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Abstract 

This thesis describes the results of an investigation of the physical properties of the 

Gum Nebula. For this investigation a radio continuum map of the region was made 

at 2326 MHz and resolution ~ 0 with the HartRAO antenna. This map was used 

to generate spectral index images and an infrared to radio flux density ratio (IRR) 

image. The latter image shows that the IRR of the nebula is in the range 20 to 250, 

identifying it as an old SNR. 

Several spectral index images of this region were generated using two different meth

ods, one based on the isolation of the nebula from its background radiation, the other 

based on TT-plots (Turtle et al., 1962). The two methods yield similar results, which 

show that the nebula has a thermal shell with a non-thermal region in its interior. 

Below the galactic plane the thermal region dominates and above the plane the non

thermal region. These results suggest a model of an old SNR with an H II region 

shell. 

Spectral line observations of hydrogen recombination lines and hydroxyl (OH) were 

made with the HartRAO and the Mopra telescopes. 

The detection of hydrogen recombination lines at four positions in the thermal 

regions of the nebula give electron temperatures and emission measures in the ranges 

4000 to 6000 K and 220 to 460 pc.cm-6 respectively. The turbulent velocities are of 

the order of 20 km/s. 

A search for shocked OH lines at 1667 MHz and 1720 MHz in the Gum Nebula 

gave results that were negative, but numerous unshocked 1667 MHz OH lines were 
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detected. The latter were used in a test for an expansion of the nebula. The most 

plausible fit to the data gives an expansion centre at £ = 260.5°, b = -2.5° and at 

a distance of 0.7 kpc from us. The front face angular radius and expansion velocity 

are 10.5° and 16 km/s respectively. The back face angular radius and expansion 

velocity are 8.5 0 and 7 km/s respectively. 
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Chapter 1 

Introduction 

When I joined the Rhodes University Radio Astronomy group, two regions of the 

Rhodes/HartRAO 2326 MHz Survey had already been observed. My contribution to 

the survey was to observe the area from 05hOO RA to 18hOO RA between declinations 

-630 and -240
• This area contains the Gum Nebula, which is the focus of this work. 

The Gum Nebula is one of the most extended Ha emission regions in our Galaxy. 

On Sivan's 1974 Ha survey of the southern sky (see Fig. [1-1]) it has a radius of 

180 and its centre is approximately at G258 - 2 (Chanot & Sivan, 1983). It has 

been modelled as an H II region, a Fossil Stromgren Sphere (FSS), an old SNR, 

an interstellar bubble and an old SNR combined with an outer H II shell. Thus a 

conclusive classification of it has not yet been made. It has also been suggested that 

this is not a single nebula, but a chance superposition on the sky of several different 

objects. A detailed motivation for such an interpretation was made by Srinivasan 

Sahu (1992), who traces out a separate object, the IRAS-Vela ring, on the Infrared 

Astronomical Satellite (IRAS) data (Beichmann et al., 1988; Wheelock et al., 1994). 

A summary of the literature on this nebula is presented in Chapter 2. A detailed 

examination of the literature revealed that several aspects of the nebula had not 

been investigated previously. 
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Figure [1,1]: An Ha photograph of the Gum Nebula from Sivan's very-wide-field 
photographic Ho: survey of the whole Milky \Nay (Sivan, 1974). 
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Although recent reports are biased towards an SNR interpretation, these do not 

explain the observational evidence for H II region characteristics. Thus one aim of 

this work was to determine if there are both thermal parts (i.e. with H II region 

characteristics) and nonthermal parts (i.e. with SNR characteristics) to this nebula 

and their distribution across the nebula. Such an investigation would allow one to 

assess the validity of Reynolds' model (Reynolds, 1976b), the old SNR combined 

with an outer H II shell model, as well as that of the IRAS-Vela shell (Srinivasan 

Sahu, 1992). The determination of a spectral index l image of the nebula is essential 

to such an investigation. This requires a minimum of 2 radio surveys at moderately 

high frequencies, sufficiently separated in frequency to minimise the uncertainty in 

the result. 

As this region of sky had already been observed at 408 MHz by Haslam et al. (1982), 

only one additional radio continuum map was required for the spectral index deter

mination. I thus observed this region of sky at 2.3 GHz with the Hartebeesthoek 

Radio Astronomy Observatory (HartRAO) antenna. Sufficient background informa

tion on the observations made at 2.3 GHz is given in chapter 3. The resultant 

lThe flux density spectral index, Ct, of a source, is defined in the equation 

where FII is the flux density of the radio source, f{ is a proportionality constant and v is the 
frequency. The brightness temperature spectral index, f3, is defined in the equation 

where Tb(V) is the brightness temperature of the radio source at frequency v and M is a propor
tionality constant. The brightness temperature spectral index is thus related to the flux density 
spectral index quite simply as: 

A thermal source can appear optically thick at low frequencies, where it radiates as a thermal 
black body having Ct = -2 and thus f3 = O. The same source may be optically thin at higher 
frequencies, resulting in Ct = 0.1 and f3 = 2.l. 

The spectral index for synchrotoron radiation depends on the energy distribution of the rela
tivistic electrons spiralling in the magnetic field. The most frequently determined spectral indices 
of SNRs, i.e galactic synchrotron sources, are in the range 0.3 to 0.7 for Ct, equivalent to a f3 ranging 
from 2.3 to 2.7. 

A more detailed definition of the spectral index is given at the beginning of chapter 4. 
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continuum map is presented as a false colour image. The morphology of the Gum 

Nebula at this frequency is also discussed and compared to that at other radio 

frequencies, and the Ha image. 

The determination of a spectral index image is a non-trivial matter; especially for an 

object as faint and extended as the Gum Nebula, which also straddles the galactic 

plane. No directly applicable method was found in the literature. Thus two different 

methods were investigated and adjusted to suit the purposes of this work. These 

methods are described in chapters 4 and 5. The method presented in chapter 4 

relies on the isolation of the Gum Nebula from its background radiation. Chapter 

5 reports on an investigation of the suitability of the TT-plot method (Turtle et 

al., 1962) for determining a spectral index image of a faint, extended source like 

the Gum Nebula. This led to the development of a method using such TT-plots. 

The spectral index images I obtained from these two methods are also presented 

and discussed in both these chapters. At the end of chapter 5 a comparison of the 

results from the two different methods is made. 

One observational aspect of the nebula that prompted Srinivasan Sahu (1992) to 

postulate the existence of the IRAS-Vela ring, was that the part of the Gum Nebula 

at positive galactic latitudes appears infrared quiet. I show that this is not the case 

in chapter 6. Furthermore, I obtained an infrared radio flux ratio image of the Gum 

Nebula region from the 60 11m IRAS data and the 2.3 GHz radio continuum data. 

The infrared radio flux ratio (IRR) allows one to distinguish between thermal and 

non-thermal regions, thus providing independent information on the results of the 

spectral index work. 

Four of the models, the ordinary H II region, the FSS model, the interstellar bubble 

and the combined SNR and outer H II shell (Reynolds' model) predict the existence 

of ionised gas at a temperature of ~ 10 000 K. If present, one should be able to 

detect this gas in observations of hydrogen recombination lines at radio frequencies. 

The line parameters from such radio lines, together with the continuum antenna 
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temperature at the observed position, provide one with enough data to determine 

the electron temperature, turbulent velocity and emission measure at the observed 

position. I made radio hydrogen recombination line observations with both the 

RartRAO and Mopra (part of the Australia Telescope) antennas. The results of 

these observations are reported in chapter 8. 

Chapter 7 reports on the aspects of these two antennas relevant to spectral line 

observations. Some of the difficulties experienced with the analysis of the spectral 

line data are presented. 

A puzzling aspect of the Gum Nebula is that it is not visible as a shell in obser

vations of the 21cm line of hydrogen. This line is emitted by hydrogen gas at cold 

temperatures (10 K< T <1000 K), at which molecules are also able to exist. If such 

gas is associated with this nebula, it is expected to exist within a cold shell furthest 

from the centre. Furthermore, if the nebula is still expanding it may interact with 

the molecular material in the shell and cause a shock wave to propagate into it. 

Evidence for such an interaction can be seen in anomalously excited ground state 

hydroxyl (OR) lines with asymmetric line shapes. I made a search for OR lines with 

these characteristics. The results of this search are presented in chapter 9. 

As there is no consensus on the expansion velocity of the Gum Nebula in the litera

ture, another investigation of the expansion of the nebula was warranted. Sufficient 

data points for such an investigation were available from the observations of the 1667 

MRz hydroxyl lines reported in chapter 9 and other molecular line data from the 

literature. It was assumed that the nebula is an expanding spherical shell. Three 

such models of increasing complexity are presented in chapter 10. Least-squares 

fitting of these models to the molecular line data shows that the nebula is still 

expanding. 

The results of the investigations presented in this work are summarised in chapter 11. 

Throughout this work galactic coordinates are used, unless otherwise indicated. 



Chapter 2 

The Gum Nebula: a summary of 
the literature 

2.1 Introduction 

The Gum Nebula was discovered by Gum in 1952 on Het photographs of the southern 

Milky Way. In the vicinity of its centre are two bright 0 stars. One of these, the 

091 star, is a member of the spectroscopic binary "/ Velorum (G262.8 - 7.7). Its 

twin is a wolf-rayet star (We8). The other one is the 04f (Bohannan et al., 1990) 

star ( Puppis (G256 - 4.7). Gum considered these two 0 stars as obvious energy 

sources for the nebula, thus classifying it as an H II region. In 1952 ,2 Velorum was 

thought to be at a distance of 170 pc, which implied a diameter of 60 pc for the 

nebula (Maran, 1971). This is not unusually large for an H II region. 

As techniques improved, Bet surveys became more sensitive to faint emission. This 

led to the discovery of numerous faint nebulosities in the vicinity of the Gum Nebula. 

In the absence of obvious energy sources for these, it was logical to consider them 

as part of the Gum Nebula. Gum himself had raised his estimate of the extent of 

the nebula to 60° x 30° by 1956. Such large angular dimensions, together with a 

revised distance estimate of 0.5 kpc, implied physical dimensions bigger than those 

of any known H II region at that time. 

6 
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Estimates of the energy input required to form and maintain such an enormous 

ionized region were made from its physical volume, the ionization energy of hydrogen 

and its electron density. The latter was determined fro:-:1 an assumed path length 

through the nebula and its emission measure, which was estimated to be 3000 cm-6 pc 

at its most intense regions (Brandt et al., 1971; Brandt, 1973). Such a high emission 

measure together with the large dimensions lead to estimates of the energy require

ments for forming and maintaining this nebula of the order of 1051 erg. This was 

considered much larger than the energy output from the Lyman continuum photon 

flux of the two central 0 stars. Thus astronomers were no longer satisfied with the 

simple H II region model for the nebula. 

As supernova explosions were known to release energIes of this magnitude and 

deposi t them over thousands of years in the surrounding interstellar mat ter, a classi

fication as a supernova remnant should have been inevitable. However some of the 

then available observational evidence did not agree with such a classification. For 

example, the absorption depression in very low frequency « 150 MHz) radio surveys, 

at the position of the Gum Nebula is characteristic of thermal radiation (Alexander 

et al., 1971, 1973; Ellis, 1972; Cane, 1973; Beuermann, 1973). Also, although being 

wispy and having a hollow shell appearance in Ha, the nebula lacks the distinct and 

sharp filamentary structure seen in e.g. the Crab nebula and Vela XYZ supernova 

remnants. 

Instead it was proposed that the nebula is a new kind of object, a Fossil Stromgren 

Sphere (e.g. NASA Symposium, 1973). This is an ionized region created almost 

instantaneously by a large impulse of radiation and now visible due to the long 

recombination time in its low-density medium. This impulse of ionizing radiation 

was attributed to the supernova event that created Vela XYZ, the supernova remnant 

that appears to be close to the centre of the nebula on the celestial sphere. Thus 

one may argue that Vela XYZ and its associated Vela pulsar (PSR 0833-45 (1950)), 

are similarly positioned along the line-of-sight, i.e. near the middle of the nebula as 

required by the FSS model. 
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Supporting evidence that Vela XYZ and its pulsar are approximately at the nebula's 

centre, comes from other pulsars situated in this region of sky, namely PSR 0736-40 

(1930), PSR 0835-41 (1950) and PSR 0940-55 (1950). The dispersion measure 

determined from the pulses of these three pulsars is approximately twice that for the 

PSR 0833-45 (1950) (Maran, 1971). As the Gum Nebula is the only large extended 

ionized region in this part of sky, this could only be explained if we see the pulses 

from these three pulsars through twice the path length traversed by those from the 

Vela pulsar. Hence the Vela pulsar and thus the Vela SNR must be at the nebula's 

centre and the three pulsars must lie on or beyond the far edge of the nebula. 

Four different ways in which the supernova event responsible for the Vela XYZ SNR 

could produce an energetic enough impulse of radiation to instantaneously ionize the 

Gum Nebula are presented in Brandt et al (1971), Alexander et al (1971), Morrison 

& Sartori (1969) and Kafatos & Morrison (1971). These and other models for the 

creation and maintenance of the Gum Nebula were discussed at a symposium entitled 

"The Gum Nebula and Related Problems" held at the NASA Goddard Space Flight 

Center in 1971 (NASA Symposium, 1973). 

The different FSS models are not considered any further in this work, as subsequent, 

properly calibrated and improved observations have shown the nebula to be of more 

moderate size and much lower emission measure, reducing the energy estimate to a 

value just within the ionizing powers of the central stars (Chanot & Sivan, 1983). 

The main supporting evidence for the FSS models had been the excessively large 

physical dimensions and energy requirements. 

2.1.1 Angular Dimensions 

To date the angular size determinations of the Gum Nebula have been made using 

the following methods: from Ho: photographs of the nebula, derived from a particular 

model of the nebula, derived from the measured near edge distance of the nebula 

and an assurr:ed spherical geometry, or determined from the size of the low radio 
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Angular Size Method Near Edge Centre Radius Reference 

j[pc] j[pc] j[pc] 

20° diam. Ho: outline 170 Gum, 1952 

40° x 30° Ho: outline Gum, 1955 

60° x 30° Ho: outline Gum, 1956 

90° diam. line-of-sight 100 460 360 Brandt, 1971 

path length Alexander et al., 1971 

Maran et al., 1971 

Brandt, 1973 

35° diam. Ho: outline Bok, 1971 

36° diam. derived from 230 330 100 Gott & Ostriker, 1973 

model 

36° diam. low-freq. 210 to 250 310 to 350 100 Beuermann, 1973 

radio abs. 

75° X 40° large diam. Ho: Brandt et al., 1976 

photographs 

36° diam. Sivan's (1974) 200 400±60 250 Reynolds, 1976a 

Ho: atlas 

36° diam., 10 A passband Chanot & Sivan, 1983 

50° diam. Ho: photo-

halo graphs 

36° diam. near edge dis- 200 290 90 Franco, 1990 

tance from star 

reddening by 

shell dust 

Table [2-1]: Size estimates of the Gum Nebula 
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frequency absorption depression caused by the nebula. The results of these methods 

for the angular size of the nebula are listed in table [2-1]. 

The 36° diameter for the main body of the Gum :'\ebula determined by Chanot & 

Sivan (1983) is now generally accepted. Sivan's (1974) Ho:-atlas of the Milky Way, 

which was used by Chanot & Sivan for their determination, was made with a filter 

of bandwidth 10 A, narrower than that used by others. It thus rules out a significant 

contribution from the continuum emission of unresolved stars to the faint emission 

on the photographs. Fig. [2-1] shows a photograph showing the whole of the Gum 

Nebula. To confirm the determination from Sivan's Atlas, Chanot and Sivan (1983) 

obtained additional plates (also of 10 A bandwidth) of the Gum nebula region. 

Figure [2-1]: 60°-field, f/1 photograph showing the whole of the Gum Nebula taken 
through a 10 A Ho: filter (Chanot and Sivan, 1983). 

Two longer exposure photographs (Fig. [2-2]) show unambiguously that there are 

faint extensions to the nebula beyond It 1= 18°. They also confirm that the main 

body of the nebula is a bright 36° -ringlike body, approximately centred on G258 - 2. 
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The extensions form a fainter, irregularly shaped envelope, that surrounds the main 

body, and gradually merges with the galactic Ret background. This faint envelope 

has a diameter of about 500 in galactic latitude. 

The strong integrated continuum spectrum of unresolved stars and the diffuse galactic 

Ret background in the galactic plane make the determination of the longitudinal 

extent of the nebula difficult. Nevertheless Chanot & Sivan (1983) are confident 

that diffuse emission beyond I = 282 0 is not part of the nebula (see Figs. [1-IJ and 

[2-1]), but belongs to emission associated with the inner Sagittarius-Carina arm of 

the Galaxy. They choose the lower longitude boundary of the Gum Nebula to be at 

I = 2350
• 

.... .. i '1.' 

:~I 

Figure [2-2]: 60°-field, f/1 photograph of the Northern (left) and Southern (right) 
part of the Gum Nebula taken through a 10 A Ret filter (Chanot and Sivan, 1983). 
A comparison with the previous figure shows how these parts are related to the 
whole Gum Nebula. 

The physical size, required for energy estimates, is easily obtained from simple 

geometric calculations provided that either the distance to the centre or the near 

edge of the nebula is known. Unfortunately the distance to the Gum Nebula is 

poorly determined. 



12 

2.1.2 Distance 

name position distance/(kpcJ o B stars Reference 

Pup OBI G244.4 + 0.8 2.51 7 0 stars Sky Catalogue 2000.0, 1985 

Vela OBI G265.0 - 1.0 1.4 5 0 stars, 11 B stars Sky Catalogue 2000.0, 1985 

l.9 ±0.15 18 OB stars, 1 Fo supergiant Humphreys, 1978 

2.1 ± 0.2 Slawson &. Reed, 1988 

Vela OB2 G263.7 - 7.5 see Tab. [2-5J ~ 9 B stars, "(2 Vel Brandt et aI., 1971 

Vela OB3 G275.0 - 1.9 5 to 6 6 Bl to B3 stars Miller, 1972 

5.3 ± 0.3 5 0 stars, 8 B stars Slawson &. Reed, 1988 

Vela OB4 G268.0 + 0.0 1.0 ± 0.1 3 0 stars, 14 B stars Slawson &. Reed, 1988 

Table [2-2]: Distances to the OB associations in the Gum Nebula region. 

reference distance/[pc] 

Gum, 1952 170 

Gum, 1956 250 

Whiteoak, 1961 200 

Smith,L.F., 1968 460 

Basckek, 1970 310 

Hanbury Brown, 1970 350 

Abt et aI, 1976 480 

Franco, 1990 350 

Table [2-3]: Distances to ,2 Velorum. 

There is only one report of a direct measurement of the distance to the Gum Nebula. 

Franco (1990) reports a sharp change after 200 pc in the reddening of stars in two 

areas covering less than 3% of the Gum Nebula. Franco interprets this as being 

caused by the interstellar dust associated with the near edge of the Gum Nebula. 

With the accepted angular radius of 18° for the Gum Nebula this near edge distance 

predicts, from spherical geometric arguments, a distance of 290 pc ± 30 pc to its 

centre and a radius of 90 ± 10 pc. 
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The distance to the near edge may also be determined from the local hydrogen 

density and the hydrogen column density to stars that are positioned within the Gum 

Nebula. The neutral hydrogen column density along the line of sight to ,2 Velorum 

and ( Puppis as determined from the strength of the Lyman-alpha absorption line is 

~ 25 cm-3 pc (Jenkins, 1971). Values quoted for the local neutral hydrogen density 

range from about 0.1 to 0.4 cm-3 (Brandt et al., 1971), giving the range 250 to 60 

pc for the near-edge distance. These correspond to distances to the centre of 360 pc 

and 90 pc respectively, assuming a spherical geometry and an angular radius of 18°. 

reference I distancej[pc] I 
Brandt et aI, 1971 450 

Upton, 1973 450 

Zombeck, 1980 700 to 800 

Kudritzki et al., 1983, 450 

Kudritzki & Hummer, 1990 450 

Srivivasan Sahu (1992) 700 

Lamers & Leitherer (1993) 400 

Blaauw (1993) 700 

Table [2-4]: Distances to ( Puppis. 

reference I distancej[pc] I 
Brandt et al., 1971 460 

Eggen, 1980 & 1982 ~ 450 

Slawson & Reed, 1988 650 ± 250 

Srivivasan Sahu, 1992 450 

Franco, 1990 350 pc 

Table [2-5]: Distances to Vela OB2. 

All other reported distance estimates are those of stars assumed to be associated 

with the formation of the nebula in some way. If one favours the old supernova 
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remnant model for the Gum Nebula, the progenitor star is likely to have been a 

very massive star. Such a star would have been part of an OB association. Hence 

the distance to the remaining, slower evolving members of the association would be a 

good estimate of the distance to the nebula. This is also the case for the H II region 

model and interstellar bubble model, which rely on OB stars as energy sources. 
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Figure [2-3J: A schematic diagram of the Gum Nebula region, showing the outline 
of the main body of the nebula at 2.3 GHz. The approximate outlines of the Vela 
XYZ SNR, Vela molecular ridge and IRAS-Vela shell are indicated. The positions 
of the four Vela OB associations, the two central 0 stars and the Vela pulsar can 
be identified from the legend. 

Fig. [2-3J shows the known OB associations in this region of sky and the two central 

stars in relation to the Gum Nebula. Table [2-2J lists the distances to the known OB 

associations in Vela. Of these OB associations only Vela OB2 has been considered 

as a likely ionizing source for the Gum Nebula. Tables [2-3], [2.4J and [2·5J list the 

distances to '/ Velorum, ( Puppis and the Vela OB2 association respectively. 
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The distances quoted for this association and the two central stars allow one to infer 

that the centre of the Gum Nebula could be positioned anywhere between 300 and 

800 pc from us, using only post 1970 data and assuming 3. connection between the 

stars and the existence of the nebula. 

The distance to the Gum Nebula is definitely less than 1 to 2 kpc from us. This 

is the distance to the Vela Molecular ridge (Murphy & May, 1991), an extensive 

complex of molecular clouds whose approximate outline is shown in Fig. [2-3]. As 

there is no obvious region of absorption, mimicking the extent and shape of the 

Vela Molecular ridge, on Ha photographs of this region, the Gum Nebula must be 

situated in front of it. 

Without any agreement on the distance to the Gum Nebula no good estimate of its 

physical dimension can be made. 

2.1.3 Emission Measure 

Even without an improved distance estimate, the energy estimate is significantly 

reduced by the emission measures determined from calibrated Ha intensities by 

Reynolds (1976a) and Chanot & Sivan (1983). These are the only ones that have 

determined calibrated, as opposed to estimated, emission measures for the Gum 

Nebula. The values they report range from 6 cm-6 pc in the faintest regions to 300 

cm-6 pc in the brightest regions. These are an order of magnitude smaller than 

those initially used for energy estimates. 

2.2 Observational parameters of the models 

The reported observable evidence does not rule out classifications of the nebula as 

an old supernova remnant (SNR), an interstellar bubble produced by the stellar 

wind from the central stars (Castor et al., 1975; Weaver et al., 1977; Wallerstein 

et al., 1980; Bruhweiler et al., 1983) or a combination of million year old SNR and 
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H II reglOn (Reynolds, 1976a,b). Investigations undertaken since the symposium 

have been directed at eliminating some of the less likely classifications of the Gum 

Nebula. Several observable physical parameters with their corresponding range of 

values as for an H II region, an evolved supernova remnant and an interstellar bubble 

are listed in table [2-6J. If no predicted or observed values are available from the 

literature, this is indicated by a question mark. In some of these cases an educated 

guess has been made at a plausible value for this characteristic. Such guesses are 

followed by a question mark. 

H Il region Evolved Supernova. Remna.nt Inter~tella.r Bubble 

electron temperature 5000 10 10 000 K '" 105 .5 K '" 105 ,5 K 

ionized ~pedes aJ for photoionized gu a.li for ~tron&ly shocked 54" a.s for mildly shocked ~a..i 

[SIll/Ha < 0,1 > 0.7 , 

expan"ion velo<;ity '" 0 kml. '" 20 kml. '" 20 km/' 

inha.red to radiQ flux ra.lio > 500 40 10 500 &:5 for H II region ? 

pola.riza.tion of ra.dio emission ra.ndam linea.r ? 

brightneu tempera.ture spectra.l index 2,1 '" 2,3 10 '" 2.8 2.1 ? 

Hydrogen recombina.tion line y .. no? yca ? 

X.rays none yed. yeo 

Table [2-6]: Observational parameters of H II regIons, supernova remnants and 
interstellar bubbles. 

The observable parameters of the combined old SNR and H II reglOn model of 

Reynolds are expected to have values that are either those of an H II region or 

an SNR or weighted averages of both. In order to assess the agreement between 

observed parameters and those predicted by Reynolds' model, a more detailed 

description of this model is given below. 

As noted by Cleary (1977), it is very difficult to distinguish observationally between 

bubbles caused by supernovae (i.e. SNRs) and those caused by stellar winds (inter

stellar bubbles). Thus the similarities and differences between these two bubble 

types are also presented below. From the morphology of the interstellar bubble 

given there, it is seen that it has marked similarities to Reynolds' model. 
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2.2.1 Reynolds' model of the Gum Nebula 

Reynolds (1976a) had traced out similar dimensions for the Gum Nebula to those 

of Chanot & Sivan (1983) on Sivan's 1974 Ha survey. He obtained, from Ha and 

N[II] spectral line observations, electron temperatures corresponding to those of 

H II regions, yet an expansion velocity (~ 20 km/s) corresponding to that of an old 

SNR. Thus he proposed a model for the Gum Nebula that attempts to marry this 

contradictory observational evidence. 

The model is that of a million year old supernova remnant whose outer shell is being 

heated and ionized by ,2 Velorum and ( Puppis located in the hot, very low-density 

interior region of the remnant. This outer shell thus has the same properties as the 

ionized gas in an H II region. The material interior to the shell is predicted to be 

very hot (~ 106 Ii) and to have a very low density (~ 0.003 cm-3
). A scale diagram 

of this model is shown in Fig. [2-4]. 

Figure [2-4]: A scale diagram of Reynolds' model (1976b) of one million year old 
SNR combined with an expanding shell structure. The suggested positions of ( 
Puppis, ,2 Velorum and the Vela OB2 association are also shown. 
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Others remained sceptical of this model. Those doubting the interpretation of 

Reynolds suggested that this nebula is an interstellar bubble produced by the stellar 

wind from the central stars (Wallerstein et al., 1980; Bruhweiler et al., 1983). This 

model was developed by Castor et al. (1975) and Weaver et al. (1977). They gave 

the Gum Nebula as a plausible example of such a bubble. 

2.2.2 Interstellar bubble model 

The evolution of such a wind-driven circumstellar shell shows marked similarities to 

that of a supernova shell (Castor et aI., 1975). Models predict essentially the same 

four phases that describe the evolution of an SNR. This similarity extends to both 

SNR and interstellar bubble spending most of their lifetime in the second phase, 

that of adiabatic expansion. In this phase a bubble has four distinct zones. Closest 

to the star is the hypersonic wind. Progressing outward from the star there follows 

a region of shocked stellar wind, then a shell of shocked interstellar gas. Finally 

surrounding the whole is the ambient interstellar gas (see Fig. [2-5]). 

The interior of such a bubble has, typically, a temperature of 106 K and atomic 

particle density of 0.01 cm-3
. This hot, low-density region, containing the shocked 

stellar wind, occupies most of the volume of the bubble and should be a soft X-ray 

source. At the interface of the shocked stellar wind and the shocked interstellar 

gas there is a transition region at a temperature of about 3 x 105 K. The model 

predicts a significant amount of 0 VI in this region. The shocked interstellar gas 

shell expands as the bubble evolves and may be fully ionized by the central star, or 

it may have an outer layer of H I and H2 if the ionization front is trapped in the 

shell. 

Bruhweiler at al. (1983) note that an interstellar bubble interpretation of the Gum 

Nebula is plausible in terms of the available data. However, as emphasized by 

Chanot & Sivan (1983), it is impossible to determine whether the shell structure of 

the Nebula is driven by stellar winds or supernova blasts. 
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Figure [2-5]: A schematic of the regions in an interstellar bubble is shown on the 
left. On the right is a radial cross section of temperature and density in such a 
bubble. (Weaver et al., 1977) 

2.3 Observed Physical Parameters 

In the following sections the different observed parameters from the literature are 

presented and their correspondence to the proposed models is discussed. 

2.3.1 Lyman continuum photon flux from central stars 

Both Reynolds (1976a) and Chanot & Sivan (1983) also determined whether the 

central stars can account for the Gum Nebula without making use of the poorly 

determined distance. Their calibrated Ha intensities allow them to estimate the 

number of recombinations per second in the Gum Nebula. In an H II region model 

this should match the Lyman continuum photon flux from the star(s) responsible 

for ionizing the nebula. Even according to the reduced value obtained by Bohannan 

et al. (1990) of the Lyman photon flux from ( Puppis, this star alone could almost 

account for the required flux. 
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It has been suggested that the Vela OB2 association, which includes ,2 Velorum as 

a member star, is responsible for the Gum Nebula. The Lyman photon flux from 

the 09 star of the ,2 Velorum binary is only about one tenth that of ( Puppis 

(Panagia, 1973). The star of earliest spectral type other than the 09 star of the ,2 
Velorum binary in the Vela OB2 association is a BO star (Srivivasan Sahu, 1992). 

The latter produces only about one tenth the Lyman photon flux of the 09 star of 

the ,2 Velorum binary (Panagia,1973). The Lyman photon flux from the other B 

stars of this association (about 9 in total), all of which are of spectral type between 

B1 and B3 inclusive, is insignificant in comparison to that of the BO star. Thus the 

Vela OB2 association cannot be the primary ionization source of the Gum Nebula, 

as it produces at not even two tenths of the Lyman photon flux from ( Puppis. 

One may conclude that ( Puppis could possibly account for the nebula on its own, 

but that it is more likely, in terms of Lyman photon flux requirements, that both ,2 
Velorum and ( Puppis are responsible. Nevertheless the simple H II region model 

never totally regained favour, because of the contradictory observational evidence 

presented below. 

2.3.2 Temperature 

There are various different methods of determining the temperature of a nebula. 

As these methods in general sample information from different physical processes 

they do not necessarily result in temperatures of the same particles in the gas or 

the same region in the nebula and therefore may quite legitimately be different. 

Reported temperatures in the literature range from 300 K to 105 K (see tables [2-7] 

and [2-8]). Thus these do not discriminate between the models, but do favour a 

model that predicts both hot and more intermediate temperatures. 

Some of the temperature determinations rely on an assumed electron density. Where 

this is the case, the electron density has also been tabulated. No further attempt 
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T Reference 

:S 3 ± 1 (4 MHz) 1300 25.7 ± (1.8, 1.0) x 104 Alexander et al., 1971 

900 24.5 X 104 

25 24 x 103 

:S3±1(4MHz) >600 24 ± 1 x 104 Alexander, 1973 

4 =t= 1 (5 MHz) 600 3.9 =t= 0.7 x 104 Ellis, 1972 

1.4 (9 MHz) 3000 5.3 x 104 Cane, 1973 

600 2.9 x 104 

:S 2.5 (10 MHz) < 300 < 8500K (+4500, ~3500) Beuermann, 1973 

2 20 > 300 

Table [2~ 7]: Electron temperature determinations from the emission measure, EM, 
and optical depth, T, at low radio frequencies. 

was made to compile a list of reported electron densities as these are often entirely 

dependent on the assumed model in their derivation. 

2.3.3 Ionization balance 

Different ionization mechanisms give rise to different ionization balances and hence 

different line intensity ratios. A ratio particularly sensitive to the ionization mechanism 

is that of [S II] 6717+6731/Ha. The average value of the [S II] 6717+6731 to Ha 

ratio of 0.35± 0.11 obtained by Chanot & Sivan (1983) is consistent with an origin in 

shock-heated gas. It does not, however, discriminate between shocks due to super

sonic winds or supernova explosions (Chanot & Sivan, 1983). They point out that 

the typical ring structure of the Gum Nebula revealed by their narrow bandwidth Ha 

photographs together with the moderately high ionization, average [S IIJ/Ha ratio 

of 0.35, and possible ionization by ,2 Velorum and ( Puppis are all characteristics 

very similar to those of the largest extragalactic H II regions. These form a category 

intermediate between classical H II regions and typical supernova remnants. 
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method Reference 

Mg &Fe abs. lines <2 104 Grewing et ai., 1973 

Mg ion ratios ~ 0.15 either 7000 < To < 10000 de Boer at ai., 1973 

or 300 

Mg ion ratios/balance 300 < Te < 7000 Burton et ai., 1974 

fine-structure excitation ~ 102 200 Burton et al., 1974 

of CIl and NIl in dense cloudlets 

Ha & NII(6584) 11800± 5200 Hippelein and 

emission line widths 11600 ± 4500 Weinberger, 1975 

Ha & [NIl) line widths 11300 Reynolds, 1976a 

optical and radio 0.32 5940 Vidal,J.-L., 1979 

measurements 0.26 7260 

N V and 0 VI line > 105 K Morton & Bhavsar, 1979 

widths towards "'(2 Vel 

absence of N V and 3.1 x 105 K to 6.5 X 105 K Morton, 1978 

presence of 0 VI 

towards ( Puppis 

o VI towards "'(2 Vel 2.5x 105 K ::; T < 6.3 X 105 K Bruhweiler et al., 1979 

Si IV observable 35000 K < T < 63000 K Bruhweiler et aI., 1979 

C IV not, towards ,2 Vel 

NIl fine-structure < 104 Wallerstein et aI., 1980 

excitation in ram-

pressure confined 

supersonically 

moving clouds 

[NIll/Ha emission lines 8000 Chanot & Sivan., 1983 

Table [2-8]: Electron temperature and density determinations from optical and ultra
violet line observations. 
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UV spectra of both (Puppis (Morton, 1978) and,2 Velorum (Bruhweiler et al., 1979; 

Morton & Bhavsar,1979; Burton et al., 1974) show interstellar absorption lines of 

ionized species many of which are consistent with those observed in standard H II 

regions. However, both ( Puppis (Morton, 1978) and ,2 Velorum (Bruhweiler et 

al., 1979) also have Si IV, C IV and 0 VI interstellar absorption lines in their UV 

spectra. These are characteristic of temperatures of the order of 105 K. Bruhweiler 

et al. note that the observed ion species characteristic of an H II region combined 

with the high temperatures required to explain the presence of 0 VI in the UV 

absorption spectra, could be explained by a low-density, high-temperature region 

interior to a narrow H II region shell. Such a morphology is in agreement with 

a supernova remnant plus H II region model for the Gum Nebula as proposed by 

Reynolds (1976b) as well as an interstellar bubble (Castor, McCray and Weaver, 

1975). 

Only a more subtle difference in the observed versus the predicted parameters for an 

interstellar bubble by Castor et al. (1975) and Weaver et al. (1977) results in evidence 

against an interstellar bubble classification. Morton (1978) notes that details of the 

observed UV spectrum of ( Puppis do not agree with the predictions of the model 

of Castor et al. (1975). Similarly for,2 Vel oru m , Bruhweiler et al. (1979) state that 

the observed Si IV to 0 VI ratio disagrees with predictions by Weaver et al. (1977). 

2.3.4 X-rays 

The HEAO-1 satellite surveyed the X-ray emission from the whole sky. From single

temperature, Raymond-Smith model fitting to the observed soft X-ray spectra from 

the Gum Nebula, Leahy et al. (1992) determined a temperature ~ 6.0 x 105 K 

for this X-ray emitting gas. The extent of this reported X-ray emission is more 

restricted than that of the Her emission from the Gum Nebula and does not fit into 

the morphology of any of the model predictions. It is thus not particularly useful 

for any model classification of the nebula, other than counting against a simple H II 

region interpretation. 
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Better X-ray observations have been made with the ROSAT X-ray telescope, but 

have not yet been published. In a paper on the X-ray emission of the Vela XYZ SNR, 

Abchenbach et al. (1995). report the presence of Vela supernova ejecta still visible at 

X-ray wavelengths outside the boundary of the Vela XYZ SNR. These ejecta have 

associated Mach cones with low Mach numbers. These low Mach numbers imply 

that the Vela supernova exploded in a bubble of hot tenuous gas, interpreted to be 

the interior of the Gum Nebula. From their observations of the Mach cones of the 

Vela SNR ejecta Aschenbach et al. deduced a temperature, for this interior of the 

Gum Nebula as high as that expected for old SNRs. 

The faint X-ray medium reported by Aschenbach et al. as surrounding the Vela XYZ 

SNR has a diameter of only 20°, thus not matching the 36° diameter of the Gum 

Nebula. Aschenbach et al. state that the centre of this 20° diameter region is within 

the boundary of the Vela SNR, but give no further details. 

As most SNRs are limb-brightened at X-ray wavelengths, one may be tempted to in

terpret this position of the X-ray gas within the nebula as supporting the interstellar 

bubble model. However, there is a class of SNR that exhibits centrally bright X-ray 

emission. This unusual morphology is attributed to the effects of the expansion of 

the SNR into very non-homogeneous interstellar matter (Long et al., 1991; White 

& Long, 1991; Leahy & Aschenbach, 1995; Leahy & Aschenbach, 1996). Thus no 

definite conclusion can be drawn on the basis of the position of this X-ray emission 

within the nebula. 

While the reported detection of X-rays in the Gum Nebula point to either an old 

SNR or interstellar bubble interpretation, the reported temperatures and ionization 

balance favour a model incorporating an H II region. An interstellar bubble does 

this as also the combined old SNR and H II region model of Reynolds (1976b). Both 

of these predict an expansion of the H II shell of ~ 20 km/s, which Reynolds claims 

to have observed. 
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2.3.5 Kinematics of the Gum Nebula 

Hippelein and Weinberger(1975) deduce from velocity measurements in Ha at posi

tions of small scale clouds in the Gum Nebula that the evidence for an expansion 

of the nebula as a whole is poor. Another study of the interstellar gas in the Gum 

Nebula was made by vVallerstein et al. (1980), who also reports no evidence for 

expansion. These studies thus contradict the 20 km/s reported by Reynolds. 

Some observational evidence that the Gum Nebula certainly underwent significant 

expansion causing compression of the surrounding interstellar material in the past, 

comes from the presence of young stars, such as T-Tauri stars (Petterson, 1987), and 

associated Herbig-Haro objects (Dopita, 1978; Graham, 1986 and others) as well as 

cometary globules in the Gum Nebula. 

2.3.6 Cometary Globules 

Cometary globules (CGs) were first discovered in the Gum Nebula in 1976 (Sandqvist, 

1976; Hawarden & Brandt, 1976). Reipurth (1983) describes the common features 

of the CGs in the Gum Nebula as follows. They all have very dense heads that 

completely obscu':e the background stars on the available Schmidt plates. On the 

side pointing towards the center of the Gum Nebula, the heads are well-defined with 

very sharp edges, exhibiting narrow bright rims. On the opposite side protrudes a 

slightly luminous tail, in some cases as short as a few arc min, and in one case longer 

than P. In several cases it is seen that the smaller globules are aligned one after 

the other in a direction away from the center of the Gum Nebula. 

There have been numerous attempts at explaining the manner in which these CGs 

could have formed. Thus Hawarden & Brandt (1976) argue that the non-filamentary 

appearance of the heads of the CGs counts against an SNR classification of the 

Gum Nebula as the highly energetic nature of the formation of SNRs leads to more 

filamentary structures, as generally observed in Sl\Rs. A different view is presented 
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by Brand et aL (1983). They point out a convincing similarity between CGs and late 

stages of computer simulations of the transformation of an initially spherical cloud 

hit by a blast-wave (Woodward, 1976 & 1979). Thus Brand et al. conclude that CGs 

are the late stages of shocked clouds. Hence they derive an age of about 3 M yrs 

for the Gum Nebula as a cometary globule forming SNR. Srivivasan Sahu and co

workers (Sahu et al., 1988), in a study of the observed properties of CG22, also 

favour the supernova blast-wave interpretation for the formation of this CG. This 

was however later retracted by Srivivasan Sahu (1992), who now argues that they 

were formed by stellar winds and ionization pressure as present in an interstellar 

bubble. Thus there is no consensus on this matter. The formation of CGs has 

equally plausible explanations in an SNR and an interstellar bubble scenario. 
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Figure [2-6]: The distribution of CGs, showing their tail orientations in an equa
torial coordinate frame, according to Zealey et al. (1983). Centre 1 is the position, 
determined by Zealey et al.) away from which most of the tails point. The dotted 
circle has a radius of 9° about centre 1. 
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Although CGs have been observed elsewhere, the large majority of known CGs are in 

the Gum Nebula. The interesting feature of the Gum Nebula CGs as a group is their 

orientation and positioning in the nebula. The orientation of the CGs with their 

heads pointing to the centre of the nebula was already evident with the discovery 

of the first 10 CGs (Hawarden & Brand, 1976). Later additions to their number 

(Sandqvist, 1976; Zealey et al., 1983, Reipurth, 1983) confirmed this trend (see 

Fig. [2-6]). It is thus generally accepted that the CGs are definitely associated with 

this nebula. 

Zealey et al. (1983), Reipurth (1983) and Sridharan (1992) have all determined the 

centre towards which the CG heads are pointing. Reipurth situates it in the middle 

of the triangle outlined by ( Puppis, I Velorum and the Vela pulsar, also pointing 

out that the CGs have a preference for the western part of the nebula. 

A more precise determination of the centre by Zealey et al. shows that most projected 

tails pass through his centre 1 at G261.2-5.2 . The remaining six are associated with 

his centre 2 at G260.3 - 10.6. Zealey et al. also fitted a circle of radius 9.5° ± 1.3° 

to the CG positions, the geometric centre of which is close to centre 1. Sridharan, 

applying a similar procedure, arrives at a centre at G260.2 - 4.0. Although none of 

these centres agree with the Ho: emission centre (Chanot & Sivan, 1983) of the Gum 

Nebula, G258 - 2, the discrepancy is not very significant for most of them, given the 

large angular size of the nebula. A more serious discrepancy exists for the radius, 

with the values quoted above being only half the 18° radius of the main body of the 

Gum Nebula in Ho:. 

Zealey et al. (1983) have shown that there is no simple correlation between angular 

tail length and angular distance from the centre. This is contrary to what one would 

expect from the effects of projection on the observed tail lengths for an assumed 

spherical shell distribution of constant intrinsic tail length. If one is not prepared 

to forego the spherical distribution model of the CGs, one must conclude that the 

intrinsic tail length of the CGs varies. 
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There is only 1 CG within 60 of the derived centre of the CG distribution (Zealey et 

al., 1983). As models of a uniform distribution over the shell predict that between 

8 and 12 CGs should be projected within 6° of the centre, the lack of observed CGs 

close to the centre indicates that we are probably seeing a clumpy distribution of 

CGs. 

2.3.7 Kinematics of the CGs 

As the CGs are considered part of the Gum Nebula, any evidence for an expansion 

of the CGs from a common centre would be shared by this nebula. 

Zealey et al. (1983) claim that the measured line velocities of formaldehyde absorp

tion lines of the CGs are mostly due to the larger scale effects of the kinematics of 

the local spiral structure, but that the velocity residuals can only be explained by an 

expanding shell. The shell would have to be larger than 11 0 and have an expansion 

velocity of up to 5 km/s. 

Sridharan (1992) detected CO in all but two CGs, giving him far more data points 

for a kinematical study than used in the other study (Zealey et al., 1983). Sridha

ran reports agreement of the observed CO velocities with a shell of :::::: 9.50 radius 

expanding at 12 km/s, if it is assumed that the CGs are distributed over a volume 

within the shell rather than on the surface of a shell. 

An expansion velocity of 12 km/s implies an expansion age of about 6 M yrs for 

the Gum Nebula if one assumes that this nebula shares the expansion velocity of 

the CGs. The velocity gradients along the tails of the CGs measured by Sridharan 

(1992) may be interpreted as the cause of the tail stretching and hence of the tails' 

lengths. This suggests a stretching age of 3 M yr for the tails. 

Hence there is no consensus over an expansion of the material, here in the form of 

CGs, associated with the Gum Nebula. Thus none of the models may be eliminated 

on the basis of an observed expansion velocity of the nebula. 
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Other material that should share to some extent any expansion present in the nebula 

is the neutral ISM which an expanding nebula has to push out of its way. This 

neutral material may be observed in the 21 cm line of neutral hydrogen which is in 

the radio regime. 

2.3.8 H I bubble 

Neither Cleary (1977) nor Kerr et al. (1986) are able to identify an HI bubble 

corresponding to the Gum Nebula in their respective neutral hydrogen surveys. 

More recently Dubner et al. (1992) investigated the neutral hydrogen distribution 

in the Gum Nebula region using 21 cm H I line data from the survey of Strong et al. 

(1982) in addition to data obtained by themselves. They also do not see evidence 

for an expanding neutral hydrogen shell coincident with the Gum Nebula. 

A possible explanation for the lack of a neutral hydrogen shell corresponding to the 

Gum Nebula is given by the results of Bohlin et al. (1978). They report that the 

observed average hydrogen density in the Gum Nebula is more than a factor of 10 

lower than the average density found for all objects surveyed, excluding the high 

density Scorpius-Ophiucus region. 

2.3.9 Radio emission and polarization 

Of all the proposed models only an SNR is expected to exhibit polarized radio 

emIssIOn. 

Duncan et al. (1996) have observed part of the Gum Nebula close to the galactic 

plane at 2.4 GHz with a resolution of about 10 arcminutes, including polarization 

measurements. They report that the radio emission from the Gum Nebula contains 

a significant polarized component. However, the observed total power flux is higher 

than the polarized component. To account for this they propose that the Gum 

Nebula contains both thermal and non-thermal radio emission. This points to an 
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old SNR (perhaps with H II shell as in Reynolds' model) classification for this ne

bula, further supported by the high fractional polarizations and low depolarizations 

observed. These are considered characteristics of old SNRs. 

This is the most convincing argument published to date for a particular classification. 

Unfortunately these observations only cover a small section of the nebula. 

Two discerning observational properties not reported on in the literature are the 

radio brightness temperature spectral index and the infrared to radio flux density 

ratio. Both of these require radio continuum observations for their derivation. A 

minimum of two radio maps at high frequency are required to determine the radio 

brightness temperature spectral index. The determination of the infrared to radio 

flux density ratio requires a radio map at high frequency and an infrared continuum 

map. 

One such radio continuum map, the 408 MHz All-sky Continuum Survey (Haslam 

et al., 1982) with a resolution of 0.85° was in existence when this work was started. 

The Gum Nebula is clearly identifiable in this survey, as shown by the overlay of a 

contour map of this 408 MHz radio data on the Ha emission of the Gum Nebula 

according to Sivan (1974) (see Fig. [2-7]). In the outer regions of the nebula the 

radio emission structures correlate well with those shown in the optical emission. 

During the eighties the infrared data from the IRAS (Beichman et al., 1988; 

Wheelock et al., 1994) became available. This provided information in a wavelength 

regime at which little was known about SNRs, while the very infrared bright compact 

H II regions had already been studied at this wavelength with rocket based instru

ments. This opened up a different perspective on the Gum Nebula. Inspection of 

the Gum Nebula region on the IRAS Sky Flux Atlas resulted in the identification 

of a separate object, the IRAS-Vela ring, by Srinivasan Sahu (1992) and Srinivasan 

Sahu & Sahu (1993). 
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Figure [2-7J: Overlay of the 408 MHz All-sky Continuum Survey of Haslam et al. 
on Sivan's Hex print of the Gum Nebula (Haslam et al., 1981). 
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Figure [2-8]: 60 J.lm IRAS map according to Srinivasan Sahu (1992). 
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2.4 The IRAS-Vela ring 

Srinivasan Sahu & Sahu (1993) interpret the bright region extending from 1= 2590 

to 271 0 and b = -120 to 00 on the IRAS Super Sky Flux Atlas images as a source 

separate from the Gum Nebula. They call this source the IRAS-Vela ring. In the 

earlier report of Srivivasan Sahu (1992) it is considered to have a radius of about 8° 

with its centre at I = 263° and b = _7° (see Fig. [2-8J for the 60 /-lm IRAS map and 

Fig. [2-3J for a schematic of the region). The latter dimensions do not agree with 

those given in Srinivasan Sahu & Sahu (1993). 

Srivivasan Sahu & Sahu (1993) claim that the IRAS-Vela ring is maintained by the 

DB association Vela OB2. The latter has also been claimed as energy source for the 

Gum Nebula, when this nebula is interpreted as an H II region or a mixture of H II 

region and old SNR. 

Srivivasan Sahu & Sahu report that in 18 positions at which Ha '\6563, [NIlJ ,.\6548 

,.\6584 and [OIIlJ ,.\5007 emission line spectra were obtained, only positions within the 

outlined IRAS-Vela shell show double components in [NIlJ. These double component 

lines are interpreted as an expansion of the IRAS-Vela ring at 10 ± 2 km/s. They 

further argue that this corresponds to the expansion velocity determined by Sridha

ran (1992) for the eGs and that therefore the eGs must be part of the IRAS-Vela 

ring. This argument needs to be considerably strengthened by further observational 

evidence, as many of the eGs are positioned far outside the proposed IRAS-Vela 

ring (see Fig. [2-8]). 

Furthermore, Reynolds (1976a) has observed double component spectra of the same 

species at positions within the Gum Nebula, but not within the area of the proposed 

IRAS- Vela ring. These positions are shown in Fig. [2-9J together with those at 

which Srinivasan Sahu made observations. Reynolds observed double components 

at positions labelled e, D, E, G and H in this diagram. Of these e, D and E are 
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definitely outside the indicated IRAS-Vela shell boundary. Thus, until more evidence 

to the contrary is provided, one should treat the existence of the IRAS-Vela shell as 

uncertain. 
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Figure [2-9]: Schematic diagram showing the positions observed by Reynolds (1976a) 
with an open triangle, labelled A to H. The positions observed by Srinivasan Sahu 
(1992) are indicated by open enumerated circles (Srinivasan Sahu, 1992). 

The greater distance of 700 pc to ( Puppis (see table [2-4]) suits Srivivasan Sahu's 

interpretation of events in this region of sky. As she considers the IRAS-Vela ring 

and the Gum Nebula to be spatially separate entities, this requires the Gum Nebula 

to be further away and leaves the Gum Nebula without an ionizing source if one 

insists on an H II region model for it. In a scenario where ( Puppis at a distance 

of 700 pc is significantly separated in space from Vela OB2, the proposed ionizing 

source of the IRAS-Vela ring, ( Puppis would serve as the ionizing source for the 

Gum Nebula. Another possibility is that ( Puppis was the binary companion of the 

progenitor star of the Gum Nebula and was catapulted into its present runaway-star 

type trajectory in the SN explosion. 
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name I position I distancej[pc] 

Puppis R3 252, -1 1740 

Puppis R2 256, -2 1000 

Puppis R1 260, -3 3800 

Vela R1 263, -4 460 

Vela R2 265, +2 870 

Vela R3 268, -3 2190 

Table [2-9]: A list of R-associations in the Gum Nebula region (Herbst, 1975). 

The interpretation of the Gum Nebula region by Srinivasan Sahu is shown dia

grammatically in Fig. [2-10]. She considers the Gum Nebula as a shell structure 

formed by the R-association Vela R2. ( Puppis is considered a runaway star from 

Vela R2, with its displacement to lower longitudes and negative latitudes making up 

for the significantly off-centre position of the Vela R2 (see table [2-9] for positions 

and distances to R-associations in the Gum Nebula region). The IRAS-Vela shell 

is interpreted as the remnant of a giant molecular cloud surrounding the relatively 

aged Vela OB2 association (Srinivasan Sahu, 1992). 

2.5 Conclusion 

No conclusive observational evidence for anyone of the models has yet been pub

lished, although the radio polarization reported by Duncan et al. (1996) can only 

be explained by an SNR model. Further investigation of the Gum Nebula is thus 

warranted. 
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Figure [2-10J: The interpretation of the Gum Nebula region according to Srinivasan 
Sahu (1992). 

2.5.1 Motivation for this work 

Two aspects which have not been investigated at all are the radio brightness tempe

rature spectral index and the infrared to radio flux ratio of the Gum Nebula. With 

the availability of the 408 MHz radio survey and the IRAS data, all the data required 

for the latter was readily available. By making my own radio continuum observations 

of the region at 2.3 GHz, I obtained sufficient data for deriving the spectral index 

of the Gum Nebula. The observations at 2.3 GHz have a resolution of r, higher 

than that of the 408 MHz survey, and are therefore closer to the ~ 5' resolution of 

the IRAS data. Thus I used the 2.3 GHz data rather than the 408 MHz data for 

the determination of the ratio of the infrared to radio flux density (IRR). 

The value of the spectral index should in principle allow one to decide between 

the various models. In particular i it should reveal if there is a combination of 

different events present in the Gum Nebula, as proposed by Reynolds (1976a, b) and 
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Srinivasan Sahu (1992). If the model of Reynolds is correct one should see a shell of 

spectral index 2.1 corresponding to the proposed H II shell, surrounding a central 

non-thermal (spectral index> 2.2) region. 

From the information given by Srinivasan Sahu about the IRAS-Vela ring I conclude 

that it should be thermal, i.e. have a spectral index of 2.1. Thus, if it exists, 

its circular shape and position should be clearly visible in a spectral index image. 

It would be identifiable by a thermal spectral index; or a lower spectral index if 

superimposed on a non-thermal region. The latter would be present if, as proposed 

by Srinivasan Sahu, the Gum Nebula is a more distant old SNR situated behind the 

IRAS-Vela shell and of larger angular extent than this shell. 

The infrared to radio flux density ratio (IRR) is sensitive to the different mecha

nisms heating the dust that emits the infrared radiation. As such it allows one to 

distinguish between H II regions and SNRs. No predictions have been made for 

this ratio in the model of Weaver et al. (1977) for the interstellar bubble. But as 

stars with strong enough stellar winds presumably also emit the continuum photons 

responsible for heating the dust so effectively in H II regions, it is probable that the 

IRR for these bubbles is the same as for H II regions. Again, a superposition of 

different events in this region, rather than a single nebula should be evident in an 

IRR image. 

Even if the evidence shows that the nebula is an old SNR, this may still be coupled 

to a thermal shell as in Reynolds' (1976b) proposed scenario. One way of checking 

on the existence of thermally emitting gas associated with the Gum Nebula is by 

observing hydrogen recombination lines at positions in the Gum Nebula. These 

are indicative of thermally emitting regions with electron temperature somewhere 

between 5000 K and 10 000 K. If detected they would also allow the determination of 

the electron temperature, turbulent velocity and emission measure at the observed 

positions. The low intensity of the Gum Nebula, which requires long integration 

times for the spectra, makes such a project prohibitive in terms of observing time. 
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The last project that I embarked upon was an investigation of the kinematics of the 

nebula. The 1667 MHz main line of hydroxyl (OH) was chosen as tool for investiga

ting the motion of the molecular material associated with the Gum Nebula. These 

1667 MHz OH observations, together with 1720 MHz OH satellite-line observations 

at selected positions, were also investigated for evidence of the interaction of the 

molecular material with the expanding shell of the nebula. 

The line velocities of any detected species can be used for kinematic distance deter

mination with the use of a Galactic Rotation model. The velocities attributed to 

galactic rotation in the direction of the Gum Nebula vary only very slowly with 

distance. Thus it was unlikely that such determinations would improve the poorly 

defined distance to the Gum Nebula. They do however provide a check on other 

distances quoted in the literature. Thus this aspect of the spectral line data was 

also investigated in this work. 



Chapter 3 

Radio continuum observations 

The continuum observations were made using the HartRAO 26 m diameter dish 

antenna. The observing system Skymap was used. Skymap is a procedure for 

mapping large areas of cosmic radio continuum emission and was developed, tested 

and implemented by Mountfort (1989) and Jonas (1982) for the HartRAO antenna 

operating at 13cm. Details of the manner in which these observations are made 

and the data is reduced are given in Mountfort (1989), Jonas (1982) and Jonas (in 

preparation). See also Baart et al. (1980), Jonas et al. (1985), Mountfort et al. 

(1987) and Jonas & Baart (1995). 

I made the observations for the region of sky covering the Gum Nebula during the 

period March to May 1986. I also ran the observed data through a preliminary 

version of the data reduction process. The final version of the data reduction, 

incorporating subsequent changes to the reduction process, was made by Jonas (in 

preparation) . 

Subsequent to the data reduction of all observed individual regions of the southern 

sky, all the maps were combined by Jonas to form a composite map. This required 

further slight adjustments to the data to ensure that the joins of the maps were 

smooth and consistent. The final product of these observations is a two dimensional 
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Parameter HartRAO Radiotelescope at 13 cm 

Physical diameter 26 m 

Physical aperture, Ap 531 m 2 

Receiver cryogenic cooled GaAsFET (15 K) 

Centre frequency 2326 MHz 

System Bandwidth, B 40 MHz 

Effective aperture, Ae 284 m 2 

Aperture efficiency, t::ap 0.535 

Half-power-beam-width, HPBW 20' 

Pointing Accuracy ~ I' rms 

System noise temperature, Te ~ 40 K 

Calibration noise diode temperature 3.96 K 

Antenna beam solid angle, !lA 5.95 x 10-5 

Full beam solid angle, !l fb 3.94 ± 0.2 x 10-5 

Full beam efficiency, t::fb = !lfb/!lA 0.662 

TA to Tfb conversion factor = 1/ tCfb 1.50 ± 0.08 

Polarization linear E-W 

Rms noise level of final map 24 mK 

Table [3-1]: Parameters of the HartRAO radiotelescope operating at 2326 MHz at 
the time (autumn 1986, southern hemisphere) of the continuum observations for the 
Gum Nebula region. 
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array of antenna temperature values ordered according to position in the desired 

coordinate system. The antenna temperature values were converted to full-beam 

brightness temperature by multiplying by a factor of 1.50 ± 0.08 (Jonas, private 

communication). 

It is in this final form that the 2.3 GHz map of the Gum Nebula was used in this work. 

The complete survey is known as the Rhodes/HartRAO 2326 MHz Survey. The 

parameters of the HartRAO radiotelescope at 2326 MHz are tabulated in table [3-1]. 

NOTE: As the data reduction method removes any constant contribution to the 

antenna temperature, both the isotropic microwave background, the isotropic con

tribution due to unresolved extragalactic sources and the small isotropic (as opposed 

to non-isotropic) contribution to the Milky Way are not included in the final map. 

3.1 2326 MHz continuum map of the Gum Ne
bula region 

The part of the Rhodes/HartRAO 2326 MHz Survey covering the Gum Nebula 

region, between galactic longitude 2850 and 2350 and galactic latitude -300 and 

+30 0
, is shown in Fig. [3-1] as a false colour image. The positions of the known H II 

regions and SNRs are indicated in the image by squares and circles respectively. 

The largest black ink circle shows the approximate extent of the Vela XYZ SNR. 

The Gum Nebula is the large circular red feature with faint extensions beyond its 

main circular structure. Immediately apparent is the close correspondence of the 

Gum Nebula at 2.3 GHz to that in Ho: (see Fig. [2-1]). Figs. [3-2] and [3-3] show 

that this close correspondence also holds for the faint extensions to the nebula in 

Ha (see Fig. [2-2]). 

There is one discrepancy. At positive galactic latitudes the Gum Nebula at 2.3 GHz 

appears to have a filled body while it is hollow in Ha. This is due to the presence of 

a faint radio spur at 2.3 GHz, which is not visible in Ha and not considered part of 
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Figure [3-1]: False colour image of the Gum Nebula at 2326 MHz and a resolution 
of r. The false colour scale on the right gives the logarithm of the brightness 
temperature. The positions of the known H II regions and SNRs are indi cated by 
squares and circles respectively. 
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Northern Part of the Gum Nebula at 0.33° resolution 
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Figure [3-2]: The faint extensions at 2.3 GHz above the main body of the Gum 
Nebula at positive galactic latitudes. The false colour scale gives the brightness 
temperature. 



43 
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Figure [3-2]: The faint extensions at 2.3 GHz above the main body of the Gum 
Nebula at positive galactic latitudes. The false colour scale gives the brightness 
temperature. 
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Southern Part of the Gum Nebula at 0.33° resolution 
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Figure [3-3]: The faint extensions at 2.3 GHz below the main body of the Gum 
Nebula at negative galactic latitudes. The false colour scale gives the brightness 
temperature. 
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the nebula. Although this spur is very faint at 2.3 GHz, it dominates the positive 

galactic latitudes between longitudes 260° and 268° at very low radio frequencies, 

as shown in the 34.5 MHz false colour image in Fig. [3-4] (Dwarakanath & Udaya 

Shankar, 1990). 

The 34.5 MHz survey of Dwarakanath & Udaya Shankar covers the declination 

range -50° to +70° and the complete 24 hours in right ascension (RA). Of this, 

the region in declination range -33° to +61° is without aliasing. The synthesized 

beam has a resolution of 26' x 42' sec(8 - 14.1°). For the purposes of comparison 

with the Rhodes/HartRAO 2326 MHz and the Haslam et al. 408 MHz surveys, I 

convolved the 34.5 MHz survey with appropriate gaussians in declination to give it 

a uniform resolution in declination. This resolution is, at 1.7°, just lower than the 

original resolution at the lowest declination. The resolution in right ascension was 

matched to this by appropriate convolution in RA. The Gum Nebula region was 

then transformed to galactic coordinates, resulting in the image shown in Fig. [3-4]. 

Constant brightness temperature contours of the 2.3 GHz image at a resolution of 

1. 7° are shown superimposed on the 34.5 MHz image, indicating the outline of the 

Gum Nebula at higher frequencies. 

Duncan et al. (1996) identified the 2.4 GHz manifestation of this 34.5 MHz spur as 

one of the radio counterparts of the Vela XYZ SNR ejecta seen in the ROSAT X-ray 

image of Aschenbach et al. (1995). At this low frequency it is apparent that this 

spur is much larger in extent than the Vela SNR and thus unlikely to be associated 

with it. Its smaller extent at high frequencies, where only the brightest part shows, 

hints at a very steep spectral index for this spur. 

Although this spur, the Vela XYZ SNR and the emission along the plane of the 

Galaxy, partially hide the shell-like structure of the Gum Nebula at 2326 MHz, 

stacked constant latitude plots in steps of 0.5 0 in latitude high-light this structure 

(see Fig. [3-5]). For these plots the 0.5° resolution background subtracted 2326 MHz 

image of the Gum Nebula was used (see section 6.2.3). 
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Gum Nebula at 34 MHz and 1.70 resolution 
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Figure [3-4J: 34.5 MHz false colour image of the Gum Nebula region . Constant 
brightness temperature contours of the 2.3 GHz image at a resolution of 1. 7° are 
shown superimposed on the 34.5 MHz image. The false colour scale gives the 34.5 
MHz brightness temperature. 
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Figure [3-5]: Stacked constant latitude plots of the Gum Nebula at 2326 MHz and 
a resolution of 0.50

. The constant latitude plots are in the latitude range -150 to 
_5° at the bottom and +6° to + 16° at the top. All plots are in intervals of 0.5 0

• 

Solid lines are used at intervals of 2°. 
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The v-a dependence of the intensity of radio emission, where a is the spectral index 

and a positive number, implies that this emission gets stronger at lower frequencies. 

However, at such low frequencies free-free absorption processes become significant 

in thermal emission (brehmsstrahlung), giving rise to self-absorption or absorption 

by a thermal source in the line-of-sight path. The Gum Nebula is not visible as 

an emission structure on the 34.5 MHz radio image, but is in some parts mimicked 

by absorption depressions. Such absorption depressions must be due to thermal 

regions, or regions with a significant thermal component, within the Gum Nebula. 

As shown in Fig. [2-7], the Gum Nebula is visible in the 408 MHz survey of Haslam 

et al. (1981). Thus their survey together with the 2326 MHz survey provide sufficient 

data for the construction of a spectral index image of the nebula. 

3.1.1 Supernova Remnants in the observed region 

The radio survey of this region at 2326 MHz revealed the existence of an SNR at 

G279.0+ 1.1. This discovery and the derived parameters of this SNR are documented 

in Woermann & Jonas (1988). 

Other known SNRs in this region are (D.A. Green's catalogue of Galactic SNRs, 

1995): 

• G240.9 - 0.9: A possible SNR, not identifiable on the 2.3 GHz false colour 

image. Indeed, recent work by Duncan et al. (1996) supports the theory that 

this is not an individual SNR, but a feature of the Gum Nebula . 

• G260.4-3.4: Puppis A, a shell type SNR of size 60' X 50' and spectral index 2.5. 

The shell structure is not resolved by the 2.3 GHz survey. The observing run 

in which a search for OH towards the Gum Nebula region was made, yielded, 

towards Puppis A, a detection of anomalous OH, with the 1667/5 MHz lines 
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in absorption. The velocity of the absorption lines gives a lower limit of 1.3 

kpc for the distance towards Puppis A (Woermann & Gaylard, 1993) using 

the galactic rotation model of Wouterloot & Brand (1989) . 

• G261.9 + 5.5: A shell type SNR which, with a size of 40' x 30', is not resolved 

in the 2.3 GHz survey. 

• G263.9 - 3.3: Vela XYZ. A composite, i.e shell and plerion, SNR, as identified 

by the steep spectral index of the large shell and the central component Vela 

X with its flatter spectrum. There is still some controversy about the details 

of these spectral indices. The association of this SNR with the Vela pulsar has 

recently been confirmed (Aschenbach et al., 1995). Rosat X-ray images show 

that the shell, previously considered irregular with centre significantly off the 

Vela pulsar position, shows a faint extension in x-rays. Inclusion of this faint 

extension in the angular extent of the SNR results in a centre very close to 

the pulsar. 

• G272.2 - 3.2: An optical SNR that eludes detection in the radio wavelength 

band. It is not visible in the 2.3 GHz survey. 



Chapter 4 

The Spectral Index of the Gum 
Nebula 

Two of the models, H II region and SNR, proposed for the Gum Nebula may be 

distinguished on the basis of their spectral index. The spectral index characterises 

the variation with frequency of the flux density or brightness temperature of a radio 

source and its value is directly related to the physical process giving rise to the 

radiation. 

The position of the Gum Nebula, which straddles the galactic plane, as well as its 

faintness, makes a reasonable determination of its integrated flux density impossible. 

Thus this work has focussed on determining a brightness temperature spectral index 

for this nebula rather than a flux density spectral index. 

In the following the flux density and brightness temperature spectral indices are 

defined. Then the theoretically derived values corresponding to an H II region and 

an SNR are presented. There are several inherent problems with spectral index de

termination. Thus I made a detailed investigation into the methods for determining 

the brightness temperature spectral index of a faint extended source, such as the 

Gum Nebula. On the basis of the conclusions I reached from this investigation I de

veloped an alternative method which I used to determine a brightness temperature 

spectral index for the Gum Nebula. 

50 
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4.1 The spectral index of radio sources 

Molecular absorption in the atmosphere and ionospheric reflection give rise to the 

walls of the radio window. The extent of this window ranges in wavelength from a 

few millimetres to several tens of metres. If ground-based radio observations of a 

cosmic radio source are made over as much of this wavelength range as possible, a 

continuum spectrum may be determined for this source. 

A radio source subtending a solid angle ns has an integrated flux density, Pv , at 

frequency /I given by (Kraus, 1986) 

(4-1) 

where Iv is the source brightness assumed constant over the source. 

A radio continuum source may be characterised by the slope of the plot of the log 

of its integrated flux density versus the log of frequency in a particular frequency 

range. For convenience the flux density spectral index, Q, of a source, is defined as 

the negative value of this slope. Hence 

(4-2) 

where J( is a proportionality constant. 

The variation of the spectral index with position across a regIon of sky may be 

determined as well. For this it is convenient to define a brightness temperature 

spectral index, (3. 



From the definition of brightness temperature and flux density (Kraus, 1986), 

assuming a constant brightness over the source, we have 

c2 

2v2 k Iv 
c2 Fv 

----
2v2 k ns 

where k is Boltzmann's constant. 

Substituting for Fv from equation (4-2) gives 

'T' - M -0'-2 - M -(O'+2) - M -{3 .1b- v - v - v 

where M is a constant. 
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(4-3) 

(4-4) 

(4-5) 

The brightness temperature spectral index, i3, is thus related to the flux density 

spectral index quite simply as: 

(4-6) 

With the exception of solid bodies, which none of the sources of interest to this work 

are, radio continuum emission always comes from free electrons as these have no dis

crete energy jumps. A free electron only emits radiation when accelerated. There are 

only two important acceleration mechanisms in astronomy-bremsstrahlung emitted 

by thermal electrons moving in the electric field of ions, and synchrotron radiation 

emitted by relativistic electrons gyrating in a magnetic field. 

Radio continuum sources can thus be classified as (e.g. Rohlfs, 1986) 

• thermal sources which radiate because the medium is hot, giving rise to brems

strahlung. This radio emission process dominates in H II regions, which 

are predominantly ionized hydrogen at temperatures in the range 5000 K to 

10000 K. 

• non thermal sources in which synchrotron emission dominates-other nonther

mal radiation mechanisms being too weak to contribute significantly. This 



53 

emission process is characteristic of SNRs, in which the interstellar magnetic 

field has been compressed and is thus stronger and electrons have been accel

erated in the shock front to relativistic speeds. 

The optical depth, T, for brehmsstrahlung (thermal radiation) has a strong frequency 

dependence. Thus a thermal source can appear optically thick at low frequencies, 

where it radiates as a thermal black body having ()' = -2 and thus f3 = O. The same 

source may be optically thin at higher frequencies, resulting in ()' = 0.1 and f3 = 2.l. 

Such thermal spectra are characteristic of H II regions. 

The spectral index for synchrotoron radiation depends on the energy distribution of 

the relativistic electrons spiralling in the magnetic field. For a power law electron 

energy distribution, with index -p, the flux density is proportional to V-(p-l)/2 

(e.g. Salter & Brown, 1988). For cosmic rays, which are a sample of the relativistic 

electrons emitting synchrotron radiation and thus have the same energy distribution, 

a generally accepted value for p is 2.4 (Kraus, 1986). Hence for such an energy 

distribution of the electrons, the emitted synchrotron radiation has a spectral index 

()' of 0.7 and f3 of 2.7. 

The frequency dependence of synchrotron radiation is generally derived by assuming 

that the processes occur in a vacuum. In reality the processes occur in a plasma. 

The effects of the plasma on the radiation are numerous. For example, Schlickeiser & 

Furst (1989) have shown that flat radio spectra (()' < 0.5, i.e. f3 < 2.5) of synchrotron 

emitting SNRs can be explained by shock wave acceleration of particles in a low-,B 

plasma (Note: the latter ,B does not refer to a brightness temperature spectral index, 

but to a property of the radiating plasma.) Also, curved or bent radio synchrotron 

emission spectra are observed, implying a more complex type of electron energy 

distribution. Synchrotron self-absorption may occur at very low frequencies. 

Fig. [4-1] summarises the spectra theoretically derived for optically thin and thick 

thermal radiation and nonthermal radiation. 
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Figure [4-1]: Calculated spectra for optically thin and thick thermal sources and 
nonthermal sources (Kraus, 1986) 
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A spectral index 0 of 0.1 ( fJ = 2.1) is usually considered as indicative of an optically 

thin thermal source such as an H II region. However there are a few cases of 

synchrotron radiation sources (notably that from the CrCl"b Nebula, a special type 

of SNR, called a plerion) with an 0 of 0.1. A high percentage polarization of the 

radiation from such a source or the lack of a recombination line would then support 

a nonthermal interpretation. It is highly unlikely that the Gum Nebula belongs to 

this class of object as it does not appear to have an associated pulsar, nor does it 

have the filled-centre morphology exhibited by plerion type SNRs. 

The most frequently determined spectral indices of SNRs, i.e galactic synchrotron 

sources, are in the range 0.3 to 0.7 for 0, equivalent to a fJ ranging from 2.3 to 2.7. 

Combinations of thermal and nonthermal radiation along the same line of sight at 

a position give rise to composite spectra. 

The value of the spectral index of a source thus points to the radio emission mecha

nisms responsible for the observed emission. The spectral index is thus a diagnostic 

tool for determining the dominant radio emission process of a source in a particular 

frequency range. 

The determination of the spectral index is nontrivial and methods for doing so are 

discussed in the following sections. 

4.2 Brightness temperature spectral index de
termination 

When determining a brightness temperature spectral index image it is customary 

to limit the process to two observations of the same source or region at different 

frequencies, VI and V2. In this ".,.ork, the 2326 MHz Rhodes/HartRAO survey of 

original resolution 0.330 and the Haslam et al. (1982) 408 MHz survey of original 

resolution 0.850 \vere used. No other choice was possible as these were the only 

surveys available covering the whole Gum Nebula region. 
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The observing process inherently gives rise to beam dilution of the sky brightness 

distribution. A reliable spectral index can only be obtained if each observation has 

been subject to the same amount of beam dilution. i.e. the maps must have the 

same resolution. Since the resolution of a map depends on the observing frequency 

and physical size of the dish, the available images rarely have the same resolution. 

To bring both maps to the same desired common resolution, ()}, map 2 of higher 

resolution, ()2, has to be convolved with a Gaussian function of half-power beam 

width ()smooth such that 

() smooth = .j ()i - ()~ (4-7) 

Where such a process was necessary for this work a convolution program, CTFM, 

written by Jonas of Rhodes University was used. 

The brightness temperatures in a region at frequency v} and V2 are then gIven 

respectively by (see equation (4-5)) 

T1(i, b) = k(i, b)v-;/3 

TAi, b) = k(i, b)v;/3 

(4-8) 

(4-9) 

where k( £, b) is a frequency independent constant at each position (i, b) in the region. 

Thus at each position (i,b) 

(4-10) 

and the temperature spectral index is given by (rearranging equation (4-10)): 

1 (T2 (l,b») 
{3(£, b) = _ og TI(t,b) 

log (~) 
(4-11) 

However simple division of the brightness temperatures at the two frequencies is 

generally not appropriate, as the absolute zero baselevel is generally not known for 

radio maps due to the manner in which observations are made. One can make 

subsidiary observations with a small calibrated horn antenna at the same frequency 

to determine the absolute zero for the observations. In this work the spectral index 
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of a single source, the Gum Nebula, will be determined. Thus one needs to isolate 

the source from any other radiation not emitted by this source coming from the 

same region of sky. An absolutely calibrated survey does not aid in such isolation. 

When pointing the antenna at a position on a source of interest the radiation received 

may originate anywhere along the line of sight (assuming optically thin sources); i.e. 

from the source and from other sources in front of and behind the source. All the 

radiation not from the source of interest is called the background radiation, even 

though some of it may originate at positions along the line of sight in front of the 

source of interest. Both integrated flux density and brightness temperature spectral 

index determinations of radio sources require the source of interest to be isolated 

from its background radiation at both frequencies used in the calculation. 

The usual manner in which this background removal problem is approached is to 

obtain an image of the source covering only this source and sufficient adjacent regions 

to characterise the background. Hence the pixel values along the perimeter of the 

image are assumed to be representative of the background at the perimeter. For 

sources of small angular extent on a relatively flat background a reasonable estimate 

of the background, assumed constant across the image, may be obtained by using 

the average value of the brightness temperature values on the image perimeter. For 

sources that sit on a severely slanting or more intricately varying background this 

method is far from satisfactory. Although I investigated the process of background 

determination from the pixel values on the perimeter in great detail, no successful 

method could be developed that works when the angular extent of the source is 

large. Isolating an extended source such as the Gum Nebula in a "rectangular" 

image, leaves too much "distance" between the source and the image boundary at 

high negative and positive galactic latitudes. Thus the perimeter values are not 

indicative of the background radiation close to the source. 

Thus I adjusted the perimeter method to the version described below, which I im

plemented in the computer program GUMBACK. 
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Linear background determination at constant lati
tude 
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F igure [4-2]: The Gum Nebula region in galact ic coordinates at 408 MHz from the 
survey of Haslam et al. (1982). The striations running approximately from the 
bottom left to the top right corner are scanning effects. 

The program GUt-.lBACK was used to determine a first order approximation to 

the background of the Gum Nebula at a resolution of 1.2° . This resolution was 

chosen as the 408 t-.1Hz data at the original resolution of 0.85° is severely affected 

by scanning effects , i. e. striations in the data following the path of the scanning 

antenna across the sky during the observations (see Fig . [4-2]). These scanning 

effects make it diffi cult to identify minima in the data, an important requirement of 

this method . At a resolution of 1.2° the scanning effects are sufficiently smoothed 

for an application of the GU:\ IBACK program to be effective . 
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Figure [4-3]: a) An illustration, at constant galactic latitude of -9.40
, of the manner 

in which the program GUMBACK determines a first order estimate of the back
ground of the Gum Nebula at 2326 and 408 MHz with resolution 1.2°. This is an 
example from the negative galactic latitude part of the Gum Nebula. b) The spec
tral index and its upper and lower limits determined from the 2326 and 408 MHz 
background isolated Gum Nebula. 
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Figure [4-4]: a) A further illustration, at constant galactic latitude of + 13.2°, of the 
manner in which the program GUMBACK determines a first order estimate of the 
background of the Gum Nebula at 2326 and 408 MHz with resolution 1.2°. This 
example is from the fainter positive galactic latitude part of the Gum Nebula. b) 
The spectral index and its upper and lower limits determined from the 2326 and 
408 MHz background isolated Gum Nebula. 
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The manner III which GUMBACK determines this background is summarised in 

Figs. [4-3] and [4-4]. The top diagram in both figures shows constant latitude scans 

of the 2326 and 408 MHz data; those in Fig. [4-3] are at b = -9.40 and those in 

Fig. [4-4] are at b = + 13.2°. The 408 MHz brightness temperatures were divided by 

100 to scale them to the range of the 2326 MHz data. 

The program GUMBACK presents such scans to the user for each latitude. The 

cursor is used to indicate to the program two points on each of the two frequency 

scans to which to fit a straight line. These points are selected as local high longitude 

and low longitude minima of the brightness temperatures considered by the user as 

marking off the extent of the Gum Nebula. The straight line defined by these two 

points is then taken as representative of the background at that latitude for that 

frequency (note the straight lines in the figures). 

Scans from both maps are displayed on the same plot to make the choice of these 

two points easier. The selected points should be at positions in whose close vicinity 

the other frequency image also has a minimum. The minima in the two images are 

not necessarily coincident, because of the shift in a minimum that occurs at the 

boundary between different spectral index regions. This is due to the smoothing of 

the antenna beam, discussed in section 5.2.1. 

The linear backgrounds determined at each latitude are stacked into a background 

image. Such a background image inevitably has slight discontinuities in latitude 

due to the manner in which it is obtained. As the image is sampled ~ 3 times per 

resolution, a running mean over three scans in latitude is applied to the background 

image. This smoothed background image is subtracted from the original survey 

image to obtain an isolated source image. As the background determined for the 

Gum Nebula very soon diverges from a reasonable background outside the nebula, 

pixels to the higher longitude side of the high-longitude selected point and to the 

lower longitude side of the low-longitude selected point are set to zero. This is not 

shown in the figures. 
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Equation (4-11) was applied to the two final, isolated source images at 2326 and 408 

MHz to give a spectral index image. Constant latitude scans through this image are 

shown in the bottom diagrams of the Figs. [4-3] and [4-4]. The determined spectral 

index values at the boundaries of the source or towards the middle of the source, 

where it has very low brightness temperatures, are effectively indeterminate. 

A comparison of the 2326 MHz and 408 MHz data in Figs. [4-3] and [4-4]a) from 

which the spectral index shown in Figs. [4-3] and [4-4]b) is derived, is instructive. 

Because of the l/-(J dependence of radio emission, flatter spectral index regions, 

which have smaller values of (3, will dominate at higher frequencies, but be over

shadowed by steeper spectral index regions at lower frequencies. Such flatter spectral 

index regions are evident between longitudes 2680 and 2600 and around longitude 

250 0 in Fig. [4-3] a) and b). A similar, but less obvious, trend is seen in Fig. [4-4] 

at positive galactic latitudes. The flatter spectral index parts are around longitude 

2670 and between longitudes 2550 and 2500
• 

The two latitudes chosen to illustrate this method indicate that it works satisfacto

rily. However, a closer inspection of the top diagrams in the two figures shows that 

other choices of points for the minimum could be equally valid in this context. One 

criterion for the selection of the points was to avoid obtaining negative brightness 

temperatures for the isolated image at both frequencies. This frequently constrained 

the choice; quite often observations at one frequency indicated a different choice than 

those at the other frequency. It was not always possible to avoid obtaining negative 

brightness temperatures within the isolated source at both frequencies. That in 

itself indicates that this method in this context gives at best a first order estimate 

to the background-isolated Gum Nebula. Within a few degrees of the galactic plane 

the scenario was too complicated for this method and thus this region was excluded. 

The false colour images of the isolated source at 2326 and 408 MHz and the resul

tant spectral index image are shown in Figs. [4-5] and [4-6] for negative and positive 

galactic latitudes respectively. 
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Figure [4-5]: The 408 and 2326 MHz Gum Nebula (1.20 resolution) at negative 
galactic latitudes, isolated from its background, is shown in a) and b) respectively. 
The spectral index image derived from the data in a) and b) is shown in c) . The 
superimposed contour levels correspond to the 2326 MHz brightness temperatures 
from the background subtracted Gum Nebula shown in b). 
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Figure [4-6]: The 408 and 2326 MHz Gum Nebula (1.20 resolution) at positive 
galactic latitudes, isolated from its background, is shown in a) and b) respectively. 
The spectral index image derived from the data in a) and b) is shown in c). The 
superimposed contour levels correspond to the 2326 MHz brightness temperatures 
from the background subtracted Gum Nebula shown in b). 



65 

4.2.2 Discussion of results and spectral index images 

The negative galactic latitude spectral index plot (Fig. [4-5], (see also the constant 

latitude scan at -9.40 in Fig. [4-3] b)), shows that the Gum Nebula has a thin, 

nonthermal, outer shell, within which there is a somewhat broader, thermal, inner 

shell and again a nonthermal centre region. Both the thermal and nonthermal shells 

are incomplete and discontinuous in places. The existence of the thin nonthermal 

outer shell is in doubt, because edge effects dominate in that region. 

The positive galactic region (see Fig. [4-6] and the constant latitude scan at +13.20 

in Fig. [4-4] b)) exhibit the same trend, but with the thermal region too weak to 

override a general nonthermal spectral index. 

This positive galactic latitude spectral index image is more difficult to interpret than 

that at negative galactic latitudes. The 34.5 MHz Vela spur is situated between 

galactic longitudes 2660 and 2600 and intrudes into the middle of the Gum Nebula 

from the galactic plane (seeFig. [4-6J a) and b)). This spur is not part of the 

Gum Nebula. From the discussion of the 34.5 MHz image (Dwarakanath & Udaya 

Shankar, 1990) of this region in section 3.1, it is clear that the spectral index of this 

spur is very steep. As this spur covers much of the low and intermediate positive 

galactic latitude range of the Gum Nebula, it will increase the value of the spectral 

index determined for the Gum Nebula in that region. 

Note the" feature in Fig. [4-6] b) between latitudes 90 and 160 and longitudes 2720 

and 2500
, which essentially mirrors, through the galactic plane, the '---' feature at 

negative galactic latitudes seen in Fig. [4-5] b) between latitudes _7 0 and -150 and 

longitudes 2700 and 2480. This upper" feature is clearly visible in the Het' image 

of the Gum Nebula (see Fig. [4-7]) and is thus the radio counterpart of the Gum 

Nebula. 

Beneath this there is another less distinct" feature between latitudes 4° and 7° and 

longitudes 2720 and 248°, visible in Fig. [4-6] b) at 2326 MHz. This feature is very 
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Figure [4-7]: Iso-intensity Bet contours of the Gum I\ebula and adjacent regions 
from a section of Sivan's Bet survey of the Milky Way (1974) as presented in A. 
Chanot's thesis. (I was provided with this picture by Sivan, but not given further 
details of the thesis in which it appears. The ,vork published in Chanot & Sivan 
(1983) is based on this digitised image.) The contours are on a logarithmic scale 
and give lOglO (intensity PDS), with the threshold at 0.45 and steps of size 0.1. The 
intensity PDS is related to Bet brightness in Rayleigh through figure 5 of Chanot 
& Sivan (1983). The best straight line fit to the points in that figure is [Intensity 
(Rayleigh)] = 22.7[Intensity PDS] - 59.1. (Private communication from Sivan) 
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dominant in the 408 MHz image in Fig. [4-6J a), but not evident in the Ha image. 

This lower ,.-, feature may be an Ha quiet part of the Gum Nebula, but probably 

belongs to the galactic plane. It's appearance as a ,.-, structure may be an artifact 

of the background removal method. 

Also not seen on the Ha image is the 408 MHz 60 diameter circular feature approxi

mately centred on G263° +14 0 in Fig. [4-6J a). It is superimposed on part of the 

upper ,.-, feature. Although still evident in the 2326 MHz image (Fig. [4-6J b)), it 

is less dominant compared to the r--, feature at this frequency and thus definitely 

nonthermal emission as seen in Fig. [4-6J c). It is not clear whether this feature is 

part of the Gum Nebula, or a separate object. 

As seen in the Ha image, high intensity Ha from the Gum Nebula extends, between 

longitudes 2700 and 2600
, from negative latitudes all the way up to latitude zero. 

At radio frequencies the pervasive, strong emission along the galactic plane, as well 

as the strong radio source, the Vela XYZ SNR, totally swamp the Gum Nebula 

emission and thus make it impossible to determine its spectral index in the region 

between latitudes -70 and 00 and longitudes 2700 and 2600
• 

4.2.3 Uncertainty in spectral indices 

The validity of the interpretation of the results from this determination of a spectral 

index image depends on the uncertainty of the spectral index values. 

An estimate of the uncertainty in the spectral index values was determined as follows. 

The rms error in equation (4-11) is given by 

6f3rms 

1 
(4-12) 

Note that the bigger the ratio of the two frequencies at which the two images were 
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observed, the smaller the uncertainty in /3. As the only two frequency images avai

lable were the ones used in this work, this could not be used as a criterion for the 

selection of frequency images used. As it is, the two frequencies are about as far 

apart as one would wish them to be. If the lower frequency image was at a signi

ficantly lower frequency than 408 MHz, thermal sources would have reached their 

turnover frequencies. At much higher frequencies than 2326 MHz all sources become 

faint because of the 1I-{3 dependence, with nonthermal sources fading sooner. 

Although there are several contributions to the uncertainty in the brightness tempe

rature such as the calibration from antenna temperature to brightness temperature 

and the rms noise in the data, the major contribution in this case would be from the 

difference between the assumed linear background and the true background. From 

an inspection of Figs. [4-3J and [4-4J the latter is assumed to be ~ 50 mK and ~ 5 K 

for the 2326 MHz and the 408 MHz isolated source images respectively. 

Figs. [4-8J and [4-9J show the spectral index image in a) and its corresponding un

certainty image in b) for the positive galactic latitude and negative galactic latitude 

regions respectively. The uncertainty in the spectral index values is generally less 

than 0.5 for the more intense regions. Only the very faint regions near the edges 

have an uncertainty greater than 0.5. As the plausible range of spectral index is 

only between 2 and 3, an uncertainty of the order of 0.5 is on the large side, though 

not entirely prohibitive. Thus conclusions about the Gum Nebula on the basis of 

these spectral index images must be treated with caution. Hence one may say that 

there are regions of different spectral index, but not that the flatter spectral index 

regions are definitely thermal. 

4.3 Spectral index image at 1.7° resolution 

I repeated the process at the lower resolution of 1.7°. I chose the two background 

determining points totally independently of the choices I made for the 1.2° work. 

At this resolution the background determination at positive galactic latitudes was 



D..q. 
o 

° I 
~ 

CIJ 0 

-g ° I 
+' CO 
..... 0 

~ ° I 
....-:l 0 

..-1 

.~ ° I 
+' C\l 
() ..-1 

~ ° I 
cd ..q. 
o ..-1 

° I 
~ 
..-1 

I 

D..q. 
o 

° I 
~ 

CIJ 0 
-g ° I 
+' CO 
..... 0 

~ ° I 
....-:l 0 

..-1 

.~ ° I 
+' C\l 
() ..-1 

~ ° I 
cd ..q. o ..-1 

° I 
~ 
.-! 

I 

69 

a) 

co 
t\2 

~ 
t\2 

t\2 

270· 250· 

Galactic Longitude 

b) 

270· 250· 

Galactic Longitude 

Figure [4-8]: b) shows the spectral index uncertainty image corresponding to a), the 
1.2° resolution, negative galactic latitude spectral index image of the Gum Nebula. 
The superimposed contour levels correspond to the 2326 MHz brightness tempera
tures from the background subtracted Gum Nebula shown in b) of Fig. [4-5] . 
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Figure [4-9]: b) shows the spectral index uncertainty image corresponding to a), the 
1.2° resolution, positive galactic latitude spectral index image of the Gum Nebula. 
The superimposed contour levels correspond to the 2326 MHz brightness tempera
tures from the background subtracted Gum Nebula shown in b) of Fig. [4-6] . 
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Figure [4-10]: The 408 and 2326 MHz Gum Nebula (1.70 resolution) at negative 
galactic latitudes, isolated from its background is shown in a) and b) respectively. 
The spectral index image derived from the data in a) and b) is shown in c). The 
superimposed contour levels correspond to the 2326 MHz brightness temperatures 
from the background subtracted Gum Nebula shown in b). 
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Figure [4-11]: The 408 and 2326 MHz Gum Nebula (1.70 resolution) at positive 
galactic latitudes, isolated from its background is shown in a) and b) respectively. 
The spectral index image derived from the data in a) and b) is shown in c). The 
superimposed contour levels correspond to the 2326 MHz brightness temperatures 
from the background subtracted Gum Nebula shown in b). 
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Figure [4-12]: b) shows the spectral index uncertainty image corresponding to a), the 
1.7° resolution, negative galactic latitude spectral index image of the Gum Nebula. 
The superimposed contour levels correspond to the 2326 MHz brightness tempera
tures from the background subtracted Gum Nebula shown in b) of Fig. [4-10]. 
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Figure [4-13]: b) shows the spectral index uncertainty image corresponding to a), the 
1. 7° resolution positive galactic latitude spectral index image of the Gum Nebula. 
The superimposed contour levels correspond to the 2326 MHz brightness tempera
tures from the background subtracted Gum Nebula shown in b) of Fig. [4-11]. 
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extended to the region above 17° in order to get a better view of the circular feature 

at G263 + 14. 

It was also investigated whether it was possible to extend the background deter

mination at negative galactic latitudes to include the oblong feature seen in the 

Ho: image (see Fig. [4-7]) around longitude 238° and latitude -4°. It is not clear 

from the literature whether this feature is considered as part of the Gum Nebula. 

Insisting that the GUMBACK method of determining a background included this 

feature was not possible, as this resulted in negative brightness temperatures for the 

isolated image over a large extent in longitude at both frequencies. 

The results of the 1.7° resolution work are shown in figures [4-10], [4-11], [4-12], 

[4-13]. The 3 isolated black pixels in the negative and positive galactic latitude 

image at 408 MHz are due to an inappropriate setting of the blank value in the 

FITS (Flexible Image Transport System, Wells et al., 1981) header of the images 

and should thus be ignored. This problem was subsequently eliminated. 

Note how close the correspondence is between these spectral index results and those 

for the 1.2° resolution. Thus the interpretation of the 1.7° results is the same as 

given for the 1.2° results. 

The uncertainty in the brightness temperature values used for the calculation of the 

spectral index uncertainty was taken to be 0.035 K and 3.5 K at 2326 MHz and 

408 MHz respectively. These lower values, compared to those at the resolution of 

1.2°, are justified as the additional smoothing reduces the temperature variation in 

the maps, which in turn leads to a flatter background. The resultant uncertainty 

(see Figs. [4-12] and [4-13]) is thus marginally lower than that of the 1.2° resolution 

work. 
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4.4 Conclusion 

From the above results, I conclude that the Gum Nebula has a thin, nonthermal, 

outer shell, within which there is a somewhat broader, thermal, inner shell and again 

a nonthermal centre region. Both the thermal and nonthermal shells are incomplete 

and discontinuous in places. The existence of the thin nonthermal outer shell is in 

doubt, because edge effects dominate in that region. This scenario is in agreement 

with the model of old SNR with H II shell proposed by Reynolds (1976b). 

Neither the l.2° nor the l. 7° resolution spectral index images show any evidence of a 

thermal structure of the extent and at the position of the IRAS-Vela ring proposed 

by Srinivasan Sahu (1992). 

The uncertainty in the l.2° and l.7° resolution spectral index images is just large 

enough to cause concern about the reliability of the above conclusions. Thus another 

determination of the spectral index was made by a completely independent method. 

This other method for spectral index determination is based on the temperature ver

sus temperature plot i.e. TT- plot. It allows the determination of the spectral index 

without a knowledge of absolute intensity levels or background radiation (Turtle et 

al., 1962). 



Chapter 5 

TT-plot spectral index 
determination 

t1T2 slope = --
t1Tl 

~ T2 -c 2 

Tl -c 1 

=Srr 

_________________________ 1 

ilTl 
c2 ............................................................................. . 

Figure [5-1]: TT-plot for a region of constant spectral index situated on top of a 
background composed of isotropic components whose total brightness temperature 
is CI at frequency VI and C2 at frequency V2. The slope of the graph gives the ratio 
(T2 ~ c2)/(TI - cd for the whole region. 
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A TT-plot is a plot of the brightness temperatures at one frequency versus the 

brightness temperatures at another frequency for all the sampled positions in a 

region of interest-the brightness temperature images at each frequency having the 

same resolution and sampling positions (Turtle et al., 1962). 

Assume that a region of constant spectral index is situated on top of a background 

composed of isotropic components whose total brightness temperature is Cl at fre

quency //1 and Cz at frequency //2' A plot of brightness temperature T2 versus Tl (see 

Fig. [5-1]) shows that the ratio, (T2 - c2)/(Tl - cd, of the isolated source brightness 

temperatures is identical to any ~n.V2 / ~Tb.Vl on the resultant line. Thus the slope, 

STT, of this graph may be used to determine the spectral index, /3: 

/3 = _ log STT 

log //2/ //1 

(5-1) 

(5-2) 

Hence the determination of the spectral index from a TT-plot avoids the problem 

of having to determine the absolute zero of the surveys or the background of the 

source of interest. 

Note that /3 is thus undefined for a negative slope. This agrees with what the 

physical radiation processes predict. From equation (4-8) 

(5-3) 

Thus, from equation (4-9), substituting for k(£, b) from equation (5-3) 

T2 (£, b) k(£, b)//;f3 (5-4) 

Tl (£, b)//f//;f3 (5-5) 
Tl ( £, b) //1 f3 

//2 
(5-6) 
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Figure [5-2J: a) Constant latitude TT-plot of the 408 MHz versus 2326 MHz data 
at 1.7° resolution for galactic longitude 3000 to 220 0 at galactic latitude + 10°. The 
dashed line segments show regions that exhibit negative slopes. b) Constant longi
tude TT-plot of the 408 MHz versus 2326 MHz data at 1.70 resolution for galactic 
latitude -30° to +300 at galactic longitude 256 0

• The dashed line segments show 
regions that exhibit negative slopes and an unrealistically steep slope. 
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Since the factor (Vt/V2){3 is always positive, negative ratios of ~Tb,1I2/f::..Tb,1I1 are not 

possible. However, TT-plots of real data (see Fig. [5-2]) do at times exhibit sections 

where the line has a negative slope. I discovered the cause of this phenomenon 

and others, such as the very steeply sloped line segment in Fig. [5-2] b), in the 

investigation of TT-plots of simulated data. This is presented in section 5.2. 

It is evident from Fig. [5-2] that the TT-plots of real data are made up of sections 

with different slopes. This is as expected from a region of sky in which there are 

sources emitting radiation by different processes and under different conditions. If 

one wants to identify the different slopes with their source positions on the sky, it 

is worth obtaining a TT-plot map. For this the region is divided into many equally 

sized blocks. For the pixel values in each block a TT-plot is made, scaled to fit 

into the block, and positioned in a coordinate grid as shown in Fig. [5-3]. The best 

straight line fit is shown in each block and the upper limit, estimate of true value and 

lower limit of the spectral index are written in the top left corner of each block. A 

blank space indicates that the corresponding value is undefined. This thus provides 

a way of regaining some positional information. 

It is clear from Fig. [5-3] that real data rarely produces a straight line plot. The 

cause for this was investigated by modelling on the computer various scenarios at two 

different frequencies, putting the images through an artificial observing process and 

finally producing TT-plots of this simulated data. The details of that investigation 

are given in section 5.2. 

I also investigated whether the intercept of an appropriate TT-plot might provide 

sufficient information to determine the relative zero base levels of the two frequency 

maps, or the background level on which a source is positioned. This seemed to be 

a worthwhile approach as some work along these lines had been done by Reich & 

Reich (1988). 
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Figure [5-3]: A subblock TT-plot map for 408 MHz data vs 2326 MHz data at 
resolution of 0.85°. The upper limit, estimate of the true value and the lower limit 
of the spectral index were determined from the TT-plot in the subblock by using 
the Theil method (see section 5.4) of fitting a straight line to the data points. 
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5.1 Theoretical Investigation of TT-plots 

The sky radiation at a frequency v is composed of several anisotropic components 

(i.e. with brightness temperature gradients) TAi (£, b)(i = 1 ... n) and isotropic com

ponents (i.e. of constant brightness temperature), TBj(j = 1 ... m). Examples of 

the latter are the cosmic microwave background and the unresolved extragalactic 

sources. 

Hence the observed brightness temperature at a particular position (£, b) at a fre

quency vI is: 
n m 

TII1 (£, b) = LTAi (£, b) + LTBj (5-7) 
i=l 

It is assumed that the continuum spectra of components TAi and TBj follow the 

power law (see equation (4-8)): 

(5-8) 

where kAi is a constant at each position (£, b). 

Therefore 

(5-9) 

and similarly for the isotropic 

(5-10) 

with 

(5-11 ) 

Thus the observed temperature at a particular position (£, b) at frequency v2 is 

(from equations (5-8), (5-9), (5-10) and (5-11)): 

(5-12) 
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As we are interested in determining the slope and the intercept of a TT-plot for 

the brightness temperatures at these two frequencies (see Fig. [5-1]) we wish to put 

equation (5-12) in the form: 

T II2 (f, b) = "slope"TlIl(f, b) + "intercept" (5-13) 

This is not possible mathematically, unless we reduce the number of terms in the 

summations of equation (5-12) significantly. 

A simple case of equation (5-12) is one with one isotropic TA and one non- isotropic 

component TB : 

(5-14 ) 

Thus 

(5-15 ) 

Using equation (5-14) for TA(f, b) in the above equation and rearranging, one obtains 

( 5-16) 

Since TB is isotropic and thus not a function of position (l, b), we have for a plot of 

TII2 vs Till: 

(
V1)/3A 

"slope" = v2 ( 5-17) 

[( vl)/38 (V1)/3A] 
"intercept" = T8 v2 - v2 (5-18) 

Note that the intercept is a function of the spectral index of the non- isotropic 

component as calculated from the slope. 
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If we increase the number of isotropic and anisotropic radiation components to two 

or more each, the conversion to the form of equation (5-13) becomes intractable. 

Some progress may, however, be made by considering the anisotropic components at 

frequency vIto have the same brightness temperature distribution, i.e. TAl ( f, b) = 

TA2 (£, b) = TA3 (f, b) = Y(f, b) say. Also, thus far the offset brightness temperature 

that each map has from absolute zero has been assumed to be zero. As that is not 

generally the case, such offset brightness temperatures are now included for both 

maps. 

Then for three such isotropic and three anisotropic components: 

(5-19) 

where ToJ Jl is the difference between the absolute zero temperature and the zero 

relative to which observations at v1 were made, assumed here to be independent of 

position. 

As the separate anisotropic and isotropic components are not assumed to have the 

same spectral index: 

(5-20) 

Where TofJ2 is the constant offset of T v2 ( I!, b) relative to the absolute zero tempera-

ture. 

For convenience let nAi = (~;),6A' and nBj = (~~)i3B). Then solving equation (5-19) 

for Y(I!, b) and substituting in equation (5-20) gives 
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(nAl+n~dnA3) TII1(C, b) + TEl (nB1 _ nAl+ng2+nA3) + 

T (n nAl+nA2+nA3) +T (n nAJ+nA2+nA3) + B2 B2 - 3 B3 B3 - 3 

T T ( nAl +n A2 +n A3 ) oj J2 - oj J1 3 (5-21) 

Hence 

"slope" (5-22) 

"intercept" = TB1 (nB1 - nAl +ng2+nA3 ) + TB2 (nB2 _ nAJ +n~2+nd3 ) + 
TB3 (nB3 - nAl+ng2+nA3) + ToJJ2 - ToJJ1 (nAl+ng2+nA3) (5-23) 

Hence the slope of a TT-plot for several superimposed anisotropic components will 

give rise to a weighted average of the spectral indices of the individual components. 

This is also true in the more general case of arbitrary brightness temperature of indi

vidual anisotropic components at v!. There is, in fact, no method for distinguishing 

a genuine spatial variation of spectral index across a source from that caused by the 

superposition of a smaller relatively strong background source. 

5.1.1 Offset determination 

If one wishes to use the intercept of the TT-plot for determining the offset relative 

to zero of the two maps, then, as seen from equation (5-23), one may get closer to 

the goal by subtracting known isotropic radiation components from each map prior 

to making the TT-plot. The two components that are relevant here are the cosmic 

microwave background, which has a temperature of 2.73 ± 0.05 K (Smoot et al., 

1985) and thus by definition the same brightness temperature, and the contribution 

of the unresolved extragalactic sources given by Bridle (1967) as 
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(5-24) 

Suppose that all these non-instrumental isotropic components have been subtracted 

from the two images of interest. Then, including just one anisotropic component, 

we have: 

( 5-25) 

and 

(5-26) 

Substituting from equation (5-25) for TA(i!, b) in the above equation one obtains 

(5-27) 

This is Reich & Reich's (1988) equation 2. They go on to assume that ToIIl is zero, 

i.e. that the image at frequency vI has been absolutely calibrated. Smoothing both 

maps to a 150 resolution they choose a relatively empty region of sky for which to 

perform a TT-plot. The intercept of this TT-plot then gives the offset of the image 

at frequency v2 relative to absolute zero. 

As the absolute calibration of a survey is a lengthy process, it is worth investigating 

whether it is possible to obtain ToIIl and ToII2 if neither of the surveys are abso

lutely calibrated. Hence, in the following, it is assumed that ToIIl is non-zero in 

equation (5-27). 

If there are two areas, C and D, of different spectral index in the images as shown 

in (Fig. [5-4], then we have for each area at frequency 2 (see equation (5-27)): 
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C D 
position 

c D 
position 

Figure [5~4l: Cross-sections through two regions of different spectral index, C and 
D. On the right the combined TT~plot for both regions is shown. 
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(5-28) 

( 5-29) 

where 1 and 2 refer to frequencies vI and v2 and ne and nD are defined as above. 

A TT-plot of Te2 vs Tel gives slope nc and intercept Ie where 

Ie = Tof 12 - nCTof f1 (5-30) 

A TT-plot of TD2 vs TDl gives slope nD and interceptID where 

ID = Tof f2 - nDTof f1 (5-31) 

Equation (5-30) and equation (5-31) are two equations with two unknowns ToJJI 

and Toff2 . Solving for these, we have 

ID - Ie 
Toffl = --

ne - nD 

T 
_ ncID - nDIc 

off1 -
ne - nD 

(5-32) 

(5-33) 

Since all of IDl Ie, nc and nD are known the relative offsets of the two maps may 

be determined in this manner. 

nc must not be equal to nD for equations (5-32) and (5-33) to be meaningful. 

Thus the two regions have to have different spectral indices. Also, as even small 

uncertainties in the slope will give rise to large uncertainties in the intercept values, 

the TT-plots for region C and D have to be good i.e. the points have to closely 

follow a straight line. 
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In the above it was assumed that the spectral indices of region C and D are pure. As 

seen earlier, a region with superimposed anisotropic sources gives rise to a weighted 

spectral index of intermediate value. Such a region cannot be distinguished from a 

region of pure spectral index of the same value. The effect of such a region of mixed 

spectral index on the determination of the offsets of the maps in the above manner 

is investigated below. 

Suppose that the anisotropic component in region C at frequency vI is made up 

of the sum of two anisotropic components X(£, b) and Z(£, b) which have different 

spectral indices, {3x and (3z respectively. Thus for this region C, with nx and nz 

defined in the usual way: 

and 

TCl(£' b) = X(f, b) + Z(£, b) + ToJJl 

nxX(£, b) + nzZ(£, b) + ToJJ2 

(nx + nz)Tc1 (£, b) - nxZ(£, b) - nzX(£, b) 

-(nx + nz )ToJj1 + ToJJ2 

(5-34) 

(5-35) 

(5-36) 

It is clear from equation (5-36) that the term, -nxZ(£, b)-nzX(£, b), being a function 

of position, will affect the slope of the graph in some way and thus change the 

intercept. Hence if it is assumed that region C has a "pure" spectral index and this 

region is used in conjunction with another region D to determine the relative offsets 

of the two maps, one will obtain incorrect results. 

In theory the method of using two regions with different pure spectral indices should 

work well for obtaining the offsets of the two maps. In practice the uncertainties are 

probably prohibitively large. Furthermore one cannot be certain that the regions 

used have a pure spectral index. 
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The above method is valid only for an isotropic background. As the background 

of the Gum Nebula is the galactic plane, which varies significantly with latitude, 

the method cannot be used for the background determination of the Gum Nebula

assuming that the nebula has regions of different spectral index. As the brightness 

temperature of the galactic plane varies only very slowly with longitude, one could 

perhaps apply this method at constant galactic latitude for each galactic latitude. 

However, in such a scenario the galactic background contribution would result in an 

extra unknown isotropic term, TB, with spectral index (3B. This introduces two extra 

unknowns, giving a total of four unknowns and only two equations, equations (5-32) 

and (5-33), to determine them. Thus this method cannot be used for the Gum 

Nebula. 

Thus TT-plots do not provide a method of determining the brightness temperature 

background offsets of the Gum Nebula at 408 MHz and 2326 MHz. Even with the 

assumption followed by Reich & Reich (1988), i.e. that the 408 MHz survey is 

absolutely calibrated, the galactic component at constant latitude introduces two, 

not just one unknown and hence there are three unknowns, i.e. one to many. 

Thus we return to the method of obtaining the brightness temperature spectral index 

by means of a TT-plot at the sacrifice of positional information. However, based 

on the experience gained in investigating TT-plots of simulated data, an interactive 

program was developed that makes use of TT -plots and out puts a spectral index 

image. The resultant spectral index image does however contain regions in which 

the spectral index cannot be defined. 
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5.2 TT -plot simulations 

The many inconsistencies in TT-plots of real data with the theoretically expected 

straight line, as seen in subblock TT-plot maps made of most of the Gum Nebula, 

were loosely classified. Fig. [5-3J is one of these subblock TT-plot maps and contains 

at least one example of each of these inconsistencies. The latter, with block coordi

nates of the example in Fig. [5-3], are listed below. 

• negative slopes (e.g. blocks with longitude 245° to 244° and latitude 8° to go 

and go to 10°) 

• scatter plots (e.g. block with longitude 242° to 241° and latitude 7° to 8°; 

block with longitude 249° to 2480 and latitude 0° to 1° and others) 

• Curving lines (good examples are: block with longitude 242° to 241° and 

latitude 8° to 9°; block with longitude 2440 to 243° and latitude 8° to 9°; weak 

examples are: block with longitude 249° to 248° and latitude 6° to 7°; block 

with longitude 248° to 247° and latitude 9° to 10°; ) 

• extremely steep slopes corresponding to f3 = 3 and above (e.g. block with 

longitude 242° to 241 ° and latitude 0° to 1°; block with longitude 244° to 243° 

and latitude 6° to 7°) 

• fiat slopes corresponding to extremely low values of f3, ~ 1.5 to 2.0 (e.g. block 

with longitude 244° to 243° and latitude 2° to 3°; block with longitude 246° 

to 245° and latitude 0° to 1°) 

The constant longitude and latitude TT-plots of the 2326 MHz and 408 MHz data 

at l.7° resolution shown in Fig. [5-2] also show some of these effects. In particular, 

notice the curvature in some of the sections. Also note the sections with negative 

slope and extremely steep slope. 
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To gain some understanding of what gives rise to these peculiarities, I simulated 

brightness temperature maps. The simulation process has two steps. In the first 

step images of simple brightness temperature structures at two frequencies with 

particular spectral indexes for the individual structures are generated with the aid 

of a program, TTSIMUL, described below. The output of this program gives simple 

spatial temperature variations of a pristine sky at two chosen frequencies sampled 

every 0.05°, as it would presumably be seen when not smoothed by a scanning 

antenna. Thus the images in the first step are generated with relatively high spatial 

sampling-a tradeoff between approaching a continuous distribution for a pristine 

sky and a reasonable demand on computer time and space. 

The second step simulates the smoothing that is an inevitable result of the finite 

beam width of the scanning antenna. This is achieved by using the existing con

volution program CTFM to convolve these maps with an artificial antenna beam. 

This artificial antenna beam is assumed to have a gaussian··shaped main beam and 

no side lobes. The gaussian main beam is a reasonable approximation to a real 

antenna's main beam. (Baars, 1973) 

The half power beam width of the artificial gaussian beam is chosen in accordance 

with the amount of smoothing required. Here it is assumed, for practical purposes, 

that the output images of the first stage have infinitely high resolution i.e. corre

sponding to a gaussian half power beam width of zero. The output images from 

the convolution program have a spatial sampling frequency chosen to agree with the 

appropriate sampling intervals for the half power beam width of the gaussian used 

for the smoothing by convolution (Rohlfs, 1986). Thus inappropriate oversampling 

is avoided, in case this has an effect on the resultant TT-plot from these simulated 

data. 

The program, TTSIMUL, I wrote to generate the simulated maps at two frequencies 

chosen by the user, allowed for a superposition of one or more (and repeats of the 

same) of the following brightness temperature structures: 
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1. an isotropic offset of different value for each map. 

2. a temperature distribution linearly increasing with longitude. Its spectral 

index and spatial rate of temperature change are chosen by user. 

3. a piecewise linear temperature variation with longitude so as to be "V" -shaped 

in longitude. Each arm of the V may be assigned a different spectral index 

and rate of increase for frequency one. 

4. a piecewise linear temperature variation with longitude resulting in a "V\"-

shaped structure in longitude. Each branch of the shape may be assigned a 

different spectral index and rate of increase for frequency one. 

5. a very simple Milky Way, modelled as a gaussian function of latitude, indepen

dent of longitude, with user chosen HPBW and spectral index always centred 

on the middle latitude of the image. 

6. a simple H II region generated by summing, at positions on a sphere, a user 

given emission coefficient per pixel along the line of sight through the sphere. 

The radius of the sphere is chosen by the user. The user also chooses the 

position of the centre of the H II region in the image. 

As all spectral index determinations of real data in this work make use of the 2.3 

GHz Rhodes/HartRAO survey and the 40S MHz survey by Haslam et al. (19S2), 

the two frequencies used in the simulations were 2300 MHz and 40S MHz. The 

resolution chosen for most simulations was 10
, close to the 0.S5° resolution of the 

40S MHz survey and therefore the minimum possible resolution for any spectral 

index determinations using these two surveys. 

5.2.1 V-shaped temperature distribution with different spec
tral indices for each branch of the V 

The basic clue to the origin of some of the peculiarities in TT-plots of real data 

is evident when comparing TT-plots of unsmoothed, simulated data with those of 
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the same data smoothed by convolution with a gaussian function representing the 

antenna beam. 

Images at two frequencies (2300 MHz and 408 MHz) were simulated with a piecewise 

linear temperature variation in longitude so as to be "v" -shaped in longitude at 2300 

MHz (see Fig. [5-5] a)). Each arm of the V was assigned a different spectral index, 

2.1 and 2.7 respectively, resulting in the mutilated V in the 408 MHz image (see 

Fig. [5-5] b)). The brightness temperatures of the two images were made constant 

in latitude. Thus no constant longitude scan is shown. 

As this brightness temperature structure was not superimposed on any background 

temperature, a spectral index image could be formed by applying equation (4-11) to 

each pixel position in the two images. Fig. [5-5] c) shows a constant latitude scan of 

the resultant spectral index image with the change in spectral index showing up as a 

sudden jump, because the data was un smoothed prior to applying equation (4-11). 

That there are two regions with different spectral index is also evident from the 

TT-plot at constant latitude over the whole longitude range shown in Fig. [5-5] d). 

This plot shows two straight lines with slopes corresponding to the spectral indices 

of the two regions, in this case 2.1 and 2.7. Some of the positional information of the 

spectral index is regained by forming a subblock TT-plot map of the 408 MHz and 

2300 MHz images as shown in Fig. [5-5] e). The lack of any variation with latitude 

is also evident in the latter figure. 

The corresponding figures for the same data, convolved with an artificial antenna 

beam of HPBW 1.5° to simulate the smoothing process that is inherent in the 

scanning of the sky by an antenna, are shown in Fig. [5-6]. The constant latitude scan 

(Fig. [5-6] a)) of the 2300 MHz 1.5° resolution image shows the expected smoothing 

of the bottom cusp of the "V". Comparison of this figure with figure b), the constant 

latitude scan of the corresponding 408 MHz 1.50 resolution image, shows that the 

minimum in the latter image is no longer at the same position as that in the 2300 

MHz image. This is a consequence of the change in spectral index combined with 
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on spectral index determinations. 
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the smoothing of the data. The effects of this are visible on the scan through the 

spectral index image (Fig. [5-6] c)) generated from this smoothed data. 

More pronounced is the corresponding change in the TT-plot at constant latitude 

shown in Fig. [5-6] d). Note the smooth turnover join between the two straight 

lines corresponding to the two different spectral index regions of the data in the 

TT-plot. This results in the negative slope TT-plots in the corresponding subblock 

TT-plot map (Fig. [5-6] e)). Also, in several blocks adjacent to this negative slope 

TT-plot the spectral index derived from the OLS bisector fit (see section 5.3) is 

either depressed (for the thermal region) or elevated (for the nonthermal region). 

The subblocks in Fig. [5-6] e) are too small to contain a reasonable number of 

independent points in each TT-plot; they were kept at that size for the purposes 

of comparison with Fig. [5-5] e). A 2° by 2° subblock TT -plot of this same data is 

shown in Fig. [5-7]. This shows that a cause of the curving line in subblock TT-plots 

is the smoothing between different spectral index regions. 
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Figure [5-7]: 2° by 2° subblock TT-plot of the smoothed data shown in the previous 
figure. 

Those TT -plot peculiarities that are a direct consequence of the unavoidable smoo

thing of the sky distribution as a result of the observing process are thus easily 

picked out by comparison of the unsmoothed data TT-plot with that for the two 

artificially observed versions of the two simulated data sets. 
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When the beam of the antenna scans along a section of sky where the beam is 

filled by an area of sky that contains at least two subregions of different spectral 

indices, the resultant brightness temperature variation with frequency depends on 

the proportions in which the different spectral index regions contribute to the total 

radiation seen by the beam. As these proportions are continuously changing as the 

scan progresses along the section of sky where the different spectral index regions 

overlap in the beam, the slope of the TT-plot for that part of the mapped sky is 

continuously changing. Furthermore the proportions in which the different spectral 

index regions overlap in the beam are different at different frequencies as a result 

of the different spectral indices of the brightness temperatures. Thus the minimum 

brightness temperature occurs at different positions at different frequencies which 

gives rise to the negative slope sections of the joining curve of the two straight lines 

of the TT-plot of the smoothed data. At those positions the brightness temperature 

at one frequency is still dropping to its minimum, while at the other frequency it is 

already increasing after the minimum. 
" 

This effect becomes more pronounced, the lower the resolution of the data, i.e. the 

larger the area of sky filling the beam as shown in Fig. [5-8]. This figure shows on 

the same set of axes TT-plots of the identical two frequency maps, but for different 

resolutions and corresponding different sampling interval. The lower the resolution 

the greater the extent of the curved region of the TT-plot. 

Some other peculiarities that occur in TT-plots of smoothed simulated data are 

shown in Fig. [5-9]. In this figure a) shows how a step increase in the brightness 

temperature at 2300 MHz at the same position as a change in spectral index affects 

the TT-plot. Note the very steep straight line section joining the two slopes corre

sponding to spectral index 2.7 and 2.1. Thus, if one fits a straight line to this very 

steep section, one could determine an artificially high, i.e. > 3, spectral index that 

is only an artifact of the method. 
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Figure [5-8]: TT -plots of different resolution data showing the effect of beam dilution 
on the TT-plot. 
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Figure b) shows a step decrease in the brightness temperature at 2300 MHz at the 

same position as a change in spectral index, resulting in an almost straight line 

section of negative slope joining the two straight line sections of different spectral 

index. 

Figure c) is a more complicated scenario showing a complex TT-plot. The latter is 

probably somewhat extreme and unlikely to occur in real data, but does highlight 

the fact that spectral index determination using TT-plots is not without difficulties. 

5.2.2 "V\" -shaped temperature distribution superimposed 
on gaussian galactic distribution 

The aim of this work was to obtain a spectral index map of the Gum Nebula, a faint, 

extended, structure straddling the galactic plane. The above discussed simulation 

lacks an anisotropic background simulating the brightness variation of the Galaxy, 

whose emission extends far beyond the galactic plane in galactic latitude and is 

known to have a spectral index in the region of 2.7 to 3. This galactic emission may 

be modeled to a first order approximation as the sum of a lower, wider Gaussian and 

a higher, narrower Gaussian centred on zero galactic latitude with the half-power 

width varying slowly in galactic longitude (Flanagan, 1981). 

Hence a gaussian function of latitude, independent of longitude, was added to the 

simulation under discussion (see Fig. [5-10] b)i) to provide an anisotropic background 

with spectral index 2.9. A single gaussian turned out to be sufficient for identifying 

the effect of the anisotropic galactic background on TT-plots of extended structures 

in our Galaxy. To this were added the structures, whose spectral index I wanted to be 

able to determine from TT-plots. In this case the 2300 MHz structure was shaped as 

"'/A" in longitude (see Fig. [5-10] a)i)), and made constant in latitude. The structures 

\, /, \, have spectral index 2.4, 2.1 and 2.7 respectively. This then allowed the 

determination of the 408 MHz appearance with longitude of the simulated brightness 

temperature variation, as shown in Fig. [5-10] a)ii). Its variation in latitude, resulting 
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Figure [5-10J: Constant latitude/longitude scans and TT-plots for a "\A"-shaped 
temperature distribution superimposed on a gaussian galactic distribution of spec
tral index 2.9. 
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from its superposition on an artificial galactic background, is shown in Fig. [5-10] 

b )ii). Both the 2300 MHz and the 408 MHz simulated images were smoothed to a 10 

resolution. Thus the main difference between this simulated data and that discussed 

in the previous section is the superposition of different spectral index regions with 

their spatial brightness temperature variations perpendicular to each other; i.e. the 

one varies with longitude only and the other with latitude only. 

Two subblock TT-plot maps of these smoothed simulations are shown in Figs. [5-11] 

and [5-12J. Fig. [5-11J shows a region asymmetrically straddling the "galactic plane" 

(which is situated at a latitude of 10° in this simulation) and the adjacent struc

tures of spectral index 2.4 and 2.1. Fig. [5-12J shows the region with the adjacent 

structures of spectral index 2.1 and 2.7. 

These figures clearly show that one cause for the scatter plot TT-plots (see section 5.2 

and Fig. [5-3]) in subblock TT-plot maps is certainly the superposition of different 

spectral index regions with spatial brightness temperature variations in directions 

at an angle to each other; here at 90°. This effect in combination with the earlier 

noted curving due to smoothing, at a position where a change in overall spectral 

index occurs, is able to account for a large number of the peculiarities seen in 
~ 

subblock TT- plots of real data. 

From such subblock TT-plots a classification of an object on the basis of a restricted 

range in spectral index is essentially impossible, as a perusal of the listed upper 

limit, estimate of true value and lower limit of the spectral index in each subblock 

indicates. In particular, the spectral index of the middle structure of 2.1 is only 

estimated reasonably correctly on the peak of the gaussian galactic background, 

where the latter exhibits a slow variation with latitude relative to the 2.1 spectral 

index structure's variation in longitude. Yet, even there, almost any interpretation 

fits into the two sigma limits of the spectral index. Thus the superposition of a 

structure of flat spectral index (~ 2.1) on one of much steeper spectral index is 

vulnerable to misinterpretation in a subblock TT-plot. 
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Further perusal of both Figs. [5-11] and [5-12] shows that the spectral index deter

mination in this manner is also unsuccessful for the 2.4 spectral index as well as 

the 2.7 spectral index structure. The effect becomes more pronounced at the higher 

latitudes shown in these figures. There the variation of the galactic background with 

latitude becomes steeper relative to the structures' longitude variations in the lower 

frequency (i.e. 408 MHz) image, as seen in Fig. [5-10] a)ii) and b) ii). 

As Fig. [5-10] a)iii) shows, the true spectral index value of the structure of interest 

may be determined from a TT-plot at constant latitude in this ideal case, where the 

galactic background does not vary with longitude. 

This suggests a solution to the problem of loss of positional information. One can 

overcome this loss at the cost of a lot of hard work, by selecting those longitude 

ranges of the constant latitude TT-plot that exhibit a constant slope. To each of 

these selected segments a spectral index may readily be assigned. 

The determination, by trial and error, of the longitude ranges for which the TT-plot 

at constant latitude is free from peculiarities is inefficient and time consuming. Thus 

I developed a program TVST which works its way through the images starting at 

the lowest latitude and ending with the highest latitude. At each latitude it works 

its way sequentially through the data points in longitude as follows. 
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• The starting point is either the first point in longitude at that latitude or the 

first point after the most recently fitted line segment of constant slope at that 

latitude. 

• At each latitude a preliminary TT~plot of the first n pixel positions is drawn 

on screen, where n is chosen by the user. 

• The user then indicates to the program at which data point on the preliminary 

TT~plot the first straight line segment for defining a spectral index starts. 

This is done by deleting all subsequent data points; starting with the last 

plotted data point on the preliminary TT~plot and working towards the desired 

starting data point, thus leaving k data points undeleted on screen. 

• The program then sends output to the desired spectral index image, telling it 

that at the positions corresponding to these k data points no spectral index 

can be defined. It then presents the next TT~plot at the same constant latitude 

starting with the desired data point i.e. the k+1 point and plotting a total of 

n data points. (n may be changed by the user prior to this.) 

• As there may be trailing data points on this TT~plot that do not conform to 

the initial slope, these can be deleted. Again this is done starting with the 

last plotted data point. Once all the undesired points have been marked the 

program is told to fit a straight line to the remaining points, resulting in a 

spectral index at the positions from which these selected data points came. 

• These spectral index values are output to corresponding positions in the spec~ 

tral index image. The next TT~plot at that latitude is started at the last data 

point deleted from the set plotted on the previous TT-plot. 

• This sequence of steps is repeated until the whole longitude range at that 

latitude has been covered. Then the next higher latitude is tackled. 

Thus the TVST program is highly interactive. Preliminary runs of it indicated that 

it required greater flexibility to be more user friendly; in particular to be able to 
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return to an earlier starting position if a mistake had been made. These adjustments 

did not change the basic structure and sequence of the program outlined above. The 

program generates Theil (see section 5.4) upper limit, estimate of true value and 

lower limit spectral index images, as well as OLS Bisector (see section 5.3) upper 

limit, estimate of true value and lower limit images for the purposes of comparison. 

5.2.3 H II region on inclined plane 

30 

20 

10 

Ck50 240 230 220 210 

Figure [5-13]: Contour map of the 2300 MHz simulated image, showing an H II 
region superimposed on a linearly varying background. 

In this simulation a large H II region is positioned on an anisotropic background of 

different spectral index. The background brightness temperature increases linearly 
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with longitude (in contrast to the variation in latitude of the gaussian galactic plane 

in the previous section) and has a spectral index of 2.7. Both simulated images were 

smoothed to a 1° resolution. A contour map of the 2300 MHz image is shown in 

Fig. [5-13]. 

Subblock TT-plots of this simulated data are shown in Figs. [5-14] and [5-15], cove

ring the regions A and B respectively in the contour map shown in Fig. [5-13J. 

TT-plots with negative slope are present just to the lower longitude side of the peak 

of the H II region, between latitudes 18° and 22° in Fig. [5-14]. These arise due to 

1) the superposition of the still increasing nonthermal background with decreasing 

longitude and 2) the decreasing H II region brightness temperature with decrea

sing longitude. At even lower longitudes, where the spatial rate of decrease in the 

brightness temperature of the H II region is steeper, this superposition results in 

line slopes resulting in spectral indices corresponding to optically thick radiation i.e. 

values significantly less than 2.0. This could lead to an erroneous conclusion that 

the source is optically thick. 

Fig. [5-15] shows the opposite effect for the region where the brightness temperatures 

of both the background radiation and the H II region are increasing with decreasing 

longitude i.e. to the higher longitude side of the peak. Here the determined spectral 

indices are much higher than that of either the background or the H II region. 

Also evident in both figures is the scatter plot effect. Closer examination of the 

trends in those positions, shows that this is due to the superposition of different 

spectral index regions with spatial brightness temperature variations in directions 

at an angle to each other-here at a slightly different angle in each block. 

The effect of opposing or cumulative spatial brightness temperature changes of 

superpositioned emission structures is also evident in the TT -plot at constant lati

tude of this simulation shown in Fig. [5-16] b). Here one sees both the lowered slope 

(top part of curved semi-loop) resulting in a flattened spectral index, approaching 

almost zero i.e. a horizontal line at one part-and the increased slope resulting in the 
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Figure [5-14]: Subblock TT-plots of region A of the simulated H II reglOn on an 
inclined plane, 
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Figure [5-16J: Constant latitude and constant longitude TT-plots for the simulated 
data of an H II region superimposed on an anisotropic background. 
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much steeper spectral index (bottom part of curved semi-loop). Also note the gene

ral departure of the TT-plot from a straight line. The whole section corresponding 

to the position of the H II region is a curved line and not straight at all. Note that 

in comparison Fig. [5-16] a), which shows the constant longitude TT-plot, has no 

such peculiarities. Note that this constant longitude TT-plot is along the coordinate 

that does not show any change in the brightness temperature of the background. 

From this it is evident that without being able to isolate a source from its back

ground, in this case the sloping nonthermal background, the results from TT-plots 

can be misleading. Indeed two models of the Gum Nebula, Srinivasan Sahu's (1992), 

where an H II region, the IRAS-Vela ring, is superimposed on a large distant SNR, 

and Reynold's (1976b), where an H II region shell surrounds the SNR, would contain 

the same general aspects as this simulation. Hence the results of applying the TVST 

program to data images of the Gum Nebula at two different frequencies should be 

interpreted with care. 

5.2.4 Discussion and Conclusion 

This investigation does not claim to have exhausted the possible scenarios in which 

the TT-plots that deviate from the theoretical straight line occur. Obviously more 

complex situations exist, but those investigated suffice to indicate that many of the 

TT-plot peculiarities are inherent in the superposition of differently varying emission 

structures of different spectral index. 

Negative slopes of TT-plots can originate from two effects-either due to smoothing 

of radiation by the beam of the antenna, or too many different things going on in 

superposition e.g. the part to the right of the peak of the H II region. 

Even when the line of the TT-plot looks perfect it may not give you the true spectral 

index of the source of interest as a result of underlying temperature gradients with 

other spectral indices, as seen in the theoretical investigation of TT-plots in the 

previous section. 
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As shown in section 5.2.2, when the structures of interest are superimposed on the 

galactic plane, which is assumed to be constant in longitude at each latitude, better 

results are obtained if TT-plots at constant latitude are used. This method was 

implemented in the program TVST. One drawback of this method is that it results 

in regions of undefined spectral index where the TT-plot is not a straight line. 

This investigation shows quite clearly that the amount of information available in 

an image, here the spectral index, is limited by the resolution of the images. 

Another aspect of determining f3 from TT-plots is that the standard well known 

linear regression methods used for obtaining the slope and its confidence interval 

are derived assuming a large number of data points (typically greater than 50). 

From the relationship between the resolution of a map and the critical sampling 

interval it is evident that this criterion is rarely met. Thus I looked for a method for 

straight-line fitting that gives valid confidence intervals in the case of a low number 

of data points. 

5.3 Straight line fits to TT -plots 

The TT-plot method of determining spectral indices requires fitting a straight line 

to the points in the TT-plot. For the purpose of defining the symbols used in this 

discussion, the following definition is given. Straight line linear regression is the 

fitting of a set of n paired data points (Xi, Yi), i = 1,2, ... ,n to a straight-line model 

(Press et al., 1992) (the symbols x and yare used for the variables as a matter of 

convenience, as it is briefer than Tl and T2): 

Yi = A+Bxi (5-37) 

where A and B are the true intercept and slope of the line respectively. However, 

the results of a straight line linear regression are only estimates a and b of A and B 

respectively. 
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A good discussion of standard straight line regression methods is given in Isobe et al. 

(1990) and Feigelson & Babu (1992). These methods, most of which minimize the 

sum of a particularly defined distance (see later) of the data points from the fitted 

line, are based on the assumption that the intrinsic scatter of the data dominate 

over any errors arising from the measurement process. This is not necessarily always 

true for the brightness temperature values in a TT-plot as scanning effects may in 

parts dominate over the intrinsic scatter of the brightness temperatures. Also, both 

variables, i.e. brightness temperatures, have an associated variance, though the one 

is generally much smaller than the other as one of the maps has been smoothed 

with a gaussian to bring both maps to the same resolution. This suggests that the 

standard methods may not be appropriate and that perhaps the use of a weighted 

regression method would be a better choice. 

It is however difficult (if not impossible) to determine the measurement error in the 

brightness temperatures for the determination of an appropriate weighting factor of 

the points or even just the variables in the TT-plot. The severity of the scanning 

effects clearly varies with position in the map, as can be seen in Fig. [4-2J of the 408 

MHz survey (Haslam et al., 1982)' but cannot be quantified. Also, almost invariably 

one of the maps has been convolved with a gaussian to achieve the same resolution 

for both maps, further complicating a quantification of the measurement error in 

the smoothed map. In fact, if the amount of smoothing applied post-detection to a 

map has been severe, the brightness temperatures in that map may be considered 

error free in this context. It is thus unlikely that anything would be gained using 

a weighted regression method. Also, provided that the brightness temperatures of 

the map that has undergone the greater amount of post-detection smoothing are 

used as the independent variable X, the situation is close to that required by the 

methods discussed in Isobe et al. (1990) and Feigelson & Babu (1992). 



116 

The most widely known method of straight line linear regression is that of ordinary 

least squares regression (OLS(YIX)) of the dependent variable Y against the inde

pendent variable X. Specifically, the least squares method gives estimates a and b 

of A and B in the equation 

Yj = A + BXj + tj (5-38) 

where tj is an unobservable random variable that has a normal distribution with 

mean zero and variance a 2
, which is independent of Xj. Clearly, it is assumed that 

the independent variable does not have an associated uncertainty. a and b are chosen 

so that 

is minimized, i.e. the sum of the squares of the vertical distances of the data points 

from the fitted line is minimized (Sprent, 1989). 

In the context of the determination of the spectral index, the brightness tempera

ture at one frequency is no more the independent variable than that at the other fre

quency, i.e. neither can be described as "cause" or "effect"; roles that the OLS(YIX) 

clearly assumes for the X and Y variables respectively. However, for TT-plots one 

wants to estimate the underlying functional relation between the two variables, a 

situation for which Isobe et al. (1990) recommend the use of the OLS bisector, as 

it is invariant to switching the X and Y variables (i.e. treats them symmetrically) 

and shows better behaviour in simulation tests than the other symmetric regres

sion methods. The OLS bisector is the line that bisects the OLS(YIX) line and its 

inverse, the OLS(XIY) line. The latter minimizes the sum of the squares of the 

horizontal distances of the data points from the fitted line. 
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I spectral index I b for T 408 vs T 2300 I b for T 2300 vs T 408 

-1.9 27 0.037 
-2.0 32 0.032 
-2.1 38 0.027 
-2.2 45 0.022 
-2.3 53 0.019 
-2.4 64 0.016 
-2.5 76 0.013 
-2.6 90 0.011 
-2.7 107 0.0094 
-2.8 127 0.0079 

Table [5-1J: The slopes, b, of TT-plots for regions with the indicated spectral index. 

The OLS bisector regression method defined according to Isobe et al. (1990) has 

been implemented together with other regression methods in a computer program 

SIXLIN by Isobe et al. (1990), which was obtained from them, as well as the later 

version, SLOPES, which incorporates bootstrap and jackknife resampling (Feigelson 

& Babu, 1992). It thus seemed that the OLS bisector was the appropriate one to 

use for determining the slopes of TT- plots, but the uncertainty determination in 

the slope provided some cause for worry. 

The expected slopes i.e. b values, also known as coefficients of regression, in TT

plots for regions with temperature spectral index of 1.9 (optically thick region) to 

2.7 (synchrotron radiation) in steps of 0.1 are given in table [5-1] for brightness 

temperatures at 408 MHz and 2300MHz. If the aim is to distinguish between a 

spectral index of 2.1 as opposed to 2.2 say, it is necessary to establish reliably the 

confidence interval of the regression coefficient b. It is standard practice to use a 

95% confidence interval, i.e. 20", and I have followed this in the TT - plot work. 

The formulae of linear regression for a straight line and associated variances in a and 

b given in the literature are asymptotic, i.e. derived for the number of data points 

tending to infinity. "These asymptotic formulae underestimate the true regression 

coefficient uncertainty in samples with small N (approximately N::; 50) or small 
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population correlation." (Feigelson & Babu, 1992). Population correlation in this 

context is that of linear dependence between the data sets of the two variables i.e. 

how well do the data points crowd onto a straight line (cf regression which deals 

with the precise form of the relationship.) 

The concern about the small population correlation can be dealt with by use of the 

statistic, r, for the strength of the linear dependence between two variables, i.e. the 

strength of their correlation. This is given by: 

(5-39) 

where x is the mean of the Xi and fj is the mean of the Yi (Sachs, 1984). r is known 

as the linear correlation coefficient or Pearson's r. r lies between -1 and +1. For r 

= ±1 all points (Xi, Yi) lie on a straight line. If r = 0, X and Yare uncorrelated. 

The closer Irl is to 1 the stronger the correlation between the two variables. 

Thus spectral indices and their uncertainties as calculated from the OLS bisector 

straight line linear regression of TT-plots could be flagged as suspect if r is belcw 

a certain value-negative slopes being meaningless in the context of spectral index 

determinations. 

This does, however, not get around the problem of a low number of data points, 

which also results in an underestimate of the variance. Fifty data points at 3 samples 

per degree (as at critical sampling of 408 MHz survey, used extensively in this work 

for spectral index calculations) require a TT -plot to cover more than two square 

degrees, an area over which the spectral index is unlikely to be constant even if 

the galactic background variation did not pose a problem. The number of points 

in a meaningful TT-plot is thus unlikely to ever be as much as fifty. Babu & 

Feigelson, (1992) show that in MonteCarlo simulations with very small samples 

(n< 50) all regression estimators become progressively less accurate; in particular, 
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if the population correlation is small as well, the estimates of the variances can be 

several times too smalL 

If a better estimate of the variance is required, Feigelson and Babu (1992) suggest 

that, for small samples, error analysis based on bootstrap and jackknife resampling 

should be used. As these methods, when tested on the 408 and 2300 MHz data 

frequently gave problems with division by zero, they were considered unsuitable. 

The shortest length over which the spectral index in an image may vary is that of 

the resolution of the image. As the critical sampling of a region of sky is twice per 

resolution, this gives a minimum of three points (fence-pole effect), keeping either 

latitude or longitude constant, in a TT-plot to which one might want to fit a straight 

line, irrespective of the resolution of the map. 

One might argue that the paucity of data points could be avoided by post-detection 

resampling of the images at a higher sampling frequency. The extra data points 

obtained in this manner are, however, not independent of the initial data points 

and merely constitute a resampling of the beams of the antennas as opposed to 

resampling the sky radiation. Thus nothing is gained and the confidence intervals 

based on an inclusion of data points from such a resampling would certainly not be 

indicative of the true range of the spectral index inherent in the observations. 

In an extreme case one would want to fit a straight line to as little as 3 or 4 data 

points, although one should perhaps never go to less than 5 or 6 data points to avoid 

fitting lines to TT-plot peculiarities. As the assumption of a normal distribution 

becomes meaningless in such a small sample it was desirable for the method to be 

non-parametric i.e. making no assumption about the distribution of the uncertainties 

in the variables, as well as appropriate for a very small data set. 

Thus a reliable method was required for fitting a straight line to less than 10 data 

points, but still appropriate for 20 to 30 data points should the spectral index be 

constant over a large area. The method should also give valid confidence intervals 

for such a small number of data points. The method that fits these criteria is known 
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as Theil's method. It is based on the simple idea that if one had only two data 

points (Xl, Yl) and (X2' Y2) the slope of the straight line joining them would be given 

by 

(5-40) 

If you have only a few more points it is an easy enough exercise to calculate the 

slopes resulting from applying equation (5-40) to all possible pairs of data points. 

5.4 Theil's regression method 

This discussion is heavily reliant on Sprent (1989), a text on applied non-parametric 

statistical methods. The aim of the discussion is to explore the applicability of this 

method to the case of regression lines for TT-plots and to give a working definition 

of it. 

5.4.1 Terminology 

Terminology of relevance to this discussion follows. It is also convenient to introduce 

Kendall's T, on which the test statistic for the determination of the confidence 

intervals of Theil's method is based, at the same time. 

Pairs of observations, (Xi, Yi) and (Xj, yj}, for which Xi > Xj and Yi > YJ are described 

as concordant. Concordance thus implies that (Yj - Yi)/(Xj - Xi) is positive, as the 

numerator and denominator have the same sign. Another way of looking at it is 

that if Yj is larger than Yj then X j is also larger than Xi i.e the ranking of the points 

in the pairs is the same. If the signs of the numerator and denominator are opposite, 

i.e. the quotient is negative, the pair is said to be discordant and their ranking is 

not the same. Pairs for which Xi = X j or/and Yi = Yj are said to be tied. 
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For n observations there are !n( n - 1) possible pairings with nc concordant pairs, 

nd discordant pairs and t ties. Hence nc + nd + t = ~n( n - 1). 

Kendall's tau is given by: 

nc - nd 
(5-41 ) T= 

~n(n - 1) 
5 

(5-42) 
~n(n - 1) 

T = 1 if all pairs are concordant, i.e. nc = ~n( n - 1) and T = -1 if all pairs are 

discordant, i.e. nd = ~n(n - 1). Values of ±1 for Kendall's T thus imply linearity in 

the ranks, i.e. the order smallest to largest, denoted 1 to n, within each of the Xi, Yi, 

is the same. This is different to linearity in the original values on which the ranks 

are based. If the ranking of the X-values and V-values is independent nc :::::: nd and 

T will be close to zero. 

If it is assumed that the distributions of the populations from which the X-values 

and V-values are obtained are independent yet making no assumption of what this 

distribution is, then in a sample of n members of each population, chosen at ran

dom, any order of the chosen X-values is equally likely to appear with any order 

of the chosen V-values. Thus each of the possible n! arrangements of the ranks 

of the X-values paired with the ranks of the V-values, giving a particular value for 

Kendall's T, has the same probability lin!. The number of arrangements that give a 

particular T are counted and when divided by n! give the probability of that value of 

To Hence the exact probability distribution of T for a particular number n of pairs is 

obtained. Since T is proportional to 5, where 5 = nc - nd (see equation (5-42)) it is 

standard practice to obtain the distribution for 5 rather than To 5 and hence T has 

a probability distribution symmetric about zero, which is strictly distribution-free 

(Sen, 1968) and thus may be used as a test statistic in a non-parametric method. 

For large n (n ~ 10) the probability distribution of 5 approaches the normal curve 

( Kendall, 1970): 



where u is given by 

5.4.2 Method 

1 S2 

1(5) = --exp-2.,.2 
uV2-ff 

1 
u 2

= lS n(n-1)(2n+5) 
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(5-43) 

(5-44) 

In the non-parametric line regression method, first proposed by Theil, the slope of 

the regression line is estimated as the median of the slopes of all lines joining pairs of 

points with different X-values ( Theil, 1950; Sprent, 1989). Thus a data pair (Xi, Yi) 

and (Xj, Yj) define a slope, bij , of 

Yj - Yi bij = ~~-
Xj - Xi 

(5-45) 

Clearly bij = bji for all i and j. For n observations there are thus only tn( n - 1) 

algebraically distinct bij that have to be computed and put into ascending order. 

The median, b* is then selected as 

b* _ { Bm+l i n = 2m + 1 
- HBm + Bm+d, n = 2m. 

(5-46) 

Sen (1968) extended the method to the case where not all Xi need to be distinct. 

The difference is that in this case b* is the median of the N slopes for which Xi i- Xj. 

Sen also shows that the method is still valid if both variables (as opposed to just 

y;) are subject to errors, provided that the ranking of the Xi without errors is the 

same as that with errors, somewhat difficult to prove in practice. This suggests 

that in a TT-plot to which Theil's method is to be applied, it is better to use as X 

variable the brightness temperatures of the image that has undergone the greater 
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amount of smoothing subsequent to the observing process, I.e. the map of higher 

initial resolution. 

A nominal 95% (two sigma) confidence intervCl,' (i.e. of actual size 95% or higher) 

for b" is formed as follows. Such a confidence interval requires testing at the 5% 

significance level in a two-tail test. A two-tail test is appropriate in this case, 

because the true value of b can be both higher or lower than the median. Sprent 

(1989) provides a motivation for the statistical inferences of Theil's technique that 

is not excessively encumbered with statistical jargon. A certain number T of all 

the high values and also the low values of bij are rejected, as determined from the 

probability distribution of Kendall's T. This is achieved by looking up the critical 

value, c, for a two tail-test at the 5% level in a table of the test statistic based on 

Kendall's T for the value n of the number of pairs (Xi, Yi). T is given by 

1 
T = -(N - c) 

2 
(5-47) 

where N is the number of bij . Note that n gives the number of data pairs (Xi, yd, 
whereas N gives the number of bij , with N :::; !n(n - 1), where the less than occurs 

when there are ties in the X-values of the data pairs. 

If r is non-integral it is rounded down. The lower limit of the confidence interval, bl , 

is then given by the T + 1 smallest bij . By symmetry the upper limit, bu., is obtained 

by rejecting the r largest bij . 

The critical values, c, of such a test statistic based on an absence of ties for a two-

tail test at the 5% level are tabulated in table [5-2]. These values were obtained 

from Kaarsemaker & van Wijngaarden (1953). For n :::; 40 Kaarsemaker and van 

Wingaarden derived the probability distribution for 5 from first principles rather 

than the approximation given above (see equation (5-43) and equation (5-44)). The 

critical values, c, corresponding to a nominal 95% confidence interval were selected 

from their tables. For n > 40 to n = 100 equation (5-44) was used. The critical 
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values for a nominal 95% confidence interval (Kaarsemaker & van Wijngaarden, 

1953) are then given by 

c = 1.960" + 1 (5-48) 

where c is then rounded up to the next even or odd number depending on whether 

n = 0,1 (mod 4) or n = 2,3 (mod 4) respectively (Kendall, 1970). 0" is given by 

equation (5-44). 

For n less than five there is insufficient information to form a 95% confidence interval. 

As a 3 point TT-plot is at the limit of the resolution of an image one may wish to 

determine the spectral index in such a case. For n equal to four and three (marked 

with a star in the table) the maximum confidence level is thus given by the lowest 

and highest bij and results in a 91.6% and a 66.67% confidence interval respectively. 

A test statistic based on Kendall's T will be slightly different if determined for the 

case of no ties as opposed to when ties are present. In the latter case the particular 

kind of tie (i.e. two equal Xi or three equal Xi etc) and the number of them present 

will further affect the form of the statistic. 

If ties are present in the Xi then Kendall (1970) states that " ... the distribution of T 

for any fixed number of ties tends to normality as n increases, and there is probably 

little important error involved in using the normal approximation for n ~ 10, unless 

the ties are very extensive or very numerous, in which case a special investigation 

may be necessary. For the case n < 10 no complete tables are available owing to 

the large number of possibilities. The distributions have, however, been tabulated 

by Sillitto (1947) for any number of tied pairs or tied triplets up to and including 

n = 10." 

I expected the number of data points to be less than or equal to 10 in most situations 

where I intended to apply Theil's method to TT-plots. Hence I decided to incorpo

rate the changes in the critical value c when ties are present for the case of n ~ 10. 
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n I c II nell nell n c I 
1 - 26 91 51 243 76 440 
2 - 27 95 52 250 77 448 
3" 3 28 100 53 258 78 457 
4* 6 29 106 54 265 79 464 
5 10 30 l11 55 271 80 474 
6 13 31 l17 56 280 81 482 
7 15 32 122 57 286 82 491 
8 18 33 128 58 295 83 501 
9 20 34 133 59 301 84 510 
10 23 35 139 60 310 85 518 
l1 27 36 146 61 316 86 527 
12 30 37 152 62 325 87 537 
13 34 38 157 63 333 88 546 
14 37 39 163 64 340 89 556 
15 41 40 170 65 348 90 565 
16 46 41 176 66 357 91 573 
17 50 42 183 67 365 92 584 
18 53 43 189 68 372 93 592 
19 57 44 196 69 380 94 603 
20 62 45 202 70 389 95 611 
21 66 46 209 71 397 96 622 
22 71 47 215 72 406 97 630 
23 75 48 222 73 414 98 641 
24 80 49 230 74 421 99 651 
25 86 50 237 75 431 100 660 

Table [5-2]: Critical values, c, used in determining upper and lower confidence limits 
for the slope when determined by Theil's method from n data pairs without any ties. 
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I n I twins I triplets I c I % ( if not 95%) I 
3 no ties allowed 
4 1 - 5 83.4 
5 1 - 9 -

2 - 8 93.4 
6 1 - 12 -

2 - 11 -
3 - 10 -
- 1 12 -

7 1 - 14 -

2 - 15 -

3 - 14 -
- 1 14 -

1 1 15 -
8 1 - 17 -

2 - 18 -

3 - 17 -

4 - 18 -
- 1 17 -
1 1 16 -
2 1 17 -

9 1 - 21 -
2 - 20 -
3 - 21 -
4 - 20 -

- 1 21 -
1 1 20 -
2 1 19 -
3 1 20 -

Table [5-3J: The critical value c when ties are present for the case of n ~ 10. 
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However, I did this only for ties whose number and kind I considered consistent with 

a straight line interpretation of the data points rather than a scatter plot. These 

critical values, as obtained from Sillitto (1947) are tabulated in table [5~3l. In some 

instances the combination of twins (two x values equal) and triplets (three x values 

equal) leads to a maximum confidence interval less than 95%. In those cases the 

percentage for the confidence interval is tabulated. 

5.5 Discussion and Conclusion of line fitting 

A good characteristic of Theil's method is that it is robust. Outliers are far less 

likely to affect the value of b* than in a least squares method. Outliers do however 

have the effect of skewing the confidence interval, i.e. they make it non-symmetric 

about the value of b*. The robustness of Theil's method is desirable for TT-plot 

line fits as smoothing effects at changeovers in spectral index effectively cause mild 

outliers which cannot always be easily rejected-rejection in such a scenario being 

a subjective decision made by eye. 

The Theil method treats the variables symmetrically as is appropriate for TT - plot 

line fitting. 

Intuitively one would think that Theil's method would perform better when more 

weight is given to the bij for pairs of points fairly far apart, i.e. to take some sort of 

weighted median (references to such methods are given in Sprent, 1989). This does 

however destroy the robustness of the method when outliers are present, a property 

that is desirable when doing linear regression on TT-plots. 

Sprent (1989) also points out that: " In simulation studies involving outliers that 

effectively amounted to replacing normally distributed errors with errors from long

tail distributions, Hussain and Sprent (1983) found that Theil's method was almost 

as efficient as least squares when the normality assumptions were valid and that it 
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showed a marked improvement in efficiency with a long-tail error distribution, es

pecially with sample sizes less than 30. " 

Thus I decided to '.lse Theil's method for line fitting to TT-plots. Since it is the 

uncertainty interval that is more convincing for a low number of data points in the 

Theil method as opposed to that given by the OLS bisector method, rather than a 

large discrepancy in the actual estimate of the slope, I decided to also fit the lines 

with the OLS Bisector method (as encoded by Isobe et al. (1990) in SLOPES) in 

order to have an independent check on the results. 

An abbreviated form of Theil's method exists which cuts down on computing time, 

but is not recommended unless n ;::: 12 (Sprent, 1989). As the number of points 

in a TT-plot will rarely be much more than that and quite often less than 12, I 

decided to use the full method described above. Also, the confidence interval of the 

full Theil estimation procedure is reasonably expected to be shorter, as a greater 

amount of relevant information is used (Sprent, 1989). 

As I could not find the computer code for the Theil method in the literature, I wrote 

a program that determines the slope and the upper and lower limits of a nominal 

95% uncertainty interval for the slope using the method described above as Theil's 

method. 

5.6 Constant latitude TT-plot spectral index image 

Program TVST was applied to the 2326 MHz and 40S MHz images of the Gum 

Nebula. Of these two images, the 408 MHz image has the lower resolution (0.S5°). 

Thus a resolution of 0.85° was the highest resolution at which the TVST program 

could be applied. 

As the original 2326 MHz image had to be smoothed fairly severely to bring it to this 

resolution, essentially scanning effects in this image were smoothed away. The 408 

MHz image did not require smoothing and thus retained all its scanning effects (see 
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Fig. [4-2]). Hence at this resolution faint parts of the Gum Nebula at 408 MHz are 

severely affected by scanning effects. Tests showed that this affected the individual 

TT-plots of such faint regions, as the scanning effects dominated the small inherent 

variation in the brightness temperatures. As a result, program TVST could not 

assign a meaningful spectral index to such regions. It may seem counterproductive 

to have used the images at this resolution at all. However, TT-plot deviations from 

the standard straight line become more pronounced at lower resolution. Thus there 

is some merit in working with as high a resolution as possible. 

To obtain spectral index values for the very faint regions of the Gum Nebula, the 

TVST program was run a second time with data at a much lower resolution. As the 

1.2° resolution linear-at-constant-Iatitude background method had shown that the 

408 MHz image still had significant evidence of scanning effects in the fainter regions 

of the Gum Nebula, a resolution of 1.7° was chosen for the second application of 

the TVST program. This ensured an appropriate reduction in the scanning effects 

of the 408 MHz data. 

Three pixels in latitude cover the resolved length in latitude. Thus the TVST 

process effectively overresolves in latitude, because it is applied to each individual 

pixel line in latitude. Hence a consecutive running mean over three pixels in latitude 

was applied to the raw TT-plot spectral index images. The final 0.85° and 1.7° 

resolution TVST spectral images are shown in Figs. [5-17] and [5-18]. In these the 

Theil method was used for the straight line fitting. 

Immediately noticeable is that these spectral index images (Figs. [5-17] and [5-18]) 

follow the same trends as deduced from those produced from the background sub

tracted Gum Nebula. This is very pleasing and a more detailed comparison follows 

later. 

Prior to discussing the results in terms of what they imply for the Gum Nebula, I 

wish to compare the values determined using Theil fitting with those obtained using 

the 0 LS bisector. 
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Figure [5-17J: The TT-plot spectral index image at 0.85° resolution as obtained 
from the Theil fit to the straight line sections of constant latitude TT-plots. The 
colour bar on the right gives the colour to spectral index conversion. The contour 
lines follow constant value brightness temperatures in the 0.85° 2326 MHz image, 
allowing for the identification of structures in the Gum Nebula with their spectral 
index values. 
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Figure [5-18]: The TT-plot spectral index image at 1. 7° resolution as obtained from 
the Theil fit to the straight line sections of constant latitude TT-plots. The colour 
bar on the right gives the colour to spectral index conversion. The contour lines 
follow constant value brightness temperatures in the 1. 7° 2326 MHz image, allowing 
for the identification of structures in the Gum Nebula with their spectral index 
values. 
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5.7 Comparison of OLS bisector and Theil method 
TT-plot spectral index and confidence inter
val 

For these comparisons it is appropriate to use the raw results, i.e. no three pixel 

running mean along galactic latitude has been applied to the images discussed in 

this section. 

The 0.85° resolution results are presented first. Fig. [5~19] shows the a) upper and b) 

lower limits of the spectral index determined from the 95% confidence interval given 

for the Theil method fit to the straight line sections of constant latitude TT~plots. 

Although this allows the direct reading off of these limits, it is not as instructive as 

the upper and lower uncertainties. 

For the purposes of comparing the TT-plot Theil method uncertainty with that 

derived for the GUMBACK spectral index image, the difference of the upper limit 

Theil spectral index and the Theil estimate of the true spectral index (in future 

called the upper uncertainty) as well as the difference of the lower limit Theil spectral 

index and the Theil estimate of the true spectral index (in future called the lower 

uncertainty) are displayed in a) and b) of Fig. [5-20] respectively. Even though there 

are several regions for which this difference is greater than 0.3 for the Gum Nebula, 

it is generally in the range of 0.08 to 0.18. This is quite acceptable and allows one 

to have greater confidence in these results than the GUMBACK results where the 

uncertainty for the 1.2° resolution work generally is of the order of 0.5. 

The Theil method is considered to give a valid confidence interval even for a TT

plot of as few as 5 data points. As the Theil confidence interval is not a nominal 

95% when the number of data points are 3 or 4 or if ties are present, a percentage 

confidence interval map is shown in Fig. [5~21]. Note that most of the regions where 

a spectral index is defined have the nominal confidence interval of 95%. 
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Figure [5-19] : The 0.85° resolution a) upper and b) lower limits of the spectral index 
(SI) determined from the confidence interval given for the Theil method fit to the 
straight line sections of constant latitude TT-plots. 
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Figure [5-20]: a) The upper limit Theil spectral index minus the Theil estimate of 
the true spectral index at 0.85° resolution. b) The lower limit Theil spectral index 
minus the Theil estimate of the true spectral index at 0.85° resolution. 
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Figure [5-21]: The 0.85° resolution percentage confidence interval map of the Theil 
fit to straight line section of constant latitude TT - plots. 
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Figure [5-22] : The 0.85° resolution spectral index due to the Theil method minus 
the spectral index due to the OLS bisector. a) shows the sign of this difference and 
b) its magnitude. 
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For the purposes of comparing the Theil method and the OLS bisector method, 

several difference images were formed. Fig. [5-22] deals with the difference in the 

spectral index as determined with the Theil method and the OLS bisector. a) shows 

the sign of that difference, i.e. Theil method spectral index minus OLS bisector 

spectral index. It shows that this difference is predominantly negative i.e. the 

OLS bisector method yields a higher spectral index than the Theil method. This 

difference is however hardly significant, except in a few isolated cases where it is 

greater than 0.1, as seen in b) of the same figure . Hence the estimate of the true 

spectral index given by the two methods does not differ significantly. 

A different picture emerges when looking at the difference in confidence intervals of 

the two methods. The Theil spectral index upper limit minus lower limit image is 

shown in a) of Fig. [5-23]. In the Gum Nebula region it is generally between 0.2 and 

0.5 with a few regions having values greater than 0.8. The OLS bisector confidence 

interval is shown in b) of Fig. [5-23] . It is very rarely bigger than 0.2. As the OLS 

bisector confidence interval in known to be too small (see section 5.3), it is reassuring 

to see that the Theil method confidence interval is significantly larger. Yet the Theil 

method confidence interval is still significantly smaller than that of the GUMBACK 

method. The latter gave, for the 1.2° image, an uncertainty of ~ 0.5 in the brighter 

regions, i.e. a confidence interval of ~ 1. 

Figs. [5-24] and [5-25] show the difference in the Theil spectral index upper limit 

and the OLS bisector spectral index upper limit, and the same difference for the 

lower limits respectively. Only in very few regions is the 0 LS bisector limit more 

extreme than the Theil limit and then by a very small margin. 

The same images were formed for the 1.7° resolution work (see figures [5-26], [5-27], 

[5-28], [5-29], [5-30], [5-31]' [5-32]). The upper and lower Theil uncertainties (Fig. [5-27]) 

are somewhat smaller than those of the higher resolution work. The sign of the dif

ference of the Theil spectral index and the OLS bisector spectral index (Fig. [5-29]) 

is more evenly distributed in the Gum Nebula and its magnitude is generally smaller. 
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Figure [5-23]: The Theil spectral index upper limit minus lower limit image is shown 
in a). b) shows the corresponding OLS bisector image. The images are at a resolution 
of 0.85°. 
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Figure [5-24]: a) and b) show respectively the magnitudes of the positive and nega
tive values of the Theil spectral index upper limit minus the OLS bisector spectral 
index upper limit at 0.85° resolution. 
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Figure [5-25] : a) and b) show respectively the magnitudes of the positive and nega
tive values of the OL5 bisector spectral index lower limit minus the Theil spectral 
index lower limit at 0.85° resolution. 
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Figure [5-26]: The 1.7° resolution a) upper and b) lower limits of the spectral index 
(SI) determined from the confidence interval given for the Theil method fit to the 
straight line sections of constant latitude TT-plots. 
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Figure [5-27]: a) The upper limit Theil spectral index minus the Theil estimate of 
the true spectral index at 1.70 resolution. b) The lower limit Theil spectral index 
minus the Theil estimate of the true spectral index at 1.70 resolution. 
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Figure [5-28]: The 1.7° resolution percentage confidence interval map of the Theil 
fit to straight line section of constant latitude TT- plots. 
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Figure [5-29]: The 1.7° resolution spectral index due to the Theil method minus the 
spectral index due to the OLS bisector. a) shows the sign of this difference and b) 
its magnitude. 
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Figure [5-30] : The Theil spectral index upper limit minus lower limit image is shown 
in a). b) shows the corresponding OL5 bisector image. The images are at a resolution 
of 1. 7°. 
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Figure [5-31]: a) and b) show respectively the magnitudes of the positive and nega
tive values of the Theil spectral index upper limit minus the OLS bisector spectral 
index upper limit at 1.7° resolution. 
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Figure [5-32]: a) and b) show respectively the magnitudes of the positive and nega
tive values of the OL8 bisector spectral index lower limit minus the Theil spectral 
index lower limit at 1.7° resolution. 
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These improved aspects of the lower resolution work are most likely due to a smaller 

scatter in the TT-plots caused by the reduction of scanning effects by additional 

smoothing. This also reduced the scatter of the TT-plots in the very faint positive 

galactic latitude region between longitudes 260 0 and 2400 sufficiently for straight line 

fitting. In the higher resolution work almost all constant latitude TT-plots of this 

region were too scattered to define a plausible straight line. The Theil spectral index 

confidence interval in the lower resolution work is in general smaller (Fig. [5-30]). 

There is a down side to the lower resolution work and that is the greater number of 

regions that did not have a straight line constant latitude TT-plot. Also, as seen in 

Fig. [5-28], there are far more regions with confidence interval less than 95%. The 

latter is due to the poorer resolution and thus smaller number of samples for regions 

of definite spectral index. 

5.8 Discussion and Conclusion 

I made a comparison of the GUMBACK and TT-plot work. For this purpose positive 

and negative galactic latitude Theil TT-plot spectral index images of the same area 

of sky as the spectral index images produced using the GUMBACK method were 

made. The positive and negative galactic latitude 0.85 0 resolution TT-plot spectral 

index images are displayed together with the 1.20 GUMBACK results in Figs. [5-33] 

and [5-34] respectively. The positive and negative galactic latitude 1.70 resolution 

TT-plot spectral index images are displayed together with the 1.70 GUMBACK 

results in Figs. [5-35] and [5-36] respectively. 

It is gratifying how closely the changes in spectral index with position correspond 

in the GUMBACK and the TT-plot spectral index images at both resolutions. 

Although the actual value of the spectral index is not exactly the same, the trend 

of being lower or higher relative to surrounding values is followed, with a few excep

tions, very closely in the figures. 
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Figure [5-33]: The negative galactic latitude 0.850 resolution Theil TT-plot spectral 
index images in b) are displayed together with the. 1.20 GUMBACK results in a). 
The superimposed contour levels correspond to the 2326 MHz brightness tempera
tures from the background-subtracted Gum Nebula at 1.20

• 
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Figure [5-34]: The positive galactic latitude 0.85° resolution Theil TT-plot spectral 
index images in b) are displayed together with the 1.2° GUMBACK results in a). 
The superimposed contour levels correspond to the 2326 MHz brightness tempera
tures from the background-subtracted Gum Nebula at 1.2°. 
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The negative galactic latitude GUMBACK result at 1.2 0, which suggested the 

presence of a thin, nonthermal, outer shell, within which there is a somewhat 

broader, thermal, inner shell and again a nonthermal centre region, is present in 

the Theil TT-plot result. Again, both the thermal and nonthermal shells are incom

plete and discontinuous in places. 

In the Theil TT -plot results (Fig. [5-33J b)) there are patchy regions of spectral 

index less than 1.9. In the light of the investigation of TT-plot peculiarities these 

patches may be interpreted as regions where nonthermal and thermal regions are 

superimposed, with the nonthermal spectral index component having a spatial in

crease in brightness temperature while the thermal component is decreasing. This 

may also explain the intermediate spectral index (~ 2.3) of adjacent regions. The 

latter may be caused by the superposition of nonthermal and thermal regions, with 

both the nonthermal and thermal spectral index component having a spatial in

crease in brightness temperature. If this interpretation is extrapolated, it leads to 

the idea of thermal pockets strewn along and within a nonthermal shell. 

A similar interpretation adequately explains the thermal patches seen in the positive 

galactic latitude Theil TT-plot image in Fig. [5-34J b). The fact that the GUM

BACK spectral index image does not show thermal regions, but only lower spectral 

index regions at the positions of most of the thermal regions in the Theil TT-plot 

image may be explained by assuming that in the positive galactic latitude region 

the thermal pockets are significantly weaker, but positioned on top of nonthermal 

radiation almost constant in strength , hence allowing the thermal part to dominate 

the TT-plot. 

As none of the spectral index images shows either a uniform thermal or uniform 

nonthermal spectral index, one must conclude that for the Gum Nebula neither an 

H II region, an interstellar bubble nor a simple SNR classification is correct . The 

only interpretations that are plausible in the light of the spectral index images are: 
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Figure [5-35]: The negative galactic latitude 1.7° resolution Theil TT-plot spectral 
index images in b) are displayed together with the 1.7° GUMBACK results in a). 
The superimposed contour levels correspond to the 2326 MHz brightness tempera
tures from the background-subtracted Gum Nebula at 1. 7°. 
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Figure [5-36]: The positive galactic latitude 1.7° resolution Theil TT-plot spectral 
index images in b) are displayed together with the 1.7° GUMBACK results in a). 
The superimposed contour levels correspond to the 2326 MHz. brightness tempera
tures from the background-subtracted Gum Nebula at 1.2°. 
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• that of an extremely old SNR in which smaller regions have cooled sufficiently 

to be dominated by brehmsstrahlung radiation. These regions appear not to 

be constrained to the outer edges. They are seemingly randomly scattered 

throughout a very broad shell, although this effect may be simply a matter 

of projection onto the two-dimensional sky. The emission of the Gum Nebula 

is far stronger at negative than at positive galactic latitudes and the thermal 

patches are more ubiquitous at negative galactic latitudes. This suggests that 

the ISM surrounding the progenitor star was fairly non-uniform, with denser 

material present towards the negative galactic latitude side. 

• An old SNR with the originally cold interstellar medium clouds in its imme

diate vicinity heated to H II region temperatures by the stars ( Puppis and 

,2 Velorum. This suggests that the ISM surrounding the SNR is fairly non

uniform, with a greater number of such clouds present at negative galactic 

latitudes. 

• Reynold's (1976b) model of an old SNR with a cooled outer shell presently 

ionised by the stars ( Puppis and ,2 Velorum. 

This combination of thermal and nonthermal (polarized) regions is supported by 

Duncan et al.'s (1996) polarization survey. According to them, the power received 

in the polarization survey is less than the total power measured at that frequency in 

many parts of the nebula, indicating that the difference is due to thermal emission. 

The similarity of the TT-plot and GUMBACK results indicates that the GUMBACK

determined background is a much better estimate of the true background than im

plied by the estimate of the uncertainty in that method. 



Chapter 6 

Infrared to Radio flux density 
ratio 

Another method for distinguishing between thermal, as in HII regions, and non

thermal, as in SNRs, sources is based on the ratio of the infrared (IR) to the radio 

continuum flux density. As this method is independent of the spectral index method 

described and presented in chapters 4 and 5, it provides a valuable check on the re

sults presented there. 

This method is based on an empirical result. The infrared to radio continuum flux 

density ratio (IRR) assumes a unique range of values for H II regions and also for 

SNRs (Furst et al., 1987, Haslam &Osborne 1987, Broadbent et al., 1989). There 

is a sufficiently high contrast in the IRR for H II regions and SNRs that this rati.o 

may be used to identify these sources. 

A brief review of the literature leading up to this method for identifying HII regions 

and SNRs is given. The extension of this method to one for separating the thermal 

and non-thermal radio radiation along the Galactic plane with the aid of the IRAS 

data is also discussed. The latter is relevant as it extends the empirically derived 

IRR to extended, large HII regions. Prior to this only compact HII regions had been 

evaluated for their IRR. 

155 
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I employed the GUMBACK method of separating an extended source from its back

ground, described in chapter 4, to obtain isolated Gum Nebula images at 2.3 GHz 

and 60 J.lm with a resolution of 0.50
• These two images were then used to generate 

an IRR image with a resolution of 0.5 0
• 

6.1 Identification of SNRs and HII regions on 
the basis of their IRR 

The theory of H II regions predicts that in a state of equilibrium each electron, 

given enough energy to free itself by a Lyman continuum photon, will eventually 

recombine. An H II region is thus optically thick to Lyman transitions. The resultant 

recombination cascade invariably produces one Balmer photon, one Lyman a photon 

plus lower energy continuum and line photons (e.g. Shu, 1982). 

As the dust absorption efficiency of Lyman a photons is fairly good, one may assume 

that each of these Lyman a photons scattered many times by resonance in the 

ionized gas is eventually absorbed by dust (e.g. Krishna Swamy & O'Dell, 1968). 

Their energy will then be re-emitted as IR radiation. Such a model leads to the 

conclusion that the emission coefficient for IR radiation is equal to that of Lyman a 

photons. Each Lyman a photon originates from a Lyman continuum photon. The 

Lyman continuum flux is in turn proportional to the radio continuum flux of the 

HII region (Rubin, 1968). Thus theory predicts that the ratio of the infrared flux 

density to the radio flux density, SIR/ Sradio, should be proportional to the ratio of 

the Lyman 0: emission coefficient to the radio emission coefficient, jLCt/ jradio. 

Harper & Low (1971) set out to investigate this conjecture by making appropriate 

measurements on compact HII regions. Their observed proportionality coefficient is 

much larger than the theoretically predicted value. Thus the IR emission is larger 

than can be accounted for by absorption of the Lyman a photons alone. Harper 

& Low (1971) suggested that the dust is competing effectively with the gas for 

Lyman continuum photons from the central star, thereby achieving the additional 
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heating required to explain the observational IRR. This conjecture was confirmed 

by Emerson & Jennings (1978). 

The absorption of photons from the stellar Lyman continuum by dust thus reduces 

the number of ions and hence also the number of electrons in H II regions. This then 

reduces the radio free-free flux from the H II region. The IR excess is therefore due 

to a decrease in radio free-free emission and not only the result of an increase in IR 

emission. This interdependence of the radio and infrared emission results in a good 

correlation between the infrared and high-frequency radio continuum in compact 

H II regions. The IRR for compact H II regions is 2: 500. 

In the early eighties the IRAS data became available and made studies of the cor

relation between the infrared and radio emission of extended objects possible. 

In most SNRs the infrared emission arises from interstellar dust that is collisionally 

heated by shocked gas, i.e. X-ray emitting gas. Thus there does not appear to be 

such a strong interrelation between the infrared and high-frequency radio continuum 

in SNRs. The initial set of SNRs studied individually at IR when the IRAS data 

became available in the early eighties (Braun, 1985) have a very low IRR, 

i.e. IRR <20. 

This disparity in IRR for HII regions and SNRs, prompted Furst et al. (1987) to in

vestigate the correlation between the IRAS continuum data and radio data. Haslam 

and Osborne (1987) independently also embarked on the same project, though from 

a different perspective. They wanted to investigate the correctness of IRjsubmm 

emission models for the Galactic plane. One of these models (Cox et al., 1986) pre

dicted a good correlation between the 60pm IRAS data and the emission of extended 

low-density H II regions. 

Furst et al. (1987) and independently Haslam & Osborne (1987) have shown that 

in general the 60 pm infrared image from the IRAS all-sky survey of the galactic 

plane in the longitude range of about 25° < I < 35° shows a detailed correlation 

to the ll-cm radio continuum emission of the same region observed by Reich et al. 
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(1986). The known compact H II regions stand out as bright sources in both maps, 

while SNRs are noticeable by their lack of IR in comparison to their surroundings. 

Both Furst et al. (1987) and H:tslam & Osborne (1987) confirmed that the infrared 

flux of compact H II regions is > 500 times their radio continuum flux while SNRs 

in contrast only have an IR flux :::; 20 times their radio continuum flux. Thus the 

ratio of IR to radio flux was proposed by both Furst et al. and Haslam & Osborne 

as a means of identifying SNR candidates near the galactic plane. 

The sample of SNRs on which Furst et al. (1987) based their empirically derived IRR 

was heavily biased towards young SNRs. Arendt (1989) shows that these historically 

young SNRs are at one extreme of the range of empirically derived IRRs, with IRR 

< 20. For older remnants Arendt determines the IRR to be in the range of ~ 20 to 

500. The radio fluxes used for this determination are at a frequency of IGHz. 

Thus one should in principle be able to distinguish young and old SNRs and compact 

H II regions from each other on the basis of their IRR. This leads to the conjecture 

that radio radiation from HII regions, i.e. thermal radiation may be identified 

by its associated infrared emission, while regions of synchrotron radiation would 

be relatively infrared quiet. This has some bearing on the Gum Nebula which is 

certainly not in the category of compact H II region, but has at times been classified 

as an extended HII region. 

6.1.1 Identification and/or separation of thermal and non
thermal radiation from the IRR 

Haslam & Osborne (1987) as well as Broadbent, Haslam & Osborne (1989) extended 

the above method for distinguishing between compact H II regions and SNRs to 

one for separating the thermal component of the radio continuum, identified by its 

associated infrared emission, from the synchrotron component. This requires some 
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justification for associating the predominant component of dust radiation at 60 pm 

with the thermal radio radiation of extended low-density H II regions along the 

galactic plane. 

Several models of the IR/submm emission from the galactic disk exist. Although all 

such models attribute the IR emission of the galactic plane to interstellar dust heated 

by the absorption of starlight, they propose different locations for the dust grains 

and sources of interstellar radiation. An early model by Fazio & Stecker (1976) 

locates the dust grains in giant molecular clouds (GMCs) heated by embedded stars 

invisible to us. This model predicts a good correlation of 12CO column density, a 

tracer of molecular clouds, with IR emission. This was indeed observed (Hauser et 

al., 1984) in IR data at 150 and 300 pm obtained from balloon flights. However, the 

higher resolution 60 pm IRAS survey data, Haslam & Osborne claim, has its primary 

correlation with the radio continuum and thus thermal emission from extended low

density (ELD) H II regions. Thus they support the model of Cox et al. (1986), 

which predicts precisely this correlation. 

As giant H II regions are generally associated with GMCs both correlations are 

in principle to be expected. Further support for Cox et al.'s model comes from 

their detailed prediction of percentage contributions at different IR bands from dust 

associated with H II regions, dust associated with HI and that associated with 

molecular clouds. The model predicts: for 60flm 82%, 18% and 0%; for 100 pm 60%, 

40% and 0% and for 200 flm 43%, 43% and 14% respectively. Thus the observed 

better correlation (Haslam and Osborne) of 60 flm IR to the radio is explained by 

the Cox et al. model which attributes most of the 60flm emission to H II regions. 

Furthermore, the 12CO correlation reported by Hauser et al. (1984) (IR between 150 

and 300 flm) also fits into the scheme of Cox et al. (1986). 

Thus, if the minor contribution to the 60flm emission from the HI associated dust is 

modeled and removed, the remaining IR emission is associated with thermal radio 

emission and the empirically derived relationship between these may be used to 
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model the thermal radio contribution. Broadbent et al. show that the IRR for 

ELD HII regions is the same as for compact HII regions. If the thermal radiation 

modeled from its infrared counterpart is subtracted from radio maps one is left with 

the non-thermal radio radiation. 

As the IRR for ELD HII regions is also> 500, the IRR still assumes a unique range 

of values for H II regions (extended or compact) and SNRs. 

At 60ttm dust associated with HI contributes 18% of the emission according to 

the Cox et al. model. Even though no HI has yet been identified with the Gum 

Nebula, a contribution from such HI associated dust could pose a problem with the 

classification of the Gum Nebula. If this nebula is an SNR then it must be very old. 

As the IRR for older remnants is in the range of ~ 20 to 500, a calculated IRR close 

to just greater than 500 that ignores the HI associated dust contribution could lead 

to an inconclusive result. 

The contribution of the HI-associated dust emission depends on the distribution 

and density of the HI as well as the interstellar radiation field (ISRF). Broadbent 

et al. found that for a constant ISRF over the whole galaxy, the contribution of 

the HI-associated emission was typically less than 10 %, i.e. less than the 18% 

predicted by Cox et al., of the total infrared intensity. However for an ISRF that 

increases strongly towards the centre of the Galaxy (Mathis, Mezger & Panagia, 

1983) the HI-associated dust contribution is no longer minor towards the centre of 

the Galaxy. I conclude from the discussion in Broadbent et al. that the HI-associated 

dust contribution in the Gum Nebula region, which is towards the anti-centre of the 

Galaxy, is not in excess of 10% of the 60ttm emission of the Gum Nebula. Hence 

the infrared emission associated with the radio emission of the Gum Nebula may be 

overestimated, if the Gum Nebula is of thermal origin. 
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6.2 IRR of the Gum Nebula 

I used the 60flm IRAS data and the 13 cm (2.3 GHz) Rhodes radio continuum data 

for the determination of the IRR of the Gum Nebula. 

There are several good reasons for using the 60flm IRAS data for the determination 

of the IRR, rather than the IR data at other wavelengths. For one, an empirical 

investigation shows that the correlation of the IR with the radio emission is better 

if the 60 flm data is used (Haslam & Osborne, 1987). Furthermore there is evidence 

that the 60flm data is most closely associated with the thermal radio radiation as 

predicted by the model of Cox et al. (1986) (Haslam & Osborne, 1987; Broadbent et 

al., 1989) Also, SNRs are most clearly defined at 60 flm according to Arendt (1989). 

Lastly, both the work of Broadbent et al. (1989) and Furst et al. (1987) was done 

using 60flm and thus the empirically derived ratios quoted there are best used in 

the same context. 

Furthermore, the 13 cm (2.3 GHz) Rhodes radio continuum data is not that signifi

cantly different in wavelength (frequency) to the surveys used by Furst et al. (l1cm, 

i.e 2.7 GHz) and Broadbent et al. (11 cm and 6 cm, i.e 2.7 and 5 GHz). The flux 

density for a thermal source, i.e. of flux density spectral index 0.1, at 13 cm is 1.02 

times that at 11 cm. This difference is not significant for the IRR. 

The revised IRR for SNRs due to Arendt (1989) was made using SNR fluxes at 

1 GHz. A nonthermal source with flux spectral index 0.7 has a flux density at 

1 GHz that is 1.8 times that at 2.3 GHz. Thus the IRR derived using 2.3 GHz 

data should be multiplied by 0.56 to compare it to the IRR values obtained from 

1 GHz radio flux densities. The lower the flux spectral index of the SNR, the closer 

to 1 this adjustment factor becomes. This should be kept in mind when drawing 

conclusions about an IRR determined using data at a frequency other than 1 GHz. 
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6.2.1 The 60 pm data from the ISSA images 

The infrared astronomical satellite (IRAS) surveyed 98% of the sky in four broad in

frared bands centred at 12, 25, 60, and 100 f1m and with resolution ~ 5' (Beichmann 

et al., 1988; Wheelock et al., 1994). Most of the sky was observed three times in 

order to obtain hours-confirmation, i.e. verifying that sources were detected at the 

same positions and brightnesses on different passes of the satellite separated by one 

or more orbits. The scans from these independent coverages were combined to form 

co-added images with higher resolution and sensitivity. The resultant data, co-added 

and independent single pass coverages, from this survey was reprocessed by the In

frared Processing and Analysis Center (IPAC) to improve calibration and remove 

zodiacal emission. It was published in the reprocessed form as the two volume 

CDrom IRAS Sky Survey Atlas (ISSA). The units of these images are MJy Isr. 

Images for which the IPAC cannot guarantee sufficient removal of the zodiacal emis

sion and which are thus of reduced quality are classed as the ISSA reject set. The 

ISSA images give differential brightness for objects outside the solar system and 

thus are not absolutely calibrated. 

Unfortunately the Gum Nebula is in the region of sky that contains some of the 

2% not observed. Furthermore a fair portion of the Gum Nebula region falls within 

the region made up of the ISSA reject set images. Thus in those regions the IR 

emission would be slightly overestimated as they contain some residual zodiacal 

emission. However, this residual emission is smaller at 60 and 100f1m than at 12 

and 25 f1m. As IPAC (1994) claims that the reject images are still useful at longer 

wavelengths, the work presented here, based on these observations is meaningful. 

Also the portion of the region investigated containing the reject images only skirts 

the outer boundary of the Gum Nebula (with RA approximately 3 to 13 hrs and 

dec from approximately -150 to -3°, which is approximately between galactic 
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longitudes 2400 to 2600 and at latitudes greater than +200
). None of this is con

tained within the background subtracted image (see Fig. [6-2]) used for the IRR 

dp.termination. 

Mosaicking of the individual 12.50 by 12.50 ISSA images to form a larger image 

was done with a multipurpose program for mosaicking written by Jonas of Rhodes 

University. According to IPAC this can be done without additional adjustments to 

an accuracy of 0.1 MJy /sr, except where images from the 1,81 > 500 sky join those 

from the I,BI < 500 sky, ,8 being the ecliptic latitude. In those regions, the field 

boundary discrepancy is of the order of 1 to 2 MJy /sr at 60 j.lm. Although the 

Gum Nebula straddles these two regions of sky, no significant change in brightness 

is noticeable across the ,8 = -500 boundary. 

6.2.2 Jy /beam determination 

The IRR of the Gum Nebula was determined pixel by pixel, resulting in an IRR 

Image. For a pixel by pixel IRR determination one has to use units of Jansky per 

beam. 

The units of the 13 cm (2.3 GHz) Rhodes radio continuum data are brightness 

temperature in Kelvin. Dividing by 1.5 converts this back to antenna temperature 

(see chapter 3) in Kelvin. If this is multiplied by the beam sensitivity, 9.72 Jy/K, 

of the HartRAO antenna at 13 cm one obtains Jy /beam for this 20' beam. 

The 60j.lm IRAS data is in MJy /steradian. This thus has to be multiplied by the 

beam area in steradian and divided by 106 to convert it to J y /beam. As both 

surveys have to be at the same resolution for any meaningful comparative work, the 

60j.lm was convolved with a gaussian function of appropriate half power beam width 

(HPBW) to bring it to the 20' resolution of the radio survey. Thus the beam area, 

!1 A, to multiply by is that of a gaussian beam with HPBW of 20'. This is given by 

the formula !1A = 1.133(H P BW)2 (Baars, 1973), where the HPBW is in radians. 

!1A is 3.835 X 10-5 sr when the H P BW is 20'. 



164 

Scanning effects present in the 2.3 GHz data at its observation resolution of 20'were 

reduced by smoothing both the radio and the IR images to a resolution of 0.50
• The 

IRR work was thus done at that resolution. This further effective increase in beam 

area meant multiplying both surveys by the same factor, 2.25, after they had both 

already been calibrated for a resolution of 20'. 

6.2.3 Method and Results 

There are at least two methods of obtaining an IRR image of the Gum Nebula. One 

is based on the TT-plot method used for the spectral index image determination. 

In this case the IRR ratio for a region is given by the slope of the FF-plot i.e. the 

slope of the plot of the IR flux per beam at each pixel position versus the radio 

flux per beam. Detailed investigations of this method showed that the only way to 

obtain good results was to adjust the TVST program to give the slopes of straight 

line sections of FF-plots at constant latitude, rather than the spectral index defined 

by the slope of such TT-plots. 

FF-plots are also prone to smoothing and superposition effects, although some of 

these are of a different nature to those investigated for the spectral index determi

nations. The FF-plot peculiarites are at present under investigation. A preliminary 

IRR image I produced from the slopes of FF-plots effectively gives the same results 

as those presented below, except that the image is intermittent. This is due to the 

presence of many scatter and negative slope FF-plot sections resulting in an unde

fined IRR. It is the need to understand the origin of the negative slope FF-plots 

that has held back the FF-plot results. Many of these negative slope sections are 

too extended in longitude to be due to the smoothing of the beam over two severely 

different IRR ratio regions. The latter is the explanation of one of the negative slope 

TT-plot effects in spectral index determinations. 

The method whose results are presented here relies on the determination of an 

approximate background for both the 60pm image as well as the 2.3 GHz radio 
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image of the region from the Rhodes/HartRAO 2326 MHz Survey. The IRR image 

is then obtained by simple division of the radio image into the IR image. 

I used the program GUMBACK described in chapter 4 for the background deter

mination of the 0.50 resolution images. The thus isolated Gum Nebula is shown in 

Fig. [6-1J and Fig. [6-2] at 2.3 GHz and 60f.Lm respectively. The background removal 

was not entirely successful between latitudes of ~ _3° and ~ 4°, where there has 

been an unavoidable oversubtraction, thus hiding the nature of the Gum Nebula in 

that region. 

Contours at constant Jy /beam values of the 2.3 GHz image have been superimposed 

on the false colour 60 f.Lm image in Fig. [6-2J. This superposition highlights the fairly 

close correspondence of the morphology of the Gum Nebula at 2.3 GHz and 60 f.Lm. 

The close correspondence at negative galactic latitudes of the 60 f.Lm data to Sivan's 

Ha: image had already been noticed by Srinivasan Sahu (1992). Srinivasan Sahu 

assumed that there is no IR radiation corresponding to the Gum Nebula at positive 

galactic latitudes. These two facts form the basis of her argument for the existence 

of the IRAS-Vela ring. 

However, as seen in Fig. [6-2], there is faint IR emission at positive galactic lati

tudes. As the 2.3 GHz contours show, this has a fairly close correspondence to the 

radio emission and thus the Ha: emission. In particular, the relatively strong radio 

structure between galactic longitudes 272° and 258° and galactic latitudes +9° and 

+ 15° is clearly also present in the IR. Unfortunately this cuts across an unobserved 

region in the IR. 

The much fainter radio spur between galactic longitudes 254° and 246° and galactic 

latitudes + 15° and +9° does not show such close correspondence. One reason for 

this was discovered from the IRR image which clearly shows that some confusion is 

present in the 60 f.Lm image in this area due to the presence of a cirrus cloud (see 

later discussion). 
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There is thus no need for postulating the existence of a separate IRAS-Vela ring. 

Just as the 2.3 GHz radio emission of the Gum Nebula at positive galactic latitudes 

is much fainter than that at negative latitudes, so is the 60jlm IR emission. 

I obtained the IRR image by division of the two images in Figs. [6-2] and [6-1]. It is 

shown in Fig. [6-3] as a false colour image, with superimposed contours of constant 

Jy /beam from the 2.3 GHz image. The contours are there to aid in the identification 

of IRR values for features and objects in the 2.3 GHz image. 

Immediately noticeable in the false colour image of the IRR is that the Gum Nebula 

is red bordering on yellow, which corresponds to a value of at most 250, with large 

areas in the colours corresponding to the range below 100. The Gum Nebula is thus 

definitely an old SNR, especially if one takes into account that this value has to 

be multiplied by a factor less than one, depending on the radio spectral index, to 

account for using 2.3 GHz data rather than 1 GHz data. 

There are three regions on the edge of the Gum Nebula that have an IRR > 500. 

These are cirrus cloud A approximately covering longitude 2490 to 242 0 and latitude 

-120 to -150
, cirrus cloud B approximately covering longitude 2720 to 2700 and 

latitude _70 to -130 (on the 60,um image it is not evident below 1l0) and cirrus 

cloud C approximately covering longitude 254 0 to 242 0 and latitude 120 to 160
• As 

these are also regions that have essentially no corresponding features in the radio 

image, I conclude that the 60 ,urn features in these three regions are isolated cirrus 

clouds. 

I made hydroxyl 1667 MHz spectral line observations (see next chapter) at positions 

in these three regions. The observed positions, their line velocities and corresponding 

kinematic distance range as given by the uncertainty in the line velocity (from the 

Wouterloot & Brand (1989) galactic rotation model) assuming no local motions are 

tabulated in table [6-1]. Also tabulated is the range kinematic distances from us, 

assuming local motions to or away from us of the order of 5 km/s, which is typical 

of interstellar molecular clouds. A distance is quoted as zero when, even if the cloud 
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Gum Nebula at 13cm with 0.5 0 resolution 

o o o o o o 

280 272 264 256 248 240 
Galactic Longitude 

Figure [6-1]: The background subtracted Gum Nebula at 2.3 GHz with a resolution 
of 0.5° . The background removal was not entirely successful between ~ _3° and 
~ 4°, where there has been an unavoidable oversubtraction, thus hiding the nature 
of the Gum Nebula in that region. The false colour scale is logarithmic. Inversion of 
this logarithmic scale and multiplication by 2.25 yields values in units of Jy /beam. 
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Gum Nebula at 60J,Lm with 0.5 0 resolution 
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280 272 264 256 248 240 
Galactic Longitude 

Figure [6-2]: The background subtracted Gum Nebula at 60 J.lm with a resolution of 
0.50

• The background removal was not entirely successful between ~ _3° and ~ 40
, 

where there has been an unavoidable oversubtraction. The contours at constant 
Jy /beam values of the corresponding 2.3 GHz image in the previous figure . False 
colour values must be multiplied by 2.25 to give values in units of Jy /beam. 
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Gum Nebula 60J-Lm/13cm flux ratio at 0 .5 0 resolution 
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Figure [6-3]: IRR image formed by dividing the background subtracted 60j.Lm image 
by the background subtracted 2.3 GHz image. The superimposed contours are at 
selected constant Jy /beam values from the 2.3 GHz image. 
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is assumed to be at our position in the galaxy, it still has to be moving towards us in 

order to account for the velocity or assumed velocity in the case where local motions 

are included. Essentially all these distances fall into the range of distances quoted 

in the literature for the Gum Nebula. Thus one may conclude that they are close to 

the Gum Nebula, but, as they do not share the IRR of this nebula, presumably not 

interacting with it. The fact that some of the constant J y /beam contours from the 

2.3 GHz image follow the IRR morphology of these identified cirrus clouds is simply 

an artifact of the method (division by the 2.3 GHz image) and as such cannot be 

considered as evidence for any interaction of the nebula with these cirrus clouds. 

I cirrus cloud I position I Vtsr/[km/s] I D/[kpc] I D range/[kpc] I 
A G247.5 - 12.225 2.562 ± 0.087 0.3 0.9 to 0.0 
B G270.9 - 8.4 0.26 ± 0.12 0.59 2.1 to 0.05 
C G250.45 + 13.6 -0.34 ± 0.19 0.0 0.6 to 0.0 

Table [6-1]: OH line velocities obtained at positions in the three cirrus clouds A,B 
and c. The kinematic distances were determined using the galactic rotation model 
of Wouterloot & Brand (1989). 

6.2.4 IRR for HII regions and young SNRs along the plane 

Although the background subtraction, as far as the Gum Nebula is concerned, is 

very unsatisfactory in the region between ~ _3° and ~ 4°, it nevertheless is a 

reasonable first order approach for the more intense objects along the galactic plane. 

Thus although this background subtraction is by no means perfect, the IRR for the 

known HI! regions, whose positions are shown as squares in Fig. [6-4] of the IRR 

image, and for the younger SNRs (shown as circles in Fig. [6-4]) has the expected 

range. An exception is the extended HII region at G 260, 0, which is very faint 

at 2.3 GHz and thus the background subtracted at its position is unlikely to be 

correct-keeping in mind the manner in which this is determined. 

Noticeable in this figure are the patches with IRR > 500 without squares around 

them. Of these, the IRR features at G271 - 3; G273 + 4 and G251 - 2.5 are 

I 
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Gum Nebula 60j.Lm/13cm flux ratio at 0.50 resolution 
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Figure [6-4]: IRR image formed by dividing the background subtracted 60jLm image 
by the background subtracted 2.3 GHz image. The squares show the positions of 
known HI! regions. The circles show the positions of known young SNRs. 
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fairly definitely artifacts of the method, caused by subtraction of an overestimated 

background at 2.3 GHz, as closer investigation of the 2.3 GHz image shows. The 

IRR features around G268 + 3.5 may also be artifacts of the method. If not, then 

they are objects obscured in the IR and radio images. 

However, the patches with IRR ~ 450 at approximately G263.5 + 3.5 and approxi

mately G259.5 - 2.5 could not be definitely classified as artifacts of the method. A 

search for strong 60 p,m IRAS point sources at these positions was negative for the 

position G263.5 + 3.5. Thus this feature may be an artifact of the method after all, 

or perhaps a small, but extended HII region hidden by confusion and/or obscuration 

near the plane. Close to G259.5 - 2.5 a strong 60 p,m point source was identified in 

the IRAS point source catalogue, source 08211-4158 (G259.9 - 2.7) with fluxes of 

11 Jy, 32 Jy, 210 Jy and 625 Jy at 12 p,m, 25 p,m, 60 p,m and 100 p,m respectively 

and with flux quality numbers given as 3 at all 4 wavelengths. These flux values 

and flux quality numbers match the criteria for compact IRAS HII regions given by 

Hughes & Macleod (1989). Thus the feature at G259.5 - 2.5 is probably a compact 

HII region. 

6.2.5 Uncertainty in IRR of the Gum Nebula 

An IRR uncertainty image was generated in similar manner as for the GUMBACK 

spectral index images. It is displayed in Fig. [6-5] b). For comparison purposes the 

IRR image is displayed in a) of the same figure. As expected, the uncertainties in 

the very faint regions of the 2.3 GHz and 60 p,m are large. But across the main 

body of the Gum Nebula the uncertainty in the IRR is less than 80. Thus even in 

the worst case scenario one would classify the Gum Nebula as an old SNR. 

6.2.6 Infrared emission of SNRs 

A supernova remnant (SNR) is the composite of the exploded star's ejecta and the 

swept-up surrounding material. These are all heated to temperatures of the order of 
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Figure [6-5]: a) shows the IRR image for ease of reference to the image in b) which 
shows the IRR uncertainty image. 
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106 K in the explosion and shock front formed by the high speed outward expansion. 

Dust, either from pre-explosion stellar origin or the surrounding interstellar medium, 

collisionally heated by the shocked plasma, is considered responsible for most of the 

infrared emission of an SNR. Theoretical considerations predict this emission to be 

the main cooling mechanism of the plasma. (Ostriker & Silk, 1973; Silk & Burke, 

1974). The IRAS data has confirmed that many remnants do indeed emit most 

brightly at IR wavelengths. This is certainly the case for the Gum Nebula whose 

60 11m infrared emission is about 80 to 250 times greater than its 2.3 GHz radio 

emIssIon. 

In older remnants IR dust emISSIOn is considered to be dominated by swept-up 

interstellar dust (Saken et al., 1992). Furthermore, as the dust is heated mainly 

by electrons in the hot plasma, which are at temperatures greater than or equal to 

106 K and thus emit X- rays, one expects there to be a good correlation between the 

IR and X-ray emission of SNRs. (Dwek et al., 1987). Although the Gum Nebula has 

been observed with the ROSAT satellite and Aschenbach et al. (1995) have reported 

the existence of X-ray emission from it, no details are available yet. 

As the dominant infrared emission from an SNR is from collision ally heated dust, the 

quantity of dust engulfed by the expanding remnant determines the brightness of its 

infrared emission. Thus remnants at high galactic latitudes, where the ISM density 

is relatively low, remain undetected in the infrared. (Dwek et al., 1987; Braun & 

Strom, 1986). Unfortunately where the ISM has a high density i.e. generally along 

the galactic plane at low galactic latitudes, other strong infrared sources are common 

and detection of infrared emission from SNR is difficult due to confusion with these 

other objects. 

A further consequence of the dust density dependence of the infrared emission from 

SNRs is that the distribution of the dust in the surrounding interstellar medium has 

a direct bearing on the infrared appearance of the remnant. If the SNR progenitor 

had a strong stellar wind, this would have made the surroundings dust~deficient. 
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Consequently the resultant SNR will show little or no detectable IR. 

If this is indeed the case, then the wide range in brightness of the Gum Nebula at 60 

/-lm points to this sup<:;rnova remnant having expanded into regions of very different 

density. Indeed, the disparity in the brightness above and below the plane may well 

be explained by the progenitor of this SNR having formed at the edge of a large 

molecular cloud, with the molecular cloud towards the negative galactic latitude 

side of the star. 

The fact that there is a relatively good correlation between the morphologies of 

SNRs at radio and IR wavelengths, but not a constant value for the IRR, is taken 

to imply that radio and IR emission mechanisms in SNRs depend in different ways 

on the local conditions. The IRR image of this old SNR clearly shows that the 

IRR varies significantly across the face of this SNR. It is hoped that the present 

investigation of the IRR with FF-plots may shed some light on this. 

Young remnants are brightest at 12 and 25/-lm while older remnants are brightest at 

60 and 100 /-lm (Saken et al., 1992). Arendt (1989) comments that most identified 

remnants appear with the greatest clarity at 60 /-lm, even though SNRs may be 

intrinsically brighter at 100 /-lm. At the latter wavelength they are more easily 

confused with the cool dust of the Galactic cirrus as well as other sources that 

emit strongly at that wavelength. At the other extreme of the observed IRAS 

wavelengths, 12 and 25 /-lm, emission from warm dust in the ecliptic plane obscures 

SNRs. 

6.3 IRAS point sources associated with SNRs 

Rengarajan et al. (1989) report that there is a statistical excess of IRAS point 

sources with IR spectra of young stellar objects (YSOs) associated with SNRs in 

general and that a few of these remnants show a large excess. These point sources 

also show a preference for the shells of the SNRs rather than their central regions. 
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As only the point sources with spectra characteristic of heated dust were considered, 

those situated in SNRs may either be dusty knots heated by the shock in the hot 

plasma or possibly protostars whose birth was triggered by the supernova shock. 

Rangarajan et al. argue that while most of these point sources associated with 

SNRs are probably due to emission from dusty knots heated by the shock, some 

could indeed be protostars. 

280 270 260 250 240 

Galactic longitudt' n 

Figure [6-6]: Young stellar objects, YSOs, selected by Prusti et al. (1992) from the 
IRAS point source catalogue in the Gum Nebula region. Note the high incidence of 
these within the shell of the Gum Nebula at negative galactic latitudes. 

Prusti et al. (1992) have shown that possible YSOs selected from the IRAS point 

source catalogue, have a high incidence within the shell of the Gum Nebula at 

negative galactic latitudes (see Fig. [6-6]). This is in agreement with an old SNR 

classification of the Gum Nebula according to its IRR. The fact that these selected 

IRAS point sources are only evident below the galactic plane probably indicates a 

density gradient in the original ISM. 
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6.4 Estimate of Dust mass of the Gum Nebula, 
an old SNR 

A characteristic temperature T34 of the blackbody spectra modified by ).-1.5 emis

sivities which fit the observed spectra between 60/lm and 100/lm may be determined 

for an SNR. This temperature together with an estimate of the flux density, S" at 

60 /lm may be used to obtain an estimate of the SNR's dust mass, Md, in terms of 

solar masses (Arendt, 1989). 

(6-1) 

where Td = T34 , !l;v(60/l m) ~ 120 cm2/g, Bv(Td) is the Planck function evaluated at 

the dust temperature Td and D is the distance to the SNR. The calculated masses 

are uncertain by at least a factor of 2. 

Without having to analyse the 100/lm image of the Gum Nebula, a first order guess 

at the mass of dust within it may be obtained by assuming that its characteristic 

temperature T34 is that of the average for "old" SNRs, quoted by Arendt as ~ 

30 K. This seems reasonable as Srinivasan Sahu quotes a value of ~ 25 K for this 

temperature for the IRAS-Vela ring, which is part of the Gum Nebula (reasons given 

above and elsewhere). 

I made a first order estimate of the flux density of the Gum Nebula at 60 /lm from the 

background subtracted 60 /lm image, excluding the region between latitude -5° and 

+5°, as well as the region between latitudes _7° and _5° and between longitudes 266° 

and 2580
• Most of the latter region is part of the Vela XYZ SNR. The contributions 

to the flux density from the three cirrus clouds were also excluded. Such an estimate 

gives a flux density at 60/lm of 2.8 x 105 Jy. This results in a dust mass of 0.12 MG' 

This is similar to that quoted for other SNRs in Arendt (1989). 
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6.5 IRR from total flux density values 

It was a simple matter to also obtain an estimate of the radio flux density for the 

Gum Nebula. 

For the negative galactic latitude region between latitudes -15° to -5°, excluding 

the cirrus clouds A and B and the part of the Vela XYZ SNR between latitudes 

_7° and _5° and between longitudes 266° and 2580
, the radio flux density carne to 

1.7 x103 Jy. The corresponding 60 11m flux density is 1.9 x105 Jy. This gives an 

IRR of 112. 

For the region between latitudes +40 to +160 excluding cirrus cloud C, the radio 

flux density came to 1.5 X 103 Jy. The corresponding 60 11m flux density is 9.4 x 104 

Jy. This gives an IRR of 63. 

For the combined regions, the radio flux density is 3.2 x103 Jy and the 60 11m flux 

is 2.8 X 105 Jy. This gives an IRR of 88. 

On the basis of these results there can be no doubt about the old SNR classification 

of the Gum Nebula. 

6.6 Discussion and Conclusion 

A global IRR representative of the IRR image of the Gum Nebula is 120 with an 

uncertainty of about 80. This puts the Gum Nebula into the category of old SNR. As 

there is no information on the IRR of an interstellar bubble, some skepticism about 

this result is appropriate. However, this old SNR classification is further supported 

by the spectral index results in chapters 4 and 5. 

There is one aspect about this old SNR that the spectral index result does not 

answer. Are the thermal regions identified in the spectral index map due to material 

cooled sufficiently to be emitting bremsstrahlung radiation and H recombination 

lines or are they cold material (either in an outer shell of the SNR with which the 
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SNR never interacted, or the outer layer of the SNR that cooled to below 1000 K) 

now heated by the centrally situated stars, Velorum and ( Puppis? 

Suppose that one makes the assumption that cold material heated by the Lyman 

continuum radiation of the stars has the same IRR characteristics as H II regions. 

Then this material would have an IRR > 500. Suppose that the corresponding radio 

emission has a Jy /beam value of X and thus an IR Jy /beam value of 500X. Suppose 

that this is superimposed on an old SNR with an IRR of 100 with Jy /beam value Y 

for its radio emission and thus Jy /beam value of 100 Y for its IR emission. The total 

radio Jy/beam value is thus (X+Y) and the total IR Jy/beam (500X +lOOY). After 

some manipulation the IRR is given by (500 + 100Y/X)/(l + Y/X). In the GHz 

range, judging from the appearance of the Gum Nebula at 2.3 GHz, it is reasonable 

to assume that Y ~ X and Y/ X ~ 1. Since the identified thermal regions of the 

Gum Nebula tend to be in its brighter parts at 2.3 GHz, Y / X is probably less than 

one. Hence giving an IRR for this superposition of > 500. 

No such regions corresponding to the identified thermal spectral index regions are 

apparent in the IRR image. Thus I conclude that the thermal regions in the Gum 

Nebula are unlikely to have originated from material in the immediate vicinity of 

the nebula that never interacted with the nebula and was only heated by the stars 

,2 Velorum and ( Puppis. If this had been the case these regions would have the 

infrared excess seen in ordinary H II regions. I thus conclude that the thermal 

regions must have been processed by the Gum Nebula SNR, and thus lack the 

infrared excess usually seen in such thermal regions. This may be due to a smaller 

amount of dust in these regions than found in ordinary H II regions-the dust having 

been destroyed in the SNR shock front. Alternately, these thermal regions may have 

a larger amount of radio free-free emission than in ordinary H II regions as the gas 

has cooled to thermally emitting temperatures, rather than competing with the dust 

for Lyman contiuum photons from a star. 

Thus there is also no evidence for the existence of the IRAS- Vela ring, as this is 
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supposed to have properties similar to an H II region. 

There are three other data sets, the 12, 25 and 100 pm Images, available from 

the IRAS. However, using infrared spectra to identify SNRs is not feasible, as the 

IR spectra of SNRs are not unique. Young SNRs and planetary nebulae (PNs) 

have similar infrared spectra, while old SNRs and compact HI! regions have similar 

spectra, though the latter are quite distinct from those of young SNRs and PNs. 

Thus the use of the IRAS data alone would not have allowed me to clearly identify 

the Gum Nebula as an old SNR. 

As the IR dust emission in older SNRs is considered to be dominated by swept-up 

interstellar dust, the noticeable disparity in the IRR above and below the plane 

points to an expansion of the SNR into inhomogeneous interstellar material. This 

is further supported by the three identified cirrus clouds in the vicinity of the Gum 

Nebula. These may be representative of the type of material present at the location 

of the nebula prior to its birth. 



Chapter 7 

Spectral line observations 

I also made radio spectral line observations at selected positions within and adjacent 

to the Gum Nebula. For these observations I used the 13 cm and 18 cm systems at 

HartRAO as well as the 20 cm system of the Mopra antenna near Coonabarabran, 

NSW, Australia. 

Spectral line observations require a different receiver configuration to that for con

tinuum observations. The spectral line receiver operates in what is known as the 

total power mode and the signal is fed through a correlator. The basic hardware of 

the 2 bit 3-level autocorrelation spectrometer at Hartebeesthoek and a test program 

were developed by Woodhouse (1980). Since then Gaylard (1989) has been respon

sible for fine-tuning, debugging and enhancing the system. The details of operating 

the spectrometer and post-detection analysis can be found in Gaylard (1981). 

The correlator bandwidths available at HartRAO are 0.32, 0.64, 1.28, 2.56 and 5.12 

MHz. The maximum correlator channel number is 512 channels. 

The Mopra 22-m antenna is part of the Australia Telescope National Facility (ATNF), 

operated by the CSIRO. Though intended for use with other ATNF antennas to form 

the Long Baseline Array, it is also used for single dish observations. It is in the latter 

configuration that I used it for this work. The Mopra antenna has an alt-azimuth 

mount with the azimuth drive supplied by wheels on a circular track. Like the Har-
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tRAO antenna it has a Cassegrain or secondary reflector. The feedhorns for the 

various radio astronomy bands are operated with both feed horn and subreflector 

placed on axis. The relevant feed horn is rotated into position for observations by 

means of a rotating turret system which allows each feed horn to be brought on axis 

as required. 

For my work I only required the 20 cm system. At the time of my observations 

(January to April, 1994) the antenna was still in its testing phase and some faci

lities were not yet in working order, such as doing continuum drift scans. The 

latter are important for the determination of electron temperature from hydrogen 

recombination lines. Drift scans also yield a more reliable calibration of the antenna 

parameters. 

During January to April, 1994 the 20 cm system of the Mopra antenna at 1665 

MHz had a system temperature of 34 K (the average for the two polarizations) 

and a beam sensitivity of 12.7 Jy/K as measured on Virgo A (A. Tzioumis, private 

communications). At 1665 MHz the resolution of the Mopra antenna is similar to 

that of the HartRAO antenna, ~ 0.50
• 

The bandwidths available then were 64, 32, 16, 8 and 4 MHz at 1 or 2 bit sampling. 

The digital correlator is usually operated with 2-bit digitization for spectral line 

work. It can be set up such that two spectra, one from each polarization, are ob

tained simultaneously. Various combinations of bandwidth with number of channels 

are possible-the maximum number of channels available at the time of my obser

vations being 4096. Spectra can be obtained in either the frequency or the position 

switching mode. 

Observations at Mopra proved complicated as the system there did not have a 

doppler-tracking synthesizer. Furthermore the available local oscillator could only 

be set in quanta of one MHz. The lack of a doppler-tracking synthesizer meant that 

if the observing time on a single position lasted more than a day, (see chapter 8 

for a report on single position observations of such length) the line would become 
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smeared out. In addition, the line position velocity would be incorrect, as the 

line rest frequency could not be precisely positioned in the passband. It was thus 

necessary to correct the individual spectra for doppler tracking post detection, as 

well as correcting for observing at the frequency closest in MHz to the line rest 

frequency rather than observing at the latter frequency. 

As the spectral line data reduction program used at HartRAO was not capable of 

handling data of more than 512 channels, I installed the spectral line data reduction 

program SLAP, provided by 1. Stavely-Smith for Mopra users, at Rhodes. I then 

wrote a SLAP subroutine for post observation doppler tracking based on an existing 

program rv (Wallace,P.T., Starlink) for determining the appropriate doppler velocity 

and calling on another SLAP subroutine for the appropriate interpolation between 

channels. 

The gaussian line fitting of the Mopra data was however done with the HartRAO 

program to ensure consistency of the line fitting of all spectral line data reported 

on in this work. As the Mopra spectra could be reduced in bandwidth once the line 

position had been found, the latter presented no problems to the HartRAO program. 

There are two methods of spectral line observing, frequency switching and position 

switching. In both position switching and frequency switching, the objective is to 

isolate the line, which takes up only a portion of the passband and sits on top of 

the continuum radiation, from this continuum. 

In position switching this is achieved by pointing the antenna for half the integra

tion time at the chosen source position and for the other half at a position outside 

the source. The latter position should have essentially the same continuum as on 

source, but be without line emission in the observation passband. As only half the 

integration time is spent observing on source, this method is not very observing

time efficient. However, it has the advantage of producing a spectrum with a good 

baseline, as both on-source and off-source observations have the same frequency

dependent standing waves in the antenna and receiver. A good baseline is par-
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ticularly desirable when faint broad lines are observed in order to avoid mistaking 

instrumental effects for such a line. Although such faint, broad lines were expected 

for the hydrogen recombination line observations in the Gum Nebula, this method 

was not used. As the Gum Nebula is an extended source, a suitable off-source po

sition would be on average 5 to 10 degrees away from the on-source position. Thus 

driving the antenna to such an off-source position and returning it to the on-source 

position would add substantially to the observing time. Furthermore the hydrogen 

recombination lines (and also the 0 H lines) in the nebula were expected to be very 

faint. Hence spending half the observing time off-source was not an option, when 

use of the frequency-switching method guaranteed that all the observing time was 

spent on-source. 

Removal of the continuum in the frequency-switching method is achieved by chang

ing the frequency the observation passband is centred on, for half of the integration 

time, while remaining at the same source position. The removal of the continuum 

with the frequency-switching method is however usually not entirely successful due 

to the frequency-dependent standing waves in the antenna and receiver. The resid

ual baseline curvature is removed by fitting orthogonal polynomials to user specified 

regions outside the line emission. As one does not want to turn an instrumental 

effect into an artificial line detection, it is generally desirable for this polynomial to 

be of as Iowan order as possible and preferably no higher than 4. 

All spectra, both OR and hydrogen recombination line, presented in this work re

sulted from subtracting polynomials of order 2 to 4 prior to fitting the detected line 

with one or more gaussians. 



Chapter 8 

Hydrogen recombination line 
observations 

8.1 Introduction 

The detection of a hydrogen recombination line indicates the presence of ionised 

material in the temperature range 5000 K to 10000 K. The continuum emission 

from such regions is thermal. In general these regions are associated with 0 and 

B stars that emit a large enough number of Lyman continuum photons to ionise a 

significant amount of the circumstellar medium. Such thermally emitting regions 

are however also thought to exist in very old SNRs that have cooled sufficiently to 

emit detectable H recombination lines. Furthermore, if Reynolds' model of the Gum 

Nebula is correct, then the outer thermal shell of the old SNR, predicted by this 

model, would also emit H recombination lines. 

The line velocity of an H recombination line observed near the edge of the nebula 

would allow one to estimate the heliocentric distance to the nebula by means of a 

galactic rotation model. 

An estimate of the required on source integration time for a positive detection was 

made, given the continuum antenna temperatures measured in the 2.3 GHz survey 

and assuming typical values for the electron temperature and line width. The worst 

case scenario gave an estimate of one and a half days for the integration time. 

185 
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As a detection at anyone position would allow one to determine the electron tempe

rature, emission measure and turbulent velocity of the emitting region, the project 

was nevertheless considered worthwhile. Even the failure to detect an emission line 

would allow one to determine a lower limit to the electron temperature. 

8.2 Hydrogen recombination lines 

The rest frequency, lJ, in Rz of a hydrogen recombination line, Rna, is given by the 

Rydberg formula: 

where c = speed of light = 299792.5 x 103 mls 
Z = charge on the nucleus = 1 for hydrogen 

Ra = Roo(1 + me/rna) = Rydberg constant for atom a 

Roo = Rydberg constant for infinite mass = 10973731 m- I 

rne = mass of the electron = 5.48597 x 10-4 amu 

rna = masS of the atom = 1.007825 amu for hydrogen 

n = principal quantum number of the lower energy level 

dn = number of levels jumped = 1 for a line, 2 for {3 line etc. 

(8-1) 

The ratio of the line antenna temperature integral, J TALdv, to continuum tempe

rature of the source, TAG, for Hna transitions has been derived by Brown, Lockman 

& Knapp (1978) for a model where: 

1. The nebular structure is plane-parallel, homogeneous and isothermal. 

2. All optical depths (that of the line as well as the continuum) are small: 

1 TL + TG 1« 1 and TG « 1. 
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3. The lines can be treated as if they were formed and transferred in local ther

modynamic equilibrium (LTE). 

This gives 

(8-2) 

where Te is the electron temperature of the emitting region and the frequency v is 

in GHz. 

For a Gaussian line shape (Brown,Lockman and Knapp, 1978) 

J TALdv = 1.065TAL~V 

where ~v is the line width in km/s at half maximum. 

(8-3) 

Substituting equation (8-3) into equation (8-2) gives, for the Hna recombination 

line antenna temperature, 

(8-4) 

When an observation of a radio recombination line is made, the signal from the 

antenna is passed through the spectral line receiver. The resultant root mean square 

noise, oTrms ) in the spectrum is given by (Gaylard, 1989): 

where oTrms is in Kelvin and 

Ks = 1.235 for 3 levels = quantization correction factor 

Tsys = system temperature (K) 

of = correlator bandwidth per channel (Hz) 

= 5.12 MHz over 256 channels for the HartRAO observations 

ltVs = correction for smoothing function 

= 1.0 (rectangular), 1.36 (Hamming), or 1.5 (von Hann window) 

t = observing time (seconds). 

(8-5) 
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The line antenna temperature, TAL, must be at least three times 8Trms for it to be 

considered a positive detection. 

Equation (8-5) shows that an increase in integration time reduces the root mean 

square noise temperature and thus decreases the minimum detectable line tempera

ture. If one combines equation (8-5) with equation (8-4) one obtains the minimum 

on source observing time, t, needed for a positive detection. 

(8-6) 

For a source with weak radio continuum emission, such as the Gum Nebula, equa

tion (8-2) thus implies that the line antenna temperature will be small and hence 

will require a long integration time for detection (see equation (8-6)). 

By contrast, the line temperature is inversely related to the electron temperature 

in the H II region-the lower the electron temperature the shorter the integration 

time for detection. The electron temperature of H II regions lies in the range 5000 

to 10000 K. It may be determined from equation (8-4), giving 

(8-7) 

The observed line width is the product of the instrumental resolution, the thermal 

width of the line, the turbulent velocity and pressure broadening, which is frequency 

dependent. The instrumental broadening is removed as part of the data reduction 

process. Without pressure broadening the line has a Gaussian profile. A hydrogen 

recombination line has thermal (a function of the electron temperature) and turbu

lent (which are assumed to be the same for each component) contributions to the 

full width at half maximum of the line, given by 

~V = /1.85 < Vturb >2 +0.0457Te km/s (8-8) 
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where < Vturb > is the rms turbulent velocity. This equation allows one to determine 

the turbulent velocity of the emitting gas. 

The normalized signal-to-noise ratio, SIN, of the Gaussian fitted to the detected 

line is used as a criterion for the reality of the line. This is defined as (von Hoerner, 

1967): 

where TAL = the line antenna temperature (K~ 

Trms = the rms noise in the spectrum (K) 

(8-9) 

LlV = the halfpower width of the line in units of the spectrum resolution. 

The SIN should be greater than 10 for a 3-0' detection of a spectral line. 

8.3 Estimate of required integration time for de
tection 

The on source observing time required for the detection of a hydrogen recombination 

line of rest frequency near 2.3 GHz in the Gum Nebula was estimated. I assumed 

that all the continuum emission at 2.3 GHz from the Gum Nebula is thermal. The 

continuum antenna temperatures of the brighter parts of the Gum Nebula were 

determined. Subtraction of a linear fit to the low points on the boundary at opposing 

sides of the Gum Nebula removed the background continuum. The brighter parts of 

the nebula isolated from its background were found to be ~ 200 mK at 2.3 GHz and 

a resolution of 0.330
• For this continuum antenna temperature, a typical line width 

of 30 km/s and Te = 10000 K, the estimated integration time given by equation (8-6) 

is about 40 hrs. A lower electron temperature of 5000 K would reduce this estimate 

to 9 hrs. 
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An observation of a hydrogen recombination line of 40 hour duration is clearly not 

easy. In observations lasting only a few hours, small instrumental effects are hidden 

in the comparatively large noise. In much longer integration times these instrumental 

effects are no longer negligible compared to the size of the much reduced electronic 

noise. Thus such long integration times make stringent requirements on the stability 

of the system over a period of days. However, observations of 24 hour duration with 

the HartRAO 13cm system had previously resulted in detections (Gaylard, 1984). 

Thus, provided the electron temperature of the Gum Nebula is closer to 5000 K 

than 10 000 K, the detection of a hydrogen recombination line in the Gum Nebula 

was feasible. 

8.4 Observations 

I made observations of the H141a line (rest frequency 2321.2 MHz) at three posi

tions, G249.6 - 9.56, G267.22 - 9.56 and G269.45 - 7.53, during Nov 1987 at Hart

RAO. 

The positions of the H recombination lines observed at HartRAO are indicated in 

the TT-plot spectral index image in Fig. [5-17] by circles. The spectral index images 

were generated after the H recombination line observations at HartRAO were made. 

One of the positions observed at HartRAO has a non-thermal spectral index. Thus 

it is not surprising that it yielded a non-detection. In the light of the detections 

obtained at Mopra, the other two observations at HartRAO should have yielded 

detections as they are in regions of thermal spectral index and at positions of high 

continuum antenna temperature. 

The spectra I obtained at HartRAO after more than 30 hrs of integration time were 

dominated by instrumental effects. This conclusion was reached as follows. No 

obvious line was evident in the spectra prior to the polynomial fitting. Fitting 8th 

order polynomials to these spectra resulted in fairly flat baselines, but gave rise to 

spectral lines with severely non-gaussian line shapes and in one case unrealistically 
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large line width. Fitting such high order polynomials to the baselines is known 

to result in spectral lines that are artifacts of the fitting process. Insisting on a 

polynomial fit not exceeding the 4th order resulted in lines SI) narrow that the 

derived turbulent line velocity was negative. This is physically inconsistent, unless 

the lines are strongly pressure-broadened, which is unlikely in the Gum Nebula. 

Furthermore the signal to noise ratio of these narrow lines was significantly less 

than 10. Thus a conservative interpretation of the HartRAO spectra is that they 

are non- detections. As the lines/wobbles arising from instrumental effects in the 

spectra can be quantified by antenna temperatures of the order of 10 mK, an upper 

limit on any real lines masked by these instrumental effects is 5 mK. 

The system at Mopra provided dual polarization spectra. As hydrogen recombina

tion lines are unpolarized, the two polarizations are independent and can be added. 

This effectively doubles the on source time for a particular observing time and thus 

reduces the noise level by -/2. Thus I made another attempt at detecting the 

hydrogen recombination line at Mopra in April 1994 after the hydroxyl observing 

programme (see next chapter) had been completed. 

All observed positions were chosen to be at positions with a relatively high conti

nuum antenna temperature and where the spectral index, as determined in chapter 

5, is essentially thermal (see open squares in Fig. [5-17]). Three of the four observed 

positions were chosen to be near the edge of the nebula. These sample the material 

of the Gum Nebula at positive galactic latitudes, G 270.65° + 10.4°, and at high, 

G264.0 - 12.8, and low, G252.36 - 12.15, longitudes at negative galactic latitudes. 

A large disparity in the kinematical distances determined from the line velocities at 

these positions, would support a model of this region where the Gum Nebula is not 

a single object. 

The fourth position, G265.0 - 8.0, was chosen to be as near the centre of the nebula 

as consistent with a thermal spectral index and a relatively high continuum antenna 

temperature. This was to test whether the turbulent velocity near the centre is 
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greater than at the edges; as expected if the emitting material is expanding from a 

common centre. 

As the system at Mopra was set up for observations at 18 em, this meant choosing 

a hydrogen recombination line in that receiver passband. Thus the 8 MHz band 

was tested for interference levels at four different H recombination line frequencies 

between 1620 MHz and 1716 MHz. The band around the H156a transition (rest 

frequency 1715.67 MHz) at 1716 MHz proved to be the cleanest. 

The Mopra observations at G264.0-12.8 and G265.0-8.0 were made at a bandwidth 

of 8 MHz with 1024 channels. For the subsequent two Mopra observations, 

G252.36 -12.15 and G270.65 + 10.4, the number of channels was halved in order to 

reduce the integration time required (see equation (8-6)). 

Fourth order polynomials, obtained from a fit to the residual baseline between ~ 

-130km/s and ~ +130 km/s, were subtracted from the spectra obtained at G265.0-

8.0, G252.36-12.15 and G270.65+10.4 and a third order polynomial was subtracted 

from the spectrum at G264.0 - 12.8. The residual baseline error was ~ 1.5 mK in 

all cases and thus of the order of the rms noise in the spectra. The resultant spectra 

are shown in Fig. [8-1]. 

The line parameters as determined from single gaussian fits to the lines are listed 

in table [8-1]. As the observation at G265.0 - 8.0 is towards the centre of the Gum 

Nebula, one would expect a broader line there. 

position SIN resol TAG TAL v D..v 

/[km/s] /[mK] /[mK] /[km/s] /[km/s] 

252.36 -12.15 10.0 3.28 210 ± 40 5.19 ± 0.50 0.91 ± 1.S 31.5 ± 3.9 
264.00 -12.80 18.9 1.64 310 ± 70 7.97 ± 0.43 2.96 ± 0.61 22.9 ± 1.5 
265.00 -8.00 16.7 1.64 380 ± 80 4.93 ± 0.30 -2.60 ± 1.3 43.1 ± 2.S 
270.65 +10.40 11.8 3.28 265 ± 60 4.69 ± 0.40 -7.77 ± 1.3 30.2 ± 2.8 

Table [S-l]: The positions and line parameters of H recombination line observations 
made on the Gum Nebula. 
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8.5 Kinematic distances from line velocities 

The uncertainties in the line velocities were used to obtain a range of possible kine

matic distances from us for each observed position. The galactic rotation curve of 

Wouterloot & Brand (1989) was used to convert the line velocities to kinematic 

distances from us. 

I position distance/[kpcJ 

252.36 -12.15 0.1 to 0.4 
264.00 -12.80 0.7 to 1.0 
265.00 -8.00 moving towards us 
270.65 +10.40 0.01 to 0.2 

Table [8-2J: The range of kinematic distances to the observed positions as consistent 
with the uncertainties in the lines velocities of the hydrogen recombination lines. 

From the derived kinematic distances listed in table [8-2J it is obvious that the 

velocities are dominated by internal motions. 

8.6 Continuum antenna temperature for the Mopra 
observations 

The positive detection of hydrogen recombination lines at Mopra meant that conti

nuum antenna temperatures of the source positions obtained with the same system 

at the same frequency were required for electron temperature determinations. As 

there was a bug in the scanning software at Mopra (the antenna was running on a 

trial basis) that could not be fixed before my observing time was up, I had to obtain 

estimates of the continuum antenna temperature at the positions where hydrogen 

recombination lines were detected by other means. Attempts were made by measu

ring the system temperature (using the spectral line observing program, SPECTRA) 

at points along a line passing through the position where the line was detected. 

This did not give rise to useful data. The terrestrial background dominated the 

measurements and there was no means of determining its contribution. Thus an 
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educated guess at the appropriate continuum antenna temperature was made using 

the 2.3 GHz HartRAO data. 

I used the 2.3 GHz Rhodes HartRAO continuum image of the region convolved 

to a 0.50 resolution with a linear background subtracted from the Gum Nebula, 

as presented in chapter 6. This image is at the same resolution as that of the 

HartRAO system at 18 cm (HPBW = 0.5°). Thus the 2326 MHz HartRAO antenna 

temperatures could simply be read off at the appropriate positions. The next step 

was to convert the 2326 MHz HartRAO antenna temperature to one at the rest 

frequency (1715.67 MHz) of the observed hydrogen recombination lines. Assuming 

the continuum emission to be thermal with a spectral index of 2.1, this is given by 

( 
2326 ) 2.1 

T A ,1715.67 = TA ,2326 1715.67 (8-10) 

The calculated 1715.67 MHz HartRAO antenna temperature had to be converted 

to the Mopra antenna temperature at 1715.67 MHz. Thus the relationship between 

the Mopra antenna beam efficiency and that of the HartRAO antenna had to be 

determined. The determination of the beam efficiency of an antenna requires map

ping the antenna beam pattern at the observation frequency. No such beam map 

could be made with the Mopra antenna nor was one available at this frequency. 

As the Mopra and HartRAO antennas are both Cassegrain antennas with similar 

illumination and sidelobes, it is reasonable to assume that they have similar beam 

efficiencies. Thus for this work it is assumed that the Mopra antenna tempera

ture continuum at 1715.67 MHz is equal to that derived from equation (8-10) for 

the HartRAO antenna temperature continuum at 1715.67 MHz. It is difficult to 

quantify the uncertainty in this assumption, given that the Mopra antenna has a 

slightly smaller dish (22m diameter) than the HartRAO antenna (26m diameter) 

and that the Mopra antenna is likely to have smaller sidelobes and hence a higher 

beam efficiency than the HartRAO antenna as its support tetrapod legs are thinner 

than those of the HartRAO antenna and its feed is positioned on axis rather than 
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off axis. The uncertainty is systematic rather than random and is assumed to be 

about 20%. 

The 1715.67 MHz continuum antenna temperature at the observed positions is listed 

in table [8-3]. 

8.7 Derived parameters 

The derived electron temperature, turbulent velocity and emission measure (EM) 

are listed in table [8-3]. 

position Te Vt1J.rb EM 
I[K] I[km/s] I[pc cm-6

] 

252.36 -12.15 4200 ± 900 20.8 ± 3.3 220 ± 60 
264.00 -12.80 5500 ± 1100 12.2 ± 1.9 360 ± 100 
265.00 -8.00 5800 ± 1100 29.3 ± 2.3 460 ± 130 
270.65 +10.40 6000 ± 1300 18.6 ± 2.6 320 ± 100 

Table [8-3]: The positions and derived parameters of H recombination line observa
tions made on the Gum Nebula. 

8.7.1 Electron Temperatures 

The electron temperatures derived from the Mopra spectra compare reasonable well 

with those quoted in the literature. Other than the very hot (2: 105
) temperatures 

required to explain the existence of highly ionised species (see chapter 2), most tem

perature values reported in the literature are in the accepted range for H II regions. 

Hippelein & Weinberger (1975) report 11800 ± 5200 K at I = 2500, b = -100 and 

11600 ± 4500 K at I = 266 0
, b ::::: _90

• Reynolds obtained a temperature range of 

3000 K to 17000 K at seven positions with a least-squares fit to these temperatures 

giving an average temperature of 11300 K. Chanot & Sivan (1983) report an elec

tron temperature of 8000 K and Vidal (1979) derived values of T = 5940 K and 

T = 7260 K. The range for the electron temperature derived from the absorption 



197 

of background radiation by the Gum Nebula at very low radio frequencies is 8500K 

+4500K -3500K (Beuermann, 1973). 

8.7.2 Emission measure 

The emission measure (EM) at frequency v may be derived from the electron and 

brightness temperatures at the observed H recombination line positions using the 

formula (Mezger & Henderson, 1967): 

(8-11 ) 

It is assumed that the conversion factor from antenna temperature to brightness 

temperature of the Mopra and the HartRAO observations is the same, i.e 1.5. The 

calculated emission measures are listed in Table [8-3]. 

Reynolds (1976a) published calibrated Ha derived emission measures of the Gum 

Nebula. He reported a range of 8 to 320 cm-6 pc, as given by a subsequent im

provement in the absolute calibration (private communication). A similar range, 

also absolutely calibrated, is reported by Chanot & Sivan (1983), with an average 

of about 100 cm-6 pc. 

The emission measures derived from the H recombination lines are, within the un

certainties, in agreement with these values. That the H recombination line derived 

emission measures are consistently high is due to the fact that the observed positions 

were chosen for their high brightness temperatures. 

8.7.3 Turbulent Velocities 

The turbulent velocities of the three positions, G264.0 - 12.8 , G252.36 - 12.15 and 

G270.65 + IDA, compare favourably with the average turbulent velocities for H II 

regions quoted in the literature. Gaylard (1989) reports 26.5 ± 6.1 km/s for H142a 
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(2.3 GHz) lines. Caswell & Haynes (1987) report 26.6 ± 5.6 km/s for HI09a (5 GHz) 

lines. 

The turbulent velocity of 43.2 km/s at G265.0 - 8.0 is considerably larger. This 

large turbulent velocity probably has systematic components due to a contribution 

from an expansion of the nebula. The contribution from an expansion of the nebula 

would be large towards the centre of the nebula and essentially zero at its edge. 

Thus this is a plausible explanation of this large turbulent velocity. 

8.8 Discussion and Conclusion 

Hydrogen recombination lines were detected at four positions with the Mopra an

tenna in the Gum Nebula. This confirms the thermal spectral indices at these 

positions. As the HartRAO spectra, which include observed positions with non

thermal spectral index, were dominated by instrumental effects, the non-detections 

at these non-thermal positions are not conclusive. 

The detection of the Hydrogen recombination lines does not negate an SNR classi

fication of the Gum Nebula. It does however support the models in which the old 

SNR is surrounded by an H II shell. The latter is not uniformly distributed around 

the SNR, as seen in the spectral index images shown in chapter 4 and 5. 

The line velocities of the H recombination line data are dominated by internal mo

tions. They do not provide any usefull information on the distance to the Gum 

Nebula. At best one can conclude that it is unlikely for the nebula to be further 

than 1 kpc from us. 

The derived electron temperatures, 4200 to 6000 K, and emission measures, 220 to 

460 pc cm -6, are in agreement with values listed in the literature. 

The large turbulent velocity estimated from the detection at G265.0 - 8.0, a position 

closer to the centre than the other three observed positions, is indicative of a non

zero expansion of the nebula. 



Chapter 9 

Hydroxyl observations towards 
the Gum Nebula 

9.1 Introduction 

One motivation for studying the Gum Nebula in the Hydroxyl (OH) lines was to 

search for evidence of the interaction of the Gum Nebula with molecular material in 

the form of shocked molecular lines. The detection of such shocked molecular lines 

would strengthen an SNR classification of the nebula. Shocked hydroxyl lines have 

been observed towards the SNR IC443 by DeNoyer (1979) and DeNoyer & Frerking 

(1981). Similar line profiles were seen in CO, CS, HCN and HCO+. The OH line 

in IC443 was confirmed by Green (1989), but he made no definite detections with 

similar properties in 15 other observed SNRs. In general the characteristic traits 

of the shocked molecular lines in IC443 are that they are broad and asymmetric. 

In particular, the hydroxyl is anomalously excited, having strong narrow-line OH 

emission at 1720 MHz and broad-line absorption at 1612, 1665 and 1667 MHz. Such 

OH emission is now considered as indicative of the interaction of an SNR with 

molecular material by Frail et al. (1996), who detected the OH 1720 MHz line in 

emission towards 20 out of 66 observed SNRs. 

Several molecular line studies within the Gum Nebula region have been reported 

in the literature (Goss et al., 1980; de Vries et al., 1984; Zealey et al., 1983 and 
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Sridharan, 1992). The positions of the reported detections (solid symbols) and non

detections (empty symbols) are shown in Fig. [9-1]. Clearly molecular material is 

present near the plane, as a large proportion of the detections are within 50 of the 

plane. However a definite association with the Gum Nebula is not guaranteed there, 

because of confusion with other objects situated near the plane. Those detections 

falling outside this region are predominantly observations of the cometary globules 

(CGs, square symbol of Sridharan's data in Fig. [9-1]). For an improved sampling 

of molecular material unambiguously associated with the nebula, observations away 

from the plane were required. 
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Figure [9-1]: A schematic map of the Gum nebula region, showing where molecular 
line observations, reported in the literature, were made. The approximate extent 
and position of the Gum nebula and Vela XYZ SNR are indicated by the dashed 
line and solid line respectively. 

The Gum Nebula is too large to attempt a complete coverage of it in OH with 

the::::: 0.50 beam size of the HartRAO and Mopra antennas. As there are a large 
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number of reported non-detections, some criterion for selecting observing positions 

that would favour detections of the molecular material had to be obtained. 

Large concentrations of molecules are known to occur in dense, very cold (:::; 100 K) 

and dusty clouds (e.g. Hoyle 1957 and Heiles, 1968). The dust in these clouds 

is a strong emitter in the infrared wavelength regime, because of its low tempera

ture. Thus, in principle, concentrations of molecular material should be at positions 

with high infrared intensity. Cox et al. (1986) have shown that the longer wave

length infrared has a better correlation with concentrations of molecular material 

than that at shorter wavelength. An inspection of the IRAS images of this region 

displayed in Srinivasan Sahu (1992) shows that there are no marked differences in 

the positions of local intensity maxima between the 60 11m and 100 11m data. Thus 

I could use the existing 60 11m map to isolate positions with high infrared intensity 

signalling concentrations of molecular material. I also used dark cloud catalogues 

(Feitzinger & Stiiwe, 1984; Hartley et al., 1986) of this region to pinpoint positions 

with concentrations of molecular material. 

The characteristics of shocked OH lines are not the only possible departures from 

LTE line ratios. Thus the broader aim of this part of this project was, in the first 

instance, to investigate the excitation of the OH associated with the Gum Nebula. 

For the identification of observed events with departures from LTE line ratios a brief 

summary of OH line theory and radiative transfer is presented. This is followed by 

the presentation and discussion of the observed spectra. 

On average 6 hr integration times were necessary for positive detections. Thus only 

a limited number of positions were observed at the two or more OH line frequencies 

necessary to establish the type of excitation present. The majority of positions were 

observed only in the 1667 MHz line, predicted to be the strongest unless the OH 

excitation is severely anomalous. Shocked gas producing broad-line absorption and 

asymmetric line shapes at 1667 MHz can still be identified in observations at this 

single frequency. 
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I also analysed the line velocities of the detections for evidence of an expansion 

of the nebula as a whole with this associated molecular material. Details of that 

investigation are given in the next chapter. This dual purpose of the OH observations 

meant that observing positions were also selected according to criteria appropriate 

for such an investigation of the expansion. 

9.2 The line-ratios of the four OH A-doublet ground 
state transitions 

F=2 t 

1 
55 MHz 

F=l 
, 

t t J = 3/2 A-doublet 
separation 1612 1665 1667 1720 ~lIz 
ave -1666 ~ ~ ! F=2 t 

53 ~lIz 

F=1 • 

Figure [9-2]: Diagram showing transitions for OH radio lines at 1612, 1665, 1667 
and 1720 MHz (Kraus, 1986). 

In OH the lowest energy levels all belong to the 2113 / 2 , J=3/2 ground state. A 

schematic diagram of the four energy levels of this ground state produced by /1.

doubling and the hyperfine interaction is shown in Fig. [9- 2]. Transitions between the 

four levels give rise to radio lines at approximately 1612, 1665, 1667 and 1720 MHz. 

In local thermodynamic equilibrium (LTE) the 1665 and 1667 MHz lines are strongest 

and thus known as the main lines. The weaker 1612 and 1720 MHz lines are known 

as the satellite lines. 
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The quantity, Tx, known as the excitation temperature, describes the population 

density ratios for the upper and lower levels of a transition. Anomalous excitation 

occurs when the excitation temperatures for the four lines differ from each other. 

Rogers & Barrett (1967) have shown that these four lines obey the the excitation

temperature sum rule: 

(9-1) 

where the numbers 1,2,3 and 4 refer to the 1612, 1665, 1667 and 1720 MHz OH lines 

respectively, such that VI and Tx,I are the frequency and excitation temperature of 

the 1612 MHz line respectively etc. As no assumptions about thermal equilibrium 

or optical thickness of the emitting source were made in deriving this equation, it 

holds under all conditions. 

For each of the four OH lines, i = 1..4, there are equations of the form of equa

tion (9-2) and equation (9-3) below (Goss, 1968). 

Radiative transfer of these lines yields 

(9-2) 

where TA ,; is the line antenna temperature, Tc is the brightness temperature of the 

background continuum, 7]B the beam efficiency, T; is the optical depth and F is the 

beam filling factor. The latter has a value of one if the OH cloud fills the antenna 

beam. For clouds of angular size smaller than the antenna beam F is less than one. 
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NOH, the OR column density in cm- 2
, is given by 

(9-3) 

where L\ Vi is the full width at half maximum of the optical depth profile i.e the line 

profile in km/s. Ci is equal to 22.21, 4.299, 2.385 and 20.84 in units of 1014 cm-2 

K- 1 (km/stl for 1612, 1665, 1667 and 1720 MRz respectively. 

Together with equation (9-1) this gives a total of nine equations. If all four OR 

lines have been observed at a position, then TA,i, TlB, Tc and L\ Vi are known for 

each line. That leaves four line excitation temperatures, four line optical depths, 

the OR column density and the filling factor as unknowns-a total of 10 unknowns. 

If the nine equations are solved for different assumed values of the filling factor, the 

solutions for the other nine unknowns may be chosen as those giving the smallest 

errors overall in the resultant excitation temperatures, optical depths and column 

densities. 

One does not necessarily have to solve these equations to identify the presence of 

anomalous excitation. Unless the latter is masked by optical depth effects, the line 

ratios themselves indicate if anomalous excitation is present. If an OR cloud is in 

LTE, i.e. all four OR lines have the same excitation temperature, and optically 

thin, the line ratios for the lines are T A ,1612 : T A ,1665 : T A ,1667 : T A ,1720 ~ 71612 : 71665 : 

71667 : 71720 ~ 1 : 5 : 9 : 1 (e.g. Weaver et aI., 1965). A cloud in LTE of intermediate 

optical thickness has line ratios of an intermediate value between the extremes of 

the optically thin and thick case. For the latter extreme, which is essentially never 

encountered in practice T A ,1612 : T A ,1665 : T A ,1667 : T A ,1720 = 1 : 1 : 1 : l. For example, 

in LTE the OR line ratio, TA,1667/TA,1720, ranges from 9 to 1 as the optical depth 

goes from zero (TA ,1667 : T A ,1665 ~ 9 : 1) to thick (TA ,1667 : TA,1665 = 1 : 1). Thus if 

this line ratio lies outside the 9 to 1 range there are definitely anomalies, i.e. the 

excitation temperatures are not equal. Obviously mild departures from LTE line 

ratios may be present even when this line ratio is between 9 and 1, but these are 
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masked by optical depth effects. Provided one has sufficient data and can thus solve 

the equations above, even the latter anomalies may be determined. 

The aim of this work was, in the first instance, to identify detections of anomalous 

excitation. This may be done without observing all four ground state OH lines, as 

the satellite lines are more sensitive to anomalous excitation than the main lines. 

Thus a departure from the LTE line ratio 9:1 of the 1667 MHz line to one of the 

satellite lines is usually more apparent than a departure from LTE values in the 

main line ratio. Hence, in a search for anomalous excitation, it is best to observe 

the 1667 and either the 1720 or 1612 MHz lines. However interference from the 

group of artificial earth satellites, known as Glonass, is so severe in the 1612 MHz 

band, that observations at this frequency are usually avoided. Also, in this case 

we are interested in detecting a particular type of anomaly where the 1667 MHz 

line is in absorption, while the 1720 MHz line is in emission. Thus observations 

were restricted to 1667 and 1720 MHz. At 3 positions the 1665 MHz line was also 

observed. 

9.3 Search for anomalous excitation 

The OH 1667 and 1720 MHz spectra I obtained at fifteen positions in the Gum 

Nebula are shown in Fig. [9-3] a) to 0). Supplementary observations at 1665 MHz 

were made at three positions and are shown in g) to i). 

The spectra shown in p) were obtained at a position on the SNR IC443 to serve 

as an example of the particular anomalous excitation and asymmetric line shape 

characteristic of shocked gas. 

The observation j) at G264.0 -3.3 has a ratio TA ,1667: TA ,1720 of 2: 1. This is indicative 

of an intermediate optical depth, which may be masking anomalous excitation in 

the 1720 MHz line. Nevertheless, the spectra lack the specific characteristics of 

shocked OH lines. The 1667 MHz spectrum is fitted easily by three gaussians and 
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thus does not qualify as having an asymmetric line shape of the kind looked for. As 

this position is also along the line of sight to the Vela XYZ SNR and close to the 

galactic plane a definite association with the Gum Nebula cC'nnot be made. 

Anomalous excitation is only identified unambigously from line ratios if TA ,1667/TA ,1720 

lies outside the 9 to 1 range. Thus the 1720 MHz line must be greater than the 1667 

MHz line or the 1720 MHz line must be less than 1/9 the 1667 MHz line for such an 

identification. The former case is not seen in any of the observed spectra. The inden

tification of the latter case is not possible from these observations as the 1720 MHz 

lines are still hidden within the noise after approximately 6 hours of integration time. 

Thus observations at 1720 MHz were discontinued as totally prohibitive integration 

times would have to be spent at each position in order to obtain unambiguous data. 

Hence in these observations there is no evidence of an interaction of the Gum Nebula 

with a molecular cloud. 

Thus I decided to limit the subsequent OH observing programme to 1667 MHz 

observations. The positions observed only at 1667 MHz were selected for suitability 

in a test for expansion of the OH emitting material with the Gum Nebula. Detections 

were nevertheless examined for the type of broad asymmetric absorption line at 1667 

MHz observed in IC443. 

Figure [9-3]: On the next 3 pages are the 1667, 1720 and 1665 MHz OH spectra 
obtained with the HartRAO antenna at positions within the Gum Nebula. An 
exception is p) which shows spectra obtained at a position on the SNR IC443. 
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9.4 Choice of observing positions for testing against 
an expansion model 

The positions observed at 1667 MHz in the search for anomalous excitation gave a 

good detection rate. They resulted in a distribution of observed positions concen

trated near the edge of the Gum Nebula at negative galactic latitudes where the 

60 J-lm intensities are significantly higher than elsewhere in the nebula. However, 

any expansion of the Gum Nebula is expected to be perpendicular to the line of 

sight at these edge positions. Thus these cannot provide significant information on 

an expansion of the nebula. 

If the outer layer of the Gum Nebula is a homogeneous, spherical, expanding shell 

of molecular material, observed positions along the line of sight through the centre 

of the nebula should show two lines, one due to material on the far side of the 

nebula receding from us, the other due to material on the near side approaching us. 

However, as the molecular material in the Gum Nebula has a patchy distribution, 

as deduced from the IRAS 60J-lm map and supported by the non-detection of CO at 

some positions in the Gum Nebula by de Vries et al. (1984), a lack of one, or both, 

of these lines at one position in the Gum nebula does not rule out an expansion of 

the nebula. It is the overall picture formed by observed line velocities at positions 

reasonably distributed across the face of the Gum Nebula that would allow one to 

come to a conclusion about the expansion of the nebula. 

Complete sampling at all projected velocities, assuming a spherical, uniformly ex

panding shell geometry, was attempted in the following manner. The observed 

positions are chosen to lie along a line in the sky, perpendicular to our line of sight, 

through the approximate centre, G258 - 2 (Chanot & Sivan, 1983), of the nebula. 

This line was chosen to be on an axis through positions which had already been 

observed, at intervals giving almost complete sampling at 1667 MHz. Thus this line 

(see Fig. [9-4]) is at negative galactic latitudes where most of the detections had 

been made. 
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The Gum Nebula straddles the Galactic plane. Hence positions that lie within ~ 4° 

of the plane should be excluded to avoid confusion problems. However, to test the 

hypotheses that the Gum Nebula is expanding at a rate of up to 20 km/s (Reynolds, 

1976), or at 12 km/s (Sridharan, 1992), or 5 km/s (Zealey et al., 1983) or not at all 

(Wallerstein et al., 1980; Hippelein & Weinberger, 1975), one should make observa

tions at positions close to the centre of the nebula. The line-of-sight component of 

the expansion velocity is largest on the centre position, assuming uniform spherical 

expansion of the nebula. As the centre of the nebula is somewhere within 5° of the 

plane and close to the Vela XYZ SNR and even closer to Puppis A, the restraints 

imposed by confusion problems in this area had to be ignored to some extent. It was 

hoped that at positions closer to the plane, where there is more molecular material 

with which the expanding nebula could interact, the observed spectra might show 

evidence of interaction. This evidence would then be a criterion for eliminating 

confusion problems, especially if such detections were made throughout the Gum 

Nebula along the plane, but not outside the nebula along the plane. If evidence for 

interaction were observed only at positions within the Vela XYZ SNR or Puppis A, 

then it is most likely these SNRs that are causing the interaction with the material. 

The need to observe at positions towards the centre of the Gum Nebula made ob

servations towards Puppis A (almost centre position according to Sridharan (1992)) 

and the Vela XYZ SNR unavoidable. As a result two essentially separate investiga

tions were spawned by the Gum Nebula OH project. One of these, an investigation 

of OH towards Puppis A, gives a lower limit on the distance towards Puppis A (to 

be published). The other, an investigation of the molecular material towards the 

Vela XYZ SNR suffers from interpretative difficulties as a result of confusion with 

foreground and background molecular material near the galactic plane. 

The few positions, observed at negative galactic latitudes, picked without a criterion 

such as a local 60 J.lm intensity maximum or the position of a dark cloud in one of 

the dark cloud atlases (Feitzinger & Stiiwe, 1984; Hartley et al., 1986), resulted in 

non-detections. In order to obtain an overall picture of the expansion of the nebula, 
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one should also sample the material at positive latitudes. This region is very faint at 

60 11m and does not contain dark clouds. Thus it was very difficult to find observing 

positions with a fair chance of producing detections at positive galactic latitudes. 
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Figure [9-4]: A schematic map of the Gum nebula region, showing detections and 
non-detections of my OH observations. The approximate extent and position of 
the Gum Nebula and Vela XYZ SNR are indicated by the dashed line and solid 
line respectively. Some observations were made on the dotted line approximately 
passing through the centre of the nebula. 

9.5 Observations 

The observed OR 1667 MHz positions are shown in Fig. [9-4J. The observations 

were made at HartRAO and completed at Mopra. Frequency switching was used as 

the observation method. 
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Several different bandwidths were used for the spectra obtained at HartRAO. Some 

of them were also smoothed with the Hamming function for the determination of 

line parameters. The resultant velocity resolutions are indicated in table [9-1 J at the 

end of this chapter together with the line parameters derived from fitted gaussian 

functions. A few of these observations were Hamming (HM) smoothed before line 

fitting, as indicated in the table. 

All OH 1667 MHz Mopra observations were made with a resolution of 0.843 km/s. 

Those of the Mopra spectra that were smoothed with such a function are marked 

HM in the column headed HM? in table [9-2J at the end of this chapter. This table 

also lists the derived line parameters of the Mopra spectra. 

The unsmoothed 1667 MHz spectra from HartRAO and Mopra are shown at the 

end of this chapter in Fig. [9-5J and Fig. [9-6] respectively. None of the spectra show 

broad absorption lines, characteristic of shocked OH lines in SNRs. 

9.6 Discussion and Conclusion 

No anomalous excitation unambiguously associated with the Gum Nebula was de

tected in the 1720 and 1667 MHz observations. 

The 1667 MHz feature corresponding to the 1720 MHz inversion, which is charac

teristic of shocked gas, is a broad absorption line. No such 1667 MHz absorption 

lines are present in the observations made at HartRAO and Mopra. Thus there is 

no evidence for shocked OR in the Gum Nebula. As the inversion of the 1720 MHz 

line occurs only under special conditions, the non-detection of shocked gas does not 

in itself rule out an interaction of an SNR with its surrounding molecular material 

(Frail et al., 1996). 

OH was detected in a large number of positions in the Gum Nebula. In general 

OR has a much lower abundance than that of neutral hydrogen. Thus the lack of 

a feature corresponding to the position, extent and likely distance from us of the 
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Gum Nebula in the surveys of the 21 cm neutral hydrogen line (Cleary, 1977; Kerr 

et al., 1986; Dubner et al., 1992) is puzzling. 

It has been suggested that the reason the Gum Nebula does J1nt feature in 21 cm 

neutral hydrogen surveys is the paucity of neutral hydrogen in this region of sky 

(Bohlin et al., 1978). There are two reasons why OH could nevertheless be detected, 

if this is true. The ground state OH lines involve electric dipole transitions as 

opposed to the magnetic dipole transition of the hydrogen 21 cm line and are thus 

more intense. 

If the reported paucity of hydrogen in this region is not responsible for the lack of a 

Gum Nebula feature in the 21 cm surveys, another explanation may be the following. 

Hydrogen is the most abundant element in the universe. This large abundance is 

a problem as line emissions from warm gas in spatially unrelated regions blend in 

velocity (Dickey et al., 1981). Thus 21 em line emission from the gas situated behind 

the Gum Nebula may be masking the cavity that one would expect to see in 21 cm 

surveys at the position of the Gum Nebula. Furthermore, the thermal line width of 

hydrogen from gas with a kinetic temperature of 50 to 200 K is 1.5 to 4 km/s, i.e. of 

the order of the internal velocity structure of such gas. By comparison the thermal 

line width of the heavier OH lines ranges from 0.5 to 1 km/s over the same kinetic 

temperature range. Thus if the expansion velocity of the nebula is very small, the 

thermal width of the 21 em could be masking the expected Gum Nebula cavity. 

Nothing definite can be said about the latter argument, because of the existing 

contradictory evidence on the expansion velocity of the Gum Nebula. 

As the OH 1667 MHz line velocities provide further data on the kinematics of the 

nebula, I used this, together with molecular line data from the literature for a 

determination of the global expansion velocity of the Gum Nebula. The work is 

presented in the next chapter. 
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Galactic coords SIN res l[km/s] I TAllmK] t.v/[km/s] 
247.50 - 12.225 10.5 0.55 64.5 ± 5.9 2.562 ± 0.087 1.7 ± 0.18 

247.07 - 5.50 8.0 2.2 32.6 ± 4.1 21.08 ± 0.28 4.1 ± 0.70 

249.20 - 5.18 22.1 1.1 33.4 ± 1.5 20.99 ± 0.17 7.7 ± 0.42 

249.20 - 3.60 8.4 1.1 44.6 ± 5.7 17.88 ± 0.10 1.4 ± 0.28 
7.9 1.1 18.8 ± 3.0 20.39 ± 0.73 8.7 ± 1.3 

250.45 + 13.60 1.1 <20 
250.50 - 4.50 12.4 1.1 40.2 ± 3.2 18.75 ± 0.23 5.7 ± 0.53 
250.60 - 3.40 19.8 1.1 49.6 ± 3.0 17.872 ± 0.099 3.9 ± 0.36 
250.95 - 5.25 9.7 1.1 25.9 ± 2.8 18.21 ± 0.45 8.7 ± 1.2 
251.50 - 12.10 2.2 <20 
251.90 - 3.35 7.0 0.55 20.3 ± 3.2 0.314 ± 0.086 1.0 ± 0.26 

9.8 0.55 20.9 ± 2.1 8.01 ± 0.12 2.12 ± 0.23 
38.4 0.55 44.4 ± 1.2 15.44 ± 0.10 7.39 ± 0.25 

252.25 - 6.75 4.8 1.1 <16 
254.50 - 9.60 13.5 0.55 34.0 ± 2.6 -1.681 ± 0.086 2.27 ± 0.21 
255.50 - 3.00 9.9 1.1 34.1 ± 3.5 9.19 ± 0.29 5.69 ± 0.71 
255.85 - 9.25 1.1 <20 
256.10 - 10.50 11.2 0.55 41.5 ± 4.0 -2.21 ± 0.11 2.42 ± 0.33 
256.20 - 12.375 10.3 1.1 then HM 17.8 ± 1.8 -1.73 ± 0.15 3.12 ± 0.40 
257.60 - 8.00 1.1 <20 
258.25 - 3.10 24.8 1.1 59.1 ± 3.4 8.808 ± 0.097 3.77 ± 0.30 

16.5 1.1 23.8 ± 1.6 16.94 ± 0.62 10.6 ± 1.6 
259.20 + 11.50 1.1 <20 

259.25 - 13.25 7.4 0.27 69.5 ± 8.9 5.097 ± 0.070 0.94 ± 0.13 
260.25 - 4.75 6.4 1.1 12.1 ± 2.0 3.72 ± 0.36 3.78 ± 0.85 

9.9 1.1 18.6 ± 2.0 11.55 ± 0.20 3.79 ± 0.62 
261.55 - 2.10 11.9 1.1 19.5±2.1 6.70 ± 0.84 15.0 ± 1.3 

5.5 1.1 26.7 ± 4.9 8.39 ± 0.18 1.30 ± 0.24 
7.5 1.1 31.6 ± 3.8 12.64 ± 0.16 2.02 ± 0.40 

262.00 - 12.25 9.7 1.1 then HM 22.2 ± 2.2 5.17 ± 0.12 2.30 ± 0.24 
262.50 - 3.50 11.6 1.1 31.2 ± 3.5 4.96 ± 0.13 2.52 ± 0.31 

8.4 1.1 23.3 ± 2.9 14.93 ± 0.16 2.33 ± 0.36 
13.7 1.1 18.5 ± 2.6 6.59 ± 0.53 10.76 ± 1.24 

263.40 - 9.25 1.1 <25 
263.65 - 1.60 1.1 <15 
263.90 - 11.80 5.4 1.1 33 ± 19 3.70 ± 0.076 O.OO± 0.45 
264.00 - 3.30 10.8 0.81 7.1 ± 1.1 0.31 ± 1.4 12.2 ± 1.8 

27.9 0.81 32.7 ± 2.2 5.213 ± 0.078 3.82 ± 0.26 
17.1 0.81 15.4 ± 0.87 14.76 ± 0.23 6.52 ± 0.46 

264.25 + 0.00 9.8 2.2 31.9 ± 3.2 6.75 ± 0.47 9.1 ± 1.1 
264.40 - 4.00 9.4 2.2 29.8 ± 3.3 3.92 ± 0.16 1.86 ± 0.38 
264.90 - 4.85 2.2 <10 
265.10 - 2.30 7.6 2.2 28.4 ± 3.8 4.83 ± 0.27 3.21 ± 0.59 
265.15 - 9.75 1.1 <10 
265.60 - 6.00 10.3 1.1 20.5 ± 2.0 5.04 ± 0.24 4.65 ± 0.58 
266.10 - 7.75 11.2 1.1 116 ± 19 3.494± 0.063 0.90 ± 0.37 
267.05 - 8.10 11.2 1.1 then HM 17.3 ± 1.5 1.71 ± 0.17 3.76 ± 0.40 
268.10 - 7.50 11.8 0.55 23.6 ± 2.0 3.91 ± 0.17 3.94 ± 0.41 
270.30 - 3.25 1.1 <16 
270.35 - 10.50 1.1 <20 
270.75 - 4.45 11.5 1.1 22.6 ± 3.0 2.15 ± 0.54 7.9 ± 1.1 
270.90 - 8.40 9.7 0.55 29.4 ± 3.1 0.26 ± 0.12 2.40 ± 0.32 
278.00 + 0.60 7.3 2.2 31.8 ± 4.2 -1.89 ± 0.42 5.65 ± 0.85 

Table [9-1]: The line parameters of the OH 1667 MHz line observations made at 
HartRAO. Note that the SIN for position G263.90 - 11.80 is low because the line 
is not resolved. 
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Galactic coords I SIN I HM? I TA/(mK] I Vt,r/(km/s] L'.v/(km/s] 
250.45 + 13.60 9.7 HM 10.3±1.5 -0.34±0.19 3.61±0.93 
253.00 ~ 4.50 12.1 26.6±2.1 16.24±0.17 4.02±0.36 

t-------
12.0 38.4±3.3 11.419±0.084 1.73±0.22 

253.42 ~ 9.38 9.5 37±14 -1.l71±0.058 0.00±0.23 
253.78 - 6.60 <17 
255.06 ~ 8.91 <10 
255.79 ~ 9.18 9.7 17.2±1.9 -4.51±0.1l 1.98±0.28 
255.83 - 6.59 9.5 18.2±2.0 10.89±0.23 4.37±0.59 
256.26 - 5.60 14.2 45.9±3.1 9.594±0.075 2.05±0.17 
256.95 + 2.65 9.9 HM 7.05±0.91 8.97±0.55 7.9±1.7 
257.75 ~ 7.55 <8 
258.07 ~ 4.00 17.0 21.5±1.8 10.17±0.20 6.01±0.55 

18.1 1l.0±1.4 1l.52±0.73 26.6±3.4 
258.20 ~ 4.50 11.6 HM 17.4±2.1 8.14±0.16 3.00±0.51 

17.2 HM 13.5±1.1 13.02±0.61 11.2±1.1 

258.54 + 8.13 10.5 24.6±2.3 2.055±0.15 2.84±0.33 
260.02 - 3.82 9.0 10.9±1.2 1l.53±0.55 10.0±1.0 
260.53 - 5.50 15.0 28.5±2.0 12.63±0.11 3.09±0.29 
260.88 - 3.03 23.0 32.6±1.4 13.60±0.14 6.58±0.33 
261.70 - 4.40 19.2 27.4±1.5 1O.29±0.15 5.87±0.42 
261.90 - 6.25 12.4 HM 8.0HO.63 10.27±0.42 1O.47±0.84 
262.07 - 3.10 12.1 25.8±2.8 6.46±0.22 4.79±0.94 

10.4 27.3±3.0 13.72±0.20 3.10±0.63 
263.00 - 4.50 <10 
263.00 - 1.10 12.6 25.9±2.0 8.94±0.44 11.38±0.99 
263.20 - 8.73 <14 
263.30 - 3.50 17.4 27.6±1.7 4.5HO.15 5.06±0.43 
263.50 - 1.90 <8 
263.75 - 9.10 <12 
264.00 - 3.55 11.9 30.5±2.5 4.70±0.16 3.65±0.38 
264.40 - 6.30 16.0 15.5±1.0 6.32±0.18 5.78±0.47 
264.42 + 5.71 22.0 HM 32.5±1.5 10.094±0.078 2.86±0.19 

10.3 HM 14.4±1.4 5.39±0.18 3.24±0.46 
264.50 - 8.65 <12 
265.38 - 9.75 8.0 13.9±2.1 -6.67±0.31 4.3±1.1 
265.56 ~ 3.24 25.2 HM 30.2±1.2 2.406±0.065 3.10±0.15 

7.4 HM 1l.6±1.5 7.31±0.14 1.66±0.28 
265.60 - 6.50 9.4 10.0±1.0 5.55±0.55 1O.6±1.2 
265.70 - 5.00 8.5 10.5±1.3 1.33±0.37 6.3±1.1 
265.80 - 7.40 29.8 84.3±3.2 3.409±0.033 1.70±0.1O 
265.90 - 10.85 <14 
266.00 - 8.50 8.0 16.7±2.0 3.72±O.12 1.70±0.22 
266.63 + 4.98 26.0 89.9±4.4 2.673±0.026 0.932±0.068 

20.4 34.3±3.2 1.91±0.15 5.23±0.36 
267.00 - 11.40 <12 
267.20 - 7.20 11.3 HM 16.2±1.4 3.86±0.23 4.69±0.46 
267.33 - 7.53 8.7 HM 13.7±1.9 3.98±O.20 3.51±0.76 

7.2 23.0±3.1 1.50±0.25 3.26±0.57 
11.5 52.1±4.6 5.283±0.077 1.42±0.20 

Table [9-2]: The line parameters of the OH 1667 MHz line observations made at 
Mopra. 



Figure [9-5]: The unsmoothed 1667 MHz OH spectra obtained at HartRAO. 
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Figure [9-6]: The unsmoothed 1667 MHz OH spectra obtained at Mopra. 
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Chapter 10 

Expansion model of the Gum 
Nebula 

The 1667 MHz line velocities at positions unambiguously identified with the Gum 

Nebula were used, together with those reported in the literature, to determine 

whether an expansion of this molecular material from a common centre is present. 

The expansion model is discussed prior to presenting the results of this kinematic 

investigation. 

10.1 The kinematics of a homogeneous, spheri
cal, expanding shell 

Suppose that a spherically symmetric shell of material is expanding radially from 

its centre and that a spectral line is detected from the shell material. As seen by 

us, this line is doppler shifted from its rest frequency by an amount corresponding 

to the component of the expansion velocity of the shell along our line of sight to 

the observed position. From the viewing geometry depicted in Fig. [10-1]' the line 

of sight component of the expansion velocity, Vrad, is given by : 
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~----I----=--;4'~e~4'--=e--~ sun ~ fE--------- r1 - :::~ :max Jl12 

max L 

a) b) 

Figure [10-1]: Schematic diagram of the viewing geometry for a spherical, uniformly 
expanding shell with centre a heliocentric distance D from us and radius D sin ()max, 

where ()max is the angular radius of the shell. Vrad is the observed radial component of 
the expansion velocity, V exp , at a position an angular distance () from the centre of the 
shell. b) The graph ofthe radial velocity, Vrad, plotted against (1- sin 2 

() f sin 2 
()max) L 

(10-1 ) 

where vexp is the expansion velocity of the shell, () is the angular distance of a 

position relative to the line of sight to the centre of the shell, and ()max is the 

angular distance to the position on the shell farthest from the centre as seen by 

us. As the Gum Nebula has a large angular radius, the angular distance () was 

calculated using the great circle distance between two points on a sphere. A plot 

of Vrad versus (1 - sin2 ()f sin 2 
()max)! should then result in the bimodal distribution 

shown in Fig. [10-1] b). 

If we set y = sin () and a = sin ()max, equation (10-1) becomes, after some manipula-

tion, 

(10-2) 
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Since f) does not exceed 90°, even for a nebula as large as the Gum Nebula, y is 

always positive. Thus 

( 2 / 2 )!. Y = a 1 - Vrad Vexp 2. (10-3) 

Fig. [10-2] is an idealised plot of y, i.e sin 0, versus the radial velocity, Vrad, obtained 

from the doppler shift of the observed spectral lines. 

<r> 

= .~ 
en 

Vrad 

Figure [10-2J: An idealised plot of sinO (the sine of the angle that the observed 
position makes with the line of sight towards the centre of the shell, see the previous 
figure) versus the line of sight velocity, Vrad, obtained from the doppler shift of the 
observed spectral lines. 

In general the material at different positions on the shell, especially if clumpy rather 

than homogeneous, will have some peculiar velocity relative to the overall expan

sion velocity. In addition to this, the observed radial velocities will also contain a 

contribution due to the galactic rotation, Vgaz, at the position of the observed ne

bula. If the nebula is small enough for this contribution to be essentially constant 

throughout the nebula, the appropriate value of Vgal is determined from the helio-
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centric distance to the nebula, the galactic coordinates of its centre and a galactic 

rotation model. The residual velocities, Vres,i, for each observed position i are then 

obtained by subtracting Vgal from each observed radial velocity of the nebula, Vrad,i' 

The residual velocities, Vres,i, and their corresponding angular positions, Oi, are then 

used for analysing the data for evidence of expansion. 

However, in the case of the Gum Nebula, which spans almost 40° in longitude, one 

cannot assume that the contribution from galactic rotation to the radial velocity is 

essentially constant throughout the nebula. Thus, at each observed position, i, one 

has to determine the contribution of the galactic rotation, Vgal,i to the radial velocity, 

Vrad,i, subtract the former from the latter, and use the resultant residual velocities, 

Vres,i for an investigation of the kinematics of the nebula alone. The manner in which 

the galactic rotation contribution is determined is dealt with in subsection 10.1.1. 

Once the residual velocities have been determined, applying a chi-squared fit (Bev

ington, 1969) of the data points (Vres,i, sinO;) i.e. (Vres,i, Yi), to equation (10-3) 

should yield the expansion velocity of the nebula, provided the centre and angular 

radius of the nebula are known. If the latter two are not known, these may also be 

determined from a reduced chi-squared fit by searching parameter space. 

The paucity of line velocity data at positive galactic latitudes in the Gum Nebula 

gave rise to a shape in parameter space not suited to an automated search for 

the minimum X2
• Thus repeated applications of the reduced chi- squared test for 

different values of the expansion velocity, the centre position and angular radius 

were made. Contour maps of parameter space were used to obtain uncertainties in 

the fitted parameters. 

The least-squares fit of the expansion model to the data was obtained as follows. 

For each datum the distance di was obtained by drawing the straight line passing 

through the two points (0,0) and (Yi, Vres,i), as shown in the Fig. [10-3]. Clearly the 

slope, mi, of this straight line is given by y;j Vres,i' Since the straight line passes 

through the origin, a point (y, v) on this straight line is given by 
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Vres 

Figure [10-3]: Schematic diagram showing the criterion used for applying the Chi
squared test to the expansion model. 

Yi 
Y = miv = --v 

VTes,i 
(10-4) 

Substituting equation (10-4) for Y in equation (10-3) gives for the v value of the in

tersection point (YS) vs) of the straight line and the function given by equation (10-3) 

1 

± [( 2 2 ) I (2 2 Yi )]2 Vs = a V exp a + Vexp --. 
Vres,. 

(10-5) 

where Vs has the same sign as ---1lL.... Ys of the intersection point is then determined 
Vre.!,1 

from equation (10-4) by substituting Vs for v. 

The reduced X~ that one wants to minimize in determining the best fit of equa

tion (10-3) to the N data points (Yi) Vres,i) with their associated standard deviations 

(Ji is then 
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(10-6) 

where 

(10-7) 

and 

v is the number of degrees of freedom given by the number of data points N minus 

the number of parameters of the distribution determined from those data points. 

The expansion velocity, centre of the ,nebula and angular radius are given by the 

values that give rise to the minimum. Confidence limits for each of these taken 

separately may be obtained by use of constant X2 boundaries. A I-a confidence 

level is given by projecting onto the axis of the parameter of interest the region in 

parameter space that encloses all X2 that differ from the minimum X2 by a flX 2 = 1. 

A 2-0" confidence level is given by the projection onto the parameter of interest's axis 

of the region in parameter space that encloses all X2 that differ from the minimum 

X2 by a flX 2 = 4. (Press et al., 1992) 

The chosen 'centre of the expansion effectively defines the values of () and thus 

the angular radius. Thus one can also deduce the centre by running the model 

through all possible values of expansion velocity and angular radius for different 

centre positions. As the centre position is defined by two numbers such a procedure 

would then increase the number of parameters determined from the data points to 

four. 

The expansion test run in this manner without adjusting the velocities for a galactic 

rotation contribution, a first order approach, will in future be referred to as the model 

1 expansion test. Two other versions, model 2 and model 3, include an adjustment 

to the velocities for the galactic rotation according to an assumed distance. The 

manner in which this distance is determined is described below. 
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Galactic rotation contribution to line of sight veloc
ity 

The approach for model 2 is to assume that all molecular clouds are at the distance to 

the centre of the shell, irrespective of their location on the shelL The radial velocity 

contribution due to galactic rotation may then be determined for each observed 

position from its galactic coordinates and the assumed distance using one of the 

galactic rotation models. 

Another approach is to assume that all observed molecular clouds for which the 

angular distance from the centre of the shell, (), is less than the angular radius, 

()max, of the shell, are situated on the front or back face of an infinitely thin shelL 

The distance, 5, to the assumed position on the shell, whose centre has heliocentric 

distance D, is then derived from simple geometric arguments illustrated in Fig. [10-4J 

as 

.... 

I 
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/ 
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. .... D cos () .... 

s 

/ . ...... / 

/ 
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........... / 
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/ 
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/ 

~----------~~------------~------~~ sun 

I I 

: ...... ---- .................. _ ... __ .. D································· ... : 

( 10-8) 

Figure [10-4J: Schematic diagram illustrating how the heliocentric distance 5 to a 
point on a spherical shell is determined. 
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The observed cloud is positioned on the front face of the shell (i.e. the minus sign 

in the above formula is used) if the radial velocity due to galactic rotation at that 

position at a heliocentric distance D cos () is larger than the observed velocity and 

vice versa. The radial galactic rotation contribution to the observed radial velocity 

is then determined using the appropriate distance s given by equation (10-8). 

For positions that have 0 greater than ()max, which is a fairly frequent occurrence as 

()max is the mean angular radius, a distance to the cloud of D cos () is assumed. This 

is model 3. 

For the case of the Gum Nebula, which lies in the outer part of the Galaxy, a galactic 

rotation curve model based on data obtained in that region of the Galaxy is most 

appropriate. Thus the model of Wouterloot & Brand (1989) was chosen for this 

work. 

10.2 Data selection for testing against expansion 
model 

A first attempt at fitting the expansion models was made with only the 1667 MHz 

OH data obtained at HartRAO and Mopra. To minimise the inclusion of data 

actually associated with other objects along the line of sight, all data points at posi

tions within 4° of the galactic plane were excluded. Parameter space was searched 

for the centre position that gave the minimim reduced X2 for some value of distance, 

angular radius and expansion velocity. No minimum was found. 

Sridharan's CO data on the cometary globule positions were then added, as these ob

jects are definitely associated with the Gum Nebula, even when at positions within 

4° of the plane. Now a search of parameter space gave a minimum X~ at a position 

near the centre determined from Ha photographs of the nebula. Further investiga

tion showed that data near the centre position is crucial to obtain a plausible fit. 

Thus the search, during the observations of the 1667 MHz OH line, for data near 
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the Ho: geometric centre of the Gum Nebula, with a signature that unambiguously 

associates it with the nebula, was important even though it yielded no positive 

results. 

As the inclusion of Sridharan's data was necessary for the expansion model to yield 

plausible results for the centre position, I decided to include all available molec

ular data in the literature. As is evident from the Figs. [9-1] and [9-4], there is 

some overlap in observing positions. Such identical observing positions would result 

in dependent data, as would adjacent observing positions effectively unresolved in 

terms of their observing HPBWs. I thus tried to make sure that the data set used 

for the expansion model contained only independent data. 

Both the HartRAO and Mopra data have a resolution of ~ 0.50
• That of the 

molecular observations in the literature is 5' (De Vries et al. (1984) CO), 5' (Goss et 

al. (1980) HCHO), 4.4' (Zealey et al. (1983) HCHO) and l' (Sridharan (1992) CO). 

The final data set for testing against the expansion models 1, 2 and 3 was thus 

selected in the following order: 

• All of Sridharan's CO cometary globule data was included, because of having 

the most definite association with the Gum Nebula, as well as having the 

highest resolution . 

• All other observed positions that coincided with the Sridharan CG positions 

or contained those positions within their beams were deleted with a few ex

ceptions. This meant that all but one of the observations of Zealey et aL were 

excluded. 

The exceptions were positions at which the non-Sridharan data has velocities 

very different to that reported by Sridharan, a plausible scenario if the emission 

is from opposite sides of the expanding shell, even if this disparity is difficult 

to explain. 
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The exceptions were: 

on CG16 at G262.857 -15.479 Sridharan reports a velocity of -0.7 km/s 

while De Vries et al. report +3.30 km/s also in CO. 

on CG17 at G270.588 -4.686 Sridharan reports a velocity of +3.7 km/s 

while Zealey et al. report -6.7 km/s in HCRO. 

on CG22 at G260.022 -3.825 Sridharan reports a velocity of -12.5 km/s 

while I obtained +11.53 km/s in OH at Mopra. 

on CG36 at G256.947 +2.649 Sridharan reports a velocity of -8.5 km/s 

while I obtained at Mopra +8.97 km/s. 

• From all non-Sridharan data all positions within 4° latitude of the galactic 

plane were deleted, except for the CG coincident observations noted above. 

Also, any data lying outside the 'longitude range 275° to 245° was deleted. 

The latter are considered as conservative boundaries of the Gum Nebula in 

longitude. No data points significantly outside the Gum Nebula in latitude 

exist (see the comments below on the cirrus clouds). 

• At all other coincident or unresolved adjacent positions the RartRAO and 

Mopra data were chosen in preference to other data, unless the reported ve

locities were sufficiently different to be possibly from opposite sides of the 

expanding shell. The latter situation did not exist in the given data set. 

• Some other data positions were also deleted from the expansion model data. 

The RartRAO observations G247.07 -5.5, G249.2 -5.28, G250.5 -4.5, 

G250.95 -5.25, G252.25 -6.75 and the Mopra observation G253.0 -4.5 

are all at positions on the dark cloud (Feitzinger & Stuwe, 1984) complex 

between longitude 2450 and 2550 and latitude _70 and 00
• These positions 

have absolute velocities greater than or of the order of that of the CGs 

towards the middle of the Gum Nebula. As these positions are nearer to 

the edge of the nebula, the velocities do not fit into an expansion model. 
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A run of the expansion models with these positions and velocities included 

in the data set, always ended with this group isolated in a separate region 

from the expansion data in parameter space. Thus these positions are 

obviously not part of the expanding Gum Nebula and were justifiably 

excluded. 

Also the Mopra position at G 265.7 -5.0 with velocity 1.3 km/s was 

obviously not part of the expansion of the Gum Nebula and was thus 

excluded from the expansion model data set. 

The detections (HartRAO G247.500 -12.225 and G270.900 -S.4 and 

Mopra G250.450 +13.6) on the three cirrus clouds identified in the IRR 

work were also excluded. 

The final data set used for testing against the three versions of the expansion model 

is plotted in Fig. [10-5] and tabulated below in table [10-1]. 

10.3 Model 1 fitting 

The data set listed in table [10-1] was tested against the expansion model 1 to 

determine the centre position with the minimum reduced X2 in the longitude range 

2540 to 2670 and latitude range -100 to +7° at intervals of 0.50 in latitude and 

longitude. A contour map of the minimum reduced X2 value is shown in a) of 

Fig. [10-6]. The lowest minimum is 0.50 and occurs at G261.0 - 1.5 when the 

angular radius is 10° and the expansion velocity is 12 km/s. The dashed contour 

shows the 1-0" confidence level, i.e the region in parameter space that encloses all X2 

that differ from the minimum X2 by a ~X2 = 1. 

If only Sridharans' CO cometary globule data are tested against expansion model 1, 

the contour map of the minimum reduced X2 shown in a) of Fig. [10-7] is obtained. 

The dashed contour, enclosing the 1-0" confidence area, in this case does not close 

on itself in the region shown, and opens up towards positive galactic latitudes. Thus 
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pO.$ition v, !tkm/.J sz: reference 

258.07 4.00 10.17 MOP 
258.07 4.00 11.52 MOP 
256.26 - 5.60 9.59 MOP 
261. 70 4.40 10.29 MOP 
265.80 - 7.40 3.41 MOP 
264.42 + 5.71 5.38 MOP 
266.63 + 4.98 2.67 MOP 
266.63 + 4.98 1.91 MOP 
253.42 9.38 .1. 17 MOP 
258.54 + 8.13 2.05 MOP 
265.38 9.75 ·6.66 MOP 
266.00 - 8.50 3.72 MOP 
265.60 6.50 5.54 MOP 
264.40 6.30 6.32 MOP 
267.70 - 7.35 5.28 MOP 
261.90 6.25 10.27 MOP 
260.53 5.50 12.63 MOP 
258.20 4.50 8.14 MOP 
258.20 4.50 13.02 MOP 
256.95 + 2.65 8.97 MOP 
260.02 - 3.82 11.53 MOP 
254.50 9.60 .1.68 HART 

256.10 10.50 ·2.21 HART 
256.20 - 12.38 .1. 73 HART 
259.25 - 13.25 5.10 HART 
260.25 4.75 11.55 HART 

262.00 12.25 5.17 HART 
263.90 - 11.80 3.57 HART 
265.60 6.00 5.04 HART 
266.10 7.75 3.49 HART 
267.05 - 8.10 1.71 HART 
268.10 7.50 3.91 HART 
270.75 4.45 2.15 HART 

256.14 - 14.07 3.30 SRID 
255.32 14.35 4.10 SRID 
260.72 - 12.40 0.10 SR D 
259.48 12.73 1. 70 SRID 
258.99 - 13.21 0.90 SRID 
266.04 + 4.31 ·1.10 SRI 
255.06 8.76 ·5.80 SRID 
255.06 - 9.17 ·4.20 SRID 
255.79 9.18 ·5.50 SRID 

259.48 16.43 3.70 SR D 
262.49 13.37 -0.90 SRID 
262.88 - 14.67 ·0.80 SRID 
262.86 15.48 ·0.70 SRlV 
270.59 4.69 3.70 SRID 
269.66 3.92 2.00 SRID 
253.58 + 2.96 6.50 SRID 
253.31 + 3.24 6.80 SRID 
260.02 3.82 ·12.50 SR D 

260.65 - 12.70 ·1.80 SRIO 
252.14 + 0.73 2.00 SR D 
251.66 + 0.15 5.00 SRID 
251.80 + 0.05 5.20 SRID 
251.88 + 0.01 5.20 SRID 
253.29 1.61 5.80 SRID 
253.18 1.66 6.00 SR D 
253.18 1.72 6.00 SRID 
253.11 -1.73 6.30 SRID 
253.11 1 80 6.90 SR D 
252.52 + 0.08 4.90 SRID 
252.48 + 0.08 4.80 SRID 
252.29 + 0.51 1.60 SRID 
256.95 + 2.65 ·8.50 SRID 
251.11 + 0.52 6.20 SRID 
253.38 1.64 7.00 SRID 
267.38 7.51 5.30 SRID 
267.46 7.39 6.00 SRID 
267.29 7.32 5.90 SRID 
267.15 -7.20 4.90 SRID 
262.85 15.48 3.30 OEV 
262.27 12.50 5.30 DEV 
264.01 11.52 1.60 DEV 
265.84 - 7.36 3.20 DEV 
249.44 5.09 7.70 GOSS 

262.25 - 12.46 5.50 GOSS 
266.02 + 4.32 1.50 GOSS 
267.40 7.52 5.30 COSS 
271.43 + 4.90 ·3.30 GOSS 
271.78+4.88 ·3.00 GOSS 
270.59 4.69 ·6.70 ZEA 

Table [10-1]: The molecular line data used for testing against the expansion models. 
MOP = Mopra OH 1667, HART = HartRAO OH 1667, SRID = Sridharan's CO, 
DEV CO of DeVries et al., GOSS = HCHO of Goss et al., ZEA= HeRO of Zealey 
et al. 
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Figure [10-7]: Only the Sridharan CO cometary globule data tested against model 1. 
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the additional data obtained at HartRAO and Mopra, as well as from the literature, 

are not superfluous. 

Also noticeable is the decided lack of cometary globLdes moving with high velocity 

away from us, as seen in the plot of the CG data for the parameters at the minimum 

X2 shown in b) of Fig. [10- 7]. 

The same plot for all the molecular data, (b) of Fig. [10-6]' shows better sampling 

at positive velocities, although the fit of the model to these positive velocities is not 

that good. 

In the plots shown in b) of both figures, the scatter of data points about the best fit 

value of 0 at V exp = 0 is an indication that the molecular material is distributed in 

a thick shell. For all molecular data (Fig. [10-6] b)) at Vexp = 0, the range of sin( 0) 

in the data points is ~ 0.12 to 0.25. This gives a range for 0 of 6.9° to 14.5°. If one 

also takes into account that there is a paucity of positions on the edge of the nebula 

(Fig. [10-5]) in the data points used, the apparent disparity between the best fit 0 

value and the known angular radius of ~ 16° is explained. 

The I-a confidence level (first solid contour) and the 2-a confidence level (dashed 

contour) for X2 in the parameter space of angular radius (0) and expansion velocity 

(vexp ) are shown in c) of Figs. [10-6] and [10-7]. These contours show quite clearly 

that the additional molecular data help to confine the plausible range of these pa

rameters. 

10.4 Model 2 and 3 

Next all molecular data was tested against expansion models 2 and 3. The results are 

presented in Figs. [10-8] and [10-9]. The contour maps of minimum X2 for these tests 

shown in a) of these figures indicate that the dashed contour (l-a confidence level) 

for model 3 does not close on itself within the region shown. This may indicate that 

the increased complexity in determining the galactic rotation contribution in model 
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3 is not warranted, or perhaps even wrong. However, as the minimum X2 values 

for the two models hardly differ from each other, one cannot make any definitive 

conclusions on the basis of the larger region enclosed by the dashed contour (the 

area where the X2 differ from the minimum X2 by a .6.X2 = 1). 

For both models the the best fit, shown in b), is poor for positive velocities. 
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Figure [10-10]: The dotted lines show velocities relative to the local standard of 
rest due to galactic rotation at fixed distances and at zero galactic latitude. The 
long-dashed lines enclose the region of interest. 

Also, for both these models the minimum X2 occurs at a distance of 0.1 kpc, but is 

basically flat out to 0.4 kpc. A look at Fig. [10-10] shows that this effectively means 

that the models are not able to make any decision on the distance of the nebula 

from us, as the galactic contribution at over this distance range (0 to 0.5 kpc) is 

essentially constant over the longitude range of interest (275° to 245°) and very 

small. Another possibility is that the models are inadequate or wrong in modelling 

some aspect of the data. 
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The best fit values of e only range between go and 11 0 with assumed distance at the 

best fit centre position (see d) in both figures). Thus e is not significantly affected 

by the assumed distance in either model. For both models the expansion velocity 

however changes from a value of ~ 11 km/s to 25 km/s very rapidly beyond an 

assumed distance of 1 kpc. 

expanding shell model 3 of angular radius 11 0 and Vexp 21 kmJs 
with expansion centre at 0261.0 -1.0 at distance of 1.5 kpc 
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Figure [10-11J: Expanding shell model with parameters chosen by a minimum X2 

within the dip of the secondary minimum with distance for model 3. 

It is evident from the secondary minimum in X2 as a function of distance at the 

centre position (the latter was selected as the overall minimum X2 value) shown in 

c) for both models that there is a problem with the distance determination. In order 

to determine whether these secondary minima are likely to give the distance to the 
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nebula, the data for the parameters given by model 3, angular radius 10° and vexp 

20 km/s, at a distance of 1.4 kpc and expansion centre G261.0 - 1.0, is shown in 

Fig. [10-11]. 

Obviously these secondary minimum X2 regions in distance do not define parameters 

that describe the data well. At this secondary minimum the data has been shifted to 

negative velocities, with the remaining positive velocity data points closely scattered 

near the positive velocity side of zero velocity. 

This is reminiscent of the behaviour of the cometary globule data shown in Fig. [10-7] 

b) for model 1. It was thus investigated to what extent Sridharan's eo data of the 

eGs was responsible for this effect in model 2 and 3. Thus this data alone was 

tested against both these models. The results are shown in Figs. [10-12] and [10-13]. 

For the eGs alone, it is seen that the minimum X2 is no longer at a distance of 0.1 

kpc, but at O.S kpc for model 2 and 0.7 kpc for model 3. This minimum is also 

the only one found up to a distance of 1.9 kpc as seen in Figs. [10-12] and [10-13]. 

However, as the value of X2 as a function of distance is almost fiat out to 1 kpc, this 

minimum is not very significant. 

At this minimum, with the gaJactic rotation velocity contribution subtracted, the 

eGs show predominantly negative residual velocities, i.e. the model predicts that 

they are moving towards us. This could be explained, if the expansion velocity of 

the material moving towards us is significantly different from the expansion velocity 

of material moving away from us. Furthermore this difference could perhaps account 

for the formation of the eGs predominantly in the material on the front face of the 

nebula. 

If one assumes that this is the case, then the complete data set should be tested 

against different expansion velocities for the side of the nebula moving towards us 

and that moving away from us. 
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Different expansion velocities for the front 
and back faces of the nebula 

The programs that had been written to determine the reduced X2 values for para

meter ranges of model 2 and 3 were adjusted to determine the best fit values of the 

angular radius and the expansion velocity independently for the front and back faces 

of the nebula for a chosen range of centre position and distance (centre location). 

The search for the minimum reduced X2 had to include different angular radii for 

the front and back faces, as a difference in expansion velocity of the two faces would 

inevitably give rise to a different size in the front and back faces. As running such 

programs is very time consuming, the centre positions between longitude 2540 and 

266 0 and between latitude -100 and +70 were only searched at 10 intervals, rather 

than at 0.50 as was done previously. 

The resultant contour maps of minimum X2 for these tests are shown in a) and b) of 

Fig. [10-14J for model 2 and 3 respectively. Compared to the fitting with one overall 

expansion velocity and one overall angular radius (see Figs. [10-6]' [10-7], [10-8], 

[10-9]' [10-12J and [10-13]), the region enclosing the 1-0" confidence level (dashed 

contour) is smaller. Hence this two faced model appears better at homing in on the 

centre position. 

The value of the minimum X2 in the contour map (Fig. [10-14]) for each of the two 

adjusted models is closer to 2 than 1. The models in the previous sections had 

minimum X2 values approximately equally far from 1, but towards the zero side of 

1. As a good fit of a model to data should give a minimum X2 value close to 1, 

these minimum X2 values do not allow one to choose one of these models above the 

others. 

For the adjusted model 3, the minimum X2 of 1. 783 occurs at the centre position 

G261 -3 (centre 1) at a distance of 1 kpc with an angular radius of 110 and an 

expansion velocity of 17 km/s for the front face. At this centre location, the best fit 

angular radius and expansion velocity of the back face are 70 and 5 km/s respectively 
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Figure [10-14]: Contour maps of minimum X2 at the given centre positions for models 
2 and 3 adjusted to fit different expansion velocities and angular radii to the front 
and back face of the nebula. 
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(see Fig. [10-15] a)). The minimum X2 at position G261 -2 (centre 2) and distance 

0.6 kpc is only very slightly larger at 1.785, giving an angular radius of 11 0 and an 

expansion velocity of 15 km/s for the front face and a best fit angular radius and 

expansion velocity for the back face of 90 and 8 km/s respectively (see Fig. [10-15J 

b)). The large disparity in these parameters for these two adjacent positions is 

disquieting. As the CG data has the best association with the Gum Nebula, the 

centre location, G260 -3 (centre 3) and distance 0.7 kpc, selected for model 3 by the 

CG data alone (see Fig. [10-13]) may be considered equally valid as centre location. 

At this centre location the adjusted model 3 gives a minimum X2 value of 1.932 and 

an angular radius and expansion velocity of 100 and 15 km/s respectively for the 

front face. The angular radius and expansion velocity of the back face are given by 

go and 7 km/s respectively (see Fig. [1O-15J c)). 

a) to c) of Fig. [1O-15J show that the fit of the data to the adjusted model 3 is 

unsatisfactory near Vres = O. Thus although this adjusted model is probably more 

representative of the data than the single expansion velocity and angular radius 

model, the data does suggest a continuous variation of these parameters with di

rection from the centre of the nebula. This also accounts for the somewhat large 

minimum X2 values derived for the adjusted model 3. 

A plot of minimum X2 versus distance for the three centre positions given above (see 

Fig. [10-16]), shows that for all these the minimum X2 curve is essentially fiat out 

to ~ 1 kpc. Thus this adjusted model 3 does not improve on the distance estimates 

given by the unadjusted models (see previous sections). The cause of this does not 

lie in the adjusted model 3, but in the nature of the galactic rotation curve in this 

region of sky (see Fig. [10-10]). 

For the adjusted model 2, the minimum X2 of 1.81 occurs at centre position G261 -2 

(centre 4) at a distance of 0.5 kpc with an angular radius of 1 P and an expansion 

velocity of 15 km/s for the front face. At this centre location, the best fit angular 

radius and expansion velocity of the back face are go and 9 km/s respectively (see 
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Figure [10-15]: Expanding shell model 3, adjusted to fit different expansion velocities 
and angular radii to the front and back face of the nebula, fitted to the data with 
the given centre locations 
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Figure [10-16J: A plot of minimum X2 versus distance for the three centre positions 
of the adjusted model 3 

Fig. [10-17J a)). The CG data alone selected for the unadjusted model 2 the centre 

location, G260 -3 (centre 5), at a distance of 0.8 kpc. For this centre location, the 

X2 value from the adjusted model 2 is 1.94. For the front face this selects an angular 

radius of 10° and an expansion velocity of 17 km/s. The best fit angular radius and 

expansion velocity of the back face are 9° and 7 km/s respectively (see Fig. [10-17J 

b)). 

The distance selection at the centre location using the adjusted model 2 is also poor, 

as shown in Fig. [10-17J c). This is the case even for a position, G260 -5 (centre 

6), significantly removed from the selected best centre position. Again, the cause of 

this lies in the nature of the galactic rotation curve in this region of sky. 

For comparison purposes the parameter values at minimum X2 for the unadjusted 

models are given in table [10-2J. These unadjusted models consistently select an 

angular radius of 10°. The one interesting aspect is that these unadjusted models 
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Figure [10-17]: a) and b) The expanding shell model 2, adjusted to fit different 
expansion velocities and angular radii to the front and back face of the nebula, 
fitted to the data with the given centre locations. c) A p~ot of X2 versus distance 
for the adjusted model 2 at the given centre positions. 
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applied to the CG data only give values similar to those selected by the adjusted 

models from all data. This gives strong support to accepting the "average result" 

given by these adjusted models, keeping in mind that the CG data, as seen in 

Figs. [10-12J and [10-13]' is almost exclusively spread across the front face of the 

nebula. 

Table [10-3J summarises the results from these adjusted models. This gives a "mean" 

centre position of say G260.5 -2.5 (± 10 for both longitude and latitude). Averaging 

the tabulated parameter values results in a distance of ~ 0.7 kpc, ~ 10.50 and ~ 16 

km/s for the front face angular radius and expansion velocity respectively and ~ 8.50 

and ~ 7 km/s for the back face angular radius and expansion velocity respectively. 

I model I centre I distance/[kpc] I () I vexp/[km/s] I 
1 (all) G261 -1.5 - 10 12 

1 (CGs) G260 -2.5 - 10 12 
2 (all) G261 -1.0 0.1 10 12 
3 (all) G261 -1.0 0.1 10 12 

2 (CGs) G260 -3.0 0.8 10 17 
3 (CGs) G260 -3.0 0.7 10 15 

Table [10-2]: Expansion parameters selected by the unadjusted models. 

I model I centre I distance/[kpc] I Front () I Front vexp/[km/sJ I Back () I Back vexp/[km/sJ I 
2 G261 -2 0.5 11 15 9 9 
2 G260 -3 0.8 10 17 9 7 
3 G261 -3 1 11 17 7 5 
3 G261 -2 0.6 11 15 9 8 
3 G260 -3 0.7 10 15 9 7 

Table [10-3J: Expansion parameters selected by the adjusted models. 

10.6 Optical spectral line data 

The success of the fitting of the molecular line data to an expansion model prompted 

me to investigate whether there is any evidence for such an expansion in the pub-
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lished optical line data of the Gum Nebula ([N IIJ Hippelein & Weinberger, 1975; 

Ha and [N IIJ Reynolds, 1976a; Ca II and Na I Wallerstein et al., 1980; Ha and 

[N IIJ Srinivasan Sahu, 1992; Ha and [N IIJ Srinivasan Sahu & Sahu, 1993). The 

positions at which such optical lines were detected are shown in Fig. [10-18J a). 

All optical line data was published with velocities relative to the local standard 

of rest, as required for a test against an expansion model. Those data points at 

positions towards the Vela XYZ SNR exhibiting line velocity magnitudes in excess 

of 50 km/s were excluded from testing against an expansion model. Such high 

velocity lines are very probably associated with material in the Vela XYZ SNR 

rather than the Gum Nebula (Hipppelein & Weinberger, 1975). Lower line velocity 

data at positions within the Vela XYZ SNR were not excluded, as the work on the 

molecular line data had shown that data position close to the centre position of the 

expansion are important for successful fitting to a model. 

Thus I used all the optical data at the positions shown in Fig. [10-18J a) in a test 

against model 1. The resultant contour map of the minimum reduced X2 at given 

centre positions in the longitude range 2540 to 2670 and latitude range -100 to 7° at 

intervals of 0.50 in latitude tl.nd longitude is shown in Fig. [10-18] b). This contour 

map looks promising as it shows a strong minimum at a plausible centre position. 

The short-dashed contour shows the I-a confidence level, and encircles a far smaller 

region than the corresponding contour for the molecular line data. Even the 2-a 

confidence level shown by the longer-dashed contour shows a better constraint than 

the I-a confidence level contour of the molecular data. (This may be due to better 

sampling at positive galactic latitudes and the larger number of optical data points 

available.) However, the fact that the minimum reduced X2 value is 6.5 does not 

bode well for the fit of the model to the optical data. A good fit of data to a model 

should give a minimum reduced X2 of approximately 1. That model 1 does not 

fit the data is evident in Fig. [10-18] c). There are at least two reasons for this 

unacceptable fit of the data to the model. 
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Figure [10-18]: Optical line data tested against expansion modell. HW = Hippelein 
& Weinberger, 1975; R = Reynolds, 1976a; WSJ = Wallerstein et al., 1980; SS 
Srinivasan Sahu, 1992. 
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Figure [10-19]: Optical line data outside the region within 5° of the galactic plane 
tested against expansion model 1. Data points at positions outside the Gum Nebula 
were also excluded. 
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Figure [10-20]: Optical line data within go of the galactic plane tested against ex
pansion model 1. 
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The data set may be excessively contaminated by spectral line detections from ma

terial that is not part of the Gum Nebula. In this case excluding data within 5° 

of the galactic plane, where confusion with other sources is most likely, may elim

inate this problem. As seen in Fig. [10-19]' this strategy was not successful. This 

is not unexpected, as a data set that lacks positions near the expansion centre is 

not appropriate in a search for the expansion velocity of the nebula. However, as 

Fig. [10-19] c) shows that the data is clustered at v = 0 kmjs at the best fit pa

rameters, I wondered whether the opposite strategy, in spite of confusion problems, 

might be successful with the optical data. 

I thus excluded all data points outside the region within 9° of the galactic plane, as 

shown in Fig. [10-20] a), hoping that a fit of model 1 to this data set would show 

some indication of an expansion. Even though the reduced minimum X2 contour 

map (Fig. [10-20] b)) shows 1-0" and 2- 0" regions of very small extent, the actual 

fit of the data to the best fit parameters is not good, as seen in Fig. [10-20] c). At 

this best fit, the data points are loosely arranged in a '+' shape rather than a ,~, 

shape. This '+' shape arrangement of the data points is also seen in Fig. [10-18] c) 

where all optical data is shown with the best fit parameters of model 1. 

Although the problem of confusion with unrelated data cannot be totally ruled out, 

there is another plausible reason for the lack of evidence for an expansion in the 

optical data. If the optically emitting material within the Gum Nebula is very 

turbulent one would expect a large range in line velocity at any particular angular 

distance () from the centre and also a large range of () for a particular velocity. Such 

a data set is likely to distribute itself loosely as a '+' at the best fit to model 1, as 

the '-' part of this distribution is best fitted by making the expansion velocity so 

large that the top of the ~ is approximately fiat. This is particularly evident in 

Fig. [10-20] c) where the best fit expansion velocity is the largest (60 kmjs) included 

in the expansion velocity range searched. 



a) expanding shell model 2 of angular radius 7° and Vexp 32 kmls 
with expansion centre at G260 -3 and dis 0.8kpc fitted to optical data 

b) expanding shell model 3 of angular radius 7° and Vexp 32 km/s 
with expansion centre at 0260 -3 and dis 0.7kpc fitted to optical data 
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Figure [10-21]: The best fit of expansion models 2 and 3 to the optical data at the 
given centre locations. 
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As the Gum Nebula is an old SNR it is quite likely that the residual expansion of 

the optically emitting material is dominated by turbulence. If this is the case, then 

plotting the optical data for the expansion centre, in terms of position and distance 

from us, given by the molecular data should give the most likely representation of 

this optical data. Thus all optical data is shown with a best fit of the unadjusted 

models 2 and 3 at the centre locations selected by the CG data alone (see section 

10.4) in Fig. [10-21] a) and b) respectively. The shown distributions are adequately 

explained by a slow expansion (not more than 30 km/s, perhaps as low as for 

the molecular data) with a similar turbulent velocity. Only Reynolds (1976a) and 

Srinivasan Sahu (1992, also Srinivasan Sahu & Sahu, 1993) determined turbulent 

velocities from their line data. Both quote values of the order of 20 km/s. 

10.7 Conclusion 

The molecular data clearly shows evidence of expansion of this molecular material. 

There is also fairly good evidence that the expansion velocity and angular radius of 

this material is nonuniform. A reasonable approximation to this situation is given 

by models 2 and 3 adjusted to fit different expansion velocities to the front and back 

face of the nebula. These models give a "mean" centre position of G260.5 -2.5 (± 

10 for both longitude and latitude) for this expanding shell of molecular material. 

This centre is at a distance of ~ 0.7 kpc from us. The front face angular radius 

and expansion velocity are ~ 10.50 and ~ 16 km/s respectively and the back face 

angular radius and expansion velocity are ~ 8.50 and ~ 7 km/s respectively. 

Thus if one supports the theory that the molecular material is connected with the 

Gum Nebula and the cometary globules, and that the expansion is nonuniform, then 

the above parameters also hold for the Gum Nebula. 

Several double component Ha lines in the Gum Nebula have been reported by 

Srinivasan Sahu & Sahu (1993) and Reynolds (1976a). This, in combination with 

the results of Fig. [10-21] a) and b) showing the optical data from the literature 
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fitted by an expansion model, is best explained by a slow expansion (~ 30 km/s) 

combined with a similar (~ 20 km/s) turbulent velocity. Thus the optically emitting 

material in the Gum Nebula is also expanding, but the evidence for this is not as 

clear cut as for the molecular data because the turbulent velocity of this material is 

of the same order as its expansion velocity. 

If one determines a distance to the expansion centre using model 2 or 3, the residual 

velocities of the eGs are predominantly negative and so towards the side with greater 

expansion velocity. This may indicate that eGs are only formed in a particular 

range of expansion velocities and that the material moving away from us expanded 

at velocities below the lower cutoff when the eGs were formed. 

It is clear from all the expansion model graphs of the data that the ~ 10° angular 

radius for the nebula is a lower limit. At zero residual velocity the data points 

extend quite far above and below the line indicating the model parameters. This 

implies that the molecular material is distributed throughout a thick shell. 



Chapter 11 

Conclusion 

11.1 Morphology of the Gum Nebula 

In order to generate the spectral index images (chapter 4 and 5) and IRR image 

(chapter 6), I had to observe the Gum Nebula region at a high radio frequency. The 

resultant radio continuum map at 2326 MHz is now part of the Rhodes/HartRAO 

2326 MHz radio continuum survey. 

In all frequencies at which the Gum Nebula has been observed, Ha (Sivan, 1974), 

408 MHz radio continuum (Haslam et al., 1982), 2326 MHz radio continuum and 

the 60 vm IRAS data (Beichman et al., 1988; Wheelock et al., 1994), it is brighter 

at negative galactic latitudes than at positive galactic latitudes. 

The stacked constant latitude plot diagram in Fig. [3-5], which I made from the 

2326 MHz data at 0.50 resolution, shows that the nebula has a shell morphology. 

11.2 The Gum Nebula, an old SNR 

From the values of the infrared to radio flux density ratio (IRR) it is clear that 

the nebula is an old SNR. Thus the main aim of my work, to obtain a definite 

classification for this nebula, was achieved. 
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This classification cannot explain the observational evidence for H II region cha

racteristics reported in the literature. Reynolds (1976b) had proposed a model of 

combined old SNR with H II region shell that allowed for such H II region cha

racteristics. In the IRR chapter I argue that if the thermal shell has the IRR 

characteristics of an ordinary H II region, the IRR image should reveal such a shell 

by its markedly different IRR compared to that of the rest of the old SNR. In the 

IRR image there is no evidence for such a shell. 

However, the spectral index images I produced showed that this thermal shell does 

exist. Thus the thermal shell proposed by Reynolds (1976b) must have non-H II 

region IRR characteristics. It is therefore most likely that this H II shell is cooled 

SNR material, rather than material surrounding the SNR heated only by the central 

stars. 

11.3 The spectral index of the Gum Nebula 

The spectral index images I derived using two different methods (TT-plot method 

and background-isolated-source method) give similar results. In both the positive 

and negative galactic latitude parts of the Gum Nebula large areas have nonthermal 

spectral indices. There is also a broad ring-like region of fiat spectral index which 

is non-continuous across the plane and wider at negative galactic latitudes. 

At positive galactic latitudes this thermal region is not as clearly defined. Here the 

TT-plot method shows up definite thermal patches, while that produced from the 

background-subtracted images only gives regions of lower (but not thermal) spec

tral index compared to the surroundings. The latter, i.e. a region of intermediate 

spectral index, is what one would expect from a superposition of thermal and steep 

non-thermal regions in a spectral index image obtained by straight division of the 

two frequency maps. The former also fits this picture provided that there is essen

tially no variation with position in the brightness temperature of the non-thermal 

component. 
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The picture revealed by the spectral index image is thus very close to the model 

proposed by Reynolds (1976b), an old SNR with a thermal shell. The latter is 

thought to be either cooled SNR material and/or material heated by the centrally 

situated stars, ,2 Velorum and ( Puppis. The fact that this shell lacks H II region 

IRR characteristics does point to the material having undergone some processing 

within the SNR, rather than having originated in a neutral surrounding shell heated 

by these stars. 

11.4 The role of ~2 Velorum and ( Puppis 

The debate in the literature about the role of these two stars in heating the Gum 

Nebula has been extensive. From the spectral index image it is clear that not all radio 

radiation from the Gum Nebula is synchrotron emission. Only the thermal regions 

could in principle be dependent on the stars as an energy source. As seen from the 

calculations of Chanot & Sivan (1983) the Lyman continuum from these stars can 

just account for the Ha radiation. The fact that the fluxes match approximately 

is not a good enough reason for definitely associating the thermal component with 

heating by these stars. However, as the stars do emit ionizing radiation in the Gum 

Nebula region, it is unlikely that they are not responsible for at least some heating 

of the thermal region. 

The nebula may have engulfed most of the material (neutral or heated by the stars, 

including its precursor) in the region while still expanding fast enough to heat the 

encountered material through shocks to temperatures higher than 10000 K. This 

material is now cooling off. The latter may be happening more slowly than in a 

scenario unaided by additional heating from the central stars. 

The scenario in which the nebula never engulfed all the surrounding neutral material, 

which thus became heated by the stars, forming the H II shell, is less likely as it is 

not supported by evidence in the IRR image. 
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As there are no direct observational means of deciding whether the stars are re~ 

sponsible for the heating and ionization of the thermal regions, one will never know 

exactly what is happening with regard to the contribution made by the stars. 

11.5 H Recombination lines towards nebula 

The H recombination line observations made at Mopra show the thermal regions to 

have a temperature of 4000 to 6000 K, a turbulent velocity of ~ 20 km/s, typical 

of ionized hydrogen regions, and an emission measure of 220 to 460 pc cm-6 in the 

brightest regions. The latter is in agreement with published values (Chanot & Sivan, 

1983; Reynolds, 1976a). 

11.6 Hydroxyl observations 

The search for shocked OR was negative. A large number of unshocked OR lines 

were detected. As the large angular size of the nebula made complete sampling of 

the molecular material, at the resolution of 0.50 used for this work, impossible, this 

does not rule out the existence of regions with shocked molecular gas. 

11.7 Kinematics 

The OR 1667 MHz lines were also used, in conjunction with data from the literature, 

to determine the expansion velocity of the nebula. This investigation successfully 

shows that the molecular material is undergoing expansion and that this expansion 

is non-uniform. The data indicates that the front face of the nebula is on average 

expanding faster than the back face. The expansion centre is at G260.5 -2.5 and at 

a distance of 0.7 kpc from us. The front face angular radius and expansion velocity 

are 10.50 and 16 km/s respectively. The back face angular radius and expansion 

velocity are 8.50 and 7 km/s respectively. This difference, in a nebula as old as 
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the Gum Nebula, is most likely due to expansion into a non-uniform interstellar 

medium, with the side closer to us having a lower density. 

If one determines a distance to the expansion centre using the unadjusted model 2 or 

3, the residual velocities of the eGs are predominantly negative and so towards the 

side with greater expansion velocity. This may indicate that eGs are only formed in 

a particular range of expansion velocities and that the material moving away from 

us expanded at velocities below the lower cutoff at which the eGs form. 

The investigation of the expansion of the nebula with the molecular line data also 

shows that the centre of this molecular material associated with the nebula is within 

a degree or two of the Ra emission centre, further confirming the association of the 

molecular material with the nebula. The distance dependent models also confirm 

that the nebula's centre is within 1 kpc of us. 

The scatter of the molecular data in the expansion plots shows that the molecu

lar material associated with the nebula is distributed throughout a broad shell of 

~ 5°. If any neutral hydrogen is present amongst this molecular material, this 

broad distribution together with the low expansion velocity may well explain why 

21 cm hydrogen emission from physically separate regions of sky easily blend out 

any evidence of the nebula in 21 cm line surveys. 

A search for evidence of uniform expansion in the optical line data available in the 

literature gave negative results. The most plausible explanation of the optical data 

is that the emitting material has turbulent velocities of the order of the expansion 

velocity of this material. 

11.8 Evidence for inhomogeneous ISM in the re-
• glon 

Inhomogeneity in the pre-expansion ISM is predicted by the difference in the front 

and back face expansion velocities of the molecular material, as the shock front 
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would move faster through rarer materiaL Thus the face closer to us has/had a 

lesser density compared to the back face. A similar disparity in the ISM density 

above and below the plane is evident in the large difference in the brightness of the 

nebula at positive and negative galactic latitudes. 

The much broader structure of the H II shell at negative galactic latitudes, compared 

to positive galactic latitudes, shown in the spectral index images, further supports 

such a pre-explosion scenario of density disparity above and below the plane. I 

argue that the thermal region is once hot, now cooled, SNR materiaL Such cooling 

is expected to be more efficient in denser regions. 

Furthermore, the identification of 3 cirrus clouds in the IRR image in the vicinity of 

the Gum Nebula also hints at this inhomogeneity having been present on a smaller 

scale. 

The picture that emerges is one in which the precursor star was situated near the 

edge of a molecular cloud, with the bulk of the cloud to the far and to the negative 

galactic latitude side of the star. 

11.9 X-ray emission 

Aschenbach et aL (1995) mention that X-ray emission associated with the Gum 

Nebula is present in the ROSAT data. The only details given by them are that 

the centre of this emission is somewhere in the Vela XYZ SNR and that the radius 

of this emission is 10°. This radius is significantly smaller than that of the Gum 

Nebula at other wavelengths. Thus there seems to be a discrepancy. 

However, if the Gum Nebula belongs to the group of SNR that have a centrally 

brightened X-ray and a limb brightened radio morphology (Long et al. 1991, Leahy 

& Aschenbach 1995 and 1996), this discrepancy looses importance. The difference 

in the X-ray and radio morphology of this group of SNRs is thought to be due to the 

presence of evaporating clouds (White & Long 1991 etc.), i.e density inhomogeneity 
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III the interstellar medium. Although the similarity solutions of White & Long 

for a SNR in a cloudy interstellar medium, predicting the centrally peaked X-ray 

emission, are for remnants between 103 and 2 x 104 years, i.e. much younger than the 

Gum Nebula, they certainly are in agreement with other data on the Gum Nebula. 

Density inhomogeneities are still present in the uneven distribution of the CGs, as 

well as the large differences in IR emission across the remnant. One problem with 

this interpretation is that the model of White & Long predicts a similarly centrally 

brightened IR morphology, whereas the Gum Nebula is limb brightened in the IR 

and has a morphology similar to that of the radio emission. 

11.10 The IRAS-Vela ring 

No evidence for the IRAS-Vela ring can be seen in the IRR image. If this ring did 

exist, one would expect there to be a distinct change in the IRR value from negative 

to positive galactic latitudes, as the ring is supposedly confined to negative latitudes, 

extending at most to about +5° (Srinivasan Sahu, 1992; Srinivasan Sahu & Sahu, 

1993) in latitude. No such abrupt change is evident in the IRR image (see Fig. 

[6-3]). As argued in chapter 6, a superposition of an object with IRR in the H II 

region range on an SNR should show up noticeably in an IRR image, unless the H II 

region like object is extremely faint-an impression not given by the interpretation 

of the IRAS-Vela ring by Srinivasan Sahu. 

The existence of IR emission at positive galactic latitudes (see Fig. [6-2]) of similar 

morphology to that of the radio and Ha emission of the Gum Nebula at these 

latitudes also invalidates some of the evidence given by Srinivasan Sahu for the 

separate identity of the IRAS-Vela ring. 

Also, something not mentioned in chapter 10, which deals with the kinematics of the 

molecular material associated with the Gum Nebula, is that there is no evidence for 

a minimum in the minimum X2 values at the position of the proposed centre (G263 

-7) of the IRAS-Vela ring. Thus Srinivasan Sahu's (1992) claim that the cometary 
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globules are associated with the IRAS-Vela ring cannot be supported with concrete 

evidence. 

11.11 Spectral index determination methods 

I showed that valid spectral index images of a faint extended source can be produced. 

The uncertainty in the TT-plot-at-constant-galactic-latitude method, using the Theil 

method of straight· line fitting, is sound, yet small enough to allow definite conclu

sions to be drawn from the results. One negative aspect of this method is that a 

spectral index cannot be defined for all positions in an image. Also, the determi

nation of the spectral index image using this method is very time consuming and 

laborious. 

The spectral index determination by isolating the source from its background radi

ation using program GUMBACK is less time consuming than the TT-plot method. 

However, this method is not successful near the galactic plane and in very faint 

regions. Furthermore, it is difficult to quantify an uncertainty for this method. 

11.12 Miscellaneous 

The nonthermal, separate, faint circular structure seen in the background subtracted 

radio images at very positive galactic latitudes (approximately centred at G263 +14), 

and the two possible compact H II regions identified on the IRR image at G263.5 

+3.5 and G259.5 -2.5 warrant further investigation. 
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