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ABSTRACT

High resolution spectra (X/AX -90,000) of interstellar Na I (5889 A) toward 18 

stars spread over one half of the Galactic plane, including six stars in the direction of the 

SgrOBl Association, revealed several velocity components. A radial velocity of ~7km  

s'1 relative to the Local Standard of Rest was found in most sight lines and interpreted to 

arise in nearby diffuse clouds. Two velocity components were detected toward Sgr OB 1. 

Each of the associated clouds extends about 5 degrees in diameter in the sky. A third 

feature in that direction was identified with the Reigel-Crutcher cloud, part of an extensive 

cloud system spanning some 80 by 25 degrees in the sky.

High resolution observations were made in the region of the C2 Phillips (2-0) 

band towards 8 stars and the carbon star TX Psc, allowing upper limits of log N(C2) to be 

determined towards these stars and a comparison of C2 and CN spectra, respectively.

Medium resolution observations towards 31 stars were made covering the 

wavelength range 3820 A to 3895 A in a circumstellar search for a feature attributed to 

C60. The sight lines represent a wide range of circumstellar environments where C60 could 

be formed, including Wolf-Rayet, OB stars, A to M-type stars, the Red Rectangle, p 

Pictoris, and r\ Carinae. No conclusive evidence was found for C60. The results of the 

analysis are presented here for the first time. The Wolf-Rayet spectra fell into three distinct 

groups:

a), showing weak O VI and He I absorption,

b). An unidentified P-Cygni like profile near 3875 A, and

c). An emission feature near 3830 A that was interpreted as arising from O VI.

r  The spectrum of T| Carinae revealed differences in minor features when compared

with published spectra made in 1953 and 1961. The spectral range includes the position 

of optical lines of interstellar CH and CN, and upper limits to their column density were 

estimated. Suggestions are made for other optical observations at a higher resolution.

A computer program to analyse the observed interstellar atomic absorption lines 

was developed on a home PC. This was compared STARLINK program DIPSO, and used 

in addition to standard software to analyse the Na and Ca observations. It can estimate the 

values, with their standard errors, of the velocities, velocity dispersions and column 

densities of single or multiple components through a choice of two different search
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algorithms. The program works automatically after a few initial parameters are entered. 

Different weighting functions for the sum-of-squares can be applied. The capabilities of 

the home-PC and significance of this for research in astronomy and astrophysics is 

discussed.
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ABBREVIATIONS and DEFINITIONS

Av

b

b

EW

GMC

ISM

I

I,ISM 

LSR

Interstellar absorption, in magnitudes

units: degrees. Galactic latitude

units: km s'1. Velocity dispersion, common forms used:

înstr Instrumental broadening parameter

£eff Doppler with thermal broadening parameter

bK Turbulent component of broadening parameter

bT Thermal component of broadening parameter

Equivalent width, in A

Giant Molecular Clouds

Interstellar Medium

units: degrees. Galactic longitude

T'Ocal Interstellar Medium. The term 'local interstellar medium' has been used by 

many authors to refer to all interstellar matter within 100 pc of the Sun.

Local Standard of Rest.

The LSR reference frame is used throughout this thesis. The main reasons for this 

choice were the long path-lengths used, which samples the interstellar medium 

over a volume of space much larger than any local system. The stars used in 

determining the LSR have their own velocity relative to the LSR. The Sun, for 

instance moves at 20 km s'1 in this reference frame, while the LSR itself moves at 

250 km s"1 around the Galactic centre. This solar motion now defines the LSR, 

although many studies have used a different solar motion for converting 

heliocentric velocities to LSR, the most common being one of 19.5 km s'1 

towards (/, b) = (56°, +23°).
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M0 Solar mass

MBM Magnani, Blitz and Mundy (1985) objects

N, log N  Column density in cm"2 and its log value to base 10.

PCA Photon Counting Array

ct Statistical error estimate

aeff Statistical error estimate using Relative Intensity profiles

T Temperature

v l s r  Velocity, relative to the Local Standard of Reference (LSR).

vT Velocity arising from Galactic rotation relative to the Local Standard of Reference

(LSR).

UCL University College of London

UKC University of Kent at Canterbury

VLSM Very Local Interstellar Medium
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1. THE INTERSTELLAR MEDIUM

This thesis covers the observation, analysis, and interpretation of interstellar absorption 

from molecular carbon (C2 and Q q) and atomic sodium. It seems essential to summarize the 

history of interstellar observations and the local structure of the Galaxy.

1.1. A HISTORICAL SKETCH

The first indication of the existence of interstellar gas came from the observation by 

Hartmann, in 1904, of narrow absorption lines of Ca II (3933.6Â) in the spectrum of ô Ori, 

a spectroscopic binary* as the lines did not show the periodic variations expected for stellar 

absorption lines, In 1909* Slipher observed stationary Ca IIK linos towards several stars in 

Scorpius, Orion, and Perseus. It was another decade before stationary Na D  lines were 

discovered (Heger, 1919). A few years later, the first, and strongest, of the “difluse interstellar 

bands” (DIBs) at 4430 A was reported. By 1934, the strongest DIBs at 4430, 5780, 5797, 

6284, and 6614 Â were recognised by Merrill to be interstellar in origin. However, it was not 

until 1936 that there came the realisation that interstellar clouds of gas exist, when Ca II was 

seen as multiple lines toward e Ori, Ç Ori and p Leo (Beals, 1936). In 1937, Dunham and 

Adams reported observations of the 3302 Â doublet of Na I and lines of Ti H  Dunham also 

reported the discovery of the 4226.7 Â and 7699.0 À lines of Ca I and K I, respectively, as 

well as unidentified lines at 3957,7,4232,6 and 4300,3 Â, Within four years, the 3957.7 and

4232.6 Â lines were identified as due to the molecular ion CH+, and the 4300.3 Â to CH. An 

additional line at 3874.6 Â was reported and identified as being due to CN.

The low temperatures of interstellar space mean that essentially all atoms are in their 

ground state when they absorb radiation. For most atoms and ions, the transitions arising from 

the ground state occur in the ultraviolet part of the spectrum. Since the earth’s atmosphere is
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opaque to wavelengths shorter than 3000 Â, they cannot be observed from the ground. No 

other interstellar molecule was found until the development of radio telescopes which gave the 

detection of the 21 cm (1420 MHz) H I line in 1951 (Ewen & Purcell). Later radio 

observations led to detection of the hydroxyl (OH) emission at 18 cm in 1963, followed by 

ammonia (NH3) in 1968 and formaldehyde (H2CO). The introduction of sub-mm radio 

telescopes led to the discovery of carbon monoxide (CO) at 2.6 mm in 1969. The hydrogen 

(H2) molecule, was detected in 1969 in diffuse interstellar clouds using a rookot borne far UV 

spectrograph (Carruthors, 1970), and interstellar CO in the ultraviolet spectra of stars in 1971 

(Smith and Stecher, 1971).

UV observations from rockets and Copernicus (launched in 1972) led to the 

identification of the deuterated hydrogen molecule HD. This satellite and the International 

Ultraviolet Explorer (IUE; launched in 1978) resulted in the discovery and identification of 

many other atomic and ionic species. More recently, the Goddard high-resolution 

spectrograph and its successor STIS on board the HST have continued high-resolution 

ultraviolet observations.

The carbon molecule C2 was first detected by ground based spectroscopy just in the

infrared at -8750 Â (Souza and Lutz, 1977). By now, the list of molecules confidently

identified in diffuse interstellar clouds through optical and UV absorption spectroscopy alone

consists of the species H2, OH, NH, CH, CH+, CN, CO and C2. In the early 1990s, there was

considerable interest in interstellar C, and C^. Many searches for these molecules in the

interstellar medium were made by several independent groups. One section of this thesis relates

the search for interstellar Q  in diffuse clouds. To date, nearly 120 different molecules are

known from observations at radio and microwave wavelengths as well as in the UV. A large

proportion of these are found together in just a few objects, notably the Sgr B2 and Orion A

molecular cloud complexes, the circumstellar envelope of IRC+10216, and the dark cloud

TMC 1 : In addition, there are many lines in the optical and longer wavelength spectrum whose
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origin has not been identified. Among these are the ~200 DIBs recognised throughout the 

optical and near-infrared (Somerville, 1995; Herbig, 1995). Among the popular suggestions 

for the DIB carriers are ionised polycyelic aromatic hydrocarbons (PAHs), ionised fullerenes 

(e.g. C60+, particularly for the DIBs at 9577 and 9632 Â), and carbon-chain molecules. One 

section of this thesis relates the search for the fullerene C^, that was considered a potential 

DIB carrier.

1.2. MAJOR COMPONENTS OF THE INTERSTELLAR MEDIUM

The many forms of material making up the interstellar medium are summarised in Table

1.1. Most of the interstellar medium seems to be in pressure equilibrium. The gaseous phase 

has particle densities, n, ranging from —10 to 1012 m"3 or more, and temperatures, T, from 

a few degrees Kehin up to —5 x 104 K. The gaseous phase can be categorised by its state of 

ionisation and by temperature (Table 1.1). The hot, 7-50,000 K, gaseous component, n —104 

m"3, is widespread in the interstellar medium while the cold, T slOOK, gas is localised in small 

interstellar clouds.

The main cloud types are:

Diffuse clouds: so-called because of their low density. Starlight passes through them with 

little absorption taking place, the mean visual extinction  ̂1 magnitude. Some of these clouds 

can be seen on Palomar Sky Survey photographs by their faint reflection of starlight (Myers, 

1989). Molecules were first detected within these clouds via the optical absorption lines of the 

simple, strongly bonded CN, CO, CH, and CH+. Their abundances can vary appreciably from 

one cloud to another. Photochemical processes such as dissociation and ionisation are 

important to the physical and chemical structure of these clouds. Some diffuse clouds are much 

larger than their representative value o f- 1 3  pc, many show small, opaque knots on optical 

photographs suggesting matter concentrations, a few are known to have low-mass cores but

in general they have too little mass to be gravitationally bound (Myers, 1989).
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Region Location Radius

pc

Log

Number

density

m-3

Temperature

K

Log

Mass

(M0)

Difiuse 

Nebulae (HU 

regions)

Near hot stars. 

Associated with 

molecular clouds

0 .3 -3 7 - 8 5000 - 104 2 - 4

Difiuse cloud Spiral arms 1 -3 7 - 8 10 - 100 -3

Dense and 

Dark clouds

Spiral arms near 

difiuse nebulae

0.2-

-20

9-12 10-30 2 - 3

Molecular

clouds

Sites of star 

formation

- 8 - 12 10-100 - 6

High

temperature

gas

Widespread <4 >50,000

Warm

intercloud

gas

Widespread 5 -8,000

Table 1.1 Typical properties of the major componentc of the Interstellar Medium. The local 

gaseous phase van be categorised into: the cold neutral medium (CNM), warm neutral medium 

(WNM), warm ionised medium (WIM,), and hot ionised medium (HIM) with T = 80, -8000, 

-8000, >40,000 K and filling volume of 2-3, -15, -22, and 60% respectively (Redfield & 

Linsky, 2000).
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Dark clouds, are so-called because they are opaque to visible light and can show as 

silhouettes in photographs. Their mean extinction is several magnitudes. Well-known examples 

are the Great Rift in Aquila-Cygnus, the Taurus and Ophiuchus dark clouds, and the Coalsack 

in Crux. Isolated dark clouds are common, while others may be found in complexes sometimes 

associated with the formation of low mass stars, e.g. the Taurus-Auriga complex. They are 

generally gravitationally bound and low-mass cores (mean Av —10 mag) and low-mass stars 

are common. Their internal motions are mainly thermal, unlike their surrounding dark or difiuse 

clouds, and much higher than that of the intercloud gas (Myers, 1989). The higher density 

regions (n ~1010 - 1011 m"3) are surrounded by more diffuse (n -  108 - 109 m"3) material. A 

typical size is —0.2 to 4 pc for an isolated cloud, and —20 pc for a dark cloud complex, but 

some complexes may be much larger. Dense and dark molecular clouds, typically with;lv(tot) 

>10 mags are studied by emission lines of molecules at centimetre and millimetre wavelengths. 

Owing to the large extinctions, photochemical processes are thought to be negligible inside 

molecular clouds.

Intermediate between the diffuse and dense molecular clouds, with/4v(tot) « 2-10 mag, 

£(B-V) «0.7 to 3, and showing strong molecular absorption lines are the "translucent 

molecular clouds" (van Dishoeck and Black, 1989). They are called “translucent” because they 

are thin enough that optical line observations can be made, if there is a bright background star, 

yet thick enough to permit millimetre emission line observations. Photochemistry is important 

in these clouds. Although usually considered to be small isolated clouds, their characteristics 

may also represent the outer parts of dense molecular clouds, (van Dishoeck, 1992).

Molecular clouds: are the largest condensations of cold gas, with masses of up to -106

M* they are the most massive objects in the Galaxy (Table 1.1). Some show signs of star

formation. Giant Molecular Clouds (GMC) are very active sites of star formation; associated

with them are OB-type stars, H II regions, and strong infrared emissions from newly forming

stars. The UV light from these stars ionises the gas around them, giving rise to prominent H
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II regions, while the bulk of the cloud is largely unaffected. A good example is the Orion GMC, 

where the H II region Messier 42 surrounds a small cluster of newly formed O stars, while the 

rest of the cloud is visible only at radio and infrared wavelengths. Other examples of GMCs 

nearest the Sun are those associated with the SNR W44 in the Sagittarius arm, and with Cas 

A - NGC 7538 in the Perseus arm, both at a distance of about 3 kpc (Welch, 1989).

Any particular cloud may exhibit several different cloud characteristics within its own 

body. In addition, they are continually evolving, and may pass through several cloud types in 

their lifetime. The smallest clouds tend to dissipate quickly into the surrounding hot interstellar 

medium. The self-gravitating ones lead to the appearance of wind-blown structures and H II 

regions.

Diffuse Nebulae or H II regions: not to be confused with diffuse clouds, are large 

irregular luminous gas clouds associated with hot stars whose radiation is energetic enough 

to ionise hydrogen and many other atoms. They occupy a negligible fraction of the volume and, 

mass (~106 Mo in total) of the ISM (Table 1.1) and are almost always associated with dense, 

cold Molecular Clouds.

A few emission nebulae are supernova remnants, in which ionisation is produced when 

fast-moving material from the supernova explosion collides with the interstellar gas.

A typical supernova remnant has temperatures of >106 K and thought to survive for ~104 to 

105 years before becoming indistinguishable from the interstellar gas.

The CO surveys made in the late 1980's revealed that the dense, bound gas of each 

cloud complex were surrounded by less-dense, unbound gas in many, feint, small, rarefied, star- 

poor regions. The difiuse clouds associated with dark clouds are similar in size* extinction* and 

velocity dispersion to the more isolated difiuse clouds discussed by Magnani, Blitz, and Mundy 

in 1985 (Myers, 1989), see Section 1.4.
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1.3. THE LOCAL GALACTIC STRUCTURE

The main features of the Galaxy within a radius of 1 kpo of the Sun are shown on 

different scales in Figure 1. Figure la is a projection onto the Galactic plane of the main 

interstellar clouds and star associations, represented by open circles, drawn to a scale 

representing their maximum angular extent in the sky. The radius of the enclosing circle is 1 

kpc. Also shown are the positions of the Local and Sagittarius arms of the Galaxy along with 

the -12 km s"1 radial velocity and Lindblad’s ring described later in the text. Each of the 

Galactic quadrants (marked by Roman numerals in Figure la) are briefly described later in the 

text. Figure lb is a sketch map of the Local interstellar medium within 180 pc of the Sun, also 

projected onto the Galactic plane, with the exception of the High Latitude Clouds. This sketch 

shows the approximate boundaries of the Local Bubble (continuous curved line), and the 

positions of stellar associations and molecular clouds according to their Galactic Longitude and 

distance from the Sun. The position of the Sun is marked by a cross at the centre of the 

diagram. Arrows mark the sight lines used in the Na observations (see Chapter 5 and 6). The 

position ofLeroys (1999) dust cloud is represented by a dashed line. Finally, Figure 1c. shows 

the location of the main objects on a map of the sky drawn in Galactic coordinates.

The Gould Belt, a ring of O and B stars within ~  400 pc of the Sun, includes several 

associations and regions of star formation: I Ori, II Per, Sco-Cen, I Lac, II Mon, and IC 2602. 

It is inclined at ~18° to the Galactic plane with the Sun 210 pc from the centre of this system, 

which is located toward (/, b = 180°, -16°). The highest latitude of the Gould Belt lies in the 

general direction of the Galactic centre and is marked by the large clouds in Lupus, Ophiuchus 

and Aquila (Dame et al., 1987) and —15° - 30° below the plane in the direction of the Orion- 

Taurus clouds (Frogel and Stothers, 1977).

The first quadrant (/=  0° to 90°) is dominated by the Great Rift, the Aquila Rift and

three distinct molecular complexes: W51, W44, and Ml 7. Many of the CO clouds and dark

nebulae in the Rifts are local ( d < \  kpc), while within the Great rift there are molecular clouds
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lying at distances ranging from 200 to 2300 pc. The Ophiuchus-Sagittarius clouds lie to the 

north of the Aquila Rift while to the south there is a similar region with fewer and smaller 

clouds (Dame et al ,  1987).

The second quadrant (/ ~ 90 ° to 180°) contains the dark clouds of Taurus and Perseus 

(/ = 155° => 180°), situated well below the Galactic plane, with three molecular clouds: one 

associated with the dark nebulae in Taurus and Auriga (ti?~140 pc), another with IC 348 and 

NGC 1333, and the California nebula (NGC 1499) with NGC 1579, on either side of the Per 

OB2 association (d  —350 pc).

The rest of the quadrant is characterised by widespread filamentary emission almost 

entirely within two velocity intervals: 0 and -10 km s"1, associated with the Local spiral arm, 

and -40 to -60 km s'1, associated with the Perseus arm (Dame et a l,  1987). The former can 

be split into two velocity components centred on -12 km s'1 (the Local spiral arm) and 0 km 

s"1. The latter is identified with “Feature A”, d  -300 pc, described later in this section, while 

the former contains several clouds and OB associations: Cep OB2, Cep OB3, Cep OB4, and 

Per OB3 aW = 800 pc (Dame et a l ,  1987) from the Sun.

The closest material accounts for most of the CO emission. The gas forms two broad 

complexes in Cassiopeia (/>  120°) and Cepheus (/ < 120°) and seems to be shaped by a bubble 

12° in diameter (Grenier, 1989), interpreted as a 40,000 year old supernova remnant lying at 

about 300 pc.

The third quadrant (/ ~ 180° to 270°) holds the Carina and Gum nebulae along with 

other nearby clouds. The region in Vela, centred at / -  265°, contains at least four massive 

(-105 Mq) clouds between 800 pc and 2400 pc from the Sun. Several well defined star- 

forming clouds, e.g. the Rosette nebula (Mon OB2) and the Cone Nebula (Mon OBI) lie 

along the Galactic plane. The extensively studied molecular clouds associated with the Orion 

Nebula, NGC 2024 (Orion B), and Mon R2, lie well below the plane near / -  210°. Two

molecular filaments, >10° by 0.5°, extend toward the Galactic plane (Dame et a l,  1987).
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In the fourth quadrant, well above the Galactic plane near / = 350°, lies one of the 

nearest and most intensely studied regions of star formation, the p Oph clouds. Nearby are the 

similar Lupus molecular cloud complexes (d =  100 to 200 pc). The dark clouds and other 

young objects in Gould’s Belt lie above the Galactic plane in this region. Far below the plane 

at / ~  0° are the small isolated R CrA and Chamaeleon clouds (Dame et al., 1987).

Most of the clouds in the first and fourth quadrants lie on a fairly straight ridge more 

than 1 kpc long from the Vela sheet to the Cygnus Rift at opposite ends. The distribution of 

clouds is consistent with the Sun lying near the inner edge of the Local spiral arm. As the ridge 

is mainly above the Galactic plane, there is a relatively clear region between the Sun and the 

Sagittarius arm (d ~1700 pc) (Dame et al., 1987).

Two HI 21 cm velocity components extend over most of the Galactic plane. The 

component corresponding to the “-12 km s’1 ” clouds was identified with the Local spiral arm. 

The other component, is called Feature A by Lindblad (1967) who found that radial velocities 

with respect to the Local Standard of Rest were predominantly positive, but near to 0 km s"1, 

and were particularly noticeable between I = 180° and 210°. This object covers a very large 

part of the sky, including the dark absorbing cloud ofRiegel and Crutcher (1972) (see Chapter 

2). It was thought to be an expanding shell of cold gas surrounding the Sun (Lindblad et al., 

1973). Lindblad et a l (1973) modelled the observations as an HI shell that began expanding, 

with an initial expansion velocity of 3.6 km s"1 at d  = 140 pc in the direction / = 150°, 60 

Myr ago that was subsequently distorted by Galactic rotation. The Sun is presently just inside 

this ring. Olano (1982) fitted Lindblad's 21cm data to an expanding ring model which included 

braking forces as the ring swept up matter. Olano deduced an age of 30 Myr with the origin 

of the system at 166 pc from the Sun in the direction of /=  131°, coinciding roughly with the 

a Persei cluster. This cluster's age is -30  Myr and forms part of the older (>50 Myr) Cas-Tau 

group.
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HjCQ velocities for several dark clouds are similar to the velocity of Feature A, 

particularly for the dark clouds along the Gould Belt in the Sco-Oph region above the 

Galactic centre. This is not obvious in the opposite direction, toward the Taurus clouds, 

because the identification is complicated by the larger spread of H2CO velocities and the 

smaller velocity differences of Feature A with other 21cm features. Hughes and Routledge 

(1972) studied OH in several nearby clouds and found evidence for an expansion at a slightly 

larger velocity, ~10 km s"1.

Dame et al. (1987) found that Feature A and the CO clouds were coincident in 

velocity with the 21 cm Feature A. These tcLinbdlad Ring” clouds were linked with the dark 

clouds and stars of Gould’s Belt, at a distance o f300 pe. The HI gas, molecular gas, and stars 

all have roughly the same expansion velocity. Taylor et al. (1987) argued that stars must have 

formed from the expanding gas, and that because of the size and coherence of the Belt's 

expansion, the expansion is more likely to have been initiated by a gradual acceleration of the 

clouds, rather than by a violent impulse.

1.4. THE LOCAL INTERSTELLAR MEDIUM

The Local Bubble (LB) is a region of low neutral density, w ~ 4 x 103 m"3, an 

interstellar cavity with radii between 65 and 250 pc mainly filled with hot gas, T ~106 K (Cox 

and Reynolds, 1987) surrounded by a neutral gas boundary. Figure lb shows the location of 

the boundary inferred from the Na I absorption in the local interstellar medium (Welsh ct al., 

1994; Sfeir et a l,  1999). These absorption measurements show that the LB has a radius of 

70 pc in most directions  ̂extending to -200 pc in one particular direction called the CMa tunnel 

(/ = 240°, b = -11°), towards p CMa. The fact that 20 extragalactic EUV sources at high 

galactic latitudes have been detected is taken as indication that the local interstellar bubble is

open to the Galactic halo producing a local “chimney” feature (Welsh et a l,  1999).
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Embedded in the LB are a number of difiuse clouds. The gas within lOpc of the Solar 

System, called the tcLocal Fluff’, has a somewhat higher density, n ~105 m"3, lower temperature 

r~104 K and still has a high degree of ionisation ~ 70% (Cowie & Songaila, 1986). The Sun 

appears to lie near the edge of a small cloudlet ~ 5pc in extent, called the Local Interstellar 

Cloud (LIC)(see Frisch, 1995). The shortest distance to the edge, d  ^0.05 pc, lies in the 

direction of a  Cen. The LIC is an egg-shaped volume (6.8 by 4.7 pc) of gas with T= 6,000 to 

8,000 K and mass ~ 0.32 M .̂ The axis of symmetry points towards /~315°, inthc direction 

of the Scorpius-Centaurus Association, indicating the shape could be determined by the flow 

of hot gas from Sco-Cen (Redfield & Linsky, 2000).

The discovery of high Galactic latitude molecular clouds (Magnani, Blitz, and Mundy, 

1985) revealed the presence of molecular clouds within a radius of 100 pc of the Sun. The 

high Galactic latitude clouds may be gravitationally unbound (Mebold, 1989) but confined by 

the local hot interstellar medium. These clouds have N(CO)IN(H)> 10"5 which distinguishes 

them from the CO-poor (7V(CO)/7V(H) <10"6) classical difiuse clouds (Mebold, 1989). All are 

very local, 60 pc < tiK 500 pc with several in the range 100 pc<</< 120 pc, the nearest to the 

Sun being MBM 151 (/, 6 =  18°, +20°) at 50 pc, and MBM 12 (/, b = 159°, -34°) at d  

= 65 pc (Hobbs et a l,  1986; Frisch, 1995) while the nearest standard diffuse cloud, with d = 

70 pc, was identified by Frisch e t a l  (1990) and named as OL70 (/, b = 208 =>214°, -24 => 

27.6°).

The Mgh-Latitude clouds are associated with the more extended IRAS 100pm cirrus

emission. Several of the clouds appear to be part of larger structures connected to the Galactic

plane, particularly those in the directions toward the galactic centre and anticentre. For

instance, MBM 40 and MBM 57 - MBM 151 appear to be the extensions of the molecular

cloud complexes in Ophiuchus, while K259-16 and K292-19, K295-13 span the Chamaeleon

region. The clouds MBM 10 - MBM 18, MBM 20 and MBM 21 - MBM 22 and MBM 29 -
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MBM 31 (the Ursa Major cloud complex) also appear to be extensions of larger structures 

connected to the Galactic plane. MBM 3 and MBM 4 are two adjacent clouds which form a 

long filament of material at Galactic coordinate / = 140°, 6 = -50°. The region MBM 3 - MBM 

4 extends (tif<150 pc) in an E-W direction for more than 7 degrees and appear to be associated 

with material which extends to near to the South Galactic Pole. It appears that the gaseous 

material associated with these clouds is extended over wide regions of the sky. Two of the 

sight lines used in this thesis, toward HD 24262 and 25330 (see Chapter 5), lie in the direction 

of the high latitude cloud MBM 18 (/=  189°, b = -36°, 120 <</< 150 pc) associated with the 

Taurus molecular clouds (Penprase, 1993).

Molecular species other than CO that have been detected in a number of the clouds 

include H2CO, C^H2, HC3N and OH, and the optical species CH and CH+ (Penprase, 1993, 

and references therein; Penprase et al. , 1990). For a given value of extinction, these clouds 

have much higher molecular abundances than clouds in the Galactic plane. Several clouds have 

molecular column densities approaching those of the dark clouds (Av = 2 - 5  mag) yet have 

much lower extinction (Av = 0.5 - 1.5 mag). They have similar properties to the diffuse 

molecular clouds in the Galactic plane, but with enhanced molecular abundances. Their value 

of N(H2)/N(H I) is 0.5, larger than is typical of diffuse clouds. The enrichment in molecular 

species has been attributed to either CO self-shielding, shock or depletion.

Recently, Breitschwerdt et a l  (2000) proposed a model for the origin of the local 

clouds* including the so-called Local Fluff surrounding the solar system based on observational 

material from ROSAT. The interaction shell between the Local Bubble and the adjacent Loop 

I superbubble could produce, through hydromagnetic Rayleigh-Taylor instabilities, neutral 

blobs of material of ̂  5-10 pc in size. These detach from the shell and travel towards the Sun. 

They identify the local clouds with the products of such instabilities.

The source of ionization of the hydrogen and helium within the warm clouds in the LB

is still unclear (Wolff et a l ,  1999) and the respective roles of the stellar ionising field, the
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interfaces between the clouds and hot gas and collisional ionization from a SNR shock are still 

a matter of discussion. (3 CMa and, especially, e CMa, the strongest EUV source (Vallerga et 

a l , 1993), could be responsible for a significant part of the hydrogen ionization. Close to these 

stars, in the general direction of the CMa tunnel (/ = 240°, 6 = - l l° )  the ionization of hydrogen 

increases when the line of sight is closer to the CMa tunnel, suggesting a strong influence on 

ionization and background emission by the hot CMa stars and the CMa cavity. Both fossil 

ionization after a SNR shock and photoionization by hot stars can be made compatible with the 

observed ionization properties o f the LB (Wolff et a l ,  1999).

Leroy (1999), interested in the detection of a dust wall which may lie at the boundary 

of the Local Bubble, looked for polarization in a number of nearby stars whose distances can 

be reliably obtained from Hipparcos parallax results. Polarization would occur by dust 

components which consist of anisotropic particles likely to be aligned by the ambient magnetic 

field. Although some regions of sky could not be sampled adequately, the results show that the 

number of polarized lines of sight increases as the distance increases from 90 pc through 120 

pc to 150 pc (the distance limit of the study). There is, however, almost no interstellar 

polarization, even at 150 pc, around I=240°, especially in the southern hemisphere. This well 

known trend in this direction has been interpreted as due to an elongation of the Local Bubble 

in this direction, or possibly a connection with another nearby Bubble. Further interesting 

features were that significant dust clouds appear at 70-80 pc, slightly beyond the Local Bubble 

boundary defined through X-ray measurements. There is almost no polarization out to 50 pc. 

The first traces appear at high as well as at low Galactic latitudes, e.g. at 6 = +70°. The 

nearest may be at latitudes as high as 60° (e.g. HD 131334,1 = 23° ,b  = +6\° , d =  51 pc, and 

HD 133582 (d=  77 pc) in the same direction). The classical model of a Galactic bubble having 

its smallest radius in the Galactic plane does not fit this data on the nearest polarising clouds 

(Leroy, 1999). Leroy’s results show a possible loop centred at / = 320°, d  = 120 - 150 pc in

the northern Galactic hemisphere (b ~ +20 ° ), near to the UCL shell in the Sco-Cen association.
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It is similar to the Loop I feature (Leroy, 1999) but with a smaller radius. The polarization 

maps also depict a complex situation at / = 0 - 30°.

Mapping o f the local interstellar medium based on the Galactic distribution of 450 

sources detected by the EUVE satellite (Welsh et a l ,  1999) that have reliable distance 

estimates shows their distribution to be non-uniform. Their numbers increase towards the 

Hyades cluster, in the line of sight along the CMa interstellar tunnel, and towards high galactic 

latitudes in both hemispheres. The vast majority lie within the neutral boundary derived from 

interstellar Na I observations (Sfeir et a l ,  1999; Welsh et a l ,  1994). The fact that 20 

extragalactic EUV sources at high galactic latitudes have been detected is taken as indication 

that the local interstellar bubble is open to the Galactic halo producing a local “chimney” 

feature (Welsh et a l ,  1999). However, the presence o f High Latitude molecular clouds 

implies the chimney is not completely clear of material..

Recently, two star associations have been identified at distances o f—55 pc (the TW 

Hydrae Association), and -45 pc (the “ Tucanae Association”) with ages estimated at 20 and 

—40 Myr respectively, and there may be others not yet discovered (de Zeeuw et a l ,  1999). 

Together with the knowledge of other nearby moving groups, these suggest that 10-40 Myr 

ago, the region through which the Sun is now passing experienced a significant period of star 

formation (Zuckerman & Webb, 2000, and references therein). It may be that stellar winds 

from those events may have contributed to the formation of the Local Bubble.
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1.5. THE SCOPE OF THIS THESIS

The work for this thesis began with the optical observations of C2 in diffuse clouds, as 

the rotational populations of that molecule can give valuable information on the kinetic 

temperature* density and strength of the interstellar radiation field (van Dishoeck & de Zeeuw, 

1981). The focus of the thesis then moved to the search for another carbon molecule, the then 

recently discovered fiillerene C60. Previous searches for interstellar had not proved its 

presence, but there remained the possibility the molecule could be detected in circumstcllar 

environments. This molecule is one member of a large family of carbon molecules that arc 

currently thought to be potential carriers of the DIBs. The C2 and C60 observations are 

discussed in Chapters 7 and 8, respectively.

The first part of the thesis focusses on observations of interstellar Na, made by other 

workers, that were reduced by standard software and analysed for their information on the 

radial velocity, turbulent broadening and column densities of the Na clouds. The sight lines 

sample a few widely spread locations along the Galactic equator and out of the Galactic plane 

(Chapter 5) and towards the Sgr OBI association (Chapter 6). As a result, they sample the 

local molecular clouds, high-latitude clouds, and interstellar clouds in two spiral arms. The 

results are placed in context with the current view of the LISM. The remainder of the thesis 

discusses: (i) the analysis o f absorption lines, particularly lines of Na I, using Voigt profiles 

(Chapter 2)* (ii) presentation of the observations (Chapter 3) and (iii) their analysis by DIPSO 

and a program I developed independently (Chapter 4).
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2. VOIGT PROFILE ANALYSIS OF 

INTERSTELLAR ABSORPTION LINES

Abstract: A semi-automatic DOS-based tool was developed to fit Voigt profiles to absorption 

line spectra from optical spectroscopes. Data can be input as ASCII tables o f Flux or Relative 

Intensity versus radial velocity, or wavelength. The user can modify the model parameters and 

graphically overlay the model fit on the spectrum. Given a set o f initial parameters for a cloud 

model, the program automatically performs a non-linear %2 minimisation analysis based on a 

choice from the Grid search. Gradient search and the Levenburg-Marquardt method. Output 

from the program is a text file logging the convergence process, the best-fit parameter values 

with error estimates, and data on the modelled and observed profiles that is suitable for input 

into other graphing software.

32



2.1. INTRODUCTION

Line-profile analysis involve either the measurement o f equivalent width or the fitting 

of theoretical curves (Table 2.1). Since the observed absorption profile results from 

overlapping absorptions arising from several clouds in the line of sight, each with their own 

bulk and internal motions, the former method is o f limited value in determining the velocity and 

column densities o f component clouds in the line of sight. The high-resolution Na and Ca data 

acquired for this thesis enables the separation o f the observed profiles into their main 

components, each defined by their position, line strength and breadth.

DIPSO is the standard software in this country that is used for the analysis o f line 

profiles (see, for instance, the many papers by Crawford,). All o f the observations in this thesis 

were analysed with DIPSO at the STARLINK sites in the University College, London, and in 

the University of Kent at Canterbury. The science reported in this thesis is based on those 

results.

The modelling of the observed line profiles with DIPSO is highly interactive, with 

commands entered by the investigator. Visual comparison on the computer monitor of the 

observed and a model profile are followed by decisions to change the model-cloud parameters 

and to add or remove clouds from the model. This is repeated until the visual comparison gives 

a suitable match through the general profile shape, depth, etc. and continued to find the 

parameter range within which the eye can find agreeable matches. This is a subjective process,

as another mx^stigator may make a different; yet equally plausible, choice, of parameters,
\V \

requiring imuCh iritéràctiori and judgement by the user. It also takes up a great deal o f time.

In oTdefto speed up the process and increase the objectivity o f the line profile analysis, 

a mathematical approach was sought, that includes an evaluation ofthe goodness o f fit between 

the observed and theoretical profiles, which could be developed and used at home.
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Method Summary References

Notes

Curve of growth This relates the observed absorption-line 

equivalent width, Ŵ , and the product Nfk, 

where N  is the column density (atoms cm"2) 

and / i s  the transition oscillator strength.

Unaffected by

instrumental

resolution.

Line-profile

fitting

This simulates measured absorption-line 

spectra by fitting instmmentally blurred multi- 

component line profiles to the observed line 

profiles

(1)

Continuum

reconstruction

Used for very strong absorption lines 

(Lorentzian damping wings)

(2)

Direct

integration of 

the observed 

optical depth 

profile

Where the absorption line is fully resolved 

This method follows from the connection 

between optical depth and column density

No a priori 

assumption about 

the functional form 

of the velocity 

distribution. Used 

for single lines.

(3)

Table 2,1. Common techniques used for deriving column densities from absorption line 

measurements (Savage & Sembach, 1991). References: 1). Spitzer and Morton, (1976), Vidal- 

Madjar e ta l ,  (1977). 2). Bohlin, (1975). 3). Hobbs (1971, 1973,1974,1978); Stokes (1978)
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This task can be divided into two parts: a) create a model line profile, broadened by 

the instruments Point Spread Function (PSF) to simulate the observed profiles, and b) match 

the theoretical and observed profiles to got the best estimate of the parameters defining the 

model along with their error bars. Each of these will be described in the following two sections.

In order to explore the profile analysis, I developed a DOS-based Basic Error Analysis 

Program, tcBEAP”, with the following features, not in any order of importance, as desirable:

► General ease of use, avoid steep/long learning curves

► Interactive and semiautomatic modes

► Provide graphical display of the data, the fit, and the residuals

► Speed: a 720-point automatic error analysis on single cloud taking <2 minutes

► Executes on a home PC to facilitates external research

► Input seed values for v, b, N  for each cloud

► Calculate a line profile accurately

► Include instrument and other line broadening functions

► Applicable to most, if not all, interstellar clouds: log JV= 10 => 16 (cm'2), Doppler 

broadening, 6, = 1 =>10 km s’1.

► Handle Na, Ca or any other atom / molecules

► Handle both single and multiple profiles (cloud models), specified within program

Statistical evaluation of the goodness of fit and error bars for the fitted parameters

► Set velocity limits to isolate components
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The programming language used, Microsoft tQuiçkBasic v4.5, allows single or double 

precision and is on a par with Fortran. This programming language facilitates the rapid 

development of programs. Any program in development can be executed immediately from the 

editor, stopped at anytime to display the program in the editor, changes made to the code, then 

executed again. This makes for an extremely quick development cycle. In the case of 

FORTRAN, the compile and link stages take a much longer time. After completion of the 

development phase, the code can easily be translated into FORTRAN.

Section 2.2 describes the calculation of the line profiles; BEAP consists of three 

components: Gridsea, Gradsoa, and Marqsea named after the optimisation method that each 

component performs, which are described in Section 2.3. The results from the latter 

Levenberg-Marquardt method on the observed Na and Ca absorption lines will be presented 

along with the DIPSO analysis in Chapter 4, but the science is based exclusively on the 

DIPSO results.

The observed intensity at frequency v* /(v), of an absorption profile is governed by the 

incident intensity, / 0(v), the line absorption coefficient per atom in the lower electronic level 

at frequency v, a(y), and the effective number of absorbing atoms, N:

2.2 VOIGT PROFILES

(2.1)

tif(v) = I - e x p (2.2)

where v = frequency offset, v0 = frequency at the line centre, e = electronic charge in



Coulombs, 6g= permittivity, of free space, me = mass of an electron, c =  the speed of light, and 

/  = oscillator strength of the line (Swihart, 1968; Collins, 1989).

Equation 2.2 includes a term, in square brackets, for the correction for the stimulated 

emission directed toward the observer. However, this will be very small in interstellar clouds 

and the term is effectively equal to one.

a(y) is derived from the distribution of photon absorption as a function of frequency, 

v, denoted by the line shape function <£(v) in Equation 2.2 calculated assuming a Gaussian 

distribution of the random motions of the absorbing atoms:

constant. In Equation 2.4, &lurbuience represents the turbulent component of the Doppler motion 

along the line of sight. In practice, thermal and turbulent motions cannot bo distinguished from

(23)

where AvD is the Doppler width in frequency units:

V Oy[^Therm al + ^T iTurbulence
(2.4)

c

Thermal
(2.5)

where 7  is the kinetic temperature. A /is the mass of the absorbing atom and k is Boltzmann’

the observations, but thermal broadening is likely to be less than 1 km s'1. 

The Voigt function

(2 .6)
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is commonly used to describe the line shape function <D(v):

(2.7)

(Swihart, 1968; Collins, 1989). It combines the effects on the spectral line o f Doppler 

broadening with other broadening mechanisms which can be represented by a Lorentz profile, 

such as natural broadening or collisional broadening. In this context

are respectively the appropriate damping constants and the frequency measured from the line 

centre, v0, in units of the Doppler width AvD where y represents the total damping constant 

arising from natural line broadening and pressure broadening. The latter includes the collision

The Voigt damping parameter, ar, is the ratio of Lorentz to Doppler widths and a 

measure of the relative importance of collisional and Doppler broadening. For a « 1, Doppler 

broadening dominates and the line profile is Gaussian* while for a »  1$ collisional broadening 

dominates and the line profile is Lorentzian. Taking representative values of temperature and 

turbulent Doppler motion likely to be found in interstellar clouds, the value of the dimonsionlcss 

quantity, a, for the Na D2 line is of the order of 10"3 (see Table 2.2).

(2.8)

and

(2.9)

rate which is somewhat complicated to derive, but is only important at high densities.
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Turbulent Doppler Temperature Doppler Voigt

velocity Width Dampening

T̂urbulence K A.A parameter

km s'1 s-1 a

1 10 1.703 xlO9 2.993 xlO"3

80 1.746 xlO9 2.921 xlO"3

5 10 8.490 xlO9 6.006 xlO"4

80 8.498 xlO9 6.000x10""

Table 2.2. Values o f the Voigt damping parameter, a, (Equation 2.8) evaluated at two 

temperature and Doppler broadening conditions considered to represent interstellar clouds.

The literature on the Voigt function up to 1966 was reviewed by Armstrong (1967) . 

The function has been tabulated by many authors (Hummer, 1965, Posener, 1959) and many 

series expansions have been given in the literature (e.g. Allen, 1964) from which it is possible 

to calculate the function. However, very few can be used in computers. The convolution of the 

integral defining the Voigt profile or the closely related Complex Error Function cannot be 

evaluated in closed form and so has to be computed numerically. This has led to the 

development of several algorithms. Both Armstrong (1967) and, more recently, Schreier (1992) 

have compared the available algorithms. The Voigt function is related to the Complex 

Probability Function, CPF, (for further details including the relationship between the CPF and 

Voigt function see the reference to Faddeya and Tarent’ev in Armstrong, 1967, and Schreier, 

1992). The evaluation of the CPF can easily be incorporated into a computer program 

(Humlicek, 1979). The CPF is defined:
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W2 = e x p (-z2)erfc(-iz) (2.10)

where erfc{-iz) denotes the complementary error function and z = V-l, z = x + ry, and x and 

y  are parameters. This function is related to the Voigt function by

K  = H ( y ,x ) +  iK ( y ,x )  (2.11)

whence the Voigt function is the real part o f the CPF, where y  = a, and x = w in Equation 2.6.

Since DIPSO uses the Voigt function, this was included in my program to make it 

comparable to DIPSO. However, DIPSO uses a series expansion (Mihalas, 1978) for small 

values of the parameter a in order to evaluate the Voigt profile and larger look up tables in the 

source code. My program uses McKenna’s (1984) implementation o f Humlicek’s (1979) CPF 

12 algorithm with moderate amendments to calculate the function to double precision. The 

CPF 12 routine also calculates the imaginary part, which can be used for calculation of the 

derivatives of the Voigt function.

Results from the CPF 12 routine were compared to Hummer’s (1965) tables of the 

normalised Voigt function, after multiplying the normalised values byVx (see Table 2.3). The 

CPF12 profiles are also compared with Armstrong’s (1967, Figure 3) profiles as a function of 

distance x from the line centre for selected values o f a  (Figure 2.1). In the figure, the 

terminology has been translated to that used by Armstrong for ease of oomporison, so x used 

by Armstrong equates to w in this chapter, y ~ a  and Armstrong’s function K(x,y) is the Voigt 

function H(a,u). The top figure shows the profiles calculated by the CPF 12 routine ran under 

Microsoft Quickbasic for values of a  that correspond to Armstrong’s j  values. The exception 

being that the value of IE-5 was substituted to avoid any complication arising from a =0 being 

at the junction of the two planes.
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u
<z — IE-3 a = 0.1

Hummer CPF12 Hummer CPF12

0.0 0.998873 0.998872 0.896457 0.896457

0.2 0.959750 0.959750 0.864983 0.864983

0.4 0.851341 0.851341 0.777267 0.777267

0.6 0.697191 0.697191 0.651076 0.651076

0.8 0.527125 0.527125 0.509299 0.509299

1.0 0.367965 0.367965 0.373170 0.373170

1.2 0.237173 0.237173 0.257374 0.257374

1.4 0.141172 0.141172 0.168407 0.168407

1.6 0.077620 0.077620 0.105843 0.105844

1.8 0.039444 0.039444 0.065099 0.065099

2.0 0.018547 0.018547 0.040201 0.040201

2.5 0.002061 0.002061 0.014698 0.014698

3.0 0.000202 0.000202 0.007943 0.007943

3.5 0.000058 0.000058 0.005340 0.005340

4.0 0.000039 0.000039 0.003922 0.003922

5.0 0.000024 0.000024 0.002407 0.002407

6.0 0.000017 0.000016 0.001637 0.001637

7.0 0.000012 0.000012 0.001188 0.001188

8.0 0.000009 0.000009 0.000903 0.000903

10.0 0.000006 0.000006 0.000573 0.000573

Tabic 2*3* Comparison of the Voigt function from the CPF 12 routine in double precision (this 

work) oomporod to Hummer’s (1965) tables at two different values of the Voigt damping 

parameter, a. The value a = IE-3 represents profiles most likely to be encountered with 

interstellar absorption lines (Table 2.2). For a comparison to higher precision and a finer grid 

see Table 2.4.
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Figure 2.1. Voigt line profiles from the CPF 12 routine (top) and Armstrong (1967). See text 

for further details.
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bottom figure is reproduced from Armstrong (1967). The CPF 12 results are mostly identical 

to the values in Hummer's table to the least significant digit in Table 2.4. Differences start to 

appear in the 6* decimal place, reaching 1 to 3 difference in the seventh decimal place.

2.3 COMPARISON WITH DIPSO VOIGT PROFILES

DIPSO uses a different method to calculate the line profiles, but has an approximation 

to the Voigt function at its core. This section looks at how the CPF 12 routine compares with 

DIPSO's, as the differences have a profound effect on the comparison of model profiles with

the two methods.

The plot of a DIPSO profile and my program can look very similar, a typical example 

is given in Figure 2.2 which compares the profiles after convolution with the instrument's PSF. 

However, it is best to compare the non-convolved profiles, as the differences between the two 

sets of profiles may become obscured by the broadening process.

Figure 2.3 compares a non-convolved profile from DIPSO and BEAP with the same 

input parameters for the line of (%, />, log N)= ( 0.0 km s l, 2.0 km s l, 11.0 [cm 2]). The 

difference in profile height, BEAP-DIPSO, with velocity from line centre (in km s *) show a 

rhythmic swing from positive to negative values of amplitude up to 0.0017. A closer look at 

the core function in DIPSO and entering test values of % for a = 0.001 reveals the cause 

(Table 2.4). As the distance from the line centre increases, the DIPSO routine calculates the 

Voigt profile in steps, whereas the CPF 12 is continuous. This leads to cyclic differences 

between BEAP and DIPSO caused by the difference in mesh size between the two procedures.
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Figure 2.2. The Relative Intensities of a N a/)2 absorption profile created using DIPSO (dotted 

blue line) and my program (red continuous line) with the parameters of (b, log AO = ( 2.0 km 

s '1, 12.0 cm'2), with the Voigt damping parameter, a, of 0.003 and binstr = 2.0 km s'1
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Figure 2.3. Difference in profile height, BEAP-DIPSO with velocity from line centre (in km 

s'1). The input parameters for the line profile were (v, b, log N)= ( 0.0 km s'1,2 .0  km s'1, 11.0 

[cm"2]) in both cases, and the line profiles calculated without convolution with the PSF.
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u DIPSO DIPSO-Hummer CPF12 CPF12 - Hummer Hummer

0.00 0.9968726 00000000 0.9988721 -00000006 0.998872624

0.05 0.9689450 -0.0074364 0.9963810 -0.0000004 0.996381369

0.10 0.9689450 0.0000002 0.9689446 -0.0000002 0.968944844

0.15 0.9889450 0.0122712 0.9766739 0.0000001 0.976673809

020 0.9097494 -0.0000004 0.9697501 0.0000003 0.959749635

0.25 0.9129947 -0.0254261 0.9384211 0.0000003 0.938420817

0.30 0.9129947 -0.0000002 0.9129953 0.0000004 0.912994895

0.35 0.9129947 0.0291616 0.8838334 0.0000003 0.883833137

0.40 0.8513411 0.0000002 0.8513411 0.0000002 0.851340903

0.45 0.7781520 -0.0378066 0.8159586 0.0000000 0.815958612

0.50 0.7781520 0.0000003 0.7781515 -0.0000002 0.778151711

0.55 0.6971907 -0.0412100 0.7384003 -0.0000004 0.738400711

0.60 0.6971907 -0.0000003 0.6971906 -0.0000005 0.697191000

0.65 0.6123041 -0.0426992 0.6550028 -0.0000005 0.655003284

0.70 0.6123041 -0.0000004 0.6123042 -0.0000003 0.612304480

0.75 0.5271242 -0.0424154 0.5695395 -0.0000001 0.569539618

0.80 0.5271242 -0.0000003 0.5271246 0.0000001 0.527124549

0.85 0.4448276 -0.0406126 0.4854403 0.0000001 0.485440192

0.90 0.4448276 -0.0000001 0.4448278 0.0000001 0.444827674

0.96 0.3679646 -0.0376204 0.4055851 0.0000001 0.405584996

1.00 0.3679646 -0.0000004 0.3679651 0.0000001 0.367965017

1.05 0.2986745 -0.0335001 0.3321745 00000000 0.332174548

1.10 0.2966745 0.0002997 0.2963747 -0.0000001 . 0.296374757

1.15 0.2966745 0.0319920 0.2666824 -0.0000001 0.266682502

1.20 0.2371729 0.0000002 0.2371726 -0.0000001 0.237172688

1.25 0.2371729 0.0272916 0.2098812 -0.0000001 0.209681259

1.30 0.1848094 0.0000005 0.1848089 00000000 0.184808889

1.35 0.1848094 0.0228844 0.1619250 0.0000000 0.161924966

1.40 0.1411715 -0.0000004 0.1411721 0.0000002 0.141171947

1.45 0.1411715 0.0187017 01224699 0,0000001 0.122469757

1.50 0.1057199 -0.0000003 0.1057203 0.0000001 0.105720158

1.55 0.1057199 0.0149089 0.0908112 0.0000002 0.090610992

1.60 0.0776204 0.0000003 0.0776203 0.0000002 0.077620152

Table 2.4. CPF 12 and DIPSO Voigt function with Voigt damping parameter a = 0.001, 

compared to the values from Hummer’s (1965) tables, showing the stepwise evaluation of the 

function in DIPSO.
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2.4 EXTRINSIC BROADENING OF LINE PROFILES

The contributions to the overall Doppler broadening (Equation 2.4) from thermal and 

turbulence effects are difficult to assess individually from the observed profile. However, the 

effect of thermal broadening is likely to be comparatively small (Table 2.5). For instance, for 

a kinetic temperature o f 100 K, the predicted T̂hermal for Na in thermal equilibrium would be

0.27 km s"1, corresponding to a FWHM of an optically thin line of 0.45 km s '1.

With relatively few exceptions, optical absorption line data available to date have 

resolutions of around 3 km s'1 and therefore cannot resolve the lines into thermal and turbulent 

components. The UHRF might achieve this separation for warm (7M 00 K) clouds. Earlier 

very-high resolution observations o f the interstellar medium indicated the average b value for 

a cold interstellar cloud to be about 1.0 to 1.5 km s'1 (Welsh et al., 1991; Hobbs, 1974), 

although there is observational evidence for much smaller Doppler broadening values (Blades 

et a l ,  1980). This would indicate, from Equation 2.5, temperatures exceeding 1000 K, much 

higher than the typical 80 K o f interstellar clouds. Consequently, turbulent velocity must 

account for most of the broadening, and the b values found in this study essentially are 

nonthermal motions within the clouds and combined motions of unresolved clouds.

Kinetic Temperature 
K

Thermal Doppler broadening
(̂ Thermal) km S"1

10 0.09

100 0.27

1000 0.85

10000 2.68

Table 2.5. Thermal Doppler broadening for Na atoms in thermal equilibrium at four kinetic 

temperatures.
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The effect of instrumental broadening was incorporated in the modelling, as does 

DIPSO. The theoretical line profile, / q ,/c( v ) ,  is the convolution of a Gaussian for the resultant 

line shape function, /(v), and another Gaussian for the instrumental line spread function, g. The 

latter derived as binstr from comparison spectra taken at the time of the observations:

(2.12)

where jy is frequency and the limits of integration are chosen appropriately for the problem in 

hand. This is encoded in BEAP and DIPSO in the same way. The profile is “flipped” then

broadened:

AO-l^-exp '■{])-x(‘) (2.13)

where XO is the new intensity at jc(0> Af) is the intensity at x(J) in the spectrum, and ct is 

broadening parameter. The profile is “flipped” back and the equivalent width is conserved in 

the whole process.

In order to set up a test scheme for comparing BEAP with DIPSO, fifteen values of (b, 

log N) were identified that sampled the range of broadening, b = 2=> 6 km s’1, and column 

densities, log AT = 11.0 => 12.5 (in cm’2), that are likely to be encountered in interstellar Na 

studies, and naturally include the cases studied in this thesis. The same (b, log N) data pairs 

were used to create the two corresponding sets of absorption profiles in DIPSO and BEAP 

with the absorption line centred on radial velocity, y = 0.0 km s’1. The relative intensities at the 

central velocity o f these profiles calculated by DIPSO are given in Table 2.6 and plotted in 

Figure 2.4.
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log TV 

( c m 2 )

Effective Doppler broadening parameter, 

b km s'1

2 4 6

11.00 0.82 0.88 0.91

11.30 0.67 0.78 0.83

11.78 0.33 0.47 0.58

12.00 0.19 0.28 0.4

12.50 0.04 0.02 0.06

Table 2.6* The relative intensities at the central velocity of the absorption profiles generated 

by DIPSO convolved with the instrumental response function, = 1.985 km s"1.

0.9 4 km s-1
0.8

"co
$

6 km s-12 km s-1
0.4
0.3
0.2

0.1

0.0
12.51211.511

log N (cm-2)

Figure 2.4. The data from Table 2.6 plotted and annotated with their corresponding b values.
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In calculating the line profiles with BEAP and DIPSO, the hyperfine splitting o f the Na 

D  line, with a separation -1 .0  km s'1, was not taken into account. Instead, the unsplit 

wavelength for Na D2 line was taken to be Xq = 5889.9509 Â with oscillator strength o f 0.655

(Morton, ef a/. 1988).

Note that DIPSO chooses the radial velocity increment according to the velocity range

and strength o f the line. These need not be symmetrical about the central velocity, t; = 0.0 km 

s"1, nor have the same increments as log N  increases.

An example o f the convolution with the instrumental broadening, = 2.00 km s 1 is 

given in Table 2.7. A convolved profile from DIPSO with the same parameters (v, b, log N) 

—  ̂o.O km s \  2.0 km s’1,11.0 [cm"̂ ]) was created with BEAP, and the two profiles compared. 

Column 1 gives the velocity from the line centre (from DIPSO output), column 2 the DIPSO 

intensity, 3 the BEAP intensity prior to broadening, and column 4 the broadened BEAP profile. 

The final column gives the differences between BEAP and DIPSO. The BEAP values were 

derived using single precision (double precision was used for the Voigt function), and may be 

improved relative to DIPSO by using double precision in other sections o f the code.

An alternative to modelling the profile with instrumental broadening included is to 

analyse the profile to determine the optimum parameters (v, b, log N). The broadening value 

acquired, &tot} is a convolution of the instrumental broadening and the total broadening from 

thermal and Doppler effects, This is a convolution between two Gaussians, and:

V  = + V  (2'W)

The broadening parameter can be divide into its components at a later stage.
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Velocity DIPSO BEAP BEAP BEAP-DIPSO

k m  s '1 b r o a d e n e d u n - b r o a d e n e d b r o a d e n e d b r o a d e n e d

-7.5229 0.9998120 0.9999802 0.9998330 0.0000210

-7.0404 0.9995749 0.9999759 0.9996552 0.0000803

-6.5401 0.9990378 0.9999661 0.9991628 0.0001248

-8.0397 0.9979239 0.9999349 0.9979554 0.0000315

-5.5394 0.9957651 0.9998231 0.9957712 0.0000061

-5.0391 0.9918644 0.9994395 0.9918191 -0.0000453

-4.5566 0.9855982 0.9983202 0.9857054 0.0001072

-4.0563 0.9755126 0.9951913 0.9755239 0.0000113

-3.5559 0.9609034 0.9877142 0.9608083 -0.0000951

-3.0556 0.9413865 0.9722707 0.9412113 -0.0001752

-2.5553 0.9174662 0.9449967 0.9172734 -0.0001928

-2.0549 0.8907952 0.9043505 0.8906002 -0.0001950

-1.5725 0.8850566 0.8559333 0,8650078 -0.0000477

-1.0721 0.8417136 0.8054027 0.8418455 0.0001319

-0.5718 0.8252294 0.7666526 0.8255280 0.0002986

-0.0715 0.8182792 0.7498019 0.8186942 0.0004150

0.4289 0.8220360 0.7592843 0.8224872 0.0004512

0.9292 0.8358582 0.7926069 0.8362552 0.0003970

1.4295 0.8574656 0.8410181 0.8577318 0.0002662

1.9299 0.8835382 0.8923961 0.8836365 0.0000983

2.3944 0.9086394 0.9333383 0.9085130 -0.0001264

2.8946 0.9337042 0.0849458 0.9334996 - 0,0002646

3.3951 0.9549176 0.9838175 0.9545938 -0.0003238

3.8954 0.9712087 0.9934137 0.9709066 -0.0003021

4.3958 0.9827510 0.9976177 0.9825237 -0.0002273

4.8961 0.9903032 0.9992195 0.9901876 -0.0001356

5.3964 0.9948804 0.9997556 0.9948240 -0.0000564

5.8968 0.9974569 0.9999159 0.9974527 -0.0000042

6.3971 0.9988073 0.9999607 0.9988277 0.0000204

6.8974 0.9994680 0.9999740 0.9995521 0.0000841

7.3978 0.8007706 0.9999793 0.9998211 00000503

7.8624 0.9998956 0.9999822 0.9999088 0.0000132

Table 2.7. Example of convolved profiles from BEAP and DIPSO with the same input 

parameters (v, b, log N) — ( 0.0 km s \  2.0 km s ,11.0 [cm ]) and -  2.00 km s . This 

shows how the BEAP convolution is reliable, to 4 parts in 105, by comparing it with DIPSO.
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2.5 PROFILE FITTING BY NON-LINEAR LEAST SQUARES

2.5.1. INTRODUCTION

Least-square profile-fitting analyses have been used as long ago as the mid 70's but in 

apparently limited situations (Vidal-Madjar et aL, 1977; Spitzer & Morton, 1976). More 

recently, Marquardt fitting routines, giving la  confidence errors, were used on interstellar Ca 

II lines (Vallcrga et aL, 1993), while the Gradient expansion algorithm was applied to analyse 

single and double lines (Sembach et al., 1993). Fontana and Ballester (1995) noted that <£While 

the reduction of cchclle spectra to ID calibrated spectra may bo accomplished with several

standard packages no similar tool exists for the fit of their absorption features.” This lack

of software led to the realisation of the software package FITLYMAN, now included in the 

ESO’s Munich Astronomical Data Analysis System (MIDAS) library. This package, together 

with the MINUIT routines, can fit Voigt profiles to a largo number of absorption lines in a 

normalised spectrum through the numerical minimisation of %. Their error estimates were 

computed by inverting the covariance matrix (Marquardt method), or by scanning the % hyper 

surface around the minimum for an appropriate Ax2 offset.

Other software packages such as SPECFIT (Kriss, 1994), a contributed package under 

IRAF, ROBFIT (Coldwell & Bamford, 1991), etc. also perform least square analysis but they 

all have some disadvantage such as a steep learning curve, difficult to transport between 

different operating platforms or just simply not available. Analytical subroutines adopted from 

Bevington (1969) have been used for some time in the least-square fitting of X-ray spectra. 

These involve counting measurements as do optical data acquired by the CCD camera, for 

instance. So it is surprising that they have not been incorporated into the standard optical data 

reduction packages.
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There are four main methods of performing least squares analysis (see Table 2.8), three 

of which were evaluated in this work. The exception, Gradient-Expansion method, was found 

to be unreliable. More detailed accounts of least squares fitting can be found in Bevington & 

Robinson (1994). In least squares fitting, the quantity to be minimised is a fimction S(cn, %,) 

with n =  1. .M the number of parameters in the fit, and i=  1..JV, the number of data points, 

where:

where xt is the zth channel in the spectrum, cn the parameters for the fit, Yj the actual data at 

channel i, YcaJc the theoretical model of the data determined using the parameters and w, the

for each individual channel must be specified. BEAP has the following options for choosing the 

weights:

1. Weight = 1 / Data value. The assumption being that the deviation in a particular channel 

follows Poisson statistics.

2. Relative weighLiug, 1 / (Data value squared); appropriate when the expected average 

distance of the points from the curve to be higher when the Y value is higher

3 Weight -  1/variance squared. Channel to channel fluctuations arc used to estimate the

variance.

4. User defined at each channel. In this case, BEAP has the capability to read a file

containing the data pairs and the weights for each point. See section 2.6. 

Alternatively, a choice of weight assignment can be made within the program, including a 

weighting of 1.

(2.15)
1 = 1

weight on the data point at channel i. S is normally read as %2. In a weighted fit, the weighting
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Since the models cannot be expressed mathematically in linear terms, non-linear least 

squares fitting is necessary, in which initial estimates of the parameters are required. The choice 

of these initial values are important, as are the initial step sizes o f each parameter, as the fitting 

functions are iterative. With a poor choice, they may not converge or may give a physically 

impossible result.

In this respect, the Basic Error Analysis Program (BEAP) is flexible, some of its 

features include:

► Input data

Observed profile data values velocity/wavelength, Intensity/RI, 

optional error estimate.

► Output results

Deduced cloud parameters

Observed and theoretical profile data values as above (leading to contour plots) 

Error matrix (Levenberg-Marquardt method)

► Graphs: profile and fits

► Clouds

Input number, initial log N, b and vLSR 

Output fitted parameters

► Broadening function

► Voigt profiles

► Atomic species: Na, Ca, extendable to other atoms

► Constraints

Fix or free initial line parameters

Fix wavelength/velocity ranges over which cloud components are fitted.



► x2 minimisation

Number of iterations

Choice of weighting function

Step size o f parameters in iteration

Value of Ax2 for defining the point of convergence

Convergence is followed by display of parameters during iterations

► Choice of methods: Grid, Gradient searches, Levenberg-Marquardt

Convergence is usually achieved within 2 minutes or 20 iterations for a profile with 300 

data points. If a convergence takes too long, the program can be terminated by the user, a fresh 

set of starting parameters entered and the program re-started.

In the current form of the program, there are no other constraints on the model

parameters.

In the ease of the normalized profiles, we need to place more weight on the points lying 

on the absorption curve rather than those on the continuum, since these carry the most 

information on the curve. Otherwise, the minimisation algorithm will tend toward a fit near the 

continuum at the expense of the deeper sections of the lino profile. In the current version of the 

program, the data points near zero intensity are given a unit contribution to x2- This avoids 

division by zero yet retains some contribution to x2 • A better method may be to ‘flip’ the line 

profile before performing the error analysis so that the deeper parts of the absorption profile 

carry a more effective contribution than the continuum to x2 This doesn’t affect the fitting 

process, but does have an affect on the value of the error bars on the parameters. As the 

statistically significant error is normally derived from the limits of x2 = X2min + 1» appropriate 

for a la  confidence interval on a single parameter, where x2Ui iu the  minimum value of x » in
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the case o f normalised profiles the requirement x2 = X2min + 1 ls replaced by the limits of%2min 

+ I/S', where S is the scaling factor used in normalisation.

For multiparameter fits, the correct A%2 for a la  confidence limit is larger (Avni, 1976) 

provided the parameters are not strongly correlated (Kriss, 1994). Strictly, this applies to linear 

regression with three parameters of interest, and the order of parameter estimation is important. 

Consequently, one should look at the subroutine in the program carefully before deciding which 

increments should be used for A%2 Tracing the contours of %2 in parameter space should be 

conclusive (see e.g. Figure 2.5) in defining the limits.

Absorption profiles arc most commonly normalised to the continuum level with a RI 

= 1.0. All of the DIPSO profiles were analysed as the normalised spectra, and in order to 

compare all the profiles on an equal footing, the scale factor, S, used in the analysis is 1. The 

same criteria of Ax2 =1 to find the errors in each of the parameters can be applied to normalised 

spectra, but in relation to the undivided spectra, however, this will lead to an overestimate of 

the error. Consequently, the errors retrieved from the analysis of the RI profiles, which still 

gives the parameters correctly, should be regarded as the maximum likely error. The true 

statistical error will be less than this. This highlights the need to specify the measured 

continuum level, or S/N ratio, when quoting error bars on the parameters that arc derived by 

statistical analysis.

In the Grid and Gradient searches, the approximate location of the minimum x2 assumes 

that the x2 curve is parabolic near the minimum (Bevington & Robinson, 1994). For any 

parameterp, three values of %2 are calculated at the pointsp(j),p(j) + Ap(j), andp(J) + 2 Ap{J), 

where Ap(j) is a suitable increment in the parameter p(j) and two of the points straddle the 

value of the parameter at the minimum of the parabola, p'(j), which is then is given by:
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p ' ( j ) =  p A j ) -  Ap ( j )
X 3 - X 2

X .-2 x :  + X
(2.16)

where x2n is the value of x2 at the points n = 1,2, 3 straddling the x2 minimum.

The errors, a(j) in the fitting parameters p(J) are estimated by varying each parameter 

about the minimum to increase x2 by 1 from the minimum value. The value of o(f) is given by:

c 0 ) =  a p ( A
X Î - 2 X2 +X

(2.17)

At the beginning of the analysis, every yth parameter is assigned an initial value, p(j), and 

variation, A p(f). The program can handle up to 10 independent parameters in the calculation.

The starting values are easily obtained by visual inspection o f the spectra or from a 

contour diagram of the %2 surface. For example, in Figure 2.5, which shows a contour plot of 

X2 values obtained by BEAP on an analysis of a Relative Intensity line profile generated by the 

same program. The input parameters were (v, b, log# , b ^ )  = (0.0,2.0,11.78,1.985 km s'1). 

The coordinates of (b, log N) = (2.0,11.78) are marked by the arrow. Such diagrams, based 

on a mesh of evenly spaced b and lo g #  increments, here 50 m s'1 and 0.05 respectively, show 

where the x2 minimum lies and identify a range of values for b and log #that can be used in 

DIPSO or input into BEAP as seed parameters. Reasonable values for log # should lie between 

11 and 16, while for b it best to start at 1 km s"1, below the value of 6 ^ .

The optimum values of the parameters vy bf and log#are obtained by minimising x2 with 

respect to each parameter. After the initial x2 is calculated, the program changes each 

parameter by A p(J) then proceeds to calculate a new value of x2. If X2 increases, the sign of
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Figure 2.5. A contour plot of values obtained by BEAP on an analysis of a Relative 

Intensity line profile generated by the same program with the input parameters of (v , b, log N) 

= (0, 2.0, 11.78), convolved with the instrumental broadening function bim(r = 1.985 km s '1. 

The coordinates of (Z\ log N) = (2.0, 11.78) are arrowed. See text for further details.
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A/;(/) is changed. The process continues, changing the parameters in order to decrease y}. The 

choice of the preliminary values and convergence tolerances effect the speed of convergence 

and accuracy and needs to be carefully made, as the correct choice can improve the speed of 

convergence toward a solution and help to avoid local minima. Otherwise the convergence may 

arrive at a local minimum or no solution at all.

There are no hard and fast rules for selecting step sizes and conditions for convergence 

(Bevington & Robinson, 1994). The change in y  between iterations and number of iterations, 

was found by experience.

2.5.2. RETRIEVAL OF BEAP PARAMETERS

The purpose of this section is to show how the least-squares minimisation technique 

performs on the absorption line profiles created by BEAP itself. The analysis uses fifteen values 

of {b, log N) to create the line profiles, these are defined in Table 2.6. Each is convolved with 

the instrumental broadening function, binstr = 1.985 km s’1, simulating the observations. A data 

file is created for each model which contains two columns: Radial Velocity and Relative 

Intensity centred on y = 0.0 km s’1. Velocity increments are 0.50 km s’1. Each of the curves 

were analysed by BEAP without user-supervision using the seeded parameters o f-1.00 km s’1 

for the radial velocity, 1.50 km s"1 for Z>, and 11.3 cm'2 for log N.

The Grid search. Gradient search and Marquardt methods were used separately by 

BEAP, in single precision mode, to derive the #, 6, and log N. The searches terminated when 

the change in %2 from the previous iteration was < 0.0001. Since the data points in the target 

profile are exact, there are no associated statistical errors in their measurement, and no error 

estimates are quoted. The Grid search and Marquardt method results are presented in Table 

2.9a to c. Ideally, the program should retrieve the input parameters that created the profile 

being analysed. In all cases, both methods should return 0.00 km s’1 for the Radial Velocity.
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No.

Retrieved Velocity from line centre 

km s'1

Grid search M arquardt m ethod

1 2.7069e-05 6.3627e-O4

2 2.6917e-05 1.6005e-03

3 -5.3131e-05 -l.48O8e-O4

4 8.1232e-04 6.8540e-05

5 2.0050e-05 2.5801e-03

6 l.O27Oe-O3 -3.1892e-04

7 3.7323e-05 1.0322e-04

8 5.8289e-06 2.2083e-04

9 1.007 le-06 8.4l73e-05

10 4.3427e-05 1.2696e-04

11 5.8478e-04 2.4467e-03

12 2.5513e-05 -l.3977e-O4

13 -3.9063e-06 -2.2656e-O4

14 5.4626e-O6 -1.4514e-04

15 -3.5095e-06 1.4576e-04

Table 2.9.a. Retrieved velocities from a BEAP analysis on BEAP-generated absorption 

profiles, with the continuum level set at a RI of 1.0 . All had central velocity of 0.00 km s"1. 

Each of the profiles were convolved with the instrumental broadening function, binstr-  1.985 

k m s'1. Seed parameters for the analysis were (u, b , log A ) = (-1.0 km s'1, 1.5 km s'1, 11.3 

cm'2) for the Grid and Gradient searches, and (2, 1,16) for the Marquardt searches. The 

convergence was stopped when between iterations fell below 0.0001. The first column 

contains an identity number of the data file for easy reference between the three tables.



No.
Value 

km s’1

Retrieved Doppler param eter  

b

km s"1

Grid search M arquardt m ethod

1 2.00 1.9838 2.0012

2 2.00 1.9822 1.9983

3 2.00 2.0453 2.0028

4 2.00 2.1291 2.0014

5 2.00 2.0375 2.0958

6 4.00 4.0062 3.9904

7 4.00 4.0074 3.9999

8 4.00 4.0077 4.0037

9 4.00 4.0089 4.0020

10 4.00 4.0546 4.0127

11 6.00 6.0006 5.9865

12 6.00 6.0023 5.9940

13 6.00 6.0055 5.9946

14 6.00 6.0076 5.9995

15 6.00 6.0060 6.0042

Table 2 .9 .b. Results of BEAP analysis on BEAP-generated absorption profiles, with the 

continuum level set at a RI of 1.0. For further details, see Table 2.9.a. The second column 

holds the value used in creating the data files; the log N increases within each set, see Table

2.9.C.
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No. log N
Retrieved Log Column density cm 2

Grid search M arquardt method

1 11.00 10.998 10.999

2 11.30 11.299 11.299

3 11.78 11.772 11.777

4 12.00 11.966 11.995

5 12.50 12.478 12.408

6 11.00 10.997 11.000

7 11.30 11.298 11.299

8 11.78 11.778 11.779

9 12.00 11.999 11.999

10 12.50 12.487 12.494

11 11.00 10.997 11.000

12 11.30 11.298 11.300

13 11.78 11.778 11.780

14 12.00 11.999 12.000

15 12.50 12.500 12.498

Table 2.9.C. Results of BEAP analysis on BEAP-generated absorption profiles. The second 

column holds the value used in creating the data files. For further details, see Table 2.9.a. and 

Table 2.9.b. for the corresponding Doppler broadening parameter, b.
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This exercise is a check on the internal consistency of BEAP, as it should return the 

same values of the parameters that were used in creating the profiles. A secondary value is the 

reliance one can place on the line fitting methods. The velocity was returned to within 1 metre 

per second. Which is comforting, but any Gaussian fit would give the velocity to some degree 

of accuracy. The Doppler parameters were returned with values very close to their input values, 

although there are a few exceptions, no.4 of the Grid search being the worst. But the line is 

very saturated, so it is no surprise that the fitting is a little off The Marquardt method seems 

to be more reliable than the Grid search. For that reason, the Marquardt method was used (see 

Chapter 4) alongside the DIPSO analysis of the observed interstellar lines.

2.6. STATISTICAL ERRORS

The uncertainties in the model parameters for a line profile arise from statistical noise 

and systematic errors. Relatively few papers, almost all appearing within the past decade, have 

tackled the problem of error analysis on the line profiles (Kris et a l,  1992; Sembach et a i, 

1993; Bowen et a i, 2000; Penprase & Blades, 2000, Gry & Jenkins, 2001). Not all of the 

details are available, but it appears that the error analysis has been performed on the relative 

intensity profiles, basing the error estimates on how good the modelling functions match the 

observed profile. Although Bowen et al do refer to errors arising from Poisson statistics, it 

seems that statistical errors have not been accounted for in the earliest stages of data reduction. 

For the PCA detector, the relation between the processed image to the crude image and the 

flat field is:

(2 .18)
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where P(x7 y) represents the processed image at pixel coordinates (x, y)7 R(x?y) the image to 

be processed, and F(x,y) the flat field. In the case of a CCD, there is a subtraction of the Dark 

current, D(x, y) from the image R(x?y) to be taken into account:

R '( x ,y )  = R(x,y/-Xa",>’) (2.19)

Where R(x, y) and R (x, y) are the CCD images before and after the subtraction of the dark 

current. In fact, more complicated functions can be written for correcting CCD images (Buil, 

1991) which adjust for integration time, decreasing the thermal noise etc.

The correction for curvature of the spectrum (“S-distortion”) can be represented by a 

re-mapping of the image pixels:

P '( x ' , y )  = P{x + Ax, 3;+  A t) (2.20)

where P \ x ' y )  is the new image obtained by shifting the old image in one coordinate, for

instance Ay = 1 ,2 ,  and Ax = 0, or by a rotation through 0° about a defined point on the

image.

We can assign error estimates to pixel (x, y) in any of these images maps, so for the flat 

field we can write a^x, y), the crude image oR(x, y), and propagate the errors through division

to get Gp(x, y):

P(x , y ) )  { F(x,y)I,
(2 .21)

Assignment of cj^x.y) and oR(x,y) can be made from the mean pixel count and its standard 

deviation or by using Poisson statistics, respectively. During the correction for S-distortion, the 

gp(x, y) could simply map to new (x, y) coordinates. In more complex cases, interpolation of 

the pixel counts would be required, which would affect the assignment of the o(x, y) value.
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The final image, P \x ,y), is extracted to give the spectrum, as illustrated in Figure 3.1. 

There are two background strips, labelled A and C, which are averaged and subtracted from 

the spectrum extracted in strip B. The width of each strip, w, is the same for each strip:

A(x) = Yj W - l) (2.22)
1=1

similar equations apply to the one-dimensional spectra B(x) and C(x). For each, the errors are 

now represented by the sum of the squares of each aP (r) in the vertical line of width w pixels:

W
a A{x)2 = P, {x,y:y+ w -  i f  (2,23)

1 = 1

similarly for O/^x) and a c(x) where y  is the minimum value for each of the bands A, B or C, 

as appropriate. The resultant spectrum, l(x) is given by:

/(%)=
A(x) + C(%)

(2.24)

and the error estimate, o /x), for each element x in the final spectrum is:

a , (x)2 = a A(x)2 + a + a (2.25)

Statistical errors can, therefore, be assigned at the beginning of the reduction of the 

observations, and propagated through to the final spectrum, instead of assigning error estimates 

to each element of the final spectrum assuming that Poisson statistics apply. In order to get a 

sense of the error estimates by propagation, it is worth following a worked example. Assuming 

the pixels in the flat field have the value F{x,y) = 30, in the bands A and B, representing the 

background, they are /^A(x, y) = Rc{x, y) = 100, while in the spectrum itself they have the 

value of /?B(x, j )  = 1000, representing the continuum level. For simplicity we assume the pixel
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values in each band are all equal, and further assume their errors are determined by Poisson 

statistics, then by Equation 2.21 the relative errors <jp(x) is 6.2 for the background pixels, and 

31.6 in the spectrum’s pixels. Taking the width of the spectrum as 5 pixels, and the final 

spectrum is derived as in Equation 2.24, the error estimate g / x )  for each element in the 

spectrum is, from Equations 2.23 and 2.25, then 32.80, while the Poisson error for the 

continuum (Equation 2.24), ^continnum^x\  ls A 1000-100) = 30.

The errors derived for N  refer only to errors associated with the noise in the spectra, 

and are likely to be small. The error in b and vLSR will be dominated by the wavelength 

calibration, which will affect both b and vLSR . In the present work, the residuals of the fits to 

the echelle arc lines suggests an error of only -0.01 km s '.  The value of b will also be affected 

by the uncertainties in the line spread function. The accuracy of this process is not always 

appreciated.

Other systematic effects that limit the accuracy the line profile parameters include 

cosmic-ray and other defects on the CCD, telluric line contamination in the Na I data, and 

continuum placement. In addition, unresolved line components will also affect the fit to log N, 

b and yLSR

2.7. SUM M ARY

A flexible line-profile and error analysis program was developed to overcome some 

limitations of using DIPSO. This Basic Error Analysis Program (BEAP) incorporates a routine 

to determine the Voigt function, from which the line profile is derived. This function was 

evaluated against published tables and compared to the core function used by DIPSO, another 

version of the Voigt function. Generally, the accuracy of both Voigt functions is comparable, 

but the DIPSO function is evaluated on a coarser grid than used by BEAP. The consequence 

of this is not important on screen but can be for the error analysis procedures.
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Three error analysis procedures were included in BEAP: the Grid search, Gradient 

search, and Marquardt method. They perform non-linear least squares analysis of the 

absorption line profiles using initial ‘guesses’ for the parameters and a choice of weighting 

function applied to the intensity values.

BEAP was used to create example profiles, which were compared with DIPSO curves 

for the same parameters. Both BEAP non-convolved and convolved profiles agreed with 

DIPSO’s curves to a very fine tolerance. BEAP was then used to analyse the profile itself had 

created. This checks the internal integrity of the program and the error analysis procedures. The 

velocities were returned to better than 1 m s’1, Doppler b value to within 45 m s’1, and log N  

were close, with the difference being visible in the third decimal place.

Although error values can be assigned to the data points from the early stages of 

reduction, the work described in this Chapter post-dates the processing of observations and 

DIPSO analysis described later in the thesis. Consequently, it was too late to apply those 

methods. Instead, one of two alternatives were taken. The first was to assume that Poisson 

statistics apply to the intensities in the profiles, the other was to assume the same value of error 

for each data point. This error was estimated from the rms deviation in the continuum level. 

The Marquardt method, considered to be marginally better than the others, was used on the 

observed profiles to supplement the earlier DIPSO data analysis. The results of both methods 

are presented together in Chapter 4.
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3. INTERSTELLAR SODIUM 

HIGH RESOLUTION OBSERVATIONS

Abstract: Interstellar N a/)2 absorption was measured in sight lines toward stars in the direction 

of the Galactic centre (5°< / < 10°, -2 < 6 <1 °), anticentre (179° < / < 280°, -35° < A < 

+3.5°) and Quadrant III (210°</< 300°). The observations, conducted by other investigators, 

were reduced and analysed using STARLINK programs FIGARO and DIPSO

3.1. THE OBSERVATIONS

The selected stars are bright stars, wv = 3.8 to 6.25, with moderate to heavy reddening, 

A(B-V) = 0.17 => 0.44 (Table 3.1). Many of the sight lines had not previously been searched 

for the presence of interstellar material.

The observations of the interstellar Na I D2 line (5889.950 Â ), detailed in Table 3.2, 

were made by Drs Somerville, Fossey and Crawford using the 130-inch focal length camera 

with a slit width of 250 pm on the coudé echelle spectrograph of the Mt. Stromlo 1.9 m (74- 

inch) telescope. The detector was the Mt. Stromlo 2-dimensional (750 by 244 pixels) Photon 

Counting Array (PCA) detector. The spectral range was 6Â and the velocity resolution, 

calculated from the Full Width at Half Maximum (FWHM) of the comparison arc lines, is 

between 3.2 and 3.5 km s’1, corresponding to a resolving power, 7f, between 85,700 and 

93,750. The observations are supplemented with a CCD observation of the interstellar Ca II 

K line (3933.663 Â) toward HD 166937 (Crawford, I. A., 1993 July 16th, slit width o f-350 

pm). All subsequent operations performed on these data sets were carried out by the author.
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The observations were reduced using STARLINK software at the University College 

London (UCL) and University of Kent at Canterbury (UKC) Starlink nodes. The spectra were 

extracted from the PCA and CCD images using FIGARO (Shortridge, 1988). The CCD 

images were divided by a flat field. “Hot spots” on the images were reduced by averaging with 

neighbouring pixels. The stellar spectrum, normally 9 to 15 pixels wide, was located on each 

frame where its intensity above the background was clearly distinguishable. Two strips of the 

inter-order background were selected, parallel to and several full-widths away from the centre 

of the spectrum to avoid signals from the adjoining region (see Figure 3.1). The two 

background strips were extracted and averaged before subtracting from the extracted stellar 

spectrum.

B A C K G R O U N D  S U B T R A C T IO N
-----A

S T E L L A R  S P E C T R U M —  B

B A C K G R O U N D  S U B T R A C T IO N —  C

Figure 3.1. Sketch showing the extraction of the stellar spectrum. The stellar spectrum is 

represented by band B. The background is extracted at bands A and C. These bands are equally 

distant from the centre of B and of the same width as B. The two backgrounds are averaged 

and subtracted from B.
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HD N am e P o sitio n  

RA D eclination

(2000)

G alactic V S p ec .

typ e

Distance

h m

s

d. m. s Long. Lat. pc Ref.

24263 31 Tau 03 52 0.14 06 32 5.60 182.07 -34.87 5.67 B9 216 H

25330 - 04 01 46.07 09 5952.60 180.76 -30.80 5.67 B8 173 H

32990 103 Tau 05 08 6.56 2415 54.80 179.25 -9.56 5.50 B2 V 990 H

32991 105 Tau 05 07 55.41 21 42 17.70 181.34 -11.10 5.89 B2 Ve 320 H

40111 139 Tau 05 57 59.61 25 5714.20 183.97 0.84 4.82 B1 lb 645 H

41117 62 (On 06 03 55.14 20 08 18.40 189.69 -0.86 4.63 B2 la 1100 H&S

42087 3 Gem 06 09 43.96 23 06 48.50 187.75 1.77 5.75 B2.5 lb 1200 H&S

43384 9 Gem 06 1658.65 23 44 27.30 187.99 3.53 6.25 B3 lab 640 H

50123 - 06 50 23.29 -31 42 22.60 241.64 -14.07 5.56 B8.5 V 220 H

53974 FN CMa 07 06 40.70 -11 1739.00 224.71 -1.79 5.39 B0.5 IV 690 H&S

75149 - 08 46 30.55 -45 54 45.30 265.33 -1.69 5.46 B2II 510 H&S

83183 h Car 09 34 26.71 -59 13 46.40 280.02 -5.43 4.08 B5II 610 H

163428 - 1757 07.00 -23 56 21.00 5.61 0.34 6.65 MOV - -

164637 - 18 03 02.00 -22 43 06.00 7.34 -0.23 6.7 BO II - -

164794 9 Sgr 18 03 52.00 -24 21 38.00 6.00 -1.20 5.97 0 5 - -

164816 - 18 03 57.00 -24 18 45.00 6.06 -1.19 7.09 BOV 1100 H&S

164863 - 18 0413.00 -22 30 09.00 7.67 -0.36 7.25 BOV 1400 H&S

165516 - 18 0711 00 -21 26 38.00 8.93 -0.44 6.28 B0.5 lb - -

166937 M- Sgr 18 13 45.70 -21 03 31.84 10.00 -1.60 3.85 B8 la 1200 H&S

Table 3.1. Basic physical data for the program stars (Hirshfield & Sinnott, 1982). Distances 

are derived from the Hipparcos parallax measures (H) or Hirshfield & Sinnot (H&S). The 

remaining Sgr OBI stars are assumed to lie in the Sagittarius spiral arm, d  = 1.58 kpc 

(Humphreys, 1978). HD 164794 is a member of the NGC 6530 (M8) H II region, while HD 

164637 and HD 164863 are both members of the NGC 6531 (M21) cluster .

71



HD Source and 

Date of 

observation 

(1993)

Total

exposure

time

(seconds)

Continuum 

Residual Counts

Instrumental

broadening

km s"1Mean a

24263 S-F, 15 Dec. 2000 340.6 27.4 2.00

25330 S-F, 15 Dec. 2000 442.6 23.5 2.00

32990 S-F, 15 Dec. 2000 400.2 19.7 2.00

32991 S-F, 22 Dec. 3000 275.6 17.4 1.87

40111 S-F, 16 Dec. 2000 521.1 23.8 2.08

41117 S-F, 16 Dec. 2000 598.3 25.5 2.17

42087 S-F, 23 Dec. 2000 241.3 18.2 1.90

43384 S-F, 23 Dec. 2000 137.7 12.0 1.90

50123 S-F, 16 Dec. 527 96.6 10.4 -

53974 S-F, 16 Dec. 2000 569.7 22.4 2.00

75149 S-F, 16 Dec. 2000 569.7 25.1 2.00

83183 S-F, 15 Dec. 1500 1115 40.7 2.04

163428 IAC, 13 June 5963 - - -

164637 IAC, 14 June 3600 - - 2.43

164794 IAC, 13 June 3600 - - 2.47

164816 IAC, 14 June 3600 - - 2.43

164863 IAC, 14 June 4723 - - 2.46

165516 IAC, 13 June 3600 - - 2.51

T able 3.2. Exposure details for the observations of interstellar N a/)2 acquired with the Photon 

Counting Array on the 130-inch focal length camera with a slit width of 250 pm attached to 

the coudé echelle spectrograph of the Mt. Stromlo 1.9 m (74-inch) telescope. Observational 

data courtesy of Drs. Somerville, Fossey (S-F) and Crawford (IAC). Measurements on the 

continuum levels of the June 1993 observations have not survived. Twin exposures for HD 

24263 and HD 32991 were combined.
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3.2. DATA REDUCTION

Wavelength calibration was performed using a first-order polynomial from thorium- 

argon comparison lines (5888.584, 5889.953 and 5891.451 Â). Multiple exposures of the same 

sight line were added together after wavelength calibration.

Subsequent continuum fitting, equivalent width measurement, and profile fitting were 

carried out using the STARLINK package DIPSO (Howarth et a i, 1993).

Continuum fitting was performed using a lowest-order polynomial fit to sections of the 

spectrum that was free of telluric lines on both sides of, but some distance from, the interstellar 

lines. The continuum of each spectrum was then adjusted to become level and then normalised 

to the Relative Intensity profile by dividing it by the mean continuum value (Table 3.2). 

Atmospheric lines were removed from each spectrum by dividing it with a standard based on 

observation (Lundstrôm et al., 1991), binned to the same wavelength intervals as the stellar 

spectra. Minor variations in the intensity of the telluric lines from spectrum to spectrum were 

removed by adjusting the intensity of the synthetic telluric spectrum until the residual 

atmospheric lines became indistinguishable from the continuum (see Figure 3.2).

The resulting spectra were Doppler corrected to the LSR velocity scale using the 

DIPSO procedure TOY assuming a solar velocity with respect to the LSR of 16.6 km s"1 

toward the celestial co-ordinates 17h 49m 58.7s +28° 07' 04 " (epoch 2000.0) using the UT at 

mid-exposure. The resultant spectra cover the LSR velocity range yLSR = -140 =>+100 km s"1. 

Apart from the main absorptions near zero velocity, no other absorption lines were identified 

here over the whole velocity range.

Theoretical line profiles were calculated using DIPSO (Howarth etal., 1993) taking the 

wavelength of 5889.95 Â and oscillator strength = 0.655 for NaD2 (Morton & Smith, 1973), 

convolved with the instrumental response fimction, derived from the FWHM of the arc 

lines used in the wavelength calibration, and then compared with the absorption line profile.
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Figure 3.2 Atmospheric lines in the Na D2 region (top) from Lundstrôm et a/. (1991) with a 

spectrum of HD 164863 before {middle) and after {bottom) telluric features were removed.
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Each of the resolved absorption components was assumed to originate from a single 

cloud with an internal Gaussian velocity distribution. The major components were identified 

first and then additional components were introduced and adopted only if an acceptable fit 

could not be achieved without them. In many cases, additional components were needed to 

match the observed profile in minor features where one line blends with another. Additional 

constraints on the modelling come from from the steep sides of the absorption profile, as this 

affects the broadening parameters. The detection limit, where the central depth of the line is 

indistinguishable from the noise in the continuum, are typically -Ix lO 11 cm"2 for the Na I Z) 

lines. The smallest A-value used as a starting point in the DIPSO calculations was 1 km s *, 

somewhat smaller than the instrumental resolution of ~3 km s '1 (/? ~ 95,000). As the separation 

of the hyperfine splitting of the Na D2 line is 1.01 km s"1, requiring <0.7 km s’1 orÆ> 3 x l0 \ 

the modelling did not take this splitting into account, instead the parameters for the unresolved 

Na D2 line were adopted.

The profile fitting with DIPSO is an iterative manual process. Starting with initial 

estimates for the line profile parameters, LSR velocity, yLSR, velocity dispersion, />, and column 

density, vV, for the "obvious" components, DIPSO is used to make visual fits of theoretical 

(Gaussian) profiles, including instrumental broadening, to the observed profile. In order to 

determine the range of values for the parameters which give acceptable fits, one absorption 

component was analysed first using initial values of the three parameters. These were varied 

in turn until a range of acceptable matches were found. The process was then repeated for each 

absorption line in turn until all absorption lines had their model limits determined..
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HD No.
17 LSR

km s 1

Doppler broadening, b 

km s 1 log N

min. max.
min. max.

24263 1 9.9 2.4 1.2 2.8 12.8 12.5 14.8

2 15.5 2.2 - - 11.5 - -

25330 - 10.5 2.5 1.0 2.5 12.4 12.4 14.7

32990 - 10.0 5.4 2.0 5.4 13.7 13.7 15.0

32991 - 7.8 3.0 2.3 5.4 14.5 12.8 15.35

40111 1 -3.3 1.5 1.0 2.0 12.0 11.85 12.6

2 1.0 1.0 1.0 2.0 11.4 11.4 11.4

3 3.0 1.0 1.0 2.0 11.6 11.6 11.6

4 4.8 1.0 1.0 2.0 11.9 11.7 11.9

5 6.8 1.0 1.0 2.0 12.0 11.8 12.0

6 11.7 2.2 1.3 2.2 12.2 12.2 12.8

41117 1 2.8 4.5 3.3 6.0 14.0 13.2 15.4

2 18.0 2.5 0.8 2.5 11.4 11.3 11.4

42087 - 3.5 4.4 3.4 7.6 14.5 13.2 15.7

43384 - 1.5 5.0 4.6 9.6 14.5 13.2 15.7

53974 1 -9.0 2.5 2.5 3.4 11.8 11.8 11.9

2 -5.0 2.0 1.0 3.0 11.0 10.8 11.1

3 -0.1 3.0 1.0 8.0 11.0 10.6 11.3

4 12.3 4.5 2.8 6.4 13.3 12.9 15.2

5 23.5 1.5 1.0 1.5 11.1 11.1 11.2

75149 1 -8.6 3.2 2.0 3.2 11.45 11.4 11.5

2 7.6 3.0 2.6 4.0 14.2 13.3 14.95

3 10.0 17.0 - - 12.0 - -

4 17.1 2.0 2.0 3.0 11.8 11.8 11.8

83183 1 -3.0 3.5 2.0 8.0 11.4 11.2 11.5

2 4.5 3.8 1.6 4.4 12.4 12.4 14.8

Table 3.3. The results of DIPSO profile analysis on the program stars. Continued next page.
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HD No. VLSR

km s ' 1

Doppler broadening, b 

km s 1

log N

min. max. min. max.

163428 - 6.5 2.0 - - 14.5 - -

164637 1 -15.0 2.0 1.0 3.0 11.8 11.5 12.0

2 -7.0 20.0 - - 11.8 - -

3 6.5 2.0 1.5 4.0 14.5 12.5 14.8

164794 1 -8.0 9.0 8.0 9.0 12.15 12.1 12.2

2 -3.5 1.8 1.0 2.0 11.9 11.9 12.7

3 6.5 2.0 1.0 3.7 13.3 12.35 15.0

164816 1 -5.0 15.0 13.0 16.0 12.05 12.0 12.05

2 6.5 2.0 1.2 3.0 12.9 12.4 14.6

164863 1 -16.0 4.0 - - 11.3 - -

2 -10.0 2.8 2.8 3.0 11.9 11.9 12.0

3 5.0 2.0 1.4 3.0 13.5 12.6 14.8

165516 1 -24.0 1.0 - - 11.3 - -

2 -17.4 2.0 1.0 3.0 12.9 12.3 14.8

3 4.5 3.0 2.0 4.6 13.5 12.6 15.0

4 22.2 2.0 1.0 2.0 11.7 11.7 12.1

Table 3.3 continued. Model parameters found using DIPSO for the observed components in 

each line of sight. See text for details. vLSR is the LSR velocity of each component, b, is the 

Doppler broadening, and logvVis the log column density per cm'2. The minima and maxima for 

b and log N  represent the range that gave an acceptable fit to the profiles by visual inspection. 

Blank entries in the range columns indicate the addition of features that were necessary to 

provide an overall acceptable fit, yet were found to have tight limits to retain that fit.



The resulting line profile parameters are listed in Table 3 .3. The observed spectra are 

given in Chapter 4 along with the best fitting model profiles using DIPSO as described above. 

The parameters for the main components of the spectra were determined by the Levenberg- 

Marquardt method described in Chapter 2. Finally, the scientific results are presented in 

Chapters 5 and 6.
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4. LIN E-PROFILE ANALYSIS OF Na 

ABSORPTION LINES

Abstract: The results from the analysis of high-resolution (R -90,000) observations of 

interstellar Na I in 16 separate sight lines using the interactive program DIPSO are presented. 

The spectra are grouped into single (symmetric and asymmetric), multiple (separate or lightly 

blended), and blended absorption lines to provide test models for an independently developed 

statistical line-analysis program. Scientific interpretation of the results is deferred to a later 

section.

Using an initial set of parameters describing a model cloud, the program uses the Grid- 

search. Gradient search and Levenberg-Marquardt methods to find the optimal fit to the 

observations and gives the parameters of the fit with their confidence limits. Each search 

method is a useful tool for line-profile analysis in its own right or to find suitable input 

parameters to the Levenberg-Marquardt method. Asymmetric and lightly-blended lines can be 

analysed automatically, the Levenberg-Marquardt method is particularly adept at handling the 

former, with a 30-fold time improvement over DIPSO. Strong heavily blended lines may give 

an overly simple model and require constraints on, for instance, the wavelength/velocity range 

for each model cloud.

Presentation of the results emphasise those found using DIPSO and the Levenberg- 

Marquardt method on the normalised profiles.
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4.1. INTRODUCTION

This Chapter presents results of the Na D2 line-profile analyses using the interactive 

STARLINK program DIPSO (Howarth et al., 1993) at UCL and UKC. The acquisition of the 

spectra and subsequent data reduction were described in Chapter 3, while the scientific 

interpretation is deferred to Chapters 5 and 6. The observations are used as a test bed for the 

program BEAR (Chapter 2) developed and run on my PC at home to perform semi-automatic 

Grid search. Gradient search and the Levenberg-Marquardt method (most commonly referred 

to as the Marquardt method).

Both DIPSO and BEAR analyses were performed on the observed spectra normalised 

to the corrected continuum level. For BEAR the LSR velocity range was restricted to -50 km 

s’1 => +50 km s’1 from the total observed velocity range of -110 km s’1 =>+110 km s'1.This 

allows a suitable velocity range to include the whole absorption line and its convolution of the 

theoretical profile with the instrumental broadening value, bimtr (Table 3.2), and reduces the 

number of data points for the program increasing the speed of convergence to a solution. No 

absorption feature was observed outside of this core velocity range.

The DIPSO-derived parameters yLSR, />, and lo g #  for the model profiles are presented 

along with the Marquardt analysis. DIPSO’s visually matched profiles were intended to account 

for all of the features in the absorption profile whereas the Marquardt analysis was applied on 

the main features. The test of the program is whether the Marquardt method can approach the 

quality of the DIPSO method. Nevertheless, a convergence by the program BEAP to the 

model parameters for a model involving several clouds is achieved within a few minutes with 

any of the search methods, whereas using DIPSO could take as long as an hour.

The observed profiles are grouped in order of increasing complexity: single, multiple 

and separate, and blended or very close lines. The plots show the Relative Intensity profiles in 

the main box, superimposed are the DIPSO fits. These are one example of the best fits
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determined by eye (see Table 3.3). Also overplotted are the Marquardt fits using BEAP. The 

curves from the Marquardt and DIPSO fitting often overlap and cannot be distinguished very 

easily on these plots, e.g. Figure 4.1, so colour is used in the graphs. The following key is used 

for the curve symbols in the graphs in this section:

Black dots: represent observed spectrum

Blue dotted line: the Marquardt model’s single or combined profile

Continuous red line: individual clouds modelled by DIPSO

Green line: the combined DIPSO profile for models involving many clouds.

Since the pixel to pixel separation on the velocity scale is 0.4 km s- I, some of the 

continuous curves in the graph may exhibit sharp bends as the graphing program switches 

between continuous curve and straight line representation of the data points. This is exhibited 

in some DIPSO profiles where the Relative intensity given by DIPSO fall just below the zero 

level.

The small box, on the top of each page, are the residuals from the Marquardt fit and the 

observed profiles. In general, only the major components were modeeled with the Marquardt 

procedure, whereas the DIPSO modelling was more exhaustive, so there will be differences 

between the DIPSO and Marquardt curves. The residuals box will indicate where additional 

model profiles could be added (see Section 4.5) to the Marquardt analysis, and in many cases 

were actually included in the chronologically earlier DIPSO analysis.

4.2. SINGLE-DIP ABSORPTION PROFILES

The profiles in this group show only one dip with no secondary structure, and so can 

be modelled as a single cloud. However, some are so strong and broad that they must be 

composed of individual absorption profiles arising from many Na clouds along the line of sight. 

Three profiles appear to be asymmetric, e.g. HD 25330. Consequently, this section is divided
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into two sections, one dealing with symmetric profiles and the other asymmetric profiles.

4.2.1. SY M M E TR IC  PROFILES

The Grid, and Gradient searches and the Marquardt method (Table 4.1 ) were made on 

the observed, essentially single and symmetric, line profiles of HD 25330, HD 32990, HD 

32991, HD 42087 and HD 43384. These errors on each intensity value were assumed to be 

0.05 and the same for all data points, being a representative value of the rms deviation in the 

continuum. The results can be compared with those from DIPSO listed in Table 3.3.

All three methods tend to agree on the line’s velocity. For the other two line profile 

parameters, b and log N, there is general agreement between the three methods in the case of 

HD 25330 and HD 32990. In the case of HD 32991 the Gradient search and Marquardt 

method generally agree, but as the Marquardt starts off as a Gradient search this should not be 

surprising. However the Grid search gives different results to them, which is more marked for 

HD 42087 and HD 43384: the value of b from the Marquardt is intermediate between the Grid 

and Gradient values, and log N  from the Grid search is very high. In these cases the Grid 

search settles on one extreme of the L-shaped valley floor, whereas the Gradient and

Marquardt methods estimate the minimum from the curvature of the hypersurface.

Both HD 25330 (Figure 4.1) and HD 32990 (Figure 4.2) have a continuum which is 

level outside of the wings of the absorption profile. This is not true for HD 32991 (Figure 4.3) 

at negative velocities. The continuum level is increasingly depressed in HD 42087 (Figure 4.4) 

and in HD 43384 (Figure 4.5). In these cases there is the likelihood of additional absorption 

lines, which were missed in the earlier DIPSO analysis. These were modelled by the Grid search 

as Lorentzian wings to the main absorption, hence the large column density. Whereas the 

Gradient search and Marquardt method follow the curvature of the % hypersurface, and
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HD Vlsr km s'1

Grid G radient search M arquardt
m ethod

25330 10.256 ±0.056 10.286 ±0.031 10.288 ±0.031

32990 9.729 ±0.057 9.721 ±0.058 9.729 ±0.058

32991 7.691 ±0.062 7.681 ±0.063 7.622 ±0.040

42087 2.373 ±0.067 2.436 ±0.070 2.419 ±0.064

43384 1.227 ±0.069 1.234 ±0.075 1.271 ±0.067

HD Doppler broadening, b 
km s’1

Grid search G radient
search

M arquardt
m ethod

25330 2.593 ±0.052 2.855 ±0.035 2.660 ±0.034

32990 5.281 ±0.030 5.342 ±0.030 5.273 ±0.030

32991 2.412 ±0.027 5.149 ±0.050 5.227 ±0.037

42087 4.219 ±0.026 7.545 ±0.049 6.626 ±0.037

43384 4.755 ±0.027 9.073 ±0.052 7.728 ±0.038

HD Colum n density, log N

Grid search G radient search M arquardt m ethod

25330 12.384 ±0.024 12.335 ±0.007 12.377 ±0.010

32990 13.785 ±0.021 13.743 ±0.020 13.790 ±0.021

32991 15.364 ±0.017 12.911 ±0.016 12.930 ±0.009

42087 15.457 ±0.020 13.255 ±0.014 13.585 ±0.016

43384 15.781 ±0.015 13.309 ±0.012 13.714 ±0.015

Table 4.1. Results of a Grid, Gradient searches and the Marquardt method on normalised 

symmetric Na profiles, using binstr from Table 3.2. See text tor further details.
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profile, blue dashes the total Marquardt model (Table 4.1 ), and red line the DIPSO fits (Table

3.3). The residuals (top panel) are the differences between the Marquardt and the observed 

profiles.
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model the Doppler core. This is one of the problems arising from an automated profile analysis 

and the ambiguity: are they strong absorption or a broad underlying absorption features?

The rest of this section refers to the DIPSO and Marquardt results for this group. 

HD 25330 A simple one cloud model is adequate to describe the observed profile, and the 

residuals give no indication of any more components. The slight difference between the DIPSO 

and Marquardt fits is attributed to the small differences in their optimum parameters.

HD 32990 In general, both Marquardt method (Table 4.1) and DIPSO results (Table 3.3) 

agree and the profile can be modelled as a single cloud. However, the profile is steeper than 

expected at around +20 km s’1. The plot of the residuals, the differences between the 

Marquardt and the observed profiles indicates the presence of another component. This 

component must have a very narrow, strong profile to give the steep side. In fact, it was 

attempted to model this in DIPSO, but with unsatisfactory results.

HD 32991 The DIPSO model (Table 3.3) fits better than the Marquardt method (Table 4.1) 

because of the steep sides. The Marquardt curve is too wide at the top as it tries to fit the 

damping wings to the continuum. Note that the DIPSO curve is not smooth, in part due to the 

graphing software but also that DIPSO had negative values at the base of the profile.

HD 42087: Both DIPSO and Marquardt method agree in this profile, although they give 

different optimum parameters. Although probably arising from several clouds along this line 

of sight, the overall absorption profile can be modelled as a single cloud with the parameters. 

The observed profile in the region of -30 km s’1 indicate there may be another component that 

could be modelled. But the noise in the rest of the continuum, not shown here, does not justify 

any confident identification of an absorption line around -30 km s' .
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Figure 4.2. The observed NaZ)2 line toward HD 32990 showing the residuals (top) from the 

Marquardt method. Solid dots represent the observed profile, blue dots the Marquardt model, 

(Table 4.1) and the red line the DIPSO curve for (fLSR, 6, log Æ) = (10.0 km s '1, 5.4 km s'1, 

13.70 cm ). A further component, at +20 km s’1, is indicated by the residuals plot.
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the Marquardt model (Table 4.1), and the red line the DIPSO curve for (yLSR, b, log vV) = (7.8 
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HD 43384 The residuals between the Marquardt and the observed profiles indicate the 

presence of another component at z;LSR = -25 km s ' . It might be the left side of a shallow weak 

absorption curve, but there is so much scatter in the continuum level that it is difficult to be 

sure that an absorption line actually exists.

4.2.2. ASYMMETRIC PROFILES

DIPSO curves are presented along with the Marquardt method used to solve for two 

component clouds at the same time. The Marquardt method was particularly effective at 

modelling the tail of the profile for HD 24263, automatically finding the optimum values of the 

main and minor components from initial seeded values. It can be difficult to position the minor 

component as any contribution to the overall profile need not be uniquely defined by its three 

parameters. This is particularly noticeable in HD 83183 (see later).

The results from the Marquardt method and DIPSO for the three sight lines in this 

group are presented in Table 4.2. Note that the confidence limits for the Marquardt method are 

based on the normalised profile, and are consequently gross over-estimates of that limit, and 

the Marquardt fits are the result of modelling two clouds simultaneously.

HD 24263. This profile looks symmetric when graphed on the original velocity scale, but 

asymmetry becomes obvious when the velocity scale is enlarged. It can be modelled as a single 

profile, but adding a minor second component improves the fit in the tail region. The combined 

DIPSO profile is not plotted on Figure 4.6, as it overlays the Marquardt profile.
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HD Cmpnt

vhSR km s"1 Doppler parameter, b, km s 1

DIPSO Marquardt

method

DIPSO Marquardt

method

24263 1 9.9 9.85 ±0.64 2.4 1.2 to 2.8 2.00 ±0.36

2 15.5 14.35 ±2.90 2.2 - 3.57 ±3.92

41117 1 2.8 2.80 ±0.63 4.6

oCOCOCO 4.46 ±0.30

2 18.0 18.12 ±2.71 2.5 0.8-2.5 2.54 ±4.69

83183 1 -3.0 1.30 ±4.65 3.5

o00oCN (7.15) ±6.51

2 4.5 4.85 ±0.88 3.8

-sfCD 3.99 ±1.17

HD Cmpnt

Log iV

DIPSO Marquardt

method

24263 1 12.8 12.5-14.8 13.26 ±0.59

2 11.5 - 11.62 ±0.35

41117 1 14.0 13.2-15.4 14.10 ±0.29

2 11.4 11.3-11.4 11.38 ±0.40

83183 1 11.4 11.2-11.5 11.80 ±0.37

2 12.4 12.4 -14.8 12.41 ±0.17

Table 4.2. Results of the DIPSO and Marquardt methods on the asymmetric single-line Na D2 

profiles using bimtrfrom Table 3.2. the second column of DIPSO results in each table is the 

range in that parameter which gives acceptable fits to the observed profile. The seeds (v, b, log 

TV) for the Marquardt procedure were:- for HD 24263: (10 km s 2 km s , 13 cm ,)and(15, 

2, 12); for HD 41117: (2, 3,13) and (20, 2, 11.5); and for HD 83183: ( 3 and 5, 1 ,11.5).
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Figure 4.6. The Na D2 line observed toward HD 24263 with the Marquardt 2-cloud model 

(blue dashed line) and its residuals (top) along with the DIPSO profiles (red solid line). See 

Table 4.2 for the model parameters. The combined DIPSO profile is not shown because it lays 

on top of the Marquardt profile.
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Figure 4.7. The observed Na D2 line toward HD 41117 showing the residuals (top) from the 

2-cloud Marquardt method. Solid dots represent the observed profile, blue dashed line the total 

Marquardt model, and red lines are the individual DIPSO model profiles (Table 4.2).
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Table 4.2 for the model parameters.



HD 41117 The top left side and the Marquardt residuals from the observed profile hint at 

another component at f LSR = -10 km s ' that may be part of an underlying absorption to the 

main component.

HD 83183. This profile (Figure 4.8) was difficult to fit even with DIPSO. The base is too high 

for a Gaussian profile, and its shape suggests there are at least two minima. The left flank can 

be modelled by an additional component, but its position and strength is difficult to define as 

only part of it is visible so there is no fix on its velocity range. The right flank near the top is 

too wide in the models (Table 4.2). The undulating nature of the residuals indicates that this 

two-cloud Marquardt fit is not the best choice. Overall, there is structure in the observed 

profile not quite resolved by this instrument, it might be better seen at higher resolution or by 

observing the weaker Na line at 3302 Â.

4.3. MULTIPLE ABSORPTION COMPONENTS

These profiles fall into two main groups: separate ( HD 164637, HD 164863, and HD 

165516) and blended (HD 53974 and HD 75149) profiles with one strong absorption with a 

weaker one on its flank. Their separations are large enough to be treated individually by BEAP, 

yet close enough to test the ability of my program to analyse two absorption lines at the same 

time. The program can analyse several absorption troughs at the same time if they are separate. 

The results of a two-line simultaneous analysis is presented for HD 75149.

The program, after seeding appropriate starting values of yLSR, log N , and b, was 

allowed to freely determine these parameters by x minimisation using the Gradient search and 

Marquardt method.
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a) HD 164637, HD 164863, HD 165516:

The results of the Gradient search and Marquardt methods are presented in Tables 4.3 

and 4.4, respectively, along with the DIPSO measurements. The Marquardt seeds were (-15, 

2, 12) and (6, 2, 12.5) for HD 164637 and (-5, 2, 13) and (-17, 2, 11) fbr both HD 164863 and 

HD 165516.

The range given for the parameters found through DIPSO represent the extremes of b 

and log N  that give an acceptable fit of the model to the observations by visual inspection. 

Some additional cloud models were included in DIPSO to achieve the best fits, these are not 

included in the Gradient and Marquardt analyses.

HD 164637 The main absorption at z;LSR = +7 km s '1 (Figure 4.9) is fitted well by both DIPSO 

and Marquardt methods (Table 4.4) but the latter fails to reach the depth of the second 

component at yLSR = -15 km s '1 in a two-cloud model. The broad underlying absorption 

(Component 2) is required to fill the gap between the two absorption minima. The presence of 

Component 2 is inferred from the decreasing intensity between yLSR = -40 km s '1 to vLSR = -17 

km s'1, the lower intensity around z;LSR = 0 km s '1 between the two minima, and the absence 

of any identifiable isolated minima between them. There is very little information on this 

component for the Marquardt method to fix on during its optimisation process. A two-cloud 

Marquardt model will tend to optimise for the section at yLSR = 0 km s’1 as part of one or both 

profiles, hence the shallow fit to the weaker Component 1 at z;LSR = -15 km s '1.

HI) 164863 The 2-cloud Marquardt model seems to give a better fit than the DIPSO model 

(Table 4.4 and Figure 4.10).
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HD Cmpnt

flsr 

km s'1

Doppler 

parameter, b 

km s'1

Log N

40111 1 -2.77 ±1.21 1.38 ±0.37 12.96 ±1.06
4 4.33 ±0.83 2.20 ±0.40 13.00 ±0.59
6 10.93 ±1.06 2.24 ±0.52 12.92 ±0.65

53974 1 -8.67 ±1.48 2.02 ±1.16 12.02 ±0.32
4 12.25 ±0.48 4.27 ±0.24 13.69 ±0.16

75149
1 -8.73 ±1.70 2.00 ±1.75 11.89 ±0.34
2 8.99 ±0.62 4.68 ±0.32 13.83 ±0.21

164637 1 -15.23 ±1.93 1.99 ±1.42 11.98 ±0.36
3 6.65 ±0.74 3.44 ±0.37 13.42 ±0.36

164863 2 -10.53 ±1.59 2.10 ±0.89 12.33 ±0.47
3 5.46 ±0.63 3.04 ±0.28 13.40 ±0.30

165516 2 -17.79 ±0.97 2.51 ±0.42 13.25 ±0.66
3 4.65 ±0.65 3.33 ±0.30 13.49 ±0.29
4 21.47 ±2.19 1.99 ±1.97 11.91 ±0.38

Table 4.3. Gradient searches on some of the blended Relative Intensity Na ü 2 profiles using 

binstrfrom Table 3.2. Only the major features were analysed. Seed parameters for (y, SR, log

W) were = (-2.0 km s’1, TO km s"1, 13.0 cm"2), (4, 1, 12), and (2, 1, 12) for HD 40111; ( 11.0 ,

2.0, 13.0) and (-8, 2, 12) for HD 53974; (7, 4, 13) and (-10, 2, 12) for HD 75149.The seed

parameters were (-5.0 km s'1, 2.0 km s ', 11.0 cm"2) and (-15, 2, 11.5) together for HD

164863, (-5, 2, 13) and (-16, 2, 11 ) separately for HD 164637, and (-4, 2, 17), (-16, 2, 13) and

(22,2, 11 ) together for HD 165516. The derived parameters can be compared with the DIPSO 

results in Table 3.3.
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HD
C m pnt

VLSR 

km s'1

D oppler param eter, b 

km s"1

DIPSO M arquardt

m ethod

DIPSO M arquardt

m ethod

164637 1 -15.0 -14.34 ±2.65 2
oCOo 6.47 ±3.37

2 -7.0 - 20 - -

3 6.5 6.61 ±0.62 2 1.5 - 4.0 2.97 ±0.39

164863 1 -16.0 - 4 - -

2 -10.0 -10.72 ±1.57 2.8 2.8-3.0 4.36 ±2.27

3 5.0 5.34 ±0.63 2

oCOTT 2.54 ±0.38

165516 1 -24.0 - 1 - -

2 -17.4 -17.86 ±0.74 2 b CO b 2.53 ±0.54

3 4.5 4.41 ±0.71 3 2.0-4.6 4.20 ±0.68

4 22.2 22.00 ±1.34 2 1.0 - 2.0 1.57 ±1.54

HD

Log N

C m pnt DIPSO M arquardt

m ethod

164637 1 11.8 11.5-12.0 11.70 ±0.18

2 11.8 - -

3 14.5 12.5-14.8 13.09 ±0.31

164863 1 11.3 - -

2 11.9 11.9-12.0 11.97 ±0.17

3 13.5 12.6 -14.8 13.17 ±0.41

165516 1 11.3 - -

2 12.9 12.3-14.8 12.72 ±0.38

3 13.5 12.6-15.0 13.00 ±0.17

4 11.7 11.7-12.1 11.80 ±0.36

Table 4.4. Results of DIPSO analysis (ranges are given in the second column) and Marquardt 

method on the Na D2 profiles observed towards HD 164637, HD 164863 and HD 165516.
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Figure 4.9. The observed Na D2 line (solid dots) toward HD 164637 showing the residuals

(top) from the M arquardt method (blue dots), individual (red line) and combined (green line)

DIPSO fits. See Table 4.4 for the model parameters
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(top) from the M arquardt method (blue dots), the individual (solid red) and combined DIPSO

fits (green line). See Table 4.4 for the model parameters.
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HD 165516 The DIPSO and Marquardt fits generally match each other and the profile (Table 

4.4). There is a suggestion of an underlying component that could fill the gaps between the 

main absorption minima. These were not modelled in DIPSO. The Marquardt fit on component 

2 at yLSR = - 17 km s’1 gives a broader profile than DIPSO, as evident on its left side in Figure 

4.11 as it tries to include in the fit the DIPSO feature at yLSR = -24 km s" .

b) HD 53974, HD 75149:

The results of the Marquardt method are presented in Tables 4.5, along with the DIPSO 

measurements. The resultant model profiles are shown in Figures 4.12 and 4.13, respectively.

HD 53974 The visual estimate using DIPSO (Table 4.5) overall gives a good fit (Figure 4.12), 

although the Component 1 could be a little broader and the gap between Components 1 and 

4 could be deeper. In DIPSO it was necessary to include three minor components to fit the 

observed profile better in the regions yLSR = 25 km s"1, 0 km s '1 and -5 0 km s'1. These were 

not modelled in the Marquardt method, this is partly reflected in the residuals in these regions 

(Figure 4.12).

HD 75149 The absorption at the top edges of the overall profile indicated a broad underlying 

component to be present (Component 3) in addition to the main minima (Components 1 and 

2). A narrow, moderately strong component was enough to account for the “bump” on the 

right flank of Component 2. All four components were modelled with DIPSO but the 

Marquardt method omitted the broad Component 3 (Table 4.5; Figure 4.13). However, the 

residuals at zq SR = 30 and 0 km s '1 point to its existence.
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HD Cmpnt

vLSR km s'1 Doppler parameter, b, km s'1

DIPSO Marquardt

method

DIPSO Marquardt

method

53974 1 -9.0 -8.41 ±1.58 2.5 2 .5 -3 4 4.14 ±2.19

2 -5.0 - 2.0
oCOo -

3 -0.1 - 3.0 Ô 00 Ô -

4 12.3 12.20 ±0.70 4.5

xrcb00oi 5.39 ±0.55

5 23.5 - 1.5 1.0- 1.5 -

75149

1 -8.6 -9.28 ±1.95 3.2 2.0-3.2 3.40 ±2.92

2 7.6 9.10 ±0.82 3.0

o"3-CDoj 7.27 ±0.88

3 10.0 - 17.0 - -

4 17.1 - 2.0 2.0-3.0 -

HD
Cmpnt

Log TV

DIPSO Marquardt method

53974 1 11.80 11.8-11.9 11.90 ±0.18

2 11.00 10.8-11.1 -

3 11.00 10.6-11.3 -

4 13.30 12.9-15.2 13.09 ±0.16

5 11.10 11.1 -11.2 -

75149

1 11.45 11.4-11.5 11.68 ±0.25

2 14.20 13.30-14.95 12.91 ±0.11

3 12.00 - -

4 11.80 11.8-11.8 -

Table 4.5. Results of the DIPSO analysis and Marquardt method on the Na D2 profiles 

observed towards HD 53974, and HD 75149. Seed parameters for the Marquardt method were 

(z;lsR, b, log TV) = (-9.0 km s"1, 2.0 km s"1, 11.6 cm"2) and (2, 3, 12.5) for HD 53974, (-9, 6, 

11.5) and (7, 5, 12.5) for HD 75149 using binstr from Table 3.2. The second column under the 

title DIPSO show the range in parameters that gave acceptable fits by eye, blank cells signify 

a tight fit. Blank cells under Marquardt signify that no fit was attempted.

103



Re
la

tiv
e 

in
te

ns
ity

 
RI

 (
O

bs
er

ve
d-

C
al

cu
la

te
d 0 .3

0.2

0.1

- V

■20 10 0 10 20 30 4 0

LSR velocity (km s~1)

0 .9

0.8

0 .7

0.6
HD 53974

0 .5

0 .4

0.2

0.1

0 10 20 4 0

LSR velocity (km s -1)

Figure 4.12. Na D2 line (solid dots) toward HD 53974 showing the residuals (top) from the

Marquardt method (blue dots), individual (red lines) and combined (green) DIPSO fits. See

Table 4.5 for the model parameters.
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fits (green). See Table 4.5 for the model parameters
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4.4. MULTIPLE BLENDED ABSORPTION PROFILES

This group includes three of the sight lines: HD 40111, HD 164794 and HD 164816. 

The profile of HD 40111 has three minima that were very difficult to characterise. The two 

remaining profiles have a broad relatively weak underlying absorption in addition to the major 

absorption. However, its width can’t be measured as at one end, superimposed on it are one 

or more stronger absorptions, see HD 164816 (Figure 4.16) and HD 164794 (Figure 4.15) 

respectively.

HD 40111: Although there are three well-defined minima in this absorption profile, they could 

not be modelled in DIPSO so easily. The two outer minima could be modelled to fix the outer 

edges of the profile, but no single absorption profile could reproduce the inner part of the 

observed profile. Instead, four successively weaker and lower velocity features were needed 

(Figure 4.14, and Table 4.6). The Grid and Gradient search methods were applied to the 

observed profile. The best way of solving this problem was to restrict the optimisation to three 

velocity ranges, corresponding to each of the minima. However, a three-cloud Marquardt 

model (Table 4.6) came close to the solution without any restrictions imposed. Unfortunately, 

it did not retain the independent nature of two components, and produced a profile where they 

merged into one absorption (Figure 4.14). The residuals only hint at something peculiar, but 

don’t stand out from the rest as they are near the baseline they are very small.

HD 164794 The minimum number of models required to fit this profile in DIPSO was three: 

a strong broad absorption, a strong narrow and very strong components (see Figure 4.15 and 

Table 4.7). The Marquardt method only involved two clouds, and the plot of the residuals from 

the observed profile indicates another component at yLSR = -5 km s’1, which is Component 2 

in the DIPSO analysis.
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HD
C m pnt

L̂SR

km s’1

D oppler param eter, b 

km s 1

DIPSO M arquardt

m ethod

DIPSO M arquardt

m ethod

40111 1 -3.3 -3.46 ±1.01 1.5 1.0-2.0 1.79 ±1.53

2 1.0 — 1.0 1.0-2.0 -

3 3.0 - 1.0 1.0-2.0 -

4 4.8 - 1.0 1.0-2.0 -

5 6.8 6.48 ±1.17 1.0 1.0 -2.0 4.74 ±1.47

6 11.7 9.89 ±1.56 2.2 1.3-2.2 3.96 ±1.97

HD
Cmpnt

Log N

DIPSO Marquardt method

40111 1 12.0 11.85-12.60 11.92 ±0.30

2 11.4 11.4-11.4 -

3 11.6 11.6-11.6 -

4 11.9 11.7-11.9 -

5 12.0 11.8-12.0 12.55 ±0.23

6 12.2 12.2-12.8 12.31 ±0.36

T able 4.6. Results of the DIPSO analysis and Marquardt method on the Na D2 profile observed 

toward HD 40111. Seed parameters used in the Marquardt search were (y, b, log N) = (-3.0 

km s '1, 2.0 km s '1, 12.0 cm'2), (4, 2, 12), and (12, 2, 12) using binstr from Table 3.2.
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(top) from the 3-cloud Marquardt method (blue dashes), the individual (solid red line) and the 

combined DIPSO profile (green line). See Table 4.6 for the model parameters.
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HD
Cmpnt

VLSR  

km s'1

Doppler parameter, b ,

km s "1

DIPSO Marquardt

method

DIPSO Marquardt

method

164794 1 -8.0 -6.18 ±2.04 9.00 8.0 - 9.0 8.45 ±2.81

2 -3.5 - 1.80 1.0 - 2.0 -

3 6.5 6.66 ±0.75 2.00 1.0 - 3.7 2.43 ±0.53

164816 1 -5.0 -6.29 ±6.69 15.00 13.0 -16.0 15.34 ±6.88

2 6.5 6.47 ±0.07 2.00 1.2 - 3.0 2.02 ±0.42

HD
Cmpnt

Log TV

DIPSO Marquardt method

164794 1 12.15 12.1 -12.2 12.27 ±0.11

2 11.9 11.9 -12.7 -

3 13.3 12.35-15.00 12.83 ±0.46

164816 1 12.05 12.0 -12.05 12.07 ±0.18

2 12.9 12.4 -14.6 13.02 ±0.57

Table 4.7. Results of the DIPSO analysis and Marquardt method on the Na D2 profiles 

observed towards HD 164794 (Figure 4.15) and HD 164816 (Figure 4.16). See main text for 

further details. The seed parameters for these searches were (vLSR, b, log TV) = (-5.0 km s 1, 6.0 

km s '1, 12.0 cm'2) and (6, 2, 12.5) for HD 164794 and (-15, 6, 12) and (8, 2, 12.5) for HD 

164816. The second column under DIPSO give the range of that parameter giving acceptable 

fits, blank cells indicate no range is applicable.
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Figure 4.15. The observed Na D2 Kne (solid dots) toward HD 164794 with the residuals (top) 

from the Marquardt 2-cloud model (blue dashed line), the individual (solid red line) and 

combined DIPSO profile (green line). See Table 4.7 for the model parameters.
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(top) from the Marquardt 2-cloud model (dashed line), the individual (solid line) and combined 

DIPSO profile (green line). See Table 4.7 for the model parameters.



HD 164816 Both DIPSO and Marquardt methods can model this profile using two clouds 

giving very similar profiles (Figure 4.16 and Table 4.7).

4.5. SU M M A R Y

This chapter has presented the results of the analysis of Na line profiles by two different 

methods: the standard DIPSO data reduction and analysis package available at STARL1NK, 

and the independently developed profile analysis program with error estimates (BEAP) 

described in Chapter 2. This program includes three convergence methods: the Grid-search, 

Gradient-search and Marquardt methods, in addition to creating profiles in a manner like 

DIPSO. The Grid search was the most convenient while the Marquardt method the most 

effective at analysing the observed profile. The results using the Marquardt method on the 

normalised profiles were presented in this Chapter alongside the DIPSO results.

The Marquardt method fits the profiles very close to the DIPSO ones, quite often 

overlapping them. This makes the distinction between them very difficult on the plots, although 

the actual parameter values differed. This is to be expected, as the DIPSO method uses 

visualisation to model the profiles, which is very subjective, while the Marquardt method uses 

computer-driven optimisation of the parameters. Identifiable causes of the discrepancies 

between the line profile analytic methods, DIPSO, and observed profiles are:

► analytical method looks at vertical distance, the eye includes lateral distances too

► analytical method looks at best fit overall to the profile, eye looks at general trends

► analytical method smooths over asymmetries, visual analysis may decide to add another 

profile instead

► zero level error e.g. Figure 4.4 (HD 42087), distorts the profile from its true shape
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» irregular absorption just above baseline may be regarded as a single profile, visual

inspection may decide differently

► Saturated lines: increasing log N  after the intensity has reached zero widens the profile 

but not the depth. Increasing the b value widens the profile too.

► Profile maybe a non-Gaussian curve, e.g. steeper sides as in Figure 4.2 (HD 32990)

► Asymmetry and fine structure could be introduced by processing

» Continuum level near profile might be broad underlying absorption of damping wings.

► Placement errors on plots.

The program has advantages over DIPSO in that it quickly finds a fit to the profile 

being analyzed, returning error estimates as it does so, and for the scientist based at home, is 

very convenient. DIPSO could be updated to match the first two, and inclusion of a facility to 

contour the x2 hypersurface would be useful.

Some absorption profiles (e.g. HD 24263) can look symmetrical until plotted at a larger 

velocity scale. The program, however, quickly reveal that asymmetry. Further, the Marquardt 

method can automatically locate the second, minor, component (see HD 24263 and HD 

83183). This would take some time to locate by eye, and may not locate its position uniquely. 

The program can also handle several absorption lines, or components to one absorption line, 

simultaneously, e.g. HD 165516 and HD 75149 and it can handle blended components , e.g. 

HD 164794. However, it can be fooled in the case of strong, closely blended lines like those 

in HD 40111, where the program settles on a solution which envelopes two of the troughs 

instead of identifying them individually. This may be a general problem that applies to other 

analytical programs.

Although BEAP has some advantages over manual methods, it does have its own set 

of limitations. First of all, it suffers from the normal problems of analytical methods e.g. there
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may be multiple solutions, termination may occur at a local minimum, there could be sensitivity 

to the starting values of the parameters, oscillations about a solution, efc.(Bevington & 

Robinson, 1994). Second there are no constraints on the parameters or their ranges. The 

program could be improved by adding tests for these and providing suitable solutions. For 

instance negative b values can be returned. These are mathematically sound to the algorithm 

but of no real physical meaning. These could be trapped, as could the occasions when the 

iterations oscillate about a solution in the Gradient search.

At the moment there is no mechanism to automatically add another component to make 

a better fit. The program will not automatically find minor components or broad absorptions 

underlying strongly absorbing profiles, which one can easily decide using DIPSO. Peaks and 

troughs in the residuals often show their presence. If recognition of these were encoded into 

the program, it would be able to decide when and where to add new profiles.

Further improvements could be made by limiting the section of the profile to be 

analyzed and to limit the range in b. This could be achieved by including enough of the profile 

to fix a value for b or fixing a limit on b. at present, the program has a partial solution to this.

In conclusion, this Chapter served two purposes: (i) display the DIPSO fits on the 

observed data, (ii) show the results of profile fitting and error analysis of a program developed 

at home. As for the program’s profile fitting, this is a distinct aid to the data analysis. As for 

the error analysis, I think the initial expectation of a totally automatic error analysis of line 

profiles has not been fulfilled. The program can analyse the major features, but the minor ones 

are not so easy. Some work based on the residuals show promise in resolving those problems. 

Finally, there is a need for an appropriate statistical analysis, including the weighting applied 

to the intensities and definition of the error bars, that can universally be accepted.
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5. HIGH RESOLUTION OBSERVATIONS OF 

INTERSTELLAR Na.

Part One

A bstract: Interstellar Na D2 absorption lines toward stars in the direction of the Galactic centre 

(5°< / < 10°, -2 < b<\ °), anticentre (179° < /<  280°, -35° <b<  +3.5°) and Quadrant 111 

(210°</< 300°) sample the cold neutral components of the material expanding from the Sco- 

Cen association. Some evidence for this material is found in the observational data but the 

strongest Na absorption occurs at small positive velocities, relative to the LSR, within clouds 

in both Galactic hemispheres. The prominent 9.0 km s '! velocity Na absorption reported toward 

the High Latitude Cloud MBM 18 (Lynds 1569) is found to be connected with the Taurus- 

Orion clouds while a 15 km s’1 feature is associated with MBM 18. The observed Na is 

associated with the local molecular and high-latitude clouds (d = 50-150 pc) in a spherical 

system, probably part of the Gould Belt system, expanding outward in the LSR frame.
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5.1. INTRODUCTION

Most of the published interstellar Na data give information on the position and column 

density of Na. Until quite recently, information on radial velocity was quite rare. High 

resolution spectrographs have enabled the line profiles to be resolved into separate 

components, described by their radial velocity, broadening and column density. These measures 

can afford valuable kinematic evidence for the cloud structure in the line of sight and, by 

comparison with neighbouring sight lines in the plane of the sky, allow us to deduce the lateral 

extent of those clouds. Unfortunately, the distances of the background stars are often poorly 

known, but data coming from Hipparcos should be able to rectify that problem for stars within 

a few hundred parsecs.

The aim of this section is to map the distribution of IS Na and identify individual clouds 

by their radial velocity, column density, Doppler broadening parameter, and general shape of 

the absorption profile. The profile shape has limitations in defining the lateral extent of a cloud 

as it will change according to turbulence within the cloud, with viewing angle, and even 

through Galactic rotational shear within the cloud, if the cloud is large enough. However, for 

clouds within a few degrees of each other in the sky, the line shape may give valuable clues on 

the extent of clouds sampled by several sight lines.

The sight lines used in this thesis are directed towards the Galactic centre, anticentre 

and Galactic Quadrant III. Generally they extend beyond the LISM, and should therefore 

sample the material flowing from the Sco-Cen association towards the Sun, the Taurus 

molecular clouds and the environment around the CMa tunnel. The data reduction and spectra 

of these sight lines were described in Chapters 3 and 4. The results discussed in this chapter, 

unless otherwise stated, are those acquired using DIPSO (see Chapter 4).
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5.2. WINDS FROM STELLAR ASSOCIATIONS

Mass outflow centred on associations has been known for some years, for example in 

the Orion and Cygnus expanding super-bubbles. Evidence for this is revealed by the 

observation of loop or shell like features seen in neutral hydrogen surveys. The formation of 

such features (de Geus, 1992) begins with stellar-winds forming bubbles around individual O- 

and B- type stars. These propagate outwards, eventually merging into larger bubbles around 

groups of stars. A few million years on, supernova events contribute to the shell formation. A 

super-shell was defined by Cowie et al. (1981) as a region of gas covering the angular extent 

of the association and showing evidence of a high temperature (-10' K) and / or high velocity 

(-100 km s’1). Using these criteria and UV absorption line data they found that out of 13 

nearby associations, only the Orion and Carina associations, each having supershells of 

diameter of the order of 100 pc, met these criteria. Consequently, energetic winds from 

associations are considered to be rare phenomena.

More sedate winds, of the order of a few km s '1 have been detected in a few 

associations, for instance in Ara OBI and the nearby association in Scorpio-Centaurus. The 

neutral hydrogen in the neighbourhood of Ara OB 1 indicates the presence of an expanding shell 

42 pc in diameter expanding at -10 km s’1 (Arnal et al., 1987; Rizzo and Bajaja, 1994). They 

believe the expanding HI feature arose from stellar winds from the most massive stars that 

formed in NGC 6167. The expanding material swept up interstellar material, slowed down and 

ran into a molecular cloud triggering the formation of the association. In this case the winds 

preceded the formation of the association and were not a result of it.

The objects studied here show no evidence of any high velocity interstellar 

sodium within the observed yLSR range o f— 100 to -100 km s"1, the limits being set by the 

spectra recorded by the detector. However, UV absorption lines of C II (Cowie et <:?/.,! 981; 

see Table 5.1) and Ca absorption lines by Rickard ( 1974) reveal high velocities in the direction
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A ssociation Star observed H ighest velocities

n.sR km s'1

Gem OB 1 HD 42088 +60

CMa OBI HD 53975, HD 55879 +55 and +68

Ara OBI HD 149038, HD 150168 +60 and -60

Sgr OBI HD 164637, HD 164794 +85 and -75

Table 5.1. Highest radial velocities seen toward associations.

Star G alactic C oordinates +LSR

km s'1

Notes

1° b°

HD 164402 7.2 0.0 -37, -39.8 2  determinations

HD 162064 8.3 3.8 81

HD 166937, ja Sgr 10.0 -1.6 41.1 Strongest of 2

HD 167264 10.5 -1.7 43, 40.3

HD 167263 10.8 -1.6 39,51,43.8

HD 166787 11.1 -0.8 49

HD 166628 11.3 -0.5 65

Table 5.2. LSR velocities of interstellar Calcium detected by Rickard (1974) in the region 

of the sky with Galactic co-ordinates /~  -10° to +12°, b ± 7°, near Sgr OBI.



of some associations (see Table 5.2). These show that high-velocity gas with LSR velocities 

> 40 km s'1 are present in some of the sight lines studied in this thesis, but they do not have a 

corresponding interstellar sodium component.

5.2.1. SC O -CEN ASSO C IA TIO N

Several large neutral hydrogen loops, part of the Loop I superbubble, surrounding the 

Sco-Cen association, centred near /, b -330°, +15°, are believed to be the surfaces of 

expanding bubbles created by the combined effect of stellar winds from the most massive 

association members and supernova explosions, de Geus (1992) presented evidence for three 

shells, centred on each of the three subgroups in the association (see Figure 5.1 and Table 5.3) 

the Upper Scorpius (US, / = 341 ° to 2°, nuclear age 5-6 Myrs) also known as the Sco OB2 

association. Lower Centaurus-Crux (LCC, / = 292° to 312° 11-12 Myrs), and Upper 

Centaurus-Lupus (UCL, /=  312° to 341 °, 14-15 Myrs) subgroups .

The maximum subgroup age, 15 Myr, is the maximum time available for the expansion 

of the superbubble generated by the massive stellar winds during the initial star formation 

epoch, and thus the largest possible shell structure due to the Sco-Cen association (Frisch, 

1995). This structure has passed the Sun’s position into the opposite hemisphere, and defines 

the edge of local bubble towards the Galactic anticentre. Interstellar absorption line radial 

velocities in stars which sample uf = 70 =>120 pc in the direction of Ori, Tau, Lep and other 

Quadrant II regions, are consistent with a flow of interstellar material away from the central 

region of the Sco-Cen association. In the / range 100° => 200° the shell is approximately 50-80 

pc distant and the clouds seen in this interval {e.g. AP50, and OL70) may be fragments of the 

shell (Frisch, 1995).

If nearby clouds showing Na I absorption are remnants of the shell, then we should see 

evidence of the shell material in other sight lines, inferred from the component radial velocities.
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Crutcher (1982) analysed the velocities of six nearby stars (d <100 pc) obtaining an LSR 

interstellar flow vector of (/, b v)= (345°, -10°, 15 km s '1), a vector found to be consistent with 

the velocity components in an additional 45 more distant stars. Crawford ( 1991 ) tested a model 

for the gas toward the Sco-Cen association, and found for components with both Na 1 and Ca 

II a best-fitting vector of (301°,+59°, -9 km s"1) with an rms residual of 5 km s’1. For the 'local 

fluff and the 'squall line' (see Section 1.4), the LSR velocity vectors are (/, b, v) = (331.9°, 

+4.6° , -18.0 km s’1) and (334.5°, +11.8°, -21.0 km s’1) respectively.

The outflow from the Sco-Cen association (Table 5.3) is from the general direction of 

the Upper Scorpius shell. Several programme stars lie off-axis from the wind (Figure 5.1), 

while the remaining are downwind. There is no evidence for expansion of the LCC shell 

(Crawford, 1991; de Geus, 1992) while the other two shells have an expansion velocity of 

around 10 km s’1, typical values for the stellar winds from associations (Arnall, et a l,  1987; 

Rizzo & Bajaja, 1994; Cowie et a l,  1981). Assuming the Sco-Cen association shells have no 

peculiar velocity relative to the LSR, those sight lines upwind, toward the Sgr OBI, should 

have a negative yLSR, while any downwind material should have a positive velocity. Toward 

Quadrant III, approximately perpendicular to the flow, the velocity should be near zero. 

According to Frisch (1995), some Sco-Cen material lies downwind to the Sun, and, since 

interstellar Na has been detected in High Latitude clouds, there is reasonable likelihood of 

detecting Na absorption in this outflow.

The observed LSR radial velocities of the individual Na D2 components are tabulated 

here (Table 5.4) along with the column density, log A, which gives an indication of the relative 

importance of the component in each observed absorption profile. Alongside that data, the 

predicted line of sight components for each of the four wind vectors flowing from the Sco-Cen 

direction are given. The component v,os in any direction (/, b) from a coherently flowing wind 

from the direction (lyvind, bwind) with velocity vwind (Crawford, 1991) is calculated from:
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Figure 5.1. Sketch map in Galactic coordinates of the Sco-Cen Association shells showing the 

location of the program stars used in this thesis.

Sub

group

Galactic 

Coordinates of 

centre

Extent, 

Galactic Coordinates

Expansion

velocity

Radius Distance

1° b° 1° b° km s"1 pc pc

LCC 300 ±5 8 ±5 285 to 310 <+23 - - 118+2

UCL 320 ±3 10 ±3 265 to +15 -40 to +60 10 ±2 110+10 140 ±2

US 347 ±2 21 ±2 332 to +2 +5 to +37 10 ±2 40 ±4 145 +2

Table 5.3. Properties of the Sco-Cen HI shells (de Geus, 1992). No evidence was found for 

expansion of the LCC shell, Crawford (1991) found an expansion of 9 km s"1 for the UCL shell. 

Distances are based on Hipparcos data (de Zeeuw et al.7 1999).
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l'/o, = V„M {SinbsinK M  + COsbc°sb«M (51)

Owing to the broad nature of some of the observed profiles, it will be impossible to tell 

if there is an absorption line at the predicted velocity of any interstellar wind, unless that 

specific velocity component can be resolved from the overall profile. Consequently, there may 

be more matches of predicted velocity with observed velocity components than given in the 

Table. A match of predicted with observed velocity is considered good if the velocity difference 

is <1 km s’1 and marginal if it lies between 1 and <3 km s" .

The observed velocity components do coincide with the Crutcher flow in a few of the 

sight lines, in particular HD 24263, HD 25330 and marginally in the case of HD 164637, HD 

164863 and HD 40111. The ‘Squall’ and ‘Local Fluff vectors similarly are not well matched 

by the observed velocity components, but there are a few instances where they do, such as for 

the minor components in HD 24263, HD 41117, HD 75149. The Crawford vector is not 

matched by any of the observed narrow or isolated components.

Three sight lines toward Sgr OB 1, HD 164637, HD 164863, and HD 165516, show 

a velocity component (Tlsr~"16.0 km s ')  close to those predicted by the Crutcher, Squall and 

Local Fluff vectors (vLSR = -13.5 => -17.4 km s'1). This component might lie concealed in the 

broad absorption profile of HD 164816 around z;LSR o f -10 km s'1. Similar velocities vLSR = ~ 

-15.3 km s’1 were noted toward HD 164402 (I, b ,d =  7.2°, +0.0°, 1600 pc ) (Crawford, 

1992), -17.9+2 km s'1 toward HD 165202 (/, b ,d=  10.22° +0.71°, 195 ±75) and -19.9+1 

km s’1 toward HD 168708 (/, b,d= 9.21°, -4.17°, 430+195) (Batesetal., 1995). While more 

information is needed to be sure these components are related to each other, it suggests that 

a single cloud covers these sight lines. Its presence toward HD 165202 gives a distance of 

<200-250 pc, suggesting a possible connection with the Sco-Cen association. These velocity 

components are discussed further in Chapter 6.
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HD No.

Present

work
Crutcher Squall Local fluff Crawford

log N
t̂ LSR 

km s’1

km s 1 km s 1 km s 1 km s"1

24263 1 9.9 10.1 - - 6.3 12.8

2 15.5 - 17.4 13.6 - 11.50

25330 - 10.5 10.9 18.0 14.2 6.0 12.4

32990 - 10.0 13.7 19.1 16.0 3.7 13.7

32991 - 7.8 13.4 18.8 15.6 3.7 14.5

40111 1 -3.3 - - - - 12.0

2 1.0 - - - - 11.4

3 3.0 - - - 2.0 11.6

4 4.8 - - - - 11.9

5 6.8 - - - - 12.0

6 11.7 14.0 17.8 15.2 - 12.2

41117 1 2.8 - - - 1.8 14.0

2 18.0 13.4 16.9 14.2 - 11.4

42087 - 3.5 13.7 17.1 14.5 1.6 14.5

43384 - 1.5 13.7 16.9 14.4 1.3 14.5

53974 1 -9.0 - - - - 11.8

2 -5.0 - - - - 11.0

3 -0.1 - - - -0.9 11.0

4 12.3 7.4 7.1 5.4 - 13.3

5 23.5 - - - - 11.1

75149 1 -8.6 -2.7 -7.2 -7.1 -3.5 11.45

2 7.6 - - - - 14.20

3 10.0 - - - - 12.0

4 17.1 - - - - 11.8

83183 1 -3.0 -6.5 -11.5 -10.8 -3.6 11.4

2 4.5 - - - - 12.4

Table 5.4. Observed velocity, vLSR components compared to possible wind vectors.
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HD No. Present

work

Crutcher Squall Local fluff Crawford log N

V  LSR

km s 1

km s 1 km s’ km s 1 km s’1

164637 1 -15.0 -13.7 -17.3 -14.6 - 11.8

2 -7.0 - - - -1.8 11.8

3 6.5 - - - - 14.5

164794 1 -8.0 -13 8 -17.4 -14.8 - 12.15

2 -3.5 - - - -1.8 11.9

3 6.5 - - - - 13 3

164816 1 -5.0 -13 8 -17.4 -14.8 -1.8 12.05

2 6.5 - - - - 12.9

164863 1 -16.0 -13.7 -17.2 -14.6 - 11.3

2 -10.0 - - - -1.8 11.9

3 5.0 - - - - 13.5

165516 1 -24.0 - - - - 11.3

2 -17.4 -13.5 -16.9 -14.3 - 12.9

3 4.5 - - - -1.7 13.5

4 22 2 - - - - 11.7

Table 5.4 continued. See text for details.
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5.2.2. GEM  O BI ASSO C IA TIO N

Four of the stars used in this study are associated with the Gem OBI region of star 

formation. This association lies toward the anticentre region of the Galaxy, bounded by the co

ordinates -2° < b < +4°, 187° < / < 191°, at a distance 1.5 kpc from the Sun, (Humphreys, 

1978) although there are indications that it extends in the line of sight from ~1 kpc to 2 kpc. 

The association contains the supernova remnant IC443, a complex of molecular clouds, an 

extensive H II region and several regions of star formation (Carpenter et ai, 1995).

The four stars are HD 40111 (139 Tau), HD 42087 (3 Gem), HD 41117 (62 = x2 On), 

and HD 43384 (9 Gem). They are all highly reddened stars with E(B-V) between 0.2 and 0.6. 

In the sky, HD 43384 lies 1.3° north of IC 443 and less than 10 away from the optical HII 

region Sh249 and star cluster Cr 89. A complex of clouds seen in l2CO emission (Carpenter et 

a i, 1995) lies between HD 43384 and HD 41117. These stars lie nearly in the Galactic plane 

and as a result the expectation is that the lines of sight intercept many interstellar clouds 

resulting in broad absorption lines that are broadly similar. Therefore, although the observed 

absorption profiles can be modelled by one cloud it is probable that they are caused by several 

intervening clouds with differing velocities, column densities, and velocity dispersion, which 

cumulatively mimic a single dense cloud having a large velocity dispersion. All but one of the 

absorption spectra are broad and can be modelled as one cloud, but the three minima in the 

spectrum for HD 40111 clearly shows evidence for the multi-cloud nature of the interstellar 

medium in this direction.

The stars have spectroscopic distances, taking reddening into account, of the order of 

1 kpc. The accepted distance of Gem OB 1 is 1.5 kpc, although estimates range from 1 to 2 kpc 

(Carpenter et a!., 1995 ) placing these stars in the foreground or on the near side of the 

association. HD 41117 is a member of the association according to Humphreys (1978).

125



X III) 43384

X HD 42087

Figure 5.2. The region of Gem OBI on the IRAS 100 fim map in Galactic coordinates. The 

approximate locations of the four stars in this study are marked on this grey-scaled negative 

image of a Skyview map of the region.



HD 42087 and HD 43384 have a similar radial velocity (12-16 km s’1) to HD 41117, 

so they may also be members of the association. However, HD 40111 has a smaller radial 

velocity, 8 km s '1; although the difference is small, this may signify that this star is not a 

member of the association.

Early studies of interstellar reddening indicated that in this region the values ofif(B-V) 

were <0.1 mag. out to 1 kpc, increasing to 0.75 at 1.5 kpc, and remaining fairly constant 

thereafter. Similar results were obtained within 2° of IC443, giving /f(B-V) of 1 at 1.5 kpc, 

but later work found E(B-V) = 0.1 kpc’1 out to 3.2 kpc for the region bounded by 0° < b < 

10°, 180° < I < 190° (Fesen and Kirshner, 1980 and references therein). Since the four sight 

lines toward Gem OBI are in the region bounded by 183° < / <190°, 1° < /> < 4°, their 

reddening, E(B-V) between 0.2 and 0.6, appears to be caused by material close to the 

association, 1 to 1.5 kpc distant, but none of the sight lines appear to traverse any substantial 

dust, as indicated by the IRAS 100 p.m maps (see Figure 5.2).

The predicted vLSR values from Galactic rotation (Equation 5 .2) for the four stars are 

about 2.2 to 5.5 km s’1; the observed range is about 0 to 15 km s’1 with the strongest 

absorption occurring at yLSR ~4 km s’1 implying that most of the absorbing material is co- 

rotating with the LSR. The velocity VT, due to differential rotation around the centre of the

Galaxy, is related to the object’s Galactic Longitude, /, and Latitude, 6, and distance, D, in kpc 

from the Sun via the formula.

Vj. — A D  sin( 21 ) cos2( /> ) km s’1 (5.2)

where A is the Oort constant of 14.4 ±1.2 km s '1 kpc'1 (Kerr & Lynden-Bell, 1986).
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HD G alactic D istance Ref. Calculated

Coordinates

Z° b° pc km s"1

24263 182.07 -34.87 216 H 0.2

25330 180.76 -30 80 173 - 0.1

32990 179.25 -9 56 290 H&S -0.1

32991 181.34 -11.09 316 H 0.2

40111 183.97 0 84 645 H 1.3

41117 189.96 -0.86 1100 H&S 5.4

42087 187.75 1.77 1200 H&S 4.6

43384 187.99 3 53 640 H 2.5

50123 241.64 -14.07 220 H 2.5

53974 224.71 -1.79 870 H 12.5

75149 265 33 -169 1010 H 2.4

83183 280 02 -5.43 606 H -3.0

Table 5.5 Radial velocities arising purely from differential rotation, relative to the Local 

Standard of Rest, of interstellar clouds at the distance of the target stars according to Equation. 

5 .2. Reference: H = calculated from Hipparcos parallax data, H&S = from Hirshfeld & Sinnott 

(1982)
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In the case of HD 40111, where it is easier to discern separate clouds (Table 3.3), four 

clouds have velocities greater than expected from co-rotation, and at least one cloud with less. 

These can be explained by local motions of the clouds, with velocities up to -6.3 km s '1 and 

+8.7 km s"1 compared to the yLSR = 3.0 km s’1 cloud. The cloud at z;LSR = -3.3 km s’1 might be 

connected with the clouds seen in 12 CO emission and neutral H generally seen at z/LSR ~ -3 to 

-4 km s’1 in this region (Cornett et a i, 1977). Three of the stars are aligned roughly southwest- 

northeast across part of the Gem OB 1 association, with HD 40111 to the Northwest, in the 

opposite direction to where the major part of the Gem OB 1 complex lies. In the absence of any 

other data than that described here, the resolution of the absorption profile in HD 40111 

implies that the sodium clouds are thinner in this direction, which in turn implies that the 

sodium clouds are more numerous and/or denser in the vicinity of the Gem OB I association.

5.2.3 TH E C M a O BI A SSO C IA T IO N

There is only one representative sight line towards this association: HD 53974. The line 

of sight toward HD 53974 intercepts at least four sodium clouds (see Table 3.3), the main one 

at yLSR = +12.3 km s’1 and the second at z/LSR = -9.0 km s’1. This star is one of the two 

brightest members of CMa OB 1 (the other being HD 53367) and may also be a member of the 

physically related CMa R1 association (Herbst et a i,  1982) at the same distance of 800 pc 

(Walsh, 1991). The associations lie roughly in the region bounded by 222° < / < 226°, -3.4° 

< A <+0.7°. The star itself is near a filament of molecular clouds, called the 'Southern filament', 

that connects CMa OB 1 with the Mon R2 association (Maddelena et a i  ,1986) some 10 ° away 

and extends 230 pc along the line of sight. The distance of this filament is 900 pc, (Maddelena 

et a i,  1986) comparable to the distance of HD 53974, but with the inherent uncertainties in 

the distance estimates the exact geometrical relationship of the star to the molecular clouds
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Figure 5.3. The approximate position of HD 53974 on the IRAS 100 pm map in Galactic 

coordinates (Skyview). The map is a grey-scaled negative image of the original, darker areas 

represent increasing intensity of emission.



is unclear. There appears to be some structure with depth along this direction, as Maddelena 

et al. (1986) quote distances of the intermediate Southern filament as 900 pc. Mon R2 

association 830 pc, Orion A, B, and the Northern filament as 500 pc, the À Ori system at 400pc 

and the Taurus clouds lie at a distance of ~140pc.

The IRAS 100 pm map shows an interesting structure (see Figure 5.3). A region of 

emission contains three intense regions and a number of circular features. On this picture, the 

star HD 53974 is in the fourth limb, just on the inside edge of the cloud complex. The relative 

position of the star and this cloud complex is not known, but the Na clouds found here in the 

sight line toward HD 53974 could be associated with this complex.

5.3 T R A C IN G  TH E IN T E R ST E L L A R  Na I

The program stars of this thesis lie in two regions bounded by the Galactic longitudes 

/ -150° to 280°, and / ~ 5° to 10°. They will be discussed in more detail in the following 

sections, but in this section they are combined with literature results in order to map the extent 

of the clouds responsible for the Na absorption.

By using stars with a range of distances and spread across the sky one can attempt to 

mark the extent of the Na I cloud with distance and in the plane of the sky. Welsh et al. (1994) 

compiled a table of the total measured column densities of Na I, with the Galactic co-ordinates 

and distances, of the stars used in previous studies including their own measurements. The main 

purpose was to define the limits of the Local Bubble and its extension towards CMa by plotting 

the detection of Na I with distance projected onto the Galactic plane, i.e. on a (/, d) plot. By 

using (/, b) plots, however, which Welsh et al. did not show in their paper, it is possible to 

reveal the general shape and distance of the clouds.
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Unfortunately, the column densities tabulated by Welsh et al. are the total values for each sight 

line and, with the exception of a few sight lines, there are no velocities or line-widths available. 

The velocity information would have been extremely useful in determining the number of 

clouds and hence defining the extent of each cloud, but the total column density is still of some 

use. The data from Welsh et al. (1994) are used in the discussions presented in this chapter in 

support of the data analysis made on the sight lines used in this study.

The sight lines used in this work except those at / -  5° to 10 (see Chapter 6) are plotted 

in Figure 5.4 in Galactic coordinates (/, b), along with the sight lines from the compilation 

interstellar Na observations from Welsh et al. (1994). Open circles represent unsuccessful 

searches for interstellar Na (only upper limits were given in Welsh et ai). Filled circles 

represent detection, usually with log vV>l 1. The sight lines analysed in the present work are 

represented by asterisks. The numbers adjacent to the symbols are distances, in pc, quoted by 

Welsh et al.

All non-detections from Welsh et al. ( 1994) are essentially upper limits of log N  <10.5. 

The length of their sight lines are up to 300 pc or so at high Galactic latitude and mostly less 

than lOOpc at latitudes within 40° of the Galactic plane. A few sight lines d  <100 pc have high 

column densities of Na, e.g. e Ari (/, b, d=  159°, -32°, 70 pc) has log Ar= 12.24.

5.3.1. THE TAU-GEM REGION

The region (see Figure 5.1) includes an area of very weak Na absorption at (/, 172°,

-38°), by four stars with d  < lOOpc. However, most of the stars showing interstellar Na 

absorption are a te/> 100 pc, the most distant being 185 pc (Welsh et al., 1994). This indicates 

that Na absorption occurs at a <7-100 pc => 185 pc. The stars exhibiting 'non-detections', 

effectively an upper limit of log A <10.8, have d -  60 => 95 pc.
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The three Na detections by Welsh el al., (1994) nearest to HD 24263 (/, b = 182°, - 

35°) and HD 25330 (/, b = 181 °, -31 °) are summarised in Table 5.6. Of these, the column 

densities for HD 21379 and HD 20500, which are quite close together in the sky, indicate that 

a Na cloud exists between 145 and 200 pc. Either this cloud extends in the direction of the 

Sun, or there are two cloud systems, one with d  < 145 pc in front of HD 21379, and another 

between HD 21379 and HD 20500.

Hipparcos data places HD 24263 and HD 25330 at d = 2 \6  and 173 pc respectively. 

The standard error in the parallax gives a minimum distance of 160 pc for both. Both stars 

show a single absorption at yLSR close to 10 km s’1 with log N  of 12.80 for HD 24263 and 

12.40 for HD 25330 (Table 3.3). The parameters derived for the clouds in front of these two 

stars are well within the criteria required to show they belong to the same cloud.

Star Galactic Coordinates Distance log N

1° b° pc

HD 21379 172 -34 145 11.56

HD 20500 169 -36 200 12.50

HD 18604, X Cet 168 -42 156 11.89

HD 26912, \i Tau 184 -29 130 >12.61

HD 25204, À Tau 178 -29 100 11.01

Table 5.6. Na sight lines from Welsh et a i,  (1994) that are nearest to HD 24263 (/, b = 

182°,-35°) and HD 25330 (/, b=  181°,-31°).
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Penprase et al. (1990) discuss a group of stars at (/, b) = (188° to 190°, -37°), that 

have distances of 160 pc to 190 pc and high column densities ( log vV >12.2). This shows the 

presence of a Na cloud system in this direction of the sky and at a distance of 100 pc or so from 

the Sun. The distance and extent show that this cloud system, and those seen towards HD 

24263 and HD 25330, are part of the same system.

The other two sight lines in Taurus, HD 32990 and HD 32991, at (/, />)-(! 80°, -10°), 

have a spectroscopic distance o f-250 pc, although parallax data from Hipparcos places HD 

32990 three times farther away than HD 32991 (</= 316 pc). Both have high column densities 

(Table 3.3) of log N  = 15.7 and 12.8 respectively, similar Doppler b values and yLSR so it is 

very likely these sight-lines are intercepting the same cloud. In the compilation of Welsh et al. 

(1994), the nearest star to HD 32990 and 32991 in the plane of the sky is C Tau (/, b = 185°, 

-6°) 170 pc distant with log # =  11.31. This would seem to indicate a fair proportion of the 

Na I cloud is within 170 pc of the Sun but most of it lies between 170 and -300 pc.

The stars in the Gem group, HD 40111, HD 41117, HD 42087 and HD 43384, lie in 

the region of (/, b = 184° to 190°, 5.5° to -6°), on the edge of the reported detections of 

interstellar Na I; there are no nearby measurements of interstellar Na I at higher Galactic 

latitude and longitude. The nearest star to this group, in the plane of the sky, is also Ç Tau, but 

these stars are much more distant (>640 pc) and as they lie in the Galactic plane, their sight 

lines are likely to intercept many more clouds. This is borne out by the broad and mainly 

featureless observed profiles. HD 40111 shows 3 minima on its Na absorption profile. Parallax 

data from Hipparcos indicates its distance to be 645 pc . The same source indicates the 

distance to HD 43384 to be similar, d  = 640 pc, but this absorption profile is not so well 

resolved as that of HD 40111. If the distances are reliable, this indicates that the Na clouds thin 

out in the direction from HD 43383 toward HD 40111.
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5.3.2. CMa-VELA-CARINA REGION

This region (see Figure 5.4) can be conveniently subdivided into four sections: 

i. HD 53974 (/, />) = (225° - 2°)

ii The CMa tunnel (~ 240, ~ -15)

hi. HD 75149 (~ 265, -1.7)

iv. HD 83183 (-280,-5 .4)

which will be discussed in turn. This region includes a band of interstellar clouds stretching 

from / = 210° to 279° with SR of -5 to 10 km s'1 that is associated with the Orion arm or 

local arm (May et al., 1988). There is intense and widespread CO emission from / -  255° to 

>279° (the survey limit) known as the Vela complex. Low level emission from this feature 

extends well out of the Galactic plane, especially at / ~ 272°. The most intense part is a ridge 

of emission peaks extending from / -  260° to 273 ° within two degrees of the Galactic equator, 

called the Vela Molecular Ridge, and is prominent on the 7.2 to 9.8 km s ' integrated intensity 

maps. The ridge is composed of four giant molecular clouds at distances o f -  800 to 2400 pc 

from the Sun.

i. HD 53974, (/, Z>) = (224.7°,-1.8°).

There are only a few detections of interstellar Na at neighbouring Galactic longitudes 

and no nearby detections known further from the Galactic plane (Welsh et al., 1994). It is 

possible this sight line intercepts a bridge between two clouds. The region to the Galactic south 

is near the 'CMa tunnel' discussed in the next section. The nearest stars, in the plane of the sky, 

with data tabulated by Welsh et al. are HD 45725 and HD 56139 (see Table 5.7), -  10° and 

-15° respectively. At a distance of 100 pc, the angular separation between HD 53974 and HD
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45725 corresponds to about 17 pc, which is slightly larger than the typical size of a cloud. 

Welsh et a i (1994) find two clouds in the direction of HD 45725 (see Table 5 .8).

The y, SR values were calculated from z;helio given by Welsh et a i (1994) . Neither of 

these have an exact counterpart in the absorption profile for HD 53974, but it is possible that 

component 2 seen toward HD 45725 may be the same cloud as component 2 in HD 53974 (see 

Table 3.3). In HD 53974 it has a b value of 2.0 km s’1, similar to HD 45725 component 2, and 

its yLSR of -5.0 km s'1 is reasonably close.

Star Galactic Distance log N

Coordinates pc

1° b°

HD 45725, P Mon 217 -8.0 98 12.08

HD 54911 229 -3.1 1890 12.8

HD 55879 225 -0.4 1800 12.7

HD 56139, a) CMa 239 -7.0 166 11.11

Table 5.7. Na sight lines from Welsh et al. ( 1994) near to HD 53974 (/, b = 224.7°, -1.8°) 

which has log 7/= 13.30.

Component Radial Velocity 

km s'1

b MNa I) xlO11 Derived

log N

^ h e l i o V L S R km s’1 cm "2 cm 2

1 20.4 5.4 1.9 ±0.1 8.13 ±0.2 11.91 ±0.01

2 12.5 -2.5 0.5 ±0.1 3.95 ±0.3 11.60 ±0.03

Table 5.8. Parameters for the Na I absorption profile of HD 45725 (Welsh et a l,  1994).
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Sembach et al. (1993) surveyed the area bounded by the Galactic co-ordinates (1, b) ~ 

(203° to 294°, -15° to +20°) for interstellar Na I and Ca II. This region includes three sight 

lines studied in this thesis: HD 53974, HD 75149 and HD 83183. A plot of these sight lines in 

Galactic coordinates is given in Figure 5.5.

HD 55879 and HD 54911 are the nearest sight lines to HD 53974, about 2° and 6.5° 

away in the plane of the sky, respectively. Both stars are more distant than HD 53974, at t/~  

1.8 kpc, so their sight lines could intercept the same clouds as that toward HD 53974 if they 

are sufficiently extended in the plane of the sky. The Na D2 line profile for HD 53974 shows 

one dominant absorption at vLSR = 12.3 km s’1 and a sharper absorption at SR = -9.0 km s’1 

(see Table 2.3). The line profiles for both HD 55879 and HD 54911 do exhibit double 

absorptions that can be followed through to the more distant stars, in the plane of the sky, HD 

47887 (/, b = 203°, 2.0°) and HD 57193 (/, b = 238.8°, -5.7°). However, the strongest 

component is the one towards negative velocity, in the opposite sense to HD 53974. Neither 

of the two main absorptions seen toward HD 53974 have equivalent components in the sight 

line toward HD 55879, but the two major components toward HD 55879 have column

i o l 'y o 1
densities of 3.0 xlO cm" and 1.36 x 10 cm" , with zzj SR = 8.6 and 17.9 km s' respectively. 

The mid-velocity is 13.25 km s’1, close to the SR = 12.3 km s’1 component toward HD 

53974, and the combined column densities of 12.64 for HD 55879 is near the lower range of 

12.9 for HD 53974. It seems unlikely, however, that the same cloud could produce a velocity 

difference of some 5 km s’1 over 2° of sky, particularly as three of the four components in the 

sight line toward HD 55879 can be identified with three of the six components toward HD 

54911 by the criteria of similar values of />, vV, and velocity (see Table 5.10).

The three clouds can be traced out as far as HD 57193, giving it an angular extent of 

about 15°, this corresponds to a linear size o f -  27 pc at a distance of 100 pc, making it larger 

than the typical cloud size.
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Figure 5.5. Map of other interstellar Na sight lines in the region of the stars used in this work 

(marked by asterisks), from the study made by Sembach et a i (1993) marked by open circles.

Component HD 55879 HD 54911

Vlsr km s'1 vl sr  km s 1

1 8.6 7.5

2 17.9 18.3

3 24.9 23.8

Table 5.9. Velocity components in the line of sight toward HD 55879 and HD 54911
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The NaT>2 ^ne profile toward HD 53974 is different from its neighbouring sight lines 

reported by Sembach el al. ; perhaps there is a drastic change in cloud properties over this short 

stretch of sky but considering the size of the three clouds seen in the other sight lines this seems 

unlikely, unless they are more distant than HD 53974. If that were so, the linear dimensions of 

the three clouds must be considerably larger in order to cover that width of sky.

One of the minor components seen toward HD 53974, has a LSR velocity of 23.5 km 

s '1, similar to that of cloud 3. This component also has a similar column density, together they 

indicate that a single cloud may be responsible, but the smaller b value of 1.0-1.5 km s"1 for the 

component in HD 53974, compared to 3.5 to 4.1 km s '1 for cloud 3, argues against that.

ii. THE CMa TUNNEL’ at / -  240°

HD 50123 (/, b) = (241.64°, -14.07°): the observed spectrum is weak and noisy and 

no discrete Na absorption was detected above the noise. The lack of absorption is also shown 

by a number of other stars in this region of the sky (Welsh, 1991; Welsh, Vedder, Vallerga and 

Craig, 1991). This region is illustrated in Figure 5.6. It has been interpreted as an interstellar 

tunnel of mostly ionised gas (/?<0.1 cm'3) some 50 pc in diameter and 300 pc long virtually free 

of neutral gas. This is an extension, in the general direction of P CMa for -330 pc, of a region 

of very low gas density surrounding the Sun (the Local Bubble - see Chapter 1) The tunnel 

includes the star e CMa, at J  = 187 pc, a very bright source of EUV which shows no 

detectable interstellar lines of H I, H2 or Na I and may be responsible for the local ionisation 

(Vallerga and Welsh, 1995)
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Figure 5.6. Observations of interstellar Na in the region of the CMa tunnel from the 

compilation of Welsh et al. ( 1994) together with the sight lines used in the present work. The 

symbols are those used in Figure 5.4. The numbers adjacent to the symbols are the distances, 

in pc, quoted in Welsh et al., or were calculated from the parallax data from Hipparcos for the 

stars used in the present work. The boxed area represents the region covered by the IRAS 100 

p.m map (Figure 5.7). The curve represents the approximate boundary between the sight lines 

where interstellar Na has been detected and those where it is absent.

141



X HO 50123

Figure 5.7. IRAS 100 \xm map of the region around HD 50123, in Galactic coordinates. The 

map is a grey-scaled negative image of an original map from Skyview. The area covered by this 

map is approximately that of the boxed area in Figure 5.6. The position of s CMa and k  CMa 

are marked with the upper and lower crosses, respectively.
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iii. HD 75149 (/, 6 = 265°,-1.7°).

The observed sodium absorption profile was modelled by four components (see Table 

3.3). The width of the third component is comparable to the star's rotational velocity, giving 

the impression it may be a stellar feature, but this is not expected in a star of this early spectral 

type B3. An asymmetry on the positive velocity wing of the main absorption curve requires a 

further cloud to match the profile, this is component no. 4. Previous investigators had found 

yLSR = km s'1, log N  = 12.8 (Cohen, 1975), and y, SR = +4 km s'1, log N  = 14.1 ±0.5 

(Wallerstein, Silk, and Jenkins, 1980). The differences in velocity between the three studies may 

be the result of the different resolution and data reduction in use at the time, and the differences 

in column densities may result from the resolution and techniques used: curve of growth or line 

profile fitting.

The distance to HD 75149 is given as 510 pc by Hirshfield and Sinnott (1982) while 

the spectroscopic distance is ~ 2 kpc; the Hipparcos catalogue indicates ~ 1 kpc, with a range 

between 650 pc and 2.8 kpc. Cohen (1975) estimated the distance of HD 75149 to be 1600 pc 

and Wallerstein et al. ( 1980) placed it at 1900 pc. The star is set against the background of the 

Orion (Local) Arm and the Vela Molecular Ridge. The nearest edge of the ridge is at a distance 

o f-800 pc so it is possible that HD 75149 may be within it if the larger distance estimates are 

true. The Vela Molecular Ridge is noticeable in CO emission between the LSR velocities of 3 

and 10 km s'1 in this direction (May et a i,  1988). Also, interstellar CH at yj SR of 5 km s'1 has 

been observed in absorption toward HD 75149 (Danks et al., 1984), indicating a likely 

association between HD 75149 and the molecular clouds.

There are very few measurements of interstellar Na in this area of sky, the nearest 

(Welsh et a i, 1994) are listed in Table 5.10. The nearest lie to longer Galactic longitude, and 

include HD 83183 which discussed in the next section.
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Star G alactic D istance log N

C oordinates pc

1° b°

HD 68273, y2 Vel 263 -8 290 11.62

HD 74195, o Vel 270 -7 93 10.93

HD 74956, ô Vel 272 -7 20 <10.12

HD 81188, KVel 276 -4 102 11.96

T able 5.10. Location of Na sight lines from Welsh et al. (1994) close to HD 75149.

The Na I components towards KVel (HD 81188) were found (Crawford, 1991 ) to have 

the parameters listed in Table 5.11. HD 75149 is ~11 ° away from k  Vel, so we may not expect 

the two sight lines to intersect the same cloud, however component 2 in HD 75149 may be the 

counterpart to the vLSR = -6.6 km s’1 component (no. 1) that Crawford found in k  Vel. The 

closest star to HD 75149 is y2 Vel, about 7° away, although still a large separation it would 

be interesting to see the Na I absorption profile for that sight line.

The survey made by Sembach et a l, (1993) includes a sight line toward HD 72997 (/, 

b = 262.9°, -2.6°), only 2.5 degrees away from HD 75149. The Na D2 line profile given by 

Sembach et al. for HD 72997 shows three broad shallow absorptions, quite unlike the profile 

of HD 75149 which exhibits one strong and a weaker, sharp, dip. None of their central 

velocities matches any of the velocity components found toward HD 75149. The distance of 

HD 72997 is given as 1.8 kpc by Sembach et al., so the sight line must pass through the Vela 

Molecular Complex (May et a l, 1988). The weak structure seen in the line profile is therefore 

surprising.
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Figure 5.8. The position of HD 75149 on the IRAS 60 jim map in Galactic coordinates 

corresponds to the small circular object to the left of the star’s label on this negative grey- 

scaled image from Skyview. This position may be coincidental but it implies that the star is 

immersed in, and warming locally, the interstellar dust in this direction.
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Com ponent H . s r b log N

km s"1 km s'1

1 - 6 . 6 1 .0 11.90

2 - 1 . 6 3.0 11.08

Table 5.11. Na I components towards H D 81188 (Crawford, 1991)

HD 75149 is only 4° from the centre of the largest nebula in the sky, the Gum Nebula. 

This object is centred on RA 8h 30m, Declination -45 ° and extends some 20° by 12° in the sky 

(Hirshfield and Sinnott, 1985). As the distance to the Gum Nebula has been estimated at 290 

pc (Welsh, 1991), the line of sight to HD 75149 passes through the nebula, opening the 

possibility that some of the cloud components recognised in the absorption profile may be 

associated with this nebula. The nebula is excited by the hot stars y2 Vel and (  Pup (Wallerstein 

et a i, 1980) and there are a number of dark clouds nearby which may be associated with the 

Gum nebula (Feitzinger and Stiiwe, 1986). The sight line toward HD 75149 passes through a 

gap in this dark cloud distribution so that some of the absorption components may arise from 

the outer regions of these clouds. The only feature extensively seen in Na D absorption in this 

region is the one at SR = +4 km s"1. Allowing for a small variation in velocity of about 2 km 

s'1, this feature is seen over the region bounded by 260° < I < 267.5°, -10° < b < +2° 

(Wallerstein et a i, 1980). It is uncertain whether the +7.6 km s '1 LSR velocity feature seen 

toward HD 75149 is part of the Gum nebula system. The isolated absorption seen in the 

spectrum of HD 75149 at yLSR = -8.6 km s '1 may have escaped detection in the earlier work, 

particularly if was performed at lower resolution. There are a few detections in this region of
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Na absorption at negative z/LSR, but the velocities generally cluster around -5 km s '1. It is 

uncertain whether they are related based on the data available.

The position of HD 75149 coincides with a “warm” spot on the IRAS 60 pm map (see 

Figure 5.8) indicating that the star is close to, or within, the dust clouds responsible for the 

emission, such that the star is warming a small portion of the cloud.

iv. HD 83183 (/, b = 280.0°, -5.4°).

The Na D2 absorption profile (this work) shows an absorption between yLSR = +3 and 

+8 km s '1. Its asymmetry requires a second cloud in order to model the profile (Table 3.3).

The second component corresponds to the core velocities (%, gR = -4.3 km s '! to +2.7 

km s '1) of the CO maps of Dame et al. ( 1987), indicating a possible connection, while the major 

one component has a zy SR just outside the range (zy SR = -6.7 to +4.1 ) of the CO clouds. This 

may indicate that the sodium is associated with the outer regions of the CO cloud. There is 

some support to this view from the IRAS 100 pm maps (see Figure 5.9) which show that HD 

83183 lies in a region of 100 pm emission. This emission decreases in intensity from Galactic 

north to south in the region of HD 83183.

The distance to HD 83183 (Table 3.1) is given as 350 pc by Hirshfield and Sinnott 

(1982) and 455pc from the spectroscopic distance, while the Hipparcos parallax gives 606 pc 

with a range o f467 to 862 pc indicated by the standard error of the parallax measurement. The 

nearest star in the sky is HD 81188 ( k Vel) about 4.5° away. HD 81188 (/, A = 275.9°, -3.5°), 

at a distance of 102 pc, also shows a strong component in the Na I absorption profile, y, SR = 

-6.6 km s '1, with a weaker tail toward more positive velocities, zy SR = -1.6 km s'1 (Crawford, 

1991), contrary to the asymmetry in the line profile of FID 83183. If there was a cloud common 

to both lines of sight, the difference in radial velocity over the small angle of sky separating the 

two stars would probably be small. On this basis, the weaker components of both stars may be
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related as the weaker component of HD 83183 is similarly broad, with a comparable range in 

b, and the column density is just a little higher at logvV= 11.4 compared to 11.08 in HD 81188. 

The difference in velocities, Aẑ  SR = 1.4 km s’ , is quite small and suggests that these 

absorption features arise from the same cloud. As the average diameter of interstellar clouds 

is 15pc (Allen, 1973), this suggests that the cloud producing the broad absorption lies at a 

distance of <200pc.

From the similarity in profiles of the strongest absorption in these two stars it would 

be tempting to suggest that they are also produced by the same cloud, however the differences 

in velocity, Az>T SR = 10.0 km s'1, and dispersion b (3.8 km s’1 in HD 83183 compared to 1.0 

km s’1 in k  Vel) between the sight lines are too large to support that idea, although the column 

densities are within range of each other. It would be interesting to have other measurements 

of Na absorption in this region, in order to map the extent of these clouds and test the 

hypothesis that the two sight lines intersect the same cloud or clouds.

HD 83183 lies on the edge of a region of interstellar Na I detections (see Figure 5.4). 

At lower Galactic longitude there are measurements reported for interstellar Na I but to the 

Galactic south only a few upper limits are known (Welsh et al. 1994). To longer Galactic 

longitude up to Z~ 297° there are three upper limits available from Welsh et al. ( 1994) for HD 

94724, HD 80007, and HD 93030 (see Table 5.12).

HD 93827 (/, b = 288.6°, -1.5°) is the nearest sight line to FED 83183. Sembach etal. 

(1993) gives its distance as 8.3 kpc, far more distant than HD 83183. The two stars are 

separated by just over 9° in the sky. The similarity in b and log N  values (Table 5.13) indicate 

the same cloud is involved, but the difference in radial velocity is comparable to the 

instrumental resolution and just outside that normally used as a criterion for membership. 

However, if the same cloud is involved it must be quite close, about 5-15 pc.
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X HD 83183

Figure 5.9. The position of HD 83183 on the IRAS 100 pm map in Galactic coordinates 

shown by the "X" on this negative grey-scaled image from Skyview.



HD 93827 has three other cloud components, and it is possible that one of them is a 

match for other components found toward HD 83183. The component seen at yLSR = -3.0 km 

s"1 in HD 83183 may be the same cloud giving the ^  SR = -2 km s"1 absorption in HD 93827. 

Their 6-values are not the same but there is some common ground when taking the standard 

errors into account. Their column densities differ, being log Ar= 12.0 toward HD 93827, and

11.4 toward HD 83183. They are of similar magnitude, however, and the difference could be 

accounted for by changes in Na I density within the cloud system.

Star G alactic C oordinates Distance log TV

1° b° pc

HD 94724 281 15 210 <10.47

HD 80007, P Car 286 -15 41 <10.23

HD 93030, 6 Car 290 -5 205 <10.20

Table 5.12. Sight lines near to HD 83183 from Welsh et al. (1994).

Star ^LSR b log N

km s"1 km s'1

HD 83183 4.5 3.8 12.60

HD 93827 1.3 3.4 12.46

T able 5.13. Components in the Na spectrum of HD 93827 and HD 83183
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Welsh et al. ( 1994) gives the column densities for a group of stars around (/, b) ~ 

(305°, 6°), see Figure 5.4. The nearest star of this group is 103 pc distant, and has log N  of 

11.27; the remaining members of the group have distances ranging up to 173 pc and log N  

range from 10.81 to 11.54, with most measurements being above 11.00. The total column 

densities for the two stars HD 81188 and HD 83183 are 11.96 and -12.6, respectively, and 

these lie a t / <281°. The column densities indicate that there is an order of magnitude more 

Na I in the sight lines on both sides of the region covered by / -280° to 297° than there is 

within shorter path lengths. Although there are very few measurements in the region /~280° 

to 297°, the greater column densities to both sides of this region, taking distance into account, 

indicate a general thinning, or gap, in the Na I cloud system in this region.

5.4 SIG H T LINES N E A R  M O L E C U L A R  C L O U D S

Although many of the sight lines chosen for the sodium study pass close to molecular 

clouds, and also directed towards associations, there are two groups, of two stars each, that 

are closer to molecular clouds than any of the others. These are HD 24263 and HD 25330 in 

one group, and HD 32990 and HD 32991 in the other. Both groups are in Taurus.

5.4.1. Lynds 1569: HD 24263 and HD 25330

The sight line to HD 24263 lies just within the northern edge of Lynds 1569, a 

triangular-shaped dark cloud centred about 8° to the south at 3h 59'" +0° 30'" (1950.0, or in 

Galactic coordinates: (/,/>) = ( 190°,-38°). The nebula was initially found by Lynds (1962) 

in a Galactic survey of dark clouds. Magnani, Blitz, and Mundy (1985) detected CO emission 

in the cloud, which they numbered as 18, hence it is sometimes called MBM 18.
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Later, many of the MBM clouds were found to be High-Latitude Clouds (HLC) 

associated with the far-infrared “cirrus” detected by the Infrared Astronomical Satellite (IRAS). 

LI 569 was included in a study of these objects by Penprase et a i (1990). LI 569 lies at a 

distance of 160±20 pc which is typical for HLCs, several HLCs are in the range 60 to 300 pc. 

LI 569 appears to be a high Galactic latitude extension of the molecular clouds in Taurus 

(Penprase, et al., 1990; Penprase, 1992). Molecules other than CO seen toward a number of 

the clouds seen in the MBM (1985) survey include H2CO, C3H2, HC3N, CH and optical Chf . 

The surveys show that for a given extinction these HLCs have much higher molecular 

abundances than clouds in the Galactic plane, with some clouds having molecular column 

densities approaching those of dark clouds. This has been attributed to self-shielding by CO, 

protecting the molecules from photo- reactions, or to molecule formation during cloud 

collisions.

In the 100 \xm IRAS maps (see Figure 5.10) the cloud appears to be highly complex. 

The distances of HD 24263 and HD 25330 using Hipparcos parallax data are 163 pc and 156 

pc respectively, which places them all at approximately the same distance. However, Penprase 

(1993) give the distance of HD 24263 as 176 pc, placing it just beyond Lynds 1569.

A prominent interstellar Na I absorption at a mean velocity z/, SR of 9.0 km s '1 is seen 

toward all of the LI 569 stars used for the study of interstellar material by Penprase et al.

(1990). It is strongest toward HD 25137, which lies two degrees from the peak of the CO 

emission. A second interstellar feature occurs at a mean LSR velocity of 21.7 km s"1. The Na 

I absorption shows extremely large column densities with A(Na I) >12 x 1012 cm"2. The CO 

emission in the direction toward L1569 reported by Magnami, Blitz, and Mundy ( 1985) has an 

LSR velocity of 8.0 km s"1. On the basis of velocity agreement, Penprase et al. attribute the 

strong low-velocity absorption that occurs for all of the optical species to the L 1569 cloud. The 

location in space of the higher velocity component was not clear - either it is associated with
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X HD 24263

Figure 5.10. The IRAS 100 ]im map of the Lynds 1569 region in Galactic coordinates showing the 

location of HD 24263. The map is a grey-scaled negative of the original map in equatorial coordinates, 

for the epoch 1950.0, from Skyview. Darker shading represents more intense emission. The centre of 

Lynds 1569 is at RA 3h 59m and Deck +0° 30' (epoch 1950.0).

X HEÊ2533W

X HI) 24263

Figure 5.11. IRAS 100 pm map of the region around HD 24263 and HD 25330. The map is a gray- 

scaled negative of the original from Skyview in Galactic coordinates.
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LI 569 or forms part of the general interstellar medium in this direction. The Na I absorption 

toward LI 569 appears at the common LSR velocity of 8.0-10.0 km s"1 for sight lines separated 

by more than 8° in the sky. This 8 km s’1 feature can be detected in sight lines over the Galactic 

latitude and longitude range of /=  171.9° to 191.0°, b = -50.5° to -34.9° (Penprase, 1993). 

This feature corresponds to the main absorption found by this work in both HD 24263 and HD 

25330. Its presence in HD 25330 ( / , />=  180.76°, -30.80°) therefore extends the angular 

region over which this feature is seen by another 7° from LI 569. Detection of the species CN, 

CH ,CH have also been reported for HD24263 (Penprase et a l, 1990).

The two high Galactic latitude stars HD 24263 and HD 25330 each show one sharp 

absorption line, at z/LSR = 9.9 km s"1 and 10.3 km s’1 respectively. The nearly identical velocities 

and b values indicate that the lines of sight are traversing the same cloud, although they are 

separated by several degrees in the sky. HD 24263 is ~ 4 to 5° south-west of HD 25330 

corresponding a separation o f -13 pc at the assumed distance of 180 pc for the stars. This is 

comparable to the 15 pc "typical" cloud diameter (Allen, 1963). Unlike HD 25330, the sight 

line to HD 24263 includes the outer regions of Lynds 1569 = MBM 18 (/=  189°, b = -36°). 

This may explain the greater column density toward HD 24263.

A second interstellar Na I feature occurs in many of the LI 569 sight lines at a mean 

velocity of 21.7 km s"1. The CO emission (Magnani, Blitz and Mundy, 1985) in the direction 

of LI 569 is at an LSR velocity of 8.0 km s'1. Prominent CH absorption at v]SR of 11.1 km s '1 

was seen toward HD 25154 but not toward HD 25137. Penprase et al. (1990) attributed the 

strong 8 to 9 km s"1 LSR velocity absorption to the L I569 cloud. Since HD 24263 shows a 

feature at z/j SR of 15 km s '1 and is closer to LI 569 than HD 25330, this weaker feature at 15 

km s"1 may in fact represent the outlying material of LI 569, in contradiction to Penprase, while 

the main absorption around 8 km s '1 is due to material with a wider extent across the sky - of 

at least 7°. This may be part of the feature at vLSR -8-9 km s '1 reported to extend over large
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portions of the sky (Penprase, 1993; Hobbs, 1978) from / = 182° (at the position of HD 

24263), to / = 199° (near v Eri).

HD 24264 and HD 25330 lie in regions of moderate 1R emission according to the IRAS 

100 jam maps (see Figure 5.11). It is possible that the Na seen in these sight lines are connected 

with the dust clouds giving rise to the IR emission. However, further work would be required 

to test that theory.

Na/92 has not been detected further south (in Galactic coordinates) at /, b -179°, -51 ° 

to distances <140 pc but has been detected at Galactic latitudes between -37° and -50° over 

the longitude range 181 ° </<191° at distances, d, >40 to 80 pc from which we can deduce 

the distance of the Na cloud seen in the sight lines to HD 24263 and HD 25330 to be in the 

range of 80< d  <140 pc

Returning to the question of molecular abundances, one theory for their enrichment 

involves a shock formation mechanism. It is interesting to note that in the spectrum of HD 

24263 there is a 15 .5 km s'1 Na absorption that is not present in the spectrum of HD 25330, 

further away from the dark cloud. It is suggesting that the higher velocity feature is associated 

with the shock event.

5.4.2. TAURUS: HD 32990 and HD 32991

Both stars show similar absorption profiles, but that of HD 32991 is a little narrower, 

indicating fewer clouds in this direction. Both stars are type B2 V, Mv = -2.4m, leading to a 

spectroscopic distance of 380 pc for HD 32990 and 460 pc for HD 32991. The velocity range 

of the absorption lines toward HD 32990 includes the range toward HD 32991 (see Figures 

4.2 and 4.3, respectively), so it is possible that both sight lines intercept the same clouds. The 

spectroscopic distances would indicate that the cloud numbers or densities increase laterally 

from the line of sight toward HD 32991 to that of HD 32990. However, Hipparcos parallax 

data places HD 32990 much further away, at 990 pc, compared to HD 32991 (c/= 316 pc), so
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HD 329VI

Figure 5.12. IRAS 100 |im map showing the location of HD 32990 and HD 32991 in Galactic 

coordinates. This map is a grey-scaled negative image of the original map obtained from 

Skyview. HD 32991 is identified with the point source at (/, 6) = (181.3 °,-l 1.1 °).

it is equally possible that more clouds are intercepted along this sight line as a result of its 

greater length. These distances place both of them beyond the Taurus clouds, -140 pc distant. 

The two stars are about 2.5° apart in the sky. At the distance of 140 pc this projects to 6 pc, 

well within the^typical" cloud diameter of 15 pc and the similarity in range and values of b, N, 

and z;LSR indicates that both sight lines traverse the same foreground gas. In turn, this would 

indicate there is little extra gas contributing to the absorption line between 316 pc and 990 pc, 

the distance between the stars. Both sight lines lie near a fan-shaped complex of CO emission
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with v] SR of 5 to 8 km s '1 (Dame et al., 1987) that stretch from Galactic longitude ~ 178° to 

~ 130° and between Galactic latitude -20° to +15° at a distance of about 140 pc (Ungerechts 

and Thaddeus, 1987). It is possible, therefore, that the Na absorption seen toward HD 32990 

and HD 32991 is associated with these clouds.

The IRAS 100 pm map (see Figure 5.12) shows a complex of emission features in the 

region around HD 32990 and HD 32991. The latter is coincident with a strong but small 

emission whereas HD 32990 lies in a fairly even region. It is possible that HB32991 lies near 

to, or within, the dust clouds that give rise to the IR emission, such that the latter are heated 

by the radiation from the star. This could cause a localised heating of the dust clouds and would 

appear as an isolated spot of emission. If that is the case, this places the IR cirrus in this 

direction at the same distance as HD 32991.

5.5. SUM M ARY

The line profiles acquired for HD 24263, HD 40111, HD 41117, HD 42087, and HD 

75149 were compared to material published by other workers. The values of log N  and b 

derived for the observations made here were found to agree with the value published elsewhere 

in the literature. However, differences were noticed. For instance, in the case of FID 24263, this 

work found the profile to be best modelled with two components whereas Penprase (1993) 

modelled the profile as a single cloud. The minor absorptions at vLSR around -50, -8, and +70 

km s"1 in his profile, corresponding to positions of telluric absorption, are absent in the present 

work. Either they under-compensated for the Telluric lines, or the use of the synthetic spectra, 

created from observational data, led to over-compensation in this work.

The profile for HD 75149 shows a strong absorption line with a clearly separate weak 

absorption which seem to be superimposed on a broad shallow absorption. Overall, four 

absorbing components were necessary to match the observed line profile, whereas earlier
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studies by other workers had seen only a single component.

In the case of HD 40111, this Na D2 profile was resolved as well as that of Welty et al.

(1991) for the Na D x line. Differences were noticed near the continuum level on both flanks of 

the profile. At least one could be the result of noise in this spectrum. Similarly, there were 

differences in defining the number of clouds and their respective parameters to explain the 

overall shape of the profile. This partly shows the subjective nature of profile fitting and partly 

that a profile can be broken down into any number of components. The sum of those 

components would effectively be the same for just one or two components.

The observations of the Na I line in the spectrum of HD 25330, HD 32990, HD 32991, 

HD 43384, HD 50123, HD 53974, and HD 83183 are entirely new. No other reports have been 

found in the literature for them.

The Na profile of HD 25330 can be modelled by a single cloud with an LSR velocity 

close to that found in the sight line of HD 24263. This shows that the interstellar cloud studied 

by Penprase (1993) around Lynds 1569 is more extensive than first thought, and that may be 

associated with the cloud complexes in Taurus and Orion. The Na profile for HD 43384 can 

be modelled by one cloud with yj SR o f+1.5 km sec"1 indicating quite small cloud motions with 

respect to the LSR. The lack ofNa I in the spectrum of HD 50123 implies that it could be used 

as a reference star in future observations, so that telluric features in the spectra could be 

removed. The asymmetric profiles of HD 83183, and also HD 24263, can be modelled by two 

separate components, but it could also indicate intercloud collisions are taking place. The drag 

between the two clouds effectively spreading out the velocity components in the line of sight.

During the early phase of this thesis, there was much interest and speculation on the 

velocity differences seen between various atomic and molecular species in the same line of 

sight. For instance, Penprase et al. (1990) detected the molecular species CN, CH and CH 

toward HD 24263 and found small differences in their velocities. These were interpreted as
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resulting from shock induced chemistry as the clouds collide. However, some doubt was cast 

on the reality of these velocity differences. My experience of the procedures involved in this 

type of work support the view that velocity differences of a few km s’1 between different data 

sets must be treated carefully. Such differences can arise simply through selection and 

calibration effects during the reduction of the observations rather than a natural cause.

There is little evidence in the Na I observations for the flow of material from the Sco- 

Cen association, particularly in the downwind direction. However, there is a component in the 

absorption spectra of sight lines upwind which might represent the outflow of cold gas from 

the Sco-Cen association. The sight lines to HD 164637, 164863, 165515, and HD 164402 

exhibit a weak absorption at y, SR ~ -18 km s'1. In HD 164863 it is seen at slightly more 

positive velocity, and in HD 165516 it is a stronger feature. This feature shows a gentle 

velocity gradient across the region that may be associated with an expanding shell around a 

subgroup of the Sco-Cen association, or it could be a local cloud. A weaker component (~ -7 

km s’1) is also seen with a wide variation in velocity dispersion from star to star.

The most prominent absorption in the Sco-Cen direction occurs at y, SR = ~ +6.0 km 

s’1 which could represent outflow from Sco-Cen on its farside. However, its association with 

other objects with similar radial velocity and known distances place it nearer than the Sco-Cen 

association, perhaps as close as 25 pc at its nearest point. It is interesting to recall that the 

polarisation in this direction indicates a complex magnetic field (Chapter 1 ), which might be 

associated with this Na cloud There is a similar vector in the opposite hemisphere: z/LSR ~ +8 

km s’1. Like the Sgr OB 1 sight lines, this radial velocity can be traced from the Galactic plane 

to large Galactic latitudes, lying within a radius o f-140 pc. This suggests the presence of an 

almost continuous spherical system with a flow of material radially outward from its centre with 

a velocity o f -  8 km s’1. This is similar to the Hughes & Routledge expansion and Olano’s Ring 

(Section 1.3). The cause of this expansion could be connected with the recently discovered 

nearby associations such as the TW Hydrae and Tucanae associations.
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6. INTERSTELLAR Na Part 2: SGR OBI

A bstract: Observations of Interstellar Na and Ca toward 6 stars associated with Sgr OB 1

in the Sagittarius spiral arm {d=\.6 kpc) are presented.

The area of sky covered is approximately 5° by 2° and includes the nebulae M8 and 

Messier 20 and the M21 cluster. Data analysis was performed using DIPSO and the 

independently programmed Levenberg-Marquardt method.

The vLSR versus longitude plot reveals three main clouds with yj SR = +5.8 ± 0.98 km 

s"1, -6.7 ± 2.27 km s'1, and -16.1 ±0.98 km s'1. The strongest absorption, y, SR +5.8 km s '1, 

exhibited by all of the stars in this region, is identified with the Reigel-Crutcher cloud, d> ~ 

80 pc and may be as close as 26 pc.

In addition, the observed line profiles show an underlying broad strong absorption, 

differing in intensity between the sight lines and strongest in region of M8. This unresolved 

component may originate in the Sagittarius arm. A y, SR = +22 km s '1 feature is observed 

toward HD 165516 only among the group. It may be peculiar to that line of sight, or part of 

a patchy distribution of Na.
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6.1. INTRODUCTION

Interstellar Na I D2 absorption was observed toward the Sgr OBI association in the 

Sagittarius spiral arm at a distance of 1.6 kpc from the Sun (Humphreys, 1978). At this 

distance 1 degree corresponds to 27.8 pc.

One interstellar Ca absorption line was observed in the spectrum of p Sgr (HD 

166937). Physical details of the stars are given in Table 3.1. All procedures used in the 

reduction of the sodium absorption lines were discussed in Chapter 3, and the line analysis 

using DIPSO was presented in Chapter 4 along with the independent Levenberg-Marquardt 

analysis.

One K-type and five early-type stars were used in this observing program. The addition 

of the M-type star (HD 163428) extended the survey area one degree further to lower Galactic 

longitude. The area of sky covered is approximately 5° by 2° with the greatest elongation in the 

Galactic plane,/-5 .8 °  => 10°, /> = ~-2° => 0°. The region includes The Lagoon (NGC 6523, 

Messier 8) and Trifid (NGC 6514, Messier 20) nebulae and the cluster NGC 6531 (Messier 

21), see Figure 6.1. HD 164794 is a member of the H II region NGC 6530, while HD 164637, 

and HD 164883 are members of the cluster NGC 6531.

The IRAS 100 pm map (see Figure 6.2) shows many circular regions of emission in 

this area set against a background emission that decreases quickly away from the Galactic 

equator. Most of the program stars lie in the direction of intense emission. HD 165516, in 

particular, lies within a circular region of moderately strong emission. To the north of Sgr OB 1 

lie the Gould belt, the p Oph complex and other dark clouds, while to the south lies the R CrA 

dark cloud and region of star formation (/, b, d  = -0°, ~ -18°, 130 pc).
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Figure 6.1. Sketch map of the Sgr OBI region of the sky oriented to the Galactic plane

(horizontal line). Adapted from Uranometria 2000.0 (Tirion et a l, 1988).

11)164402 

X 11)164637

111)164863

IH )165516

111)164816 
111) 164794

Figure 6.2. The location of selected Sgr OBI program stars and HD 164402 (Crawford. 

1992) on the IRAS 100pm map, in Galactic coordinates {Skyview). The map is a histogram- 

equalised version of the original, converted to a grey-scale. On this map, weak emission is 

represented by black areas, strong emission appear as light grey or white.



6.2. OBSERVATIONS

The interstellar Na I D2 line (5889.950 Â) line spectra towards six stars in the Sgr OB 1 

association (Table 3.1) were obtained by Dr Crawford using the coudé échelle spectrograph 

of the Mt. Stromlo 1.9m (74-inch) telescope during 1993 July 13th and 14th with the PCA 

detector. On the night of the 16th, Dr. Crawford made the sole CCD observation of the 

interstellar Ca II line (3933.663 Â) toward HD 166937. All subsequent operations performed 

on these data sets were carried out by the author (see Chapter 3 for details of the reduction of 

the data). The spectra were converted to the LSR velocity scale. The resultant spectra cover 

the velocity range from -140 to +100 km s"1. Apart from the main absorptions near the zero 

velocity, no other absorption lines were identified here over the whole velocity range.

The analysis of the line profiles were conducted using the START INK software 

package DIPSO, as described in Chapters 3 and 4, with additional line-fitting by my computer 

program using the Levenberg-Marquardt method (Chapter 4). Both sets of results are 

presented in detail for individual sight lines in Chapter 4. The DIPSO results are summarised 

in Figure 6.3 where each spectrum, with its DIPSO fitted profile, are plotted on a Galactic map 

of the program stars. The parameters for each component cloud as derived using DIPSO are 

repeated in Table 6.1 for convenience of access.

The author found no literature reference to other optical interstellar studies for the six 

stars used in this work, nor is there any other known optical study of interstellar material within 

this small area of sky with the exception of a single study of HD 164402 (Crawford, 1992) and 

the much observed line of sight to [X Sgr (HD 166937). Further afield, however, there are many 

interstellar Ca measurements made by Rickard (1974, 1975), who unfortunately only gave 

radial velocities but no column densities.
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HD No. f l s k  

km s'1

Doppler broadening, b 

km s 1

log N

min. max. min. max.

163428 - 6.5 2.0 - - 14.5 - -

164637 1 -15.0 2.0 1.0 3.0 11.8 11.5 12.0

2 -7.0 20.0 - - 11.8 - -

3 6.5 2.0 1.5 4.0 14.5 12.5 14.8

164794 1 -8.0 9.0 8.0 9.0 12.15 12.1 12.2

2 -3.5 1.8 1.0 2.0 11.9 11.9 12.7

3 6.5 2.0 1.0 3.7 13.3 12.35 15.0

164816 1 -5.0 15.0 13.0 16.0 12.05 12.0 12.05

2 6.5 2.0 1.2 3.0 12.9 12.4 14.6

164863 1 -16.0 4.0 - - 11.3 - -

2 -10.0 2.8 2.8 3.0 11.9 11.9 12.0

3 5.0 2.0 1.4 3.0 13.5 12.6 14.8

165516 1 -24.0 1.0 - - 11.3 - -

2 -17.4 2.0 1.0 3.0 12.9 12.3 14.8

3 4.5 3.0 2.0 4.6 13.5 12.6 15.0

4 22.2 2.0 1.0 2.0 11.7 11.7 12.1

Table 6.1 Model parameters found using DIPSO for the observed components in each line of 

sight. See text for details. yLSR is the LSR velocity of each component, Z>, is the Doppler 

broadening, and log N  is the log column density per cm"2. The minima and maxima for b and 

log N  represent the range that gave an acceptable fit to the profiles by visual inspection. Blank 

entries in the range columns indicate the addition of features that were necessary to provide an 

overall acceptable fit, yet were found to have tight limits to retain that fit. See Chapter 4 for 

the Levenberg-Marquardt results and spectra.
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Many Na observations were compiled by Welsh et al. (1994), in this case giving only 

column density and no velocity information. The nearest Na sight lines to Sgr OBI are shown 

in Figure 6.4 which maps the sight lines in Galactic coordinates, annotating them with distances 

quoted by Welsh et al. They are grouped into non-detections (represented by open circles) and 

detections (solid circles) of Na in that particular sight line, with the demarcation made at the 

log TV -  11.0 level.

Generally, in the direction of Sgr OBI, Na is detected at c/ > ~ 80 pc, although HD 

170296 and HD 158643 (51 Oph) nearby (to the Sun) have strong absorption (Table 6.2) at 

</= 26 pc and 40 pc. The Na detections in the Galactic longitude range / = 310° to 0°( see 

Figure 6.4) reveal a region along the Galactic plane where interstellar Na I has been detected. 

It lies mainly north of the equator. There is a gap at / -330° to -342°, where log N  (Na I) <

10.4 to distances of 210 pc, but there are not many sight lines sampled in that region.

Star Galactic Coordinates Distance log TV

r b° pc

HD 158643, 51 Oph 3 5 26 11.05

HD 170296 18 -2 40 12.2

HD 151527 4 19 90 >13.0

HD 170902 18 -2 80 12.04

Table 6.2. Local stars in the direction of Sgr OBI with unusually large Na column densities 

(from the compilation by Welsh et a l,  1994).
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6.3 RADIAL VELOCITY STRUCTURE

6.3.1. AN O VER VIEW

The profiles and DIPSO/Levenberg-Marquardt fits are described in Chapter 4, and 

summarised on a chart of the region in Figure 6.3. A few notes summarise the line profiles:

HD 164637: The observed Na D2 absorption profile (Figure 4.9) shows one sharp dip 

to positive velocity and another sharp, but weaker, one superimposed on a shallow broad 

absorption. The latter feature is required in the models in order to match the profile seen 

between the two main absorption lines and toward the blue. Although modelled as a single 

feature it may well arise from an unresolved blending of several weak components. Like HD 

164816, the main component has an LSR velocity of 6.5 km s'1 while the other two 

components have negative velocities, indicating they have individual motions.

HD 164794: The observed Na D2 absorption profile (Figure 4.15) for this sight-line 

shows one sharp, deep dip and another almost as deep but narrower, both superimposed on a 

deep and fairly broad absorption. Like HD 164637, the main component has LSR velocity of 

6.5 km s'1 while the other two (Table 6.1) have negative velocities indicative of individual 

motion.

HD 164816: The absorption profile (Figure 4.16 ) shows one sharp dip superimposed 

on a broader shallower one. The main component (Table 6.1) has an LSR velocity of 6.5 km 

s'1, the second is quite broad ( 6 = 15 .0 km s '1) and has a velocity of-5 .0 km s"1 which indicates 

an individual motion of this cloud.

HD 164863: The observed Na D2 absorption profile (Figure 4.10) for this sight-line 

shows two distinct absorption dips, the one to positive velocity being the deeper of the two. 

The main component has LSR velocity of 5.0 km s '1 while the other two (Table 6.1) have 

negative velocities indicating that each component has an individual motion of 10 - 20 km s '1.
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HD 165516 The observed Na D2 absorption profile for this sight-line (Figure 4.11) 

shows three well-separated absorption dips, with the central one being the broadest (Table 6.1). 

One of the absorptions is relatively weak but still sharp. The main component has LSR velocity 

of 4.5 km s"1, the next prominent dip has a relatively large negative velocity, -17.4 km s'1.

A linear regression analysis on the components (Table 6.1) gives a radial velocity 

structure (see Figure 6.1 Galactic chart; Table 6.1 for values) that can be summarised:

1. Strong component with y, SR = +5.8 ± 1.0 km s"1 present in all sight lines. The velocity is 

within the range expected for Galactic rotation (see Equation 5 .2) ïox d=  1.5 kpc.

2. Underlying broad strong absorption of differing intensity between sight lines, strongest in 

region of Messier 8 and weaker & shallower in the other 3 stars. See Section 6.3 .2.

3. Small negative velocities with yI SR = -6.7 ± 2.3 km s '1, see Section 6.3.3

4. Moderate negative velocities, ^  SR = -16.1 ±1.0 km s'1, see Section 6.3.4.

5. a yLSR = +22 km s '1 appears in HD 165516 only. The velocity correspond to a position in 

the Scutum arm (Table 6 .3) rather than with the +15 .8 km s 1 radial velocity of Sgr OB 1 (Mohr 

& Meyer, 1957; Dieter, 1960).

Velocity 

km s"1

1)

kpc

Arm

14 2.2 Sgr

19-22 3.3 Scutum

26-32 3.6 Scutum

40 4.5 Norma

Table 6.3. Radial velocities and distances of spiral arms in the direction o f / = 9.87° using the 

Galactic rotation model of Fich et a l (1989), from Montgomery et a l (1995)
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A strong absorption with a small positive velocity, z;LSR ~ +5 km s’1 is common to all 

stars in this region; a weaker feature, yLSR ~ -8 km s '1, is shown by some stars, while others 

exhibit a larger negative feature, ^  SR — 16 km s’1. One star, HD 165516, shows two 

similar-looking features at v] SR -24 and +22 km s"1 (discussed in section 6.4.3).

The LSR velocity versus longitude plot (Figure 6.5) illustrates the relationships between 

the clouds responsible for the absorption profiles. Each point on the plot represents an 

absorption line, assumed to be due to a single cloud, found from analysing the absorption 

profile along the sight lines. The sight line giving rise to the absorption profile is identified on 

the plot, each has a vertical set of points at its Galactic longitude. Plotted near the points are 

the corresponding b values for that cloud. Since the association covers only a few degrees 

breadth and width of the sky, the change in LSR radial velocity with distance in the plane of 

the sky is small. A single cloud extending over an area of sky should therefore manifest itself 

as a horizontal band of similar vLS>R values over a range of Galactic longitudes. A second check 

for similarity of clouds is then made by comparing the velocity dispersion, b.

The most significant feature of the plot is the linear arrangement of points with y, SR of 

around +5 km s’1 with ^-values consistently in the 2 to 3 km s"1 range. These two facts jointly 

indicate a coherent structure exists stretching several degrees across the sky. Ignoring, for now, 

the extreme positive velocity found in HD 165516, the remaining absorbers form a group of 

negative LSR velocity, with the radial velocity increasing to more negative values with the 

increase in Galactic longitude, by about -6 km s’1 per degree. Within this group there is a 

subgroup with yLSR ~ -5 to -8 km s’1 distinguished by their large b values of 9 km s’1 to 20 km 

s’1.This may represent a single, very turbulent, cloud. Another group can be made out at -15 

km s’1 to -18 km s’1 LSR velocity. Each of the various groups will be discussed in more detail 

in the sections that follow.
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Figure 6.5 The LSR velocity versus Galactic longitude plot for the interstellar Na D2 features 

detected toward the target stars in Sgr OB 1. Each component is plotted, those with small 

Doppler parameter, Z>, are represented by an open circle, while those with large b values by 

open squares. Labels attached to the plotted points is the corresponding value 6, in km s’1. The 

values for HD 164402 from Crawford (1992) are included. The components with yLSR around 

+5 km s’1 form a horizontal line close to the LSR velocity predicted from Equation 5.2 for 

differential Galactic rotation assuming a distance of 1 kpc (dot-dashed line). The other 

components with small ^-values follow a broad band, represented by two dotted lines, which 

trend to greater negative LSR velocity with increasing Galactic longitude.
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6.3.2. FEATURES WITH BROAD VELOCITY DISPERSION

Three of the sight lines, HD 164637, HD 164816, and HD 164794, required the 

inclusion of a broad absorption line, with a velocity dispersion parameter, Z>, of 9 km s"1 or 

more (see Table 6.1) in order to match the observed profiles. In the case of HD 164794 and 

HD 164816 this was necessary in order to model the main absorption at negative (LSR) 

velocities, while for HD 16463 7 there seems to be an underlying very broad absorption feature. 

The profiles seem to mimic rotational profiles (certainly in HD 164816 and 16463 7) in that they 

are shallow and broad but this is not what is expected if they belong to these stars as they each 

have spectral types of 0+, according to SIMBAD, so they are too early in spectral type to 

show any circumstellar Na absorption.

Although it is very likely that these broad absorption features are the result of the 

combination of profiles from many small clouds with a wide range of intrinsic velocities, it is 

interesting to see that they lie on a line of yLSR ~ -8 km s"1 on the LSR velocity versus Galactic 

longitude plot (Figure 6.5). This suggests another explanation for these features. Possibly they 

belong to one cloud with a bulk motion of -8 km s"1 in the line of sight. If that cloud has 

collided with another it is likely that the line-of-sight velocities will change as a result, leading 

in a broadening of the absorption profile. For the three broad features, the model column 

densities are rather close (Table 6.1), ranging from 11.8 to 12.1, which is small enough to 

question the alternative theory of the summed effect of many, unrelated, clouds in the line of 

sight Unfortunately, with only three measurements it is difficult to be sure they belong to the 

same cloud.
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6.3.3 THE SM A LL N EG A TIVE V ELO CITY G R O U P

The group with absorption at small negative velocities, vLSR ~ -3 to -10 km s'1, have 

similar column densities (log tV- 11.9 to 12.2) and extend over most of the region (see Figure

6.6) but are not seen in HD 165516 or HD 164402. This cloud, approximately 5 ° by 1 ° extent 

in the sky, moves with LSR velocity o f-8 km s'1. The b value, although generally large, varies 

considerably between members (see Figure 6.5) from 1.8 to 20 km s'1, so it would seem that 

these absorptions do not form a homogeneous group. However, there appears to be two 

potential groups with different b values in this velocity range. One group has large ^-values and 

may be associated with a single object, while the other group with b ~ 2 km s"1 may be 

associated with the more negative velocity clouds (Section 6.4.4). The second group may be 

at one end of a velocity gradient across the region.
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Figure 6.6. Sketch map of the Sgr OBI stars in Galactic coordinates. Dashed line encloses 

those sight lines showing the -8 km s"1 velocity feature, solid line those showing the -18 km s"1 

feature.
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6.3.4 A HIGH NEGATIVE VELOCITY GROUP AT vj SR = -18 km s"‘

This is seen in 3 separate sight lines in this work, between Galactic longitudes of~7 and 

9° and in HD 164402, HD 165202 and HD 168708 (see Table 6.4, Figure 6.6). The similarity 

in LSR velocity, velocity dispersion, b, and column densities (Table 6.1) indicates that we are 

seeing absorption along these lines of sight originating from the same cloud. The angular 

separation of 1 °.75 between the two extreme members, HD 165516 and HD 164402 (Figure

6.6), represents the minimum width of the cloud causing the absorption. This projects to ~6.1 

pc at 200 pc distance, or 3.1 pc at 100 pc distance. In HD 164863, the feature is barely 

recognisable, appearing as an asymmetry to an absorption at -10 km s'1. At first sight this 

indicates the distance of the cloud to be at least 1.9 kpc but Bates et a l (1995) find a similar 

velocity component in Na 1 toward HD 165202, and HD 168708 (Table 6.4). As the minimum 

distance is 195 pc, this indicates the cloud is local, within that distance from the Sun.

HD G alactic Distance VLSR b log N

C oordinates pc km s"1 km s"1 (c m 2)

1° b°

164402 7.2 0 1600 -15.3

165202 10.22 0.71 195 ±75 -17.9 ±2 3.5 11.18

168708 9 27 -4.17 430 ±195 -19.9 ±1 1.5 12.7

Table 6.4. High negative velocities in the line of sight toward HD 165202 and HD 168708 

(Bates et a/., 1995) and HD 164402 (Crawford, 1992).
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Both lie in the direction of the Riegel & Crutcher cold cloud. HD 165202 lies in a 

direction close to where Bates et al. (1995) observe a maximum H I self-absorption column 

density and HD 168708 lies towards the edge of the cold cloud. A component at z/j SR = - 20 

km s"1 was detected in both Na I and Ca II towards HD 168708, but only in Na I towards HD 

165202. The -20 km s"1 gas has a higher column density towards the more distant star HD 

168708. Thus, the negative velocity gas may lie beyond the Reigel-Crutcher cold cloud with 

HD 165202 located towards the near side of this material. The stars shown as black circles in 

Figure 6.6 are those that exhibit the -16 km s"1 feature in their absorption profiles and includes 

the stars HD 165202 and HD 168708 (Bates et a i,  1995). Most of the sight lines in this study 

are over 1 kpc in length and the feature is seen only in those that exceed 1800 pc, indicating 

it lies at a distance between 1200 pc and 1800 pc. The fact that it is seen in stars as close as 200 

pc, toward HD 165202 for instance, reveals it to be a local object, d  <250 pc, suggesting a 

possible connection with the Sco-Cen association.

6.3.5 TW O  EX TR EM ES O F VELO CITY : -24 AN D +22 km s"1 IN HD 165516

The absorption profile for HD 165516 shows both a high positive and a negative 

velocity ( +22, and -24 km s"1) whose profiles appear to be very similar. Unfortunately, one of 

them is blended with a stronger absorption line, so it would be useful to repeat the observations 

at higher resolution. If the negative velocity feature is real, and their similarity indicates they 

are related to each other it suggests that the line of sight traverses a shell of gas. The expansion 

of the near and rear hemispheres contributes to each of the absorption profiles. On this model, 

the central velocity is -0.9 km s"1 (LSR) and the expansion rate is about 23 km s"1. This line of 

sight velocity vector only gives a true indication of the expansion velocity if the centre of
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expansion is also in the line of sight, as the shell material would be moving directly toward and 

away from the observer. Consequently, this expansion velocity is an underestimate. Expansion 

velocities of the order of 10 km s’1 are known for gas that is driven by the combined stellar 

winds of members of associations. The expansion velocities seen in this sight line are not much 

higher, so it is reasonable to suggest that the cause of expansion of this shell is similar. If it 

were caused by something more energetic, the expansion velocity would be much higher. 

However, before conjecturing any further it would be valuable to repeat the observation at 

higher resolution, to verify that the feature is real or not, to map the extent of these clouds, and, 

finally, to establish the distance scale.

The absorption profile here for the feature at the LSR velocity of +22.2 km s '1 is well 

separated from the other absorption features in that line of sight (Figure 6.3). The -24.0 km s’1 

feature is blended with the negative velocity wing of the -17.4 km s’1 absorption feature, but 

is nevertheless distinguishable from it on a plot with z/LSR values from -50.0 to +50 km s’1. 

Although it was difficult, because of this blending, to establish ranges for the parameters y, SR, 

b and for the -24.0 km s’1 feature, the best-fit value of /> = 1.0 is similar to that of the +22.2 

km s’1 absorption. A larger value of b would make the profile blend in with that of the -17.4 

km s’1 profile and become indistinguishable from it. The value for log TV is in the same range 

(11.30 compared to 11.7 for the +22.2 km s’1 feature) which suggests that they arise from the 

same cloud.

These features are not seen in HD 164863 (1 °.2 away) nor in HD 166937 ( l.° l 1 

distant) - nor in any of the others in the group. The distance estimates are 2800 pc for HD 

165516, 1800 pc for HD 164863, and 1200 pc for HD 166937 which implies that if the 

absorbing cloud is the same it must either have the angular extent of <10.1 radius (if it is closer 

than 1800 pc) or it could be at a distance greater than 1800 pc and be of any angular extent, 

possibly even larger than 1 °.l radius. A similar higher positive velocity has been detected by
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other investigators in sight lines further afield. It is not known if these are connected by the 

same interstellar cloud.

The -24 km s '1 feature is rarely seen in absorption measurements made by other 

investigators. Few other Na D observations exist for this locality, but velocities of this order 

are seen in absorption by calcium: att^ SR = -18.7±1.0km s '1 toward HD 168708 (Bates eta/., 

1995), at -25 km s"1 toward HD 164002 (/, b = 7.1 °, +0.5°) and -23 km s"1 toward HD 

164019 (/, b= 1.9°, -2.6°) according to Rickard (1975). This feature might be part of the high 

negative velocities described in Section 6.4.4 but there is also a -17.4 km s’1 feature in this 

same sight line, HD 165516, which implies either a bifurcation of the gas cloud responsible for 

the absorption or they are unrelated in fact.

LSR velocities near to that of the 22 km s’1 feature in HD 165516 are more evident 

further afield. A 17.6 km s’1 component in Ca is seen toward HD 164019 ( /, b = 1.91°, 

-2.62°), at 17.8 and 24.0 km s’1 in Na toward HD 167402 (I, b = 2.26°, -6.39°) which also 

exhibits absorption of Ca at 20.1 km s’1. The feature is not seen towards HD 168941 (/, b = 

5.82°, -6.31 °) or towards HD 172140 (/,/? = 5.28°, -10.61 °). All of these stars have distances 

>3 kpc.(Sembach eta/., 1993). A +17 km s’1 feature in H I near p Sgr (HD 166937) is due to 

the cloud associated with the H II region W31, about 1 degree away from p Sgr (Riegel, 

1971). Kemp et al. (1996) report other moderately high positive velocities in this region: HD 

167264 (1, b, d = 10.5°,-1.7°,1300 pc) yLSR = 20 km s’1, and HD 171012 (14.5°, -4.4°,1500 

pc) yLSR = 15 km s’1 and 18.8 km s’1.

For HD 167264, Hobbs ( 1984) found velocities for Na D2 of ~5, 18, and about 42 km 

s’1. Gas components at yLSR = +20 km s’1 are seen towards M4 { l ,b  = 351 °, +15°, d=  2.0 

kpc), although their distance is uncertain (Kemp et al., 1993). According to Montgomery et al. 

( 1995), who used the Galactic rotation model of Fich et al., ( 1989), the approximate velocities 

and corresponding distances of the spiral arms of the Galaxy at the Galactic longitude of 9.87°
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(see Table 6.3) indicates that the yLSR of +22.2 km s '1 observed toward HD 165516 would 

place it in the Scutum arm, at a distance of 3.3 kpc. However, Mohr and Mayer (1957) found 

the Sgr OB 1 radial velocity to be +15.8 km s"1. It is not clear, therefore, what this +22 km s"1 

feature is related to.

6.3.6 TH E VLSR ~  +5 km s"1 FEATURE

An important result of this work is that a strong Na D2 absorption at LSR velocities around 5 

to 6 km s"1 was detected in all of the lines-of-sight studied toward the Sgr OBI region of sky, and 

extends close to the Galactic Plane over the longitude range of 6° to 9°. The velocity is similar to those 

seen in the Reigel & Crutcher cold cloud and the nearby R CrA dark cloud which can be traced through 

the region bounded by the Galactic co-ordinates / = 1.9° to 10.22°, Z? = -12.27° to+0.710 (Bates et ai, 

1992, 1995; Sembach et ai, 1993). It can also be seen in Ca II absorption (Bates et <7 / . ,  1995).

H 1 profiles of high velocity-resolution were presented by Montgomery et al. (1995) for the 

range of Galactic latitude Z? = -6.2° to + 8.9° at longitude / = 9.87°. The Riegel and Crutcher cold cloud 

is detected in self-absorption between b = -4.2° and +8°; outside of this latitude range the H I is 

observed in emission at a similar velocity. The distance of the cloud is 125 pc (Crutcher & Lien 1984). 

The observations reveal a nearby, extensive structure of diffuse gas which, below the plane, is receding 

with zTsr km s"1. Within the cold cloud region the velocity structure becomes more complex, and 

above the plane the velocity is reduced to approximately 3 km s"1. The observations support earlier 

suggestions of an association between the cold cloud and the local molecular cloud complexes which 

define the ridge reported by Dame et al. (1987) as well as with diffuse HI gas observed in emission 

further from the plane at similar velocity.

The lateral extent of the +5 km s-1 feature was supported by observing the star HD 

163428. This is of a stellar spectral type (MO V) not normally used for inter-stellar Na studies. 

The equivalent widths of the stellar Na absorption lines in these stars is quite large, e.g. 3.3Â
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(Jaschek and Jaschek, 1990), much larger than an interstellar line, but as the latter is usually 

sharp it may be detectable and tracing the Na absorption in the plane of the sky. The Na 

absorption in this spectrum is asymmetrical with some structure on the red (positive velocity) 

flank. Although the strength and complexity of the profile is likely to obscure any interstellar 

feature that may be present, one of the features in the absorption profile can be identified with 

a Na absorption line seen in the other stars (see Figure 6.7). The interstellar line was isolated 

using a polynomial curve to describe the continuum level. The modelling of this absorption 

profile gave the LSR velocity of 7.0 km s’1, Z? = 3.5 ± 0.5 km s’1, and log N = 12.8. These 

values are consistent with the general ~ 5 km s’1 feature seen throughout this region of the sky.

6.3.7. TH E C LO SE PAIR OF STARS HD 164794, 164816

The Na D2 absorption towards these two stars are broadly similar in that they both 

show the prominent yLSR -  5 km s’1 feature, however the rest of the absorption profiles differ 

significantly. The profile for HD 164816 can be modelled by the presence of a broad line at 

ftlsr ~ -5 km s '1 which absorbs to a Relative Intensity of 0.65. In the case of HD 164794, 

however, two absorption lines are required to complete the modelling of the observed profile. 

First, there is a broad feature reaching a Relative Intensity of 0.4, a little deeper than the broad 

feature in HD 164816, and shifted a little toward the blue.

These similarities could indicate that a single cloud in the line of sight is responsible, if 

we take the change in Relative Intensity as being due to a difference in column density between 

the two sight lines. Perhaps the Na I cloud is thinning out in the short distance between the 

stars. The slight shift in velocity between the two sight lines could arise through components 

of the cloud exhibiting an individual motion within the cloud.
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Figure 6.7. The observed Na spectrum of HD 163428, shown as dots, with a theoretical curve 

(continuous line), derived from LSR velocity = 6.5 km s’1, Doppler /? = 2.0 km s"1 and log N  

= 16.5, superimposed to show the position of the interstellar Na D2 line.

There is a third component in the line of sight toward HD 164794, which is not seen 

toward HD 164816. These stars are separated by an angle of just less than 3 arc minutes in the 

sky, corresponding to 0.13 pc (or 27000 AU) for a distance of 150 pc. Significant line strength 

differences over small angles in the sky have been noted before. It has been known for some 

time that the interstellar medium can be heterogeneous on sub-parsec scales, Hobbs noted this
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some years ago, while more recently Meyer (1990) found structure on scales of 2800 AU or 

less in the case of k  CrA ( 120 pc) whose components are separated by 23 arc secs, and

significantly different interstellar Na I absorption was seen between components of other visual 

binaries, e.g. p Cru where the separation is only 6600 AU, or 0.032 pc (Meyer & Blades, 1996; 

Watson & Meyer, 1996). Kemp et a l (1993) found differences in the strength and velocity 

structure of interstellar Na I between two stars separated by 17 arc secs toward the globular 

cluster M4. If the gas is at a distance of~l 50 pc, this corresponds to a spatial scale o f2600 AU 

(0.012 pc), similar to the scale of variation noted by Meyer (1990). More evidence for a 

heterogeneous structure of interstellar clouds comes from structures seen on a scale of 0.01 pc 

in mm-wavelength maps of nearby clouds and VLB I observations of neutral H absorption lines 

imply the presence of structures as small as 25 AU. Time variability studies of quasars are 

showing small-scale (about 10 AU) structure in the intervening local clouds (Moore & 

Marscher, 1995).

6.4 IN T E R ST E L L A R  Ca T O W A R D  TH E SG R O BI A SSO C IA T IO N

A single observation of interstellar Calcium absorption was made of HD 166937 (p 

Sgr). The data reduction followed the same procedure as for the Na observations, using the 

wavelength of the Ca line as 3933.663Â and oscillator strength of 0.635 from Morton (1991). 

The line profile analysis using DIPSO gave a two-cloud model (see Table 6.5). The appearance 

of the spectrum (Figure 6.8) reveals a sharp deep absorption superimposed on a shallower and 

much broader
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Figure 6.8. Ca II line at 3933 .663Â observed toward HD 166937. The velocity scale is Geocentric. The 

two absorption components (dashed lines) are labelled as in Table 6.5. They have yLSR of-12.5 km s'1 

for the broad line, and +3.5 km s’1 for the sharp line. The combined profile is shown as a smooth 

continuous line.

Component

No.

Radial Velocity, km s 1 b

km s 1

log N 

(cm2)Heliocentric f l s r

A -25 -12.5 45 13

B -9 3.5 10 12.45

Table 6.5. Components of the Ca II line at 3933.663Â detected toward HD 166937.
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absorption. It is possible that the latter is due to stellar Ca, and the broadening caused by 

rotation. In which case, the extreme width of the feature, about 155 km s '1, represents twice 

the rotational velocity. However, the rotation velocities quoted for HD 166937 is given as 

either 25 or 88 km s'1 from SIMBAD. The latter value is in reasonable agreement with the 

width of the broad feature, so this appears to be stellar in origin. However, various 

measurements of the stellar radial velocity do not agree, values of -75, -43.5, -7 or +5 km s’1 

are quoted by SIMBAD. None of these really fit Cloud 1, so from this work it appears that 

there is stellar Ca absorption in HD 166937 and the heliocentric radial velocity of the star is -25 

km s’1. There appears not to be any other, high velocity, cloud in the LSR velocity range from 

-200 to +200 km s’1 in this sight line.

Only two of the stars in this group were observed by Rickard in his study of the Ca II 

K-line. For the star HD 164794 ( 1200 pc distant), Rickard found a vLSR o f-5 .8 km s '1 with the 

strongest component at 5.7 km s"1 (Rickard, 1974, 1975) while toward HD 165516 the main 

absorption was at y, SR = -4.6 km s'1, with another at 21.7 km s’1 (Rickard, 1974), both of 

which can be associated with the two Na clouds seen at similar velocities from the work 

presented in this thesis. Unfortunately, Rickard gave only the velocity measures without any 

measurement of column density. However, one star in this locality has been observed for 

interstellar Ca: HD 164402 . Crawford ( 1992) found three velocity components at SR = 

-39.7, -12.5 and +4.7 km s'1, the last having the highest column density, log jV= 12.50. The 

v l s r  velocity and column density for this feature is comparable with the value found in this 

work toward HD 166937, although the velocity dispersion, b, differs: 10.0 km s’1 compared 

to 6.0-7.5 km s'1 for HD 164402.
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6.5. SUM M ARY

The few lines of sight toward the Sgr OB 1 association sample a very small area of the 

sky, around 8 square degrees, so in order to interpret the results it is helpful to look at the 

larger scale structure in this direction. At higher Galactic latitudes lies the p Oph complex, 

while to the south lies the CrA cloud complex (d =  130 pc), and several clouds occur in the 

vicinity. The CrA dark cloud complex is a region of star formation, that covers an area of sky 

7° by 1 °. Its main core is centred near its western end at /, & -0 ° , -18°.

A large variety of molecules has been mapped in this region and the molecular gas 

related to the dark clouds has z/LSR = +6 km s"1. A neutral hydrogen ridge, the "local HI ridge" 

(Cappa de Nicolau and Pôppel, 1991), can be traced over a wide region of sky, from b = -40° 

to +40° and / = 349° through 0° to 13°. Between b = -40° and -10° it has a mean radial 

velocity that is roughly constant at ~ +6 km s’1 then decreasing slowly towards higher 6, 

becoming slightly negative at b >+40°. This suggests that the molecular complex is embedded 

in the local HI ridge and that they are both related to Lindblad's feature A, i.e. to Gould's belt 

(Cappa de Nicolau & Pôppel, 1991). The Reigel & Crutcher cold cloud is a very prominent HI 

self-absorption feature extending over the Galactic longitude range 345° < 0 °  < 25° and 

latitude ±5°. The feature is attributed to a cold hydrogen cloud with temperature as low as 20 

K. The velocity structure shows multiple components at +7, +4 and 0 km s’1. The +7 km s’1 

feature is the most prominent and can be found over most of the region (Crutcher & Riegel, 

1974).

The strong Na D2 absorption at SR ~ +5 km s’1 is seen in all of the lines of sight 

studied toward the Sgr OB 1 region of sky, which extends close to the Galactic Plane over the 

longitude range of 6° to 9°. The velocity is similar to those of the Reigel & Crutcher cold 

cloud, the local HI ridge, and the nearby R CrA dark cloud. This velocity can be traced in other 

sight lines of interstellar Na and Ca beyond the region studied in this work, and throughout the
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region bounded by the Galactic co-ordinates / = 1.9° to 10.22°,/> =-12.27° to +0.71°. All this 

is compelling evidence for the +5 km s"1 feature to be associated with the local H 1 ridge and 

CrA cloud complex.

The sight lines towards HD 164637, 164863, 165515, and HD 164402 exhibit a weak 

absorption at ~ -18 km s . In HD 164863 it is seen at slightly more positive velocity, and in 

HD 165516 it is a stronger feature. This feature shows a gentle velocity gradient across the 

region that may be associated with an expanding shell around a subgroup of the Sco-Cen 

association, or be a local cloud. A weaker component (~ -7 km s '1) is also seen with a wide 

variation in velocity dispersion from star to star.

The absorption profile for HD 165516 shows both a high positive and a negative 

velocity (ca. +22, -24 km s '1) components of similar depth. Unfortunately, one of them is 

blended with a stronger absorption line. If the negative velocity feature is real, their similarity 

indicates they are related to each other it suggests an interesting structure: that the line of sight 

traverses a shell of gas. The expansion of the near and rear hemispheres contribute to each of 

the absorption profiles. On this model, the central velocity is -0.9 km s '1 (LSR) and the 

expansion rate is about 23 km s '1. This line of sight velocity vector only gives a true indication 

of the expansion velocity if the centre of expansion is also in the line of sight, as the shell 

material would be moving directly toward and away from the observer. Consequently, this 

expansion velocity is an underestimate. Expansion velocities of the order of 10 km s'1 are 

known for the combined stellar winds from associations. The expansion velocities seen in this 

sight line are a factor of 2 higher, so it is reasonable to suggest that the cause of expansion of 

this shell is similar, as opposed to supernova-induced expansion which can be a factor of -100 

higher. However, before conjecturing any further it would be valuable to repeat the observation 

at higher resolution, to verify that the feature is real or not, to map the extent of these clouds, 

and, finally, to establish the distance scale.
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7. OBSERVATIONS OF INTERSTELLAR C2

Abstract: C2 is very difficult to detect and only a few measurements of the column density have 

been made despite a significant number of sight lines being studied. This chapter reports the 

search for C2 in 8 interstellar sight lines and the atmosphere of one carbon star: 19 (TX) Psc. 

The observations were made jointly by the author and Dr. Somerville. Upper limits for the 

column density of C2 are new determinations for all of the sight lines.

The spectrum of TX Psc is dominated by l2CN and the position of some CN lines 

coincide with C2 lines. In this wavelength range, C2 could be uniquely identified by the C2 R(0), 

R(2), R(16) line positions, which have no CN counterpart, but nevertheless it is still difficult 

to uniquely identify C2 in its spectrum. Shifts of -0.433 Â for the C2 lines and -0.447 Â for the 

CN lines applied to laboratory wavelengths gave the best match to the observed spectrum. This 

corresponds to the radial velocity o f -15 km s"1 of the star.
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7.1. INTRODUCTION

The C2 molecule has long been known to exist in comets and in cool stellar atmospheres 

(Chaffee and Lutz, 1978). It is easily formed in the laboratory from carbon vapour, along with 

C60 (see Chapter 6) and other carbon-containing molecules (Douay et a i, 1988) and is fairly 

stable, its ground-state dissociation energy is intermediate between OH, CH, CH ' and CN, so 

it was thought to be a likely constituent of the interstellar medium. However, it is hard to see 

and relatively few sound measurements have been acquired. This chapter reports the work 

undertaken by the author, in collaboration with Dr Somerville, to look for C2 in diffuse clouds.

Interstellar C2 molecules were discovered by Souza and Lutz (1977) who detected 

weak absorption lines in a heavily reddened star in the Cyg OB2 association (Lutz, Souza and 

Chaffee, 1977). Shortly thereafter, the R{0) line of the Mulliken band at 2312 À (Snow, 1978), 

and the (2-0) Phillips band were detected toward Ç Oph (Chaffee and Lutz, 1978). Subsequent 

observations (Hobbs, 1979,1981; Chaffee et a i,  1980; Hobbs and Campbell, 1982;Danksand 

Lambert, 1983; Crutcher, 1984) resulted in several confirmed sites of C2 and a number of upper 

limits. C2 is observed in the D 1 U-Xx S g Mulliken (X0 ~ 2313 A) and the F 1 H U-T1 £ + g 

system (X0 ~ 1341 A), but most of the detections were in the (2-0) vibrational band of the A 1 

Uu-X] £  g electronic system of C2 (Phillips band) in the near infrared, ~ 8750 A, within range 

of suitable detectors on ground-based telescopes. Unfortunately, this region of the spectrum 

is where early-type stars, traditionally used for interstellar studies, are relatively faint (Chafee 

and Lutz, 1978) necessitating long exposures to gain sufficient signal to noise (S/N) ratios. 

These observations were summarised and discussed with their own findings by van Dishoeck 

and de Zeeuw (1984). Curiously, only a few additional findings have been reported 

subsequently (see Table 7.1).
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Star log N(C2) Reference

BD+66.1675 - 14.32 3

BD-14.5037 - 14.04 14

IV Cyg 12 - 14.64 3

Wray 977 - 13.9 1

HD 21483 - 13.97 6

HD 23180 - 13.43 7

HD 24398 C Per 13.54 6,7

HD 24534 XPer 13.72 8

HD 26571 - 14.04 6

HD 27778 62 Tau 13.58 6

HD 29647 - 14.18 12,3

HD 34078 AE Aur 13.76 6

HD 63804 - 14.23 1

HD 78344 - 13.90 1

HD 80077 - 14.15 1

HD 92693 - 13.30 1, H

HD 94413 - 13.85 1

HD 106391 - 14.04 1

HD 110432 - 13.48 1

HD 113422 - 13.78 1

HD 147084 o Sco 13.74 1

HD 147701 - 13.74 6

HD 147889 - 14.08 2

HD 147933 p Oph A 13.41 7

HD 148184 X Oph 13.54 7,2

HD 149757 C Oph 13.34 6, 7,11,15

HD 152234 - 13.20 13

HD 152235 - 13.08 13

HD 152236 - 13.20 1
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HD 154368 - 13.71 2
HD 169454 - 13.85 1, 14
HD 179406 20 Aql 13.72 6
HD 206165 9 Cep 13.08 6
HD 206267 - 13.88 8
HD 207198 - 13.48 8
HD 210839 X, Cep 13.23 8

Table 7.1 Selection of measured C2 column densities. Most measurements in this table were 

made at -8750 Â.

References:
1. van Dishoeck & Black, 1989 9. Hobbs, 1979
2. van Dishoeck & de Zeeuw, 1984 10. Hobbs, 1981
3. Lutz & Crutcher, 1983 11. Hobbs & Campbell, 1982
4. Cosmovici & Strafella, 1981 12. Hobbs et a i,  1983
5. Souza & Lutz, 1977 13. Crawford, 1990a.
6. Federman et al., 1994 14. Gredel & Münch, 1986
7. Danks & Lambert, 1983 15. Snow, 1981
8. Federman & Lambert, 1988
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Observation of the C2 molecule gives a useful probe of the conditions within interstellar 

clouds as the rotational populations of the lines result from competition between collisional 

processes and radiative pumping at far-red wavelengths, and the lines can be conveniently 

observed from the ground

As C2 is a symmetric homonuclear molecule, the populations of its rotational fine- 

structure is probably determined by collisions, and so should be in thermal equilibrium with the 

gas kinetic temperature (Lutz and Souza, 1977). Observations of C2, therefore, can be used to 

determine the cloud's temperature. Measurement of the equivalent width of lines from at least 

two different rotational levels give the rotational temperature and the total column density thus 

giving a substantial contribution to the understanding of the chemical and physical processes 

occurring in diffuse interstellar clouds.

7.2. AN INTRODUCTION TO INTERSTELLAR C 2 CHEM ISTRY

The purpose of this section is to outline the current understanding of the chemistry 

behind the formation of the molecular species C2, CH, and CN in interstellar space (Duley and 

Williams, 1984; Black, 1988; Lequeux & Roueff, 1991; Herbst, 1995) , in order to place the 

observations presented in this Chapter into some context.

There are two main types of interstellar chemistry: Low density, low-temperature gas 

phase chemistry, applicable to both diffuse and dark clouds but modified to some extent by 

radiation, and Grain-surface chemistry. Both may be modified by shock wave gas phase 

processes that are characterised by high temperature and relatively high densities. It is generally 

believed that most interstellar molecules are formed from simpler constituents in situ in 

interstellar clouds, rather than by the breakdown of more complicated compounds.
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Photodissociation and photoionisation are the predominant destruction processes for 

molecules in the diffuse clouds and in the outer part of dense clouds transparent to ultraviolet 

radiation.

Interstellar grains have an important, yet currently ill-defined, role in interstellar 

chemistry. Their surfaces could act as catalysts for molecule formation. They absorb energy 

which can then assist the formation of molecules, or provide enough energy to release 

molecules into the interstellar space, and they shield inner parts of clouds from stellar radiation 

and charged particles i.e. cosmic rays, that dissociate the molecules (Duley and Williams, 

1984). Molecular hydrogen, H2, is a key molecule in the interstellar chemistry as most carbon- 

bearing molecules arise from the reaction of C with H2. It is believed to be a significant 

molecular component even in diffuse clouds, yet it cannot be formed in the gas phase only on 

a solid surface. C itself is formed by the photoionisation of carbon which can then undergo 

ion-molecule reactions. Since this is only important at short wavelengths, the ratio C /C (total) 

is quite sensitive to the presence of dust. This ratio is ~1 in the intercloud regions and in many 

diffuse clouds (Duley and Williams, 1984).

The chemistry giving rise to carbon-bearing molecules in interstellar clouds is still not 

completely understood, which is why the absence of C2 may also be significant. For C2, the 

major mode of formation involves reactions between CH and C while photodissociation and 

reactions with oxygen or nitrogen are the important modes of destruction. In diffuse clouds, 

CH and CH+ are found in relatively large amounts. The column density of CH is typically less 

than ~10n cm’2, equivalent to ~10'8 of the total hydrogen abundance. In such regions, carbon 

is expected to be ionised and the initiating steps of the chemistry can then be provided by:

C + H  => CH + hv (7.1)

and
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C+ + H2 => CH + H - (0.369 eV) (7.2)

The source of energy for this reaction is considered to be non-thermal such as magneto- 

hydrodynamic waves and not, as originally thought, from reactions at the observed low 

temperatures. The reactions destroying CH are dissociative recombination:

CH+ + e => C + H (7.3)

and also the reaction

CH + H2 => CH2+ + H (7.4)

which may be followed by further reaction with H2 and ultimately recombination to give neutral 

products (Duley & Williams, 1984), and the reverse reaction to (7.2):

CH+ + H => C+ + H2 (7.5)

Theoretical investigations (Dalgarno and Black, 1976) predict that C2 can be formed 

through the same chemical reactions that produce CH and CH , and the same reaction pathway 

can form CN. Once formed, C2 can be destroyed (Federman et al., 1994) by the reactions:

C2 + O => CO + C (7 6)

C2 + N => CN + C (7.7)

C2 + hv => 2 C (7.8)

Federman et al. ( 1994) gave a revised chemical scheme illustrating the most important 

pathways to CN, which includes C2 as a precursor to CN. By this scheme, C2 can be formed 

from CH, which itself can be formed from C by the following reactions:

c + H2 => C H / (7.9)

c h 2+ + e => CH + H (7.10)

CH2 + h 2 => C H / (7.11)

C H / + e => CH (7.12)

192



then from CH:

c h 3+ + e => c h 2 (7.13)

c h 2 + hv => CH (7.14)

CH + C+ => C2+ (7.15)

C2' + H2 => c 2h + (7.16)

c 2h + e => C2 (7.17)

C2H" + h 2 => C2H2+ (7.18)

C2H2+ + e => c 2h (7.19)

c 2h + hv => C2 (7.20)

The pathway to C2, summarised in Figure 7.1, is dependent on the molecules CH and 

H2. Since C is the dominant form of carbon at the edge of an interstellar cloud, it is expected 

that most of the carbon becomes bound up in CH2 and C2, particularly in denser regions of the 

clouds (van Dishoeck and Black, 1989) unless oxygen is present, in which case most of the 

carbon will exist as CO ( Mitchell et al., 1977).

Federman et a i ( 1994), summarising their theoretical work on the chemistry of C2 and 

CN in cloud envelopes, suggest there are three transition regions within clouds. The outer 

regions of the cloud involve the conversion of C into CO at tuv ~2, a second at tuv ~3 

concerning the production of CN, and deeper within the cloud, at tuv -4.5, is a region where 

photodissociation is balanced by gas-phase reactions. The observational data suggests that CN 

and C2 occupy a similar volume in clouds whereas CH is more widespread. According to their 

model, hydrogen extends over most of the cloud envelope, the region observed via CH and CO 

is somewhat less extensive, while C2 and CN are restricted to the inner regions of cloud 

envelopes because these molecules form from CH.
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c+

CN

CN hv

HC ♦  CO»

Figure 7.1. Chemical pathways illustrating the formation o f  carbon-bearing m olecules, 

particularly C2 and CN (after Federman et al,  1994).



7.3. OBSERVATION AND DATA ANALYSIS

This section covers a search in the region of 8760Â for the (2,0) band of the Phillips 

(Ax Ïlu-X ] E ) system of C2 by Dr Somerville and the author using a CCD detector on the 

130" focal-length camera of the echelle spectrograph on the 1.9m telescope at Mt. Stromlo, 

Canberra, Australia. The resultant spectra span the wavelength range o f-8757-8765 Â which 

includes the Q(2), Q(4), R(0), R(12), and R(14) rotation lines of C2 (Table 7.2). For the C2 

work, eight sight lines were chosen. The physical data on the stars are listed in Table 7.4. while 

Table 7.5 gives the dates and total exposure times made for each sight line. In addition, the 

Carbon star 19 (TX) Psc was observed over a wider spectral range.

The ESO atlas of the Thorium-Argon arc spectrum and resident VAX software were 

used for guidance in setting the CCD and Cross-disperser positions. Owing to the small format 

of the detector and the frequent re-alignment of the echelle the final spectral range covered was 

restricted to the portion common to all of the stellar spectra used in data reduction. About 280 

useful frames were taken, each exposure alternating between the stellar spectrum and arc 

comparison spectrum, with frequent dark frames that were later used to correct the readout 

noise of the detector. Additional frames were exposed for the flat field and the average was 

used to correct the stellar exposures for pixel-to-pixel sensitivity variations. A number of 

frames were exposed to the comparison arc in the spectral regions of interstellar CH, CN, and 

Na in order to produce a map of these spectral regions for future use.
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Transition W avelength

À

Transition W avelength

Â

R(0) 8757.686 Q(2) 8761.194

R(2) 8753.949 Q(4) 8763.751

R(4) 8751.685 Q(6) 8767.759

R(6) 8750.848 Q(8) 8773.221

R(8) 8751.486 - -

R(10) 8753.578 P(2) 8766.031

R(12) 8757.127 P (4) 8773.430

R(14) 8762.145 - -

R(16) 8768.627 - -

Table 7.2. Rest wavelengths of the C2 lines appearing in the spectral region 8750 to 8774Â 

(Adopted from van Dishoeck and de Zeeuw, 1984)

W avelength

Â

W avelength

Â

W avelength

A

8749.170 8758.25 8766.745

8751.206 8760.450 8772.384

8754.010 8761.686 8773.532

Table 7.3. Thorium-Argon reference lines used to establish the wavelength scale for the C2 

observations, including those of TX Psc.
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HD Date Total 

Exposure 

tim e (secs)

HD Date Total 

Exposure 

tim e (secs)

112244 10 July 1992 5100 210191 10 July 1992 9000

12 July 1992 3000 11 July 1992 9000

149038 10 July 1992 8000 12 July 1992 5000

150136 9 July 1992 3000 13 July 1992 4000

12 July 1992 8000 212571 12 July 1992 8000

12 July 1992 9000 223075 11 July 1992 3000

166937 9 July 1992 4000 12 July 1992 4000

184915 10 July 1992 9000 225132 10 July 1992 5750

13 July 1992 5650

Table 7.5. Details of the observations made in the search for interstellar C2 and of the carbon 

star TX Psc (HD 223075).

A preliminary reduction of the data was made to determine what lines might be visible. 

In order to establish a rigorous upper limit, a more exhaustive reduction followed which 

included a thorough preparation of a flat field for correction of the spectra, removal of cosmic 

ray effects, reduction of the arc spectra to provide calibration, followed by extraction of the 

spectrum and correcting for the sky background, wavelength calibration, and summation of all 

of the exposures for any particular star. Thorium-Argon lines at wavelengths of 8758.25, 

8760.45, and 8761 72Â were used to establish the wavelength scale. For the Carbon star, TX 

Psc, the same procedures were followed, with the additional steps of joining three spectra 

together to cover -22 Â in range, and the reference lines used to calibrate the wavelength scale 

are listed in Table 7.3.
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Figure 7.2. Observed C2 spectra with C2 template (solid line) for comparison.
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It is of some interest to add a few notes to support the choice of sight-line and 

interpretation of the spectra. Each sight line offered reasons, such as high E(B-V), to expect 

to find C2, which is why an upper limit estimate may be significant.

HD 112244 (/, b = 303.6°, 6.0°) lies 5° north of the "Coalsack". This sight line is 

known to contain other carbon-bearing molecules: CH (Danks et al., 1984) and CH (Lambert 

and Danks, 1986) but C2 was not detected in this study (see Figure 7.2). C2 had been sought 

toward two nearby stars (van Dishoeck and Black, 1989). Marginal detection was reported for 

HD 113422 (/, b = 304.5°, 1.1°), also associated with the Coalsack and Cen OB 1, and upper 

limits for C2 were reported toward HD 115842 (/, b = 307.1°, 6.8°).

HD 149038 (p Nor) is highly reddened, A(B-V) = 0.31. This sight line is known to 

contain CH, CH , and Fe I (Crane et a/., 1990) and C I , yLSR = +0.9 km s'1 (Jenkins et a i ,  

1983). From this one might expect to see C2, but it was not detected (see Figure 7.2).

HD 150136 is a member of the cluster NGC 6193 at the centre of the Ara OBI 

association, close to the interface between the HI I region and a dense molecular cloud. This 

star is reddened, with E(B-V) = 0.20, but most of this reddening has been found to be due to 

local material (Herbst & Havlen, 1977). It was thought that the sight line toward HD 150136 

and HD 149038, also a member of the association, would reveal some evidence of gases left

over from the formation of the association. Apart from Calcium and Hydrogen, no other 

interstellar atom or molecule seems to have been reported for this sight line.

Upper limits of interstellar C2 were reported (van Dishoeck and Black, 1989) toward 

HD 148379 which, like HD 149038 and HD 150136, is in the Ara OB I association. No C2 was 

detected in this study (see Figure 7.2 ).

HD 166937 (p Sgr): CH is known in this sight line (Lambert and Danks, 1986), again 

C2 might be expected, but none detected (see Figure 7.2).
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HD 184915 ( k  Aql): this line of sight is known to contain H2, CH, and CH (Federman, 

1982), and also neutral carbon, C 1, (Jenkins e/cz/., 1983). An upper limit ofC2 column density 

of 6.5 xlO12 was derived by Federman et a l (1991). C2 was not detected in this study (see 

Figure 7.3).

HD 210191 (35 Aqr): in spite of a search, there is no evidence for CH in this sight line 

(Lambert & Danks, 1986) and it appears that no other interstellar atoms or molecules have 

been reported for this sight line (see Figure 7.3).

HD 212571 (7i Aqr) is a shell star with both strong emission and absorption from the 

shell (Snow, Jr. et al., 1979). Interstellar Ca and Na D2 have been detected in this sight line 

(Hobbs, 1971). No C2 was detected (see Figure 7.3).

HD 225132 (2 Cet): no interstellar atom or molecule seems to have been reported for 

this sight line although it shows a fair degree of reddening. No C2 was detected (see Figure 

7.3).

Column densities of C2 can be derived from unsaturated lines by the formula:

W
N = 1.13 x 102() —y cm'2 (7.21)

f X

where 77 is the column density of the molecule in the lower level of the transition involved, X, 

the transition wavelength (in Â), W is the equivalent width of the line in Â, and / i s  the line 

absorption oscillator strength of 1 xlO'3 (van Dishoeck and Black, 1989).

The resultant spectra show many reduction artefacts (Figures 7.2 & 7.3). Looking for 

one or more lines arising from C2 above the noise of the continuum gave no obvious signs of 

absorption lines. The author derived upper limits for the C2 abundance from the measurement
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of the standard deviation, o, o f the continuum and the FWHM o f the Thorium-Argon line. This 

resolution was measured as 0 . 2  Â (corresponding to 6  pixels on the detector) and the minimum 

size o f any absorption that could be discerned with confidence in the spectrum was taken to be 

equivalent to 3o. This was taken to be the minimum detectable EW. The value ofthe minimum 

EW, ranging between 17 and 32 mA, was used to estimate the upper limit ofthe C2 

column density (see Table 7.6). The total column density, N(C2), is the sum ofthe column 

densities for all ofthe transitions. For clouds with temperatures 7  s50 K and density n = n(H)

+ «(H^) 2 2 0 0  cm"3, the total column density M Q ) can be taken as equivalent to five times the 

jV(Q(2)) value according to van Dishoeck and Black (1989). These values o f for the 

Q(2) line are listed in Table 7.6.

7.4. RELATION OF C2 ABUNDANCE TO OTHER MOLECULES

van Dishoeck and Black (1989) found a correlation between measured C2  and CH 

column densities which can be expressed by the formula:

log JV(C2) = 0.85 log jV(CH) + 2.2 (7.22)

with a standard deviation o f ±0.15 in the fitted values o f log M CJ • A close relation between 

the CH and C2  column densities is to be expected if C2  is formed largely through the reaction

nfC+ with CH.

A linear relation between CH and H2  column densities has been established for difiuse 

clouds and is believed to hold for larger extinctions in dark clouds (Mattila 1986,1988). The 

mean relations for a number o f clouds (Danks et u/.,1984; Mattila, 1986) gives the relation:
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log//(Hz) = 1.125 logTV(CH) + 5.828 (7.23)

The expected Cg column densities based on literature values of CH and H2  column 

densities were calculated from Equations 7.21 and 7.22. The appropriate data were available 

for only four stars. Table 7.7 shows the predicted column densities along with observed upper 

limits for Q  The results show a general agreement of the observed upper limits of column 

densities. For HD 149038 and HD 184915 used in this study, if most of the Q  was in the Q(2) 

state, it shows that we would have expected to detect some Ĉ

Correlation of the measured CH and CN column densities show a large scatter (van 

Dishoeck and Black 1989) and there are lines of sight with similar CH and C2  column densities 

but for which the CN column densities differ by an order of magnitude. If CN were formed 

mostly through the neutral-neutral reactions o f C2  and CH with N (Federman, Danks, and 

Lambert 1984) a much closer relation would have been expected (van Dishoeck and Black

1989). This implies that CN is formed by a different route, and later models (Federman et al.,

1994) included a reaction scheme that included NH as a reagent involved in the formation of 

CN. This doesn’t mean that the pathway to C2  needs to be revised (see Figure 7.1) but it does 

mean that sites where CN is detected are not necessarily sites of C2  production.
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HD a Minimum detectable 

Equivalent Width

(mA)

log iV(C2) cm ' 2  

predicted from eqtn. 7.21

Q(2) SxQ(2)

112244 0.052 32 13.67 14.37

149038 0.033 2 0 13.47 14.17

150136 0.043 26 13.59 14.29

166937 0.030 18 13.43 14.13

184915 0.027 17 13.39 14.08

210191 0.048 29 13.64 14.34

212571 0.040 25 13.56 14.26

225132 0.035 2 1 13.50 14.20

Table 7.6. Derived column densities for for the Q  Q(2) line using Equation 7.21, a 3a 

detection limit and resolution of 0.2 Â. The final column gives the total log N(C2) according 

to the formula o f van Dishoeck & Black (1989).

HD log (H2) 

from 

Eqtn 7.23

log (H2) 

observed

log (CH) log [MC2) cm"2]

predicted from 

Eqtn 7.22

For Q(2) from 

this study

112244 20.09 20.14 12.69 12.98 <13.67

149038 20.44 20.44 13.00 13.24 <13.47

184915 20.40 20.31 12.94 13.21 <13.39

210191 - <18.60 <11.35 <11.85 <13.64

Table 7.7. Predicted and observed upper limits for Cg based on column densities for CH and 

H2  from Danks etal. (1984), Federman etal. (1982) and Somerville & Smith (1989). Note that 

Federman et ai. (1994) found log #(C 2) z 12.8 for HD184915
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7.5. CIRCUMSTELLAR C2 AND CN IN THE CARBON STAR TX 

PISCIUM

The CN and Cg transitions from the ground state are governed by orbital angular 

momentum changes. These electronic states are split into vibrational states with closely spaced 

energy levels, and the vibrational states are further split into even more closely-spaced 

rotational levels. The combination of electronic, vibrational and rotational levels allows a 

multitude oftransitions which group into the complex bands characteristic of these spectra. The 

direction in which a molecular band degrades, to the blue or toward the red, depends on 

whether the intemuclear distances increase or decrease, respectively, as the result of the 

vibration-rotation changes from the upper to the lower state. In the case o f the carbon star TX 

Psc the spectrum in the wavelength region of interest is dominated by several bands of the A2  

H -jfll red system of CN. The CN branches of the Red System degrade to the red. Each of the 

rotational transitions P, Q, and R has spin-splitting, producing eight branches for CN. These 

branches overlap within a given vibrational transition and among the many vibrational 

transitions for each molecular species, creating a jumble of absorption features in carbon star 

spectra which is very difficult to sort out. To complicate matters, carbon stars can bring freshly 

processed material from their interiors to the surface; there is the possibility that other isotopic 

forms of C and N exist in the atmosphere, whose molecules form another set of absorption lines 

to mingle with those of the normal isotopic forms. However, the 1 2  C/ 1 3  C ratio for TX Psc has 

been found to be 43_(Lambert-e/-ûr/^-1986)rwhich-is-high“enou'glrto make the potential for 

confusion arising from the isotopic species quite small.
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Figure 7.4. This spectrum of TX Psc was created from three separate exposures centred 

approximately 6 Â apart. The relative intensity levels were adjusted within the overlapping 

wavelength regions before joining, to give a continuous profile with no abrupt changes.

207



An attempt was made to identify the absorption lines in the spectrum of TX Psc 

obtained in this work. A visual pattern-matching technique was employed, whereby a chart 

showing the positions of the CN (Davis & Phillips, 1963) and Ĉ  lines (Dishoeck & de Zeeuw, 

1984), was made to the same scale as the printed spectrum of TX Psc. These were viewed on 

a light-box together, superimposing the laboratory lines on the observed spectrum of TX Psc. 

It was possible to identify many CN lines in the spectrum but difficult to identify any particular 

value for a radial velocity. This is no surprise as various regions of the star’s atmosphere would 

be moving with slightly different radial velocities depending on the state of pulsation of this 

star. In addition, there may be minor errors in the line positions given in the identification lists 

or in the graphical placement of those positions in the over-lays. While using this technique, the 

author noted that the positions of some C2  lines matched those of CN lines, which could give 

rise to misidentification if caution is not used. The laboratory positions of the C2  lines and the 

nearest CN lines in this region of the spectrum are listed in Table 7.8, along with the values of 

the differences in line positions, ÀCN - A#. In many cases, the difference is quite small, <0.1Â, 

but significant differences do occur for the C2  Q(8 ) and P(4) lines, and no co-incidences for C2  

R(0), R(2), and R(16). Therefore, it is necessary to identify these lines to declare that C2  has 

been found in the spectrum.

Most spectral studies of Carbon stars have been made in the wavelength range <8000 

Â and k 10,000 Â. Only a few have been made in the spectral range used in this work: 8750Â 

to 8776Â such as Utsumi {e.g. Y CVn published in 1963), Fujita and Yamashita (1960). More 

recently, studies were made at higher resolution, R ~ 47,000, resulting in a spectral atlas of six 

bright carbon stars including TX Psc (Bambaum, 1994), again the spectral range was 5080 to 

7850Â. The spectrum range discussed in this section is therefore unusual, and possibly unique, 

in that it is at a high-resolution and in a little-studied region.
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CN Difference

Transition Wavelength Transition Wavelength

A A ^•ar^o
R (6 ) 8750.848 R1& P2 8750.993 +0.145

R (8 ) 8751.486 Q2(13) 8753.627 +0.141

R (4) 8751.685 Rl(46) 8751.633 -0.052

R (10) 8753.578 Q2(13) 8753.627 +0.049

R (2) 8753.949 - - #

R (12) 8757.127 Q2&R2 8757.005 -0 . 1 2 2

R (0) 8757.686 - - #

Q (2) 8761.194 Pl(13) 8761.121 -0.073

R (14) 8762.145 Pl(32) 8762.150 +0.005

Q (4) 8763.751 P1&Q1 8763.801 +0.050

P (2) 8766.031 Ql(39) 8766.001 -0.030

Q (6 ) 8767.759 Q2(66) 8767.688 -0.071

R (io ) 8768.627 - - #

Q (8 ) 8773.221 R2(74) 8773.851 +0.630 #

P (4) 8773.430 R2(74) 8773.851 +0.421 #

Table 7.8. Laboratory wavelengths ofC^ and closest CN lines appearing in the spectral region 

8750 to 8774 Â ( based on data from van Dishoeck and de Zeeuw, 1984, and Davis & Phillips, 

1963). A wavelength difference o f <0.2 Â is likely to cause confusion over its origin inC^ or 

CN. The'itemslharked with a i‘#'b offer the best possibilities for identification.
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Carbon stars have peculiar atmospheric and circumstellar chemical composition due to 

freshly-processed material from their interior finding its way into the star’s atmosphere. The 

presence of elements, such as those produced by the s-process, offers information on the 

evolutionary status and interior structure and optical spectra can give some clues on the 

dynamics and physical processes in the atmosphere. Their circumstellar dust and stellar winds 

will seed the interstellar medium with siliceous and carbonaceous material, changing the 

elemental composition of the interstellar medium, and influencing the processes in the next 

generation of star formation (Bambaum, 1994). The observed spectrum (Figure 7.4) is 

extremely complicated, and nowhere do we see anything approaching the continuum. A number 

of strong lines cannot be identified, indicating that other species are present, but as mentioned 

earlier they are unlikely to be another isotope of carbon in or CN. Direct identification of 

spectral lines are made difficult by the number of lines and their possible velocity shifts, while 

spectral synthesis using model atmospheres with all of the necessary assumptions was beyond 

the scope of this work. Instead, an attempt was made to identify all of the strong lines (see 

Table 7.9). Bambaum (1992, 1994) produced identity templates of atomic and molecular 

features expected in the spectra of the carbon stars which, by cross-correlation with the 

observed spectrum, he gave a heliocentric velocity o f 9.6 km s" 1 for TX Psc. I measured the 

heliocentric wavelengths of the major absorptions in the spectrum of TX Psc, taking the 

wavelength at the minimum point of each curve. Using the method of pattern matching by 

means of graphical overlays I could not give a unique value to the wavelength shift required 

to match the laboratory spectra of and CN with the observed spectra of TX Psc. However, 

by transferring the problem to the computer and looking at the two reference spectra, Q  and 

CN, separately it was possible to identify wavelength shifts that would give a match.
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Figure 7.5 Cg and CN templates shifted by -0.44 Â (-15.0 km s’1) on the TX Psc spectrum.
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Shifts o f -0.433 Â for the Cg lines and -0.447 Â for the CN lines applied to the heliocentric 

wavelengths of the major absorption lines gave the best match. Table 7.9 lists the best 

identifications that resulted from this exercise, with the intermediate wavelength shift of -0.44 

Â applied to the reference lines. This table gives the heliocentric wavelength of the absorption 

line and the rest wavelength of the molecular line. In some cases there are two possible close 

matches of observed and reference positions, in which case the closest of them are listed in the 

first row. The final columns give the line identification: the molecule responsible, and the 

corresponding line parameters. For C2  and CN the wavelength shifts correspond to radial 

velocities o f-14.8 and -15.3 km s*1 respectively. The line positions are plotted on the observed 

spectrum of TXPsc in Figure 7.5. The CN bands are treated separately to minimise congestion 

on the plots. All molecular lines were calculated using DIPSO at equal intensity and shifted by 

-0.44 Â, corresponding to a velocity shift o f -15.0 km s'1. The wavelength scale is heliocentric, 

and this velocity shift corresponds to the radial velocity of TX Psc.

7.6. SUMMARY

No absorption lines of any species were found in the wavelength region ~8757-8765Â in the 

spectra for the 8  target stars which are listed in Table 7.6. The calculated upper limits for the 

column density of Ĉ  are new determinations for all o f the sight lines, and lie in the range log 

Ar(C2) = 14.0 to 14.4. The highest column density known so far are log ^ ( ( y  = 14.00 cm"2  

toward HD 63804, 14.09 toward +6 6 °. 1675 and 14.35 toward VI Cyg_12,_while the lowest- 

amount detectable seems to be logM Cy -12.0. Upper limits to the Ĉ  column density for four 

stars were found to be comparable to values obtained for other sight lines nearby in the sky or 

could be predicted from column densities o f the molecular species CH observed in the same
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line of sight. Subsequent to this study, Federman et al. (1994) published a column density of 

log  ̂12.8 for the intervening cloud toward HD 184915, one of the stars in this study, 

but the result is affected by the presence of stellar features in the spectrum. As it is a lower 

upper limit than could be found in this work, it does show that the equipment and data 

reduction used in this study is not sensitive enough to detect Cg The detection of C2  around 

8750 À depends on 1) the amount o f foreground interstellar matter, 2) the apparent brightness 

ofthe star at 8750 A, 3) the sensitivity of the telescope, spectrograph and detector, and 4) the 

absence o f confusing stellar and other interstellar lines (van Dishoeck & Black, 1989). The 

original plan to search for toward stellar associations had to be aborted, and these sight lines 

were chosen on the basis their reddening which implied the presence of interstellar material. 

The sensitivity o f the equipment is in doubt, however, as the spectra are very noisy compared 

to those acquired with 4m telescopes (van Dishoeck & Black, 1989) that have been successful 

in the search for interstellar Q

In the case of TX Psc, identification of some o f the lines as arising from 12CN was made 

using published line lists. The pattern of lines in the Q  spectrum are easily confused with that 

of the CN system, which dominates the spectrum of TXPsc. The best fit to the spectrum of 

TX Psc was acquired with a shift o f -0.433 À for the C2  lines and -0.447 Â for the CN lines, 

corresponding to the radial velocity of the star.
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8. A SEARCH FOR FULLERENE, C60

Abstract: The discovery ofBuckminsterfuUerene, , and its stability under highly energetic 

conditions led to the prediction that it might be a major constituent of the interstellar medium. 

Previous searches for a absorption in the region o f3860 Â were unsuccessful. This feature

was not confirmed by later investigators, however, but it may be due to an unrecognised carbon 

molecule. This chapter reports the data reduction and analysis of spectra acquired in a search 

for this “C6 0  " feature in diverse stellar environments ranging from hot luminous stars to cool 

carbon stars. No absorption due to the C6 0  feature were found. No unusual features were seen 

in most stellar spectra. The exceptions were in a few weak spectra of Carbon stars, a potentially 

imsidenlified or inisclassified star, and changes in the spectrum of HD 93308 (q Car). This 

spectrum is dominated by P Cygni profiles of the Balmer lines H8  and H9, and an emission line 

Ne [111], characteristic of the nebula. Atomic lines detected in the 1950-1960's were not seen, 

implying that the star is no longer directly observable.

The spectral range also includes the positions of interstellar lines of CH and CN, but 

no definite identifications of lines arising from these molecules could be made.
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8.1. INTRODUCTION

Laboratory investigations into the mechanism of formation of long-chain carbon 

molecules, such as the cyanopolyynes, when carbon vapour condenses in the presence of 

hydrogen and nitrogen led Kroto eta l (1985) to identify a remarkably stable molecular species 

consisting of 60 carbon atoms in a spherical arrangement. Such conditions are similar to those 

expected to occur in the atmospheres of carbon stars, and cyanopolyynes have actually been 

detected in some circumstellar shells and the interstellar medium. As a consequence of the 

stability of C6 0  under such energetic conditions, Kroto et a l  (1985) conjectured that it may be 

widely distributed in the Universe. They suggested it may not only be a major constituent of 

circumstellar shells with high carbon content, but also a plausible constituent of interstellar 

dust, providing a possible site for surface-catalysed chemical processes leading to the formation 

of interstellar molecules. Also, that C^, or a derivative of it, might be the carrier for the diffuse 

interstellar lines. Within a few years of the announcement of its discovery. Heath et a l  (1987) 

published the spectrum of a single narrow absorption feature near 3860 À (see Figure 8 .1), 

seen in two different forms of the molecule, which they claimed to be due to C60. This spectrum 

initiated a number of searches for the feature in the interstellar medium (Snow & Scab, 1989; 

Somerville & Beilis, 1989) with no conclusive result. Dr. Somerville later observed a wide 

range of objects in the search at this wavelength for circumstellar C#, in various environments. 

The reduction of the observations and analysis of these observations were performed by the 

author and the results are presented in this chapter. Interstellar lines of CH and CN fall in the 

spectral range observed (section 8.3). Like the previous observations, there is no convincing 

evidence for the 3860 À feature.

Later work, however, showed a spectrum of a uniform film of Qq coated on a quartz 

glass substrate consists o f broad peaks at 2160, 2640, and 3390 Â (Krâtschmer et a l,  1990), 

with weaker structures in the visible including a plateau between -4600 and 5000 Â and a
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small peak near 6250 À (Krâtschmer, Lamb, et a l,  1990; Haufler et a l,  1991; Taylor et a l, 

1990). They saw no sign of the 3860 Â absorption and it is not seen in the spectra of the 

known alternative carbon molecule likely to be present: C70. Consequently the origin ofthe 

3860 Â absorption remains a mystery, but the compound responsible for it may be identified 

one day. In the meantime, the published laboratory spectra show strong absorption in other 

regions of the optical and ultraviolet that could be used in a search for interstellar but 

attention has now moved on to the cation C60+, tentatively detected in the interstellar medium 

(Foing & Ehrenfreund, 1994; Ehrenfreund & Foing, 1997).
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8.2. PROPERTIES OF FULLERENES and C60

The chemistry and physics of fullerenes have been the subject of many books and papers 

(see Ehrenfreund & Foing, 1997, and references therein). The two well-known allotropes of 

carbon are diamond and graphite. Their molecular structures consist o f linked carbon atoms 

in a tetrahedral arrangement, and planar sheet o f fused C6  rings, respectively. The molecular 

structure of fullerenes is a closed spherical structure built from fused C6  and C5  rings, the latter 

ensuring the curvature for closing the structure. Such closed structures can be constructed for 

C„ where n is 20 upwards with the exception o f « = 22 (Ehrenfreund & Foing, 1997). The 

mode o f formation is governed by thermodynamics, kinetics, activation energies, and chemical 

pathways. For n <10, linear carbon structures are common, between Cgo and C3o it is not clear 

whether linear or polycyclic rings are favoured, but above C3 5  the lowest energy structures 

appear to be the fullerenes, in particular the and C7 0  fullerenes. These are produced in 

highest yields in carbon vaporisation (Ehrenfreund & Foing, 1997).

Fullerenes were initially obtained in very small yields, only a small fraction of the 

theoretical amount from a reaction (Kroto et a l ,  1985). This was improved to 5% by 

Krâtschmer et al. (1990) and to 20% by Parker et al. (1991). The formation o f fullerenes 

required energetic conditions such as high temperatures (Kroto etal. ,1985; Krâtschmer et a l ,

1990), suggesting that the reactions require high activation energies. The mechanisms of 

formation of the fullerenes Qo and Cyo are still unclear despite the fact that much research has 

been done. Of the several alternatives under consideration (Goroff, 1996), the most-favoured 

route is similar to the one originally proposed by Kroto et al. (1985) to account for the 

formation o f C*n. In this process, planar ringmolecules are formed-by- the-fragmentation-of 

graphite. These readily recombine to form larger molecules which then rearrange with the loss 

of C2  to produce the fullerenes. The preferential appearance of and C7 0  in the products is 

because they are more stable than other such molecules (Goroff 1996 and references therein).

220



Cgo is very stable both chemically and to intense light (Kroto e ta l,  1985; Kroto, 1987, 

1988; Curl & Smalley, 1988). The larger even-numbered clusters ( o f molecular formula Cm 

where ti = 30,32,34... .etc.) are similarly extremely difficult to photo-dissociate. When they do 

begin to fragment, they first lose Cg successively until reaching C^ which then breaks up in a 

different way (Curl & Smalley, 1988). In the laboratory, fullerenes degrade relatively fast on 

exposure to oxygen in the air. This is the main reason why fullerenes had not been discovered 

earlier in the laboratory (Ehrenfreund & Foing, 1997). As a consequence, we may not expect 

fullerenes to exist in astronomical sites that are oxygen-rich.

8.3. INTERSTELLAR FULLERENES

The presence of soot material in carbon-rich stars, along with the spontaneous 

formation and high stability o f the fullerenes suggests that C6 0  could be present in circumstellar 

shells, and it was thought to be able to survive long enough to be cycled into the interstellar 

medium (Kroto et a l ,  1985). There are two main astrophysical sources for the formation of 

fullerenes (Ehrenfreund & Foing, 1997): one source lies in the matter from mass-losing stars, 

where graphite-like material can be processed by shocks or cosmic rays to produce fullerenes. 

The other source lies in dense molecular clouds with the build-up of C^-C^ chains from C+ 

insertion, ion-molecule and neutral-neutral reactions. It was generally thought that could 

be present with detectable abundance in some interstellar clouds or carbon-rich circumstellar 

shells, perhaps in the ionised form C60+. It was also thought that C60, or a derivative, was a 

possible source of the diffuse interstellar lines (Kroto et a l,  1985). Carbon-containing

molecules have been suggested as the best candidates for the carriers ofthe difruse înterstellat

bands (DIBs). A wide variety o f possible carriers of these lines such as carbon chains, carbon 

rings, polycyclic aromatic hydrocarbons (PAHs), and fullerenes have been considered (Herbig,

1995). C6 0  and its cation C60+ may also be expected in places where poly-acetylene molecules.
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'poly-ynes', o f general molecular formula H-(-C:C-)n-X, where X is another atom or molecule, 

are formed. For example there are the cyanopoly-ynes, where X = CN, and n is an integer. The 

Egg Nebula CEL 2688, a carbon-rich object, shows strong absorption features of 

carbon-bearing molecules such as C3 , SiC, Cg and C4H (i:e. H-C:C.C:C). Emission due to HC? 

N, which has the structure H-(-C?C-)3 -CN, is seen to extend beyond the optical lobes of CEL 

2688, suggesting that much larger carbon-bearing molecules could form in this object (Kroto, 

1988).

As the interstellar medium is immersed in radiation with energies well over the 

ionisation threshold for C#) (between 6.4 and 7.9 eV), most C^ present in this environment 

would be expected to be in the ionised form, C ^ . This extremely photoresistant ion (Curl and 

Smalley, 1988) was proposed (Kroto, 1988, and others) as a possible carrier o f the molecules 

that give rise to the DIBs. However, laboratory spectra of C^ and C60+ do not show any strong 

visible bands which match known DIBs (Ehrenfreund & Foing, 1997). The spectrum of C60+ 

shows two dominant peaks at 9663 ±9 Â and 9724 ±4 À in an Argon matrix and at 9580 ±4 

and 9642 ±3 Â in a neon matrix (Fulara et a l 7 1993). In searches for C # / in the near infrared 

(Foing & Ehrenfreund, 1994), two bands found in a few stars at 9577 Â and 9632 Â were 

taken to be DIBs. These coincide with the laboratory measurements o f C60+ in a neon matrix. 

However, there is interference from telluric bands in this spectral region. Later observations 

made under dry atmospheric conditions confirmed the detection o f the DIBs toward another 

star, HD 183143, (Foing & Ehrenfreund, 1997). The two DIBs decrease in a UV shielded cold 

cloud (HD 80077) but increase in a region dominated by UV radiation (HD37022), as would 

be expected from the CgQ-ionisation/recombination properties. They identified two additional 

weak bands, consistent with predicted bands, o f C60+ at 9366 Â and possibly 9420 À. They 

estimated that 0.3 - 0.9% of the cosmic carbon could be in the form of C60+.
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8.4 THE SEARCH FOR C #

8.4.1. PREVIOUS SEARCHES

Although C6 0  should be largely ionised under normal difiuse cloud interstellar 

conditions, it was considered reasonable to expect a significant abundance of the neutral species 

to exist in equilibrium; therefore a search for the feature reported by Heath et al. (1987) at 

3860 Â was made by two teams of investigators.

One group looked at spectra previously obtained for studying the interstellar lines of 

Fe I, at 3860 À and the CN band at 3876 Â (Snow and Scab, 1989). In HD 199579 they saw 

a broad, shallow dip about 2 Â short ward of the central wavelength of the line. However, 

a stellar line appears near the same position in several other stars, e.g. HD 29309, and when 

the spectrum for HD 199579 was divided by that of another star with similar photosphcric lines 

the apparent dip disappeared. They found no sign of the 3860 Â feature in the spectra of 

several reddened stars, including one star known to have circumstellar carbonaceous dust.

The other team searched for evidence for C6 0  toward two Mira-type M giants: o Cet 

(M7 Hie) and RX Lep (M6  HI) (Somerville and Beilis, 1989). Both spectra showed a broad 

dip at 3860 À. Although close to the C6 0  wavelength, they believe it is likely to be due to 

blending of very strong stellar absorption lines. They further remark that it would be of value 

to observe similar objects that are perhaps at different evolutionary stages - in particular 

IRC+10216 and the Red Rectangle HD 44179. Somerville and Beilis also observed a number 

of reddened early-type stars. Like Snow and Scab, they found no sign of the C^ feature in the 

general interstellar medium. The evidence for C6 0  in the 3860 À region of the spectrum is 

therefore inconclusiver lf  the feature is real; the detection is made more difiicult by the presence 

of other features which interfere in the identification, for instance C3  band heads fall in this 

region (Gausset etal., 1965) and an absorption occurs at 3869 Â, which may be a blend of CN 

lines in the (0-0) band (Cohen and Kuhi, 1980).
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8.4.2. LATER SEARCHES FOR NEUTRAL C #

The spectrum of neutral in n-hexane solution shows strong transitions in the 

ultraviolet at 2110, 2560, and 3280 À (Leach et a l,  1992), while moderate bands at 3980 Â 

and 4024 Â and several weak features between 6000 Â and 6250 Â were measured in the gas 

phase (Haufler et a l ,  1991). Foing & Ehrenfreund (1997) searched for neutral C6 0  in objects 

showing extinction and determined upper limits for the column density. On the basis of an 

assumed equal abundance (0.9%) of neutral and ionised C6 0  and an oscillator strength of 0.005 

±0.002 for the 3980 À band, an equivalent width of 170 mA per unit reddening, £(B-V), was 

predicted by Foing & Ehrenfreund (1997). They detected a weak feature toward BD+63 ° 1964 

at 6220 Â which could be a blend of lines from C#, and C^. They remark that the search for 

the signature of neutral is a very difficult observational task, and may be more successful 

if the strong line at 3100 Â is used, as it has an oscillator strength of 0.37.

On Earth, the fullerenes C6 0  and C7o have been identified in shocked rocks (brecchias) 

of the Sudbury impact structure in Ontario (Becker et a l ,  1994a). A search for in the 

Murchison meteorite gave an upper limit of 2ppb while it has been detected in the Attende 

meteorite at O.lppm (Becker era/., 1994b). The fullerenes observed in Attende are thought to 

be intrinsic and not as a result of an impact (Ehrenfreund & Foing, 1997). Fullerenes have also 

been detected in an impact crater on the LDEF spacecraft (di Brozzolo et a l ,  1994), which 

may be the part o f the surviving micrometeoroid or was formed at impact from carbonaceous 

material (Ehrenfreund & Foing, 1997). In space, two DIBs have been identified as arising from 

C60+ (Foing & Ehrenfreund, 1994). Ehrenfreund & Foing (1997) have found double and triple 

structure in three narrow DIBs at 5797,6379, and 6613 Â consistent with rotational contour 

calculations of large gas molecules. The profile of 6613 Â, toward HD 145502 and HD 

147165, show three substructures with a separation of 1.4 cm' 1 consistent with C6 0  rotational 

calculations. It may, therefore, be worthwhile looking for the known strong absorption lines 

of the fullerenes in the spectra of suitable astronomical objects.
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During the preparation o f this thesis, Herbig (2000) published a review of the search 

for interstellar C6 0  including further work at Æ = 45,000 with the Keck I HIRES spectrograms. 

No absorption features were detected near the laboratory wavelengths 3857 and 3980 À.

8.4.3. PRESENT OBSERVATIONS

Following the failure to detect signs of C6 0  in interstellar space, an attempt was made 

to see if any sign o f the 3860 Â feature could be found near stars. Many stars, particularly those 

with relatively cool atmospheres (T  < 6000 K), show the presence of molecules through the 

appearance of spectral lines in the infrared, visible, and ultraviolet regions of the spectrum. 

Molecules are also seen in the extended atmospheres o f giant stars, in the circumstellar shells 

of gas and dust around highly evolved stellar objects and in planetary nebulae that result from 

mass ejection by red-giants. All are good places to look for molecules, and as C6 0  is very stable 

to photoionisation it was also sought in the environments of hot stars.

The spectra for a diverse group of objects were recorded by Dr. Somerville at Mt. 

Stromlo in the search for a possible absorption feature of C6 0  in the range 3820 À to 3895 Â. 

All subsequent data reduction and analysis were performed by the author. The physical data 

for the stars concerned are listed in Table 8.1, while Table 8.2 lists the peculiarities o f each 

sight line. Although the comments in Table 8.2 are brief, they illustrate the potential value of 

that sight line for seeing molecular species. For instance, Wolf-Rayet stars associated with 

ring-nebulae could be promising sites of molecule formation, carbon-stars and peculiar objects 

such as HD 44179, the Red Rectangle', are places where molecules are known to exist. 

Another examole is HD 37903.which is the exciting star for the_reflection nebula NGC-2023 

and is embedded in the Orion molecular cloud. It has a low far-UV extinction curve similar to 

those of the Trapezium stars and HD 147889 in the p Oph cloud. (Joseph et al.t 1986).
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HD Name RA Declination 

(2000)

Galactic V E(B-V) Spec.

h m s d m  s Long. L at

37903 - 05 41 38 -02 15 33 206.85 -16.54 7.83 0.35 B1.5 V

39060 p Pic 05 47 17 -51 04 04 258.37 -30.61 3.85 0.03 Asm
39801 a  On 05 55 10 07 24 25 199.79 -8.96 0.5 0,15 M2 lab
44179 R. Rectangle 06 19 58 -10 38 14 218.97 -11.76 9.26 0.52 B 8V

50896 EZCMa 06 54 13 -23 59 42 234.76 -10.08 6.86 0.0 WN 5

51208 NPPup 06 54 27 -42 21 57 252.21 -17.38 6.33 - N7.7

52432 V614 Mon 07 01 02 -03 15 08 216.92 0.65 7.15 - R5

62542 - 07 42 37 -42 13 47 255.91 -9.24 8.04 0.37 B 5V

68273 Y2 Vel 08 09 32 -47 20 12 262.80 -7.69 1.78 0.21 WC7

76536 - 08 54 59 -47 35 33 267.55 -1.64 9.14 - WC

87887 a  Sex 10 07 56 00 22 17 241.11 42.07 4.49 0.0 B5 V

89080 œ Car 10 13 45 -70 02 16 290.16 -11.18 3.32 0.1 B7 rv
92740 - 10 41 18 -59 40 37 287.17 -0.85 6.42 0.2 WN7

92809 - 10 41 38 -58 46 18 286.78 -0.03 9.3 - WC6

93131 - 10 43 53 -60 07 04 287.67 -1.08 6.49 0.19 WN7

93308 i\ Car 10 45 04 -59 41 03 287.60 -0.63 6.20 - -

97048 CUCha 1108 05 -77 39 17 297.37 -15.91 8.45 0.36 AOpshe

97950 - 11 15 07 -61 15 33 291.62 -0.52 9.83 - WN5+0

100841 X Cen 1135 47 -63 01 10 294.47 -1.40 3.13 0.0 B9m
106625 y Crv 12 15 49 -17 32 32 290,99 44.50 2.59 0 1 R8 ITT

110432 BZ Cm 12 42 50 -63 03 31 301.96 -0.20 5.31 0.52 Blpe
111133 EPVir 12 47 02 05 57 05 299.90 68.80 6.34 . 0.1 A4p

113904 0 Mus 13 08 07 -65 18 22 304.67 -2.49 5.51 0.2 09.8

115473 - 13 18 27 -58 08 37 306.50 4.54 10.13 - WC6

129981 V553 Cen 14 46 34 -32 10 15 329.58 24.68 7.80 0.0 G5 Up

137613 HMLib 15 2748 -25 10 10 342.17 25.55 7.50 - R
147084 o Sco 16 20 38 -24 10 09 352.33 18.05 4.55 0.7 ASH

148839 LVTrA 16 35 46 -67 07 36 322.27 -13.13 9.28 - G/Kpec
151932 V919 SCO 16 52 19 -41 51 16 343.22 1.43 6.49 0.46 WR7

156385 - 17 19 30 -45 38 24 343.16 -4.76 6.92 0.25 WC7

165763 - 18 08 28 .21 15 11 9.24 -0.61 7.78 0.2 WC6

Table 8 .1 . Basic Data for the stars discussed in this Chapter (fDrshfield & Sinnott, 1982). 

Spectral type for HD 92809 and 115473 from Asfron. J. 67,79,1962, for HD 44179,76536, 

97048,97950 and HD 148839 from S1MBAD (1993).



HD Associated with:-
37903 I Reflection nebula NGC 2023, anomalous extinction

39060 I p Pictoris: circumstellar disk
39801 a  On: carbon molecules in atmosphere

I The pyt n̂glp.1 nebula, molecular emission and absorption, DIB emission

50896 I Wolf-Rayet star with ring nebula (S308). Old SNR in foreground
51208 Carbon-star, circumstellar shell, carbon-rich
52432 Carbon-star, circumstellar shell
62542 I Chim nebula, peculiar UV extinction. Optical C%, CN, CH and CN
68273 Wolf-Rayet star, near Gum nebula
76536 Wolf-Rayet star, near Gum nebula
87887 Peculiar spectrum, reflection nebula
89080 Shell star, p Pic analogue, infrared excess
92740 I Wolf-Rayet star, HH region, many interstellar lines, in r\ Car nebula

92809 Wolf-Rayet star, ring-nebula, in T] Car nebula

93131 Wolf-Rayet star, in Carina nebula
93308 t] Cannae, circumstellar envelope, molecular cloud
97048 I PMS «mission-line star in ChA cloud. Circumstellar dust, reflection nebula.

97950 Strong X4430 DIB. HH region NGC 3603

100841 X4430 DIB
106625 Peculiar features in spectrum
110432 I Emission-line star in Coalsack. Interstellar CN, C?, CH molecules

111133 Wolf-Rayet star
113904 I Wolf-Rayet + O-star, DIBs in spectrum, Coalsack nearby
115473 Wolf-Rayet star, with ring nebula
129981 Carbon star
137613 Carbon star. Infrared excess
147084 I Near p Oph daik cloud, interstellar C* CH% CH and CN. Heavily reddened.

148839 Reddened; R CrB variable.
151932 Ring nebula, far-infrared emission
156385 Woll-Rayet star in nebula
165763 Wolf-Rayet star, ring nebula

Table 8.2. Phenomena associated with the sight lines used in the search for Qq.
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HD Day, March 1990 Maximum counts
37903 24 4880
39060 2 1  & 28 1 1 0 0 0

39801 26 1 2 0 0 0

44179 20, 22, 23, 27 & 28 5000
50896 25 15000
51208 24, 25,26 & 29 3600
52432 2 1 177
62542 2 1 3000
68273 23 26000

76536 23 2 0 0

87887 2 2 4300
89080 2 0  & 2 1 14000

92740 2 2 1 0 0 0 0

92809 24, 27 & 29 4200
93131 23 1 1 0 0 0

93308 26 & 27 24000
97048 25, 26 & 28 3500
97950 2 2 38
100841 2 2 15000
106625 25 1 1 0 0 0

110432 2 2 1 0 0 0 0

111133 25 8500
113904 22 & 24 12600
115473 23, 24, 28 & 29 6000
129981 2 0 4000
137613 23 4800
147084 25, 27 & 28 16000
148839 28 63

T5T932~ 24 16000
156385 2 0 1 2 0 0 0

165763 24, 26, 28 & 29 4100

Table 8.3. Details of the observations of the sight lines used in the search for C#)
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The wavelength region studied includes the position of two hydrogen lines: H8 , and H9, 

an interstellar line of Fe I (3859.9 À) and the interstellar molecules CH (3878.8,3886.4, and 

3890.2 A), more commonly studied at 4300 Â, and CN (3874.0, 3874.6, 3875.8, and 3859.9 

A). Some peculiarities in a few spectra were evident: the observer's log mentioned that HD 

87887, chosen from the Bright Star Catalogue as a standard AO m  for comparison with HD 

44179, was found to have a spectrum like HD 129981. It appears not to have been mis 

classified according to SLMBAD data, so appears to have suffered some processing error. The 

log also mentioned HD 148839, an R CrB star, as being clearly a carbon-star which had been 

mis classified as G/K (SEMBAD). Unfortunately the exposures gave a spectrum too weak to 

be o f any value. In addition, the spectrum o f r\ Car found in this study differs from the earlier 

descriptions of the same spectral region.

8.4.4. WOLF-RAYET STARS:

From lower resolution spectra of hot stars (Walbom & Fitzpatrick, 2000) in the range 

3800-4900 A  we would expect to see the Balmer lines H8  (3889.051 A), H9 ( 3835.386) and 

He I (3888.646 A).

Wolf-Rayet stars are characterised by wide emission lines of Helium, Carbon, Oxygen, 

and Nitrogen, all in ionised states, on a continuum typical o f a hot star (up to -90000 K). The 

widths of the emission lines cover a wide range, from 4 A to 1 0 0  A (Jaschek & Jaschek, 1990). 

The broad emission lines o f O VI (3835 A) and He I (3888.646 A) seen here are characteristic 

of WR stars (Jaschek & Jaschek, 1990). Note that the He„L(3888.646)-P-Cygni-profile or He 

I (3867.48 A) can give an apparent dip in the region around 3860 A  that could be mistaken as 

evidence for the 3860 A  feature of C#) (e.g. HD 156385, HD 92809). Equivalent widths of the 

main features or components in the spectra (see Figure 8.2) were measured (see Table 8.4).
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HD Spec. Wavelength Range Equivalent Width Notes

Type Start End

A A

50896 WN5 3837.95 3856.63 1 . 0 0  ±0.18 A

3857.00 3875.30 2.60 ±0.15 A He IP Cygni?

3875.30 3895.32 1.08 ±0.15 A

92740 WN7 3829.47 3838.33 478 ±34 mA H9

3884.38 3891.77 389 ±18 mA H8

93131 WN7 3829.80 3838.55 470 ±34 mA H9

3883.36 3891.85 412 ±40 mA H8

115473 WC5 3822.33 3849.66 11.98 ±0.45 A O VI3835A Emission?

3860.73 3880.06 1.81 ±0.07 A Emission or O VI?

76536 WC 3826.59 3843.33 1.87 ±0.07 A O VI3835A Emission?

3858.72 3874.23 2.82 ±0 . 1 0 A He IP Cygni?

92809 WC6 3820.60 3851.24 - - O VI3835A Emission?

165763 WC6 3823.43 3850.51 8.0 ±0.43 A O VI3835A Emission?

68273 WC7 3831.90 3839.65 577 ±60 mA H9

3870.03 3878.27 523 ±67 mA He I

3883.44 3893.53 662 ±45 mA H8

156385 WC7 3822.35 3842.79 1.91 ±0.1 A O VI3835A

3847.96 3873.33 3.13 ±0.2 A He IP Cygni

151932 WR7 3884.04 3897.21 826 ± 1 2 0 mA He IP Cygni

Table 8.4. Equivalent widths o f the main features in the spectra o f Wolf-Rayet stars. See 

Figure 8.2 for the spectra o f HD 50896,68273,92740,93131,151932, and Figure 8.3 for HD 

76536,92809, 115473, 156385 and HD 165763.
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The observed spectra can be classified according to their spectral features:

a) O VI emission about 3830 Â with He I and P Cygni profiles (Figure 8.3):

HD 110432 (Blpe), HD 115473 (WC 6), 165763 (WC 6), 

and the following with stronger He (Figure 8.3):

HD 76536 (WC), HD 92809 (WC 6) and HD 156385 (WC 7).

Only one component of the O VI doublet (3811 À and 3834 À) is on this wavelength scale, see 

Figure 8.3. It is a characteristic of WC stars but not of WN stars (Jaschek & Jaschek, 1990), 

presumably due to a hotter environment. It is not, however, visible in the WC star HD 68273 

(Figure 8.2). The width at the base of the O VI3834 Â line range 15.9 Â (HD 76536) to 26.5 

Â (HD 92809), from which we can estimate the maximum line of sight velocities for the 

emitting material varies from 1240 to 2070 km s"1 within this group of stars.

A subgroup of Wolf-Rayet stars, type WO, show abnormally strong OIV, O V, and 

O VI lines (Jasche & Jaschek, 1990). It is difficult to decide from these spectra if the observed 

O VI line is abnormally strong, although it certainly varies in strength from star to star. 

However, Malchenko et a l (2000) describe the Wolf-Rayet star HD 104994 as a member of 

the oxygen-rich, WO, group. The Relative intensity of the O VI 3834 Â line in this star’s 

spectrum is 1.2. The spectra of HD 92809, HD 165763, and HD 115473 (Figure 8.3) when 

normalised to the continuum between3860 Â and 3900 Â, have strong O VI at 3834 À. Their 

maximum Relative Intensities of 1.4,1.9, and 2.1, respectively, by comparison with HD 104994 

suggests the three stars are also WO Wolf-Rayet stars.
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b) weak He I with P Cygni profiles (Figure 8.2):

HD 50896 (WN 5), HD 151932 (WR 7) 

which exhibit the He I (3888.646 Â) P Cygni profile, or He I (3867.48 Â) absorption, from 

3860 Â to beyond the limit of the spectrum at 3900 Â (see Figure 8.2).

c) Weak Balmer lines, H8 &H9 (see Figure 8.2):

HD 68273 (WC 7), HD 92740 (WN 7), and HD 93131 (WN 7)

The positions of the Balmer lines H8 (3889.051 Â) and H9 (3835.386 Â) aie close to those for 

He I (3888.646) and O VI (3834), that at first sight the lines can be mistakenly identified.

8.4.5. OB STARS:

HD 37903, 44179, 62542, 89080, 100841, and HD 106625 are shown in Figure 8.4.

HD 37903 shows the wing of another strong absorption line at -3820 Â. Other 

absorbing species occur in the region 3855-3875 A in the case of HD 62542 (B5 V) and a few 

other stars (Figure 8.4). Where possible, the equivalent widths of features in the spectra were 

measured (see Table 8.5) and tentatively identified using Moore’s (1945) tables and a computer 

program written by the author. Surprisingly, HD 44179, the star in the ‘Red Rectangle”, only 

shows H8 and H9 in absorption (Figure 8.4), but the continuum in this region is rather noisy 

and may hide any weak features.
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HD Spectral Wavelength Equivalent Notes

Type Range Width

A A

113904 09.8 3822.22 383923 846 ±60 mA H9
3880.61 3888.16 994 ±70 mA H8

110432 Blpe 3821.94 3830.79 346 ±20 mA O VI Emission?
3821.94 3831.28 386 ±20 mA O VI Emission?

3844.93 386324 470 ±90 mA Emission?
3880.94 3895.69 508 ±22 mA

37903 B1.5 V 382427 3825.01 34 ±6 mA Pel?
3825.87 3846.41 4.1 ±0.7 A H9
3866.59 3869.91 118 ±20 mA He I?
3870.77 3873.85 60 ±10 mA Eel?
3875.33 3877.17 35 ±5 mA
387729 3878.16 16 ±3 mA Pel?
3878.89 389624 2.93 ±0.05 A H8

62542 B5 V 382427 3846.02 5.25 ±1.3 A H9
3879.57 3895.54 3.77 ±0.85 A H8

89080 B7IV 3825.12 3844.66 4.86 ±0.35 A H9
3855.10 3856.33 35 ±8 mA Fe
3871.81 3875.37 106 ±25 mA Fe
3875.37 3896.87 4.88 ±0.14 A H8

44179 B8 V 3822.81 3846.30 5.92 ±1.55 A H9
3883.07 3896.47 >3.8 A H8

106625 B8 m 382423 3848.83 6.69 ±0.50 A H9
3855.35 3856.71 52 ±2 mA Fe
3862.12 3863.11 58 ±2 mA
3878.98 3896.94 4.98 ±0.46 A H8

100841 B9IH 3823.16 3845.19 6.72 ±0.50 A H9
3877.54 3897.77 6.53 ±0.55 A H8

97048 AOpshe 3822.47 3853.08 8.07 ±0.54 A H9

3868.44 3896.71 >7.1 A H8

111133 A4p 3823.07 3847.56 9.30 ±0.63 A H9

3880.79 3896.67 >6.43 A H8

147084 A5 II 3823.16 3848.40 5.65 ±0.38 A H9

3871.48 3897.41 >7.6 A H8

39060 A s m 382229 3848.49 7.90 ±0.54 A H9

3854.64 3857.47 192 ±13 mA Fe

3858.46 3861.41 178 ±12 mA Pci

3864.73 3867.68 103 ±7 mA Fe?

3871.74 3875.68 224 ±15 mA Fe?

-3876:9------ "mA------3881:58 377 ±25 H8

Table 8,5, Measured equivalent widths o f  features seen in the spectra o f  OBA- stars. Error estimates 

for the EW ’s were determined using the rms continuum scatter. For the A-type stars and HD 37904 this 

was based on the average value, 6.8%, from spectra where the continuum is better defined.
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8.4.6. A, G, M AND N STARS

HD 87887 was chosen from the Bright Star Catalogue as a standard AO BI star for 

comparison with HD 44179, but its spectrum (Figure 8.5) is like HD 129981 (Figure 8.6), a 

G5-type star. It may have been incorrectly classified, although SIMBAD quotes several values 

around B5 and AO, or corrupted in the processing. A question easily resolved by observing the 

star again. H8 and H9 absorption are still strong in the A-type stars, and metal lines (mainly due 

to Fe) are evident at spectral types A4 and A5 but not so clearly in HD 39060 (|3 Pictoris, A5 

HI), (Figure 8.5). The broadening of absorption lines in this star might arise from the dust disk 

around the star.

The spectrum of HD 129981(G5 Bp) and HD 39801 (M2Iab) are very complex, while 

for R, N stars HD 51208, HD 52432, and HD 137613, they are complex >3884 À yet relatively 

flat <3884 Â ( Figure 8.6). A similar abiupl change lias been seen at a much lower resolution 

in carbon stars, including TX Psc, as a rapid decline in intensity from 4000 Â to -3800 À (Fay 

and Honeycutt, 1972). That a subdued spectral signature is recognisable to shorter wavelengths 

suggests an obstruction in the light path of the spectroscope. It certainly was not the SNIF used 

to expand the spectrum, as this jump in intensity is not shown in other spectra where the SNIF 

was used. Unfortunately, this can’t be tested as the instrumental set-up was dismantled 

sometime between the observations being made and reduced. However, there are several other 

possible causes for this sudden change in the spectrum. The carbon molecule C3 absorbs 

strongly at wavelengths just short of3800 A, and the Balmer decrement, normally at far shorter 

wavelengths, can appear near this region as a result of the merging of the component lines.

A-Computer program. was .written to identiiy theJines in the spectra of HD 87887 

111 133, 129981, and HD 147084, using Moore's (1945) multiplet tables as reference. Only 

those atomic species considered to be present in the stellar atmospheres were sought with a
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specified (Observed-Moore) difference chosen by the operator. See Tables 8.6 to 8.9, for 

identifications of the absorption lines in HD 87887, HD 129981, HD 111133, and HD 147084, 

respectively.

Ideally, the more lines that can be identified the more certain the identification with a 

specific element. Some elements have very few lines in this region, other lines have several 

atomic lines in the same region, and the noise in the profiles may have lead to spurious 

absorption features. As a consequence the identifications found are provisional. In the case of 

HD 111133 and 147084, where the H8 and H9 profiles form a “continuum level”, the 

equivalent widths of the strongest lines were measured using the DIPSO “EW” command. The 

line centres were measured using “XV” in DIPSO (see Tables 4.7 and 4.9 for HD 111133 and 

HD 147084, respectively). The error in the continuum was not be determined, in part due to 

the feet that the continuum level could not be identified and in part due to the absence of a 

background to subtract from the observed spectrum. The equivalent widths and respective 

errors are estimates made using a rms scatter of 6.8% found by averaging the values from the 

other stellar spectra, acquired under the same observational conditions, where the continuum 

is better defined. Fe I is very dominant in the spectrum of HD 87887, with O II and Mn I 

present. In the case of HD 129981, Fe I is less obvious, but VI becomes more conspicuous.
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W avelength, Â
Identification

Observed M oore
Moore-

Observed
3824.417 3824.444 0.027 Fe I 4
3825.884 3825.884 0.000 Fe I 20

3827.859 3827.825 -0.034 F e l  45
3829.408 3829.458 0.050 Fe I 366, 663

3830.846 3830.85 0.004 F e l  284

3833.097 3833.1 0.003 O H  13

3834.321 3834.364 0.043 Mn I 6

3838.287 3838.316 0.029 s m s

3841.130 3841.082 -0.048 Mn I 6

3843.770 3843.72 -0.050 F e l  703

3845.193 3845.17 -0.023 F e l  124,701

3845.701 3845.692 -0.009 F e l  771

3846.006 3846.949 0.028 F e l  176

3850.078 3850.042 -0.036 C rI 69

3850.894 3850.93 0.036 s n  50

3858.865 3858.900 0.035 C rI 138

3859.274 3859.260 -0.014 S H  30

3861.322 3861.341 0.019 F eI  283, 663

3863.063 3863.072 0.009 N i l  181
3863.472 3863.500 0.028 o n  12

3863.780 3863.745 -0.035 F e l  280

3865.520 3865.526 0.006 F e l  20

3878.688 3878.663 -0.025 F e l  175
3884.382 3884.359 -0.023 Fe I 282, 565
3886.314 3886.284 -0.030 F e l  4
3888.555 3888.517 -0.038 F e l  45
3889.984 3889.948 -0.036 T i l  15
3890.342 3890.39 0.048 F e l  567
3893.058 3893.067 0.009 C o l 114
3893.419 3893.391 -0.028 F e l  430
3894.088 3894.073 -0.015 C o l  34
3895.173 3895.16 -0.013 Cr n  106
3895.658 3895.658 -0.033 F e l  4

Table 8.6 Provisional line identifications for HD 87887 based on computer matching o f  line 

position with Moore’s (1945) tables.

241



Line Centre
(A)

W avelength Range EW  
m À

Identity

(A) (A)

3821.26 3821.08 3821.7 52 ±4

3821.96 3821.77 3822.23 68 ±5 3821.92 F e f i  14

3821.33 3822.23 3822.44 37 ±3

3824.47 3824.27 3824.77 92 ±6 3824 .4 4 4 F e l  4

3825.12 3825 3825.74 94 ±6 3825.09 0  1 36 
3824.913 F eH  29

3826.07 3825.92 3826.2 49 ±3 3826.05 Gdn 19

3826.75 3826.48 3826.96 44 ±3 3826.774 V I 44

3827.33 3827.13 3827.57 54 ±4 3827.27 Zr H

3828.1 3827.68 3828.28 97 ±7 T i l  189

3829.6 3829.34 3829.85 68 ±5 3829.655 V H  3 
3829.68 Mn 1 6

3830.35 3830.03 3830.77 84 ±6 3830.39 N I 11

3832.54 3832.37 3832.88 36 ±2

3834.54 3834.43 3834.64 29 ±2

- 3834.75 3834.84 9 ±1

3838.49 3838.3 3838.67 52 ±4 3838.39 N H  30

3840.64 3840.41 3840.81 51 ±4 3840.439 F e l  120

3841.34 3841.15 3841.68 93 ±6 3841.35 F eH  128 
3841.277 C rI 69

3843.5 3843.32 3843.82 33 ±2 3843.50 Sm H  43 
3843.58 O H  13

3844.22 3841.01 3844.5 42 ±3 3844.276 N i 1 137

3845.4 3845.28 3845.51 24 ±2 3845.28 Co 1 34

3845.67,
3845.90

3845.63 3846.02 50 ±3 3845.69 F e l  771

3846.64 3846.41 3846.85 32 ±2 3846.438 Ti 10  
3846.605 Pr H

Table 8.7. Provisional identification of lines in HD111133. Equivalent widths (column 4) 

measured by the DIPSO “EW’ command between the wavelengths in columns 2 and 3. Line 

centres (coL 1) found using “XV” in DIPSO (continued next page).



Line Centre W avelength Range EW  
m À

Identity

(A) (A) (A)

3847.77 3847.66 3847.93 107 ±7

3849.64 3849.45 3849.8 39 ±3 3849.58 N i f i l l  
3849.758 V H  33

3850.24 3850.1 3850.4 43 ±3 3850.042 C r I 69 
3850.40 M g H 5 doublet

3851.01 3850.89 3851.2 41 ±3 3851.04 O H  12

3852.76 3852.63 3852.88 28 ±1 3852.805 PrH

3853.02 3852.88 3853.16 58 ±4 3853.038 T i l  176

3853.9 3853.69 3854.06 36 ±2 blended with 3854.38

3854.38 3854.2 3854.7 48 ±3 3854.375 F e l  567

3855.83,
3856.15,
3856.53

3855.46 3856.89 285 ±20 blended
3856.374 F e l  4

3857.84 3857.49 3858.39 54 ±4 3857.631 C rI 69 
3857.912 Sm H  28

3859.18,
3859.48

3858.92 3859.6 87 ±6 3859.21 F e l  175
3859.26 S H 30
3859.26 A in  38 
3859.34 V I 44

3860.19 3859.71 3860.61 128 ±10 3860.12 F eH  128
3860.13 C r I 39 
3860.15 S H 41

3861.52 3861.24 3861.82 60 ±4 3861.34 F e l  283 
3861.60 F e l  663

3862.31,
3862.84

3862.05 3863.13 200 ±14 3862.823 T i l  175

3863.60,
3864.19

3863.5 3864.43 175 ±12 3863.953 F eH  127,152

3864.54 3864.75 12 ±1 3864.45 & 3864.68 O H  12

3866.25 3865.44 3866.39 224 ±15 3866.01 C rH  130

3866.7.8 -3866.5 3866.99 75 ±5 3866.74 V  H U

3867.45 3867.08 3867.61 72 ±5 3867.45 F e l 221 
3867.477 He 1 120

broad 3868.32 3869.46 90 ±6 7

Table 8.7. Provisional identification of lines in HD 111133 {continued next page).
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Line Centre
(A)

W avelength Range EW  
m A

Identity

(A) (A)

3870.45 3870.19 3870.91 68 ±5 3870.267 C rI 11

3871.93 3871.47 3872.09 76 ±5 3871.75 F e l 429

3873.39 3872.61 3873.5 177 ±12 Fe?

3874.11 3873.85 3874.38 63 ±4 3874.10 O H  11

3874.72 3874.54 3874.84 57 ±4 3874.57 C rI 138 
3874.76 CrH 143

3876.95 3876.3 3876.6 13 ±1 ?

3877.51 3876.78 3877.72 69 ±5 ?

3878.28 3878.12 3878.44 80 ±5 3878.021 F e l  120

3878.89 3878.63 3879.55 172+12 3878.66 F e l  175

3882.12 3881.96 3882.26 17 ±1 3882.197 O H  12

3882.53 3882.37 3882.69 23 ±2 3882.45 O H  11

3883.55 3883.39 3883.82 47 ±3 3883.45 V H  20

3884.01 3883.92 3884.27 15 ±1 3884.09 T i l  175

3884.87 3884.64 3884.94 16 ±1 3884.847 V H  64

- 3885.52 3885.56 57 ±4 ?

3886.5 3886.34 3886.76 54 ±4 3886.587 V I 64

3893.53 3892.86 3893.87 86 ±5 3893.316 F e l  364

3894.32 3894.05 3894.64 66 ±5 3894.07 Co 1 34 
3894.49 F e l  566

3894.83 3894.72 3894.96 15 ±1 3894.976 Co 1 18

3895.38 3895.15 3895.75 53 ±4 3895.44 F e l  565

3895.91 3895.73 3896.12 31 ±2 ?

3896.29 3896.07 3896.49 29 ±2 3896.11 F eH  23

Table 8.7. {Continued) Provisional identification of lines in HD111133.

Error estimates for the EW’s were determined using the rms continuum scatter based on the 

average value, 6.8%, from other stellar spectra where the continuum is better defined.
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Wavelength (Â)
IdentificationObserved Moore Moore-

Observed

3821.432 3821.487 0.055 VI 28
3821.966 3821.92 -0.046 FeH 14

3822.009 0.043 VI 9
3822.711 3822.737 0.026 FeH 0
3823.241 3823.213 -0.028 VI 28
3824.086 3824.074 -0.012 Fel 224
3824.927 3824.913 -0.014 FeH 29
3825.66 3825.7 0.04 ArH 129
3826.703 3826.63 -0.073 Fel 176

3826.774 0.071 VI 44
3827.637 3827.67 0.033 FeH 128
3829.188 3829.125 -0.063 Fel 948
3831 654 3831.69 0.036 Nil 31
3832.166 3832.12 -0.046 CH 13
3832.882 3832.873 -0.009 Nil 1
3833.086 3833.1 0.014 on 13
3833.698 3833.71 0.012 CrI 70
3836.042 3836.054 0.012 VI 44
3840.817 3840.752 -0.065 VI 9
3841.832 3841.89 0.058 VI 8
3842.848 3842.82 -0.028 OH 12
3845.49 3845.468 -0.022 Col 34
3846.303 3846.29 -0.013 Fel 947

3846.31 0.007 FeH 128
3846.506 3846.438 -0.068 Til 0
3849.356 3849.365 0.009 CrI 138
3849.764 3849.758 -0.006 VH 33
3850.579 3850.57 -0.009 ArH 10
3851.191 3851.171 -0.02 VI 44
3853.232 3853.176 -0.056 CrI 69
3853.436 3853.462 0.026 Fel 429
3854.253 3854.22 -0.033 CrI 69
3855.275 3855.286 0.011 CrI 69
3855.889 3855.846 -0.043 Fel 567

3856.195 3856.16 -0.035 OH 12

3858.139 3858.133 -0.006 Til 176

3858.958 3858.9 -0.058 CrI 138

Table 8.8. Provisional line identifications for HD 129981 based on computer matching of line

position with Moore’s (1945) tables {continued on following page).
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Wavelength (À)
IdentificationObserved Moore Moore-

Observed

3860.801 3860.74 -0.061 Fel 701

3861.108 3861.079 -0.029 Til 0

3861.415 3861.341 -0.074 FeI 283, 663

3863.463 3863.5 0.037 OH 12

3864.078 3864.13 0.052 o n  11

3867.866 3867.925 0.059 Fel 221

3868.275 3868.243 -0.032 Fel 430

3869.503 3869.562 0.059 Fel 284

3870.015 3870.057 0.042 Ain 74

3871.139 3871.078 -0.061 VI 66

3871.65 3871.62 -0.030 CH 18

3872.877 3872.923 0.046 Fel 284

3873.694 3873.763 0.069 Fel 175

3874.51 3874.57 0.060 CrI 138

3875.225 3875.26 0.035 ArH 2

3875.262 0.037 Til 15,175

3875.735 3875.67 -0.065 VH 20

3876.245 3876.188 -0.057 CH 33

3876.347 3876.409 0.062 cn 33

3881.236 3881.214 -0.022 CrI 138

3882.152 3882.147 -0.005 Til 175

3885.103 3885.084 -0.019 CrI 138

3885.306 3885.275 -0.031 Col 31

3886.833 3886.789 -0.044 CrI 23

3888.361 3888.42 0.059 Fel 565

3888.77 3888.825 0.055 Fel 488

3890.812 3890.82 0.008 CrI 262

3893.168 3893.14 -0.028 ArH 91

3893.887 3893.924 0.037 Fel 175

3894.917 3894.976 0.059 Col 18

3895.434 3895.44 0.006 Fel 565

3897.298 3897.29 -0.008 Til 175

Table 8.8. {continued from previous page) Provisional line identities for HD 129981
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Line Centre
(À)

W avelength Range EW  
m A

Identity

(A) (A)

3821.54 3821.3 3821.82 84 ±7 3821.487 V 1 28; 3821.582 Cr 1 40 
3821.68 O H 34

3824.13 3823.73 3824.27 118 ±8 3824.074 Fe 1 224; 3824.175 Sm E  
18

3824.66 3824.46 3824.85 57 ±4 F e l?

3825.63 3825.39 3826.05 136 ±9 3825.530 0 1 36 
3825.7 A rH  129

3826.82 3826.37 3827.11 94 ±6 3826.83 A rH  54 
3826.836 F e l  283

3827.51 3827.27 3827.61 62 ±4 3827.51 ZrH  121 
3827.572 F e l  284

3829.25 3828.97 3829.5 152 ±10 3829.27 Cl U 9

3832.17 3831.88 3832.38 106 ±7 3832.12 C H  13

3833.16 3833.08 3833.4 26 ±2 3833.10 O H  13 
3833.186 T i l

3834.06 3833.73 3834.19 65 ±4 ?

3838.11 3837.75 3838.54 180 ±12 3838.09 He 1 61

3839.18 3838.97 3839.68 47 ±3 3839.259 F e l  529

3840.28 3840.07 3840.48 82 ±5 3840 439 F e l  120

3840.87 3840.66 3841.11 78 ±5 3840.752 V I 9 
3841.05 F e l 45

3842.95 3842.47 3843.32 111 ±7 3842.975 F e l  221

3843.97 3843.81 3844.17 12 ±1 3843.983 Mn 1 6

3845.02 3844.8 3845.57 99 ±7 3845.17 F e l  124

3846.58 3846.15 3846.82 47 ±3 3846.41 F e l  804

3847.09 3846.87 3847.38 26 ±2 F e l  164, 176?

3849.37,
3849.81

3849.12 3849.97 142 ±10 3849.365 C rI 138 
3849.534 C r I 24 
3849.969 F e l  20

Table 8.9. Provisional identification of fines in HD 147084. Line centres (coL 1) found using 

“XV” in DIPSO, and equivalent widths (column 4) measured by the “E W” command using the 

wavelength range given in columns 2 and 3 (continued next page).
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Line Centre
(A)

W avelength Range

(A) (A)

EW
mA

Identity

3850.66 3850.45 I 3850.99 1 66 ±4 | 3850.57 Ar II10; 3850.81 OII12

3852.41 3852.06 3852.7 50 ±3 | 3852.45 Gd H 2; 3852.218 Cr 124
3852.574 Fel 73

3853.53 3853.05 3853.74 60 ±4 | 3853.46 Fe 1429; 3853.657 Si II1

3855.82
3856.17

3855 45 3856.53 297 ±20 2 lines. 3856.15 OII12 & Ar II55
3856.281 CrI 69

3858.15 3857.92 I 3858.32 I 67 ±5 3858.07 He II4; 3858.133 Ti 1176

3859.05

3861.18

3858.57 3859.19 35 ±2 \ 3858.90 Cr 1138; 3859.21 Fe 1175

3859.73 3859.43 3860.04 144±10 | 3859.913 Fel4

3860.83 3861.54 39 ±3 | 3 8 6 1 .1 6  Co 133; 3861.18 Eu E

3862.43 3862.03 3862.78 150 ±10 | 3862.223 V18; 3862 592 Si II1

3863.72 | 3863.35 3864.03 65 ±4 3863.70 Fel 565; 3863.745 Fel280

3865.38 3865.13 3866.01 | 163 ±11 | 3865.458 Pr H; 3865.526 Fe 1120

3866.45

3867.07

3866.13 | 3866.74 | 62 ±4 | 3866.446 Ti 1176; 3866.54 CrH 130

3866.82 I 3867.34 I 58±4 | 3867.219Fel488

~2%6939 [3869.32 3869.6 24 ±2 3869.275 Ti 1175; 3869.562 Fe 1284

3871.58

3872

3871.22 3871.78 39 ±3 | 3871.54 Gd II1; 3871.60 Ni 1181

Al [3871.93 3873.08 210±14 | 3872.45 OH 11

3873.64 3873.37 3874.05 53 ±4 3873.74KII3

3877.84,
3878.48

3877 57 | 3879.02 | 373 ±25 | 2 lines. 3878.372 Cell 48
3878.575 Fel 4

3882.1 3881.93 3882.3 51 ±4 3882.197 OH 12

3883.13 3882.81 3883.3 24±2 3883.15 OH 12

3886.13 3885.81 3886.3 94 ±6 3886.28 Fel 4

3886.83 3886.55 3887.06 58±4 3886.825 Mol 8

3893.2 | 3892.99 | 3893.36 39±3 3893.316Fel 364; 3893.14 ArE91

3893.82 I 3893.58 | 3894.06 I 43 ±3 13893.924 Fe 1175

3895.46 3895.02 3895.65 86 ±6 | 3895.44 Fe I 565; 3895.595 Ti 1164

Table 8.9. (c u n lin u e d )  Provisional identification of lines in HD147084.Error estimates for the 

EW’s were determined using the rms continuum scatter based on the average value, 6.8%, from 

other stellar spectra where the continuum is better defined.
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8.4.7. ETA (ri) CARINAE, HD 93308:

The spectrum of Car (see Figure 8.7) clearly shows a narrow emission line that can 

be identified as [Ne HI] and the two Balmer lines H8 and H9 exhibiting P Cygni profiles on an 

irregular continuum. Studies of this part of the spectrum of t] Cannae were carried out by 

Thackeray (1953) and Aller and Dunham in 1961 (published in 1966). The latter described r| 

Carinae as a "brilliantly red starlike condensation about 2.5" in diameter surrounded by an 

elliptical nebula about 10" in diameter". The star underwent a bright outburst in the early 1800's. 

By 1843 it had become the second-brightest star in the sky (m~-1), but currently is just below 

naked-eye visibility.

15000

[Ne III]
H8

10000

H9

S  5000

38903880387038603850384038303820
Wavelength (A)

Figure 8.7. The observed spectrum of HD 93308
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The Aller and Dunham (1966) spectrum consisted of a background continuum with broad 

emission features, presumed to arise from shell expansion with a velocity of about 400 km s"1. 

Sharp, narrow emission lines were superimposed on these broad emission features. Displaced 

components of certain emission lines noted by Thackeray (1953) and others were present and 

there were absorption lines usually at the violet edges of broad emission lines.

Both Thackeray and Aller & Dunham studied a much wider spectral range than the one 

described here and refer to the central object only. Thackeray mentioned that the spectrum of 

the nebula was different, the main features were: a complex structure at 3877-3889 Â, mainly 

due to H and Helium, Mg I is probably represented by 3838.34 Â, [Ne HI] at 3868 Â, and H 

3889.58 Â, 3887.94 À components separated by 1.64 À The spectrum is characterised by 

strong Fe n emission, both forbidden and permitted. The strongest lines in r\ Carinae have P 

Cygni profiles, accompanied by absorption with velocities —450 km s"1. Double emission 

peaks were seen particularly in the lines of H and [Fe HI], The author has identified some of 

the features listed by Thackeray (1953), but not all. The comparison is summarised in Table 

8.10. The lines of V, Mi, Si, Fe and Mg seen by Thackeray are not confirmed in this work. The 

main features are due to H8, H9 and [Ne HI], while He may be hidden in the structure of the 

H8 emission profile. However, Thackeray mentions that a spectrum 3 arc seconds from the 

nucleus of ri Car is quite different from the nucleus, showing very broad bands bordered on the 

violet by absorption in a relatively strong continuum. This pattern of absorption is like the 

observation made here, suggesting that the stellar spectrum acquired in 1990 was contaminated 

by the nebular spectrum. The apparent spectrum of the star is apparently a roughly equal mix 

of star and nebulous components (Davidson & Humphreys, 1997).

Aller and Dunham (1966) using the 32" camera at Mt. Stromlo reported the spectrum 

of T| Carinae seen in 1961 to be similar to Thackeray's observations. They identified the same 

ions as Thackeray, but noted some differences, particularly of [Fe H] intensities. The X 3889
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Â region involves both H and He and shows a complex structure; the strong absorption 

component centred near 3883.22 Â has a width of about 2.9 Â; the absorption actually extends 

over a width of ~6 A.

There is a strong narrow absorption at X 3888.86 À and weaker absorption at 3893.05 

Â and 3900.0 A From HP they deduced the existence of shells expanding at 48 km s'1 and 120 

km s’1, while for Hy they saw a component expanding at 480 km s'1 to 400 or less for higher 

members of the series. There is a red asymmetry that appears on Hp and is particularly marked 

on IIS. This symmetrical feature has an intensity roughly one quarter that of the principal broad 

feature. There are also a number of absorption features for which no associated emission lines 

have been identified. In this region they include X 3754 A and a shallow absorption extending

from X 3871.1 À to X 3876.7 A

They note that the relative importance of absorption and emission features changes 

from time to time. The author has identified some of the features listed, but not all. The 

comparison is summarised in Table 8.11. Again, the lines due to metals Fe etc. are not 

confirmed in this work.

Failure to detect the features described by the earlier workers is ascribed partly to the 

higher resolution in this study, which could resolve some features that had been described as 

single entities, and partly to changes on a time scale of decades in the environment of r| Car 

that produces the observed spectrum. Considering the nature of the star and its surroundings 

such changes are highly probable. The author has measured the equivalent widths of the main 

features in the spectrum of r\ Car using a spectrum normalised to the photon count 3.02 x 103, 

see Table 8.12.
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W avelength À Intensity Identity W avelength À Seen in this study

3824.95 4 F eH  29 3824.91 weak emission

3830.61 6, absorption - - y e s , absorption

3835.68 5 H 3835.39 yes, emission

3838.34 3 ?M gI 3 3838.29 on emission wing

3840.4 1 ^absorption - - no

3841 ?03 - - no

3849.66 1 N i H l l 3849.58 weak emission 3848 Â

3854.5 1 ( S in  i ) -3853.66 weak broad emission at 

3852-6 À3856.01 1 s i n  i 3856.02

3858.5 0.5 - - no

3863.71 0.5 F eH  127 3863.95 weak broad emission

- S in  1 3862.59

3865.72 0.5 ?Cr H 167 3865.59

3868.6 4 N e m i 3868.74 Strong emission

3872.88 2 F eH  29 3872.76 no, weak broad 

3870-3880 absorption

3878.4 1 ?v n 3 3 3878.72 no

3879.8 4 absorption - - no, fairly strong 

absorption3883.35 6 absorption - -

3885.9 ?3 - - no

3887.94 10 H 3889.05 emission with 

irregular profile3888.76 3 absorption He 3888.65

3889.58 15 H 3889.05

3894.1 0.5 - -

Table 8.10. Line identifications in rj Car from Thackeray (1953) and comparison with this 

study.

252



Observed

Wavelength

À

Identification Comments Relative

Intensity

Seen in 

this 

study
Wavelength

A

Atom

3822.01 3821.92 FeH 14 Tentative 0.9 no

3823.08 3822.74 Fe H? - - no

3824.95 3824.91 FeH 29 - 6.4 weak

3827.27 3826.97 vn - - no

3827.08 FeH 153 - -

3826.67 FeH 128 Tentative 0.9

3829 - - 1.3 no

3830.61 3835.39 H9 Absorption 9 yes

3832.06 3831.75 Fein 109 - 0.5 no

3833.52 3833.57 He I 62 1.4 no

3834.7 3834.73 [Fell] 9 - 0.5 ?

3835.71 3835.39 H9 - 3.5 yes

3838.49 3838.29 Mg I 3 - 1? no

3843.47 3843 ScH 1 - - no

3844.06 3844.48 vn 20 Tentative - no

3845.04 3845.18 Fen 127 Tentative - no

3847.09 3847.32 vn 156 - 0.8 no

3847.99 3848.24 Mgn 5 - 0.9 yes?

3847.78 [FeH] 8 - - no

3849.56 3849.58 Nin 11 - 3.2 no

3852.08 3852.1 vn 3 - - no

3851.63 [FeH] 9 - - yes?

3854.87 3853.66 Sin 1 - 1 no

Table 8.11. LineJdentifications in r[ Car from Aller and Dunham (1966) and corresponding 

identifications in this study (continued on next page).
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Observed

Wavelength

A

Identification Comments Relative

Intensity

Seen in 

this 

study
Wavelength

A

Atom

3856.12 3856.02 sin 1 - 2.8 no

3858.73 - - 1 no

3859.59 3859.24 Mg I 21 - 1.1 no

3859.36 Sen 1 Tentative - no

3860.15 3860.12 Fen 128 Tentative 0.7 no

3862.75 3862.59 sin 1 - 1.5 yes?

3864.01 3863.95 Fen 127,152 - 1.3 yes?

3865,75 3865,59 CrH 167 Tentative 0.6 no

3867.58 3867.48 He I 20 - 1.3 no

3868.67 3868.74 [Nem] 1 - 16.4 yes

3872.79 3872.76 FeH 29 - 1.1 no

3874.17 3874.07 [Fen] 8 - - no

3875.54 3875.67 vn? 20 - - no

3878.57 3878.72 vn 33 - 0.3 no

3881.59 3881.92 Nin 13? - 2.2 yes

3883.22 3889 H+Hel Absorption 10.7 yes

3888.2 3888.65 He 2 - 2.4 no

3889.27 3889.05 H8 - - yes

3893.07 3893.38 Mg? 1 - 0.4 no

3894.37 3894.4 [FeH] 8 - 0.8 no

3896.08 3896.15 v n 10 - 0.9 no

Table 8.11. Continued. Line identifications in r\ Car and comments from Aller and Dunham 

(1966). Tentative identifications were made with "predicted" lines and were regarded as 

uncertain. The corresponding identifications in this study are in the right-hand column.
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Wavelength range Equivalent Width Feature

Start À End À mA -

3823.95 3825.3 224 ±15 Emission

3828.25 3833.05 1421 ±100 -

3833.42 3842.41 2854 ±200 Emission

3845.97 3851.14 580 ±40 Emission

3851.76 3857.79 766 ±52 Emission

3858.77 3860.99 170 ±12 Emission

3860.25 3863.08 170 ±12 -

3863.08 3867.02 855 ±60 Emission

3867.39 3870.83 2495 ±170 Emission

3878.58 3885.85 2350 ±160 -

3885.85 3897.04 5494 ±375 Emission

Table 8.12. Equivalent width measures of sections of the spectrum of T| Car (HD 93308) 

acquired at Mt. Stromlo, 1990. Apart from H8, H9, and [Ne III], there is no sharp feature on 

which to base a line identification. Error estimates are based on an average 6.8% rms scatter 

of other spectra acquired under similar conditions and where the continuum is better defined.

8.5 INTERSTELLAR CH AND CN

The spectral range covered in the search for the Ĉ  feature at -3860 Â also includes 

other interstellar lines, in particular the blue-violet absorption lines of interstellar CH and CN 

and also Fe I (see Table 8.13). Interstellar CN is commonly observed in diffuse clouds by its 

strong absorption lines in the - Ar2£+ (0.0) violet system at_3.875-Â.-In interstellar-space 

the temperature is so low that only the J = 0 and J = 1 levels are populated. The author 

searched for signs of these absorption lines in all of the spectra acquired during the search for 

the C#) feature, using suitably enlarged images and both line position and template matching.
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Species Transition Wavelength

À

Oscillator

Strength

CH B̂ '-Â nCO.O) R2(l) 3878.768 0.0011

Q2(l)+9Rl2(l) 3886.41 0.0032

PQl2(l) 3890.213 0.0021

Pel I 4 3859.913 0.0286

CN B2Z+-Af2Z+

(0,0)

R(2) 3873.369 0.0203

R(l) 3873.998 0.0226

R(0) 3874.608 0.0340

P(l) 3875.763 0.0114

P(2) 3876.31 0.0135

Table 8.13. Interstellar lines known in the region -3860 À. The wavelengths and oscillator 

strengths of the CN lines are from Meyer et al (1989) and Cardelli et al. (1990) while those 

for the CH Æ2!'-* 2n (0,0) lines are from Lien (1984).

There is no indication of interstellar CN in most stars earlier than G, but stellar CN was 

detected as expected in the G and later type stars. Although the noise and resolution of the 

spectra makes it difficult to detect interstellar CN, HD 62542 (B5 V) shows absorption lines 

that may indicate the presence of CN absorption. In addition, there is possible presence of an 

R(0) absorption line toward HD 93131 (WN7) and HD 97048 (AOpshe), and a P(l) line toward 

HD 92809 (WC6), HD 100841 (B9 III), and HD165763 (WC6) indicates there may be 

interstellar CN in these directions. In two stars both lines seem to be present: HD 113904 

(B01a+), and HD 115473 (WC6), although it is not certain in the latter.

256



The mean statistical deviation of the continuum was measured, where possible, on one 

or both sides of the positions of the CN region. Assuming the level of a pixel at which a signal 

from CN should become visible corresponds to three times the statistical deviation of the 

continuum, the upper limits to the column density for each CN transition was calculated. The 

width of each pixel in the spectrum was 100 mA which, with the oscillator strengths, from 

Table 8.13, gave a measure of the equivalent width and hence column density using the 

formula derived from that of Palazzi et a l (1992):

N  = 7.53 x (8.1)

where W is the equivalent width in Â, JV is in cm"2, and /  is the oscillator strength of the 

transition. The resultant values clustered around log Â of ~13.

Previous measurements of CN absorption were made by Palazzi et a l (1992) towards 

some of the stars studied and quoted equivalent width measurements for HD 62542, 110432, 

and 147084 from previously published material, see Table 8.14.

HD CN R(0) CN (Rl) C N P(l) b

mA log

N

mA log

N

mA log

N

km s-1

62542 26.5 ±0.50 12.8 18.35 ±0.40 12.8 11.6 ±0.40 12.9 0.69 ±0.1

110432 4.2 ±0.60 12.0 1.0 ±0.30 11.5 0.5 ±0.08 11.5 1.0

147084 13.2 ±1.30 12.5 7.7 ±3.00 12.4 2.9 ±2.00 12.3 1.0

150136 1.93 ±0.54 11.6 0.92 ±0.59 11.5 0.15 ±0.54 11.0 1.16 ±1.00

Iable-8.14.-Measurements-of CN equivalentwidthsinthe target'starsimadebyPalazziWa/., 

(1992). For the purpose of this work̂ their corresponding column densities were calculated 

according to Equation 8 .1
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Federman et al (1994) compiled a list of CN abundances known to 1992 January; of 

relevance to this study were the stars HD 37903,62542,110432,147084 for which they quote 

logAT(CN) of <12.70,13.62,12.20, and 12.78 respectively. These correlate well withPiazzi’s 

data after the application of Equation 8.1 (Table 8.15).

Interstellar CH is normally studied at 4300 À. Line identification in the 3800 Â region 

is difficult because they are close to the Balmer H8 line. The CH lines are undetectable in HD 

92740, 106625, 110432, and 129981. There is reasonable confidence that they exist in the 

spectra of HD 39081, 62542, 87887 (possibly 2 sets), and may be present in HD 39081 and 

HD 87887. For the remaining sight lines there are varying degrees of confidence in their 

identification, possibly the 3 lines are present in the spectrum of HD 44179, 93308, and HD 

111133 (possibly 2 sets). Possibly two lines can be identified in the spectra of HD 37903, 

50896, 89080, 100841, 115473, 147084, 151932, 156385, and 165763.

Star logiV(CH)
HD 37903 <13.04

HD 62542 13.55

HD 92740 12.68

HD 110432 13.26

HD 113904 12.04

HD 147084 13.70

Table-8.15. Column-densities of CH known toward the program stars, from Federman et al 

(1994)
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HD log N  (CH) HD log N  (CH)

44179 <13.9 97048 <14.0

50896 <13.9 110432 <13.9

89080 <13.6 113904 <13.9

92740 <13.7 115473 <14.2

93131 <13.7 151932 <14.1

93308 <14.0 156385 <13.6

- - 165763 <14.1

Table 8.16. Estimates of the upper limits to the CH column densities toward specific program 

stars. The estimate was derived from Equation 8.1 using an equivalent width equivalent to three 

times the deviation of the continuum level Both HD 92740 and 110432 are in Table 8.15

One of the CH lines can be seen in HD 39060, 92809, 93131, 97048, 113904. It was 

not possible to make estimates for HD 51208, 52432, 68273, 76536, 97950, 137613, and 

148839.

Federman et al. (1994) compiled a list of CH abundances known to 1992 January, of 

those, common to the study here were the stars HD 37903, 62542, 92740, 110432, 113904, 

and HD147084 (see Table 8.16). By estimating the equivalent width of a CH line just lost in 

the continuum noise, and using Equation 8.1, the present observations afford upper limits to 

the column density of CH for some of the program stars (see Table 8.16). In general, the upper

limits_areJnthe_range-of-13.6-tO-14.2.-Eederman-ef-fl[/-found-the-eolumn-density-of-1̂ 768-for

HD 92740, comfortably within the upper limit of 13.8 found here, and 13.26 again within the 

13.9 found here for HD 110432.
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8.6. SUMMARY

The resolution and noise levels in this work was not sufficient to measure the weak 

absorption arising from either CH or CN. However, the observations indicate that some sight 

lines are worthy of future study at higher resolution, perhaps with the 130" camera.

The original purpose of these observations was to search for interstellar C6 0  based on 

published information on an absorption line at 3860 À. It turned out that this identification was 

not confirmed by later work. However, it may be something that is in the family of large carbon 

molecules that it is worth looking for the feature, whatever it may turn out to be. There is some 

evidence that C6 0  may exist in the interstellar or interplanetary medium because on Earth, the 

fullerenes C # and C7 0  have been identified in shocked rocks (brecchias) o f the Sudbury impact 

structure, in Ontario, the Allende meteorite and in an impact craters on the LDEF spacecraft. 

In space, there is the tentative identification o f C60+. It may, therefore, be worthwhile looking 

for the known strong absorption lines of the fullerenes in the spectra o f suitable astronomical 

objects.

The Wolf-Rayet stars can be grouped into two main distinct types, one with relatively 

linear continuum with weak absorption lines, and the other showing very broad apparent 

emission lines. Owing to their broad nature and limitation o f the spectral coverage it is not 

possible to derive their true nature. The spectrum of the WC7 star HQ 68273 resembles those 

of the WN7 stars HD 93131 and HD 92740 more closely than any o f the other WC stars. 

Based on this spectrum alone it is possible that HD 68273 has been misclassed. The two 

Wolf-RayetjstarsJHD .50396 (WN5) and HD 1:51932 (NVR7) could-be members of-a-third 

sub-group. The members exhibit a P Cygni-like profile at -3875Â with no indications of the 

features characterising the other two groups.
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The elements Fe and Cr feature strongly in the line identifications for the A-type stars, 

and the observations may be suitable for an abundance analysis. Line identifications were 

difficult to make for HD 39060, as the lines were broad, but may be Fe and Si in the 

circumstellar material of that star.

A peculiar abrupt change in the absorption profile ofN-R stars in the program stars was 

noticed but the exact cause is not known. It may be associated with the C3  molecular 

absorption or the Balmer discontinuity, both of which are more dominant at shorter 

wavelengths. However, the abruptness of the change hints at a mechanical cause, such as a 

semi-transparent obstruction in the light path, but this cannot be tested as the equipment had 

been dismantled.
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9. SUMMARY

&

SUGGESTIONS FOR FUTURE WORK

This thesis can be divided into the searches for C2 , C #, and observations of interstellar 

Na toward Sgr OBI and other stars. As part of the latter is the development of a line profile 

analysis program. The major conclusions that can be drawn from this work are summarised in 

the sections 9.1 to 9.4 along with suggestions for future work. All set to the background of 

part-time research conducted some distance from the university, some aspects o f which are 

discussed in Chapter 10.

9.1. SEARCH FOR INTERSTELLAR C2

C2 is very difficult to detect and only a few measurements o f the column density have 

been made despite a significant number of sight lines being studied. In this work. No absorption 

lines were found in the wavelength region-8757-8765Â in the spectra o f HD 184915,212571, 

225132, 210191, 112244, 150136, 149038 and HD 166937, although we might have 

reasonably expected to detect it in the sight line toward HD 149038 and HD 184915. In these 

cases the predicted column density from N(R2) and N(CH) along the sight line is comparable 

to our upper limits. Upper limits for log NiC^) in the Q(2) line ranging from 13.4 to 13.7 are 

new determinations for all of the sight lines. Subsequent to this study, a log N(C^) £ 12.8 for 

the intervening cloud toward HD 184915 was published, somewhat lower than the upper limit 

of 14 determined in this work. The detection and measurement of interstellar Ĉ  clearly requires 

equipment of greater sensitivity than was available for this study.
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The spectrum o f TX Psc was found to be dominated by 1 2 CN. Identification of some 

of the lines was made using published line lists. The positions o f some CN lines coincide with 

those for Ĉ  lines. In this wavelength range, C2  is uniquely identified by the C2  R(0), R(2 ), 

R(16) lines, which have no CN counterpart, but nevertheless it is still difficult to uniquely 

identify C2  in its spectrum. The best fit to the spectrum of TX Psc was acquired with a shift of 

-0.433 Â for the lines and -0.447 Â for the CN lines, corresponding to the star’s radial 

velocity of -15 km s"1.

9.2. THE SEARCH FOR ”

A search for C6 0  based on a published spectrum provided no concrete evidence for that 

molecule in a range of circumstellar environments. Previous searches for a C^ absorption in 

the region of 3860 À were unsuccessful. However, the existence o f the absorption line in the 

spectrum was not confirmed by later research, so its chemical nature has yet to be properly 

identified, but is likely to be another carbon molecule.

No unusual features were seen in most stellar spectra, except in a few weak spectra of 

Carbon stars, a potentially misidentified or misclassed star, and in the spectrum of HD 93308 

(ft Car)

The spectrum of HD 93308 (r| Car) had changed considerably in the past 40 years. 

Metallic lines detected in the 1950-1960's in this region of the spectrum are now limited to 

weak broad features, the star is no longer directly observable. This spectrum is now dominated 

by P Cygni profiles of the Balmer lines H8  and H9, and an emission line Ne [lllj, characteristic 

of the nebula.

T | Car and its environment have been reviewed by Davidson & Humphreys (1997). 

Between about 1600 to the 1830s, t] Car was reported to be between 2nd and 4th magnitude. 

During 1837, it brightened until in 1843 it was briefly the second brightest extra-solar system
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object in the sky, my «-1 mag. After 1856 it faded to 7- 8 th magnitude around 1870. Minor 

eruptions occurred in 1887 and 1895. After 1900 an expanding circumstellar nebula became 

visible. Since 1940, r\ Car has gradually brightened reaching the mv « 5.7 in 1990. In the 1960s 

it was recognized that the central object was very bright in the UV, most of this energy flux 

was absorbed by dust formed in the ejecta from the Great Eruption in 1843. The dust re- 

radiates this energy in the IR, most o f the visible light that escapes is scattered by the dust.

ri Car is dominated by a bright central knot surrounded by an oblong nebulosity. The 

visual appearance o f the nebula 50 years ago led to it being called the “Homunculus”. The 

Homunculus is a complex reflection nebula, now 16" across («0.2 pc), most o f the visible 

wavelength luminosity escaping from the Homunculus is light from the central star, scattered 

by dust grains in the polar lobes ejected in the Great Eruption. HST images showed the first 

images o f a ragged equatorial debris-disk. At present, little is known about this structure except 

that parts of the ejecta are aligned in streaks, rays or fans. The central star is in a bright region 

less than 1 " across. Three compact objects, showing forbidden emission lines and moving at 

low speeds of around 50 km s"\ lie between 0.1 " and 0.3 "NW of the star. The stellar spectrum 

itself cannot be obtained from ground-based spectroscopy because their spatial resolution is 

inadequate, but it has been observed separately from the nearby ejecta using the HST/Faint 

Object Spectrograph (Davidson et al., 1995). The spectrum is that of a hot optically thick 

stellar wind. The mass loss is estimated to be o f the order of 10-3 Mq yr"1. HST/FOS data 

acquired in 1991 in the wavelength region 2400-5000 Â show that the star exhibits only 

permitted lines, while the other components nearby show many forbidden lines mainly [Fe II] 

but also include [N I] and [Ne HI] and Fe H

Zanella et al (1984) described changes in the forbidden lines, including a temporary 

disappearance o f the [Ne TU] 3869 Â line that are now clearly associated with the other three 

components in the core of the nebula, not the star (Davidson et a l, 1995). The [Ne HI] 3868
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Â emission, seen in our spectrum, was absent in spectra recorded in 1981 Dec 25 but present 

in 1974, March 10 and 1983 Feb 21. Faint emission component, blueshifted by 408 km s' 1 were 

found in the case of the strong and isolated [Ne HI] 3868 À line. This feature has a heliocentric 

wavelength of 3863.48 Â. This line is also present on the spectrograms of Thackeray (1953) 

and Aller & Dunham (1966) blue-shifted by about 350 km s' 1 but was not identified as [Ne HI] 

blue by those authors according to Zanella et a l (1984). They regard the idientification of the 

line with Fe H 3863.95 À is mistaken because the feature is broad and it disappeared 

simultaneously with the [Ne ill] component. The [Ne lllj was strong in 1974 March and 1983 

February. The blue-shifted line could barely be recognized from the continuum in 1974 March, 

but is visible in the 1983 Feb. spectrum. Both [Ne lllj and the blue-shifted line are not visible 

in 1981 December. The shape of their spectrum in the region around 3860 to 3870 À is similar 

to that obtained in this work ( Figure 8.7). Their blue-shifted [Ne HI] could be the small 

emission spike at the blue-end of a raised continuum level 3865-3868 Â. Its size, however, is 

comparable to the other features in that region of the spectrum and so may simply be caused 

by noise.

The conclusion is that the spectrum acquired here is the reflection spectrum of the star, 

broadened by reflection from the dust formed around the star as a result of the 1843 eruption. 

Superimposed on this spectrum, is the emission spectrum, responsible for the [Ne HI] in this 

spectrum, arising from the clouds close to the star.

The narrow emission line of [Ne JB] disappear for a period of time of the order of a 

year and may be as short as a few months. These lines come from the slow-moving ejected 

material near the star. This behaviour must be in response to the local excitation in that 

material, and consequently to some change in the star’s energy distribution. At present it is 

unclear what the processes are that lead to the changing intensity of the emission lines.
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The Wolf-Rayet stars can be grouped into three main distinct types: a) O VI emission 

with He I, both showing P Cygni profiles. All are WC6  stars with one exception ofHD 110432 

(B1 pe). Three o f the members may belong to the WO class of stars: HD 92809, HD 165763, 

and HD 115473. b) weak He IP  Cygni profiles at ~3875Â with no indications of the features 

characterising the other two groups, as in HD 50896 (WN5) and HD 151932 (WR7). Group 

c show weak Balmer absorption in WC7 and WN7 stars. The spectrum of the WC7 star HD 

68273 resembles those of the WN7 stars HD 93131 and HD 92740 more closely than any of 

the other WC stars. Based on this spectrum alone it is possible that HD 68273 has been 

misclassified.

The elements Fe and Cr feature strongly in the line identifications for the A-type stars. 

Broad absorption lines in the spectrum of HD 39060 appear to arise from Fe and Si in the 

circumstellar material of that star. A peculiar abrupt change in the absorption profile o f N-R 

stars is unexplained. There are several possibilities ranging from the Balmer absorptions, C3  

absorption and a mechanical cause in the telescope. A semi-transparent obstruction in the light 

path could explain this feature in the spectrum, but as the equipment has been dismantled this 

cannot be tested. The spectrum range includes interstellar CH and CN lines, but the resolution 

and noise levels in this work was not sufficient no make any definite identification. A number 

of stellar metallic lines were identified, particularly in the A-type stars.

Line identification was attempted for HD 87887, HD 111133, HD 129981 and HD 

147084. Only in the case of HD 111133 and HD 147084, where the Balmer line absorption 

profiles could be used as a continuum marker, could equivalent widths of the absorption lines 

be determined. The sharp absorption lines in HD 111133, and 147084 could be used in an 

abundance analysis, except that it was not possible to derive error estimates for the equivalent 

widths.
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Since the spectral range o f3820-3900 Â also includes the positions of interstellar lines 

of CH and CN, these observations indicate that some sight lines are worthy of future study at 

higher resolution, and signal to noise ratio.

It is suggested to look for interstellar CH towards HD 39060, 92809, 93131, 97048,

113904 and possibly in HD 39801, 62542, and in HD 87887 where there may be two clouds. 

With less certainty from these observation, it may be worthwhile looking for interstellar CH 

towardsHD 44179,93308,111133,37903,50896,89080,100841,115473,147084,151932, 

156385, and 165763. Further, it is suggested to look for interstellar CN in the sight lines 

towards HD 62542,93131,97048,92809,100841,165763, 113903, and HD 115473. These 

sight lines sample two interesting regions, one toward the r| Car region (/ ~  280=>290o), and 

the other the direction of the Reigel-Crutcher cloud (/ ~  340=>360°), associated with the 

interstellar Na at vLSR +5.8 km s"1. Observations of interstellar CH and CN in these directions 

will be valuable in determining the chemistry of this cloud.

9.3, INTERSTELLAR Na I

The line of sight to the Sgr OBI association has been found to sample a number of 

interstellar clouds. One component may be local to the Sgr spiral arm, another connected with 

the Sco-Cen asociation, but the predominant absorption arises from an extensive nearby 

interstellar cloud. The remaining Na observations point to a radial outflow of material in the 

LSR frame

The observations reveal three main clouds with vLSR = +5.8 ± 0.98 km s’1, -6.7 ± 2.27 

km s’1, and -16.1 ±0.98 km s'1. Thestrongest absorption, gp ±5.8_km-S-,-exhibited-bv-allof 

the stars in this region, is identified with the Reigel-Crutcher cloud, d/> ~  80 pc but may be as 

close as 26 pc in some directions. A vLSR = +22 km s’ 1 feature is unique to HD 165516, and 

a similar absorption profile, albeit blended with another line, at -24 km s’ 1 hints at a shell-like



feature in this sight line. In addition, the observed line profiles show an underlying broad 

unresolved absorption, differing in intensity between the sight lines and strongest in region of 

M8 , implying that it is associated with the Sgr spiral arm.

The observations oftheNa I line in the spectrum ofHD 25330, HD 32990, HD 32991, 

HD 43384, HD 50123, HD 53974, and HD 83183 are entirely new. No other reports have been 

found in the literature for them.

Interstellar Na D2 absorption lines toward stars in the direction of the Galactic centre 

(5°< /<  10°, -2 < b  <1°), anticentre(179° < / <280°, -35° < b <  +3.5°) and Quadrant HI 

(210°< / < 300°) sample the cold neutral components of the material expanding from the Sco- 

Cen association which is thought to be partially filling the Local Bubble in the direction o f the 

Galactic centre and forming the “wall” o f the Bubble. Some of this material is thought to 

comprise the local clouds and nearby clouds in the Galactic anticentre region (Frisch, 1995).

The most prominent absorption in the Sco-Cen direction occurs at vLSR = ~  +6.0 km 

s" 1 which could represent outflow from Sco-Cen on its far side. However, the cloud’s 

association with other objects with similar radial velocity and known distances place it nearer 

than the Sco-Cen association, perhaps as close as 25 pc at its nearest point. There is a similar 

vector in the opposite hemisphere: yLSR ~ + 8  km s"1. The prominent 9.0 km s" 1 Na absorption 

reported toward the High Latitude Cloud MBM 18 (Lynds 1569) is more extensive than first 

thought, while a 15 km s" 1 feature is associated with MBM 18, and found to be connected with 

the Taurus-Orion clouds. It can be traced from the Galactic plane to large Galactic latitudes, 

and within a radius o f—140 pc. The strongest Na absorptions found in this work occur at small 

positive LSR velocities in clouds in both Galactic hemispheres. This work therefore suggests 

the presence o f an almost continuous spherical system with a flow of material radially outward 

from its centre with a velocity o f - 8  km s"1, similar to the Hughes & Routledge expansion and 

Olano’s Ring (Section 1.3).
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The log N  and b derived for HD 24263, HD 40111, HD 41117, HD 42087, and HD 

75149 agree with the literature values, but some differences were noticed. Both HD 24263 and 

HD 75149 required two or more components to model their absorption line profiles whereas 

earlier studies by other workers had seen only a single component. In the case ofHD 40111, 

this Na D2 profile was resolved as well as that for the published Na Dj line. Differences were 

noticed near the continuum level on both flanks of the profile. Similarly, there were differences 

in the number of clouds and their respective parameters to explain the overall shape of the 

profile.

For the Sgr OBI direction, it would be worthwhile acquiring more observations, to 

trace interstellar Na laterally in the sky and in depth and to obtain Ca observations for the radial 

velocity, and consequently the Na/Ca ratio on the intervening clouds. There are Ca column 

density measures available, but not sufficient radial velocity information to help identify the 

individual clouds. Also, it would be useful to trace the molecular identifications in this region 

of sky, as the detection in individual stars may in fact come from sections of the same cloud. 

Since one cloud may be as close as 26 pc, this could cover a large portion of the sky, and be 

responsible for molecular absorptions in many stars further afield.

In addition, it might be worth looking for differences in absorption profiles. As this 

study has shown the Na profile can change over 3 arc min of sky (HD 164794,164816, section 

6.3.7), and other investigators have reported temporal changes seen toward 8  Ori and k Vel 

(Price et a l, 2000; Crawford et a l, 2000). Similar changes might be occurring in the line of 

sight toward HD 24263, HD 40111 and HD 75149. In the case ofHD 40111, this Na D2 

profile was resolved as well as that of Welty et a l (1991) for the Na D x line. Differences were 

noticed near the continuum level on both flanks of the profile. At least one could be the result 

of noise in this spectrum. In the case ofH D 24263, this work found the profile to be best 

modelled with two components whereas Penprase (1993) modelled the profile as a single cloud
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Similarly, HD 75149 shows a strong absorption line with a clearly separate weak absorption 

which seem to be superimposed on a broad shallow absorption. Overall, four absorbing 

components were necessary to match the observed line profile, whereas earlier studies by other 

workers had seen only a single component.

Further, HD 40111, which has a saturated profile but shows some structure, could be 

observed in the 3302 À Na doublet which are less susceptible to saturation than the D lines.

9.4. LINE PROFILE ANALYSIS

PCs on the domestic market are now fast enough to make the fitting of optical spectra 

a realistic procedure for the home. An interactive DOS-based tool was developed 

independently to fit absorption line profiles using nonlinear x2  minimisation methods. Data can 

be input as ASCII tables ofFlux or Relative Intensity versus radial velocity, or wavelength, and 

weighting. The user can modify the model parameters and graphically display the input data 

with the current fit. Starting with an estimated set of parameters for a cloud model, the 

program automatically performs a non-linear % 2  minimisation analysis based on a choice from 

the Grid search. Gradient search and the Levenburg-Marquardt method.

Each search method is a useful tool for line-profile analysis in its own right or to find 

suitable input parameters to the Levciibei g-Marquardt method. Asymmetric and lightly-blended 

lines can be analysed automatically, the Levenberg-Marquardt method is particularly adept at 

handling theTormer, with a 30-fold time improvement over DIPSO. However, constraints on, 

for instance, the wavelength/velocity range for each model cloud, would be useful to model 

strong heavily blended lines. In these cases the automatic analysis may give a model that is too 

simple to explain the structure in the line profile.
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Line profiles from the program are compared to DEPSO’s using common data sets 

representing a range of broadening parameters and column densities found by observation. 

Differences in relative intensities for the same input parameters between the two programs are 

small and due to the incremental Voigt profile produced by DIPSO.

Although the program has advantages over DIPSO in that it quickly finds a fit to the 

profile, returning error estimates as it does so, and for the scientist based at home is very 

convenient, it has the normal problems associated with analytical methods.

During the write-up o f this thesis, a number of papers came to light that gave Fortran 

routines for calculating the Voigt function over the (a, u) plane. Generally, they segregate this 

plane into a small number o f areas, then apply different routines to each one. The CPF12 

routine used here is one example, where the (a, u) values likely to be encountered in 

astronomical line profiles spans two such regions. Annstrong(1967) gives a Fortran program 

listing that calculates the Voigt function over the whole plane, while Drayson (1976) gave a 

Fortran listing o f a routine claimed to have a maximum relative error of one part in 10,000. 

Pierlussi et al (1977) also gave a Fortran program, where they subdivide the (a, u) plane in to 

three regions. More recently, Schreier (1992) compared computational methods for the Voigt 

and complex error functions. These include the Humliôek algorithms, including the CPF 12 

routine used here, as well as the aforementioned programs. The relative error for the Humliôek 

procedure is also 1 in 10,000. Schreier mentions other routines which claim a higher accuracy, 

one by Gautschi is claimed to be accurate to 10 decimal places after the decimal point. This 

procedure is implemented in the EMSL SFUN/LLBRARY as Fortran functions CERFh or 

ZERFE in single or double precision respectively (Schreier, 1992). Schreier gives a modified 

version o f the Humliôek routine.
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The features in the Basic Error Analysis Program (nicknamed BEAR) developed in this 

work were summarised in Chapter 2. Places to improve the program would be:

► Use X-windows graphical user interface to improve the interaction with the user

► Include algorithms to assess the statistical significance of the fit

► Compute grids in parameter space for evaluating contours of x2  inside the program

► Define a method to automatically add a new cloud component to the fitting procedure

► Alternative statistics to % 2  for evaluating the goodness o f fit. This will improve the 

ability to fit low signal to noise ratio spectra with non-Gaussian errors.

The current version of the program has no method for adding another absorption 

component based on the residuals o f the fit. Other methods, such as the Monte Carlo method 

and other published routines on the Voigt fimction could be usefully investigated as there are 

many versions o f the latter in the literature.

An alternative to developing this program, would be to merge the procedures with 

DIPSO. Other software could be explored by external researchers in order to assess the value 

of off-the-shelf statistics packages, such as Mathcad or Mathematica.
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10. HOME-BASED DATA REDUCTION:

A NEW FACTOR IN ASTRONOMICAL RESEARCH

Within the past decade, the upward trend in adult education has resulted in a large 

number of students that are qualified to do research. The Physics Department o f the Open 

University has seen at least a doubling of the number of part-time research students in the past 

four years. The advantages to the student of part time study in later life may be quite diverse, 

from seeking an advancement in their career, or a change in direction, to taking up new 

challenges and doing things they are not likely to encounter in ordinary life. Many of the 

students are in full-time employment and will learn new skills and a different way of looking 

and thinking of problems.

The nature of part-time research with the Open University is that the supervisor^ and 

research facilities available to the student are at some considerable distance to the student. 

Therefore communication by telephone or more likely by e-mail becomes an important factor, 

and the student has to depend on published material. It is advantageous for the student to 

locate a convenient University library, and if possible a work area there. Fortunately, 

STARLDNK facilities are available at many Universities throughout the country, and there may 

be a local node accessible to the student. In recent years, astronomical software has become 

more available for use on a domestic PC STARLINK now distribute their-software on CD- 

ROM to run under Linux. This gives the part-time student major benefits, as that person can 

work whenever it is convenient. A Linux-based PC can be purchased off the shelf for a 

reasonable price (they became available a year ago). That PC will have enough processing
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power to do the work without undue delays and enough storage space, either on the hard disk 

or by the CD-writer, for the data and documentation. The PC purchased off the shelf is now 

currently powerful enough to handle the data reduction and analysis o f astronomical data that, 

just a few years ago, was restricted to mainframe systems in a University. With the 

astronomical databases available on the internet now, it is even possible to devise a program 

for study and do it on line!

The drawback is that the research has to be carried out in the students “spare time” as 

most will have permanent employment. This is most likely to be at the weekends, rather than 

weekday evenings. This curtails access to the research facilities such the library, work shop, 

and personal communication with the supervisors. One of the major drawbacks, in my opinion, 

is that the part-time researcher will not be able to interact much with their full-time 

counterparts and not get the full benefit of the flow of information, thoughts, attitudes, etc 

between students and, indeed, between students and staff. It is almost certain there are 

differences in knowledge, experience and problem solving techniques among the students. This 

must give the host University some input, but what it is and what value it has is largely 

unexplored. Some advantages may be the part-time student can be more innovative, can try 

out new approaches and methods, or use software for different purposes than the writers 

intended. For instance, two spectra can be overlain and compared using off-the-shelf graphics 

software.

The prospects for part-time research have improved in recent years. With access to the 

internet, the basics research proposal can be planned using the SIMBAD database, information 

from Skyview, along with e-mail conversations with the supervisors. Proposals can be 

submitted via the web. The observational data acquired can be electronically transmitted from 

the observatory to the home/office for processing, and the data stored on CD.
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Software packages and databases available on the web, from where more details could 

be obtained, include:

1. the IDL astronomy software libraries

2. IRAF (Interactive Reduction and Analysis Facility) centred around the reduction of

CCD data, distributed freely to the astronomical community, runs under 

LINUX.

3. ADPS

4. MIDAS (Munich Image Data Analysis System), similar to IRAF

5. HE AS ARC (High Energy Astrophysics Science Archive Research Center) tools for 

processing X-ray data

6 . Astrophysical Data System, provides electronic access to many astronomical journals

7. SIMBAD astronomical database, bibliography

8 . NASA Office o f Space Science

9. HEASARC

10. STARLINK

1 1. SKYVIEW, which also provides a link to HEASARC and APS web sites

Both full and part-time students require the support of the host University. Part of this 

support may be to make and submit the proposal for telescope time. The application may not 

succeed as it has to compete with other requests for time on the particular telescope. As top 

quality research always use the same (best) facilities, there may be too much competition. This 

implies that the student may not get access to the best facilities, and in the extreme case, no 

material o f their own to work on for their thesis. However, there are projections that near- 

future astronomical surveys and data acquisition will generate tens o f terabytes o f data. There
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is already a large amount o f data waiting to be analysed. There seems to be an increasing 

number of people wanting to do postgraduate research in astrophysics, this means that some 

potential investigations, or even data itself which is currently being set aside for the lack o f 

resources can be put to good use. Astronomical data are expensive to acquire, -£58,000 a 

night to run a ground-based observatory and typically - £ 1 0 0 , 0 0 0  for space observations 

(Leverington, 1997), so it makes good sense to encourage and support data reduction at home.

The main recommendations to would-be part-time researchers are:

• Define resources available and assess their variation with time.

• Set aside enough storage space for your results

• Document as you go along (it will help in creating reports, papers, and the thesis)

• Keep a good index.

If a PC is required, consider a relatively new one with a CD-writer, not necessarily with 

Linux installed as it can be purchased quite cheaply. Modems and CD-readers are 

currently standard items with PCs.

• Do a survey o f your area o f interest, including the astronomical data resources that are 

available on the World Wide Web.

• Accumulate background knowledge early.

• Visit the supervisor and university, meet other students.
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