-18 231141 +29 27 54 98.2 —28.6 30 x 25 Pegl3 —10.7 —11.0 HII?

Fr2-19 161030 —-335730 3434 +412.8 120 x 70 116 ?

Fr2-20 202008 414 58 54 56.8 —11.9 25 x 15 265 HII?




Table 2.4: Targeted SHASSA and VTSS nebula search. The
columns give the usual name of the white dwarf or subdwarf, J2000
position, spectral type of the star, V magnitude (blue magnitudes
are denoted with the suffix B), SHASSA or VTSS field name, and
a comment on the detection, if any. Some abbreviations used are:
neb = nebulosity, f = fol = following, fil = filamentary, bg = back-

ground emission, p = preceding, poss = possible, nr = near.

Name R.A. Dec Spectral type V mag Field Detection

MCT 0130-1937 013239 -1921.6 DO.5 15.84 129 no
PHL 645 00 04 31 -2426.3 sdO 13.90 627 no
KPD 000545106 0008 17 451229 DOQZA4 13.32 Cas01 bg
PHL 703 00 10 07  -26 12.9 sdO 12.88 627 no
MCT 0019-2441 002159 -2425.3 sdO4 14.49 127 no
RE 0029-632 0029 56  -63 24.6 DA1 15.31 24 no
GD 619 00 33 54 -27 08.4 DA1 14.18 96 no
GD 8 003956 +3132.6 DAl 14.66 And12 no
LB 1566 00 40 13 -5501.9 sdO 13.13 543 no
PG 00464-078 0048 38 408 02.7 DO.7 15.59 199 no
GD 659 00 53 17 -3259.9 DAL1.5 13.36 96 no
LB 3174 01 0254 -6033.4 sdB 12.34 25 poss
MCT 0101-1817 010412 -18 03.0 DO 16.5 128 no
TON 191 01 06 46  -32 52.9 DA1 13.57 96 no
PG 01084101 011106 +1021.5 DOZ.6 15.61 236 yes
PG 0109+111 011223 +1123.5 DOZ.7 15.40 236 yes
HS 011140012 011346 400284 DOZ.S8 14.5 200 no
WD 0123-842 012156 -8401.4 2 no
RX J0122.9-7521 012255 -7521.1 PG1159 15.45 11 no
PHL 1043 013424 -1607.1 DA1 13.98 664 no
SB 705 01 43 08 -38 33.3 sdO 13.03 69 no
MCT 0146-3426 01 48 37 -3411.8 sdO6 15.45 69 no
KUV 01542-0710 01 56 42 -06 55.6 DA 16.30 700 no
PG 0205+13 02 0803 +1336.5 DAl 13.78B 237 no
LB 3241 021312 -49 449 sdO 12.73 45 no
PG 02164-032 021919 +0326.9 sdOC 14.5 201 no
PG 02174155 022035 +1544.1 sdO 15.0 238 no
PG 02264151 0228 50 +1520.6 sdO 15.0 238 no
LB 1628 02 30 53  -47 55.4 DA 14.52 45 no
HS 023140505 023342 +40518.7 DAO 16.10 202 neb fol
Feige 24 023508 +0343.2 DAZQO1 12.25 202 no
HBQS 02534-0023 02 56 25 400 36.0 DA 18.74 202 no
GR 270 030437 +40257.0 DA1l4 15.04 203 no
KUV 03301-0100 033239 -0049.9 DA 15.86 203 bg
KUV 03302-0143 03 3243 -01 328 DA 17.30 203 bg
SDSS J034227.62-072213.2 03 42 27 -07 22.2 DO 17.88 168 bg
KUV 343-7 03 46 26 -00 38.5 DA1 14.91 204 no
QSF 2:01 03 46 47  -45 39.6 DAB? 18.09 47 no
GD 50 03 48 50  -00 58.4 DA1 13.99 204 fil nr
RBS529 04 1539 -4023.1 DA 16.44 72 no
RE 0443-034 04 43 07 -03 47.3 DA.70 16.7 205 bg
MCT 0455-2812 04 5712 -2807.8 DA 13.95 101 neb Sf
RE 0503-289 0503 54 -2855.1 DOZ1 13.91 102 no
FB 44 050530 +5248.8 DA.8 11.78 Cam01 ring Sp
050618-240415 0506 19 -24 04.2 DO.7 15.2 134 bg?
HS 050540112 050831 +40116.6 DAOZ 14.9B 206 bg
RE J0521-102 052119 -1029.1 DA1.5 15.89 170 bg
GD 257 0550 38 400 06.0 DA 14.79 207 bg

Continued on next page
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Table 2.4 — continued from previous page

Name R.A. Dec Spectral type V mag Field Detection
LTT 11733 055227 +1553.2 DALl5 13.06 243 bg
RE J0558-373 0558 10  -37 35.0 DA: 14.37 74 no
RE J0605-482 06 05 02 -48 20.4 DA1.4 15.82 49 bg
RE 0623-374 06 23 12 -37414 DA 12.09 74 no
RE J0632-050 06 32 57  -05 05.7 DA 15.54 707 no
Lanning 14 06 43 14 401 30.1 DO1 15.0B 208 bg
HD 49798 06 48 05 -44 19.0 sdO 8.27 75 bg
GD 080 06 54 13 -02 09.2 DA1.5 14.84 208 bg
RE 0720-314 07 20 48 -3147.1 DAO1+dM5 14.82 105 bg
KPD 0720-0003 07 22 54 -00 09.1 sdO 15.78 209 no
LSS 630 073942 -27274 sdO 13.56 105 bg
RE J0841+4-032 08 41 03 403 21.0 DA1.3 14.48 211 bg
PG 09164064 09 1842 406 17.0 DAl 15.66 248 no
KS 292 09 20 10 -45 31.9 sdO 11.33 577 bg
PG 09284085 093109 +40819.6 DA2 16.22B 248 no
EC 09423-1304 09 44 44 -13 184 sdO 16.48 176 no
GD 104 09 47 03  -09 19.8 DA1 15.95 177 no
PG 09504023 09 5245 402 09.6 DAl 213 no
PG 09534024 09 5535 402126 sdO 15.0B 213 no
EC 09566-1144 09 59 07 -11 59.2 sdB 15.69 177 no
EC 09582-1151 10 00 43  -12 06.0 sdO 14.05 177 no
EC 10016-1923 1004 01 -19 37.8 sdO 15.28 141 no
HE 1008-1757 1010 33 -18 11.8 DA1 14.75 141 no
PG 10104065 101328 406 12.1 DAl 16.58 249 no
EC 10112-1722 101339 -17 37.3 sdO 16.47 142 no
RX J1016.4-0520 10 16 28 -05 20.5 DAO1+4+dM5 14.15 713 no
PG 10234009 102549 400 39.0 DA2 16.3 213 no
EC 10300-1022 10 32 35 -10 38.5 sdO 16.96 178 no
PG 10344001 10 37 04 -00 08.4 DOZ1 13.23 214 yes
EC 10346-1234 103709 -12 49.8 DAs 16.14 178 no
EC 10475-2703 10 49 55  -27 19.2 sdO 13.49 109 no
EC 10479-2714 10 50 18 -27 30.7 sdO 13.90 109 no
EC 10481-1503 10 50 39  -15 18.9 DA1 16.86 178 no
PG 1057-059 110009 -0611.4 DO1 16.21B 178 no
110844-152408 11 08 45 -1524.2 DA1 16.64 143 no
PG 1125-026 1128 14 -02 50.4 DA1.5 15.32 715 no
PG 1125-055 1128 16 -05 46.4 sdO 16.28 715 no
EC 11366-2504 113910 -2520.9 sdO 14.11 144 no
PG 11414078 114359 +0729.0 DAl 14.11B 252 no
EC 11437-3124 11 46 18  -31 41.0 DA1 17.32 110 bg
PG 11444005 1146 35 +00 12.5 DO.34 15.10 216 no
EC 11481-2303 11 50 38 -23 20.5 DAO 11.76 144 bg
PG 1151-029 11 54 15 -03 12.1 DOZ1 16.04 715 no
EC 11575-1845 1200 06 -19 02.1 sdO+dMe 12.89 144 no?
PG 1159-035 1201 46 -03 45.6 DQZO 4 14.87 216 no
EC 12185-1950 12 21 07  -20 07.0 DA1 16.35 145 no
EC 12296-2113 123219 -21 30.3 16.14 145 bg?
QNY 4:59 12 38 36 -00 40.7 DA 17.56 217 no
QNY 4:48 12 3910 -01 00.1 DA 19.27 217 no
EC 12489-2750 12 51 40 -28 06.8 DA1 16.22 112 no
HE 1257-2021 1300 27 -20 37.4 DO/PG1159 16.44 146 no
PG 13054018 130754 401 32.1 DAO1 15.16 218 no
PG 1305-017 1308 16 -01 59.1 DAO1 16.0 218 no
EC 13123-2523 131504 -25 38.9 DA1 15.69 646 no
HE 131440018 131725 +0002.6 DO 15.6 218 no

Continued on next page
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Table 2.4 — continued from previous page

Name R.A. Dec Spectral type V mag Field Detection

PG 13184062 132044 +0559.0 sdOC 13.9 218 no
EC 13288-1515 133134 -1530.7 DA1 15.49 146 no
EC 13290-1933 133146 -19 484 14.48 146 poss
LSE 44 135241 -48 08.4 sdO 12.46 57 bg
LSE 153 13 53 08  -46 43.7 sdO 11.40 57 bg
PG 1403-077 14 06 06  -07 58.5 DA2 15.82 183 no
PG 14134015 141536 +0117.3 DAO 17.01 219 no
1417404130211 14 17 40 +1301.8 DAl 15.33 255 no
EC 14361-1832 14 38 58 -18 45.6 DA? 16.56 148 no
PG 1506-052 150919 -0520.9 14.56 221 yes
PG 1511-048 1514 12 -04 59.5 DA 15.62 221 ?
PG 1512-035 1514 50 -03 42.8 sdO/DAO 16.32 221 no
QNZ 5:01 1524 00 +0218.6 DA 18.14 221 no
PG 15264014 1528 40 +0113.0 DA2 16.69 221 poss
PG 15324033 153510 +0311.2 DA 16.02 221 no
LB 898 1546 45 +00 43.8 DAl 15.27 222 no
PG 15474015 1549 44 +0125.9 DA2 222 no
PG 1609+044 16 11 48 +04 19.8 DA1l.5 15.22 222 no
RE J161419-083257 16 1419 -08 33.4 DA 14.01 186 bg
G 153-041 16 1755 -1535.8 DA1.5 13.45 686 bg
LSIV-121 16 23 44 -12 12.6 sdB 11.18 686 bg
SDSS J163200.34-001928.3 16 32 00 -00 19.4 DAO1 223 no
HD149499B 16 38 30  -57 28.2 DOZ1 11.7 37 neb nr
PG 1643+143 16 45 40 +14 17.7 DA1.5 15.38 259 no
PG 16464062 16 49 07  +06 08.8 DAS 15.84 759 bg
LSE 259 16 53 55 -56 01.9 sdO 12.54 37 neb nr
Lanning 18 184737 401575 DA 12.96 226 no
RE J1847-221 18 47 57  -22 19.6 DA2 13.72 154 no
LSE 263 1902 12 -51 30.2 sdO 11.30 62 no
KPD 1903+2540 190538 425455 sdOC 14.71 Lyr01 no
LSII +18 9 194331 +1824.6 sdO 12.13 Sge02 bg
WD 1948-389 195219 -38 46.3 DA 14.63 90 no
RE J20134-400 201309 +4002.6 DAO 14.6 Cyg03 bg
KPD 202642205 2028 20 +2215.5 sdOC Vul03 bg?
HS 202740651 2029 32 407 01.1 DOZ.7 16.9 265 fil nr
BPS CS 22940-0009 20 30 20 -59 50.8 sdB 14.07 40 bg
HS 2033+0507 20 3545 403 37.7 DAO 764 no
PG 20564033 20 58 46 403 31.8 DAl 16.26 765 no
HS 211541148 211819 +1201.6 DAOZ.7 16.5 266 neb Nf
PG 21204054 212235 +0542.6 DA1l.5 16.38 266 no
PG 21314066 213408 406 50.9 DOZ.6 16.6 266 no
MCT 2146-4320 214939 -43 06.2 DA 15.81 92 no
MCT 2148-294 215118 -29 14.6 DO 16.2 123 no
PG 21504021 215322 +40221.3 DA3 16.4 231 no
RE J2156-546 21 56 21  -54 38.4 DA 14.44 65 no
MCT 2153-4156 21 56 35  -41 42.3 DA 15.89 92 no
1RXS J215924-5946 21 5924  -59 46.1 41 poss
MCT 2159-4129 22 0228 -4114.5 DA 15.54 92 ?
RE 2214-491 221411 -49 194 DA.76 11.77 65 no
PG 22154151 221749 415209 sdOC 13.88B 267 no
PG 22354082 223735 408 28.8 DALl5 15.23 268 bg?
EG 229 22 42 45 -04 14.2 DA 15.21 731 no
PG 22444031 22 46 57 403 24.6 DAl 16.02B 768 no
HS 224440305 224722 403 21.7 DA.70 16.02B 768 no
HS 224640640 224925 406 56.8 DA.51 768 no

Continued on next page
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Table 2.4 — continued from previous page

Name R.A. Dec Spectral type V mag Field Detection
PHL 400 23 0553 402 00.0 DA2 15.76B 768 bg
PG 23084050 231117 +40519.4 DA1lS5 16.02 768 bg
GD 246 231222 +41047.0 DA.84 13.11 768 no
232030+125806 232032 412582 DA 16.6 269 no
RBS 1999 2324 31 -5441.6 DA 15.2 66 no
PG 2231-4731 233401 -47 144 DA.90 13.42 43 no
MCT 2341-3443 2344 22 -3427.0 sdB 10.98 625 no
MCT 2350-3026 235236 -30 10.2 sdO6 12.14 126 no
PB 5617 23 56 28 +02 57.0 DA2 15.83 198 no
MCT 2356-4050 23 59 12 -40 32.0 sdO5 14.6 67 no
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2.6 IPHAS

The new Isaac Newton Telescope (INT) Photometric Ha Survey of the Northern Galactic Plane
(IPHAS; Drew et al. 2005)?! was motivated by the success of the SHS. IPHAS is a survey of
the Northern Galactic Plane being carried out with the 2.5-metre INT equipped with the Wide
Field Camera (WFC), a mosaic of four CCDs. This survey, which is not quite complete at the
time of writing, is an adjunct to the SHS, and a predecessor of new deep Ha surveys in the
south, such as VPHAS+ (J. Drew, PI).

2.6.1 Survey characteristics

IPHAS covers 1800 deg? of the northern Milky Way along the Galactic plane between —5° <
|b] < +5°, in narrow-band He, and the Sloan r’ and i’ broadband filters. The Ha filter has
a FWHM of 95 A, so like the SHS, the filter passes both [NTI] lines. The survey reaches an
equivalent red-continuum magnitude of ' ~ 20 (100) at 1” resolution, and is sensitive to diffuse
Ha emssion down to ~2R.

The digital nature of the survey allows Ha emitters to be differentiated from the main stellar
locus in the (r'—Ha, ' —i’) colour-colour plane. The utility of the survey to discover compact
Ha emitters was illustrated after spectroscopic follow-up of a test field in Cepheus showed that
the vast majority of sources selected using IPHAS colours were genuine compact Ha emitters.
In this same field, examples of Ha deficit objects (e.g. a white dwarf and a carbon star) were
readily distinguished by their IPHAS colours (Drew et al. 2005).

The SHS and IPHAS Ha surveys overlap at the celestial equator which allows a direct
comparison to be made between them. Figure 2.16 shows a 3.3 x 2 arcminute region centred on
18"47™42.6%, +01°33'04” which includes the newly discovered planetary nebula PHR1847+0132,
taken from a slightly shallow SHS survey field h1332 (exposure time cut short to 168 min, cf.
180 min normally). The data have been matched in coordinates but not otherwise processed.
It is clear the two surveys achieve similar depth for diffuse emission but that the IPHAS survey
generally goes deeper for point-sources due to its better resolution (cf. R. Morris 2006, pers.

communication to Q. Parker). Further details are given by Drew et al. (2005).

2.6.2 Search Techniques and Results

Gonzalez-Solares et al. (2007) have presented the IPHAS Initial Data Release, which contains a
photometric catalogue of about 200 million unique point-source objects, covering the northern
hemisphere within the latitude range —5°< b < 5°, as well as associated image data covering
about 1600 square degrees. Witham et al. (2008) have presented a catalogue of 4853 Ha point-
source emitters, based on their IPHAS colours, covering the magnitude range 13.0 < r’ < 19.5.
Spectral analysis for ~300 of these sources confirms more than 95% are genuine emission-line
stars or compact nebulae. These authors find an increase of an order of magnitude in the

number of faint (r’ > 13.0) emission-line objects, compared to previous surveys. Of further

http://www.iphas.org/
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Figure 2.16: A 3.3'x2’ comparison region between SHS (left) and IPHAS (right) data centred on
18"47m42.6%,4+01°33'04” including the new planetary nebula PHR1847+0132.

interest is a new magnitude-limited catalogue of 1183 candidate symbiotic stars compiled from
IPHAS data (Corradi et al. 2008), which is a subset of the catalogue of Witham et al. (2008).
These discoveries will go some way towards reducing the disparity between the observed and
predicted populations of symbiotics in the Galaxy, a situation analogous to PNe!

New compact PNe are confirmed from a dedicated programme of follow-up spectroscopy.
Corradi et al. (2005) and Mampaso et al. (2006) have given a summary of the methods used to
search for compact and extended ionized nebulae, and some preliminary results on ~100 new
candidate planetary nebulae identified so far. Viironen et al. (2006, 2007) reported on the first
results of the specific search for compact PNe from IPHAS data (see also Witham et al. 2008).

Extended PNe (of greater importance to the present study) are also being found in consider-
able numbers. Preliminary visual scans of the of continuum-subtracted Hoa image mosiacs, at a
spatial sampling of 5x5 arcsec?, have led to the discovery of numerous resolved PN candidates,
including a number of obviously highly evolved nebulae (Corradi et al. 2005; Kovacevic 2005;
Zijlstra 2005, pers. communication; Sabin 2007, pers. communication). However, the numbers
of likely solar neighbourhood PNe predicted to be discovered are considerably less than in the
south, due to the smaller areal coverage of the survey (i.e. |b] <5°) and the fact that the north-
ern hemisphere had previously been searched to greater depth (mainly on broad-band surveys).
Nevertheless, several hundred PNe, both compact and resolved/extended, are expected to be
discovered on completion of the project.

The IPHAS nebula database?? was queried in December 2007, to obtain a list of PN can-
didates larger than 2’ across. A list of 37 objects was returned. Where available, SHASSA
or VTSS images and/or blue and red DSS images were downloaded and examined, along with
MSX cutouts, supplemented with a SIMBAD search around each object position. The majority
of objects are considered to be likely HII regions, or areas of diffuse emission. Some very faint
objects remain unclassified. Table 2.5 lists the four best candidates, along with data on two PN
candidates supplied by A. Zijlstra and L. Sabin (pers. communication). The ”Ear nebula” is a
very good candidate for the solar neighbourhood volume (see the appendix).

In the literature to date, Mampaso et al. (2006) presented an in-depth study of the first

*http://catserver.ing.iac.es/TPHAS/Group_B/Search.php
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Table 2.5: Likely large PNe (>2 across) discovered from the IPHAS survey, listed at the end of 2007.

Name Other R.A. Dec. l b a b Morph F(Ha)
O 0O

IPHASX 0156 ... 01 56 26.0 46528 30.0 129.61 +345 3.3 3.0 Ea —11.5
IPHASX 0540 Teutsch 2 0540 44.6 43144 32.0 177.06 +0.58 2.0 2.0 Raf

IPHASX 1906 PHR1906-0133 19 06 14.88 —01 33 18.6 033.25 —4.00 2.6 1.6 Tas
IPHASX 1925 .. 19 25 10.80 +11 33 53.6 047.06 —2.09 2.3 23 B? —-12.0
IPHASX 1945 ... 19 45 33.84 +21 07 50.9 057.80 —-1.71 2.3 23 I —11.9
IPHASX 2050 ‘Ear nebula’ 20 50 13.74 +46 55 15.2 086.52 +1.83 59 5.2 Eas —-11.0

PN to be discovered from IPHAS. It is an unusual oxygen-poor Type I PN, located at a large
galactocentric distance of 13 kpc. It shows an intricate morphology, with an inner ring sur-
rounding the CS, bright inner lobes with an enhanced waist, and very faint extensions reaching
up to more than 100”. The unusual quadrupolar morphology, the red CS colour, and possible
evidence for a dense circumstellar disk, support the hypothesis that its morphology is related
to a binary interaction. Another distant PN located near the Galactic anticentre direction has
been reported by Mampaso et al. (2004). Its estimated galactocentric distance of 14 — 20 kpc
makes it one of the farthest galactic PNe for which chemical abundances have been measured

(see also the paper by Mampaso et al. 2007).

2.7 WHAM

The Wisconsin H-Alpha Mapper (WHAM; Haffner et al. 2003) is a Fabry-Perot spectrometer
with high sensitivity and spectral resolution (R = 25,000) and has been designed to produce a
survey of Ha emission from the interstellar medium over the entire northern sky. The WHAM
instrument consists of a 60 cm telescope combined with a 15cm dual-etalon Fabry-Perot spec-
trometer, and can detect Galactic emission as faint as 0.05 Rayleighs in a 30 second exposure
(Haffner et al. 2003). In primary mode, a single exposure covers a 200 kms~!'spectral region
with a velocity resolution of 8-12 kms~!, but with a low spatial resolution of 1° on the sky.
For emitting gas at 10,000 K, this observed intensity corresponds to a Ha emission measure of
about 0.1 cm % pe.

The first major product of the WHAM project is the Ha Northern Sky Survey (WHAM
NSS; Haffner et al. 2003), which is a complete survey of the ionized gas in the Galaxy north
of § = —30°. The survey totals 37,565 individual spectra, and provides the first absolutely
calibrated, kinematically resolved map of the Ha emission in the Galaxy within + ~100 kms !
of the local standard of rest (Haffner et al. 2003).

Recently, a number of mainly high latitude Ha emission enhancements were found in the
WHAM NSS and were catalogued as WHAM Point Source (WPS) objects (Reynolds et al.
2005). Greg Madsen and the present author have used WHAM to determine the status of a
number of poorly studied PN candidates, including some of the WPS objects (see Chapter 8 and

Appendix B), as well as obtaining integrated photometry in the main emission lines for most
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of the large PNe in the solar neighbourhood (see §3.3). The WHAM data will be published in
detail in a separate paper (Madsen & Frew 2008, in preparation; see also Madsen et al. 2006;
Frew, Madsen & Parker 2006, and Frew & Parker 2006).

2.8 Summary

This chapter presented the results of a search for new evolved PN candidates based primarily
on the AAO/UKST Ha Survey. A complimentary search outside the area of the Galactic
plane was undertaken using the complete Southern H-Alpha Sky Survey Atlas (SHASSA) and
the available fields of the Virginia-Tech Spectral-line Survey (VTSS). Additional preliminary
discoveries from the INT Photometric Ha Survey (IPHAS) and Wisconsin H-Alpha Mapper are
also briefly discussed.

These new discoveries have helped generate a new accurate volume-limited local sample of
PNe, discussed in more detail in later chapters. In the next chapter, I present new self-consistent
estimates of global fluxes in the main emission-lines for a large number of PNe, including many

of the new discoveries found as part of this work.
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Chapter 3

Emission-line Photometry

3.1 Introduction

For a planetary nebula, the integrated flux in a Balmer line (e.g. Ha or Hf) is one of the
most fundamental parameters that needs to be determined, and is analogous to the apparent
magnitude of a star. Calculations involving the surface brightness (i.e. in the SB — r relation,
defined below), the ionized nebular mass, the rms density, the Zanstra temperature of the CS
(and hence its luminosity and mass), and the PN luminosity function are all dependent on
accurate integrated line fluxes. However, most of the largest evolved PNe in the sky of low
surface brightness (typified, for example, by the discoveries of Abell 1955, 1966) have poorly
determined Hf or Ha fluxes, if known at all. Those that are published are heterogeneous and
often very inconsistent (cf. Kaler 1983b; Hippelein & Weinberger 1990; Xilouris et al. 1996).

The situation is obviously better for most of the brighter and/or more compact PNe in the
Galaxy, with a large number of HS fluxes compiled by Acker et al. (1991, 1992), based on the
efforts of a large number of workers over the last fifty years (see references therein). Global
fluxes in the Ha line are less common, with most being contributed by Kaler (1983a, 1983b)
and Shaw & Kaler (1989). A number of compact southern PNe have accurate Ho, H3, H~,
[O 111], [N 11] and He 11 \4686 fluxes determined by Kohoutek & Martin (1981), and several
more were measured by Dopita & Hua (1997). Wright, Corradi & Perinotto (2005) presented
accurate line fluxes for six compact northern PNe. Since the solar neighbourhood is dominated
by low-surface brightness PNe with either poor-quality or no data, it was obvious that more
work needed to be done.

In this section, I present new determinations of the Ha flux for a large number of PNe,
including the most accurate and complete database of fluxes yet compiled for the nearest, most
evolved PNe in the solar neighbourhood. This data is of great import for the calculation of
Zanstra temperatures (and therefore stellar luminosities and masses; see §9.4.4) and underpins

the new Ha SB-r relation derived later in this work (see Chapter 7).
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3.2 Integrated Ha Fluxes

The Ha fluxes tabulated in this chapter are principally derived from the Southern Ha Sky
Survey Atlas (SHASSA) of Gaustad et al. (2001). A smaller number of PNe were measured
from the Virginia Tech Spectral line Survey (VTSS; Dennison, Simonetti & Topasna 1998) in the
northern sky, outside the bounds of the SHASSA survey. Observations taken by the Wisconsin
H-Alpha Mapper (WHAM; Haffner et al. 2003) are also given, as are a range of literature fluxes

corrected to a common zero point. Details will be provided in the sections that follow.

3.2.1 Methodology
SHASSA

SHASSA provides narrowband (Ha + [N11]) and continuum images of the entire southern sky.
The survey has a rather low spatial resolution (48" pixels) but is continuum subtracted and
accurately flux calibrated. Despite the relatively coarse resolution of the SHASSA data, a large
number of PNe are either large enough or bright enough to be readily apparent on the survey,
which allows for an accurate flux determination.

Gaustad et al. (2001) describe in detail how the SHASSA intensity calibration was de-
rived using the planetary nebula spectrophotometric standards of Dopita & Hua (1997) after
the continuum images had been scaled and subtracted from the Ha frames. However, a dif-
ficulty in applying PNe line fluxes to Ha narrow-band imaging is the proximity of the two
[N11] AX6548, 6584 lines which are included in the flanks of the SHASSA Ha filter bandpass.
These vary in strength relative to Ha between PNe and may significantly affect the flux deter-
mination if not taken into account, especially for Type I nebulae. Calculating the transmission
properties of the interference filter to these lines is complicated by the blue-shifting of the band-
pass with incident angle (e.g. Parker & Bland-Hawthorn 1998). These effects are considered in
Section 4 of Gaustad et al. (2001) and are carefully accounted for in their calibration.

An additional uncertainty is introduced to the zero-point of the SHASSA intensity cali-
bration from the contribution of geocoronal emission. Gaustad et al. (2001) estimate this by
comparison with overlapping 1° field-of-view (FOV) WHAM data points and interpolating if
there is no available WHAM data (Haffner et al. 2003). A by-product of the check of the
intensity calibration against independent flux measures of bright PNe (see below) indicates that
the geocoronal contribution to the SHASSA Ha images has been appropriately accounted for.
Furthermore, Finkbeiner (2003) also showed there is no significant offset between WHAM and
SHASSA data (cf. the VT'SS data, see below).

The continuum-subtracted SHASSA data are available as either the original 48" resolution
data, or data smoothed to 4’. The full-resolution SHASSA data often shows unphysical, neg-
ative pixels which are residuals from poorly subtracted stellar images, largely removed in the
smoothed images (see previous chapter). In order to ascertain the reliability of the SHASSA in-
tensity calibration, a first-step analysis using 87 well-studied PNe with an independent measure

of Ha flux given in the literature, showed that the aperture photometry from the full-resolution
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Figure 3.1: Obtaining PN photometry using SHASSA flux-calibrated unsmoothed images. Note the
artifacts from the imperfect off-band continuum subtraction. This example, Longmore 1, is given to
show how the aperture and background annulus are selected using the APERPHOTOM routine in GAIA.
The resulting photometry counts are converted to a red flux using equation 3.1 (see text).

data returns the best measurement of the integrated Ha flux, despite the artefacts seen on
these images (smoothing mingles the flux from the PN with the sky background). Available
spectroscopic data were used to deconvolve the contribution from the [N11] lines passed by the
SHASSA filter (see below) for these calibration PNe.

It was apparent that the deconvolved SHASSA Ha fluxes agree with published data to
AF(Ha) = -0.001 dex, 0 = 0.07 dex in the sense of SHASSA minus literature fluxes (see also
my preliminary analyses in Pierce et al. 2004 and Parker et al. 2005a). There was also no
correlation between AF(Ha) and the [N 11]/Ha ratio, showing that the adopted procedure is
correct. Since the PNe literature fluxes themselves have associated errors, I find the SHASSA
calibration to be calibrated to better than +10% across the whole survey, in agreement with
the nominal error supplied by Gaustad et al. (2001).

To make the measurements of the Ha + [N 11] integrated fluxes for the PNe reported here,
the Starlink routine APERPHOTOM was used in the GAIA image analysis package. For each
object, a circular aperture was carefully placed over the PN and an annulus for background
subtraction defined; this is positioned to avoid residual stellar images and other image artifacts
(see Figure 3.1). The routine automatically accounts for the differing relative areas of the
aperture and annulus, and scales the sky subtraction accordingly. The total pixel counts and
the error (due primarily to uncertainties in the background correction) were hence obtained

from the routine.
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For some PNe the presence of artifacts close to the PN preclude background estimation
via the annulus method. Instead, measurements of the sky background were made through
an aperture identical to the PN aperture at a number of representative regions immediately
surrounding the nebula, in order to accurately account for the surrounding diffuse Ha emission.
The standard deviation in these is the principal uncertainty in the flux measurement.

The SHASSA filter is centered at Ha and has a FWHM of 32A. Hence the filter response
passes Ha and both [N 11] lines. The transmission factors for the A6548, Ha and A6584 lines are
39%, 78% and 26% respectively (Gaustad et al. 2001). Photometry using the SHASSA data is
quite straightforward. A ‘red’ Ha+[N 11] flux in cgs units is given by:

Freq = 5.66 x 10718 x 47.64% x (COUNT/10)  ergem 2s™! (3.1)

The constants in the expression are the conversion factor from Rayleighs to cgs units (at
Ho and/or [N11]) and the pixel scale of the SHASSA survey (47.64 arcsec/pixel). Note that the
native units of the SHASSA survey are deci-rayleighs, hence the photometry counts obtained
from the APERPHOTOM routine need to be divided by 10.

As stated earlier, the SHASSA bandpass includes a contribution from the [N 11] lines at
AN6548, 6584 A. In order to derive a pure Ha flux, the [N 11]/He ratio is required to deconvolve
the [N 11] contribution to the SHASSA red flux. To do this the integrated [N11]/Ha ratios
for each PN were taken from the literature (see table 3.1), spectroscopic data from table 5.3,
other unpublished spectra taken as part of the Macquarie/AAO/Strasbourg/Ha (MASH) survey
(Parker et al. 2006a, and see table 3.2), and from observations made with WHAM (see table 3.8).
The WHAM data will be published in detail in a separate paper (see Madsen et al. 2006), and
while absolute intensity calibration is difficult, the integrated [N 11]/Ha ratios are reliable and
are to be preferred as the WHAM field-of-view is larger than all of the PNe measured here.

Integrating the line strengths with the bandpass of the filter (see Gaustad et al. 2001) leads

to the following expression (in log terms) for the correction due to the [N11] flux:

1
log F(Ha) = log Fieq + 1 3.2
og F(Ha) = log Fyeq + log <0.375 I 1> (3.2)

where Rnyy is the [N11]/Ha ratio for the PN and the constant takes into account the
throughput of the SHASSA filter for each [N11] line after integration. Note that the [N11] flux
refers to the sum of the A6548 and A6584 lines. If only the brighter A6584 line is measurable in
a spectrum, F([N11]) is estimated as 1.333 x F'(6584).

There is an important caveat to consider; as more often than not the adopted [N11]/Ha
ratio for the PN is derived from long-slit spectroscopy (e.g. Acker et al. 1992), and may not be
representative of the integrated ratio for the nebula. It is possible that the value of Ry taken
from long-slit spectra is systematically overestimated for some PNe, as spectrograph slits are
often positioned (especially for evolved nebulae) on bright interacting rims which are expected
to have enhanced [N 11| emission. The derived Ha flux might therefore be slightly too faint in
these cases (however the derived flux is only modestly sensitive to the exact value of Ry, for
RNy < 1).
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For all objects, the quoted zero-point calibration error of 9% from Gaustad et al. (2001)

and our estimated error in the integrated [N1]/Ha ratio for the each PN have been added

quadratically to get the overall uncertainty in the integrated Hoa flux.

Tables 3.1 and 3.2

contains all the Ha fluxes calculated from SHASSA images for 270 previously known objects

and 95 new nebulae respectively. The adopted [N11]/Ha ratio is given in column 2, the ‘red’

flux count (including the contribution of the [N11] lines) as measured from the image is given

in column 5, and the logarithms of the integrated red flux and the corrected Ha flux are given

in columns 6 and 7 respectively. Column 8 lists the aperture diameter in arcmin.

Table 3.1: New Ha fluxes derived from SHASSA data for known

PNe. Fluxes are given in log cgs units.

Name NII/Ha Ref field count Fred F(Ha) aperture  Notes
NGC 246 0.01 5 163 6630 £ 100 —10.07 £ 0.01 —10.07 £ 0.04 9.0
NGC 1360 0.01 5 100 13780 £ 150 —-9.75 + 0.01 —9.75 + 0.04 15 1
NGC 1535 0.00 9 168 8680 £ 70 —-9.95 + 0.01 —9.95 + 0.04 6.5 1
NGC 2022 0.01 10 242 2450 £ 50 —10.50 £ 0.01 —10.50 £ 0.04 4.1
NGC 2346 2.5 4,11 209 3155 £+ 40 —10.39 £ 0.01 —10.68 £ 0.05 5.1
NGC 2438 1.5 4,9,10 138 3940 £ 100 —10.30 £ 0.01 —10.49 £+ 0.04 6.0 1
NGC 2438 1.5 4,9,10 673 4000 £ 60 —10.29 £ 0.01 —10.48 4+ 0.04 5.4 1
NGC 2440 3.2 4,79,10 138 23450 £+ 670 —9.52 + 0.01 —9.86 £ 0.06 12
NGC 2452 0.62 7 105 1720 £ 60 —10.66 £ 0.01 —10.75 £+ 0.04 4.9
NGC 2610 0.15 7 139 1030 + 40 —10.88 £ 0.02 —10.90 £ 0.04 3.8
NGC 2792 0.02 4 78 1850 + 80 —10.62 £ 0.01 —10.63 & 0.04 4.3
NGC 2818 2.2 7 78 2780 £ 100 —10.45 £ 0.02 —10.71 £ 0.05 5.6
NGC 2867 0.29 7 31 11500 £ 400 —-9.83 + 0.01 —9.88 + 0.04 6.5
NGC 2899 3.72 7 31 6950 £ 130 —10.05 £ 0.01 —10.43 £ 0.06 5.7
NGC 3132 2.06 4,9 79 20800 = 100 —9.57 £ 0.01 —9.82 + 0.05 6.0
NGC 3195 1.50 7 5 4600 £ 60 —10.23 £ 0.01 —10.42 4+ 0.04 4.8
NGC 3211 0.06 7 32 2380 + 40 —10.51 £ 0.01 —10.52 4+ 0.04 4.0
NGC 3242 0.01 9 142 38200 4+ 90 —-9.31 £ 0.01 —9.31 + 0.04 6.5 2
NGC 3699 1.2 7 33 3490 £ 250 —10.35 £ 0.03 —10.51 £+ 0.05 4.8
NGC 3918 0.34 43 33 26900 = 130 —9.46 + 0.01 —9.51 + 0.04 4.8
NGC 4071 1.55 7 17 1420 + 70 —10.74 £ 0.02 —10.94 £ 0.05 4.0
NGC 4361 0.00 14 145 6020 + 160 —10.11 £ 0.01 —10.11 4+ 0.04 6.0
NGC 5189 1.36 4,7,12 18 13780 £ 200 —-9.75 + 0.01 —9.93 + 0.04 5.6
NGC 5307 0.04 7 35 1880 + 40 —10.62 £ 0.01 —10.62 £+ 0.04 4.0
NGC 5315 0.67 7 18 19660 £ 130 —9.60 = 0.01 —9.70 £+ 0.04 5.1
NGC 5844 1.5 4 36 2880 + 60 —10.43 £ 0.01 —10.62 4+ 0.04 4.1
NGC 5873 0.08 7 84 2150 £ 50 —10.56 £ 0.01 —10.57 4 0.04 4.4
NGC 5873 0.08 7 85 1980 + 40 —10.59 £ 0.01 —10.61 4 0.04 4.4
NGC 5882 0.06 16 58 13400 £ 100 —9.76 £+ 0.01 —9.77 £ 0.04 4.8
NGC 5979 0.06 4 36 1740 £ 50 —10.65 £ 0.01 —10.66 £ 0.04 4.3
NGC 6026 0.04 7 116 780 £ 20 —11.00 £ 0.01 —11.01 £ 0.04 3.8
NGC 6072 1.67 7 86 4900 £ 70 —10.20 £ 0.01 —10.41 4+ 0.04 9.5
NGC 6153 0.22 17 86 9300 £ 150 —-9.92 + 0.01 —9.96 + 0.04 7.9
NGC 6302 2.80 4,16,19 142 41900 = 500 —9.27 £+ 0.01 —9.58 + 0.05 5.6
NGC 6302 2.80 4,16,19 87 41200 =+ 500 —9.28 + 0.01 —9.59 + 0.05 5.6

81



Name NII/Ha Ref field count Fred F(Ha) aperture  Notes
NGC 6326 0.40 7 60 2250 £ 40 —10.54 £ 0.01 —10.60 £ 0.04 3.3

NGC 6337 0.43 4 87 3230 £+ 90 —10.38 £ 0.01 —10.45 £+ 0.04 3.5

NGC 6369 0.36 20 152 6050 £ 200 —10.11 £ 0.01 —10.16 £ 0.04 6.4

NGC 6445 1.9 4,34 152 7600 £ 100 —10.01 £ 0.01 —10.24 4+ 0.04 4.8

NGC 6537 6.2 4,21 153 4550 £ 180 —10.23 £ 0.02 —10.76 & 0.09 4.8

NGC 6563 14 4,6 119 5470 £ 340 —10.15 £ 0.03 —10.34 £ 0.05 5.6

NGC 6565 1.5 4 119 2900 £ 40 —10.43 £ 0.01 —10.62 £+ 0.04 4.1

NGC 6567 0.05 4 153 4300 £ 100 —10.26 £ 0.01 —10.27 £+ 0.04 3.5

NGC 6572 0.28 4 261 50500 £ 200 —-9.19 + 0.01 —-9.23 + 0.04 10

NGC 6578 0.06 7 153 1400 £ 100 —10.75 £ 0.03 —10.76 £ 0.05 2.2

NGC 6620 1.09 7 119 820 + 40 —10.98 £ 0.02 —11.13 £ 0.04 3.5

NGC 6620 1.09 7 653 740 £+ 35 —11.02 £ 0.02 —11.17 £ 0.04 3.5

NGC 6629 0.16 7 153 5400 + 100 —10.16 £ 0.01 —10.18 4 0.04 4.4

NGC 6644 0.4 22 119 3000 £ 80 —10.41 £ 0.01 —10.47 4+ 0.04 5.2

NGC 6741 1.6 227 2850 £ 30 —10.44 £ 0.01 —10.64 & 0.03 4.8

NGC 6772 0.69 4 227 2310 £ 50 —10.53 £ 0.01 —10.63 £ 0.04 4.4

NGC 6778 0.95 4 227 3340 £+ 25 —10.37 £ 0.01 —10.50 £ 0.04 4.4

NGC 6781 1.9 6,17,23 263 12280 £ 130 —9.80 + 0.01 —10.04 + 0.04 6.7

NGC 6781 1.9 6,17,23 762 11500 £ 110 —-9.83 £ 0.01 —10.06 + 0.04 7.8

NGC 6790 0.17 4 227 4500 =+ 40 —10.24 £ 0.01 —10.26 & 0.04 4.8

NGC 6803 0.42 4 263 2780 £ 40 —10.45 £ 0.01 —10.51 £+ 0.04 3.7

NGC 6804 0.0 23 263 1920 + 30 —10.61 £ 0.01 —10.61 £+ 0.04 4.0

NGC 6818 0.01 21 155 9680 £ 90 —-991 + 0.01 —-9.91 + 0.04 5.6

NGC 6818 0.01 21 191 9400 + 100 —-9.92 + 0.01 —9.92 + 0.04 5.6

NGC 6818 0.01 21 691 8950 + 100 —-9.94 + 0.01 —9.94 + 0.04 7.1

NGC 6852 0.14 4 228 281 + 14 —11.44 £ 0.02 —11.46 £+ 0.04 3.2

NGC 6891 0.05 4 264 5320 £ 100 —10.17 £ 0.01 —10.17 £ 0.04 4.4

NGC 7009 0.08 1 194 41050 + 150 —9.28 + 0.00 —-9.29 + 0.04 8.4 1
NGC 7094 0.00 6 266 455 £+ 14 —11.23 £ 0.01 —11.23 4+ 0.04 4.8

NGC 7293 1.8 2 159 187500 % 5200 —8.62 + 0.01 —8.84 + 0.05 22

NGC 7293 1.8 2 159 198200 % 7500 —8.59 + 0.02 —8.82 + 0.05 37 3
IC 418 0.70 1 170 93000 £ 2500 —8.92 + 0.01 —9.02 + 0.04 6.4

1C 972 0.72 4,5 147 320 £+ 25 —11.39 £ 0.03 —11.49 4 0.05 4.8

IC 1266 0.55 7 61 7980 + 120 —-9.99 + 0.01 —10.07 + 0.04 4.8

IC 1266 0.55 7 587 7200 £ 100 —10.03 £ 0.01 —10.12 £+ 0.04 5.4

IC 1295 0.15 3,4 190 1350 + 80 —10.76 £ 0.03 —10.78 £ 0.05 4.8

IC 1297 0.18 7 89 3120 £+ 60 —10.40 £ 0.01 —10.43 £ 0.04 3.7

1C 2165 0.15 4 171 4950 £+ 70 —10.20 £ 0.01 —10.22 4+ 0.04 5.4

1C 2165 0.15 4 172 5150 £ 60 —10.18 £ 0.01 —10.20 £ 0.04 4.0 1
IC 2448 0.05 7 15 4130 £ 60 —10.28 £ 0.01 —10.28 £+ 0.04 5.6

IC 2501 0.33 8 32 8300 £+ 90 —9.97 £ 0.01 —10.02 £ 0.04 4.8

IC 2553 0.18 4,7 32 4800 £ 80 —10.21 £ 0.01 —10.24 £+ 0.04 4.0

1C 2621 0.72 8 16 2750 £ 80 —10.45 £ 0.01 —10.56 & 0.04 4.1

1C 4191 0.40 8 534 4650 £ 50 —10.22 £ 0.01 —10.28 4 0.04 3.8

IC 4191 0.40 8 18 4325 £+ 62 —10.26 £ 0.01 —10.32 £ 0.04 3.8 1
IC 4406 2.0 4 84 8750 £ 80 —-9.95 £ 0.01 —10.19 £ 0.05 4.8

1C 4593 0.1 4 258 6710 £ 60 —10.06 £ 0.00 —10.08 & 0.04 4.8
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Name NII/Ha Ref field count Fred F(Ha) aperture  Notes
IC 4599 0.26 4,7 86 1150 + 50 —10.83 £ 0.02 —10.87 £+ 0.04 3.2

IC 4634 0.04 4 151 4360 £ 50 —10.25 £ 0.01 —10.26 £+ 0.04 4.3

IC 4637 0.08 7 87 3240 £+ 40 —10.38 £ 0.01 —10.39 £+ 0.04 3.8

1C 4642 0.00 4 560 1410 + 40 —10.74 £ 0.01 —10.74 £+ 0.04 3.8

1C 4642 0.00 4 38 1210 + 40 —10.81 £ 0.01 —10.81 4+ 0.04 3.8 1
IC 4663 0.09 7 587 940 + 40 —10.92 £ 0.02 —10.93 £+ 0.04 4.0

IC 4673 0.14 7 118 765 £+ 40 —11.01 £0.02 —11.03 £+ 0.04 3.3

IC 4699 0.01 7 61 560 £ 50 —11.14 £ 0.04 —11.15 £ 0.05 3.5

IC 4699 0.01 7 588 330 £+ 40 —11.37 £ 0.05 —11.37 4+ 0.06 3.5

1C 4776 0.1 18 619 4500 £ 100 —10.24 £ 0.01 —10.25 4+ 0.04 4.4

IC 4846 0.09 7 191 1590 + 80 —10.69 £ 0.02 —10.70 £ 0.04 3.7

IC 5148 0.20 6 92 2950 £ 100 —10.42 £ 0.01 —10.45 £+ 0.04 6.4

Abell 7 0.8 3 134 3880 + 485 —10.30 £ 0.05 —10.42 4+ 0.06 22

Abell 10 1.24 5 242 369 £+ 30 —11.32 £ 0.03 —11.49 4 0.05 3.5

Abell 13 4.0 5,15,30 207 770 £ 60 —11.00 £ 0.03 —11.40 £+ 0.07 6.4

Abell 15 0.16 5 103 107 £ 20 —11.86 £ 0.07 —11.89 4+ 0.08 2.7

Abell 18 2.6 6 208 170 £ 28 —11.66 £ 0.07 —11.96 £ 0.08 2.9

Abell 20 0.12 5 209 205 £ 15 —11.58 £ 0.03 —11.60 & 0.05 3.5

Abell 21 1.61 2 245 18150 £ 300 —-9.63 + 0.01 —9.84 + 0.04 16

Abell 21 1.61 2 245 21600 £+ 300 —9.56 + 0.01 —9.76 + 0.04 40 3
Abell 22 1.8 4 209 400 £ 80 —11.29 £ 0.08 —11.51 4+ 0.09 4.8

Abell 23 1.0 4 105 140 £ 25 —11.75 £ 0.07 —11.88 £+ 0.08 2.9

Abell 24 5.2 5,30,32 210 6140 + 120 —10.10 £ 0.01 —10.57 4 0.08 8.7

Abell 25 2.3 6 210 185 + 30 —11.62 £ 0.07 —11.89 4 0.08 6.4 4
Abell 27 3.6 4,6 106 205 £ 30 —11.58 £ 0.06 —11.95 4 0.08 3.2

Abell 29 4.5 3,4 139 2340 £ 140 —10.52 £ 0.03 —10.95 £+ 0.07 8.4

Abell 31 0.94 2 247 6700 £ 500 —10.07 £ 0.03 —10.20 £ 0.05 21

Abell 33 0.17 5 212 > 500 £+ 50 > —11.2 > —11.2 5.0

Abell 34 0.64 5 177 510 £ 20 —11.18 £ 0.02 —11.28 4+ 0.04 7.3

Abell 35 0.86 2 145 10050 £ 250 —9.89 £ 0.01 —10.01 + 0.04 18 7
Abell 36 0.00 5 146 2380 £ 100 —10.51 £ 0.02 —10.51 £+ 0.04 10

Abell 41 0.36 7 152 192 £ 15 —11.61 £ 0.03 —11.66 & 0.05 2.7

Abell 45 4.0 3 190 930 4+ 100 —10.92 £ 0.04 —11.32 4+ 0.08 4.8

Abell 48 0.36 4 226 225 £ 25 —11.54 £ 0.04 —11.59 £ 0.05 3.7

Abell 56 1.0 3 227 700 £ 70 —11.05 £ 0.04 —11.18 4+ 0.06 4.8

Abell 62 1.40 4,13,15 263 950 + 50 —10.91 £ 0.02 —11.10 £ 0.05 3.5

Abell 65 0.21 5,33,34 155 970 + 30 —10.90 £ 0.01 —10.94 £+ 0.04 4.8

Abell 66 0.6 4,29 155 1197 + 28 —10.81 £ 0.01 —10.90 £ 0.04 6.0

BIDz 1 0.8 4 55 650 + 100 —11.08 £ 0.06 —11.19 4+ 0.07 4.4 5
BoBn 1 0.17 58 662 88 £ 8 —11.95 £ 0.04 —11.97 £ 0.05 4.5
CTIO1230-275 0.0 4 111 18+ 5 —12.64 £0.11 —-12.64 £ 0.11 1.1 67
CVMP 1 11.0 3,35 36 1030 + 100 —10.88 £ 0.04 —11.59 £+ 0.15 6.4

DeHt 1 0.0 6 135 650 4+ 200 —11.08 £ 0.12 —11.08 4 0.12 4.8 4
DeHt 3 1.25 32 154 230 £ 50 —11.53 £ 0.09 —11.70 & 0.09 4.8

DS1 0.0 3 54 1800 £ 90 —10.64 £ 0.02 —10.64 £+ 0.04 5.2

DS 2 0.0 3 85 210 £+ 40 —11.57 £ 0.10 —11.57 £ 0.11 4.5

EGB 5 0.3 3 246 100 + 20 —11.89 £ 0.08 —11.94 4+ 0.09 3.5
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Name NII/Ha Ref field count Fred F(Ha) aperture  Notes
EGB 6 0.32 2 249 900 + 50 —10.94 £ 0.02 —10.99 £+ 0.04 15.9

EGB 9 0.5 3 245 510 £+ 60 —11.18 £ 0.05 —11.26 4+ 0.06 6.8

ESO 40-PN11 0.0 4 18 125 £ 30 —-11.79 £ 0.09 —11.79 £ 0.10 4.8

Fg1 0.17 4 54 2670 £ 80 —10.46 = 0.01 —10.49 £+ 0.04 4.8

Fg 2 0.37 4 87 610 £+ 30 —11.11 £ 0.02 —11.16 4 0.04 2.9
G4.4+6.4 1.5 3 152 700 £ 100 —11.05 £ 0.06 —11.24 4+ 0.07 4.8
G247.8+4.9 10.0 3 106 420 £ 100 —11.27 £0.09 —11.94 £+ 0.16 3.5

H 1-3 1.43 7 86 175 £ 30 —11.65 £ 0.07 —11.83 £+ 0.08 24 6
H 2-1 0.57 7 117 1750 £+ 200 —10.65 £ 0.056 —10.73 £ 0.06 3.7 6
HaTr 1 0.6 4 533 220 £ 25 —11.55 £ 0.05 —11.63 & 0.06 4.8

HaTr 4 0.03 4 60 145 £+ 20 —11.73 £ 0.06 —11.73 £+ 0.06 0.0

HaTr 7 0.3 3,4 38 380 £ 80 —11.31 £0.08 —11.36 £+ 0.09 4.8

HaTr 9 2.0 3 88 540 £ 50 —11.16 £ 0.04 —11.40 4+ 0.10 4.8
HaWe 7 0.78 4,31 172 695 £+ 20 —11.05 £ 0.01 —11.16 4 0.05 3.8 77
HaWe 10 1.0 36 246 59 + 10 —12.12 £ 0.07 —12.26 4 0.08 3.0
HaWe 13 0.0 4 227 75 £ 10 —12.02 £ 0.06 —12.02 £ 0.10 3.7

Hb 4 0.40 7 152 1090 + 25 —10.85 £ 0.01 —10.91 £+ 0.04 4.3

Hb 5 1.6 4 118 4940 £ 100 —10.20 £ 0.01 —10.41 4+ 0.04 4.3

Hb 6 0.63 7 153 1120 + 40 —10.84 £ 0.02 —10.93 £+ 0.04 4.0

HbDs 1 0.0 3 53 220 £ 40 —11.55 £ 0.09 —11.55 4+ 0.10 3.2 5
Hewett 1 0.61 2 214 7800 £ 1500 —10.00 £ 0.08 —10.09 £ 0.09 81.0 7
He 2-9 0.32 8 77 620 £ 25 —11.10 £ 0.02 —11.15 4+ 0.04 3.5

He 2-11 0.48 7 77 980 £ 50 —10.90 £ 0.02 —10.97 £+ 0.04 3.7

He 2-15 3.67 7 77 1500 + 60 —10.72 £ 0.02 —11.09 £ 0.06 3.3

He 2-25 0.05 7 52 410 £+ 20 —11.28 £ 0.02 —11.29 4+ 0.04 3.3

He 2-34 0.02 8 53 65 £+ 20 —12.08 £ 0.12 —12.08 £+ 0.12 7.8 7
He 2-36 0.17 7 32 1110 + 40 —10.85 £ 0.02 —10.87 £+ 0.04 3.8

He 2-41 0.20 8 32 480 £ 30 —11.21 £ 0.03 —11.24 4+ 0.05 3.2

He 2-47 1.12 8 32 4800 =+ 80 —10.21 £ 0.01 —10.36 & 0.04 2.5 6
He 2-62 0.23 8 17 295 £+ 20 —11.42 £ 0.03 —11.46 £+ 0.05 2.7 1
He 2-69 0.37 7 33 1325 £ 30 —10.77 £ 0.01 —10.83 £ 0.04 3.5

He 2-70 7.6 4 33 600 £ 70 —11.11 £0.05 —11.70 £ 0.11 3.2

He 2-71 0.44 8 17 740 £ 20 —11.02 £ 0.01 —11.09 £ 0.04 3.2

He 2-73 0.57 8 17 665 £+ 30 —11.07 £ 0.02 —11.15 4+ 0.04 3.7

He 2-73 0.57 8 533 630 £ 25 —11.09 £ 0.02 —11.18 4+ 0.04 3.7

He 2-77 0.12 7 33 360 £ 24 —11.33 £ 0.03 —11.35 £ 0.05 4.8 8
He 2-86 0.61 8 533 600 + 40 —11.11 £ 0.03 —11.20 £ 0.05 3.2

He 2-90 0.18 7 34 2530 £ 40 —10.49 £ 0.01 —10.52 4+ 0.04 3.5

He 2-96 0.31 8 35 470 £+ 40 —11.22 £ 0.04 —11.27 4+ 0.05 3.5

He 2-97 1.33 8 18 1460 + 40 —10.73 £ 0.01 —10.90 £+ 0.04 3.5

He 2-99 0.98 7 18 1040 + 60 —10.87 £ 0.02 —11.01 £ 0.05 4.1

He 2-104 0.15 8 57 1230 £ 30 —10.80 £ 0.01 —10.83 £ 0.04 3.2 7
He 2-108 0.46 7 57 1400 + 20 —10.75 £ 0.01 —10.81 4 0.04 3.5

He 2-111 3.0 7,21 35 3210 £ 50 —10.38 £ 0.01 —10.71 £ 0.05 4.1

He 2-113 0.71 8 58 1450 £ 20 —10.73 £ 0.01 —10.83 £ 0.04 3.5

He 2-114 1.51 7 36 410 £ 80 —11.28 £ 0.08 —11.47 £+ 0.09 2.7 6
He 2-117 0.75 8 36 640 £+ 30 —11.09 £ 0.02 —11.19 4+ 0.04 3.5

84



Name NII/Ha Ref field count Fred F(Ha) aperture  Notes

He 2-118 0.10 8 84 540 £ 30 —11.16 £ 0.02 —11.17 £ 0.04 3.2

He 2-123 1.28 8 58 1050 £ 25 —10.87 £ 0.01 —11.04 £ 0.04 3.7

He 2-125 1.09 8 58 240 £ 20 —11.51 £0.03 —11.66 £+ 0.05 2.5

He 2-131 1.2 43,61 19 28200 + 2500 —9.44 £ 0.04 —9.60 £ 0.05 9.5 3
He 2-138 0.64 7 19 7040 £ 100 —10.04 £ 0.01 —10.14 £+ 0.04 4.9

He 2-140 1.44 8 37 640 £ 25 —11.09 £ 0.02 —11.27 £ 0.04 3.7

He 2-142 1.31 8 37 1570 £ 30 —10.70 £ 0.01 —10.87 £ 0.04 3.2

He 2-142 1.31 8 59 700 £ 70 —11.05 £ 0.04 —11.22 £+ 0.06 3.2 1
He 2-180 0.4 4 151 640 + 20 —11.09 £ 0.01 —11.15 £+ 0.04 3.7

He 2-182 0.24 8 37 3300 £ 100 —10.37 £ 0.01 —10.41 £+ 0.04 3.2

HFG 2 0.2 3 105 800 £ 600 —10.99 £0.24 —-11.02 £ 0.25 4.8

J 320 0.03 4 242 1040 £ 20 —10.87 £ 0.01 —10.88 £+ 0.04 3.7

K 1-2 0.51 4 107 95 £+ 20 —11.91 £ 0.08 —11.99 £ 0.09 3.2

K 1-9 9.0 37 173 130 +£ 15 —11.78 £ 0.06 —12.42 £+ 0.13 2.5

K 1-10 3.0 3 137 130 £ 40 —11.78 £ 0.12 —12.10 £ 0.13 4.8

K 1-22 0.21 5 110 1400 £ 40 —10.75 £ 0.01 —10.78 £+ 0.04 5.7 1
K 1-23 0.61 4 81 540 +£ 50 —11.16 £ 0.04 —11.25 £ 0.05 4.8

K 1-27 0.00 4 4 65 £+ 20 —12.08 £ 0.12 —12.08 £ 0.12 4.8

K 2-2 0.33 5 244 3905 £ 650 —10.30 £ 0.07 —10.35 £ 0.08 12 6
KFR 1 4.0 3 33 305 £ 35 —11.41 £ 0.05 —11.80 £ 0.08 3.5 8
KLSS 1-8 10.0 3 637 150 + 50 —11.72 £ 0.12 —-12.39 £ 0.18 4.9

Lo1 0.1 3 70 906 £ 14 —10.93 £ 0.01 —10.95 £+ 0.04 8.3 1
Lol 0.1 3 570 705 £ 20 —11.04 £ 0.01 —11.06 £ 0.04 8.7

Lo 3 0.23 4 50 527 + 112 —11.17 £ 0.08 —11.21 £+ 0.09 3.3

Lo b 1.00 4 54 1005 £ 25 —10.89 £ 0.01 —11.03 £ 0.04 4.6

Lo 6 1.54 4 55 230 £ 18 —11.53 £ 0.03 —11.73 £ 0.05 3.8

Lo 8 0.0 4 82 120 + 30 —11.81 £0.10 —-11.81 £0.10 3.5

Lo 9 2.56 4 59 120 £ 15 —11.81 £0.04 —12.10 £ 0.06 3.5

Lo 11 0.80 4 86 95 + 30 —11.91 £0.12 —12.03 £ 0.13 3.5 1
Lo 12 0.57 4 ok 78 £ 11 —12.00 £ 0.06 —12.08 £ 0.07 2.9

Lo 16 0.04 4 89 1410 £ 70 —10.74 £ 0.02 —10.75 £ 0.04 3.5

Lo 17 0.42 29 88 240 £ 15 —11.51 £0.03 —11.57 £ 0.05 4.0

M 1-6 0.64 8 208 520 £ 30 —11.18 £ 0.02 —11.27 £ 0.05 3.0

M 1-11 0.95 8 137 1820 £ 35 —10.63 £ 0.01 —10.76 & 0.04 4.3

M 1-12 0.71 8 137 1250 +£ 100 —10.79 £ 0.03 —10.90 £ 0.05 3.5 6
M 1-14 0.37 8 138 720 £ 30 —11.03 £ 0.02 —11.09 £+ 0.04 2.7

M 1-16 3.51 8 173 1092 £ 20 —10.85 £ 0.01 —11.22 £+ 0.06 3.5

M 1-17 1.16 8 173 500 £ 25 —11.19 £ 0.02 —11.35 £ 0.05 3.7

M 1-25 1.04 4 152 970 + 20 —10.90 £ 0.01 —11.05 &£ 0.04 3.8

M 1-26 0.49 7 118 7120 £+ 100 —10.04 £ 0.01 —10.11 £ 0.04 4.8 87
M 1-28 6.2 32 152 690 £ 30 —11.05 £ 0.02 —11.57 £ 0.05 4.3

M 1-40 1.34 7 153 700 £ 110 —11.05 £ 0.06 —11.22 £+ 0.08 2.9 6
M 1-41 4.70 27,31 153 550 £ 100 —11.15 £ 0.10 —11.59 £ 0.15 2.9

M 2-15 0.06 7 152 330 £ 20 —11.37 £ 0.03 —11.38 £ 0.05 3.3

M 2-43 0.29 4 226 430 £ 20 —11.26 £ 0.02 —11.30 £+ 0.04 4.6

M 2-62 0.3 3 208 585 + 20 —11.12 £ 0.01 —-11.17 £ 0.04 4.1 87
M 3-3 5.2 4,32 173 395 £ 10 —11.29 £ 0.01 —11.76 & 0.04 3.7
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Name NII/Ha Ref field count Fred F(Ha) aperture  Notes
M 3-3 5.2 4,32 708 330 £ 15 —11.37 £ 0.02 —11.84 4+ 0.04 3.7

M 3-5 1.8 32 638 450 + 30 —11.24 £ 0.02 —11.36 &+ 0.04 3.5

Me 2-1 0.09 7 149 1120 £ 30 —10.84 £ 0.01 —10.86 £ 0.04 3.8
MeWe 1-1 1.1 4 551 438 £+ 25 —11.25 £ 0.02 —11.40 & 0.05 4.0
MeWe 1-2 1.8 3 32 500 £ 100 —11.19 £ 0.08 —11.42 4+ 0.09 5.0
MeWe 1-4 1.0 3 57 180 £ 30 —11.64 £ 0.07 —11.77 £ 0.08 4.0
MeWe 1-10 0.25 39 560 95 £+ 20 —11.91 £ 0.08 —11.95 £+ 0.09 3.5
MeWe 1-11 0.5 39 61 107 £ 30 —11.86 £ 0.11 —11.94 £+ 0.11 3.2
MeWe 2-4 1.0 3 57 630 + 100 —11.09 £ 0.06 —11.23 4 0.08 6.8
Murrell 1 0.3 3 84 50 + 15 —12.19 £ 0.11 —12.24 4+ 0.12 3.3

My 60 0.07 7 553 760 £+ 40 —11.01 £0.02 —11.02 £+ 0.04 3.5
MyCn 18 1.30 8 534 4290 £+ 80 —10.26 £ 0.01 —10.43 £+ 0.04 3.8

Mz 1 2.59 40 36 4320 £ 150 —10.26 £ 0.01 —10.55 & 0.05 4.1

Mz 2 0.8 4 59 750 £ 50 —11.02 £ 0.03 —11.13 4+ 0.05 3.2

Mz 3 1.0 41 59 5500 £ 80 —10.15 £ 0.01 —10.29 4+ 0.04 4.0

NeVe 3-3 3.2 38 105 100 £ 10 —11.89 £ 0.04 —12.23 £+ 0.07 3.2

Pe 1-1 0.55 8 553 510 4 40 —11.18 £ 0.03 —11.26 &+ 0.05 2.5 6
Pe 1-2 0.10 8 553 270 £+ 100 —11.46 £ 0.14 —11.48 +0.14 2.4 6
PHL 932 0.4 2 235 1480 + 80 —10.72 £ 0.02 —10.77 4+ 0.04 11 7
PHL 932 0.3 2 236 1525 + 75 —10.71 £ 0.02 —10.75 4+ 0.04 11 7
SaWe 3 6.2 4,29 153 1200 + 100 —10.81 £ 0.03 —11.33 £ 0.09 6.4

SaWe 4 0.0 29 154 50 £ 10 —12.19 £ 0.08 —12.19 4+ 0.09 4.8

Sh 2-68 0.53 2 226 3080 £ 90 —10.40 £ 0.01 —10.48 4+ 0.04 10

Sh 2-68 0.53 2 226 5200 £ 150 —10.18 £ 0.01 —10.25 4 0.04 17 3
Sh 2-71 6.0 4,31,44 226 3250 £ 150 —10.38 £ 0.02 —10.89 £ 0.09 6.4

Sh 2-78 1.85 2 263 3300 £ 200 —10.37 £ 0.03 —10.60 £ 0.05 14

Sn 1 0.01 7 223 503 + 15 —11.19 £ 0.01 —11.19 4+ 0.04 4.3

Sp1l 0.12 7 59 770 £ 50 —11.00 £ 0.03 —11.02 4+ 0.05 4.8

Sp 3 0.32 4 61 3970 £ 150 —10.29 £ 0.02 —10.34 £+ 0.04 4.8

SuWt 2 7.0 3,4,63 35 580 & 120 —11.13 £ 0.08 —11.69 £ 0.12 3.8

SwSt 1 0.4 26 119 10200 £ 60 —9.88 £ 0.00 —-9.95 + 0.04 4.8

vBe 1 0.4 3 60 7000 £ 1500 —10.05 £ 0.08 —10.11 £+ 0.09 7.9 87
vBe 2 5.0 25 36 100 £ 100 —11.89 £ 0.30 —12.35 4+ 0.31 4.8
VBRC 1 5.6 4 77 840 £ 80 —10.97 £ 0.04 —11.46 4 0.09 4.8
VBRC 2 1.7 45 31 1440 + 60 —10.73 £ 0.02 —10.95 £+ 0.05 4.4
VBRC 4 5.3 4 533 720 £+ 30 —11.03 £ 0.02 —11.51 4+ 0.08 3.2
VBRC 5 3.2 4 35 305 £ 30 —11.41 £ 0.04 —11.75 £+ 0.07 2.9
VBRC 7 1.55 4 59 170 + 30 —11.66 £ 0.07 —11.86 4 0.08 4.0

Vy 2-2 0.07 7 263 1850 + 40 —10.62 £ 0.01 —10.63 & 0.04 4.0
WDHS 1 4.0 3 243 6600 £ 1280 —10.07 £ 0.08 —10.47 £ 0.10 23

We 2-34 2.5 3 208 142 £ 20 —11.74 £ 0.06 —12.03 £+ 0.08 5.4

We 3-1 0.33 13 262 320 £ 20 —11.39 £ 0.03 —11.44 4+ 0.05 4.3

WKG 3 4.3 28 35 110 + 20 —11.85 £ 0.07 —12.26 4+ 0.10 2.9

Wr 16-122 0.8 4,32 34 140 + 25 —11.75 £ 0.07 —11.86 & 0.08 2.9

YM 16 3.0 3 226 640 + 50 —11.09 £ 0.03 —11.41 4+ 0.06 5.6
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References for Table 3.1 and Table 3.2:

1. This work, table 3.7; 2. This work, table 3.8; 3. This work, table 5.3 and unpublished spectroscopy; 4. Acker
et al. (1992); 5. Kaler (1980, 1981b, 1983a,b); 6. Kaler, Shaw & Kwitter (1990); 7. Shaw & Kaler (1989); 8.
Dopita & Hua (1997); 9. Krabbe & Copetti (2006); 10. Kwitter, Henry & Milingo (2003); 11. Walsh (1983); 12.
Kingsburgh & Barlow (1994); 13. Hippelein & Weinberger (1990); 14. Torres-Peimbert, Peimbert & Pefia (1990);
15. Phillips, Cuesta & Kemp (2005); 16. Tsamis et al. (2003); 17. Lui et al. (2004); 18 Aller & Czyzak (1983);
19. Groves et al. (2002); 20. Monteiro et al. (2004); 21. Pottasch, Beintema & Feibelman (2000); 22. Aller,
Keyes & Feibelman (1988); 23. Aller & Keyes (1987); Henry, Kwitter & Bates (2000); 25. Ruiz (1983, 1986);
26. De Marco et al. (2001); 27. Dopita (1977); 28. Weinberger, Kerber & Grobner (1997); 29. Hua, Dopita &
Martinis (1998); 30. Hua & Kwok (1999); 31. Bohigas (2001); 32. Bohigas (2003); 33. Pollacco & Bell (1997);
34. Perinotto et al. (1994); 35. Corradi et al. (1997); 36. Ali (1999); 37. Kondratyeva & Denissyuk (2003);
38. Kerber et al. (2000a); 39. Emprechtinger, Forveille & Kimeswenger (2004); 40. Monteiro et al. (2005); 41.
Pottasch & Surendiranath (2005); 42. Boumis et al. (2006); 43. Kohoutek & Martin (1981); 44. Hua (1997); 45.
Pena et al. (1997); 46. Boeshaar (1974); 47. Ercolano et al. (2003b); 48. Sabbadin, Falomo & Ortolani (1987);
49. Jacoby, Ferland & Korista (2001); 50. Bohigas & Tapia (2003); 51. Rodriguez, Corradi & Mampaso (1999);
52. Tajitsu et al. (1999); 53. Kimeswenger (1998); 54. Frew, Parker & Russeil (2006); 55. Costa, de Freitas
Pacheco & De Franca (1996); 57. Barker (1978); 58. Wright, Corradi & Perinotto (2005); 59. Liu et al. (2006);
60. Liu et al. (2000); 61. Peimbert & Torres-Peimbert (1977); 62. Perinotto & Corradi (1998); 63. Smith, Bally
& Walawender (2007). Notes for Table 3.1 and Table 3.2:

Nebula near edge of field;

sky taken outside halo;

flux includes halo;

uncertain count;

uncertain background correction;
symbiotic star;

not a PN;

PHR1200-5904;

Sh 2-42.
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Table 3.2: SHASSA Ha fluxes for new MASH PNe (Parker et al.
2006a) and new objects found from SHASSA and VTSS (see Frew,
Madsen & Parker 2006).

Name NII/Ha Ref field count Fred F(Ha) aperture  Notes
Fr 2-2 1.4 2 238 950 £+ 150 -10.94 + 0.06 —11.01 4 0.08 20 77
Fr 2-3 1.6 2 101 1000 + 300 —10.89 + 0.11 —11.09 + 0.12 19 7
Fr 2-4 0.5 3 4 4800 =+ 900 —10.21 £ 0.07 —10.28 + 0.10 38 7
Fr 2-8 0.1 3 57 307 £ 21 —11.40 + 0.03 —11.42 + 0.05 4.4
Fr 2-9 0.87 2 184 4800 =+ 3700 —10.21 £ 0.25 —10.33 + 0.25 90 7?7
Fr 2-10 1.4 2 720 1950 + 250 —10.60 + 0.05 —10.79 + 0.07 40 77
Fr 2-11 0.8 3 37 1120 + 80 —10.84 + 0.03 —10.96 + 0.05 9.8 7
Fr 2-15 1.0 2 265 2900 + 300 —10.43 £ 0.04 —10.57 + 0.06 25 77
Fr 2-16 266 700 + 400 —11.05 + 0.20 29 7
FP0709-2555 0.5 3 104 1570 + 200 —10.70 + 0.05 —10.77 + 0.06 20 7
FPO711-2531 0.6 3 104 2550 + 200 —10.48 + 0.03 —10.57 + 0.05 15
FP0721+0133 0.5 3 209 600 + 100 —11.11 + 0.07 —11.19 + 0.08 15
FP0739-2709 2.0 3 105 700 £ 100 —11.05 £ 0.06 —11.29 + 0.07 11
FP0821-2755 10.0 3 106 350 £+ 150 —11.35 £ 0.15 —12.02 + 0.17 6.5
FP0840-5754 0.4 3 31 2400 + 400 -10.51 £+ 0.07 -10.59 + 0.08
FP0904-4023 0.5 3 7 1170 + 100 —10.82 + 0.04 —10.90 + 0.05 12 5,77
FP0905-3033 1.0 3 107 3200 + 800 —10.39 + 0.10 —10.52 4+ 0.10 16
FP1001-5458 0.5 3 53 16600 £ 2000 —9.67 £ 0.05 —9.75 £ 0.06 20 7
FP1054-7011 0.4 3 16 1150 £ 200 —10.83 £ 0.07 —10.89 4+ 0.08 10 7?7
FP1721-5654 1.5 3 38 1120 + 100 —10.84 + 0.04 —11.04 + 0.06 9.5
FP1804-4528 1.0 3 61 500 + 200 —11.19 +£ 0.15 —11.33 + 0.15 9.5
FP1819-0330 1.0 3 225 450 £+ 90 —11.24 + 0.08 —11.38 + 0.09 14 7?7
FP1824-0319 1.1 2.3 226 4150 £ 250 —10.27 £ 0.03 —10.42 4+ 0.05 29
FP1859-1049 0.5 3 190 530 £+ 100 —11.17 £ 0.08 —11.24 4+ 0.08 9.5 7?7
PFP 1 1.5 2.3 173 2430 + 1020 —10.51 + 0.15 —10.70 + 0.16 21
RCW 24 6.5 3 7 3000 + 200 —10.41 + 0.03 —10.95 + 0.09 15
RCW 69 6.5 3 34 3330 + 180 —10.37 = 0.02 —10.91 + 0.09 13
PHRO0615-0025 0.0 3 207 95 4+ 40 —11.91 £ 0.15 —11.91 + 0.15 3.8
PHRO0633-0135 0.5 3 208 20 £ 8 —12.59 + 0.15 —12.66 + 0.15 3.0
PHR06504+0013 2.7 3 208 210 + 20 —11.57 £ 0.04 —11.87 + 0.06 3.3
PHR0652-1240 0.92 3 172 180 4+ 20 —11.64 + 0.05 —11.76 + 0.06 4.0
PHRO0719-1222 2.7 3 173 160 £+ 30 —11.69 + 0.07 —11.99 + 0.09 3.8
PHRO0724-1757 8.3 3 138 60 £ 20 —12.11 £ 0.12 —12.73 + 0.16 3.5
PHRO0740-2057 1.0 3 138 50 + 15 —12.19 £ 0.11 —12.33 &+ 0.12 4.0
PHRO0743-1951 1.6 3 138 330 £+ 35 —11.37 £ 0.04 —11.58 + 0.06 7.1
PHRO0747-2146 0.55 3 138 170 4+ 20 —11.66 + 0.05 —11.74 4+ 0.06 4.1
PHRO0755-3346 0.7 3 105 70 £ 20 —12.05 £ 0.11 —12.15 + 0.12 3.2
PHRO0800-1635 1.7 3 138 60 £+ 20 —12.11 £ 0.12 —12.33 + 0.13 3.7
PHRO0808-3745 0.79 3 76 135 £ 40 —11.76 £ 0.11 —11.87 &+ 0.12 4.1
PHR0834-2819 1.0 3 106 110 4+ 20 —11.85 + 0.07 —11.99 + 0.08 4.0
PHR0905-4753 1.7 3 52 275 + 40 —11.45 + 0.06 —11.67 + 0.07 3.3
PHRO0905-4753 1.7 3 275 218 £ 15 —11.55 £ 0.03 —11.77 + 0.05 3.0
PHRO0941-5356 0.5 3 53 650 £ 200 —11.08 £ 0.12 —11.15 + 0.12 10 7?7
PHR0942-5220 0.55 3 53 250 + 30 —11.49 + 0.05 —11.57 + 0.06 4.0
PHR1032-6310 1.5 3 32 270 + 30 —11.46 + 0.05 —11.65 + 0.06 3.8
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Name NII/Ha Ref field count Fred F(Hea) aperture  Notes
PHR1040-5417 1.3 3 54 720 £+ 100 —11.03 £ 0.06 —11.21 4+ 0.07 7.9 1
PHR1052-5042 0.5 3 54 270 = 30 —11.46 &£ 0.05 —11.53 £ 0.06

PHR1118-6150 1.5 3 33 400 £ 200 —11.29 £ 0.18 —11.48 £+ 0.18 6.4 5
PHR1137-6548 0.5 3 55 190 + 40 —11.61 &£ 0.08 —11.69 & 0.09 3.7 77
PHR1200-5904 1.0 3 33 335 £+ 20 —11.37 £ 0.03 —11.50 & 0.05 4.1
PHR1202-6307 0.3 3 33 180 £ 80 —11.64 £ 0.16 —11.68 £+ 0.16 3.8 77
PHR1202-7000 9.0 3 17 660 + 60 —11.07 £ 0.04 —11.71 £ 0.12 5.1
PHR1246-6324 0.8 3 34 53 £ 10 —12.17 £ 0.08 —12.28 4+ 0.08 2.5
PHR1250-6346 1.7 3 34 95 £+ 10 —11.91 £ 0.04 —12.13 & 0.06 3.2
PHR1255-6251 10.0 3 34 40 £+ 20 —12.3 £ 0.2 —13.0 £ 0.3 4.0 4
PHR1304-6024 1.5 3 34 26 £ 10 —12.48 £ 0.14 —12.70 £ 0.15 2.4
PHR1318-5601 3.0 3 34 92 £ 15 —11.93 £ 0.07 —12.25 £+ 0.08 3.5
PHR1318-5601 3.0 3 35 53 + 29 —12.17 £ 0.19 —12.49 4+ 0.20 3.5 1
PHR1327-6032 3.3 3 35 345 £ 40 —11.35 £ 0.05 —11.70 & 0.07 3.5
PHR1337-6535 3.5 3 18 395 £+ 30 —11.29 + 0.03 —11.66 & 0.07 4.1
PHR1408-6106 1.9 3 35 360 = 80 —11.33 £ 0.09 —11.57 £ 0.10 5.2
PHR1408-6229 8.0 3 35 340 £ 100 —11.36 £ 0.11 —11.96 £+ 0.15 2.5
PHR1418-5144 1.4 3 57 490 + 20 —11.20 £ 0.02 —11.39 & 0.05 7.9
PHR1424-5138 0.0 3 57 55 + 10 —12.15 £ 0.07 —12.15 4+ 0.07 4.0
PHR1432-6138 2.6 3 35 1000 £ 90 —10.89 £ 0.04 —11.19 & 0.06 4.8
PHR1437-5949 8.0 3 35 30 £ 10 —12.41 £ 0.12 —13.0 £ 0.2 3.0
PHR1501-4817 0.8 3 58 40 £ 15 —12.29 £ 0.14 —12.40 £+ 0.14 3.0 77
PHR1510-6754 4.8 3 19 540 £ 60 —11.16 £ 0.05 —11.60 & 0.10 6.0
PHR1517-5751 0.5 3 36 55 + 15 —12.15 £ 0.10 —12.23 £+ 0.11 3.2
PHR1529-5458 1.5 3 36 60 £+ 15 —12.11 £ 0.10 —12.44 4+ 0.11 3.5
PHR1533-4824 24 3 58 80 £+ 20 —11.99 £ 0.10 —12.27 £ 0.11 3.2
PHR1534-5829 1.5 3 36 120 £ 50 —11.81 £0.15 —12.01 £ 0.16 3.2
PHR1537-6159 1.8 3 36 75 + 30 —12.02 £ 0.15 —12.24 4+ 0.15 2.7
PHR1547-5929 0.8 3 36 500 £ 50 —11.19 £ 0.04 —11.31 4 0.06 4.4
PHR1553-5738 0.8 3 36 240 + 20 —11.51 £ 0.03 —11.62 £+ 0.05 4.1
PHR1602-4127 1.2 3 86 430 £ 30 —11.26 &£ 0.03 —11.42 £+ 0.05

PHR1619-4914 2.3 3 39 15+ 3 —12.72 £ 0.08 —12.99 £+ 0.10 2.7
PHR1625-4523 0.98 3 59 590 £ 80 —11.12 + 0.06 —11.26 4 0.07 6.7
PHR1651-3148 0.3 3 117 145 + 30 —11.73 £ 0.08 —11.78 4 0.09 3.3
PHR1709-3629 2.5 3 87 16 £5 —12.69 £ 0.12 —12.97 £ 0.15 2.4 77
PHR1757-1649 1.5 3 153 475 £ 30 —11.21 £ 0.03 —11.41 £+ 0.05 4.0
PHR1758-2139 1.5 3 153 110 £ 20 —11.85 £ 0.07 —12.04 £+ 0.08 3.7
PHR1806-1956 1.9 3 153 315 —12.40 £ 0.06 —12.63 & 0.08 1.9
PHR1810-1647 1.0 3 153 970 £+ 80 —10.90 &£ 0.03 —11.04 & 0.05 3.5 9
PHR1818-1526 5.0 3 153 35 £5 —12.35 £ 0.06 —12.8 £ 0.2 1.6
PHR1831-1415 0.03 42 190 115 £ 20 —11.83 £ 0.07 —11.84 £+ 0.08 2.2
PHR1844-0452 7.0 3 190 40 £+ 10 —12.29 £ 0.10 —129 £ 0.2 4.0
PHR1911-1546 0.5 3 154 340 £+ 20 —11.36 &£ 0.02 —11.43 4+ 0.05 4.0
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VTSS

A smaller number of PNe were measured from the VT'SS survey (Dennison, Simonetti & Topasna
1998). The procedure is identical to that used for the SHASSA measurements with the impor-
tant simplification that a correction for [NII] is not necessary as these lines are not passed by
the narrowband VTSS Ha filter. The native units of VT'SS are Rayleighs.

The resolution of VT'SS is coarser than SHASSA and owing to the increased level of confusion
at low intensities, the VTSS flux limit is brighter, log F(Ha) ~ —11.5 compared to log F(Ha)
= —12.5 for SHASSA. The raw VTSS Ha measurements are given in table 3.3, as well as the
corrected VTSS fluxes based on the known zero-point offset between SHASSA and VTSS (see
the next section). After scaling, the adopted VT'SS zero-point error is assumed to be equivalent
to SHASSA. This error has been added in quadrature to the measurement error determined

from the APERPHOTOM routine to determine the final uncertainty on the Ha flux.

Table 3.3: VT'SS Ha fluxes for PNe and other nebulae (see text).

Name field sum F(Ha) F(Ha)(corr) aperture  Notes
NGC 650-1 Cas03 1150 £ 75 —10.22 £ 0.03 —10.12 £ 0.05 9.3
NGC 2022 Ori01 450 £ 45 —10.63 £+ 0.04 —10.53 £ 0.06 6.4
NGC 2242 Aurll 43 £7 —11.65 £ 0.07 —11.55 £ 0.08 4.2
NGC 2346 Mon07 330 £ 16 —10.76 £+ 0.02 —10.67 £ 0.04 8.3
NGC 2438 Mon05 760 £ 50 —10.40 £ 0.03 —10.30 £ 0.05 5.8 1
NGC 6720 Lyr01 4500 £ 50 —9.63 £ 0.01 —9.53 £ 0.04 10
NGC 6543 Dral4 12135 £ 100 —9.20 £ 0.01 —9.10 £ 0.04 13
NGC 6765 Lyr01 76 + 10 —11.40 £ 0.05 —11.30 £ 0.07 5.1
NGC 6781 Aqlo4 1488 + 50 —10.11 £ 0.01 —10.01 £ 0.04 11
NGC 6886 Sge0l 320 £ 15 —10.78 £ 0.02 —10.68 £ 0.04 6.4
NGC 6905 Sge01 545 £ 15 —10.55 £ 0.01 —10.45 £ 0.04 8.5
NGC 7027 Cyg08 8150 £ 100 —9.37 £ 0.01 —9.27 £ 0.04 12 1
NGC 7048 Cyg08 215 £ 25 —10.95 £ 0.05 —10.85 £ 0.06 4.8
1C 289 Cas06 228 £ 20 —10.92 £ 0.04 —10.83 £ 0.05 5.8
1C 418 Orill 14400 £ 140 —9.12 £ 0.00 —9.03 £ 0.04 14
1C 4997 Sge01 1920 + 45 —10.00 £+ 0.01 —9.90 £ 0.04 11
IC 5117 Cyg08 420 £+ 25 —10.66 £+ 0.03 —10.56 £ 0.05 6.7
1C 5217 Lac01 380 £ 15 —10.70 £ 0.02 —10.61 £+ 0.04 7.0
Abell 2 Cas01 19£7 —12.00 £ 0.14 —11.91 £0.14 3.8
Abell 13 Ori03 45 £ 8 —11.63 £+ 0.07 —11.53 £ 0.08 6.1
Abell 20 Mon07 26 £ 7 —11.87 £ 0.10 —11.77 £ 0.11 3.8
Abell 31 Cnc02 1040 + 150  —10.27 + 0.06 —10.17 £ 0.07 22
Abell 53 Aqlo4 25+ 5 —11.88 £ 0.08 —11.79 £ 0.09 5.8
Abell 56 Aqlo4 42 £ 15 —11.66 £ 0.13 —11.56 £ 0.14 6.4
Abell 61 Lyr03 64 £ 4 —11.48 £+ 0.03 —11.38 £ 0.05 4.8 1
Abell 74 Vul04 355 £ 80 —10.73 £ 0.09 —10.64 £ 0.10 18
Abell 74 Peg05 310 £ 70 —10.79 £ 0.09 —10.69 £ 0.10 18
Abell 79 Cep00 59 + 20 —11.58 £ 0.10 —11.49 £ 0.10 5.8
Abell 80 Lac01 54 + 10 —11.55 £ 0.07 —11.45 £ 0.08 5.8
Abell 84 Cep01 105 £+ 15 —11.26 £ 0.06 —11.16 £ 0.07 6.1
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Name field sum F(Hea) F(Ha)(corr) aperture  Notes

BD +30 3639  Vul01 6240 + 20 —9.49 £ 0.00 —9.39 £ 0.04 9.6
DeHt 5 Cep06 500 £ 50 —10.58 £+ 0.04 —10.49 £ 0.06 14
HaWe 4 Per05 240 £ 50 —10.90 £+ 0.08 —10.81 £ 0.09 13 2
HaWe 15 Lac01 80 £+ 13 —11.38 £ 0.07 —11.28 £+ 0.08 11
Hu 1-1 Cas01 166 + 12 —11.06 £+ 0.03 —10.97 £ 0.05 6.4
IsWe 1 Cam00 200 £ 50 —10.98 £ 0.10 —10.88 £ 0.10 16
Jones 1 Pegl6 261 £ 10 —10.87 £ 0.02 —10.77 £ 0.04 12 1
K 1-6 Cep08 74 £ 10 —11.41 £+ 0.06 —11.32 £ 0.07 7.0 3
K 2-2 Monll 900 + 200 —10.33 £ 0.09 —10.23 £ 0.10 16 3,4
M 1-9 Mon09 120 £+ 12 —11.20 £ 0.04 —11.11 £ 0.06 5.1
M 1-17 Mon05 70 £ 15 —11.44 £+ 0.08 —11.34 £ 0.09 4.8
Me 2-2 Lac01 325 £ 60 —10.77 £ 0.07 —10.67 £ 0.08 6.4
PFP 1 Mon07 280 + 100 —10.84 £ 0.13 —10.74 £ 0.14 22
Sh 1-89 Cyg08 70 + 20 —11.44 £ 0.11 —11.34 £ 0.12 4.8
Sh 2-71 Aqlo4 230 + 12 —10.92 £ 0.02 —10.82 £ 0.05 9.0
Sh 2-78 Aqlls 380 £+ 30 —10.70 £ 0.03 —10.61 £ 0.05 13
Sh 2-176 Cas01 5
Vy 1-1 Cas01 146 + 16 —11.12 £+ 0.05 —11.02 £ 0.06 6.1
Vy 1-2 Her13 135 £+ 20 —11.15 £+ 0.06 —11.06 £ 0.07 6.1
WDHS 1 Ori0l 610 + 220 —10.50 £ 0.13 —10.40 £ 0.14 24
We 1-6 Mon04 35+ 15 —11.74 £ 0.15 —11.64 £ 0.16 5.1
We 2-34 Mon09 <18 £5 < —-11.8 £0.11 7.0
WeShb 1 Cas03 11 £5 —12.24 £+ 0.16 —12.14 £ 0.17 5.8
YM 16 Aqlo4 60 £+ 12 —11.50 £+ 0.08 —11.41 £ 0.09 8.3
Fr 2-13 Her13 135 + 38 —11.15 £ 0.11 —11.06 £ 0.11 26
Fr 2-14 Cep08 2100 £ 300 —9.96 £ 0.06 —9.86 £ 0.07 60
Fr 2-18 Pegl3 270 + 40 —10.85 £+ 0.06 —10.75 £ 0.07 25

Notes for Table 3.3:
1. Nebula near edge of field; 2. stars superposed; 3. nature uncertain; 4. uncertain background correction; 5.

too diffuse for flux determination.

3.2.2 Comparison with other fluxes

Since Gaustad et al. (2001) used a number of well-studied PNe as calibrators for the SHASSA
survey, it is to be expected that a comparison between PN literature fluxes and those derived
here would have a small zero-point error. Not only does the expanded analysis here give a useful
cross-check to the Gaustad et al. intensity calibration, but it also allows the veracity of the
adopted aperture photometry technique used here to be ascertained, including the treatment of
the deconvolution of the [N11] lines from the red flux for each PN.

To do this, published Ha fluxes for a large number (~100) of southern calibrating PNe were
taken from Kohoutek & Martin (1981), Kaler (1983b), Shaw & Kaler (1989) and Dopita & Hua

(1997) and compared with the values reported here. The comparisons are shown in Figure 3.2.
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The fluxes from Kohoutek & Martin (1981) are in excellent agreement, while the Ha fluxes
of Kaler (1983b) show the greatest scatter. This is attributed to the low surface brightness of
the nebulae in Kaler (1983b), with consequent low photometer counts, and because the largest
diaphragm is smaller than the diameter of some of the largest PNe he investigated. Hence,
the total flux has been extrapolated upwards by a geometric factor (the ratio of the PN area
to the aperture area). The SHASSA Ha fluxes measured here are integrated fluxes, measured
through an aperture which was always larger than the nebula on the CCD image. They are to
be preferred for these large evolved PNe.

The comparison was repeated for the VT'SS fluxes derived here. The VTSS data has an
arbitrary zero point (Dennison, Simonetti & Topasna 1998). Gaustad et al. (2001) found
VTSS to be fainter than SHASSA by a factor of 1.25 in one overlap region near the equator
(figure 3.3). Finkbeiner (2003) applied this same factor to all VT'SS images in order compare it
with SHASSA, using available WHAM data as a cross-check. The offset factor was assumed to
be constant across the whole VT'SS survey. Finkbeiner found the resulting agreement between
VTSS and SHASSA to be good (see his figure 7), confirming this approach. After checking the
VTSS fluxes for a selection of calibration PNe with known literature fluxes, the same factor was
independently derived here (see figure 3.4). Table 3.3 gives both the raw VTSS Ha fluxes and
the corrected Ha fluxes, after brightening by 25% (0.10 dex).

In addition, Xilouris et al. (1996) presented Ha+[N 11] and [O 111] fluxes for eight evolved
PNe (see also Papamastorakis, Xilouris & Paleologou 1994). A comparison between their quoted
surface brightness data and independent SHASSA measurements show the Xilouris et al. surface
brightness data to be accurate, but the integrated fluxes were found to be too faint by a factor
of ~20 (see figure 3.4), presumably the result of a simple reduction error. In order to compare
the Xilouris et al. (1996) data with those from other sources, firstly Ha fluxes were derived
from their quoted ‘red’ fluxes by deconvolving the [N 11] emission for each PN. Using the
characteristics of the filter used by them (see Mavromatakis et al. 2000), the transmission for
the [N 11] doublet is identical to Ha making the calculation straightforward (i.e. the constant in
equation 3.2 is unity). The adopted [N 11]/Ha ratio was taken from either this work (table 3.1),
or from Madsen et al. (2006), Hippelein & Weinberger (1990), Phillips, Cuesta & Kemp (2005),
Gieseking, Hippelein & Weinberger (1986) and Ishida & Weinberger (1987).

Figure 3.4 shows the deconvolved Ha fluxes (points) from SHASSA against the Ha fluxes
([N 11] deconvolved) from Xilouris et al. (1996; see Table 3.4) for each PN. Also plotted are the
raw Xilouris et al. (1996) [O 111] fluxes compared with the weighted mean [O 111] fluxes from
the literature and this work (crosses). The comparison data are taken from Kaler (1983b), the
SHASSA fluxes from table 3.1 herein, plus the WHAM observations from Madsen et al. (2006).
The Xilouris et al. (1996) fluxes are found to be offset in the mean by 1.31 £ 0.13 dex and this
correction was hence applied to all their original fluxes. The corrected fluxes are presented in
the last three columns of Table 3.4, and the flux errors are estimated to be +0.15 dex.

Another set of emission-line ‘fluxes’ in He, [N 11] and [O 1] is presented by Gieseking,
Hippelein & Weinberger (1986) and Hippelein & Weinberger (1990). These authors used a

Fabry-Perot spectrometer using 1’ or 2’ apertures (i.e. smaller than most of the PNe they
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Table 3.4: Raw and corrected Ha, [O 111] and [N 11] fluxes from Xilouris et al. (1996)

Name F(red) [N1u] Ref F(Ha) F(6583) F(5007) F(Ha) F(6583) F(5007)
(raw) /Ha (raw) (raw) (raw) (corr) (corr) (corr)

Abell 7 —-11.59 0.8 1,2 —-11.85 —12.07 —11.51 -10.53 —10.675 —10.20
Abell 62 —-11.96 1.5 3,4 —-12.29 -12.232 -12.30 -11.01 —11.00 —10.99
Abell 74 —-11.51 1.3 2,5 —11.87 —12.03 —11.89 —-10.56 —10.72 —10.58
HFG 1 —11.59 04 2,6 —-11.77  —12.26 —11.54 -1046 —10.94 —-10.23
IsWe 1 —-11.96 0.75 2,5,7 —12.07 —1245 —12.40 -10.76 —11.14 —11.09
IsWe 2 —11.37 1.45 5,7 —11.76  —11.72 —10.45 —10.41

Sh 2-68 —-11.66 0.53 2 —11.84 —12.26 -11.92 -10.53 —10.93 —10.61
Sh 2-176 —11.41 2.3 2 —11.93 —11.69 —-10.62  —10.38

Sh 2-188 —10.87 1.9 2 —11.35 —11.18 —11.57 —10.04 —9.87 —10.26

Reference for [N11]/Ha ratio: (1) This work (MASH spectroscopic database); (2) This work, and Madsen et al.
(2006), Madsen & Frew, in prep.; (3) Hippelein & Weinberger (1990); (4) Phillips, Cuesta & Kemp (2005); (5)
Gieseking, Hippelein & Weinberger (1986); (6) Heckathorn, Fesen & Gull (1982); (7) Ishida & Weinberger (1987).
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Figure 3.4: Comparison of Ha fluxes derived here with mean values from the literature. Comparison
of new SHASSA Ha fluxes with literature fluxes (top left), uncorrected VISS fluxes compared with
literature fluxes (top right), fluxes from Gieseking, Hippelein & Weinberger (1986) and Hippelein &
Weinberger (1990) compared with literature fluxes, as discussed in the text (bottom left), comparison
of Ha fluxes (corrected for [N 11] contribution) and [O 111] fluxes from Xilouris et al. (1996), with other
fluxes taken from the literature (bottom right).
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studied), presenting surface brightness values (given in mag per arcsec?) for each PN.

These surface brightness values were not immediately reconcilable with the fluxes of Xilouris
et al. (1996) and Kaler (1983b), as the adopted formula to convert from magnitudes to cgs units
is not given by either Gieseking, Hippelein & Weinberger (1986) nor Hippelein & Weinberger
(1990). However, a comparison of the surface brightness measurements of Gieseking, Hippelein
& Weinberger (1986) for IW 1 and IW 2 with the absolute surface fluxes for these same PNe
presented by Ishida & Weinberger (1987), allowed the determination of the transformation
equation used, which is that given by Pottasch (1984), viz:

my = —2.5logF(\) — 15.77 (3.3)

where A is the emission line species of interest. Note that Gieseking, Hippelein & Weinberger
(1986) and Hippelein & Weinberger (1990) use the same zero-point of 15.77 for [O 1], [N 1]
and Hea, despite the range in wavelength of these emission lines (cf. Allen 1973, p. 197).

25 larcsec™2

Using equation 3.3, the surface brightness in ergcm™ in each emission line was
determined for the other PNe in the lists of Gieseking, Hippelein & Weinberger (1986) and
Hippelein & Weinberger (1990). However, to get the integrated flux in each line, one needs to
know the dimensions of these PNe. The dimensions were taken from table 9.4 below, and the
diameters in [N 11] and Ha were assumed to be identical. However, for the higher-excitation
[O 11] line, the PN diameter is often smaller due to stratification effects, especially for highly
evolved low-excitation PNe (the [O 111] Strémgren zone is smaller than the Ha Strémgren zone).
The diameters in [O 111] were estimated from published images where available (e.g. Xilouris
et al. 1996 and Tweedy & Kwitter 1996). Table 3.5 summarises the adopted dimensions in
Ha, and derived emission-line fluxes for the PNe studied by Gieseking, Hippelein & Weinberger
(1986) and Hippelein & Weinberger (1990).

There are a few other moderately-sized PNe which have no flux data at present, either
because they are too faint for SHASSA, VTSS, and/or WHAM (see below), or because they
are located outside the bounds of the available VTSS fields. Since any flux data on these
poorly-studied objects are welcome, a re-investigation of the Abell (1966) photographic data is
warranted.

The photored magnitudes of Abell (1966) were corrected for the contribution of the [NII]
lines, assuming equal throughput for both Ha and the nitrogen lines through the broadband
red Plexiglass filter used for the POSS I red plates. The conversion is given by:

M Ha = Mpr — 2.5l0g ( (3.4)

R 1)
R[N m + 1

where Ry is defined as before. The resulting ‘Ha’ magnitudes were compared with avail-
able Ha fluxes obtained from the references given in table 3.1, as well as additional fluxes
from Kaler (1983a), Kwitter & Jacoby (1989), Kohoutek & Martin (1981), and Reynolds et al.
(2005). A linear fit to the flux-magnitude relation gave:

log F(Ha) = —0.4 (m gq + 15.40) (3.5)
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Table 3.5: Corrected [O 11, Ha, and [N 11] fluxes from Gieseking, Hippelein & Weinberger (1986) and Hippelein & Weinberger (1990).

Name diam  S(5007)  S(5007) F(5007)  S(Ha)  S(Ha) F(Ha) S(6584)  S(6584) F(6584) A(5007) A(Ha)

(") (mag/0V") (mag/0)") (mag/)")
Abell 25 166 23.9 -12.31 -11.53
Abell 28 320 25.0 -12.75 -11.40 25.1 -12.79 -11.44 26.7 -13.30 -11.95 0.00
Abell 29 438 24.7 -12.63 -11.01
Abell 31 1004 22.4 -11.71 -9.82 26.6 -13.26 -10.92 -0.08
Abell 34 292 23.8 -12.27 -11.00 24.1 -12.39  -11.12 24.9 -12.58 -11.31 -0.07 0.08
Abell 39 174 23.0 -11.95 -11.13 23.9 -12.31  -11.49 25.5 -12.82 -12.00 -0.37 -0.14
Abell 61 199 23.0 -11.95 -11.02 23.6 -12.19 -11.26 25.1 -12.66 -11.73
Abell 62 161 22.1 -11.59 -11.13 22.8 -11.87  -11.12 23.7 -12.10 -11.35 -0.31 -0.12
Abell 71 157 22.7 -11.83 -11.10 22.0 -11.55 -10.82 22.7 -11.70 -10.97 0.12 0.10
Abell 74 793 24.4 -12.51 -10.55 24.5 -12.55 -10.41 24.0 -12.22 -10.09 0.14
DHW 5 595 23.1 -11.99 -10.10 24.3 -12.47  -10.58 25.6 -12.86 -10.98 -0.58
EGB 6 780 25.4 -12.91 -10.79 26.3 -13.27 -11.15 25.5 -12.82 -10.70 -0.16
HFG 1 695 23.7 -12.23 -10.21 25.8 -12.94 -10.92
IsWe 1 744 25.2 -12.83 -11.00 25.6 -12.99 -10.91 -0.06
IsWe 2 969 26.6 -13.39 -11.08 25.1 -12.79 -10.48 25.0 -12.62 -10.31 0.02
Jones 1 336 23.3 -12.07 -10.68 -0.36
JnEr 1 380 23.0 -11.95 -10.45 23.5 -12.15 -10.65 24.2 -12.30 -10.81 -0.10 -0.05
K 2-2 709 24.4 -12.51 -10.47 -0.12
LoTr 5 509 23.2 -12.03 -10.28 0.13
PuWe 1 1211 24.2 -12.43 -10.18 25.2 -12.83  -10.33 25.0 -12.62 -10.12 0.02 -0.10
Sh 2-68 408 23.4 -12.11 -11.20 24.0 -12.35 -10.79 25.8 -12.94 -11.38 -0.33
Sh 2-176 775 26.1 -13.19 -11.07 -0.07
Sh 2-200 356 23.5 -12.15 -10.71
WDHS 1 1160 27.4 -13.71 -11.24 24.9 -12.58 -10.12
We 1-10 190 23.6 -12.19 -11.30 24.0 -12.35 -11.46 25.2 -12.70 -11.81

We 3-1 166 23.1 -11.99 -11.21 23.2 -12.03  -11.25 24.7 -12.50




This can be compared to the formula adopted by Cahn & Kaler (1971), relating the photored
magnitude directly to a red flux, Fieq, which is a sum of the Ha and [NII] fluxes:

log F'(red) = —0.4 (m py + 14.97) (3.6)

Equation 3.5 was used to determine approximate Ho fluxes for all the PNe with m,, magni-
tudes listed in Abell (1966) that have [NII]/Ha ratios available. Similarly, approximate fluxes
were also determined for PNe with photored magnitudes from Arp & Scargle (1967), Blaauw,
Danziger & Schuster (1975), Weinberger (1977 a,b, 1978), Dengel, Hartl & Weinberger (1980),
Weinberger & Sabbadin (1981), Weinberger et al. (1983), Fesen, Gull & Heckathorn (1983),
Hartl & Tritton (1985), Hartl & Weinberger (1987), and Saurer & Weinberger (1987), which are
all ostensibly on the same magnitude scale. Table 3.6 gives the derived fluxes, which are plotted

against the average literature fluxes in figure 3.5. The 1o error on each flux is ~ 4+0.30 dex.

Table 3.6: Derived Ha fluxes from Abell (1966) and others. See
the text for further details.

Name Other NII/Ha Ref mpr mu, F(Ha) Notes
NGC 246 0.01 5 9.7 9.7 —10.04
NGC 650/1 M 76 2.00 10 9.1 10.3 —10.28
NGC 1501 0.04 47 10.7 10.7  —10.46
NGC 2610 0.15 7 11.9 12.1 —10.98
NGC 3587 M 97 0.36 46 8.6 8.9 —-9.73
NGC 6742 Abell 50 0.31 4 13.1 13.4 —11.52
NGC 6772 0.69 4 10.7 11.3 —10.67
NGC 6781 1.9 6,17,23 9.0 10.2  —10.22
NGC 6804 0.0 23 11.2 11.2 —10.64
NGC 6842 0.07 6 12.5 12.6 —11.19
NGC 6894 1.04 5 11.2 12.0 —10.95
NGC 7008 0.06 5 10.0 10.1  —-10.19
NGC 7076 Abell 75 0.04 5 14.2 142 —11.86
NGC 7293 1.8 2 6.3 7.4 -9.13
IC 289 Hb1 0.01 4 11.9 11.9 —-10.92
I1C 972 Abell 37 0.72 4,5 12.7 13.3 —11.48
I1C 1295 0.15 3,4 11.6 11.8 —10.86
IC 1454 Abell 81 0.33 48 12.6 129 —11.32
Abell 1 0.72 6,4 14.7 15.3 —12.28
Abell 2 0.36 5 14.1 144 —11.93
Abell 3 0.35 5 13.3 13.6 —11.61
Abell 4 0.61 5 14.3 14.8 —12.09
Abell 5 4.0 5 12.7 144 —11.94
Abell 6 0.17 5 12.6 12.8 —11.27
Abell 7 0.90 3 10.5 11.1  —10.62
Abell 8 1.5 5,15 14.0 15.0 —12.16
Abell 9 1.57 6 15.3 16.3 —12.69
Abell 10 K 1-7 1.24 5 12.7 13.6 —11.59
Abell 13 YM 28 4.0 5,15,30 11.5 13.2  —11.46
Abell 14 6.8 32 14.0 16.2 —12.65
Abell 15 0.16 5 14.1 14.3 —11.86
Abell 16 0.20 5 12.8 13.0 —11.36
Abell 18 2.6 6 12.8 142 —11.84
Abell 19 1.68 6 14.8 159 —12.51
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Name Other NII/Ha Ref mpr mu, F(Ha) Notes
Abell 20 0.12 5 13.6 13.7  —11.65
Abell 21 1.61 2 7.7 8.7 —9.66
Abell 22 1.8 4 12.2 13.3  —11.49
Abell 23 1.0 4 13.1 13.9 —11.70
Abell 24 5.2 5,30,32 9.3 11.3 —10.67
Abell 25 K 1-13 2.3 6 13.0 143 —11.88
Abell 26 1.38 4,31 14.3 152  —12.26
Abell 27 K1-1 3.6 4,6 13.0 147 —12.02
Abell 28 1.0 5,13 13.4 141 —11.80
Abell 29 4.5 3,4 10.6 125 —11.14
Abell 30 0.05 30 13.5 13.6 —11.58
Abell 31 0.94 2 9.4 10.1  —10.21
Abell 33 0.17 5 11.1 11.3 —10.67
Abell 34 0.64 5 12.0 12,5 —11.17 ..
Abell 35 0.86 2 9.7 104 —-1031 1
Abell 36 . 0.00 5 10.6 10.6  —10.40
Abell 38 K 1-3 10.6 29 11.7 144 —11.90
Abell 39 0.05 49 12.1 122 —11.02
Abell 40 0.0 4 13.4 134 —11.52
Abell 41 0.36 7 13.9 142 —11.85
Abell 42 0.0 4 14.6 14.6 —12.00
Abell 43 0.18 5 12.7 129 —-11.31
Abell 44 1.9 4 12.6 13.8 —11.67
Abell 45 4.0 3 11.5 13.2 —11.46
Abell 46 0.01 33 13.2 13.2  —11.45
Abell 48 0.36 4 13.3 13.6 —11.62
Abell 49 1.3 13.2 141 —11.80
Abell 51 0.05 5b 13.0 131  —11.38
Abell 53 1.0 5 12.3 131 —11.38
Abell 54 1.16 6 14.5 153 —12.29
Abell 55 1.0 4 12.0 12.8 —11.26
Abell 57 0.0 4 14.9 149 —12.10
Abell 59 2.1 6 12.2 134 —11.52
Abell 60 0.0 4 13.7 13.7 —11.64
Abell 61 0.33 13 12.7 13.0 —11.36
Abell 62 1.40 4,13,15 10.3 11.3 —10.66
Abell 63 0.01 33 14.0 14.0 —11.77
Abell 65 0.21 5,33,34  12.7 12.9 —11.32
Abell 66 0.6 4,29 11.5 12.0 —10.96
Abell 67 0.6 4 14.2 147 —12.04
Abell 69 5.2 6 14.3 16.3 —12.67
Abell 70 1.07 5 12.7 13,5 —11.56
Abell 71 2.00 5 10.2 114 —-10.72
Abell 72 0.06 5,15 12.8 129 —-11.31
Abell 73 1.25 5 13.7 14.6 —11.99
Abell 74 0.67 2 10.0 106 —10.38 ...
Abell 77 Sh 2-128 0.17 50 11.5 11.7 -10.83 1
Abell 78 0.08 5 14.3 144 —-11.91
Abell 79 6.9 51 11.1 13.3 —11.50
Abell 80 1.9 5 11.3 125 —11.14
Abell 82 1.24 5 12.0 129 —-11.31
Abell 83 0.83 15 14.9 156 —12.38
Abell 84 1.11 5 11.0 11.8 —10.88
BlDz 1 . 0.8 4 11.2 11.8  —10.90
DeHt 1 LoTr 1 0.0 6 14.2 142 —11.84
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Name Other NII/Ha Ref mpr mu, F(Ha) Notes

DeHt 2 0.0 4 14.5 145 —11.96
DeHt 3 DHW 1-1 1.25 32 12.9 13.8 —11.67
DeHt 4 2.0 4 16.2 174 —13.12
DeHt 5 0.70 2 11.4 12.0 —10.95
EGB 1 HaWe 1 0.5 4 11.1 115 -—10.77 2
HaTr 8 1.0 4 18.8 19.6 —13.98
HaTr 10 7.2 4,52 14.7 17.0 —12.95
HaTr 11 1.7 4 14.3 154 —12.31
HaTr 13 1.3 4 16.7 176  —13.19
HaTr 14 0.0 4 19.8 19.8 —14.08
HaWe 4 HDW 3 1.6 2 11.4 124 —11.13
HaWe 5 0.0 4 17.1 171 —13.00 ...
HaWe 7 HDW 5 0.78 4,31 12.7 13.3 —11.49 2
HaWe 8 HDW 6 0.5 36 14.5 149 -—12.14
HaWe 10 HDW 7 1.0 36 14.8 15.6 —12.38
HaWe 11 HDW 8 0.3 4 13.2 135 —11.54
HFG 2 Bran 63 0.1 3 13.6 13.7 -—11.62 ...
PHL 932 0.3 2 12.8 13.0 -—-1138 1
PuWe 1 1.28 2 8.6 9.5 —9.96
SaWe 1 0.2 4 15.0 152 —12.24
SaWe 4 0.0 29 14.9 149 -—12.12 ..
Sh 2-68 0.53 2 8.8 9.3 -9.86 1
Sh 2-176 2.3 2 10.2 11.4 -10.74 .
Sh 2-200 HaWe 2 0.1 11.7 11.8 —-10.88 3
Sh 2-216 1.31 2 5.2 6.1 —8.59
WDHS 1 3.0 3 10.5 12.0 —10.94
We 1-1 1.1 4 15.3 16.1 —12.60
We 1-2 1.75 4,6 13.3 144 —11.92
We 1-3 2.9 6 14.2 15.7 —12.44
We 1-4 5.3 31,4 14.0 16.0 —12.56
We 1-5 0.0 4,6 16.7 16.7 —12.84
We 1-9 0.90 4 13.6 14.3 —11.88
We 1-10 0.44 13 11.4 11.8 —10.88
We 1-11 2.0 4 14.9 16.1 —12.60 ...
We 1-12 0.4 53 12.1 125 —11.15 1
We 2-34 2.5 3 11.7 13.1  —11.38
We 3-1 0.33 13 13.3 13.6 —11.60
WeShb 4 8.2 4 14.0 16.4 —12.72

Notes for Table 3.6: 1. Not a PN; 2. Status uncertain; 3. Flux excludes halo.

3.3 Integrated Ha, [O111], and [N 11] Fluxes with WHAM

Additional integrated fluxes in Ha, [O111], and [N11] have been determined for a number of
large northern and equatorial PNe by Madsen et al. (2006) and Madsen & Frew (2008, in
preparation) using the WHAM Fabry-Perot spectrometer (Haffner et al. 2003). WHAM is a
useful instrument for such a task, because of its large effective beam size, larger than all but
one PN in the local sample.

The WHAM intensity calibration is not as easy to do as other instruments, because of the

nature of the complex optical train. For Ha this is generally based on the absolute calibration
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Figure 3.5: Comparison of derived Ha fluxes from Abell (1966) (blue dots) and others (red dots) with
weighted-mean literature fluxes. Surprisingly good agreement is noted. The dispersion is £0.30 dex.

of the central 49" region of the North American Nebula, NGC 7000 (Scherb 1981; Haffner et
al. 2003). The [N 1] intensity calibration follows, as the response of the etalons at [N 11] is
essentially identical to that at Ha. An additional calibrator for Ha and Hf is the faint emission
region around the nearby early B-type star Spica (Madsen, pers. comm. 2006). The Ha flux
is bootstrapped to the NGC 7000 flux, and because of negligible reddening toward Spica, the
measured HGF flux is compared to the inferred HS flux assuming a normal Balmer decrement
(e.g. Brocklehurst 1971; Osterbrock 1989).

However, the zero point of the WHAM [O 111] intensity calibration was essentially unknown,
and it was also deemed desirable to have as large a set of calibrating nebulae in the other
emission lines as possible. Hence, it was necessary to glean a set of PNe from the literature
with accurate integrated fluxes, covering a range of diameter and surface brightness, before the
WHAM intensity zero point in each emission line could be accurately determined. A similar
approach was taken by Reynolds et al. (2005) in the determination of Ha fluxes for objects
from the WHAM Point Source Catalog (WPS).

Table 3.7 gives the fluxes in the main emssion lines for the calibration PNe. The adopted
fluxes are derived from a carefully weighted mean of literature fluxes, taken from Liller & Aller
(1954), Liller (1955), Capriotti & Daub (1960), Osterbrock & Stockhausen (1961), Collins,
Daub & O’Dell (1961), O’Dell (1962, 1963, 1998), Gebel (1968), Peimbert & Torres-Peimbert
(1971), Perek (1971), Kaler (1976, 1978b, 1981b, 1983a), Torres-Peimbert & Peimber (1977),
Kohoutek & Martin (1981), Webster (1983), Carrasco, Serrano & Costero (1983, 1984), Shaw
& Kaler (1989), Copetti (1990), Kaler, Shaw & Kwitter (1990) and Hua, Dopita & Martinis
(1998), supplemented by additional line-ratio data from Acker et al. (1992). The Ha fluxes
were further cross-checked against the fluxes of Reynolds et al. (2005) and the new SHASSA

measurements determined herein. The older fluxes published before 1975 were decreased by
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Table 3.7: Adopted logarithmic fluxes and radial velocities for WHAM primary calibrating nebulae.

Name F(Ha) F(6584) F(5876) F(5007) F(HB) Error wviLsr Notes
NGC 246 —10.09 —-9.65 —10.55 C —50: 1
NGC 1360 —9.75 —-9.34 -10.21 C +31: 1
NGC 1535 —-9.97 —-9.35 —10.43 B —20

NGC 2392 -9.90 —-9.43 —10.39 C +63
NGC 3242 —-9.31 —8.66 —-9.79 B -3 2
NGC 3587 —-9.99 —9.54 —10.42 C +12
NGC 6543 -9.10 —8.78 —-9.59 A —51 2,3
NGC 6572 —9.24 —9.82 —10.53 —8.74 —9.81 A +9
NGC 6720 —9.55 —9.57 —-9.05 —10.08 C +0 2
NGC 6853 —8.99 —8.45 —9.48 C —24
NGC 7009 —9.29 —10.54  —10.56 —8.72 -9.79 A —36 2
NGC 7293 —8.89 —8.59 —-9.37 C —26 2
NGC 7662 -9.51 —11.29 —11.08 —8.89 -9.99 B -5 2
IC 418 —-9.01 —-9.29  -10.46 —9.38 —9.56 B +43 3,4
NGC 281 —8.24 —8.84 —8.87 C 5
NGC 7000 —7.34 C 5,6

Notes:

. Velocity is mean of disparate literature values;

. Has outer halo;

. Strong diffuse background emission;

. [O 11]/HP ratio may be variable over time (Frew et al., in prep.);
. HIT region;

S U W N

. Surface flux at centre.

Error on fluxes:
A <0.02 dex; B <0.04 dex; C <0.08 dex.

0.02dex due to the recalibration of Vega (Cahn & Kaler 1988, quoted by Acker et al. 1991)
before being averaged (see also Shaw & Kaler 1989). Similarly the fluxes of Kaler (1976) were
made brighter by 0.07dex (see the discussion by Kaler 1978b). The published Ha flux of
Goldman et al. (2004) for NGC 1360 was found to be too bright by ~0.24 dex, and was not
used. The eighth column of table 3.7 also gives the systemic LSR velocities for each PN taken
from Schneider et al. (1983) and Durand, Acker & Zijlstra (1998).

The raw WHAM data for the observed PNe were put through the WHAM calibration
pipeline by G. Madsen; for each night, the zero point in each emission line was set using
a weighted mean of fluxes for NGC 7000 and two or three the calibration PNe, as given in
table 3.7. Standard mean extinction corrections were used each night. The results are given in
Table 3.8 for bona fide PNe and Table 3.9 for doubtful PNe and HII regions (see Chapter 8 for
details on some of these objects). Representative WHAM spectra are presented in figure 3.6.
The left panel shows Ha, [NII] and [OIII] spectra for a bona fide PN, Abell 31. The right
panel shows the spectra of a HII region, Sh 2-174 (Napiwotzki & Schonberner 1993; Tweedy &
Napiwotzki 1994; §8.7). Note that some of the fainter nebulae will be reobserved again in the

future. A fuller account of the calibration process, results, and detailed error analysis will be
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Figure 3.6: Representative WHAM spectra of a bona fide PN, Abell 31, and a HII region, Sh 2-174
(see §8.7).

published separately (Madsen & Frew 2008, in preparation.)

3.3.1 Systemic and Expansion Velocities from WHAM

Most of the WHAM line profiles can be approximated by least-squares Gaussian fits. Systemic
radial velocities (in the LSR reference frame) were also measured from the centre of the Gaussian
fit to the profile for each nebula. For double-peaked profiles (e.g. Abell 21), the radial velocity
was taken as the mean velocity of the two components.

The radial velocities measured here are in excellent agreement with the literature values
(quoted in table 3.7), with two exceptions, NGC 246 and NGC 1360. The literature velocities
for these objects were uncertain, and were derived from slit spectra which may not represent
the true systemic velocities of these large, high-expansion velocity PNe. The systemic values
quoted in table 3.8 are to be preferred.

The expansion velocity was assumed to be half of the FWHM of the Gaussian fit to the
observed velocity profile (i.e. the HWHM), after subtraction of the thermal and instrumental
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Table 3.8: Integrated WHAM fluxes in He, [N 11] and [O 111 for true and likely PNe. Systemic LSR

velocities and expansion velocities are also given.

Name F(Ha) F(6584) F(5007) wLsr exp Notes
Abell 7 . -10.26 412 29 1
Abell 21 —9.66 —9.58 —-9.57 418 32
Abell 24 —10.79 —10.02 —10.87 -7 20
Abell 28 1
Abell 29 . —-10.93 —27  20:
Abell 31 —9.96 —10.11 -9.77 419 29
Abell 34 . —-10.87 422 1
Abell 35 -9.94 -10.14 —10.05 -3 11
Abell 74 —10.12 —10.42 —10.78 1
EGB 1 . —11.39: 07 1
EGB 6 —10.61 —11.24 —10.78 -3 25
FP 0905-3033 . . —10.45 +8  24: 1
FP1824-0319 —10.67 —10.54 —10.78 12
HDW 3 —10.79: —10.70 —10.64 11 1
HFG 1 —10.55  —10.05: 1
IC 418 e 42 16 1,2
IsWe 1 —10.52 —10.77 —11.02 —-17 12:
Jacoby 1 . —10.96:  +30
Jones 1 —10.82 —11.26 —10.32 -1 36:
JnEr 1 —10.49  —10.36 —10.33 —-61 24
LoTr 5 —10.44 -2 31 3
LTNF 1 —11.38
MWP 1 1,3
NGC 246 -33 35 2
NGC 1360 +45 34 2
NGC 1535 -20 21 2
NGC 2392 —10.47 +60  40: 2,4
NGC 3587 +8 34 2
NGC 6543 —53 19 2
NGC 6720 -4 22 1,2
NGC 6853 —8.96 —26 32 24
NGC 7009 -36 25 2
NGC 7293 —8.77 —24 21 24
NGC 7662 -4 27 2
PFP 1 . —10.66 —10.42 411  30: 1
PuWe 1 —10.21 —10.23 —10.20 +6 23
Sh 2-78 —10.34 —10.20 —10.40 435 20: 1
Sh 2-176 . —10.63 e =24 22: 1
Sh 2-188 —10.09 —-9.94 —-10.56 —-29 18
Sh 2-200 . —10.49 —52: 5
Sh 2-216 —9.13 -9.13 —9.18 +8 12 6
Ton 320 —10.79 —10.89 —-10.85 414 15:
WDHS 1 —10.73 -10.32 > -11.0 -13 17 1

Notes:

1. diffuse emission in beam;

2. calibrating object;

3. [O 111] emission in offset field;

4. new [N 11] flux;

5. outer halo is ionized ISM;

6. surface flux; object larger than beam.
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Table 3.9: Integrated WHAM fluxes in Hey, [N 11] and [O 111] for doubtful PNe and HII regions. Systemic
LSR velocities and expansion velocities are also given.

Name F(Ha) F(6584) F(5007) wLsr Vexp Notes
DHW 5 —10.00 —10.28 —10.49 -5 10 1
Fr 2-2 —11.09: —11.08 +12 12:
Fr 2-3 —10.73 —10.66 —-10.64 411 9
Fr 2-9 —10.24 —10.43 —-10.04  —17 11 2,3
Fr 2-10 —10.73 —10.70 —11.19 10
Fr 2-13 —11.14:
Fr 2-14 —10.06 —10.51 —11.28 —21 13
Fr 2-15 —10.32 —10.43 —10.58 418 12
Fr 2-18 —10.66 —10.71 —11.02 —6 12
Hewett 1 —10.16 —10.50 —9.57 -5 13 2,3
KPD 000545106 —-9.24 —9.60 —8.90 -5 13 2,3
PG 0108+101 —10.65 —10.82 —-11.0 -9 10 3
PG 0109+111 —-11.07  —11.01 —-11.6 —10 10
PHL 932 —10.62 —11.34 -9 11:
RE 17384665 —11.17: 4
Sh 2-68 —10.46 —10.86 —10.41 +5: 11 2,5
Sh 2-174 —9.87 —10.14 —10.09 -1 13
WPS 46 —10.61 —10.64 —10.61 —61 14
WPS 60 —10.23 —10.44 —10.94 —4 13 5,6
WPS 69 —10.13 —10.57 —4 10
WPS 75 —10.69 —11.13 -3 15

Notes:

1. diffuse emission in beam;

2. strong [O 111] emission;

3. surface flux; object larger than beam;

4. off-beam Ha flux brighter than on-beam flux;

5. nature uncertain;

6. mean of 2 observations.
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broadening components (following the approach of Gieseking, Hippelein & Weinberger 1986).
Thermal broadening is only significant for the Balmer line profiles and is negligible for the
[O 1] and [N11] lines. The HWHM is, at least for statistical purposes, a valid approximation
to the expansion velocity (see the discussion of Morisset & Stasiniska 2008). However, two PNe
had double-peaked profiles which could be fit with two Gaussian components. In these cases
the expansion velocity was taken as half the velocity difference of the two peaks. Expansion

velocities will be discussed in further detail later in this thesis.

3.4 Summary

This chapter presented a new set of Ha fluxes derived from SHASSA and the VTSS surveys
for over 400 PNe, plus new He, [O 111] and [N 11] fluxes measured using WHAM for many of
the largest PNe in the solar neighbourhood. Systemic and expansion velcities are also given
from the WHAM line profile data. In addition, corrected fluxes from the works of Xilouris et
al. (1996), Gieseking, Hippelein & Weinberger (1986), Hippelein & Weinberger (1990), Abell
(1966) and others are presented, recalibrated here to a common zero-point. Weighted means
of all available emission-line fluxes will be used in subsequent chapters of this work. In the
future these new data will be of great utility, in calibrating the digitised SHS to derive fluxes
for the numerous MASH PNe that are too faint for SHASSA and WHAM. This project is a
work in progress (Miszalski, Frew & Parker 2008, in preparation) and details will be published

elsewhere.
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Chapter 4

PN Morphologies

4.1 Introduction

Planetary nebulae show a remarkably diverse range of morphologies, ranging from purely spher-
ical shells to high axisymmetric bipolar forms (e.g. Kwok 2000; Balick & Frank 2002, and
Chapter 1). In order to understand the relationships between PN morphology and the gamut of
other properties such as binarity, ionized mass, CS mass, chemical composition, environment,
and distance from the galactic plane, it is important firstly to devise a workable classification
scheme, which can then be usefully applied to a statistical sample of PNe. Furthermore, any
classification scheme needs to be internally consistent with the predictions of the GISW model
for PN formation (Kwok, Purton & FitzGerald 1978; Kwok 1982; Balick 1987; Frank et al. 1993,;
Mellema & Frank 1997), as well as any additional factors that influence axisymmetry such as
stellar rotation, magnetic fields, binarity, or a combination of several processes (Balick & Frank
2002). By utilising the volume-limited sample defined in this study (see Chapter 9), the true

proportions of each morphological class can be determined with greater statistical certainty.

4.2 Morphological Classification of PNe

In this section, a summary of the various morphological classification schemes in current or
former use is given. The diversity in PN forms has been suspected for a long time. Visual obser-
vations in the nineteenth century showed that there was wide variation in the sizes, ellipticities,
and surface brightness of PNe, but there was little attempt to morphologically differentiate
between them, or from other classes of object.! Early classification schemes were developed
by Curtis (1918), based mostly on newly acquired, good-quality photographic images, and also
by Vorontsov-Vel’'yaminov (1934, 1948). The complex Vorontsov-Vel’'yaminov (VV) system in-

cluded a number of different classes and subclasses, though the scheme has now fallen into

"However, in the latter half of the nineteenth century, ‘annular’ nebulae were often considered to be a distinct
class of object from the more disk-like ‘planetary’ nebulae. Annular nebulae were quite rare, with only half a
dozen examples given by Clerke (1903). The two prototypes of the class were the Ring Nebula (M 57) and NGC
6894, both now considered to be pole-on bipolar PNe. Another annular nebula, NGC 6337, is now known to have
a close-binary nucleus (see section 7.3.4, below). The reader is also referred to Secchi (1879; see Corradi 2004),
Herschel (1887) and Clerke (1890) for other works on early morphological classification.

107



disuse.

Westerlund & Henize (1967) modified the VV system and used the following basic morpho-
logical categories: elliptical, bipolar, ring, peculiar, and doubtful. Other schemes were used by
Evans & Thackeray (1950), Khromov & Kohoutek (1968) and Gurzadyan (1970). Greig (1967,
1971) classified PNe into two major groups, B and C (binebulous and centric respectively), plus
two smaller groups, designated A and E. Greig (1967, 1971) noted that the binebulous (now
called bipolar) objects had strong [N 11] and [O 11| emission relative to the Balmer lines, and
used this fact to help classify PNe, even when the available plate material made the morphology
indeterminate. This is a hybrid system, and explicitly assumes that morphology and spectrum
are correlated, but a classification scheme based purely on a single criteriion is to be preferred.

Until the advent of modern CCD detectors, imaging catalogues of PNe were based on pho-
tographic plates, which were of varying depth, quality and resolution (e.g. the CGPN and the
Acker et al. catalogues). The publication of large numbers of high-quality modern CCD images
of PNe by Balick (1987), Schwarz, Corradi & Melnick (1992), Manchado et al. (1996) and Gérny
et al. (1999), amongst others, has allowed new, self-consistent PN classification schemes to be
developed, further illuminated by the extraordinary range of high-resolution images prduced by
the Hubble Space Telescope?.

Balick (1987) divided planetary nebulae into three broad groups of round, elliptical, and
butterfly. These classes were further differentiated with the ‘types’, early, middle, and late.
A similar logical system of classification was developed by Schwarz, Corradi & Stanghellini
(1993), further extended by Stanghellini, Corradi & Schwarz (1993) and Corradi & Schwarz
(1995). Stanghellini et al. (2002) used a simplified scheme:

1. Round (R) PNe;

2. Elliptical (E) PNe, differentiated from round PNe if there is > 5% difference in the axial

dimensions;

3. Bipolar (B) PNe, which have at least one pair of lobes and a pinched waist (this category
includes quadrupolar PNe).

Determining the incidence of bipolarity amongst PNe has received considerable attention.
Gurzadyan (1970) commented that “almost half of the planetary nebulae whose photographs
permit the study of their structure are bipolar” while Zuckerman & Aller (1986) found that
about half of 139 PNe displayed bipolar symmetry. However these conclusions are based on a
looser definition of bipolarity (as many of these nebulae are ellipticals with varying degrees of
point symmetry). A stricter definition of bipolarity (nebulae with a pinched waist) is adopted
herein (following Corradi & Schwarz 1995 and Stanghellini et al. 2002). Additionally, Soker &
Hadar (2002) have classified PNe on the basis of their departure from axisymmetry, while Soker
(2002b) discussed the special case of the formation of spherical planetary nebulae.

The classification scheme adopted here is based (in general) on that of Schwarz et al. (1993),

but with some modification, due to the fact we are exploring new parameter space with the

%see, for example, http://ad.usno.navy.mil /pne/gallery.html
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MASH catalogue. It is noted here explicitly that spectral information was not used to classify
any object morphologically (cf. Grieg 1971). However, many of the new evolved PNe from
MASH are so highly asymmetric (due to an advanced ISM interaction, as seen in Sh2-188),
that the ‘original‘ primary morphology is essentially unknown, though it is often ignored that
bow-shock morphologies develop in the AGB stage (Villaver, Garcia-Segura & Manchado 2003,;
Wareing, Zijlstra & O’Brien 2007a,b; Wareing et al. 2006b, 2007). Figure 4.1, taken from the
main MASH paper (Parker et al. 2006a), illustrates SHS images of six newly discovered MASH
PNe illustrating the basic morphological types of the scheme adopted here, and Figure 4.2 does
the same for a number of bright PNe taken from the literature.

Throughout this work, the classification scheme tabulated in Table 4.1 is adopted. This
scheme is identical to that used by Parker et al. (2006a) in the main MASH paper, but with
three additional subclasses: ‘b’, used to describe elliptical PNe which have evidence for a bipolar
core or inner structure (the Dumbbbell nebula, M27 is the prototype) and ‘f’, used to describe
PNe with amorphous, filled centres; Abell 65 and NGC 1360 are typical examples® (both of
these PNe may in fact be post-common-envelope systems). I have also subsumed the small
group of quadrupolar and multipolar PNe into the broader bipolar class (cf. Mampaso et al.
2006). Finally the classifier ‘(h)’ is added, used for PNe with evidence of a detached outer halo
(AGB wind). A good in-depth review of the morphological diversity of PNe is by Balick &
Frank (2002; see also Balick, Gonzalez & Frank 1992).4

For the PNe in the solar neighbourhood, a range of images from the literature, as well as
digital images from the SSS and SHS were used to discern the morphology of each PN and give
a classification under the scheme defined here (see table 9.4, below). It is hoped that systematic
differences in classification can be avoided by having a single investigator classify all PNe in the

local volume in an homogenous manner.

4.2.1 Proportion of Morphological Classes

About 12.5% of all PNe in the MASH catalogue show bipolar morphologies (Parker et al. 20064,
and table 4.2), though if the selection is restricted to PNe with diameters >10" this fraction
rises to 14.3%. This number is very similar to previous estimates of the incidence of bipolarity,
despite the fact that there is no overlap between the MASH catalogue and previous compilations
— Corradi & Schwarz (1995) found 14% of a sample of 359 PNe to be bipolar (those authors
gave an additional sample of 37 probable/possible bipolar PNe). Manchado et al. (2000) found
13% from a sample of 255 PNe, revised to 17% by Manchado (2004). The percentage of round
PNe in the MASH catalogue (including those >10" in diameter) is 19%. The MASH-II catalogue
estimates (Miszalski et al. 2007) for elliptical and bipolar PNe are similar but there are more
round PNe in MASH-IT (32%).

The small differences in the proportions of bipolar PNe between MASH and MASH-IT and

3Note that the general appearance of some of these filled centre PNe is dependent on the emssion-line used;
Abell 65 has two circular blobs present in [N 11] but absent in Ha and [O 111] (Hua, Dopita & Martinis 1998).

4A new comprehensive morphological catalogue of PN images is currently being compiled by Bruce Balick;
see the Planetary Nebula Image Catalogue (PNIC) at http://www.astro.washington.edu/balick/PNIC/
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Figure 4.1: Extracts of SHS data around six newly discovered MASH PNe illustrating the basic mor-
phological types. Top left: Ea, elliptical with asymmetric enhancement (PHR0700-1143), Top middle: R,
round (PHR0843-2514) ; Top right: Bs, bipolar with resolved internal structure (PHR1408-6229), Bot-
tom left: Bp, extreme bipolar / possible symbiotic outflow candidate (PHR1253-6350), Bottom middle:
Is, irregularly shaped PN with some internal structure (PHR0652-1240), Bottom right: As, asymmetric
PN, again with some structure (PHR0743-1951). The first five images have dimensions of 4’ x 4’, while
the bottom right image is 10’ x 10’ in size. Figure adapted from Parker et al. 2006.

Table 4.1: Morphological codes adapted from Parker et al. (2006a)

Q
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Meaning

Bipolar

Elliptical

Round

Irregular

Asymmetric (one-sided)
Stellar (unresolved)
asymmetry present
bipolar core present
filled (amorphous) centre
multiple shells present
point symmetry present
ring structure dominant
internal structure noted
distinct outer halo
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T subclass introduced in this work
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Figure 4.2: A mosaic showing a number of images of PNe taken from the literature, classified according
to the scheme presented here. Note that M 2-9 (upper right) and Menzel 3 (second row, second from left)
are likely symbiotic outflows rather than true PNe (see Chapter 8). Image credits: B. Balick, R. Sahai, A.
Hajian, M. Meixner, P. Harrington, K. Borkowski et al. (STScI/AURA/NASA/ESA/NOAO), A. Block
(NOAO/AURA/NSF), G. Jacoby (WIYN/NOAO/NSF), D. Malin (AAO) and A. Zijlstra (IPHAS).

Table 4.2: Summary details of morphological classifications for 903 new MASH PNe (Parker et al.
2006a).

Class Number % Fraction < |b]> o  n> 10 arcsec
Bipolar 113 12.5 2.51 1.84 109
Elliptical 492 54.4 3.50 2.39 432
Round 175 19.3 4.05 2.51 146
Irregular 39 4.3 3.23 2.02 39
Asymmetric 36 4.0 3.44 2.80 36
Star-like 50 5.5 3.03 2.31 0

Note that at RAs greater than 17"30™ the bulge increasingly dominates and a larger fraction are compact
(< 10" across) making morphological classification difficult. Note that there has been no pre-selection
of this list into true, likely and possible PNe. The average |b| values in degrees for each type are for PNe
with major axes diameters > 10" except for those of type S. The bipolar class contains 32 objects that
are only possible bipolar PNe.
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the older shallower surveys are not statistically significant. This was somewhat unexpected
as it was thought initially that the better depth and red sensitivity of MASH (and especially
MASH-II) would preferentially lead to the discovery of larger numbers of reddened bipolar Type
I PNe, as most show strong [N 11] emission lines relative to Ha (and extinction is less in the red
compared to the blue). However, since the volume of the Galactic disk surveyed by MASH and
MASH-II has increased, it may be that the more common elliptical and round PNe are being
found to a greater completeness level (see Soker 2002b; Soker & Subag 2005). It is important
to recall that most previous surveys are biased in principle, as they are magnitude-limited at
relatively bright flux levels.

Furthermore, detailed kinematic studies (e.g. Graham et al. 2003; Mitchell 2006) are
revealing that a number of elliptical PNe classified as such purely on morphological grounds, do
in fact, possess bipolarity. Kwok (2000, 2005) has reiterated that apparent morphology alone is
usually not sufficient to describe the intrinsic 3-D structure of a PN. The morphology of a PN
is the result of a simple projection of an often complex 3-D structure on the sky, so orientation
to the line of sight has a strong influence on the apparent morphology. However the acquisition
of the necessary kinematic data will need a huge investment in appropriate telescope time, and
it is also germane to note that over a quarter of the 3000+ currently known PNe do not even
have accurate morphological classifications at present, mainly those of small angular size.

Nonetheless, in order to meaningfully compare the percentage of PN types in the solar
neighbourhood with the flux-limited samples described above, it was deemed necessary here to
only use the morphological criterion as a basis for classification (see table 4.1). The large angular
size of most local PNe makes this task relatively straightforward. Note that Phillips (2001c) has
analysed the observed disk aspect ratios in a sample of bright bipolar nebulae and has proposed
that a number of pole-on bipolars have been misidentified as round or elliptical PNe, and that
the true population of bipolars is ~ 1.7x greater than previously thought. Phillips estimates the
overall fraction of bipolars to be ~22%. Such bipolar PNe often have the appearance of a thick
round annulus (e.g. Shapley 1, imaged by Bond & Livio 1990 and Mitchell et al. 2006) and can
usually be differentiated from limb-brightened spherical shells like Abell 33 (Hua & Kwok 1999),
Abell 34 (Tweedy & Kwitter 1994a), Abell 39 (Jacoby, Ferland & Korista 2001), PFP 1 (Pierce
et al. 2004) and Patchick 9 (Jacoby et al. 2007). The morphological classification scheme used
here (see Table 4.1) has been explicitly adopted to account for the presence of apparent ring
structures in round PNe.

Phillips (2002b) has noted the presence of possible evolutionary effects in bipolar nebulae.
He finds that the narrower-waisted, butterfly nebulae tend to have higher radio brightness
temperatures than those nebulae which are more nearly cylindrical. There are probably several
selection effects present here. Two recently discovered bipolar (butterfly) PNe have very low
surface brightnesses (Frew, Parker & Russeil 2006), so more data are needed to see if the
conclusions of Phillips (2002b) are justified. Furthermore, some of the extreme cylindrical
nebulae may be the products of common envelope evolution (the other brighter examples are
mostly Type I objects with massive progenitor stars). Most of the known close-binary PNe

(e.g. Bond 2000, De Marco 2006) were found as a result of time-series photometry of their
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central stars. Central stars that are luminous mask the expected modulations from heating
of the secondary component, while highly evolved nebulae have fainter central stars that have
been observationally selected against. Consequently, the known common-envelope PNe have a
somewhat restricted range in surface brightness. This problem will be re-examined later.

The increase in round PNe seen in MASH-II compared to MASH also needs a brief explana-
tion. Numerous small and faint (hence distant) disk PNe at intermediate latitudes (4-10°) have
been recorded in MASH-II. These PNe have large |z| heights (>300 pc) and many of these have
fairly round morphologies (if resolved). From flux-limited samples, round PNe are found to
have a larger scale height than ellipticals and bipolars (Phillips 2001b; Manchado 2004), so the
higher percentage of round PNe in MASH-II is a natural consequence of this survey probing the
disk at greater |z| distances. The local volume-limited sample (see Chapter 11) is less biased,
but confirms unequivocally that round PNe have a larger scale height than the other types.

The true percentage of bipolar PNe in the solar neighbourhood, based on a volume-limited
sample is 17 — 22%, depending on whether morphological or kinematic criteria are strictly
used, in agreement with Phillips (2001c). This estimate is discussed further in Chapter 9. The
proportion of Type I PNe is also estimated in Chapter 9 (see later).

4.2.2 Outer Haloes

Deep imaging of high surface brightness PNe facilitated the discovery of extended haloes around
PNe®. One of the earliest systematic (albeit brief) studies was by Millikan (1974), who found
haloes around several bright PNe. Another early-discovered example is the faint irregular halo
around NGC 3242 (Minkowski 1965, quoted by Kaftan-Kassim 1966; Deeming 1966; Bond
1981). ‘Giant halos’ around four PNe were reported by Kaler (1974), who differentiated these
structures from multiple shells. Somewhat later, Jewett, Danielson & Kupferman (1986), taking
advantage of the better dynamic range of CCDs, presented the preliminary results of a Ha survey
directly aimed at detecting faint haloes around PNe. They found that about two-thirds of the
studied PNe had faint outer haloes®.

One of the earliest investigations of the frequencey of multiple-shell structures in PNe was by
Chu, Jacoby & Arendt (1987), who estimate that at least 50% of PNe show evidence for multiple
shells, but note that their sample is a flux-limited one. Deep CCD imagery to identify faint
outer haloes has also been conducted by Hua, Grundseth & Maucherat (1993), Papamastorakis,
Xilouris & Paleologou (1993), Hua (1997), and Hua, Dopita & Martinis (1998).

Corradi et al. (2003) have provided the most comprehensive compilation of outer haloes
around Galactic PNe (not including inner shells and rims). Observational data on the haloes of
50 PNe are presented in their paper and the associated website.” It is important to note that
large features around PNe have been observed at other wavelengths (e.g. Hora et al. 2006).
Weinberger (1999) and Weinberger & Aryal (2004) have noted cavities in the ISM around NGC

SRecall from Chapter 1, the morphology of a typical double-shell elliptical PN, NGC 2022 (see figure 1.4).
The main body of the PN consists of a rim (the ‘core’ of Balick, Gonzalez & Frank 1992), surrounded by a shell
of lower surface brightness. The faint haloes described in this section are exterior to these structures.

SRecently, Reid & Parker (2006 a,b) also found that 60% of LMC PNe have evidence for extended haloes.

"see http://www.ing.iac.es/~rcorradi/HALOES/
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4361, NGC 6826 and the Type I bipolar NGC 2899, amongst other objects. The feature around
NGC 2899 is the more convincing, especially in the light of very faint point-symmetric, N-rich
knots being noted by Parker (2000) on UKST Ha Survey images.

Corradi et al. (2003) have classified observed PN haloes into four groups: (i) circular or
slightly elliptical AGB haloes; (ii) highly asymmetrical AGB haloes; (iii) candidate recombina-
tion haloes, i.e. limb-brightened extended shells that are expected to be produced by recom-
bination as the CS descends the WD cooling track; and (iv) uncertain cases. Corradi et al.
(2003) also appended group (v), non-detections, i.e. PNe in which no halo is found to a level
of < ~ 1073 times the peak surface brightness of the inner shell.

To these I add another group, (vi) ISM haloes around optically thin PNe, of which the
prototype is Sh2-200 (figure 4.3). New WHAM data obtained here definitively show that the
PN and halo are not physically associated (Madsen & Frew 2008, in preparation). In figure 4.4,
two images centred at different velocities are presented. The left image is an [O I11] image
centred at Vigg = —50kms ™!, the systemic velocity of the PN (Hippelein & Weinberger 1990).
The right image is in [O 111 centred at Vigg = 0 kms~!, which shows the extended halo, at a
velocity unrelated to the PN. Based on its velocity, this halo is assumed to be ambient ISM,
ionized by radiation leaking out of this density bounded PN.

A preliminary list of PNe with possible ISM haloes is given in table 4.3. Local examples in-
clude Abell 36 (McCullough et al. 2001), probably NGC 3242 (figure 4.5) and NGC 1360 (found
from SHASSA). In addition, ionizing radiation leaking from the optically-thin PN NGC 246 may
contribute to the emission region associated with the sdO star PHL 6783 (Haffner 2001). These
ionized ISM haloes have sizes of ~2-40 pc, or typically an order of magnitude larger than the
AGB haloes listed by Corradi et al. (2003) which mostly have diameters of 0.4-3 pc (comparable
to the sizes of the very largest PNe).

It was also found during our program of integrated photometry with WHAM (see the pre-
ceding chapter, and table 3.8) that several local PNe were found to have low-velocity emission
either contaminating the WHAM 60" beam (e.g. Abell 7, Abell 28, Abell 34, Abell 74, HaWe 4,
HFG 1 and EGB 1), or one of the offset fields (e.g. MWP 1, FP 0905-3033, LoTr 5, Sh 2-176
and WDHS 1). Whether this is unrelated emission on the same sight line or ambient gas ionized
by these PNe is not completely clear at the present time; however the strong [O 111] emission
surrounding HaWe 4, LoTr 5 and MWP 1 suggests the latter (compare with the general low [O
111] /HQ ratio seen in the diffuse ISM: Madsen, Reynolds & Haffner 2006). NGC 6751 (Chu et
al. 1991), HFG 2 (Fesen, Gull & Heckathorn 1983) and Abell 19 (Kaler, Shaw & Kwitter 1990;
Hua & Martinis 2003) are other likely examples of leaky PNe ionizing the ISM.

Hence it is becoming apparent that optically-thin evolved PNe close to the Galactic plane
may have ionised haloes in the ISM around them that are not physically associated with the
central PNe. Since many LMC PN haloes have been found by Reid (2007) based on morphology
alone, it may be that some of these are ionized ambient gas in the LMC ISM.

An interesting example is the bright object NGC 3242, which shows both an AGB halo
(Monreal-Ibero et al. 2005) and the huge extended halo noted earlier (figure 4.5). This giant
halo shows strong [O 111] emission (Zanin & Weinberger 1997), and these authors suggest the very
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Figure 4.3: INT Ha image of the large halo around the evolved PN Sh 2-200. Image from Corradi et
al. (2003).

high [O 1m1]/Ha ratio is partly due to shocks, implying that the halo was physically produced
from the CS. Available velocity data do not allow a conclusion to be drawn on its nature:
unfortunately, both the systemic velocities of the PN and giant halo are coincidentally close
to Visr = 0kms~!(Durand, Acker & Zijlstra 1998; Rosado 1986), so there is no large velocity
differential that proved useful in the case of Sh2-200. The available kinematic data was used
by Rosado (1986) to suggest PN and halo were associated, but it was noted that the expansion
velocity of the filamentary halo was lower than that of the PN. Later, Meaburn, Lépez &
Noriega-Crespo (2000) obtained line profiles of the brightest western rim of the giant halo, and
noted that the radial velocities are inconsistent with the model of a simple shell expanding
radially from the PN. They suggested that it could be either an asymmetric lobe ejected from
the PN or simply photoionized ambient ISM.

A Ha flux for the halo was estimated from SHASSA images by measuring the total flux
of PN plus halo and subtracting the flux for the core only, to determine a halo flux, and then
assuming a [NII]/Ha ratio of 0.5 for the halo (cf. Rosado 1986). The Ha halo flux was found to

2

be ~1.2 x 10710 ergecm™2s~!. Following the procedure outlined in §7.7 below, an approximate
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Figure 4.4: WHAM images for the high-excitation PN Sh 2-200. Each spectral window is 25 kms~!
wide. The left image is an [O 111] image centred at Visg = —50kms ™!, the systemic velocity of the PN.
The right image is in [O 111] centred at Visg = 0 kms™!, which shows the extended halo. The halo is
not physically associated with the PN, but is a Strémgren sphere in the local ISM, around this nearby
optically-thin PN. Note the elongated PSFs of the PN and brighter stars in the field, a product of the
imaging optics. Image from Madsen & Frew 2008, in preparation.

ionized mass of ~34./¢ Mg was found, assuming a distance of 1.0 kpc. The low line-width of the
halo and the small offset in systemic velocities is consistent with ambient ISM, unambiguously
confirmed after taking into consideration the very high ionized mass of the halo at the adopted
distance.

Note that the very high-excitation PN NGC 4361 has no detectable halo on SHASSA images
(down to an emission measure of ~2 cm~%pc). Monreal-Ibero et al. (2005), using integral field
spectroscopy, also found no evidence for a halo around this object. Therefore the nebulous
filament 1.2° northwest of NGC 4361 seen on the POSS (Zanin & Weinberger 1997) is not an
emission nebula. It may be faint interstellar cirrus.

Corradi et al. (2003) found that ionized AGB haloes are quite common around PNe, with
60% of elliptical PNe showing them where the necessary deep images are extant (many show
sign of an ISM interaction, see below). Another 10% of PNe show possible recombination haloes.
It is found here that up to 30% of high-excitation, optically-thin PNe show ISM haloes at low
emission measures, despite the fact that many of these objects have large |z| distances from the
Galactic plane (see below).

Since the sizes and surface brightnesses of the visible shells of large evolved PNe and the AGB
haloes seen around compact PNe are similar, to a first order the ionized masses are comparable.
This is the best solution to the missing mass problem in PNe, where the mass budget of the PN
plus central star is less than the inferred progenitor mass. However, the ionized masses of the
optically-thin objects NGC 4361 and Abell 36 are <0.2 M), but neither has an observable AGB
halo. In the latter case, there is a huge ionized ISM halo, but there is no evidence for additional

PN mass. The CS has a mass of ~0.56 M, so the observable mass total is well under a solar
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Figure 4.5: Left: INT Ha image of the very large halo around bright PN NGC 3242. Field is 30" across.
Image from Corradi et al. (2003). Right: [N 11]+Ha image from SHASSA field #142, covering a wider
angle, and showing the full extent of the halo. Image is 3° wide.

Table 4.3: Nearby PNe with definite or possible ionized ISM haloes. PNe are sorted in order of

increasing distance, taken from table 9.5.

Name Size ()  Status D (pc) Size (pc) Notes
NGC 1360 180 x 70 poss 375 20 x 8 1
Abell 36 300 x 240  yes 450 39 x 31 1,2
NGC 246 >180: poss? 495 >26 1,3
MWP 1 >60 yes 497 >9 1
LoTr 5 >60 yes 500 >9 1
Abell 211 23 x 18  poss? 540 4x3 1
Sh 2-200 30 x 30 yes 660 6 X 6 1,4,5
HaWe 4 20: yes? 800 ~b 1,6
NGC 3242 40 x 36 yes 1000 12 x10 1,4
HFG 2 7Tx5 yes 1900 4x3 1
NGC 2440 80 x 45 poss? 1900 44 x 25 1
NGC 6751 2.5 x 2.0 yes 2000 1.5 x 1.2 1,7

Notes: T Possibly stripped PN material due to ISM interaction
1. This work; 2. McCullough et al. (2001); 3. Haffner (2001); 4. Corradi et al. (2003); 5. Hartl &
Weinberger (1987); 6. Tweedy & Kwitter (1996); 7. Chu et al. (1991)
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mass. A progenitor star with a mass of <1 Mg should not have produced a visible PN (see
Chapter 11). A possible solution to this problem is that RGB mass loss may be more efficient
for low mass stars (e.g. Schroder & Smith 2008), hinting that any PN eventually produced may
well be unobservable, i.e. a ‘lazy’ PN (see also the discussion in §9.5.1).

Balick, Wilson & Hajian (2001) have shown that the bright PN NGC 6543 has at least nine
faint concentric ring-like shells in its halo, representing spherical bubbles of mass loss preceding
the formation of the PN core. Using the dimensions and constraints on the ejection speeds, it
seems the shells are formed during the AGB stage on time scales of 102 — 103 yr. This is quite
different to the time scales of thermal pulses (~ 10° yr) and stellar surface pulsations (~1-3
yr).

Terzian & Hajian (2000) and Corradi et al. (2004) document the (mainly young) PNe
containing rings or arcs in their haloes. Corradi et al. (2004) demonstrate that such rings, and
hence the existence of mass loss fluctuations in the late AGB phase, is a common phenomenon;
they estimate at least ~35% of PNe show them. However, the formation mechanism is still
uncertain: Meijerink, Mellema & Simis (2003) propose a dust-driven wind instability model as
a production mechanism, but further work is needed.

Finally, it is important to note if any morphological classes have a greater incidence of haloes,
based on the solar neighbourhood sample. The advantage is that the large angular size of PNe
in the local sample makes it easier to describe the detailed morphogy of each PN. However,
most highly-evolved PNe have no evidence for giant haloes; remembering that AGB haloes are
typically a factor of 103 fainter than the main PN shell, then for the most evolved PNe the
halo has expanded and faded well below detectability. In some cases it may have been swept
up by the expanding PN shell. Some evolved bipolar PNe have detectable outer emission (e.g.
RCW 24, see below), due to the greater ionized mass in their AGB haloes, which is attributed
to the greater mass of the progenitor stars.

Recently, Hsia, Li & Ip (2007) have used SHASSA data to detect a number of haloes around a
set of relatively nearby, mainly bipolar PNe. The haloes detected around NGC 2438, NGC 3242,
NGC 7293, and He 2-111 were already known in the literature. Hsia, Li & Ip (2007) claimed
to have detected new haloes around IC 4406, NGC 2818, NGC 2899, NGC 5189, NGC 6072,
and NGC 6302. To test their claims, deep continuum-subtracted SHS images with a limiting
surface brightness of ~2 R at Ha (Parker et al. 2005a), were examined for each PN, except
for IC 4406, which lies outside the coverage of the SHS. Since the diameters of all these PNe
are larger than a SHASSA resolution element, it is inappropriate to use a PSF fitting function
based on bright stars to infer the presence of a PN halo. Furthermore, the paper does not give
details on the brightness of the stars used for the profile fitting or a detailed account of the
procedure. Only for NGC 6302 is faint emission present exterior to the PN on SHS images, and
this is considered to be unrelated diffuse emission. The SHS image of NGC 2899 shows two
very faint emission knots in line with the polar axis (Parker 2000), but these are too faint and
small to be recovered in the SHASSA data. No haloes were seen around the other objects, and
I consider their detections to be artefacts of the reduction procedure of Hsia, Li & Ip (2007).

In summary, only 15-20% of solar neighbourhood (D < 1.0kpc) PNe have detectable outer
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(AGB) haloes, after referring to Table 9.4, later in this thesis. About the same fraction overall
have surrounding haloes which are definitely, or very likely, ionized ISM. Comparing this fre-
quency with the fraction of PNe in flux-limited samples (Corradi et al. 2003) is problematic, as
such samples are dominated by bright PNe with proportionally brighter AGB haloes. The frac-
tion determined here is significantly lower, due to the local volume being dominated by highly
evolved PNe. The small numbers also preclude any conclusions being made on the frequency of

haloes relative to morphological class.

4.3 Interaction of PNe with the Interstellar Medium

Since PNe have old-disk kinematics, the majority have non-zero space velocities relative to
the interstellar medium (ISM). Morphological studies of evolved PNe show strong evidence of
asymmetries which can attributed to an interaction with the ISM (Rauch et al. 2000). Observing
interactions on a case-by-case basis allows the dynamics of the evolving nebula to be related to
the cooling history of the central star (Tweedy & Kwitter 1994a, 1996; Tweedy 1995b; Jacoby &
van de Steene 1995; Pottasch 1996; Wareing et al. 2006a). Borkowski, Sarazin & Soker (1990)
and Borkowski (1993) consider the PN/ISM interaction process in detail. They find that the PN
shell is compressed first in the direction of the stellar motion, which causes a dipole asymmetry
in the surface brightness of the nebula. Eventually, an advanced interaction begins to strip the
nebular gas away from the CS (Villaver, Garcia-Segura & Manchado 2003; Wareing, Zijlstra &
O’Brien 2007b, and references therein). Examples of such interacting nebulae are prevalent in
the solar neighbourhood, and are in fact seen in the majority of local PNe (see below).

The population of interacting PNe in the solar neighbourhood can ultimately be used to
verify current theories of PN/ISM interaction (e.g. Smith 1976; Borkowski, Sarazin & Soker
1990; Dgani 1995; Tweedy, Martos & Noriega-Crespo 1995; Rauch et al. 2000). Villaver
et al. (2003) have shown that PNe with typical space velocities of ~20 kms™!, will interact
with the ISM and have observable bow shock structures, confirmed by Wareing, Zijlstra &
O’Brien (2007b). These authors find that the ongoing ISM interaction reduces the mass of the

circumstellar envelope due to ram pressure stripping. This point will be further examined later.

4.3.1 A Case Study: PFP 1

This remarkable hollow-sphere PN was discovered serendipitously from AAO/UKST Ha Survey
images by M. Pierce in 2003 (see Pierce et al. 2004 for a fuller account). At ~19’ across, it
is one of the largest examples of its type, with almost perfect circular symmetry, except for
a brightened rim on the northwest edge. This beautiful object is a fine test case for current
theories of ISM interaction (Borkowski, Sarazin & Soker 1990; Tweedy & Kwitter 1994a, 1996;
Rauch et al. 2000).

Tweedy & Kwitter (1996) suggest three criteria to confirm that PN asymmetry is caused by a
PN-ISM interaction. They propose that such interactions are characterised by three observable

criteria:
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Figure 4.6: Continuum subtracted Ha + [NII] image of PFP 1. The field is 30’ across, with north at
top and east to the left.
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1. an asymmetry in the periphery of the nebula;
2. an increase in surface brightness at the interacting edge;

3. that the rim exhibits a drop in the ionization level, i.e. an increased [N 11| /Ha ratio with
respect to the rest of the nebula. The higher [N 11]/Ha ratio results from material being
compressed at the PN-ISM boundary, increasing the density which, in turn, elevates the
recombination rate and lowers the ionisation state of the gas (Tweedy & Kwitter 1994a,
1996; Kerber et al. 2000b). The giant nearby PN Sh 2-216 also shows these characteristics
clearly (Fesen, Blair & Gull 1981; Tweedy, Martos & Noriega-Crespo 1995).

PFEFP 1 can be seen to satisfy the first two criteria of Tweedy & Kwitter (1996) purely from
the SHS image (see Figure 4.6). The beginning of an asymmetry, coupled with an increase
in brightness, can be clearly seen in the image. Emission-line spectroscopy shows the third
criterion also is met, as the bright rim has an enhanced [N 11]/Ha ratio of 3.2 compared with
the east rim of the nebula where [N 11]/Ha ~ 1.5 (Pierce et al. 2004). The ratio for the whole
nebula was estimated to be [N 11]/Ha = 1.8 (based on weighted surface brightnesses of the
different slit positions (Pierce et al. 2004) but recent WHAM data show that the integrated
ratio is somewhat lower (see §3.3).

The ISM interaction in PFP 1 is at an early stage, since the CS is still close to the centre of
the nebula, coupled with the fact that only the northwest rim is brightened, implying that the
bulk of the nebula is still moving with the CS. Objects showing a more advanced interaction may
have a substantially displaced CS from centre, such as the extreme cases of Sh 2-188 (Wareing
et al. 2005, 2006a; Wareing, Zijlstra & O’Brien, 2007a) and Sh 2-216 (Cudworth & Reynolds
1985; Tweedy 1995b) where the CS is displaced by 24’ from the geometric centre of this 1.6°
diameter PN, due to the nebular material being slowed and re-absorbed into the ISM.

Borkowski, Sarazin & Soker (1990; see also Soker, Borkowski & Sarazin 1991) discuss PN-
ISM interactions in terms of the expansion velocity of the PN and the velocity of the progenitor
star with respect to its surroundings. In a homogeneous, isotropic ISM, the PN will start to
interact on its leading edge. As the PN expansion causes the nebular density to fall below a
critical value, the gas in the shell is compressed, resulting in a brightness enhancement in this
direction and an increase in the recombination rate, manifested as an elevated [N 11]/Ha ratio
(Tweedy & Kwitter 1994, 1996; Kerber et al. 2000b). As the interaction develops the leading
edge of the nebula is slowed by the ISM and the PN shell becomes distorted as is seen in the
case of PFP 1 where an opposite concave curvature is present.

At first glance this appears to be a reasonable explanation for the morphology of PFP 1,
especially as an examination of the local Galactic environment found that it sits in a low density
region despite its small |z| distance of 40 pc (Pierce et al. 2004). It is likely that the interaction
is taking place because the PN is moving with respect to the local ISM, so it is predicted that
the CS is moving north across the field. However, the central star of PFP 1 has no detectable
proper motion from the available SSS and SHS images. A tentative upper limit for the proper

motion of ~8 mas.yr~!, based on the SHS data for the field around the PN, corresponds to
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a upper limit for the transverse velocity of ~20 kms™! at the nominal distance of ~ 550 pc
(Pierce et al. 2004).

4.3.2 Discussion

About 65% of the PNe in the solar neighbourhood sample (defined below in Chapter 9) show
evidence for an ISM interaction. This proportion rises to ~90% amongst the evolved PNe (see
§2.1) in the sample. Exceptions are RCW 24 (see Figure 4.7), Abell 7, Abell 24, and probably
Abell 36. In the first three cases, the lack of ISM interaction is probably due to the CS having
a small space motion component with respect to the ISM, at least in the direction transverse
to the line of sight. Abell 36 has a moderately high |z| distance and the root-mean-squared
(RMS) electron density of the ISM is predicted to be low (though see McCullough et al. 2001).
Other local evolved PNe only have a weak ISM interaction: examples are NGC 3587, Abell 74
and LoTr 5.

However, many of the nearest PNe show a pronounced bow shock structure as a signature of
an ISM interaction. In broad terms, bow shocks are produced when wind-producing stars move
supersonically through the ISM. Besides those seen around PNe (e.g. Tweedy & Kwitter 1994a;
Zucker & Soker 1993; Wareing et al. 2006a), bow shocks are also noted around Herbig-Haro
objects, Wolf-Rayet stars (e.g. Moffat et al. 1998), runaway OB stars (Gull & Sofia 1979; Van
Buren & McCray 1988; Van Buren, Noriega-Crespo & Dgani 1995), high-mass X-ray binaries
(Kaper et al. 1997), and pulsars (e.g. Kulkarni & Hester 1988).

Van Buren (1993) and Brown & Bomans (2005) discuss in detail the bow shock phenomenon.
Villaver et al. (2003), Wareing et al. (2006b), Martin et al. (2007) and Wareing, Zijlstra &
O’Brien (2007a,b) have shown that initial ISM interaction occurs between AGB wind and ISM,
and well before the onset of the PN phase. Beautiful examples of one-sided evolved PNe are Sh 2-
188 and Sh 2-176 which have morphologically-dominant bow shocks. Abell 35 is a particularly
interesting case (Jacoby 1981; Hollis et al. 1996), as an inner bow shock morphology is visible in
[O 111) light, largely absent in Ha. However, the interpretation adopted here is that the emission
nebula is not a PN at all, but a Strémgren zone in the ISM (see §8.2 for further details).

Other local PNe which have pronounced asymmetric shapes are Abell 21 (Kwitter, Jacoby &
Lawrie 1983; Borkowski, Sarazin & Soker 1990; Hua & Kwok 1999), HaWe 4 (Tweedy & Kwitter
1996), HFG 1 (Heckathorn, Fesen & Gull 1982), IsWe 1 (Tweedy & Kwitter 1996; Xilouris et
al. 1996), Abell 31 (Tweedy & Kwitter 1994a) and the newly discovered FP 0905-3033 (see
figure 2.10). More distant examples include MeWe 1-4 (Kerber 1998), and KFR 1 and SuWt 1
(Rauch et al. 2000). New-epoch CCD images to determine accurate proper motions of their
central stars will be of interest. An analysis of a sample of one-sided PNe has been given by
Ali, El-Nawawy & Pfleiderer (2000); these authors found that 75% of their sample was found
within 160 pc of the galactic plane (reflecting the scale height of the HI gas) and that about
three times more PNe were found with features roughly parallel to the Galactic equator than
PNe with features perpendicular to the equator.

It is should be re-emphasised that some morphologically unusual putative PNe have ioniza-

tion structures and morphologies which are not consistent with an ISM interaction, assuming
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Figure 4.7: Ha + [NII] image of the faint bipolar PN RCW 24, showing little evidence for an ISM
interaction. The field is 30’ across, with north at top and east to the left.

the CS is moving through the ISM, e.g. Sh 2-68, Sh 2-174 and PHL 932, amongst others. This
fact has been used a discriminant for differentiating true PNe from H1I regions. Some local
nebulae are now thought to be HII regions ionised by hot stars rather then true PNe, and are
discussed in more detail in Chapter 8.

It should also be noted that of the ~20 PNe (e.g. De Marco 2006) which possess close binary
central stars which have gone through a common-envelope stage, about 50 4= 7% show evidence of
an ISM interaction (c.f. Bond & Livio 1990), which is slightly less (but not statistically different)
to the overall proportion of interacting PNe in the volume-limited solar neighbourhood sample.
The quoted uncertainty in this number is a 1o Poissonian error.

Finally, the PN-ISM interaction may be influenced by the ISM magnetic field (e.g. Soker
& Dgani 1997; Soker & Zucker 1997; Dgani & Soker 1998), as well as various hydrodynamic
instabilities such as the Rayleigh-Taylor (RT) and possibly Kelvin-Helmholtz (KH) instabilities.
The RT instability allows the ISM to stream into the interior of the PN (Dgani & Soker 1998),
and is the most commonly seen in evolved PNe. RT instabilities are likely present in NGC 40
(Martin, Xilouris & Soker 2002), IC 4593 (Zucker & Soker (1993), DS 2 (Hua, Dopita & Martinis
1998), and Abell 43 and NGC 7094 (Rauch 1999).

In addition, a number of evolved PNe have almost perfectly linear ‘stripes’ manifested across
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the face of the PNe. Examples in the local volume include Sh 2-200 (Corradi et al. 2003),
FP 0739-2709 (see figure 2.10), and probably Sh 2-216 and IsWe 2 (see Tweedy & Kwitter
1996). The stripes seen in the halo of NGC 6894 (Soker & Zucker 1997) are possibly examples
of the same phenomenon. Dgani & Soker (1998) suggest that the ISM magnetic field makes
the RT instability very efficient for PNe close to the Galactic plane, producing ‘rolls’ or stripes.
The ‘pipes’ seen in Abell 35 (Jacoby 1981, Hollis et al. 1996) are superficially similar, but their
formation mechanism remains uncertain (see §8.2).

Sophisticated computer modelling (e.g. Wareing et al. 2006a, 2006b, 2007; Wareing, Zijlstra
& O’Brien 2007a, 2007b) has allowed the theory of PN /ISM interactions to be better compared
observational data. Detailed modelling of the interacting PN Sh 2-188 succesfully predicted the
shape of the downstream tail in this object (Wareing et al. 2006a). Furthermore turbulence
is expected to produce vortices in the downstream wind. The vortices result from instabilities
at the head of the bow shock upstream of the AGB star (or CSPN). These instabilities travel
downstream and form vortices in the tail behind the bow shock. Such features appear to be
visible in the planetary nebula Sh 2-188 (Wareing, Zijlstra & O’Brien 2007a) and the in the
‘tail’ of Mira (Martin et al. 2007; Wareing et al. 2007).

4.3.3 Summary

This chapter presented a discussion of the various PNe classification schemes used in the liter-
ature, including a detailed summary of the scheme adopted herein. Statistics are given on the
relative proportions of the different morphological types in the solar neighbourhood sample.

AGB haloes have been observed around many compact PNe. Another type of halo, not
often considered in the literature, is the ISM halo. It is found that ISM haloes are not rare
around PNe, with up to 30% of local, optically-thin PNe showing evidence for them. Definite
examples are the haloes around Sh 2-200 and NGC 3242.

About 65% of the PNe in the solar neighbourhood sample show evidence for an ISM in-
teraction. This proportion rises to ~90% amongst the evolved PNe in the sample. Some local
evolved PNe only have a very weak or no ISM interaction, which is evidence of a low peculiar
velocity relative to the ISM: examples are Abell 74, and RCW 24.

124



Chapter 5

Optical Spectroscopy of Evolved
PNe

Data for this dissertation was taken from the unpublished MASH and MASH-II spectroscopic
databases. Spectra of MASH PNe as well as a limited number of previously known evolved PNe
were obtained on a number of telescope runs summarised in Table 5.1. The data was contibuted
by several MASH team members (initials as noted in the last column of Table 5.1). The names
of the observers can be found in the author list of Parker et al. (2006a). Additional runs for
the MASH-II PN project are tabulated in the same format by Miszalski et al. (2008).

5.1 Observations

The spectroscopic runs observed by me concentrated on the most highly evolved PNe, starting
in February 2004 with a run (with Q. Parker) using the SAAO 1.9m telescope at Sutherland,
RSA. The standard 1.9-m grating spectrograph was used with a SITe 1798 x 266 pixel CCD,
coupled to an /2.2 camera with an 86 mm beam. Grating 7 was generally used (300 lines mm ~1)
for the low dispersion observations, giving a spectral coverage of 3500-7400A, though Grating 4
(1200 linesmm™!) was sometimes used to obtain higher dispersion; this grating is blazed for
the red spectral range and has a spectral coverage of ~6150-6900 A.

On-chip binning (2x) perpendicular to the dispersion direction was used to reduce readout
noise. The slit width was set to 400um (~2.4” on the sky) to allow reasonable throughput for
these faint PNe, and to allow for seeing effects when observing standard stars; the resulting
spectral resolution is ~7A. The unvignetted slit length perpendicular to the dispersion was 1.6/
and was fixed east-west. Exposures were generally 600 to 1200 seconds, and repeat exposures
were sometimes taken for especially faint objects, to improve the S/N ratio. Shorter exposures
were used for flux and radial velocity standards. If the angular size of the nebula was larger
than the slit length, separate offset sky frames were taken (e.g. for PFP 1; see Pierce et al.
2004).

Later spectroscopic runs used the double-beam spectrograph (DBS; Rodgers, Conroy &
Bloxham 1988) at the Nasmyth focus of the MSSSO 2.3-metre reflector at Siding Spring Obser-

125



vatory, NSW. The 6.7’ slit was nominally oriented east-west, but was sometimes oriented at a
different position angle in order to cover the brightest regions of the nebula, or to avoid bright
field stars. The slit width was generally set to 2.5”, though sometimes wider in conditions of
poor seeing (the median seeing at SSO is 1.5”). The separate blue and red spectra were recorded
on identical-format Tek 1752x532 pixel CCDs, optimised for the blue and red. Since 2006, the
detectors have been upgraded with Tek 2148x562 pixel chips.

For both the blue and red arms of the DBS, 600 and 1200 line/mm gratings were used,
giving a spectral coverage of ~3700-5600A and ~5700-7400A respectively. On some later runs,
a 300 line/mm grating was used which gave a coverage of 3600-7400A. This reduced the number
of frames to reduce, and had the benefit of giving a more robust estimate of the Ha/H/ ratio
in order to estimate the reddening; some resolution was sacrificed however. On-chip binning
(2x), perpendicular to the dispersion direction, was typically used with the DBS. Exposures
were generally 1200 seconds, though shorter exposures were used for brighter objects and flux
and RV standards.

For all spectroscopic runs, dome flats and twilight sky flats were obtained, together with
observations of spectrophotometric standard stars (Stone & Baldwin 1983) for flux calibration.
Wavelength calibration was applied via suitable Fe-Ar, Cu-Ar or Ne-Ar arc exposures bracketing
the observations. PN standards from Dopita & Hua (1997) were observed once a night as checks
on the flux and wavelength calibrations, and to better quantify the errors on each. Observations
of PNe were generally taken at low air-mass (<2) to minimize the effects of differential refraction,
and standard stars were generally observed at air-mass <1.5. Differential refraction should not
present a problem for these PNe as they are all are much larger than the chosen slit widths.
However, this precludes obtaining line-flux ratios that are representative of the whole PN, as
stratification effects are often present in these old, interacting PNe. For an excellent discussion
of the sources of uncertainty in long-slit spectroscopy, see Jacoby & Kaler (1993).

Standard IRAF routines were used to reduce the long-slit spectra, supplemented with routines
from the PNDR data reduction package written by fellow MASH team member Brent Miszalski.!
All line fluxes were measured from the 1-D flux-calibrated spectra using the splot function in
IRAF. Repeat observations from different spectra (where available) were taken and averaged,
and the standard deviation is representative of the internal error in the absolute fluxes, which
are accurate to ~20% for the brightest lines in the more compact, high-surface brightness PNe,
but to only ~50% for lines in the very faintest nebulae. The relative flux ratios should be better;
~10% for the [O11)/HS and [N11]/Ha ratios for the brighter PNe with better S/N.

Additional details on the earlier MASH spectroscopic runs, mainly taken with the FLAIR-II
and 6dF fibre spectrographs on the 1.2m UKST have been given by Parker et al. (2006a) and
Frew, Parker & Russeil (2006).

'See http://www.aao.gov.au/local/www/brent /pndr
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5.2 Results

The nebulae selected for analysis from the MASH spectroscopic database were mostly candidates
for the local volume, selected by their angular size and brightness. The observed flux values for
60 PNe are given in Table 5.2. All fluxes are normalized to H3 = 100, and are uncorrected for
reddening. For a few faint and highly reddened PNe, fluxes are given relative to Ha = 300. An
upper case ‘P’ signifies that a line is present but too faint to measure, while an asterisk is used
when the intensity of a faint doublet line has been estimated from the intensity of the brighter
line such as [O mJA5007. Roman letters immediately after the PN designation refer to different
slit positions for those PNe with multiple observations.

The logarithmic extinction at HB, ¢ = logF(Hj) — logI (H (3, is also derived for each PN
based on the observed Balmer decrement. In this study, I have adopted the R = 3.1 Galactic
reddening law of Howarth (1983), which is consistent with the Cardelli, Clayton & Mathis
(1989) reddening law. From first principles,

F(Ha) _ logI(Ha)

8 F(mp) = ¥ T(mp)

~0.320¢ (5.1)

Hence, the logarithmic extinction was determined from the following expression:

(0.456 “logE (HC“>)

F(Hp)
= 2
¢ 0.320 (5:2)
An intrinsic ratio of I(Ha/HB) = 2.86 was used (log I(Ha/HB) = 0.456), appropriate for
T, = 10*K (Brocklehurst 1971) and low densities typical of the PNe studied in this work. The

dereddened line fluxes, I(\), were determined from the observed fluxes, F'()\), following:

I(A) = F(X)eUN=FUHB) (5.3)

where f(A) is the reddening function (normalized to H3) from the reddening law of Howarth
(1983).

The derived extinctions are given in columns 2 and 3 of Table 5.3, which also includes a
summary of the main de-reddened emission-line ratios. The last column gives an approximate
N/O abundance ratio (see §5.4) for PN with available data. Figure 5.1 illustrates a set of
representative 1-D flux-calibrated and wavelength-calibrated spectra of these mainly faint PNe.
Further detailed results for MASH-II and other PNe will be presented in the future (Miszalski,
Frew & Parker 2008, in preparation).
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Table 5.1: Summary details of the MASH spectroscopic follow-up program, adapted from the equivalent
table of Parker et al. (2006a). The telescope runs are listed in chronological order, with those observed
by the writer in bold. Additional runs for the MASH-II catalogue are tabulated in Miszalski et al. (2008).

Telescope Run dates Instrument Wavelength range Resolution  Grating Exposure  Observer

(dd mm yy) (A) (A) (seconds)

(FWHM)

MSSSO 2.3m 02 07 98 DBS B/R 3820-5680; 5290-6850 4.6/2.3 300B/600R 600-900 QAP/MH
UKST 1.2m 22 07 98 FLAIR B/R  4300-5800; 5900-7100 4.7/4.6 600V /600R 3 x 1800 QAP
UKST 1.2m 11 08 98 FLAIR B/R  4350-5780; 5810-7220 5.4/4.2 600V /600R 3 x 1800 QAP
SAAO 1.9m 12-18 01 99 CCD SPEC  3790-7700 5.9 300B 600-900 QAP/DR
UKST 1.2m 07-11 07 99 FLAIR B/R  3900-7200; 6310-7030 11/2.4 250B/1200R 3 x 1800 QAP
UKST 1.2m 12-13 08 99 FLAIR R 6310-7030 2.4 1200R 3 x 1800 QAP
MSSSO 1.9m  04-09 01 00 B&C CCD 5650-6785 2.0 600R 600-1200 QAP/MH
UKST 1.2m 04-09 01 00 FLAIR 3920-7350; 6270-7050 12/2.7 250B/1200R 3 x 1800 QAP
UKST 1.2m 04-05 07 00 FLAIR 6200-6940 2.8 1200R 3 x 1800 QAP
SAAO 1.9m 08-15 02 00 CCD SPEC  3790-7780 7.0 300B 600-900 QAP
SAAO 1.9m 20-27 06 00 CCD SPEC  3800-7800 7.2 300B 600-900 QAP/RAHM
MSSSO 2.3m  01-06 07 00 DBS B/R 4000-5940; 6060—-7020 2.4/1.3 600B/1200R.  600-1200 QAP/MH
ESO 1.5m 03 07 00 B&C CCD 2680-8050 5.6 300B 600-900 DR/SB
SAAO 1.9m 15-21 05 01 CCD SPEC  3810-7800 7.1 300B 600-900 QAP/SB
MSSSO 2.3m  22-27 06 01 DBS B/R 4320-6220; 59306870 2.5/1.3 600B/1200R.  600-1200 RAHM/MH
MSSSO 2.3m  06-10 07 02 DBS B/R 4320-6240; 61807100 2.3/1.3 600B/1200R.  600-1200 MH/AEV/SB
SAAO 1.9m 16-22 07 02 CCD SPEC  3240-7270 7.1 300B 600-900 QAP/RAHM
SAAO 1.9m 28-01 01-02 03 CCD SPEC  3230-7260 7.1 300B 600-900 QAP/RAHM
MSSSO 2.3m  04-07 07 03 DBS B/R 3870-5600; 6170-7110 2.5/1.2 600B/1200R.  600-1200 RAHM/SB
SAAO 1.9m 24-30 06 03 CCD SPEC  3360-7520; 6150-6880 5.0/1.3 300B/1200R.  600-900 QAP/AEJP
UKST 1.2m 16-21 08 03 6dF V/R 3920-5530; 5330-7590 4.9/5.8 580V /425R 3 x 1800 QAP/AEJP
SAAO 1.9m 10-16 02 04 CCD SPEC  3360-7520 7.1 300B 600-900 DJF/QAP
MSSSO 2.3m  24-27 02 04 DBS B/R 3870-5600; 6170-7110 2.5/1.2 600B/1200R.  600-1200 DJF
MSSSO 2.3m  12-14 06 04 DBS R 3580-5520 2.8 600B 600-1200 QAP/MS
MSSSO 2.3m  15-19 07 04 DBS B/R 3870-5600; 6170-7110 2.5/1.2 600B/1200R.  600-1200 DJF/AEV
SAAO 1.9m 22-26 07 04 CCD SPEC  3360-7520 7.1 300B 600-900 QAP/MS
UKST 1.2m 11-20 08 04 6dF V/R 3930-5600; 5310-7520 5.6/5.8 580V /425R 3 x 1800 QAP/AEJP
MSSSO 2.3m  06-11 01 05 DBS B 6040-6950 1.5 1200R 600-1200 DJF/QAP
MSSSO 2.3m  10-14 07 05 DBS B 3600-7400 5 300B 600-1200 DJF
MSSSO 2.3m  19-25 05 06 DBS B 3670-5650; 54807520 2.5/2.3 600B/600R 600-1200 QAP/BM
MSSSO 2.3m  18-23 02 07 DBS B 3600-7400 4.5 300B 300-1200 DJF/QAP/BM

Note: MSSSO 2.3m telescope spectrograph slit generally set to a width of 2.5”7; SAAO 1.9m spectrograph slit set at 2.4";

ESO 1.5m was set to 2.0""; MSSSO 1.9m was set to 2.0""; FLAIR and 6dF fibres had an aperture of 6.7".
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Table 5.2: Observed line fluxes for 60 PNe, primarily from the
MASH project, uncorrected for reddening. Nebulae were primarily
selected as candidates for the local volume. Fluxes are normalised
to HB = 100, or for a few very reddened objects, normalised to Ha

6¢C1

= 300.

NAME [OI] [Nelll] Hy [OIN] Hell HB  [OII [OIN [NII] Hel [OI] |[NI] Ha  [NII] [SII] [SI] [ArII] [OTI]

3727 3869 4340 4363 4686 4861 4959 5007 5755 5876 6300 6548 6563 6584 6717 6731 7136 7325
BMP0642-0422 522 ... 100 50 146 280 385 846 ...
BMP0733-3108 ... 468 300 1318 100 45
BMP1808-1406 ... 359 300 1076 141 98
FP0709-2555 197 .. 100 .. 297 113 ...
FP0711-2531 665 ... 100 102 289 72 295 195 82 68
FP07214-0133 848 .. 100 39 91 135 463 341 70 81
FP0739-2709 373 .. 100 15 50 274 338 794 93 75
FP0840-5754 527 .. 100 32 79 72 335 224 97 79
FP0904-4023 605 ... 100 30 93 78 302 235 163 92
FP1554-5651 77 37 79 100 565 1789 ... 377 813 1185 180 146 131
PFP 1 585 77 45 100 50 141 18 108 228 301 727 133 85
PHR0652-1240 ... 100 78 290 98 361 232 147 111 ..
PHRO719-1222 ... 100 153 397 37 368 536 1104 195 118 115
PHRO724-1757 .. 697 300 1795 ...
PHRO0740-2057 ... 100 578 1833 ... 127 596 482 198 56
PHRO743-1951 ... 100 30 104 195 524 640 385 356 ...
PHRO747-2146 ... 49 100 213 586 57 359 142 85 60 56
PHRO755-3346 ... 100 57 168 76 377 224 125 114 ...
PHRO800-1635 1045 ... 59 100 175 516 141 339 434 61 72 47
PHRO808-3745 ... 71 100 71 213 48 332 214 60 62 74
PHR0834-2819 560 71 52 100 344 986 110 438 322 43 21
PHR0905-4753A 199 86 44 55 100 328 1049 .. 248 488 772 114 89 81
PHR0905-4753B ... 65 100 399 1276 ... 179 589 561 65 60 84
PHR0907-4532 .. 33 300 98 75 44
PHR0907-5722 ... 100 96 235 209 306 607 186 149 ...
PHR0942-5220 .. 53 100 224 629 61 390 153 92 64 60
PHR1032-6310 ... 63 100 142 422 148 357 402 178 125 44
PHR1040-5417 ... 100 185 536 92 288 280 34 22 38
PHR1052-5042 .. 100 27 77 59 445 172 83 75

Continued on next page




Table 5.2 — continued from previous page

0¢T

NAME [OI] [Nelll] Hy [OIN] Hell HB  [OII [OIN] [NII] Hel [OI] [NI] Ha  [NII] [SII] [SI] [ArII] [OTI]
3727 3869 4340 4363 4686 4861 4959 5007 5755 5876 6300 6548 6563 6584 6717 6731 7136 7325
PHR1115-6059 ... 100 ... P 203 1686 523 193 165
PHR1255-6251 ... 182 782 300 2243 178 113
PHR1315-6555A ... 67 100 244 729
PHRI1315-6555B ... 85 29 79 100 276 841 16 33 252 500 726 94 69 41 19
PHRI1315-6555C ... 120 23 77 100 303 959 19 4 294 628 939 116 84 56
PHR1318-5601 ... P 218 300 672 84
PHR1327-6032 ... 62 100 119 230 13 389 440 1079 53 24
PHR1335-6349 ... 100 51 205 358 416 1047 223 213 28
PHR1337-6535A ... 257 300 718 223 147 ..
PHR1337-6535B ... 100 97 320 324 309 847 108 91 36
PHR1400-5536 ... 100 ... 22 287 52 23
PHR1408-6106 404 ... 100 54 169 226 457 652 138 101
PHR1418-5144 ... 100 204 724 90 398 455
PHR1424-5138 ... 100 50% 159 196 ...
PHR1429-6003 ... 308 300 991 107 103 ..
PHR1432-6138 ... 100 134 360 241 378 756 120 120 25
PHR1510-6754A ... 100 105 311 285 268 1039 129 121 30
PHR1510-6754B ... 100 107 326 259 215 774 140 128
PHR1533-4824 ... 100 84% 253 167 276 490 595 545
PHR1537-6159 ... 100 417 1290 ... 197 673 783 P
PHR1539-5325 ... 85 300 205 132 102
PHR1551-5621 .. 100 75 188 917 494 2609 110 59
PHR1602-4127 ... 40 100 111 328 10 108 381 352 170 114 45
PHR1625-4523A ... 28 100 98 268 81 . 93 462 360 140 97 45
PHR1625-4523B ... 100 80 218 113 400 274 176 136
PHR1720-3927 ... 102 113 300 393 98 86
PHR1724-3859 ... 100 109 269 1360 751 4107 209 147
PHR1808-3201 .. 100 .. 209 709 586 2100 255 244
PHR1906-0133 ... 100 ... 88 352 831 958 327 213
RCW 24A 47 100 150 352 681 331 1853 198 84
RCW 24B 255 .. 40 16 100 78 186 30 25 57 466 315 1406 106 54 22
RCW 69A 28 100 169 485 859 499 2801 163 129
RCW 69B 418 300 1331 85 67
RCW 69C 264 .. 28 100 175 409 924 458 2883 263 198 ..
RCW 69D 219 ... 40 100 131 377 30 40 944 543 2840 188 181 24

Continued on next page
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Table 5.2 — continued from previous page

NAME [OI] [Nelll] Hy [OIN] Hell HB  [OII [OIN] [NII] Hel [OI] [NI] Ha  [NII] [SII] [SI] [ArII] [OTI]
3727 3869 4340 4363 4686 4861 4959 5007 5755 5876 6300 6548 6563 6584 6717 6731 7136 7325

Abell 24 119 23 31 30 100 69 197 10 20 430 325 1214 40 31

Abell 31 45 100 280 833 301

DS 2 115 110 100 251 784 268

K 1-27 45 14 115 100 106 297 334 ..

NGC 5189 168 119 52 15 55 100 370 1218 6 15 14 130 346 390 46 59 48 20

We 2-37 32 100 200 511 836 595 2476 40 37 32




Table 5.3: Extinctions and intrinsic line ratios for 60 PNe, pri-
marily from the MASH project.

NAME ¢ EB-V) A, [Ol/HB [NII/Ha [SI)/Ha 6717/6731 N/O
BMP0642-0422  0.40 0.28 0.86 1.96 2.92 0.00 0.49
BMP0733-3108 5.95 0.48 2.20
BMP1808-1406 478 0.80 1.43
FP0709-2555 0.05 0.04 0.11 0.00 0.51 0.00 0.28
FP0711-2531 0.04 0.03 0.09 3.91 0.90 0.51 1.21 0.14
FP0721+0133 0.65 0.45 1.39 1.30 1.03 0.33 0.86 0.09
FP0739-2709 0.22 0.15 0.48 0.65 3.16 0.50 1.23 0.82
FP0840-5754 0.21 0.15 0.46 1.11 0.89 0.53 1.23 0.17
FP0904-4023 0.08 0.05 0.16 1.23 1.04 0.84 1.76 0.18
FP1554-5651 1.42 0.98 3.03 21.13 1.91 0.37 1.24
PFP 1 0.07 0.05 0.15 1.90 3.17 0.72 1.57 0.59
PHR0652-1240  0.32 0.22 0.67 3.68 0.92 0.71 1.32
PHRO719-1222  0.85 0.59 1.82 5.16 2.74 0.56 1.66
PHR0724-1757 8.31

PHRO740-2057  0.94 0.65 2.01 21.54 1.02 0.41
PHRO743-1951  0.82 0.57 1.75 1.27 1.59 1.35 1.09
PHRO747-2146  0.31 0.21 0.66 7.80 0.55 0.40 1.42
PHR0755-3346  0.38 0.26 0.80 2.18 0.79 0.62 1.09
PHRO0800-1635  0.23 0.16 0.49 6.79 1.70 0.39 0.85 0.16
PHRO0808-3745  0.20 0.14 0.43 2.80 0.79 0.36 0.97
PHR0834-2819  0.58 0.40 1.24 12.73 0.98 0.14 2.01 0.14
PHR0905-4753A  0.64 0.44 1.37 12.82 2.09 0.40 1.28 0.77
PHR0905-4753B  0.83 0.57 1.77 15.54 1.26 0.20 1.09
PHR0907-4532 0.43 0.37 1.52
PHRO0907-5722  0.09 0.06 0.20 3.28 2.66 1.09 1.25
PHR0942-5220  0.42 0.29 0.90 8.26 0.55 0.39 1.42
PHR1032-6310  0.30 0.21 0.64 5.51 1.54 0.83 1.43
PHR1040-5417  0.01 0.01 0.02 7.21 1.29 0.20 1.53
PHR1052-5042  0.60 0.41 1.28 0.99 0.52 0.34 1.12
PHR1115-6059  2.41 1.66 5.14 0.43 0.21 1.17
PHR1255-6251  >1.5 >1.0 >3.2 >6.5 10.04 0.89 1.57
PHRI1315-6555A ...
PHR1315-6555B  0.76 0.52 1.62 10.54 1.95 0.31 1.36
PHR1315-6555C  0.95 0.64 1.97 11.63 1.96 0.30 1.38
PHR1318-5601 2.97
PHR1327-6032  0.58 0.40 1.25 3.35 3.33 0.17 2.20
PHR1335-6349  0.51 0.35 1.08 2.46 3.37 1.02 1.05
PHRI1337-6535A ... 3.25 1.23 1.52
PHR1337-6535B  0.11 0.07 0.22 4.14 3.79 0.64 1.18
PHR1400-5536  0.00 0.00 0.01 0.26
PHR1408-6106  0.64 0.44 1.36 2.13 1.91 0.51 1.37 0.36
PHR14185144  0.45 0.31 0.95 8.96 1.37

PHR1424-5138  0.75 0.51 1.60 1.98 0.00 0.00
PHR1429-6003 4.33 0.70 1.04
PHR1432-6138  0.38 0.26 0.81 4.80 2.64 0.62 1.00

Continued on next page
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Table 5.3 — continued from previous page

NAME ¢ EMB-V) A, [OII/HB [NIIj/Ha [SI]/Ha 6717/6731 N/O
PHR1510-6754A  0.00 0.00 0.00 4.16 4.95 0.93 1.07
PHR1510-6754B  0.00 0.00 0.00 4.33 4.80 1.25 1.09
PHR1533-4824  0.00 0.00 0.00 3.37 2.38

PHR1537-6159  1.16 0.80 2.48 17.07 1.46
PHR1539-5325 0.85 0.60 0.96
PHR1551-5621  0.74 0.51 1.58 2.49 7.11 0.33 1.86
PHR1602-4127  0.39 0.27 0.83 4.26 1.20 0.73 1.50
PHR1625-4523A  0.65 0.45 1.39 3.49 0.98 0.50 1.45
PHR1625-4523B  0.46 0.31 0.97 2.87 0.97 0.76 1.30
PHR1720-3927 1.69 0.61 1.14
PHR1724-3859  1.31 0.90 2.80 3.43 7.24 0.44 1.44
PHR1808-3201  0.97 0.67 2.08 2.57 477 0.81 1.05
PHR1906-0133  1.45 1.00 3.09 1.17 1.58 0.65 1.54

RCW 24A 0.20 0.14 0.43 4.94 7.64 0.84 2.35
RCW 24B 0.13 0.09 0.28 2.61 5.94 0.51 1.96 2.41
RCW 69A 0.76 6.18 7.49 0.56 1.27

RCW 69B 0.76 5.81 0.49 1.28
RCW 69C 0.64 0.44 1.37 5.57 8.28 0.97 1.34 2.42
RCW 69D 0.87 0.60 1.86 4.76 6.94 0.65 1.04 2.11
Abell 24 0.18 0.12 0.37 2.62 5.05 0.22 1.28 4.2
Abell 31 0.07 0.05 0.15 8.28 11.07

DS 2 0.00 0.00 0.00 10.35 0.00 0.00

K 1-27 0.21 0.15 0.45 3.97 0.00 0.00
NGC 5189 0.26 0.18 0.56 15.57 1.50 0.30 0.78 0.85
We 2-37 0.99 0.69 2.12 7.11 5.56 0.13 1.08

5.3 Plasma Diagnostics

Once relative intensities of the observed emission lines in a PN are obtained, relative elemental
abundances can be derived in a straightforward way. The simplest assumption is that the
emission nebula is an isothermal and homogeneous volume of gas having the same degree of
ionization throughout. However, the relative intensities of the collisionally excited forbidden
lines depend on the electron temperature and density, so these diagnostics need to be determined
prior to an abundance analysis. However owing to the very low surface brightness of most
MASH PNe, only a very limited number of spectra were of sufficient depth to record the fainter
diagnostic lines. Very deep integral field spectra will be needed to obtain the required data
in the future. Such an observing program has just been commenced with the SPIRAL Integral
Field Unit on the 3.9-m AAT (Parker, Frew et al., 2008, in preparation).

5.3.1 Electron temperature

The intensity ratios of certain collisionally excited lines, such as between [O 111] A5007A and
4363A, are very strongly dependent on the electron temperature of the gas. From first principles

(e.g. Osterbrock & Ferland 2006), the electron temperature of a gas can be determined from the
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Figure 5.1: Representative flux-calibrated spectra for eight PNe, which were candidates for the local
volume. Note the generally poor S/N ratios, which is a consequence of the very low surface brightness
of these highly evolved PNe. Top row: PFP 1 (left), FP0739-2709 (right); second row: PHR0905-
4753 (left), PHR1040-5417 (right); third row: PHR1255-6251 (left), PHR1432-6138(right); bottom row:

PHR1602-4127 (left), K 1-27 (right). Wavelengths in Angstroms (A) are plotted on the x-axis and fluxes
in ergem ™25 'A~! on the y-axis of each plot.
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collision strengths and transition probabilities of the [O 111] lines. Once the observed intensities
of the [O 111] lines are corrected for reddening, the following expression can be used to find the

temperature:

I(M959) + I(A5007)  7.90(32900/T) 5.4
I1(\4363) 1445 x1074n,/T0> ‘

From the coefficient in the denominator on the right-hand side of the equation, it is seen
that there is only a very slight dependence on the electron density. An analogous expression

can be derived for the [N 11] lines:

I(\6548) + I(A\6584) 7.53 ¢(25000/T) 55)
I(\5755) 1427 x1073n,/TO5 ‘

5.3.2 Electron density

The line ratios of the [S ]AN6716,6731 and [O 11]AA3726, 3729 doublets are very sensitive to the
electron density of the ionized gas, but only in the range ~100 to 10°> cm~2 (see figure 5.8 from
Osterbrock & Ferland 2006). The low- and medium-resolution blue spectra obtained for this
study are not sufficient to resolve the [O 11] doublet so the analysis is restricted to the red [S 11]
doublet. However, for most of the observed PNe, the [S 11] doublet ratio is in the low density
limit, so an alternative method is needed to calculate a density for the gas. If the distance to
the PN is known, the ionized mass, M;, can be determined (see §7.7). Once this is known, the
root-mean-squared (RMS) electron density, n. (in cm™3) is simply derived using the following
expression (McCullough et al. 2001):
1350 M;
e = (4 /3)(OD)3 ¢ (56)
where O is in arcmin, D is in kpc, and € is the volume filling factor. Further details are
provided in Chapter 7. Alternatively, a RMS density can be determined from the Ha surface
brightness at the respective slit position, either based on the flux from our own spectra, or
measured directly from SHASSA images. The following expression has been derived (Pierce et
al. 2004):

F(Ha)
€d3D ’
Again the distance must be estimated for the PN in question (see Chapter 7).

n? = 2.8 x 10?2 (5.7)

5.4 Abundances

A detailed analysis of PN abundances was not attempted as part of this work, owing to the very
faint surface brightness of most local PNe. Nonetheless, abundance data was derived for some
of the brighter objects. For most of the known PNe in the local volume, available N/O ratios

were also compiled from the literature, in order to derive a first estimate of the proportion of
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Type I nebulae (Kingsburgh & Barlow 1994) in the local volume (see §9.3.6).

For six nebulae that had sufficient S/N to determine some fainter diagnostic lines, the
line spectra were analysed using the plasma diagnostics program HOPPLA (Acker et al. 1989;
Képpen, Acker & Stenholm 1991), and are presented in Table 5.4. The code computes tem-
perature and density diagnostics by comparing the observed line ratios with those derived from
accurate ionic models (see the previous section), and the code iteratively repeats until the results
converge to better than 1 percent. In this code the [N 11] temperature is used for the ions O,
N, S, $2* and the [O 111] temperature is adopted for all other ions. If no accurate line ratio
for the [O 111] or [N 11] electron temperature is available, a constant value of 104K is assumed.
Perinotto & Corradi (1998) found that T[N 11] is usually higher than T.[O 11] for bipolar PNe,
but see the contrasting discussion by McKenna et al. (1996). In the absence of temperature
diagnostics, we formally set T.[O 1m1] = T[N 11] and note that the derived abundances have a
larger than average uncertainty.

Since for five of the six PNe, the [S 11] doublet ratio is in the low density limit, a RMS
density has been determined from the Ha surface brightness at the respective slit positions.
However, it should be noted that at such low densities, none of the forbidden lines are sensitive
to collisional de-excitation, so the derived elemental abundances are essentially independent of
the assumed value of n..

Ultimately, the reddening corrected intensities of all observed emission lines, normalized to
Hg, are used to calculate the various ionic abundances of He, O, C, N, Ne and Ar relative
to H. Since not all ions produce visible spectral lines, the analysis needs to take into account
the unseen stages of ionization, using standard ionization correction factors (ICFs) taken from
Koppen, Acker & Stenholm (1991). HOPPLA also assumes that the N™ and OV ions share the
same zone, and in PNe with He II lines, O3 ions share the same zone as He?" ions. It also
assumes that Ne?T and O?* ions form in the same zone, and Ar?* ions are present in the
O™ zone. For sulfur, a standard formula to a photoionization model is used, based on ionic
abundances of oxygen (Acker et al. 1989; Képpen, Acker & Stenholm 1991).

Two newly discovered MASH objects have proven to be two of the largest and nearest Type I
PNe known (Frew, Parker & Russeil 2006). The main results from that study are summarised
here. For the available spectra of RCW 24, the [S 11] doublet ratio is in the low density limit,
so densities were estimated from the Ha surface brightness in each case. For RCW 24, the
[OI1I] doublet intensity is only roughly determined, so the N/O value is only approximate. The
data are insufficient to determine an accurate He/H ratio for RCW 24. The results are given in
Table 5.4.

For RCW 69, the abundances generally have higher weight due to the better S/N of the
available spectra. Helium appears to be enhanced above solar (He/H = 0.29) but the abundance
has a significant error, since the Hel A5876 flux is uncertain. The calculated log (N/O) ratio
is 4+0.33 dex (N/O = 2.1), classifying it as a bona fide Type I PN according to Kingsburgh &
Barlow (1994). The He abundance for RCW 69 is also enhanced above solar. Though the quality
of the available spectra do not allow more than a first estimate of the elemental abundances,
RCW 24 and RCW 69 are seen to be Type I PNe, with strongly enhanced nitrogen abundances.
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Table 5.4: Elemental abundances by number for six PNe analysed using plasma diagnostics. The
abundances are given in the usual notation of 12 + log(n(X)/n(H)). Abundances for Type I and non-
Type I PNe are taken from Kingsburgh & Barlow (1994). Revised solar abundances are taken from
Grevesse, Asplund & Sauval (2007).

PN / Element He N O Ne S Ar  log (N/O)
Abell 24 11.20 893 8.50 8.13  6.97 +0.43
NGC 5189 11.13 828 846 789 730 6.84 —0.18
PFP 1 11.11 8.44 8.67 886: 6.31 —0.23
PHR 1315-6555 11.15 8.32 867 831: 741 6.69 —0.35
RCW 24 >10.96 8.47 8.03: 8.31: 6.82: +-0.44:
RCW 69 11.46: 8.70  8.37 6.94  6.30: +0.33
Type 1 11.11 872 865 809 691 6.42 +0.07
non-Type I 11.05 8.14  8.69 8.10 6.91 6.38 —0.55
Solar 10.93 7.78  8.66 7.84 714 6.18 —0.88

Table 5.5: Abundances for NGC 5189 and Abell 24 taken from the literature, compared with the present
work.

He N O Ne S Ar  log (N/O)

NGC 5189
This study 11.13 828 846 789 730 6.84 —0.18
Girard, Képpen & Acker (2007) 10.72: 8.41 838 7.75 7.53 6.41 +0.03
Stanghellini et al. (1995) 11.04 859 8.27 +0.31:
Kingsburgh & Barlow (1994) 11.16 849 859 797 687 6.07 —0.10
de Freitas Pacheco et al. (1991) 11.13 897 898 .. 7.30 6.38 —0.01
Abell 24
This study 11.45 893 850 813 697 +0.43
Bohigas (2003) 11.13 874 829 853 721 6.68 +0.46

Further details concerning these two interesting PNe are given in Frew, Parker & Russeil (2006).

The bright PN, NGC 5189 (see figure 1.13), was also observed to estimate the errors in the
abundances derived here, as it has been studied by other investigators. The results derived
here are in good agreement with the mean of the other studies (see Table 5.5), and an error of
+0.15 dex in the N/O abundance ratio is suggested. The other PN that has been independently
studied is Abell 24 (Bohigas 2003). While the He abundance is somewhat discrepant, the N/O
ratio derived here is in excellent agreement with the value from Bohigas (2003), showing this to
be an extreme Type I PN. Abundances are also derived here for the distant PN, PHR 1315-6555,
discussed in detail in §6.4.10 (also see figure 1.13). This object is classified as a Type I object
according to the definition of Peimbert & Torres-Peimbert (1983; see below), but is slightly
outside the cutoff of Kingsburgh & Barlow (1994). Finally, the abundances of PFP 1 have been
discussed in detail in Pierce et al. (2004).

For the vast majority of the fainter PNe, an abundance analysis with HOPPLA is not possi-
ble. Since the N/O abundance ratio is an important diagnostic, approximate N/O ratios were
determined using the precepts of Kaler (1983) for those PNe with [OII]A3727 intensity data
(see the ninth column of table 5.3). This approach is based on the well-known fact that the

ionisation potentials for O and NT are similar, so an estimate for the N/O ratio makes use
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of the relative strengths of the [OII] and [NII] lines in the optical part of the spectrum. At
Teg=10,000 K, equation (5) of Kaler (1983b) reduces to:
N 1(6584)

— =0.52
o~ "% Ta7am)

(5.8)

though it should be kept in mind that there may be a considerable range in electron tempera-
tures in the most highly evolved PNe in the local volume. Approximate N/O ratios (uncertainty

of £0.25 dex) calculated using equation 5.8 are given in the ninth column of table 5.3.

5.4.1 Type I PNe

The intrinsic proportion of Type I in a population can be related to evolutionary theory (Moe
& De Marco 2006a). However, the working definition of a Type I PN has been rather fluid
since the original investigations of Peimbert (1978) and Peimbert & Serrano (1980). Peimbert
& Torres-Peimbert (1983) classified Type I PNe as having He/H > 0.125 and log(N/O) > —0.3
on the basis of improved data, while Kaler, Shaw & Kwitter (1990) adopted He/H > 0.15 and
log(N/O) > —0.1 for Type I PNe.

Kingsburgh & Barlow (1994) have formalised the definition, regarding a Type I PN as being
produced by a progenitor star in which envelope-burning conversion of dredged-up primary
carbon to nitrogen has occurred. The associated PN will therefore have a nitrogen abundance
that exceeds the initial C+N abundance of the progenitor star. This abundance can be inferred
from the average C+N abundance of an ensemble of local HII regions. For the nearby galactic
neighbourhood, this corresponds to log(N/O) > —0.1. Kingsburgh & Barlow (1994) find a
large range in the He/H ratio for nitrogen-enhanced PNe and have consequently not used this
criterion for differentiating Type I PNe. Their definition is used throughout this work.

In order to derive the intrinsic proportion of Type I PNe, a volume-limited sample of PNe
is needed (see Chapter 9). Available N/O data were culled from the literature for all PNe with
D < 2.0kpc. For these, preference has been given to determinations based on multiwavelength
(IR, UV and optical) data (e.g. Pottasch & Bernard-Salas 2006; Marigo et al. 2003) with other
values taken, in approximate order of preference, from Perinotto, Morbidelli & Scatarzi (2004,
and references therein), Liu et al. (2004), Henry, Kwitter & Balick (2004); Stanghellini et al.
(2006), Krabbe & Copetti (2006), Pollacco & Bell (1997), Kingsburgh & Barlow (1994), Costa,
Uchida & Maciel (2004), Howard, Henry & McCartney (1997) and Kaler (1983b).

The literature data has been supplemented with N/O values determined from this work,
either taken from table 5.4 or determined approximately from reddening-corrected A\3727 and
A6584 fluxes using equation 5.8 (see table 5.3). Hence, each local PN with appropriate data
could be classified as Type I or non-Type I. A fuller discussion on the statistics on the proportion
of Type I PNe in the local volume are given in §9.3.6.

In addition, for all local PNe with spectroscopic data, observed line intensities for the [N 11]
and [S11] lines were tabulated (note the line fluxes are uncorrected for reddening, but these red
lines are all close in wavelength so their ratios are not significantly affected). These data were
then plotted on the log F(Ha)/F[N 11] versus log F(Ha)/F[S 11] empirical diagnostic diagram
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(Sabbadin, Minello & Bianchini 1977; Riesgo-Tirado & Ldépez 2002; Riesgo & Lépez 2006;
Kniazev, Pustilnik & Zucker 2008), which is given here as figure 5.2. Red dots show Type I
PNe following Kingsburgh & Barlow (1994), black dots show PNe of non Type I, while open
circles plot PNe with unknown N/O ratios. The field boundaries are adapted from those plotted
by Riesgo-Tirado & Lépez (2002).

Figure 5.3 plots the same data, but with the boundaries separating PNe from SNRs and HII
regions replotted, based on the best available data for the local sample. A new region of the
empirical plot, the realm of Type I PNe, is suggested here, based on this data. This diagram
suggests that PNe can be classified as Type I solely based on relative line intensities in the
red. However, some of the abundances are only approximate and more data is needed before a
definitive diagnostic diagram can be produced.

Note from this figure that some evolved non-Type I PNe can have surprisingly strong [N 11]
lines, at least over small regions sampled via long-slit methods, up to [N 11]/Ha ~ 5 (e.g. Rosado
& Kwitter 1982; Pierce et al. 2004). These high ratios are due primarily to a component of
shock excitation in the interacting rims of these old objects. Interestingly, Jacoby & De Marco
(2002) found that seven out of 25 newly discovered faint PNe in the SMC have[N 11]/Ha > 1,
and suggested they may have Type I chemistries. Remember that the lower mean metallicity of
the SMC, [Fe/H]~ —0.8 (Jacoby & De Marco 2002) will influence the apparent [N 11]/Ha ratio
at the dividing line between Type I and non-Type I PNe (N/O > 0.8; Kingsburgh & Barlow
1994), though this ratio is dependent on the mean excitation of the PN. Reid & Parker (2008,
unpublished) also report that ~1/3 of their newly discovered (mostly faint) LMC PNe have
[N11]/Ha > 1.

However at the present time, with the available data, it is unclear if the enhanced [N 11]/He
ratios seen in faint Cloud PNe reflects a genuine abundance effect, or is instead a manifestation
of a lower mean level of ionization typical of extended interacting PNe. Further work is needed.
Similarly, more data are needed to better define the regions covered by HII regions and SNRs
in figure 5.3. This is a work in progress (Frew et al. 2008, in preparation; Stupar & Parker
2008, in preparation).

5.5 Summary

This chapter described the ongoing program of spectroscopic follow-up for MASH, MASH-IT and
other evolved PNe. The observed fluxes for 60 mostly evolved PNe are presented, normalized to
Hg = 100. However, for a few faint and highly reddened PNe, observed fluxes are given relative
to Ha = 300. Diagnostic line ratios and extinction coefficients are also determined for each PN.

Elemental abundances for six PNe were determined using plasma diagnostics, and approx-
imate N/O ratios were determined for a number of other local PNe. In this work, discussion
is largely restricted to relative N/O ratios, and the proportion of Type I nebulae in the local
volume. Further details are given in §9.3.6. A new version of the log F(Ha)/F[N 11] versus
log F(Ha)/F[S 11] diagnostic diagram is also given, based on new data for local PNe, especially
for highly evolved objects. A new domain, the realm of Type I PNe, is suggested.
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Figure 5.2: Log F(Ha)/F[N 11] versus log F(Ha)/F[S 11] diagnostic diagram adapted from Riesgo-
Tirado & Lépez (2002), for local PNe with [NII] and [SII] flux data. Red dots show Type I PNe following
Kingsburgh & Barlow (1994), black dots plot PNe of non Type I, while open circles plot nebulae with
unknown N/O ratios.
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Figure 5.3: Log F(Ha)/F[N 11] versus log F(Ha)/F[S 11] diagnostic diagram with boundaries for the
PN field modified here, based on new data for local PNe, especially for highly evolved objects. A new
domain, the realm of Type I PNe, is suggested. Symbols are the same as figure 5.2.
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Chapter 6

Towards a New Distance Scale for
PNe

6.1 Introduction

One of the greatest difficulties facing the study of PNe in our own Galaxy has been the problem
of determining accurate distances to them. This is due to the wide variation observed in both
nebular and central star properties. Indeed, the most reliable distances are for those PNe
belonging to external galaxies, such as the LMC and SMC, as well as those belonging to the
central bulge population of our own Milky Way Galaxy. Cahn, Kaler & Stanghellini (1992)
stated that the “...distances to galactic planetary nebulae remain a serious, if not the most
serious, problem in the field, in spite of literally decades of study...”

So far accurate primary distances (with uncertainties <20%) are known only for a relatively
small number of PNe, primarily from trigonometric parallaxes (e.g. Harris et al. 2007), though
the situation is rapidly changing. Generally speaking, distance estimates are statistical in nature
or rely on quantities whose measurements are uncertain and where there is a large observed
dispersion (e.g. Daub 1982; Cahn, Kaler & Stanghellini 1992; Van de Steene & Zijlstra 1994,
1995; Buckley & Schneider 1995; Zhang 1995; Napiwotzki 2001; Bensby & Lundstréom 2001;
Phillips 2004b). Uncertainties in the Galactic PN distance scale have been significant, up to
factors of three or more (e.g. Zhang 1995; Terzian 1997; Ciardullo et al. 1999; Phillips 2002a,
2004c).

This uncertainty severely hampers attempts to derive meaningful physical quantities for
PNe. Almost every quantity of interest, including radii, nebular luminosities, ionized masses,
RMS densities, and the luminosities and masses of their central stars, depends on accurate
knowledge of their distances (e.g. Ciardullo et al. 1999), as do all statistical determinations of
the PN scale height, space density, and formation rate (see Chapter 11).

This chapter summarizes the various distance indicators currently in use in the literature,
and gives a critique of each method and its caveats, limitations and errors. A set of high-quality
distance estimates for more than 120 PNe is presented, based on an exhaustive and critical

evaluation of the extant literature. New kinematic and extinction-distance determinations are
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also presented here, which are used as calibrating data for a new statistical distance indicator

described in detail in the next chapter.

6.2 Distance Techniques

While techniques that are useful for estimating distances to PNe are many and varied, they
are often problematic in their application, and usually have significant associated uncertainties,
both internal and systematic. As a preamble to this chapter, the various distance techniques
that have been used over the last few decades are described briefly below. They are divided into
direct (primary) methods which generally have the highest accuracy, and statistical (secondary)

methods, which in some cases, can have considerable uncertainties (factors of two or more).

6.2.1 Summary of Primary Distance Methods

A number of primary methods have been used with varying degrees of success (for earlier
reviews, see for example, Acker 1978 and Sabbadin 1986), adopted for use here as detailed in

§ 6.4 onwards. These distance techniques include:

1. Direct trigonometric parallaxes of the CSPN, mainly from ground-based determinations
(e.g. Harrington & Dahn 1980; Harris et al. 1997; Gutiérrez-Moreno et al. 1999; Harris
et al. 2007), the Hipparcos satellite (Pottasch & Acker 1998; Acker et al. 1998), or from
HST (e.g. Benedict et al. 2003; Benedict et al., in prep.) The recent ground-based CCD
parallaxes of Harris et al. (2007) form a significant sample of accurate distances for several
nearby evolved PNe. The method is susceptible to the so-called Lutz-Kelker bias (Lutz &
Kelker 1973; Koen 1992; Smith 2003, 2006) which causes measured stellar parallaxes to

be systematically greater than their actual values. This will be further discussed below.

2. Via a spectroscopic or photometric parallax of a companion star of ‘normal’ spectral type.
The archetype is the well-studied high-excitation PN, NGC 246 (Minkowski 1965; Walsh,
Walton & Pottasch 1993; Pottasch 1996; Bond & Ciardullo 1999) and the method has been
applied to a number of more distant PNe with wide binary companions (e.g. Ciardullo et
al. 1999).

3. Via the assumption of physical membership of a PN in a star cluster of known distance.
This is essentially a subset of the previous method. Historically, the Type I nebula NGC
2818 has a distance determination based on the assumption of it being physically asso-
ciated with the open cluster of the same name (Tifft, Connolly & Webb 1972; Dufour
1984; Pedreros 1989; Majaess, Turner & Lane 2007). However, recent radial velocity mea-
surements (Mermilliod et al. 2001) have shown the objects are unrelated. Importantly,
the Type I PN PHR 315-6555 is shown herein (§6.4.10) to be a physical member of the
intermediate-age open cluster ESO 96-SC04 (Parker, Frew, Képpen & Dobbie 2008, in
preparation). In addition, three or four globular clusters are currently thought to contain
PNe (e.g. Jacoby et al. 1997). This method is critically discussed in more detail in §6.4.9,
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below. Furthermore, an astrometric parallax has been applied to NGC 7293 by Eggen

(1984), assuming Hyades moving group membership.

. Spectroscopic ‘gravity’ distances for the CSPN (e.g. Méndez et al. 1988; Cazetta &
Maciel 2000, 2001; Napiwotzki 2001), based on NLTE model atmospheres. This is, in
principle, an elegant method, but is partly model dependent, and most distance scales
have systematic errors, with the greatest uncertainty being the determination of log g
(e.g. Pottasch 1996; Rauch et al. 2007). This method is discussed further in §6.4.6,
below. Pauldrach, Hoffmann & Méndez (2004) have taken a somewhat different approach,
also based on model atmospheres. The mass and radius of the CS are calculated from
the mass loss rate, M and the terminal wind velocity v, as estimated from a fit to the
spectral lines. However, very high masses were determined for some CS, close to the
Chandrasekhar limit, and the resulting very large distances have not been supported by
other methods (see the discussion of Napiwotzki 2006).

. Via an expansion parallax of the PN shell, in the optical (e.g. Liller, Welther & Liller 1966;
Reed et al. 1999) or radio domains (Hajian, Terzian & Bignell 1995; Hajian & Terzian
1996; Terzian 1997). Initially thought to be an potentially accurate method (e.g. Liller,
Welther & Liller 1966), it has been shown recently that there may be serious systematic
errors in this technique. See the discussions by Mellema (2004) and Schénberner, Jacob
& Steffen (2005), and in §6.4.5, below.

. Extinction distances to either the PN shell (e.g. Lutz 1973; Acker 1978; Kaler & Lutz
1985; Gathier et al. 1986; Martin 1994; Saurer 1995), or the CSPN itself. An estimate of
E(B—V) is determined by observing the Balmer decrement, or another line pair of known
intrinsic ratio, or by measuring the apparent B — V' colour of the CSPN, and assuming an
intrinsic value for B — V. Extinction distances might be overstimated if dust internal to
the PN is significant. However, this effect is only problematic for the youngest and most
compact PNe, as the observed colours of the CS in most old PNe at high galactic latitude
show no evidence for additional extinction from dust intrinsic to the PN (e.g. NGC 7293,
Abell 7, Abell 31, etc.).

. Kinematic distances (but only applicable to extreme Type I PNe in practice), assuming
that the PN has little or no peculiar motion with respect to the local standard of rest,
corrected for solar motion; i.e. the PN partakes of circular rotation around the Galaxy.
However, some Type I (and Type I-1I) nebulae have relatively high space motions (e.g.
Sh2-188, VV 47), so there are many caveats to this approach.

. The 21cm hydrogen absorption method is essentially a hybrid kinematic/extinction method.
Neutral hydrogen in the foreground of the PN causes an absorption line at 21 cm; if a dis-
tance for the absorbing cloud can be determined (usually via the kinematic method) this
gives a lower limit to the distance of the PN (e.g. Gathier, Pottasch & Goss 1986; Maciel

1995, 1996), and in some cases constrains the distance quite well.
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10.

11.

12.

13.

NaD absorption line distances. Similar in principle to point (8) above. See Napiwotzki

(2001) for examples of its application.

Analysis of eclipsing binary CSPN (Bell, Pollacco & Hilditch 1994; Bell & Pollacco 1995) or
CSPN showing a large reflection effect [e.g. Drilling (1985) for DS 1; Liebert et al. (1995)
and Ferguson et al. (1999) for LTNF 1 around BE UMa]. These methods are partly
model dependent however, but offer great promise if the systematics are well understood.

Unfortunately, eclipsing binary central stars are very uncommon (see Chapter 9).

Modelling the PN/ISM interaction to determine the relative PN velocity in the plane of
sky. This novel technique has been applied to the asymmetric PN Sh 2-188 by Wareing et
al. (2005, 2006). Combining this data with a measured proper motion leads directly to a

distance.

Photoionization modelling. This technique, as applied to individual PNe, holds promise
(e.g. Monteiro et al. 2000, 2006; Monteiro et al. 2004; Schwarz & Monteiro 2006).
Three dimensional photoionization codes used in conjunction with line mapping can self-
consistently determine the nebular structure and ionization, central star characteristics,
and the distance. The application of this technique to a number of PNe is given in §6.4.8,

below.

Via the angular diameter of the Hell Stromgren zone at the centre of optically-thick PNe
(Gurzadyan 1970). This is a crude proxy of the previous method, but saw little application

owing to the wide variety of PN diameters, structural parameters, and excitation classes.

6.2.2 Summary of Statistical Distance Methods

A brief summary of the various statistical (secondary) distance methods follows:

1.

The classical Shklovsky method was the first statistical method to be applied that had any
claim to veracity. It assumes a constant ionized mass (typically 0.2 M) for the PN shell
and was first applied by Minkowski & Aller (1954) and Shklovsky (1956a, b). Osterbrock
(1960) applied this method to NGC 3587 and O’Dell (1962) used newly-determined Hf
fluxes to derive an early distance scale. In simple terms, and assuming a constant ionized
mass, as the PN evolves, the radius increases, and the mean electron density falls. The

quantities are related according to the equation:

5777“37% = constant (6.1)

If the mean electron density can be determined from measurements of [OII] or [STI]
doublet intensities, or inferred from the mean Ha or HB surface brightness, the intrinsic
radius can be calculated. Comparing this to the angular size of the PN leads directly
to a distance. Variations on this technique, by assuming an ionized mass derived from a

set of calibration objects at known distance (e.g. in the Magellanic Clouds), and using
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the observable electron density and HG flux to infer a distance, have been utilized by
Kingsburgh & Barlow (1992) and Kingsburgh & English (1992).

It is now known that PNe have a considerable range of ionized masses, and the method
can be inaccurate for the most evolved PNe (see Buckley, Schneider & van Blerkom 1993,
for a brief critique). A derivation of the Shklovsky recipe uses an ionized mass that is a
function of linear diameter, as estimated from the surface brightness (see Cahn & Kaler
1971; Daub 1982; Cahn, Kaler & Stanghellini 1992; and see Chapter 7). Milne (1982)
assumed a constant Lyman continuum flux for all PNe on theoretical grounds to derive
a mass-radius relationship of the form M ~ R%/3 (see the discussion of Kwok 1985, and
Chapter 7). Recently, the distance scale of Cahn, Kaler & Stanghellini (1992) has been
recalibrated using Magellanic Cloud PNe by Stanghellini, Shaw & Villaver (2008).

. A natural variant of the mass-radius relationship is the surface brightness-radius (SB-r)
relationship. The primary observables are firstly the 5 GHz radio flux density (or an optical
Ha or HB flux), and secondly the angular radius, from which a surface brightness can be
calculated. The distance to each PN calibrator is estimated from a primary technique (or
better still, a carefully weighted average from several such techniques). The data from
an ensemble of PNe are used to define a SB-r and/or a mass-radius relationship (see
Chapter 7). Various versions in the radio domain have been proposed by Amnuel et al.
(1984), Van de Steene & Zijlstra (1994, 1995), Buckley & Schneider (1995), Zhang (1995),
Bensby & Lundstrom (2001), and Phillips (2002a, 2005¢), amongst others.

Until the present study, optical relations have largely been neglected. The new Ha SB-r

relation derived here is discussed in detail in the Chapter 7.

. Statistical parallaxes based on observed proper motions and assumptions regarding the
space motions of PN central stars (e.g. Berman 1937; Parenago 1946; O’Dell 1962; Cud-
worth 1974).

. The timescale correlation method for PNe with haloes (Hajian et al. 1997). This method
makes a comparison between multiple fine-scale shells and the thermal pulses of the PN
nucleus. It is uncertain if this method has the potential to be an accurate distance
estimator. By comparison with the PN distances presented herein, their scale seems too
short.

. Distance estimates based on IRAS fluxes (Tajitsu & Tamura 1998). The method assumes
uniform dust mass and scales distances according to the observed IRAS four-band fluxes.
A brief comparison shows that the accuracy may be less than the radio SB-r relations

listed above.

. The IRAS infrared excess (IRE) is the ratio of the observed total IR emission to the energy
available in Lyman « photons (Pottasch et al. 1984), and hence is a distance independent
quantity. In the bulge, Jacoby (1993) found that this parameter correlates with 6 cm radio

flux, so this relationship can function as a distance indicator.
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7. Distance extimates va the angular size of Type I bipolar PNe, assuming these have a
similar intrinsic diameter (Phillips 2004b). This ‘standard ruler’ has been critiqued by
Frew, Parker & Russeil (2006).

8. A quite novel method has been utilized by Meatheringham, Wood & Faulkner (1988)
to determine distance to Galactic PNe. Dopita et al. (1988) found 