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SUMMARY

Near-infrared (1.2-2.2 micron) surface brightness measurements 
across the faces of a sairple of nearby galaxies are presented, 
eirplcying a variety of instrumental techniques.

NGC 2683 , 4565, and 5907 are seen almost edge-on, and for two of 
these, optical (V) data were obtained simultaneously with the infrared, 
using a widethrcw^chop two channel photometer developed at Leicester by 
Dr.D.J.Adams. The results of these observations are presented in a 
single Chapter (3), in vhich the infreired measurements are used to 
define obscuration-free scale sizes for the disks, and the optical- 
infrared colours place constraints on possible mechanisms for the 
production of colour-index gradients.

The remaining observational chapters (2 & 4) are a chronological 
record of use of the infrared system of the Anglo-Australian Telescope, 
documenting steps toward DC-mapping of extended objects, begun in 1980 
with semi-DC observations of NGC 5128 at 2.2 microns (Chapter 2). 
Significant data were obtained in the course of these experiments, and 
in the final chapter we present J, H and K maps of M83, a large face-on 
spiral, vhich were obtained with the intention both of resolving the 
controversy over the Freeman Type I- Type II surface brightness 
profiles, and of detecting the density wave in the "old disk", 
suspected to drive the optical spiral star formation pattern. Our 
discussicxi of these observations also contains a nunber of warnings 
about the pitfalls vhich lurk in the DC-measurement process, most of 
vhich are concerned with the knowledge (or lack of it) of the sky 
background level vhen observing very extended objects.

The first chapter gives a short inturoduction to some of the 
outstanding problems of extragalactic astronomy, and the uses to which 
infrared measurements can be put in tackling these problems.



The overall objective of the Thesis is to illustrate, through 
observational results, the wide range of applications which near- 
infrared imaging finds in studies of galaxies. The contrast between the 
three observaticxial chapters highlights this point.
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NOMENCLATURE
The following terms have been adopted as standard throughout this 

Thesis.

TEPM
SB

CT

Scalelength

Metallicity

MEANING
Surface brightness in logarithmic units, 
mag. arcsecond"*^.
Spectral flux density in units of 
W. m Hz arcsecmd Fluxes 
in wavelength units are not used in this 
Thesis.
Surface brightness: exactly as SB. This 
version is used in diagrams only. Also 
occasionally used to denote rms noise 
anplitude; the distinction should be 
obvious from the context.
Galactocentric radius : measured in kpc. 
or arcseconds from the infrared centre 
of the object. Sometimes referred to as 
r, especially in equations.
Applied to a galactic disk, the 
galactocentric radius at vhich the disk 
brightness in linear units is e  ̂

times the central disk brightness, the 
latter deriving from a fit to 
measurements exterior to the nuclear 
bulge.
Scalelength. Used in equations. 
Fractional abundance of elements heavier 
than Ĥe.



VI

Z Metallicity.
" Arcsecond(s).
p. a. Position angle, measured frcm north

through east.
In de Vauoouleurs ' surface brightness
distribution law for elliptical
galaxies, the "effective radius", 

z In a disk galaxy; distance above the
plane.
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CHAPTER 1. INTRODUCTION

In the Chapters Which follow, we present detailed epical and 
near-infrared napping data and surface brightness profiles of galaxies 
over a wide range of morphological type. While a complete review of 
surface photometry would be out of place in this introduction, as would 
coverage of the mainly statistical nultiaperture observations by 
Frogel, Persscn and Aarcnscn (1975-1978; various permutations of 
authors - hereafter FPA), we will try here to demonstrate the need for 
infrared mapping, and to define the possible interpretations of the 
resulting data. The reader requiring a more cxxtplete review of the 
subject is referred to Riéke and Lebofsky (1979) for some relevant 
facts on past infrared galaxy work, to de Vaucouleurs (1959) for a 
(still valid) discussicn of the gross properties of galaxian light 
distributions, and to Strom and Strom (1978) for an excellent short 
review of the disk galaxies, vhich groLp will be the rrain subject of 
this thesis. We begin with a brief look at (i) the properties of 
galaxies in the wavebands we will be considering, and (ii) the surface 
brightness profile of a "classical" composite disk-and-spheroid galaxy.

1.1 (a) .Basic properties of galaxies in the near infrared.
Table 1.1 gives the characteristics of the filters relevant to the 

observations presented in this thesis. We have included there the 
temperature of the black body vhose spectral flux output peaks in each 
of the wavebands. This column is cxie of the bases for the importance of 
infrared measurements to studies of galactic light distributions, as 
will become clear shortly.

The table provides the framework for discussion of the broadband 
colours of galaxies : the important point is that the near infrared 
bands are sensitive to much cooler sources, although the temperature is
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still within the bounds of vhat can reasonably be expected frcm stellar 
Table 1.1. Wavebands and Black Body Temperatures.

) NAME A À ^BB
B 0.44p 0.098 jJ 11600
V 0.55 0.089 9310
J 1.25 0.3 4100
H 1.65 0.3 3100
K 2.20 0.4 2300

effective temperatures (see Jchnscn 1966a). This sensitivity to cool 
objects is reflected in the near infrared colours of galaxies; the 
pioneering work of Johnscn (1966b), vhich has since been amply 
corroborated, revealed that the 1.2-3.5 micron colours are dominated by 
stars cooler than prevail in the optical. We will see Portly that the 
V-K colour index is an extremely useful tool for the stu(^ of many of 
the properties of galaxies. On the gross level, the value of roughly 3 
for this index in galaxies places a limit of about K4 on the earliest 
possible stellar type responsible for the near-infrared radiation, 
assuming the giant star-domination vhich has recently been shown to be 
the case through more subtle use of the infrared colours (Frogel et 
al. 1978).

The value of V-K = 3.0 is not, of course, unique for all galaxies ; 
the large sample of objects observed by Aaronson (1977) shows 
significant variation as a function of positicxi in the Hutble sequence 
of galaxy types, from 3.3 for the ellipticals, down to 2.8 for late 
type (Sc-Scd) spirals. The behaviour of the near infrared indices is 
less definite; across the same range of morphological type, J-H remains 
effectively constant around 0.74, and H-K ranges frcxn 0.18 at either 
end of the sequence to 0.23 at Sb-Sbc. These colours all imply a cool.
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late-type stellar origin for the infrared fluxes.
(b) The classical surface brightness profile.

Although a nunber of exceptions have been reported, vhich will be 
discussed later, a spiral galaxy can generally be shown to corprise two 
or three distinct, functionally simple ccnpcnents,the sum of vhich 
gives the normal profile shewn in Fig. 1.1. Central to all but the 
latest type spirals is a nuclear "bulge", or spheroid, probably formed 
at a single epoch early in the life of the galaxy. The light 
distribution of this ocnponent is generally found to follow the 
de Vaucouleurs' law for elliptical galaxies (see, eg., de Vaucouleurs 
1959; de Vaucouleurs and Capaccioli 1979, Freeman 1978):

log( I/Ig ) = -3.33 ( ( r/r^ - 1 ) ;
SB = 8.325 ( ( r/r - 1 ) + SBe

vhere and SB^ are respectively the light intensity and the
surface brightness measured at the "effective radius", within vhich one 
half of the total light from the galaxy (or in our case the spheroid) 
originates. ( "Surface brightness", as used throughout this thesis, is 
a logarithmic measure of the light falling in the aperture: its units 
are magnitudes per square arcsecond, or mag.arcsec."’̂ for ^ort. Note 
that it is not a flux unit, vhich is possibly, in Physics, the more 
usual interpretation of "brightness". Fluxes will be referred to as 
such, or as "surface flux", in units of W.m.^^Hz^^arcsec.”^).

Exterior to the bulge, the light distributicxi is dominated over 
many kiloparsecs by a flattened ccnponent obeying an "exponential" 
surface brightness law (de Vaucouleurs 1959; Burstein 1979) ;

I = Iq
SB= SBq + 1.0857 (r/h) ,

vhere Iq and SBq are the light intensity and the surface brightness 
extrapolated to r=0, and h is the expcaiential scale parameter 
(hereafter referred to as the "disk scalelength" ). Most of the blue
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OVERALL PROFILE

DISK;'^' exp(-r/h)

SPHEROID:'>̂ rl/̂

R(

FIGURE 1.1
Classical composite disk-and-spheroid galactic brightness profile. 

The surface brightness is in logarithmic units.
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li^t, in vhich the majority of previous cbservaticxis of these disks 
have been made, is contributed by a bright population of young stars in 
the immediate vicinity of the ^iral arms: the exponential behaviour 
therefore becomes apparent only vhen the light is averaged in seme way 
over areas of the disk. De Vaucouleurs( 1963) achieved this averaging by 
plotting brightness levels as a function of another "effective radius" 

TT ), vhere A is the total area of the isqphote at a given SB; 
other publications have employed annular integrations in the plane of 
the disk (see, eg., Talbot et al. 1979).

The exponential disk has been modelled by van der Kruit and Searle 
(1981), using a modified isothermal î eet: their model disk is
everyvhere isothermal, follows an exponential distribution in the 
radial direction in the plane, and a more exotic law perpendicular to 
the plane : SB(z) OC sech ( z / z q ) (cylindrical polars are used to 
describe disk systems), vhere Zq is the scalehei^t. This class of 
model has been compared, with some success, to the z-distributions of 
the light in systems seen ^proxinately edge-cxi (van der Kruit and 
Searle 1981 a,b , 1982 a,b).

The third component shown in Figure 1.1 (dotted, to emphasise its 
unverified nature) is the "halo". Elusive to observation, such a 
component has been invoked in attempts to explain (i) the stability of 
kinematically "cold" disks against the rapid barlike distortions vhich 
plague numerical simulations, and (ii) the apparent flatness of the 
observed rotation curves of galaxies out to very large radii, requiring 
more mass than is inferred from optical observations of the luminosity 
of the disks. There is no reason, however,to demand that the halo 
consist of stars; for example, a halo made entirely of massive 
neutrinos would satisfy the two criteria above vhilst remaining 
undetected in the surface brightness profile.

The classiccil surface brightness profile for disk galaxies as
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presented above is, by its nature, an average and an approximation. 
There do exist documented cases of galaxies vhose disk profiles deviate 
markedly from the pure exponenticil form ( eg., Boroson 1981; Kbrmendy 
1977); the latter author suggested that a centred, "hole" in the disk 
was consistent with seme of his dbservaticxis.
1.2 THE INADEQUACIES OF OPTICAL OBSERVATION

While it is accepted that observations in blue and visible licpit 
have been fundamental to our present understanding of the structure, 
composition and history of galeixies, they suffer a nunber of drawbacks 
vhich compromise their usefulness to a certain extent. There sire a 
nunber of areas in vhich infrared measurements, although at present 
more time consuming, offer the best way forward. These are described 
below.
(a) Density distribution in the "old disk"

As previously noted, the blue light distribution of spirals is 
heavily affected by bright young stars in and near the spiral arms. 
Good age discrimination is vital in any attempt to define the 
distribution of older stars in the underlying disk (Schweizer 1976). We 
reproduce in Fig. 1.2 Schweizer' s analysis of the relative contribution 
to the fluxes in each of the Johnson wavebands of (i) a 100 square- 
parsec patch of the galactic disk (compcnents from Oort 1958) and (ii) 
a typical OB association of the same area. The near-IR fluxes are 
clearly substantially less affected by emission from young stars; 
surface photometry at these wavelengths is therefore observation of an 
almost completely different stellar subsystem to that seen in blue 
light, vhere most previous detailed photometry has been carried out. 
The poorer age discrimination available from optical observations was 
reflected in the convoluted analysis employed by Schweizer (1976) to 
show that his "broad azimuthal brightness variations" were a property 
of the old disk.



17

100%

U B V R I K

FIGURE 1.2 
Relative contributions to the 
JchnscMi wavebands of an OB- 

associaticn and (shaded) a patch 
of the disk of our Galaxy in 
the Solar neighbourhood. After 

Schweizer, 1976.

(b) De-reddened surface bri^tness profiles
The series of papers by Heidmann et al. (1971 a,b,c) is the most 

ccnplete stuc^ of the variation of the observed parameters of galactic 
disks with inclination. The iraxiitum theoretical effect of a thin, well 
ordered dust layer on the surface brightness of a disk galaxy is 0.752 
magnitudes (a factor of 2; correspoiding to ccnplete absorption of all 
the visible light originating behind the layer). Heidmann et al. show 
in their Paper III (1971 c) that the amount by vhich the actual 
extinction falls short of this limit is a strong function of (i) the 
geometry of the absorbing layer and (ii) the inclination to the line of 
sight. Previous observational results required the inclusion in their 
discussion of models involving dust distributed in disks of limited 
angular extent and (worse) in annular formations vhich could easily 
affect the prcperties of the luminosity distribution inferred from 
optical observations.

Observations of systems seen edge-on are potentially disastrously 
affected by reddening; derivaticn of the parameters of the di^ can 
become very oonplicated. We illustrate this point by reference to van 
der Kruit and Searle (1981a), vho presented photographic photometry of 
the highly inclined (i=88°.5) late-typje spiral NGC 5907. The need to 
avoid extinction effects in the equatorial plane forced their fit of an
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isothermal disk model to be made to the measured surface brightness 
about 2 Tq)c. above the plane, vhere the signal was much less than would 
have been available cn the major axis.

T^pendix A describes the wavelength dependence of interstellar 
extincticxi assumed throu^iout this Thesis; the relevant point here is 
that the extinction in magnitudes at 2.2 microns, Â , is less than 
10% of the corresponding visual extinction, Â , substantially 
reducing the reddening problems discussed above. (As an example, 
observation of the disk in NGC 5128, presented in Chapter 2, is 
inpossible in visible light, vhere the extinction due to the dust lane 
reaches 7 mag. in places).

1.3 INTERPRCTATiaJ OF NEAR-INFRARED AND COMBINED OPTICAL-IR DATA.
(a) Near-infrared data alone

The programme of observations vhich led to this Thesis began with 
the capability of measuring only the near infrared (JHK) briefness of 
galaxies; the acquisition of a simultaneous optical system (details of 
vhich appear in Chapter 3) significantly broadened the scientific 
potential of our observations. However, the measurements originally 
envisaged (near IR off-nucleus surface photometry) provide, by 
themselves, useful data on the distribution of stars in the old disk. 
The observations carried out at Tenerife (Chapter 3) were intended to 
use the lew extinction at 2.2 microns to permit measurements of the 
disk in highly inclined ^stems, combining the two infrared advantages 
in a single programme. Fluxes in at least two wavebands were to be 
measured; this allows a check on œntaminaticai of the K band flux by 
thermal emissicxi frcm Hll-regicxis, the relative numbers of vhich are 
suspected to be a function of position in the disk (eg. Schweizer 1976: 
the ratio of arm-to-disk intensity increases with distance frcm the 
nucleus).
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The responsiveness of the JHK fluxes to properties of old stellar 
populations creates an opportunity to stu<^ localised variaticxis in the 
surface nunber density of old stars in galactic disks, vhich are 
believed to drive the star formation respcxisible for the optically- 
prominent spiral features (this is the basis of the density-̂ wave 
theory). This method - the measurement of IR surface brightness 
variations - is in principle more direct than is possible via 
observations at shorter wavelengths. In Chapter 4, it is applied to a 
nearby, almost fece-cxi spiral, MB3 (NGC 5236), and a value for the 
anplitude of the density wave is determined.
(b) Combined IR and optical data

The additu.cn of visible light profiles to our data significantly 
expands the possibilities for relating the observations to quantities 
relevant tjo the formation and evolution of the galaxies. In particular, 
the V-K colour index has been proposed as a probe for at least three 
independent galactic properties. In the following paragraphs, we will 
briefly scan the literature, and try to place limits cn the 
cbservaticnal precision required for the production of useful results.

(i) metallicity gradients
The effectiveness of V-K as an indicator of metallicity has 

been amply demonstrated elsevhere (Aaronson et al. 1978 ; Strom et al. 
1976). We will assume throughout this Thesis that the simple empirical 
calibraticxi given by the latter authors holds for stars dominant in the
2.2 micron bandpass:

/\ (V-K) 'Z' 0.85 log(Z) , vhere Z is the metal-to-
hydrogen ratio.

Spatial variations in Z, in the sense of decreasing metallicity 
with increasing galactocentric radius, are a definite prediction of 
gas-dynamical models of galaxy formation (eg. Larson 1976). Such 
gradients occur as a result of the increased time scale for star
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formation in regicais of lew density fcir firan the galactic nucleus. Ten 
thousand million years post-formation, the metallicity of Larson's 
model 9 galactic disk (with an exponential scalelength between 5 and 6 
Ipc.- typical of the spirals cxxisidered in this Thesis) changes 
by log(Z) = -0.6 between 5 and 30 Tqx:., or d log(Z)/dR^ = -0.024
per kpc.

Tenporarily disregarding the effects of reddening and 
contamination of the visual flux by emission from recently formed stars 
(the above calibraticxi of V-K in terms of metal content is strictly 
safe only in application to E and SO systems), the Larscxi model 
therefore predicts a change of about 0.5 mag in V-K between the inner 
and outer disk, a variation vhich should be detectable through the 
scanning techniques employed by us. Multiaperture observations such as 
those presented by FPA only divulge radial colour information ipon 
differentiation; vhilst the measurements are themselves of hi^ 
internal accuracy, they are dominated by nuclear emiission and are not 
always sufficiently precise to demonstrate the presence or absence of 
radial colour gradients across a single object. We note in passing that 
the near-infrcured colour indices also correlate on their own with 
metallicity (eg. Aaronscxi et al 1978); however, the change in J-K for a 
given metallicity variatiai is much smellier than that induced in V-K, 
simply because the latter index, having a longer baseline, is more 
affected by the change in the effective temperature of the giant 
branch, vhich is responsible for the near-infrared variations. We do 
not expect the near-infrared colours presented in the following 
Chapters to be able to compete with V-K as a metallicity indicator, 
although the fact that J,H and K are less affected by reddening may 
argue in their favour.

(ii) haloes
A large amount of observing time in the late 1970's was spent
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on searches for optical haloes surrounding spiral galaxies (eg., 
Spinrad et al 1978; Kbrmendy and Bruzucil 1978; Hegyi and Gerber 1977). 
Ostrlker and Peebles (1973) had implemented numerical simulations of 
galactic disks vhich could only be stabilised against the rapid 
development of barlike modes by the inclusicxi of a kinematically "hot" 
halo conpcffient with mass comparable to that of the disk. Furthermore, 
various cbservaticxis of the flat rotaticxi curves of ^iral galaxies 
(eg. Rubin 1979; Rubin et al. 1980) seemed to imply the presence of 
large amounts of material not directly cbserved in the distribution of 
visible light. Prime suspects for the inhabitants of the proposed 
"haloes" are late (M8) dwarf stars; the presence of such a cool red 
populaticn on a large scale might be detectable via its effect on the 
(V-K) colour at large radii vhere the disk and spheroid are relatively 
faint.

In this respect we note that previous observers have produced 
conflicting results. With some simplifying assumptions about the 
stellar populaticxis involved, the V-I gradient found in N3C 4565 by 
Hegyi and Gerber (1977) implies a V-K trend of A  (V-K)/ A  (Rg) 
greater than + 0.05 mag. per Tpc between 13 and 35 Tqx:. On the other 
hand, interpolaticxi between the smoothed isophotes presented by Spinrad 
et cil. (1978) for N3C 253, a late Sc spiral, gives a believable, but 
barely statistically significant A (R-I)/ A  R^ = -0.04 mag/lpc., in 
the sense of bluer colour with increeising radius.

These two studies specifically set out to measure the halo 
pcpulation, covered larger radial ranges than are considered in cxir 
Chapter cxi edge-on spirals, and resulted in small, statistically 
uncertain trends in the colour indiœs. It seems unlikely that red 
haloes will prove detectable in the optical and infrared work presented 
in Chapter 3, vhich is restricted to the relatively bright disk 
oompcxients.
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In this respect, it is important to realise that the near-infrared 
colours in themselves are insensitive to the type of population changes 
supposed to take place as the halo takes over from the main body of the 
galaxy. The J-K colour of M dwarf stars is very similar to that of the 
giant stars, later than K5, knc^n to dominate the near infrared 
emission from the centres of E galaxies (sources: Jchnsai 1966b, Frogel 
et al. 1975). A long baseline in wavelength is needed to take advantage 
of the extremely red colours of the predicted halo population.

(iii) thermal emission from Hll-regicxis
As pointed out earlier, the fractional contribution from the 

spiral arms to the total light of a spiral disk increases with distance 
from the nucleus. The tendency for the broadband optical colours to 
become bluer with increasing radius may be explained this way, althou^ 
there is clearly competition between this effect and the metallicity 
driven changes discussed above. Its importance to the V-K index is less 
easy to assess: the expected brightening in the V band may be quenched 
by an increase in the relative dust content, vhile the 2.2 imicrcxi 
fluxes may well be enhanced by transition and dust radiation from HII 
regions (eg., Willner, Becklin and Visvanathan 1972). The V-K colour 
could ccxiceivably, therefore, become redder with increasing 
galactocentric radius. Hiermal contamination of the infrared fluxes is 
expected to set in first at 2.2 microns; the J-K and H-K colour indices 
may be of use in estimating its importance.

The results presented by Aaronson (1977) of J,H and K observations 
of a large sample of disk galaxies distributed along the Hubble 
sequence, show no variation in the H-K index as a function of Hubble 
type to a limiting value of 0.02 mag., and no evidence of a trend in 
the near-infrared colours with increasing aperture size, to the same 
order of precision. Taken together, these two facts imply that the 
effec± on the V-K colour of thermcil contamination of the 2.2 micron
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flux m y  be minimi (but see NGC 5907, Chapter 3 of this Thesis).
(iv) stellar ages

Struck-Marcell and Tinsley (1978) have demonstrated that the 
V-K colour index is about three times more sensitive to stellar ages 
and star-forming bursts than are the UBV colours. Models of galaxy 
formticn such as those presented by Larson can lead, via stellar age 
gradients across the disks, to ^preciable trends in V-K, in the sense 
of bluer colour with increasing radius. The size of the trend 
calculated by Struck-Marcell and Tinsley is on a par with the 
variations expected frcm the metallicity gradients discussed earlier, 
but the ^plication of this result to observed colour gradients is not 
easy in the case of galaxies with current star formticn: for example, 
the unusually blue V-K colour predicted for a recent star-forming burst 
is not a property for vhich active galaxies (such as M82) are renowned.

1.4 OUTLINE OF THE FOLLOWING CHAPTERS
Chapter 2 presents a 2.2 micron map of the peculiar elliptical galaxy 

NGC 5128, assœiated with the giant double radio source Cen 
A. This observation represents the end of a previous 
programme of infreired mapping of active galaxies undertaken 
in the late 1970s at Leicester (Abolins et al. 1979; Abolins 
1980). The low extincticxi at 2.2 microns is used to map a 
star-forming disk in the optically-obscured "dark lane" of 
this unusual cbject.

Chapter 3 presents optical and infreired surface brightness profiles
along the mjor axes of three bright edge-on ^irals (NGC 
2683, 4565 and 5907 ). The observations were obtained with a 
widethrow-chqpping twin channel photometer at the Tenerife 
flux collector. There is evidence for colour gradients along 
the mjor axis of one of the objects (NGC 5907).
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Chapter 4 gives maps and surface bri^tness profiles at J,H and K of
the nearby spiral galaxy M83 (NGC 5236). %)iral structure is 
detected at all three wavelengths. A value for the anplitude 
of the density wave in the old disk is directly cbtained.
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CHAPTER 2 
A 2.2 MICRON MAP OF NGC 5128

2.1. INTRODUCTION
In the late 1970s, infrared galactic research at Leicester 

concentrated mainly cn "active" galaxies (Abolins et al. 1979; Abolins 
1980). We report here observations vhich form the concluding phase of 
this prograirme; a near infrared map of the dust lane in NGC 5128, the 
parent galaxy of the giant double radio source, Cen A. When this work 
was published (in condensed form: Adams et al. 1983), it represented 
the first reported results of an innovative use of the infrared 
photometry system at the Anglo-Australian Telescope, cbserving the 
object in DC-corpled mode, no use being made of the normal infrared 
"chopping" procedure. While the above paper was in press, two sets of 
infrared data were published by other groups: however, both used lower 
spatial resolution than our stu<̂ , and the basic conclusions of our 
papier remain intact.

2.2. THE OBJECT
NGC 5128, which plays host to the giant double-lobed radio source 

Cen A, is in many respects one of the most unusual objects in the night 
sky. The galaxy itself, optically many times smaller than the radio 
source, has an extranely active nucleus vhich has been observed at 
radio, infrared and X-ray wavelengths, but never in visible light. The 
galaxy is classed as an EO pec., because of a dense dust lane vhich 
bisects its optical image, corpletely obscuring the nucleus. The most 
ccnmon interpretation of the geometry is that the dust lane aicircles 
the galaxy, and lies in a plane approximately containing the line of 
si^t.
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Detailed studies of this cbject have recently been made by 
observers working at visible wavelengths from large southern hemisphere 
telescopes (NGC 5128 lies at & =-43°). High resolution measurements 
of cptical colour indices across the face of the galaxy by van den 
Bergh (1976) and by Dufour et al (1979) revealed extensive evidence for 
the presence of blue stars and Hll-regions at the edges of, and in some 
cases within, the dust lane. The presence of these young tracers 
indicates that star formation has occurred in the dust lane within the 
last 25 million years. The surface briefness profile and stellar bands 
of the uncbscured main body of the galaxy rank it with normal 
elliptical galaxies, although its integrated colour is slightly bluer. 
The physicad distinction between the E ccnponent and the dust lane was 
clarified by Graham's (1979) spectroscopic observations, vhich 
demonstrated that the young component, defined in this case by HII- 
regions, rotates rapidly in its plane, vhereas the elliptical ccmpcxient 
rotates only slowly, if at all.

How this pparently Elliptical-type galaxy acquired its rapidly 
rotating dust lane is as yet unclear, but one of the more popular 
explanations involves the capture and disrupticxi of a piral galaxy. 
Another unanswered question is why NGC 5128 should have developed its 
active nucleus and radio lobes, but it seems likely that the origin of 
the galajQ̂ 's activity could have been related to the cxiset of star 
formation in the dust lane some 10^ years ago. The solution to these 
questions in NGC 5128 should shed light on the evolution of more 
distant double-lobed radio galaxies (Cen A is the nearest of the 
class), which are also centred on apparently elliptical galaxies. Our 
contribution is a high resolution look, through the dust, at the 
flattened component beneath.

Previous infrared observations of NGC 5128 (eg. ,Becklin et al. 
1971, Kleinmann and Wright 1974, Grasdalen and Joyce 1976) have
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concentrated on the optically obscured nuclecur region, vhich contains 
an intense and hi^ly self-obscured point source. Prompted by 
urpublished 60 micron observations by Harvey, Telesco (1978) detected 
strong 10 micrcxi emission from the dust lane, at projected distances of 
up to 2 Tpc. from the nucleus. Galactic 10 micron fluxes are normally 
dominated by emission from warm (100 K) dust in Hll-regions; the dust 
lane is therefore independently identified as a regicxi of star 
formation. Optical study of the distribution of the stars is ruled out 
by the large extinction in the dust lane; near-infrared observations, 
much less affected by reddening (Appendix A), were called for. An 
unpublished 2.2 micrcxi map of the cbject, made with a 22 arcsecond 
aperture by Adams and Giles (1978), suggested the presence of the
expected cSust lane emission, but the morphology was confused by the
field stars vhich are apparent in the higher resoluticxi work presented 
here. Lack of spatial resolution also adversely affected the results of 
Harding et al. (1981), who enployed a 30-arcsecond aperture at J, H and 
K, and failed to detect any small-scale struture.

2.3. OBSERVATIONS
(a) Scan patterns.

NGC 5128 was scanned in 1980 April with the 3.8 metre Anglo- 
Australian Telesœpe on Siding Spring Mountain, NSW, Australia. The 
pro jet ed aperture was 7 arcsec., and a standard K (2.0-2.4 micron) 
filter was used. IV/o sets of c3eclinaticxi scans were made, each scan 
separated from the nearest neighbours in its s t  by 6 arcseœnds, the 
second set (hereafter called the "interlaced" set), being displaced 
from the first by 3 arcseœnds, to provide cxxiplete sairpling of the
object. Weather conditions impaired the signal-to-noise ratio of the
interlaced set, recjuiring œrrecticn at the data analysis stage, to be 
discnjssed later. Guiding errors were checked by "peaking up" the
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infrared signal on the nucleus, and were in all cases less than 2 
seconds of arc. Each scan contained 76 half-seccxid integrations.
(b) DC measurement of extended objects.

Infrared astrcmomical measurements are traditicxially made using a 
"chopping" technique, in vhich the difference in flux from two adjacent 
patches of sky is repeatedly measured (these patches are referred to as 
the "signal" and "reference" beams respectively). Whilst for point 
sources the instantaneous background subtraction and PC signal provided 

this technique have resulted in its widespread popularity, it is 
clear that a narrow chopper throw can lead to problems vhen observing 
extended objects such as galaxies. There are two ways round the problem 
of reference beam "contamination"; cxie, to be discussed in Chapter 3, 
is to employ a chopper throw large enou^ to place the reference beam 
well beyond any detectable emission from the galaxy; in practice this 
requires a throw of more than 8-10 aroninutes on the sky, and careful 
photometer design to ensure that equal amounts of thermal emission from 
the telescope are "seen" by the detector at either extreme of the ohop 
cycle. A more elegant way of measuring infrared emission from extended 
objects would obviously be to do away with the chcpping technique 
altogether. A decision was taken to attempt this second alternative in 
observing NGC 5128.

The AAO infrared system is conventional in using an Indium 
Antimonide detector and a focal plane vibrating-mirror chopper. The 
amplification system is novel, however, and has good DC stability 
(Barton and Allen 1980). The speed of the eleotronics allows the counts 
in the "sTqr" and "object" beams to be sunmed independently, suoh that 
the DC measurement of extended objects becomes feasible. With the 
novelty of this concept in mind, our observations were made with the 
chopper running, so that it would be possible to resort to more 
traditional analysis methods involving correction for reference beam
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flux, if the DC measurements were unsatisfactory (the feasibility of 
fully-DC mapping is demonstrated in Chapter 4). The chopper was set to 
threw 12 arcseconds E-W cn the sky.

The surface brightness response of the system was calibrated by 
measurement of the oount rates from standard stars, and by scanning a 
star throu^ the beam to determine the projected aperture size.

It will become clear later that the object is by no means faint 
even at the north and south extremes of the area mapped. In other 
words, the off-galaxy background level was not reached at the ends of 
the scans, or at least those passing throu^ the centre of the galaxy. 
This posed a number of problems at the analysis stage, vhich will be 
discussed in the next section. An observational procedure to remove 
this difficulty was devised and applied with moderate success in the 
mapping of M83 (Chapter 4): in the meantime, the methods applied to 
this cbject ^>pear to provide a reasonable estimate of vhat the 
measured background level would have been.

2.4. DATA REDUCTION
(a) Basic strategy.

The basic requiranent was the production of a rectangular array 
representing the spatial distribution of fluxes across the galaxy's 
surface. Scans were therefore taken from the two sets (original and 
interlaced), in order of decreasing right ascension, and stored on 
conputer file with measurements in order of increasing declination. 
This particular format was dictated by the contouring routines 
available.
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As noted previously, it was decided to observe with the chopper 
running normally, althou^ it was suspected that fully DC mapping was 
possible. TWo independent measurements were therefore available at each 
point of each scan, correspcmding to the counts in the "signal" and 
"reference" beams (hereafter in this Chapter, beams "A" and "B"). As a 
concession to standard IR photometry, the values contained in the AAO 
computer output were "A", and "B"-"A" counts. The counts in beam A were 
isolated at each point of the array.

Drifts in the IR signal level due to the changing sky background 
flux, were apparent in the raw data, but were in all cases small and on 
a long enough timescale to be assumed linear within the space of one 
pass over the object: linear fitting to the levels at the ends of 
individual scans was therefore applicable. Centre-weighted smoothing 
was used in reducing the data to the map shown later, in which the four 
nearest neighbours to each point were given quarter weight. As 
mentioned earlier, a deterioration of the seeing inpaired the signal- 
to-noise ratio of some scans in the interlaced set: in these cases, the 
smoothing was modified such that nearest neighbours in declination were 
completely suppressed, and the nearest points in the two adjacent (non­
interlaced) scans were accorded equal weight with the central 
measurement.

The main difficulty encountered at this stage was the fact that 
the "sky" level was reached at neither end of the scans near the 
nucleus, disqualifying the normal technique vhich refers the count 
levels within a given scan to zero at its ends, with suitable linear 
fitting to background drifts. Under the assurrption that scans at the 
east and west extremes of the area covered were far oiough away from 
the galaxy that their north and south ends were effectively measuring 
the sky level, we determined the flux levels at the ends of the rest of 
the scans in the following manner (Fig. 1).
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— I — 1Z': Scan Separation =3
'A' B'

Scan
Direction

G a l a x y JN

FIGURE 2.1
Scan pattern and background level estimation.

Referring specifically to the northeast comer of the map, with 
beam A measuring the sky level (ie. 0 galaxy counts), we can use the 
avcdlable A-B count to calculate the flux from the galaxy one chopper 
throw to the west; this is exactly the way one would proceed in the 
absence of either the fast AAO electronics car a widethrcw chopper. Now 
the chopper throw enployed was an integral number of scan separations, 
so beam "B" in Fig. 1 also corresponds to beam "A" of the fourth scan 
from the east. A running sunmation along the edge of the m ^  therefore 
divulges the run of the flux levels; this was carried out at both the 
north and south edges, and checked by repeating the procedure starting
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with beam "B" at the western end, and working east.
The map presented later contains the information from beam A cxily: 

this means that only half the available information was used, but 
combining the counts from both beams into a single map proved to pose 
more problems than expected, and in the aid the beam B data were 
retained as a check on the general morphology of the beam A m^. The 
agreement was satisfactory.

(b) Surface brightness profiles.
While the two-dimensional mapping representation is necessary for 

an understanding of the dust-lane morphology, the physics of the 
elliptical ccxiponent are best represented in the form of a one­
dimensional profile, giving surface brightness as a function of 
galactocentric radius. The detailed behaviour of the individual pixels 
was investigated by plotting a regular selection of one quarter of the 
measurements against the fourth root of the radius, in order to test 
for adherence to de Vaucouleurs ' law ( see Chapter 1 ). This type of 
plot, however, was prone to the effects of the dust lane, and

1/4consequently did not permit an accurate assessment of the R ' law 
parameters. The E ccnpcxient was therefore isolated from the rest of the 
galaxy by annular integrations to the SW of the dust lane; for values 
of Rg separated by 4 arcseconds, the measured fluxes were averaged 
over a 90° annular segment of 4 arcsec. radial extent, whose centre 
lay on a line perpendicular to the dust lane, in p.a. 209°. The SW 
sector was chosen because the nucleus is asynmetrically placed in the 
dust lane, permitting measurement of the unobscured E cornpaient to 
small radii (about 20 arcsec.) This analysis was performed by hand- 
selection of pixels, allowing the images of foreground stars to be 
excluded from the averaging. A least squares fit was made to the 
surface brightness distribution as a function of R̂ ^̂ , excluding
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points within the dust lane, vhich were affected by cbscuraticxi, as 
will be shewn eijqjlicitly later.

2.5. RESULTS

(a) Features of the infrared map.
Fig. 2.2 is the 2.2 micron m p  of N3C 5128. Even brief coipariscai 

with a visible-wavelength photograph (eg., Sandage 1961; Grindlay et 
al. 1975) illustrates the effective transparency of the dust lane in 
the near-infrared. The nucleus of the galaxy, vhich is corpletely 
inaccessible to visible observations, dcminates the 2.2 micron 
emission, and the gross circular syirmetry of the E component is 
apparent. Absorption features are present, however, at the edges of the 
dust lane (marked by dotted lines in the diagram) : the deep>est of 
these, in the region around /\(X =4-30", 6 =-25" relative to the
nucleus, is about 0.7 mag. deep at this wavelength, assuming both 
circular syirmetry of the underlying galaxy, and the absence of emission 
fron the dust lane.

The signal from the nucleus is K = 8.3 + 0.1 mag. in our 7 arcsec. 
apjerture, consistent with the results of Grasdalen and Jcyœ (1976), 
vho obtained K = 8.59 + 0.03 and K = 7.92 + 0.03 in 5.2 and 12.2 
arcseœnd apertures respectively. Our aperture was too large to place 
limits cn the variability of the K = 9.2 mag. point source discussed by 
Grasdalen and Joyce.

(b) The elliptical component.
The V and B-band observations of van den Bergh (1976) and Dufour 

et al. (1979) demonstrated that the optical flux distributicxi in the 
main bocfy of NGC 5128 obeys the de Vaucouleurs law for normal 
elliptical galaxies ( see Chapter 1 for the form of this law). The near-
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infrared surface briefness, if also primarily due to stellar continuum 
emissicxi, should follow the same distributicxi. The annular averages in 
the SW sector, described in a previous section, resulted in an

1/4excellent fit of the surface brightness, SB̂ , to :
SB„ = (2.54 + 0.02)R + (9.33+0.06). Rewriting this asi\ — g —
SB^ = 8.325 ((R - 1 ) + (17.65+0.06) , the

data are seen to follow de Vaucouleurs' law with effective radius, 
R^= 116+5. The infrared fluxes exterior to the dust lane are thereby 
identified with continuum emission from stars in an essentially normal 
elliptical galaxy, as previously noted by Harding et al. (1981).

Figure 2.3 shows the surface brightness, SB̂ , as a function of
1/4Rg ' , for one quarter of the measurements used to produce the map 

of Figure 2.2. The least squares fit line described above is included 
for comparison, and it is clear that the scatter about the integrated 
relation is relatively small. Also included in the diagram are lines 
describing the optical surface brightness distribution according to 
Dufour et al., and a clear difference between the two sets of 
measurements is apparent. The infrared fit excludes points within the 
dust lane (R^^^^ less than about 2): these measurements fall
systematically below the best fit line in Figure 2.3. It was suspected 
that the background level difficulties described before, mostly 
affeoting infrared points at large radii vhere the signal is faintest, 
could have been responsible for the discrepancy between the optical and 
infrared fits. However, inspection of a single scan across the dust 
lane reveals that a constant correction of 0.48 mag. to obscured points 
was sufficient for continuity at the edge of the lane, as demonstrated 
in Figure 2.4. Application of this correction to measurements with R^ 
less than 2.0 in Figure 2.3 reinforces the slope adopted for the best 
fit in the infrared, and the discrepancy between the optical and 
infrared slopes (and hence effective radii) persists.
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FIGURE 2.4
The effect of the dust lane cn a cut across the galaxy fron the nucleus 

south. Crosses indicate measurements within the dust lane after 
correcticxi for 0.48 K mag. of extinction. Vertical axis is 
2.51og(count).
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The 2.2 micrcxi profile presented by Harding et al. ( 1981 ) was in 
substantial agreement with the optically determined effective radius, 
and also shewed no evidence for the absorption feature apparent in 
Fig.2.4. Hcwever, their beam diameter (30 arcsec) allowed at most only 
two resolution elements within the span of the dust lane, and the 
detection of such features was therefore unlikely. For the same reascxi, 
any of their measurements within 30 arcseconds of the nucleus are 
probably affected by beam œnvolution. We note that only four of their 
measurements lie further frcm the nucleus than the edge of the dust 
lane.

Coiparison of the infrared effective radius with the value of 300" 
obtained from blue-light surface photometry by Dufour et al. (1979) 
inplies the presence of an (optical-infrared) colour gradient across 
the face of NGC 5128. Such a result is in cjualitative agreement with 
the work of Strom et al. (1976), vho showed that the outer regions of 
elliptical galaxies are bluer in V-K than their nuclei. At distances of 
50-100 arcseconds from the NGC 5128 nucleus, we obtain a V-K index of 
2.8jj0.3 by ccxtpariscxi with the data given by van den Bergh, or an 
intrinsic index of 2.5+0.3 after correction for foreground visible 
extincticxi of A^ = 0.3 mag. This is unusually blue for an early type 
galaxy: we note, however, that Stran et cil. (1978) found changes of ip 
to -0.4 mag in V-K along the minor axes of two early type galaxies, 
vhich would permit the central regions of NGC 5128 to be more normal in 
V-K, with a value around 3 mag.
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(c) The dust lane sources.
Inspection of the isophotes approximately 60 arcsec. NW of the 

nucleus (in p.a. 299°) shows that the flux from this region, in ^ite 
of the dust extinoticxi, is in excess of the elliptical ccnponent flux 
measured at the same galactocentric radius outside the dust leine. This 
excess emission, which is also apparent on the other side of the 
nucleus, is resolved in declination by individual scans, having a full 
width (perpendicular to the dust lane) of 15 arcseconds, considerably 
less than the 60 arcsec. total width of the dust lane itself. The 
feature can be traced to within 50" of the nucleus, before it becomes 
lost in the strong E ccxrponent flux. Spatial resolution is critical for 
success in observing this feature; the 30 arcsecond aperture enployed 
by Harding et al. was large enough that the emissicxi was (i) unresolved 
and (ii) compensated for by the deep extincticxi at the north and south 
edges of the dust lane. A subtle distortion of the 2.2 micron contours 
presented by Walsh and White (1982) is apparent, but their 12" beam was 
again slightly too large for a detailed assessment of the morphology.

Fig. 2.5 shews the excess dust lane fluxes measured within an 18" 
wide strip alcxig p.a. 119°. Measurements were averaged over annular 
segments of 4 arcseconds radial extent. As noted above, the excess 
emission becomes diluted in the E compcxient as the nucleus is 
approached: in order to stu(fy the dust lane in detail, therefore, it is 
necessary to first remove the contribution frcm the main body of the 
galaxy. This was achieved by subtracting, frcm each radial bin in the 
dust lane strip, the elliptical compcxient flux averaged over the 
appropriate SW-sector annulus. Points within 20" of the nucleus were 
not treated in this way, because of uncertainties caused by the 
steepness of the E cxxrpcxient at small radii. Two 2.2 micrcn emission 
peaks are seen in Fig. 2.5, equally spaced at about 65", or 1.625(0/5) 
kpc. (vhere D ^̂ pc. is the distance to N3C 5128) on either side of the
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nucleus. The northwestern peak is approximately 1.5 times brighter than 
its southeastern counterpart, probably because of the difference in 
character between the dust lane extinctions of these two regions, a 
difference apparent on optical prints of the galaxy.

The upper half of Figure 2.5 represents the 10 micron fluxes 
measured along the dust lane by Telesco (1978). A degree of correlation 
between 2- and 10-micron distributions is apparent. At the northwestern 
peak, 65” fron the nucleus, the 2.2 micron surface flux, averaged over 
the 18” strip, is 9.7x10"^^ W.m.” Ĥz. ^arcsec.Interpolating
between Telesco *s sources 7 and 8 to locate the same area of the dust 
lane, the correspcxiding 10 micron flux is
1.7x10”^̂  W.m.”^Hz.”^arcsec.of a 14 arcsecond aperture. The
ratio of flux densities is therefore of order 20, and will not change 
by more than a factor of twD if averaged over a larger area of the dust 
lane. (The area discussed here was observed at 3.5 microns by the 
author and Ian Gatley at the UKIRT in July 1980. A 3 sigma upper limit 
of 3.83xlO"*^^.m.” Ĥz. ^ a r c s e c . w a s  recorded in a 10.8 
arcsecond beam, and ccnpariscn of alternate beamswitch pairs shewed 
that contamination from the gradient of the E conpcxient was 
negligible).

The basic infrared colour information is listed in Table 1, vhere 
we have included for conpariscxi the 10/2 micrcxi flux ratios for 
galactic Hll-regions, normal dwarf stars, and the star forming region 
at the centre of another active galaxy, M82. The 2.2-10 micron colour 
of the excess emission from the dust lane is consistent with the source 
region containing a mixture of Hll-regions and normal stars. The flux 
ratio is similar to that observed in the (much brighter) central region 
of M82, and the identification of the dust lane as an area of star 
formation seems secure.
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TABLE 2.1

OBJECT 10/2 micron Flux
Ratio

REFERENCE

Hll-region 300
NGC 5128 20

M82: 5.8" 20

M82: 35.0" 10
MOV star 0.05

VJÿnn-Williams and Becklin (1974)
This Thesis
Adams et al. (1983)
Rièke et al. (1980)
Abolins et al. (1979)
Kleinmann and Lew (1970)
Bopp et al. (1974)

Ar%r discussion of the morphology of the region containing the 
source of the excess 2.2 micrcn flux irust necessarily include an 
assessment of the effects of extinction. In the following analysis we 
will assume that the emission source lies largely behind dust clouds 
vhich contribute the bulk of the reddening; we note that the 
conclusions we shcLLl reach would be invalidated if the true geometry 
involved mixing of the emitting and absorbing material.

We aim to investigate the plausibility of the sinple disk-like 
structure proposed by Telesco (1978), in the light of the 2.2 micron 
measurements. Following Telesco, we postulate the underlying morphology 
to be one of constant excess surface brightness from R^= -65 to +65 
arcseconds along the dust lane. The 2.2 micron deficits seen within 50" 
of the nucleus are then a natural consequence of the dominance of the 
elliptical compcxient at all radii: that the "excess" as calculated 
above is negative at small radii merely reflects the difference between 
the unobscmired and dust-lane reddened E cxxrpcxient fluxes.
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For the value of the constant excess surface flux in the siirple 
model above, we will assume the peak value in Fig.2.5, corrected for
0.56 mag. of extincticxi, obtained from van den Bergh's visible 
extinction Eg_y = 1.85, via the van de Hulst reddening law. The 
plausibility of the model can then be demonstrated by calculating the 
differential extinction between the dust lane and the elliptical 
component required to produce the observed differences in Fig. 2.5. The 
resulting values of extinction range from 0.22-0.36 mag between 20 and 
70 arcsec. NW of the nucleus, and from 0.38-0.68 mag over the same 
radial range in the southeast. These 2.2 micron extinctions irtply 
obscuration in the visible ip to 7 mag. ; such values were inferred by 
van den Bergh(1976) from the optical colours of the dust lane.

The 2.2 micron emission is thus consistent with a constant 
surface brightness "disk", centred on the nucleus of the galaxy. We 
note here that Walsh and White (1982) interpreted the continued steep 
decline of the 2.2 micron surface brightness over the 10 micron-bright 
region in terms of a radially varying 2-10 micrcn colour temperature. 
Our analysis demonstrates that since emission from the E component 
dominates the contributicn from the dust lane, any attempt to assign 
colour temperatures must first involve isolation of the dust lane from 
the main body of the galaxy.

We have insufficient information to determine vhether the disk 
brightness ^ cms a maximum or a miiniimum at the nucleus; either 
situaticxi could be adequately fitted with realistic extinction values. 
At radii greater than 70" in Figure 2.2 the excess emiissicn is clearly 
seen against the elliptical background: the decrease in the surface 
flux at large radii seen in Figure 2.5 is therefore probably an 
intrinsic property of the disk, and not an artifact of extinction. The 
radius of the feature is 2.0(D/5) kpc., placing it well inside the 
"ring" of Hll-regions discovered by Graham (1979), which has a radius
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of 4.1îpc.
As a cxxiparison with the flat and spheroidal cxxiponents of spiral 

galaxies, we have estimated the total unbbscured 2.2 micron flux frcm 
the dust lane sources cn the basis of the simple model structure
described above. From -80 to +80 arcseconds alcxig p.a. 119®, the
excess flux in the 18" wide strip is 4.5 x 10”^^W.m. Ĥz. 
corresponding to an integrated apparent magnitude of K = 7.2 . The 
total 2 micron magnitude of the ellipticail compcxient is K = 3.75, 
obtained by integrating de Vaucouleurs' law (van den Bergh 1976), with 
the parameters determined earlier. In the abscence of cbscxiration, 
therefore, the feature observed in the dust lane would contribute aibout
2% of the 2.2 micron luminosity of NGC 5128.

2.6 CQNCLUSIŒJS
Near-infrared observations with good spatial resolution

demonstrate the presence of a flattened emission feature in the dust 
lane of NGC 5128, with a thickness of less than 0.36 (D/5) kpc. 
Comparison with the 10 micron observaticxis of Telesco shows the 2-10 
micrcxi «colour to be similar to that of the star forming central regions 
of M82.
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CHAPTER 3.
INFRARED AND ŒTICAL PROFILES OF EDGE-CN SPIRALS.

3.1 INTRODUCTION
Observations are presented of highly inclined spiral galaxies in 

the J, H, and K Jchnson wavebands. Optical (V-band) measurements are 
presented for a subset of the objects. The two main objectives of this 
stuc^ were;

(i) the use of the near-infrared data to circumvent the problems 
caused by dust obscuration at Sorter wavelengths (the objects 
are all inclined at greater than 80® to the plane of the 
sky;

(ii) to combine near-infrared and optical measurements in a search 
for metallicity-driven colour changes as a funcrticxi of 
position in the galactic disks.

Time constraints result in the inclusicm of somevhat less than the 
full quota of information available from these observations; a single 
parameter was chosen from the data set (the brightness distribution 
alcxig the major-axis) vhich was cxxisidered to minimise the effort 
recjuired to arrive at scientifically significant results.

All initial reduction of the raw data into radial œunt variaticxis 
was performed by hand, as the data were sufficiently irregulcir to 
obviate the use of any but the most ad hex:, computer techniques. This 
proved to be a most aggravating and time-œnsuming procedure, in the 
end recjuiring cxi the order of one month's work before any processing 
into magnitudes or fluxes could be contemplated. Seme idea of the size 
of the data set involved will be gained later from Figure 3.3, vhere we 
shew cne of the four sets of scans of NGC 2683, this parbicnilar set 
being the 1.2 micrcn measurements. Each individual scan recjuired 
assessment of the background level, a search for foreground stars, and



TABLE 3.1
Observed edge-cn spiral galaxies.
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OBSERVING
RUN

NGC WAVEBANDS
OBSERVED

DISTANCE 
+ SOURCE

TYPE INCLINATION 
+ SOURCE

Feb.1981 4565 J,K 18.4 (1) Sb 86 (3)
Jul.1981 5907 H,K,V 13.0 (2) Sc 88.5 (1)

7814 H,K,V 20.8 (2) Sab ---
Feb.1982 2683 J,K,V 4.03 (2) Sb 80.5 (1)

4594 K,V 18.2 (1) Sab 84.0 (2)

Inclinations are quoted frctn the following sources :
1. Heidmann et al. (1971) Mem. Roy. astr. Soc. 75,121.
2. Sandage (1961) Hubble Atlas.
3. de Vaucouleurs (1958).

Morphological types are quoted frcm;
Sandage (1961)
Heidmann et al. (1971)
or estimated frcm Palcmar sky survey plates.

Distances are frcm;
1. Faber and Gallagher (1979)
2. de Vaucouleurs et al. (1975), assuming a Hubble 
constant of 60 km./sec.
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estimation of the signal oounts frcm the galaxy. The group of scans 
shown in the Figure is itself a corribinaticn of the data frcm two 
separate nights, each with its own calibration measurements. 
Approximately 10 such sets, seme subdivided to a greater extent, 
corprise the raw data analysed in this Chapter.

All observations were made at the 60-inch flux collector of the 
Observatorio del Teide, Tenerife, Spain, during the fbllcwing three 
observing seasons :

Jan - Feb 1981 
July 1981
Feb - Mar 1982 .

Table 3.1 surrmarises the galaxy observations made during these runs. We 
attenpted to cover as wide a range of morphological type (ie. of bulge- 
to-disk ratio) as possible within a relatively small sample, from NGC 
5907, almost a pure disk, to the bulge-dominated NGC 4594. The data set 
cai NGC 7814 will not be presented here, as bad weather limited the 
available radial coverage: this is a significant shortcoming for
observations of an early type system vhose bulge and disk components 
inherently resist separation. The data on NGC 4594 are yet to be 
analysed.

3.2 INSTRUMENTATION
All observations in this Chapter enployed the Leicester widethrow 

photometer designed by D.J.Adams. This instrument is built around a 
rotating sector-wheel chopper, which is standard in most respects 
except that the spacing between the fixed and rotating mirrors is of 
the order of two inches, vhich, vhei translated into 8 arominutes at 
the Cassegrain focus of the Tenerife flux-collector, is sufficient to 
place the sky reference "beam" well away from detectable regions of all 
but the largest nearby galaxies. The scanning described in the next
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section can therefore be carried cut without the reference-beam 
contamination vhich affects narrcw-throw work on extended objects.

The infrared flux is detected with a liquid - cooled Santa 
Barbara In Sb cell operated in the Jchnscn-noise limited manner 
described by Hall et al. (1975); filters used give the standard Johnson
1.2 micron (J), 1.65 micron (H), and 2.2 micron (K) passbands.

From July 1981 onwards, the photometer included an optical 
channel, giving the Johnson V passband, behind a gold dichroic 
reflecting the chopped infrared light into the In Sb cryostat. The 
photomultiplier enployed was an EMI 9789B 52-nm. tube, and the V filter 
was Chance OY 4 glass. With the optical detector connected direcrtly to 
pulse-counting electronics without gating or phase-sensitive detection, 
the jhotometer was capable of measuring (object-sky) in the infrared, 
and 1/2 (objecrt+sky) in V. In order to minimise data reduction 
problems, observations of the galaxies were performed in such a way 
that the off-galaxy background was always measured (see next section).

3.3 SCANNING TECHNIQUES
The 60-inch flux collector provides for offsetting in both axes 

and at a variety of rates. Whilst normally used for object acquisition, 
this facility also permits the observer to scan an aperture across 
extended objects with reasonable precision (about 5 arcsec) ; the 
observations reported here made exclusive use of this method.

Scanning a square patch of sky around an object seen effectively 
edgewise would entail the loss of a prohibitive amount of observing 
time spent integrating on the blank sky background. We attempted to 
minimise such wastage by adopting the type of scan pattern shown 
schematically in Figure 3.1. Scans were performed in blcx:ks of 
(typically) three, each block being staggered relative to its 
neighbours in the in-scan direction (generally PA), the amount of
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stagger being proportional both to the position angle of the galaxy's 
major axis, and to the inclination of the galaxy to the plane of the 
sky. The nominal ^^erture in all cases was 22 arcseconds, and scans, 
normally performed in RA (for reasons of tracking accuracy), were 
separated in declination by half this amount, to provide complete 
sampling and the possibility of consistency checks between scans.

The minimum resolution element in a ccnpletely sanpled map is one 
half of the beam diameter used. With a view to picking out foreground 
star oontaminaticxi at the data reduction stage, integration times were 
chosen such that several integrations were performed per spatial 
resolution element scanned by the telescope aperture. Scan lengths were 
chosen vhich ensured that the start and end positions were clear of the 
optical extent of the object, thus ensuring accurate assessment of the 
"sky level" and of background drifts.

Apart firom the obvious detector noise, the precision of the data 
are limited by the pointing accuracy of the telescope, vdiich was seen 
to depend heavily on hour angle and (less) on declination. The second 
part of the observational procedure outlined below describes our 
efforts to reduce the effects of poor pointing and to permit 
identification of scans with unacceptable positioning errors (in vhat 
follows, capitals, eg., "0FFSE7T", denote functions provided by the 
telescope drive systan):

(a) acquisition
(i) find an SAO star close to the galaxy
(ii) "peak iç)" infrared signal in the smallest aperture
(iii) align optical aperture for maximum counts
(ivj OFFSET telescope to the galaxy
(v) "peak up" infrared signal on the nucleus
(vi) centre an offset guide star in offset guider eyepiece
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(b) scanning
(i) remove backlash in the declination drive wheels using 

offset guide star and drive handset
(ii) OFFSET to the required declination channel
(iii) OFFSET to the RA of the start point of the scan
(ivj perform slow OFFSET back across the object at the

required scan rate
(v) RETURN to the declination of the nucleus
(vi) RETURN to the RA of the nucleus
(vii) check position of the offset guide star relative to the 

eyepiece centre mark to provide a measure of the 
positiOTial error accumulated during the scan

(viii)redo the scan if this error is excessive.

In an attempt to build ip signal to noise ratio and as a check on 
consistency and telescope positioning, each scan of NGC 2683 in January 
1982 consisted of two passes over the object, the slew OFFSET ( (iv) 
above) being RETURNed inmediately the end of the scan path was reached.

Every atterrpt was made at the telescope to ensure a "tcp hat" beam 
profile, although we would emphasize that pristine top hat profiles are 
less inportant to scanning work than to multiaperture observations 
(eg., Frogel et al. 1975; Aaronson 1977), vhere small irregularities at 
the top of the profile can, in combination with miscentering of the 
beam, lead to excessive errors in the behaviour of magnitude grcwth- 
curves at large apertures (Frogel et al. required a beam profile flat- 
topped to about 2% for their observations of E and SO galaxies).
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3.4 DATA REDUCTION

(a) Binning
The oversairpled scanning data were binned into resolution elements 

according to the following formula:
N = • ^Gre N is the nuirber of integrations

averaged to produce each map element, D is the beam diameter in 
arcseconds, R is the scan rate in arcsec./sec., and t is the
integraticai time in seconds. This procedure produced sets of numbers
representing the closest possible approach to ccnplete sairpling, with 
typical over- or under-sairpling (the fractional amount by whidi the 
size of the final imp element exceeds or falls short of the half-beam 
resolution element) less than 10%.
(b) Count Estimaticm

The data for each galaxy consist of a series of scans vhich cut 
across the major axis at various distances frcm the nucleus. The time 
constraints mentioned above meant the emission frcm this thesis of all 
but the measurements cn the mjor axis; there will therefore be no 
discussion of, for instance, the variation of scale height with
galactocentric radius. However, this emission reduced the data
reducticxi task to the step of estimating the major-axis count rate at 
each radial position. The data were typically of the form shewn in 
Fig.3.2.

COUNT

420

400

380

360

340

20 40 60 80 100 120 140 160 I*

FIGURE 3.2 
A typical binned scan 
across NGC 4565, at 

2.2 microns.
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The major-axis oount rate, assumed to be the maximum of the scan 
(but see (ii) belcw), was evcLLuated as follows;

(i) the peak oount was read from computer printout of the 
binned data;

(ii) a plot of the raw (unbinned) data was searched for evidence 
of a stellar image near the peak; if one was found, it was 
removed by interploation (if possible) and the binning was 
performed again;

(iii) the background level at the time of crossing the major axis 
was estimated from an eye-fit to the count levels at either 
end of the scan;

(iv) the signal count then followed by subtraction.

Step (ii) above is illustrated in Figure 3.3, vhere we ^ow a 
ccnplete 1.2 micron run on NGC 2683, before binning. Stellar 
ccxitamination of the signal and reference beams is indicated.

In observing NGC 5907, the criterion that the start and end 
positions of the scans should be clear of detectable emission from the 
galaxy was not vholly satisfied: Fig.3.4 shows a typical scan across 
the object in binned and unbinned form, and the background level is 
clearly not attained in the binned data (a photograph given later, in 
Figure 3.8, diows the area scanned). The background level for each scan 
was therefore estimated from the asynptotic behaviour of the unbinned 
data. The run of the background levels thus calculated was a smoothly 
varying function of the time of observation, increasing our confidence 
in the method.
(c) Reduction to surface brightness

The counts obtained as described above were transformed into 
mgnitudes via the count rates obtained from standard stars listed by 
Johnson (1966). These stars were observed typically both before and
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Count
1100
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FIGURE 3.4
Detecticxi of NGC 5907 at the extremes of the scans. The background 
level was eventually estimated frcm the asynptotic behaviour of the 

unbinned data (upper plot). Detection at significant distances above
the plane is implied (3.6 b iii).

6 BIN
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after the galaxy observations were made, and always after the infrared 
cryostat was refilled with 12 2̂ " No galaxy was observed at an airmass 
greater than 1.5, and the cbservaticxial errors at the faint edges of 
the galaxies were generally larger than the airmass corrections 
inferred from the standard measurements. Airmass corrections were 
therefore not applied to the data, the standard star measurements 
correspcxiding to each set of galaxy scans being simply averaged.

The optical standard measurements made in January 1982 are 
probably affected by dead time errors; the cathode-to-anode voltage had 
been increased to 1300V from the 950V enployed in the observations of 
N3C 5907, with a consequent increase in pulse rate as more photons 
were detected. No facility was available for measuring the optically 
bright Johnson standards ( for example by the use of neutral-density 
filters). The resulting dead-time losses, as yet uninvestigated, 
probably give rise to a ^stematic 10% error in the surface brightness 
scale. Our discussion of the galactic brightness profiles, restricted 
tx) the presence or absence of colour index gradients, is not seriously 
affected by this uncertainty.

The final step of the reduction to surface brightness, in 
magnitudes p>er square arcsecond, was achieved using the half-pcwer beam 
diameter to estimate the area of the projected aperture. The 22" 
nominal diameter was checiked by scanning faint stars. The beam 
diameters inferred from these "star scans" were uncertain by up to 2 
arcseconds, resulting in a ncxi-random uncertainty in the final surface 
brightness scale of approximately +0.18 mag.

The internal consistency of the optical data is improved by the 
availability of two sets of scans for each galaxy; cxie for each 
infrared waveband observed. The visible magnitudes presented in later 
diagrams result from weighted averages of the fluxes derived from these 
two sets. One particular night's data in the V band on NGC 2683 were
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seen to be systematically fainter than expected from previous scans; in 
this case the standard measurement was assumed to be at fault, and the 
calibration was instead performed with respect to the nucleus of the 
galaxy, vhidi was measured in all sets of scans. The two data sets were 
then averaged in the nanner described above.
(d) Disk parameters

The two most immediately interesting parameters available frcm 
these data are (i) the disk scalelength and (ii) the disk surface 
brightness extrapolated to = 0. For surface brightness
distributions following the exponential disk law described in Chapter 
1, the observed logarithmic surface brightness is a linear function of 
radius: SB = SBq + ( const )Rg. SBq is then directly the second
required parameter, and the disk scalelength is given by 
1.086/(const). It will be seen later that the linear surface brightness 
distribution adequately describes all of the disks observed.
(e) Colour information

As noted in Chapter 1, the variation of optical-infrared colour 
indices across the face of a galaxy can provide useful information on 
a number of properties of the stellar mix. Whilst the situation in 
spiral galaxies is confused scmevshat by the presence of visible 
obscuration, the sense, and to a lesser extent the size of colour index 
gradients, if any, still permit the identification by elimination of 
the dominant meohanism.

Colour indices (SB^-SB^, etc.) were formed at each measured 
radial position in all three of the objects. Variations were then 
investigated by calculating the unweighted linear regression of colour 
index on radius. In cases where the galaxy showed a prominent nuolear 
bulge, the radial range over which this fitting was performed was 
restricted to regions exterior to the bulge, such that any gross 
change due to the transition from the spheroid to the disk population
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was avoided. The linear fitting was chosen simply because there is no a 
priori reason to assume any particular form for the variation of the 
oolour index; the trends are in any case so subtle that a nuntoer of 
plausible functions would fit the data within the errors. Our purpose 
was only to determine vhether such variations exist. The formulae 
enployed for the linear regression slope, intercept and errors are 
standard, and may be found in (for example) Bar ford (1967).
(f) Folding data about R=0

In an attempt to boost signal-to-nbise in the faint disks, some 
of the data sets were "folded" about = 0, and the least squares
treatment repeated. The results of this processing will be presented 
alongside the more normal fitting later. It was not attempted vhere 
there were obvious differences between the exponential slopes on the 
negative-R and positive-R sides of the nucleus (cf the J brightness 
profile for Rg < 0 in NGC 2683; Fig.3.12).

3.5 RESULTS AND DISCUSSION

(a) NGC 4565
The observed area of this galaxy is shown by the box in the 

photograph. Figure 3.5.
(i) Brightness profiles and comparison with previous results

The radial variation of surface brightness at 1.2 and 2.2 microns 
is presented in Fig. 3.6(a). In this and all subsequent surface
brightness and oolour-index plots, negative values of R^ correspond 
to measurements south of the nucleus. A two-component brightness
distribution is clearly indicated, with a central excess over an 
exponential disk at large radii. Table 3.2(a) gives the parameters of 
the least-squares exponential fits to the outer points : agreement
between the north- and south-side distributions was good enough to



FIGURE 3.5
NGC 4565. The area covered by our observations is shewn enclosed. 

Aperture diameter was 22 arcsec.
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warrant ^plicatiCTi of the folding procedure (3.4 f), and the resulting 
fits are shewn in Figure 3.6(b), and given numerically in Table 3.2(b).

Table 3.2.
NGC 4565 DISK PARAMETERS

(a) UNFOLDED

Jchnscn Radial A SBq h
Band Range (mag.arcsec ^kpc ^)(mag.arcsec )̂ (lq)c)

(Tqx:) (SB = SBq + A Rg)

J > 4 0.08+0.01 17.3+0.1 13.1(+2.5,-1.8)
J <-6 0.066+0.01 17.55+0.02 -16.3(+3.4,-5.8)
K > 7 0.07+0.01 16.2^.16 15.2(+2.9,-2.1)
K <-7 0.07+0.02 16.24j<).25 -15.0(+3.2,-5.6)

(b) FOLDED

J > 7 0.07+0.01 17.45+0.1 14.9(+2.3,-1.8)
K > 7 0.074D.01 16.23^.1 15.3(+2.5,-1.9)
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FIGURE 3.6
(a-upper) J & K surface brightness against radius (T<pc) for NGC 4565.

The best-fit lines are described in the text.
(b-lover) J & K profiles, shoving folded fits. Open squares indicate 

measurements by Hohlfeld & Krunm ( 1981 ).
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Previous cfoservaticxis of this object, have œnœntrated on the 
possibility of detecrting an optical halo ( eg Hegyi and Gerber 1977 ), 
and on the debate as to vhether such a halo would prove photonetrically 
separable from the faint outer reaches of the known nuclear spheroid 
(eg Spinrad et al. 1978, Komendy and Bruzual 1978). The distribution of 
light in the disk has recieved less attention than it deserves, 
especially as the angular size and bri^tness of NGC 4565 make it a 
potentially rewarding object for study. We now summarise the available 
data relevant to our observatiais.

Frarikston and Sohild (1976) made optical and infrared (I;l micron) 
observaticMis with a solid-state array detector, but analysis of the 
resulting maps reveals that their sky-background subtraction was 
inadequate; they accept that flux levels beyond 30" from the nucleus 
cannot be trusted. Their discussion was limited to the shape of cuts 
taken perpendicular to the disk, as these are less affected by poor 
background corrections than are the absolute flux distributions on the 
major-axis. Spinrad et al. (1978) present smoothed optical isophotes; 
unfortunately, only one of these falls within the radial range covered 
here. For our purposes, the most useful optical data are those derived 
from photographic photometry by van der Kruit and Sear le ( 1981 ). They 
fit a truncated isothermal disk model to high resolution photographic 
measuranents and derive a scale length of 5.5 Iqx:. at lOf^, which 
translates to 10.1 Tqxr at our assumed distance of 18.4 Mpc (Table 3.1). 
They do not give a figure for the expected error in this deteminaticxi. 
Their value lies twice our quoted error below the mean of about 15 kpc. 
(folded fits: Table 3.2 b) ; the discrepancy might therefore disappear 
if we extended our radial coverage.

For the present, therefore, we will limit our discussion to the 
near-infrared colours, with confidence in the mgnitude scale enhanced 
by the single measurement within our radial range made by Hohlfeld and
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Krunm (1981; see our Fig. 3.6 b). The latter authors also present two 
points at radii iç> to 540 arcseconds (48 kpc) alcxig the major axis; in 
Table 3.3 we conpare these measurements with an extrapolation of the 
best-fit to our data, folded about R^=0. The agreement at 300" is 
encouraging for our estimation of the scalelength. At 540" the Hohlfeld 
and Krunm measurement is substantially below the disk extrapolated from 
smaller radii; this "cut off" is also ^parent in the optical 
observations of van der Kruit and Sear le, vho speculate that it may be 
due to critical instability in the gaseous disk from vhich the galaxy 
formed.

Table 3.3
1.2 Micron diidc extrapolation and comparison with data from Hohlfeld

and Krunm ( 1981 ).

(arcsec)
*9
(kpc)

SBj
2(mag/arcsec ) 

(Hchlfeld+Krunm)(this thesis)

Comment

180 16.03 18.7+0.1 18.^0.1 measured
300 26.7 19.1j+).2 19.340.3 extrapolated
540 48.0 22.8+0.9 20.6+0.5 extrapolated

(ii) Central surface brightness of disk compcxient
From Table 3.2(b), the disk surface brightness extrapolated to 

Rg=0 from larger radii is:
SB-r(O) = 17.45+0.1 ;

J  —

SB (0) = 16.23+0.1 . The inplied J-K colour of the
flattened component is therefore ( J - K ) q  = 1.240.1. The discrepancy 
between this figure and the value resulting from the least-squares fit 
to the colour-index data (Table 3.4: ( J - K ) q  = 1.5j^.3; see next



Table 3.4

Linear Fits to Colour Index Across NGC 4565
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Colour Index Radial Range

(mag.)

J - K
J - K

> 7.0 
<-7.0

(CI=CIq+BR^) 
B

(mag/Tqx:)

g
Cl.0
(mag)

-0.0340.05 1.5840.5
-0.00940.03 1.440.4

NGC4565(J-K)

0

0

10

20

20 15 10 5 0 5 10 15 20

FK3URE 3.7
N3C 4565 Observed J-K colour indices, shewing least-squares fits.
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section) results from the more limited radial range for v^ch both J 
and K magnitudes were available for the formation of the colour index,
(iii) Disk colours as a function of radius

Figure 3.7 shows the observed J-K colour for those positions of 
the disk at vAiich both J and K fluxes were measured. In this and all 
subsequent colour index plots, positive values of the sl(^» parameter, 
B, irtply increasing index with increasing radius cn either side of the 
nucleus. In order to avoid contamination from the nuclear bulge, the 
linear regressions ^own, and given in Table 3.4, were restricted to 
galactocentric radii greater than 7 Iqpc. The Table shews that the J-K 
colour remains constant to within 0.05 mag.kpc”  ̂ over a range of 
lOlqx: in radius. The plot of the J-K index implies that the nuclear
bulge, prominent in the surface brightness profiles within 5 kpc. of
the centre, may be systematically about 0.2 mag. bluer than the
immediately surrounding disk. Ihe average J-K oolour of the innermost 
five points of Fig. 3.7 is <J-K> - 1.0J^.02, in reasonable agreement 
with the value of 1.12 (38 arcsecond aperture) found by Aaronson
( 1977 ), given that our equipment is not ideally suited to spot 
photometry, and that Aaronson eaq̂ ressed difficulty with his beam
profile at 1.2 microns.

(b) NGC 5907

The photograph overleaf (Fig. 3.8) shows the area observed, and 
goes some way to explaining the difficulties encountered in estimating 
the background level.
(i) Surface brightness profiles

The bcisic data at V, H and K are given in Figure 3.9 (a). For 
clarity, the 1.65 micron points have been shifted down in surface 
brightness by 1 magnitude. Once again, the profiles suggest the
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FIGURE 3.8
NGC 5907 fran the Palonar sky survey, shewing the area scanned. 

Indicated beam size is 22 arcsec.
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FIGURE 3.9
{a-upper) V,H and K surface brightness of NGC 5907, in a 22" aperture.

The 1.65 micron measurements have been shifted dcwn by 1 mag. for
clarity.

(b-lcNver) as (a), but linear regressions performed on data folded about
R =0.g
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Table 3.5 
NGC 5907 DISK PARAMETERS

3-22

(a) UNRDIDED

Johnson Radial A SBo h
Band Range (mag. arcsec" ̂kpc”̂ )(mag.arcsec"^) (kpc)

(kpc) (SB = SBq + A Rg)

V > 2.0 0.24^.03 19.2j^.l 5.5(+0.8,-0.6)
V <-2.0 0.14+0.05 19.640.3 —7.5(+2.0,—4.2)
H > 1.5 0.16+0.05 16.9^0.3 6.9(+3.4,-1.7)
H <-1.5 0.16+0.08 16.9;f0.3 —6.6(+2.1,—5.6)
K > 1.5 0.15+0.02 16.3+0.1 7.3(+1.4,—1.0)
K <-1.5 0.14+0.05 16.4+0.3 -7.9(+2.1,-4.8)

(b) FOLDED

V > 2.0 0.16+0.03 19.5+0.15 6.6(+1.5,-1.0)
H > 1.5 0.1540.04 16.9+0.2 7.3(+2.6,-1.6)
K > 1.5 0.14+0.03 16.4+0.14 7.76(+2.1,-1.4)
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presence of a central ccnponent, cn a scale of order 1 kpc., possibly 
becaning more prominent towards the near-infrared. For this reason, the 
linear regressions shcMn in the Figure and given in Table 3.5(a), and 
the folded fits (Fig. 3.9 b; Table 3.5 b) were made under the exclusion 
of points near the centre of the galaxy. The large-radius behaviour in
all cases is seen to be reasonably approximated by the eijqxjnential
function.

The linearity of the optical detector at faint light levels is
confirmed by the agreement between our value for the V scalelength, 
6.6+1 kpc. (from the folded data. Table 3.5 b), and the model fit given 
by van der Kruit and Sear le (1981), with a scalelength of 6.74 kpc. 
whai adjusted to our assumed distance of 13 for NGC 5907.

(ii) Colour index variations
Althou^ the absolute levels of the three profiles may be

ccrtpromised by the beam-size and calibration uncertainties discussed 
previously, the presence or absence of gradients in the colour indices 
and the relative slopes of the profiles at different wavelengths are 
still of interest. In this respect, NGC 5907 may well be the most 
interesting object studied here. The radial dependence of the three 
available colour indices is shewn in Figure 3.10. The straight line 
fits are given in Table 3.6: in view of the subtlety of the nuclear 
bulge, and its apparent lack of effect cn the colour indices, the 
nuclear measurements were included in the fitting procedure.

Whilst it is accepted that the results are at most only at the 1- 
sigma level, and that the trend in V-K can only be stated to be less 
than 0.03 mag.kpc”  ̂over this radial range, inspection of Fig. 3.10 
reveals the mean colour trend in every case (all three indices, both 
north and south of the nucleus) to be positdLve with increasing radius, 
an unlikely result in the purely randcm case. Erring on the side of
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Radial colour index variation in NGC 5907.
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Table 3.6
Linear Fits to Colour Index Across NGC 5907

Colour Index Radial Range (Cl=ClQ+BRg)
B CIq

(mag.) (lq?c.) (mag/lqx:) (mag)

V - K  > 0.0 0.03jj0.02 3.06jp.l2
V - K  <0.0 0.01jC).05 3.2 j<).2
V - H > 0.0 0.014^.04 2.5 4C.2
V - H < 0.0 0.025+0.0026 2.6 j<).7
H - K > 0.0 0.015jC).03 0.5 4C.16
H - K < 0.0 0.004+0.04 0.56+0.13
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caution, further quantitative discussion of this mean trend is not 
warranted by the data presently available, and we will be content to 
set limits; taking 0.03 mag.Tqx:”  ̂ as an uçper limit to the size of 
the V-K gradient, the corresponding metallicity gradient is less than 
0.035 per kpc in log(Z), vhere we have used the strictly empirical 
calibration of V-K against metallicity given by Strom et al. (1976; see 
discuss i(xi in Chapter 1 ). The significance of this figure is seen by 
comparison with the Model 9 disk given by Larson (1973), vhich has a 
similar exponential scalelength (5-6 kpc.) and a metallicity gradient 
d(log Z)/dRg = 0.024 kpc”  ̂(Chapter 1).

Hie mean trend of the colour indices towards redder colour with 
increasing radius is, if real, in the opposite sense to that expected 
from Larson-type galaxy formation models, in vhich star formation 
rates, and hence mean metal content, are less in the relatively low- 
density regions far from the nucleus. One of the other mechanisms 
discussed in Chapter 1, namely population changes or thermal emission 
from H-II regicais must therefore be dominant in this galaxy.
(iii) Detection out of the plane

As discussed in section 3.4(b), the scans of NGC 5907 were 
discovered, after binning, to have been too short to permit accurate 
determination of the background level at the scan-ends ; although a 
problem for our present purpose, this implies that the galaxy is 
detectable in the IR at least 1 kpc. above the plane. Van der Kruit and 
Sear le (1981) give Zq, the scaleheight of their best-fit model disk, 
as 0.83 Ipc. (at 11 %ic) in the optical. A programme of infrared 
photometry, aimed at determination of the detailed variation of the 
scale height with radius, is by no means impossible.
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FIGURE 3.11
Palonar print of NGC 2683. The area covered by our observations is

shewn enclosed.
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(c) NGC 2683
(i) Profiles and Preliminary Ccnparison with Previous Work

For the area indicated cn the plate given in Figure 3.11, Figure
3.12 shews the radial surface brightness variation in the V, J and K 
bands, and fits to the disk distribution exterior to the central half- 
kiloparsec, vdiicJi appear numerically in Table 3.7. With the exception 
of the 1.2 micron profiles, the north-south asymnetry was small. The
1.2 micrcn (mis)behaviour will be discussed in a later section.

O'
15
16
17
18 
19

N G C  2 6 8 3

20
21

- 3  - 2  -1 0 3 R,

FIGURE 3.12
V, 1.2 and 2.2 micron surface brightness distribution in NGC 2683. The 

least-squares fits were made outside the central 1/2 kpc.



Table 3.7
NGC 2683 DISK PARAMETERS

(a) UNFOLDED
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Johnson Radial SB0
Band Range (mag.circsec (mag.arcsec (Tq>c)

(kpc) (SB = SBq + A Rg) (I=lQe

V > 0.2 0.88+0.05 18.19+0.09 1.23(40.08,-0.07)
V <-0.2 0.94+0.04 17.69+0.08 -1.15(40.04,-0.05)
J > 0.5 0.85+0.06 16.6+0.1 1.28(40.09,-0.07)
J <-0.5 1.1+0.1 16.5+0.2 -0.98(40.09,-0.10)
K > 0.5 0.78+0.06 15.8+0.14 1.4(40.1,-0.1)
K <-0.5 0.90+0.05 15.4+0.1 -1.2(40.06,-0.06)

(b) FOLDED

V > 0.2 0.88+0.06 17.95+0.1 1.23(40.09,-0.08)
K > 0.5 0.84+0.04 15.61+0.1 1.29(40.06,-0.06)
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Few observations of NGC 2683 have been reported previous to this 
thesis; the decisicxi taken in 1980 to incorporate an optical channel 
into the widethrcw photometer has, in this respect, been borne out. 
Sinikin (1967) made narrow beam (6") scans across the disk in a search 
for asyirmetric dust absorption in front of and behind the nucleus. Her 
peak surface brightness, 18.8 mag.arcsec”  ̂ in V, is fainter than our 
result by about one magnitude, in ^ite of the smaller ^^erture used. 
The discrepancy may be partly the result of dead-time calibration 
errors in our photometry, and partly because Simkin made no attempt to 
centre on the nucleus prior to performing her drift-scans. The former 
explaination is suggested as the most likely vhen the average value of 
V-K derived from our observations, <V-K> = 2.5, is cotpared with the 
3.5-3.6 quoted by Aaronson (1977); the uncertainties in our 
measurements of bright optical standards are thereby underlined.

Simkin (1975) rep>eated her observation of NGC 2683 in more detail, 
this time primarily in a search almg the minor axis for an optical 
halo (a suggestion of one was found), but insufficient information was 
gathered to define an e]ponential disk, to vhich we will refer in the 
next section.
(ii) Distribution of surface brightness

The problem with the absolute level of the V profile in Figure
3.12 in no way affects our interpretation of the scale p>arameter of the 
disk. At all three wavelengths the scale length is very small in 
comparison with those of the other two objects described in this 
Chapter. The scale derived from the optical measurements (h^ = 1.1-
1.2 Tpc.) is smaller than the 1.5 Tpc. obtained ty Simkin (1975), even 
allowing for the slightly greater distance assumed by the latter 
author. It is pxossible that, with our limited radial coverage, the 
presence of a central component Steepler than the expxxiential might be 
the culprit; however, insp>ection of Fig. 3.12 reveals that if this is
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the case, the ability of this ccnpcnent to mimic a classical disk is 
uncannily good. However, the furthest measured point cn each profile in 
the Figure lies systaratically above the best-fit disk; the possibility 
remains that the brightness distribution outside our radial range is 
substantially shallower than the behaviour at radii less than 4 kpc. 
would imply.
(iii) Colours of the disk

Figure 3.13 illustrates the radial variation of the colour 
indices; the least-squares treatment appears in Table 3.8. It can be 
seen in Fig. 3.12 that the measured 1.2-micron surface brightness south 
of the nucleus is discrepant in slope with all the other profiles. The
1.2 micron measurements north and south of the nucleus were performed 
cm different nights; this, ocntoined with the fact that both the V and K 
profiles south of the nucleus are significantly shallower than that at 
J, implies that this effect results frcxn an infrared-instrumentaticxi 
failure on cme night only. The most plausible cause is a loss of 
synchronism between the rotating sector-vheel chopper and the meiins 
frecjuency, which is known to cause beating in the output from the 
phase-sensitive detector. Serious discussion of the V-J and J-K colour 
indices south of the nucleus is, anyhow, precluded; the poor quality of 
these two indices is apparent in Figure 3.13. Note that the reasonable 
agreement between the V and K profiles south of the nucleus rules out 
atmospheric œnditicxis as a possible cause of the 1.2 micron 
discrepancy.

North of the nucleus the colours are strictly constant to within 
0.04 mag.kpc.(Table 3.8) in all cases exœpt the long-baseline V-K 
index, vhere a trend of 0.06+0.04 towards redder colour with increasing 
radius may just have been detected. Note, however, that four of the 
large-radius points are missing due to star contamination of the V data 
north of the nucleus, effectively increasing the weight of the extreme
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(Colour index variations across the face of NGC 2683. The curious 
behaviour of the J measurements south of the nucleus is probably 

instrumental, and is discussed in the text.



Table 3.8
Linear Fits to Colour Index Across NGC 2683
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Colour Index

(mag.)

Radial Range

(T<pc. )

(Cl=ClQ+BRg)

B
(mag/kpc) (mag)

V - K
V - K
V - J
J - K

> 0.0 
< 0.0 
> 0.0 
> 0.0

0.06+0.04
-0.08+0.04
0.01+0.02
0.04+0.04

2.52+0.07
2.49+0.07
1.64+0.04
0.88+0.07
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remaining measurement.
The only available colour index south of the nucleus, V-K, appears 

if anything to become bluer away firon the centre. A detailed model is 
obviously not warranted by colour changes so marginally detected, but 
it is wDrthy of maition that V-K colour asymnetries might 
sinplistically be expected in a view of a two-armed spiral pattern at 
large inclinaticxi (see,eg., Simkin 1967).
3.6 GHSIERAL RIMARKS AND SUGGEST1ŒJS

The feasibility of off-nucleus scanning to faint infrared light 
levels (SB^ around 19 mag.arcsec."^ per point) has been 
demonstrated. In the process we have been able to present useful limits 
on the size of ( cptical-infrared) colour gradients in the disks of two 
edge-on spirals, one of vhich, NGC 5907, appears to become redder with 
increasing radius in all three measured colour indices, suggesting that 
metallicity gradients inherent in gas-(̂ niamical models of galaxy
formation may prove difficult to detect in late-type spirals. We would 
suggest a thermal emission ocxitributicxi to the IR fluxes as a likely 
cause of the behaviour of the colours; a halo of late-type dwarf stars 
seems less likely in view of the observation of the R-I colour in NGC 
253 (Spinrad et al. 1978; described in Chapter 1), a similarly late- 
type spiral.

There are grounds for the exercise of caution in the 
interpretation of the least-squares treatments of, especially, the 
colour index data; the reader should take note of the fit ranges
employed and realise that because the final slopes are generally at 
most only 1 sigma away from vanishing point, the range of radius chosen 
may considerably affect the results. We have been careful not to claim 
detecticxi of colour variation except vhen repeated in all the indices, 
both north and south of the nucleus.

Values of the central surface brightness of the disk corponents
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have been derived as 16.2, 16.4 and 15.6 mag.arcsec.” ,̂ for NGC 4565, 
5907 and 2683 respectively, vhere the K magnitude is quoted for its 
relative insensitivity to intrinsic interstellar reddening (but see 
Simkin 1975 for a brief discussion of the surprisingly small effect of 
inclination and reddening cn the inferred V central brightness). For 
NGC 4565 and 5907, van der Kruit and Sear le ' s (1982) tabulation of the 
disk scale height suggests that our 22 arcsecond aperture is 
approximately filled at the e-folding point, so that the brightness 
figures given above for these two objects are more or less distance- 
independent. Conversely, the geometric (cos i) factor in the surface 
brightness due to the inclinaticxi of the disk, whilst still present, 
will be approximately equal for objects so highly inclined that most of 
the z-extent of the disk is included in the aperture.

The light distribution inferred frcm any stu<^ of galactic systems 
is a summation along the line of sight: this becomes important for 
objects highly inclined to the plane of the sky. The model manipulation 
carried out by van der Kruit and Sear le (1981) shewed that the slope of 
the exponential peurt of the disk remained constant under cbservaticn as 
the disk was tilted from i = 90° to i = 84°, suggesting that the 
scalelength inferred from observations is relatively insensitive to the 
inclination of the disk. This is borne out by preliminary results from 
a computer model inplemented on the Leicester University Cyber 73 
corputer, in vhich a disk was modelled as a series of concentric 
ellipsoids; given a radial coverage of a number of scalelengths, the 
observed value was within 10% of the input scale.

For the future, we suggest:
(i) To observe NGC 5907 with higher resolution and to ccnpare the 
optical and infrared scale heights (z-direction) ; observations 
clear of the disk will also be more sensitive to changes of
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stellar population.
(ii) To use the techniques developed here to observe the dij^ of 
an SO systQTi; metallicity driven colour changes will be more 
easily detected in the absence of intrinsic reddening and possible 
thermal emission from Hll-regions.

Finally, for comparison with other observations to be found in this
thesis, we present some statistics relevant to our observational
efficiency ( figures refer to the 2.2 micron scans of NGC 2683 ) :

—2limiting brightness per point 19.2 mag.arcsec.
area covered 260 x 200 aurcsec.

beam size 22 arcsec.
time taken 240 minutes.

The time quoted for the observations is the time spent setting up and 
performing scans; omitted are object acquisition, standard 
measurements, dewar fills etc. Scanning times are effectively halved if 
the simultaneous optical data are taken into account. The results 
presented here would have been more quickly obtained at a telescope 
vhose pointing axis could be scanned accurately along a specified 
position angle; even for NGC 2683, vhich represents the most efficient 
observing procedure we could achieve, 1/3 to 1/2 of the observing time 
was spent setting scans ip, checking telescope drifts, and so on.
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CHAPTER 4.

MEDIUM RESOLUTICN MAPPING OF M 83 = NGC 5236.

4.1 INTRODUCTIOJ.
In this chapter we describe observations of M83 using the AAT 

I KPS in full DC-mapping mode. The objective was the acquisition of maps 
at J,H and K of a large part of the visible surface of this nearby 
face-CTi ^iral galaxy. The observation was proposed for three reascxis;

a) it permits a relatively reddening-free look at the so-called 
"exponential disk";

b) density wave theories of spiral structure require a varying 
surface density of the disk as defined by old stars; the near 
infrared passbcinds are insensitive to light from young 
tracers such as OB associations, allowing the amplitude of 
the underlying broad arms to be determined directly;

c) M83 is Freeman's prototype Typell spiral (see Freeman 1970); 
we expected to be able to distinguish between models in which 
the Type II signature in the surface brightness profile is 
caused by interstellar reddening and those requiring a real 
deficit of material with a certain value of L^ , the 
angular momentum per unit mass.

The chapter is laid out as follows:
(i) Observational technique and pEurameters
(ii) Reduction of the data to rreps and radial profiles
(iii)Summary description of the resulting diagrams 
(ivj Discussion of the main features of the maps 
(v) Discussion of the surface brightness profiles.



42

4.2 OBSERVATIOTS

It was seen in Chapter 2 that DC observation of extended objects 
can be defeated by inadequate knowledge of the background level; the 
absolute flux levels for Cen A were saved by the availability of the
difference count between the two beams. In order to keep a check cn
signal drifts and sensitivity at the telescope, it was necessary to map 
the object in single-beam mode, and a completely new scanning method 
was required. Each map therefore results from two different types of 
observaticxi: (i) the telesccpe was scanned in a raster pattern over the 
area of interest (individual "legs" of the raster being in declination 
- Fig. 4.1), two rasters being made at each wavelength. The background 
light from the disk of this object is particularly intense, and the 
"sky" level was not reached even at the extremities of the area 
observed. Under the assumption that signal level drifts incurred during 
a single pass over the oject oould be assumed to be linear, this
problem was reduced to the need to determine the flux level at every 
point of the north and south ends of each raster "box". This was
achieved through (ii) rapid point-by-point measurements along lines "A- 
A" and "B-B" in Fig.4.1 . These scans extended more than 700 arcsec. 
from the nucleus of the galaxy, and the sky background level was 
convincingly attained. Each raster covered an area of 350x350 arcsec. 
on the sky. The parameters were as follows:

Aperture diameter : 14"
Separation of passes : 7" in RA 

No. of points per pass : 51 
Integration time per point : 0.5 seconds

Separation of points : 7" in Declination
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The wDrst signal drifts and individual **bad" passes were caused 
by the encroachment of the AAT windshield across the entrance aperture 
of the telescc^; this sporadic hardware failure caused the loss of 
perhaps five passes over the object.

4.3 DATA REDUCTIOSr
(i) Preliminaries

Previous experience with the standard AAO magnetic tape 
format suggested that sane form of sirrplificaticn whilst at the AAO 
base in Epping, NSW would pay dividends. The tape frcm the observatory 
was therefore read using a standard AAO program, and the photonetry 
data were isolated and dunped in integer format onto a separate tape 
for transport back to the UK. The program failed to include any 
<carriage return/line feed> characters in the data stream. Back at 
Leicester, therefore, the raw raster scans were read frcm the seccnd 
tape in the unfortunate form of a continuous series of integers, and 
required reduction to FORTRAN - readable records with the aid of a 
simple PASCAL program (Appendix B). Each run was split into individual 
passes over the object in the following manner:

a) the emission peak corresponding to the M83 nucleus was 
located;

b) the data were grouped into blocks of 51 integrations each
such that the nuclear peak was the 26th bin of the 26th
block. A few integrations were emitted from the beginning 
of each run, to allow for the delay between the photometry 
system's "start" pulse and the beginning of the telescope 
raster.

c) Alternate blocks (each now corresponding to an individual
pass over the galaxy) were reversed, such that all blocks
(hereafter referred to as "scans" or " passes") contained
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integrations made in order of increasing declinaticai. The 
blocks for each raster were then stored on a computer file 
in order of increasing RA.

Figure 4.2 shows a complete raster run at 2.2 microns, at which 
wavelength thermal drifts were expected to be a major problem. A nunber 
of scans within each raster were found to contain unacceptably large 
signal drifts, due either to background level changes, or to the 
intervention of the AAO windshield system, mentioned earlier. However, 
as two rasters were performed at each wavelength, it was always 
possible to r^lace the offending scans with their positional 
duplicates. "Spikes" - individual high or low points, caused by 
spurious electronic or tape-reading problems - were removed by hand, 
siirply replacing the affected integration with the average of adjacent 
bins. The "end-scans", performed to allow accurate determinaticn of the 
flux levels at the ends of individual passes, were analysed as follows:

a) the location of the scan relative to the galaxy was found 
by matching star signals with star images on the Palomar 
plates;

b) drifts were removed by choosing background levels cn 
either side of the galaxy and using a linear fit for the 
baseline;

c) the 51 relevant bins from the two end-scans at each 
extreme of the raster were averaged together ( not at 1.2 
microns ) ;

d) a smooth curve was drawn through the result;
e) the count levels at each position were read off this 

curve.



4 6

o en

N.Jc\]

oO

OOC\fCm

OOO
C\J

o
o0Ü

o
osO

o
o

o
o

o
o
o

o
o
CO

o
o<1

I
I

o O O C2 o O CO
C3 o O o o o CO CO
c:i C.J c . j C'j o o
Cl LP M CO
M ri'i r-'j ■oj



47

Qving to a closing in of the weather, the signal-to-noise ratio 
of the south end-scans at 2.2 micrcxis was particularly poor; we were 
therefore forced, in compiling the 2.2 micron map, to arbitrarily 
replace these measurements with those from the north side of the 
galcixy, in reversed RA order. The effect of poor signal-to-noise ratio 
cn the end-scans is discussed more fully subsequently. Steps d) and e) 
above tend to smooth out star images in the aid-scan integrations. This 
was intentional, since the inertia of the telescope results in 
overshoot and positional errors at the ends of each raster pass and 
consequently a certain smearing of the north and south map edges.

(ii) Maps
The anticipated problem with the DC measurement of faint 

surface brightness levels was that thermal (telescope) and sky 
background drifts would be too large and on too short a timescale to 
permit detection of the galaxy extremities. Fig.4.2 demonstrates that 
even at 2.2 microns the rasters were performed sufficiently rapidly 
that signal drifts cn individual passes could be adequately compensated 
for using a linear fitting procedure between the ends of the pass. 
Reduction of the data to map form was accomplished by using this linear 
fitting procedure on the point-by-point average of the two arrays at 
each wavelength, adjusting the north and south ends of each averaged 
pass pair to the count levels determined from the endscans.

Counts were converted to surface brightness (mag.arcsec.” )̂ via
standard star measurements and the aperture diameter, determined by
inspection of star profiles in the raster runs. CWing to an estimated
jjD.7 arcsec. uncertainty in the EVBM projected beam diameter, the
surface brightness scale contains a possible systematic error of 

•"2+0.1 mag.arcsec.
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(iii) Radial Surface Brightness Profiles
Profiles were produced in an attenpt to boost signal to 

noise in the faint areas at large galactocentric radii; it was hoped 
that this would permit discussion of the Freeman Typel/Typell problem 
and the detection of colour gradients across the disk. The method of 
reducticxi was as follows:

a) star images were located on the infrared maps and removed 
using linear interpolation between the galaxy fluxes in 
neighbouring pixels;

b) X-Y coordinates relative to the nucleus were determined for 
each pixel;

c) the coordinate system was rotated through 45° clockwise on 
the sky such that the rotated X-axis coincided with the mjor 
axis of the galaxy (Danver 1942, Talbot et al. 1979);

d) the Y-axis in the rotated firame was expanded by a factor of 
(cos i)~̂ , where i is the inclination of the galaxy to the 
sky, equal to 24° (see discussion in Talbot et al. 1979). 
The resulting X-Y coordinate system was in the plane of the 
galaxy.

e) Pixel fluxes were binned into circular annuli of 7" radial 
extent in the adjusted coordinate plane, and the average flux 
at each radius was converted to surface brightness via the 
standard star measurements.

4.4 SUMMARY OF NOISE AND SIGNAL DRIFTS
Besides detector and background noise, the accuracy with vhich 

surface brightnesses may be derived from our data is limited by signal 
drifts caused by slew variation of the background level. We now present 
the magnitude of the various effects and assess their irrportance.
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(a) Noise
By this we refer to the fast variations responsible for the 

difference between adjacent integrations: this would be the limiting 
factor in the case of stellar photometry. We have estimated the 
noise of selected sections of the endscans, clear of the galaxy light, 
where longer term variations (b) could be ranoved linearly. Table 4.1 
gives the lO" noise levels thus derived, in terms of magnitudes and 
fluxes per square arcsecond of a 14" aperture.

TABLE 4.1
Noise

Johnson
Band

ICr Flux (F^ ) 
1/2sec. 1 sec.

1 O' mag.arcsec"^ 
1/2 sec. 1 sec.

N

J 2.46 1.73 22.14 22.52 56
H 3.00 2.12 21.41 21.79 48
K 5.5 3.89 20.15 20.53 56

(fluxes in units of 10" W. m“ .̂ Hz“ arcsec” )̂
N is the number of 1/2 second integrations used in the calculation.
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(b) Short term drifts
Occuring on timescales of a few minutes, these are, throu^ their 

effect on the endscans, the limiting factor in the determination of the 
colours of the disk ( this will be discussed more fully in a subsequent 
section ). Table 4.2 summarises the drift amplitudes incurred in making 
the endscans. For comparison with the signal drift amplitudes 
(subscripted "DR"), we have included in the Table the estimated galaxy 
surface brightness at the peak of the relevant endscan (these figures 
subscripted "G").

(c) Long term drifts
Drifts on longer timescales ( ^/2 ) » probably caused by

the slowly varying airmass, were recorded during the raster scans. We 
have estimated their amplitude by reference to plots of the complete 
rasters, comparing the overall level at the end of the scan to that at 
the beginning. The results are summarised in Table 4.3. The 
characteristic timescale for these variations was so extended that 
their effect on individual raster legs was both systematic and about a 
factor of 5 smaller than the short term drifts mentioned before; they 
pose no great problems of data analysis, and are included here only for 
completeness.

These are the three fundamental limits on DC infrared photometry 
with a background-limited system. Which subset is important dep>ends 
only on the typ>e of observation: in our case, the short-term drifts and 
(to a lesser extent) the noise are dominant; in stellar photometry, 
normally involving beam-switching, noise alone is the overriding 
factor. An observational programme in vhich the long term drifts oould 
play a part is hard to imagine.
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Short-term drifts and ccmpariscn with endscan galaxy detection.

4 11

ENDSCAN JOHNSON SCAN S^DR SBc ^DR ^G
LABEL BAND LENGTH

9 H 203 19.0 18.7 2.76 3.64
10 H 102 20.0 18.4 1.10 4.80
11 H 102 18.4 18.8 4.80 3.32
12 H 102 19.0 19.0 2.76 2.76

15 K 102 ------ 18.1 ------ 3.63
16 K 102 17.6 18.4 5.74 2.75
17 K 102 18.7 19.1 2.09 1.44
18 K 102 ---- — 19.9 ------ 6.91

21 J 102 20.2 19.6 1.47 2.56
22 J 102 20.8 19.8 0.85 2.13

(scan length in time seconds, SB in mag.arcsec. fluxes in
10"32 Hz” .̂ arcsec.” )̂.



TABLE 3
Long-term drifts.
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SCAN
LABEL

JŒNSCN
BAND

TIME
LENGTH

H
H

1300
1300

17.10
17.25

13
14

K
K

1300
1300 16.35

19 1300 18.8

(length of scans in time seconds, SB in mag.arcsec."^)



413

4.5 PRESENTATION OF DATA.
The (xxrplete smoothed maps at J,H and K, and a reduction of the

visible data given by Talbot et al. (1979) over the same region, are
shown in Figures 4.3-4.6.

Figure 4.7 shows the 2.2 micron m p  superiitposed \jpon an optical 
print of the galaxy.

The azimuthally - averaged radial surface brightness profiles are 
given in Figs. 4.8-4.10.

4.6 MAIN FEATURES OF THE INFRARED MAPS
(i) The Nucleus

The bright nucleus of M83 is prominent at all three IR 
wavelengths, the surface brightness (14" aperture) being:
(K) 13.66+0.003 mag.arcsec. =  2.164x10 ^^W.m"^.Hz.arcsec.~^
(H) 14.04+0.001 mag.arcsec.  ̂= 2.660x10 ^^W.m ^.Hz.arcsec. ^
(J) 14.79+0.001 mag.arcsec.”  ̂ = 2.150x10 ^^W.m~^.Hz.arcsec.” ,̂

vhere the quoted errors are exclusive of the uncertainties in the 
projected aperture, discussed previously.

These magnitudes are consistent with those of Glass (1973), vho 
obtained

(K) 13.45+0.1 mag.arcsec. ^
(H) 13.62+0.08 mag.arcsec.”^
(J) 14.45^.1 mag.arcsec.  ̂

in a 12 arcsecond aperture.
Note that the chopper throw enployed by Glass was only 84 

arcsec., north-south; the maps presented in this chapter demonstrate 
that this is not, in fact, clear of the detectable IR emission fron the 
galactic disk, but the corrections are small enough (^ 0.02 mag in the
2.2 micron band) to be negligible, given the accuracy to which the 
latter author's results are quoted.



414

(ii) Spiral Structure
The most significant result of this work is the detection, for

the first time at these wavelengths, of emission from the arms of a
spiral galaxy. As pointed out in Chapter 1, observations at 1.2-2.2 
microns are particularly sensitive to changes in the surface brightness 
of the "old disk" population in spirals; the spiral feature seen to the 
southeast of the nucleus therefore probably corresponds to an 
enhancement of the surface density of the old disk. The amplitude of 
this enhancement is of importance to theories of i^iral structure vhich 
rely on density waves in the disk.

In the table below we have expressed this quantity as a
percentage of the mean disk surface brightness at a radius of 105"
using the definition of "contrast parameter" given in Equation I later 
in this section. Measured fluxes were binned over the two rectangulctr
areas indicated in the 1.2 micrcn map. Fig. 4.3. Both are 120
arcseconds fron the nucleus, assuming an inclination to the sky of
24°, but one lies on the southwestern ̂ iral arm (A), and one in the
interarm regicxi (B). The contrast parameters are probably 
underestimates because of the degraded resoluticxi resulting from the 
binning.

BAND WAVE AMPLITUDE
1.2 + 19.5%
1.6 + 19.6%
2.2 + 20.3%
V +12 %

The "contrast" parameter in visible light was derived fron those 
elements of the low resolution sunmary map given by Talbot et al. (their 
Appendix B, Table B2) Which fell within the binning areas used in the 
infrared. The figure thus derived is probably affected by reddening and 
the binning, and would not, in any case, be representatJ.ve of the
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FIGURE 4.3
Smoothed 1.2 micron map of M83. Lowest contour: 20 mag.arcsec

Ccxitour interval: -0.263 mag.
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FIGURE 4.4

Smoothed 1.65 micron map of M83. Lowest contour: 19 mag.arcsec. '̂.
Ccxitour interval: -0.263 mag.
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FIGURE 4.5

anoothed 2.2 micron of ̂ ©3. Lowest contour: 18.5 mag.arcsec"^.
Contour interval: -0.263 mag.
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1334 20 13 3410 133400RA(1950)
FIGURE 4.6

Hand-snoothed uncalibrated V map, fron data by Talbot et al. (1979)
Ccxitour interval is -0.255 mag.
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FIGURE 4.7
The 2.2 micron map superposed on the Hubble Atlas print of M83.
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variaticxi in the underlying disk. Schv/eizer's (1976) more careful 
treatment of fluxes in selected optical wavetands for a sample of 
classical northern galaxies led him to the discovery of broad spiral 
surface brightness features, arising vholly from the old disk, whose 
anplitude varied between + 20% near the nucleus and + 30% at large 
radii. The numerical coincidence between Schweizer's measurements and 
the contrast pEurameters derived roughly above increases our confidence 
in infrared mapping as a more direct method of determining old-disk 
wave amplitudes.

So far, we have assumed that the young population near the spiral 
arms is not bright aiou^ to contribute significantly to the near 
infrared fluxes. This can be shewn explicitly, as follows.

Ihe contrast parameter at any wavelength, C ̂ , is given by

= (Fon-Foff)/(Fon+Foff) ' % (I)
vhere and F^^^ are the surface fluxes measured respectively cn
the spiraLL arm and in the interarm regicxi. If we now décomposé the 
fluxes at V and K into the contribution from young (OB) stars and from 
the "old disk", we have at V;

(on arm) F^(V) , F̂ ' (V) ;
(off arm) F^(V) , and at K:
(cn arm) F^g(K) , F^'(K);
(off arm) F^(K). Here the subscripts are self
esqplanatory, and the primes denote the change in surface flux due to a 
wave in the old disk. The contrast parameters expressed as fractions 
are then,

Cy= (FQg(V)+Fp'(V)-Fp(V))/(FQg(V)+Fj3’(V)+Fp(V)) (II)
=  (F ç ^ (K )+ F p '(K )-F p (K ))/(F (^ (K )+ F p ’ (K )+F p (K )) ( I I I ) .
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Consider the visible contxast, and assume the disk flux at the 
spir^ arm to be scmevhat greater than in the interarm region:

Fg' (V) = ^Fp(V) . 1 . Then,
Cy = ( FQg(V)+( ̂ -l)Fp(V) ) / ( FQg(V)+(^+l)Fjj(V) ) and,
directly, F^(V) = Fĵ (V) ( (Cy(^+l)-(^-l)) / (1-Ĉ ) ).

We saw above that is about 10% , or 0.1 . In the extreme 
case in vhich the visible contrast is vholly accounted for by the 
presence of young stars at the arms ( ̂  =1),

FQg(V) = 0.22 Fĵ (V). The approximate colours of the two
populations ( (V-K)^^ -0.7 , (V-K)^ 3.0 ; Johnson 1966 ) then
lead to Fq (̂K) = 0.007 F^(K) , a decreasing fraction as more
of the visible contrast is provided by the old disk variation. The 
effect of F ^  on the 2.2 micron contrast (Equation 111) is thus seen 
to be negligible.

(iii) The Bar.
M83 was classified by Bandage (1961) as an Sc/SBb spiral, the 

latter half of the class if icaticxi deriving from the behaviour of the 
dust lanes close to the nucleus. The SB classification is supported by 
the infrared naps, vshich reveal an elongated luminous feature in 
p.a.48°-49°. The prominence of this feature in comparison with its 
appearance in the optical map probably results in part from extinction 
of the optical fluxes. If the K map adequately represents the 
underlying luminosity distribution, then the deviations apparent on the 
optical map from the regularity it implies suggest that the visible 
light is subject to patches of extinction ip to = 0.3-0.4 mag 
(about 1^/2 contour intervals in Fig. 4.5). This amount of 
obscuration would be effectively undetectable at 2.2 microns.
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4.7 The Surface Bri^tness Profiles.
Our discussion of these profiles will necessarily be intertwined 

with consideration of the errors involved. We note at the start, 
therefore, that in Fig. 4.8 to 4.10, the error bars due to noise and 
beam size uncertainties are in all cases smaller than the symbols used 
in the plotting; the detailed morphology of the profiles is therefore 
correctly represented. The most important source of error is the effect 
of uncertainty in determination of the background level, vhich affects 
global properties of the profiles, such as the rate of fall of 
brightness with radius: these uncertainties will be discussed and
quantified as the need arises. Three main ccnpaients can be discerned 
in the profiles:
(i) The disk

Reasonably well defined for R^ > 150" ( 3kpc at 4 %̂x: ), the 
disk dominates the large-radius behaviour of the surface brightness. In 
the diagrams, the surface brightness in logarithmic units is plotted 
against a linear radial scale; with the possible exception of the 1.2 
micron profile, the distributions are seen to be approximately linear 
with radius :

SB = kRg + c ; This may be written as
SB = SBq + 1.0857 ( Rg/h ) , 

vhere SBq is the disk SB at Rg = 0 , and h is the scalelength 
( see Chapter 1 ). Table 4.4 presents the measured near-infrared disk 
distributions, as derived from least-squares treatment of the data over 
the indicated ranges of galactocentric radius.

The profile at 1.2 microns is less well defined, possibly because
of background level uncertainties or the effects of reddening and/or/■
foreground stars. In particular, the rate of fall-off appears to 
increase substantially for Rg > 200 arcsec. These fainter points are 
prone to the first possible error just mentioned, and the figures given
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FIGURE 4.8

1.2 micron surface brightness as a function of mean annular radius in 
the plane of the disk, assuming an inclination of 24°.
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FIGURE 4.9
-2,1.65 micron surface brightness (mag.arcsec ) as a function of mean 

annular radius in the plane of the disk, assuming an inclinaticxi of
24°.



4 24

K

14 -

16 •

18

20 -

250 300 R.

FIGURE 4.10
2.2 micron surface brightness as a function of mean annular radius in 

the plane of the disk, assuming an inclinaticxi of 24°.
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for J in the Table below are a result of an eye-fit to the surface 
brightness frcm 70 to 80 and from 150 to 200 arcsec. ( assuming the 
central bulge to be unimportant over the latter range; this 
approximation is shown to be reasonable later ).

TARTuE 4.4 
Infrared Disk Parameters.

WAVEBAND h (") h (1^) FIT RANGE (") (SB=SBQ+kR )
SBq k

J 98.7 1.9 70-80 , 150-200 17.86 0.011
H 125.0 2.4 > 150.0 17.2 0.0087
K 141.0 2.7 > 150.0 16.9 0.0077

The systematic increase of the scalelength with wavelength seams 
at first sight to imply that the galaxy becomes redder in the IR 
colours with distance. Hcwever, this first cppraiisal is to be treated 
with some caution, since the extreme faintness of the dii^ at large 
radii means that a small variation in the assumed background level can 
lead to a large change in the derived slope of the disk component, 
although the exponential character is retained.

We estimate that uncertainties in the endscan flux level caused by 
incomplete removal of the ^ort term drifts discussed in a previous 
section amount to roughly 1 or 2 times the noise anplitude. The 
importance of such apparently small changes to the properties of the 
disk as derived by our procedure has beai investigated by re-analysing 
the 2.2 micron data in exactly the way we have described, except that 
the mean endscan level was (i) raised; and (ii) lowered by 2 (7 ,where CT 
is the noise level as given in Table 4.1. The result of this 
calculation, shown in Fig. 4.11, makes it clear that this uncertainty
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FIGURE 4.11
Effect cn the 2.2 micrcn SB profile of (i) adding and (ii) subtracting 

twice the noise level frcm the endscan measurements.
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reduces the significance of the colour gradients to vhich the 
unmodified surface brightness distributicxis seemed at first to point: 
although we expect the 2 CT level modification to be the most extreme 
possible case, its effect on the J-K colour index is enough to reverse 
the implied trend; even a 1 sigma level adjustment would reduce the 
trend to marginality.

In the absence of any corrcboraticai, further discussion would seem 
unwarranted by the data presently available. The follcwing two points 
may, however, provide seme circumstantial evidence for the reality of 
the colour changes:

(a) A slew airmass-deminated change of sky transparency might have 
provided a plausible explainatien if not for the fact that the 
observations were performed with H first, then K and finally J, as it 
was suspected that the 1.65 micron band would provide the optimal 
cenpremise between the source spectrum and uncertainties caused by sky 
and thermal drifts. Sky transparency variations therefore are probably 
not respcxisible for the colour trend observed, vhich would require a 
systematic deterioration in the order K,H,J.

b) A property of spiral galaxies well known to optical observers 
is their tendency to become bluer as the observing aperture is 
enlarged, as a result of the slow radial fall off of the blue light 
from the young arm population relative to that of the disk ( Schweizer 
1976 ). Proceeding to longer wavelengths, however, the situation could 
conceivably be reversed: the contribution from HI I regions , also 
associated with the ^iral structure, increases from 1.2 to 2.2 microns 
due to thermal dust and free-free emission ( V^mn-Williams & Becklin 
1974 7 Grasdalen & Joyce 1976 ) , and oould be respcxisible for a colour 
change in the opposite sense to that observed optically.

For these reascxis, one might cautiously suggest that the 
azimuthally-averaged J-K colour index increases by about mag.
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between 3 and 5 Ipc. in the disk of M83. Proof either way, however, 
awaits the improved determination of flux levels at the end points of 
our maps ( via endscans performed faster than we attempted and repeated 
sufficiently to provide better signal-to-noise : an observing visit to 
the AAT is ipcoming ), and analysis of the data excluding areas 
possibly contaminated by thermal emission from HII regions.
(ii) The central bulge.

The central component dominates the SB profiles for values of Rg 
less than 60" ( about 1.5 Tpc ). It is by new well established that the 
light in the bulges of most spiral galaxies is distributed according to 
the same law as governs the ellipticals throughout (see Chapter 1); we 
have tried therefore to test the infrared emission from the M83 bulge 
for adherence to this function. Ihe bulge light was isolated from each 
azimuthally averaged bin by subtraction of the flux contributed by the 
exponential disk, calculated from the mean disk profiles derived 
earlier. The fluxes thus obtained were then converted back into 
magnitudes per square arcsecond. As seen in Chapter 1, de Vaucouleurs' 
law for elliptical galaxies requires that the surface brightness (in 
logarithmic units) be directly proportional to the fourth root of the 
galactocentric radius; our test of this relation for the bulge of M83 
is presented graphically in Fig. 4. 12.

Apart from the points at smallest Rg, which are heavily affected 
by convolution through the beam, the profiles at all three wavelengths 
are remarkably close to the R^^^ distribution, the mean residuals 
being 0.06 , 0.07 and 0.08 mag. arcsec"^. at J, H and K respectively. 
The 1.2 micron surface brightness at the extreme radial point is seen 
to be substantially below the best fit to the rest of the measurements, 
and was omitted from the linear regression. The flux from the bulge at 
this radius is at least an order of magnitude smellier than that 
originating in the disk, and the value inferred via the procedure above
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is probably affected by uncertainties in our eye-fit to the disk 
profile at this wavelength.

The bulge light is found to obey the following distributions :

SBg(K) = (5.94^.3) + (4.77jp.l2)R^
SBg(H) =  (6.1440.2) 4- (4.844p.09)Rg
SB„(J) = (6.540.2) 4- (5.140.1) R„a — — g

1/4
Î1/4
1/4

As the radial dependence of the H and K profiles is seen to be the 
same within the errors, the H-K colour is constant betweai 0 and 60 
arcsec. in the MBS bulge. The J profile is marginally steeper, but once 
again this may result from uncertainties in the adopted disk 
contribution.

BK
12

14

16

18

1/4

FIGURE 4.12
Infrared surface brightness profiles of the MBS nuclear bulge.
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(iii) 2kpc<Rg<3kpc
The surface brightness in this radial range clearly deviates fron

the classical profile discussed in Chapter 1, the maximum discrepancy
appearing at around 120". The scene is set for our discussion of this
feature by the B and V observations presented by Talbot et al. ( 1979 ) :
their analysis, separating "young" ( B-V <0.4 ) and "old" ( B-V >
0.65 ) pixels in their maps, ^cws that there is no obvious reddening
of the disk conponent. The feature observed in the near infrared
cannot, therefore, result from obscuration at 100 and 150 arcsec. R :9
from now on, we will interpret the feature as a "hump", in excess of 
the background disk light, vhich is also the inpressicxi gained from a 
first look at the profiles. In any case, uncertainties in the endscan 
level and the beam diameter at each wavelength prevent the formation of 
colour indices accurate encxjgh to determine the near-infrared 
obscuration. The "Type II" profile proposed for this galaxy by Freeman 
( 1970 ) is, however, ruled out from the start both by our observations 
and by the optical work of Talbot et al., because the feature 
responsible for the deviation from the classical profile is in excess 
of the exponential disk, extrapolated from larger R̂ . 
Freeman( 1976,1977) modified his original argument with the inclusion of 
a flat "lens" ocnpcnent in the density distribution. Such a conponent, 
presumably associated with Population II, could certainly give rise to 
the IR feature (although as we shall see, a toroidal distribution is 
probably closer to the truth) ; but whether a blue-light excess would 
then be e3q)ected is less than obvious.

Our observations, then, suggest that the surface brightness in 
this radial range is in excess of the light associated with the disk 
alone: Fig. 4.13. shows the excess fluxes around Rg = 120", after 
subtraction of a linear (in magnitudes ; exponential in flux) 
interpolaticxi between the measurements at 101.5 and 150.5 arcsec.
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respectively. Ihe peak oontributicxis of the "hump" to the total 
emission from the disk are given in the Table below.

Table 4.5 
Hump Fluxes.

Johnson Band
%

Peak Flux % of Total

J 126 4.2 8.5
H 120 6.9 9.5
K 126 4.4 8.5

( fluxes in units of 10 ^^ W.m. Ĥz. ^arcsec"^ )
The hunp is seen to contribute about one tenth of the total flux 

at each wavelength around 120 arcsec. from the nucleus: we must new 
attempt to account for its presence.

F,
M83,"Huiïip•8

•7
•6
•5
4
•3
■2
•1

/#100 120 140

FIGURE 4.13
"Hump" fluxes
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Benedict (1976) surveyed the optical brightness distributions of a 
number of barred spirals, and found chcuracteristic "shoulders" in the 
profiles, similar to the hump discussed here. His plots of the surface 
brightness along the bars of his galaxies demonstrated that the 
features in the averaged profiles oould be more or less accounted for 
by excess fluxes originating in the brightest peurts of the bar. 
Fig.4.14, a cut across M83 in p.a.48.5^ ( alcxig the bar ) shows 
ccxiclusively that the azimuthally averaged hunp in this object does not 
result from this type of effect.

or
13 - BAR: 2*2microns
14 - -

15
• •

16 1 . • 1— 1
17

*• • .. # •
18

. • •

19 •••• • •

R

FIGURE 4.14
Surface brightness as a function of position along p.a.49°. 

Horizontal bars indicate the position of the hunp in the azimuthally- 
averaged surface brightness profile.
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If the excess flux were localised at the bar, it would subtend an 

angle of only about 20° at the nucleus; in other words, it would fill 
cxily about ^/g^gths of the annuli over vhich the averaging was 
carried out. It has alreac^ been shown that the excess supplies 10% of 
the azimuthally averaged flux; the geometry then inplies that one half 
of the light in the locality of the brightest part of the bar would be 
accounted for by the excess, and a hump of about 0.75 mag should be 
present in the profile of Figure 4.14. This is clearly not the case, 
as the figure demonstrates: the origin of the hunp is probably in a 
region subtending a large angle, if not a full circle, at the nucleus.

The most likely source for the excess infrared flux lies in the 
spiral arms. The spircLL structure seen south of the nucleus in the 
infrared maps crosses sky-projected galactocentric circles at a fairly 
oblique angle. This, in combination with the fact that (because of the 
galaxy's inclination to the sky) the i^iral arms cannot be followed 
over the full range of radius presented in the surface brightness 
profile diagrams, could account for both the inner and outer edges of 
the hunp. Without extended radial coverage, we cannot say that the 
outer cut-off of the hunp is not caused by the loss to the annular 
averages of the spiral a m  emission at the radius at which the arms 
cross the edge of our map. The physical origin of the exœss fluxes is 
also as yet unclear, althou^ a better determination of the endscan 
fluxes would, at a stroke, inprove the situation in this respect. As it 
is, the lack of well-determined JHK magnitudes of the excess emission 
prevents us from discriminating between the old disk and young spiral 
tracers. We note that Talbot et al. attributed the hunp seen in blue 
light entirely to the latter sources. Hcwever, the "old light" (B-V >
0.65) pixels in their Fig. 7b are still blue light intensities, and 
are therefore by no means as sensitive to properties of the old disk as 
the near-infrared fluxes. Furthermore, inspection of their diagram
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reveals that the number of old-light pixels is substantially reduced in 
regions vhere the hump is prominent. The overlaying of a young blue 
population cn the old disk m y  be taking some of the "old" pixels over 
the colour threshold into the young category, therd]y masking any 
excess in the old disk.

4.8 OŒfCLUSIONS
Observations at J,H and K of the bright southern galaxy, M83, 

reveal that;
I. ^iral structure is prominent at all three wavelengths : the 2.2 

micron measurement is the first ever detection of spiral features at 
that wavelength.

II. The flux contrast between cxi-am and interarm regions is the 
same at all three wavelengths ( about + 20% of the total disk 
emission), suggesting that emission from young OB-type stars is 
uninportant in the near-infrared; this was confirmed by a brief 
conparison with the contrast in optical light. The variation quoted 
above is therefore representative of the changing surface density of 
the "old disk" conponent of the galaxy, a result of significance to 
density wave theories of spiral structure.

III. Azimuthally-averaged radial profiles show a hunp coincident 
with that observed by Talbot et al. ( 1979) in blue light. Our 
(correctable) inability to derive absolute infrared colours from our 
data leaves us unable to completely speci:fy the nature of the sources 
responsible for the feature, but a stellar origin seems most likely.

IV. The radial brightness profiles shew a change of the J-K 
colour index in the sense of redder colour with increasing distance 
from the nucleus. Inspection of the systemtic errors introduced by the 
poorly determined background level diminishes the significance one can 
attach to this trend, but if real, the insensitivity of near-infrared
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colours to changes of (late) stellar type suggests that it might be due 
to a variation of the relative importance of thermal emission from HII 
regions across the disk.
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APPENDIX A.
THE INTERSTELLAR REDDENING LAW.

Throughout this Thesis we have used the reddening curve due to 
van de Hulst (1949) and quoted by Johnscn (1968). The various colour- 
excess ratios and ratios of total to selective extinction are given in 
the Table belcw.

TABLE A 1.
The van de Hulst reddening law.

\  ^  %-V \  \

0.36 1.10 0.09 0.43 1.33 0.245 3.05

The main inport of these figures to our work lies in the ratio of
the total extinction at 2.2 microns to the total visible extinction,
A^ / A^ , seen in the table to be 0.09.

As an exanple, if the visible extinction to a source is such that 
only 1% of the V-band emission reaches the observer, fully 60% of the K 
flux is still available. The laws may be alternatively expressed in 
terms of optioal depth, T , to the souroe:

Tĵ = 0.09 Ty.
A path that is optically thick to optical light can still be well 

thin to near-infrared radiation. These fac±s Eire used to advantage in 
this thesis; the direct observation of the flat corpaient in Cen A is 
inpossible in the optical; the IR measurements of the disk scalelengths 
in highly-inclined systems, presented in Chapter 3 are more accurate in
the relative absence of reddening; and finally the discussion of the
Freeman Typell profile in M83 (Chapter 4) was more direct than optical
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observations permit.
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APPENDIX B. "HOLPASC".

PROGRAM CONVERT ( INPUT r OUTPUT )
VAR I ; i n t e g e r ;

CHR : c h a r ;
BEGIN

LINELIMIT ( OUTPUT , -i ) ;I : = 0
WHILE NOT EOF ( INPUT ) DO 
BEGIN

READ ( CHR ) ;
WRITE ( CHR ) ;
IF ( EOLN ( INPUT ) ) THEN BEGIN

I  : =  i + i  ;
IF I = 80 THEN BEGIN

I : = 0 
WRITELN 

END
END ;

END.

READLN
WRITELN
I : = 0 
END

This program, supplied by Chris Holland (research student), was 
used to convert the continuous string of ASCII characters and ASCll- 
ccDded AAT photcmetry data on M83 into PORTRAN-readable 80-caolumn 
records.
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APPE13DIX C
Archived data files en the Leicester University CDC Cyber-73.

Quoted below are all the major data files employed in compiling 
this Thesis, and seme others containing useful information but of which 
time has not permitted analysis. Where possible, the files contain raw 
data, complete with informative scan headers. Retrieval of a given file 
is achieved by the following "archive package" command:

ARCGE7T, <file name> ,UtJ=DJA/CY=<cycle number>,PV^*.
A more conplete set of files is also avcdlable: to list the file 

directory,
ARCLIST, ID=ADA, Ub^DJA, LO=F/PW=*.

The subset of files described below is in approximate order of 
date of observation.

FILE NAME CYCLE NUMBER OONTEOTS

AAT, April 1980

ADACETT

ADACENM

NGC 5128 raw data. RA position offset 
given in polar angle for each scan, 
measurements within a scan in order of 
increasing declination.
NGC 5128 final array: value at each point 
is mag.arcsec.”  ̂ x 100. Positional 
informaticxi is given in the header. 
Separation of measurements in dec. : 2 
arcseconds.
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TENERIFE, Jan. 1981. Night 1 was 23-24 Jan.

ADADAY8

ADATD5

ADATD5

ADATD9
ADATD3

ADATD62

N3C 4565 K data, raw. 2 irm. aperture (22 
arcseconds). Night 8.
Scans of N3C 2683 with 4.5 irm. aperture 
(halo observation), K and J. Night 5.
As cycle 1, but with more calibration 
information. Night 5.
NGC 4565 K halo scans. Raw. Night 9.
NGC 4565 4.5 itm. and 2 mm. scans,
night 3.
NGC 4565 2mm. 1.2 micron scans. The main 
1.2 micron run.

TENERIFE, July 1981. Night 1 was 22-23 July.

ADATJU6

ADATJ62

NGC 5907 main 2.2-micron run, 22 
arcsecond aperture. Raw data.
NGC 7814 2.2-micron scans. Raw.

ADATJU7 N3C 5907 1.65-micron main run, 22
arcsecond aperture.

TENERIFE, Feb. 1982. Night 1 was 17/18 Feb.

ADATF51

ADATF3

Night 5 raw data on NGC 2683 halo. 4.5mm. 
aperture.
Night 3 NGC 2683 2.2-micron disk
observations and some long 4.5mm. scans 
across NGC 5194. No headers.
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ADATF7

ADATF6

ADATF4

ADATF9

ADATF8

Ni^t 7: NGC 2683 J disk measurements, 
and NGC 5194 small-scale mapping.
Night 6: NGC 2683 1.2 micrcai halo scans 
with 4.5mn. aperture, also star scans. 
Night 4 NGC 2683 K and V disk 
measuranents around + 77 arcseconds
declination offset from the nucleus.
NGC 4594 data and large-beam scans of 
Orion Nebula. Raw data.
NGC 5194 data and a brief observation of 
a cataclysmic variable for I. McHardy, X- 
Ray Astronomy Group.

AAT, March 1982.

ADA83KF 1

ADA83HF

ADA83JF

ADA83KB

ADA83HB

Final processed M83 K data in count form; 
scans in order of decreasing RA. 
Measurements in scans in order of 
increasing declination. Scan separation 
7", integration separation 7".
Final processed M83 H count array. Filed 
as before.
Final processed M83 J count array. Filed 
as for H and K data.
M83 final array in calibrated K surface 
brightness form (mag.arcsec. )̂. 
Ordered as the count arrays.
M83 final H surface brightness array.

ADA83JB M83 final J surface brightness array.



c 4

ADAENDS 1

ADAENKS 1

ADAENHS 1

ADAENJS 1

ADA83BS 1

M83 Qidscan counts, raw. Measurements in 
order of increasing RA, separation of 
points is 7".
M83 final processed (drift removed, etc.) 
form of K endscans: 51 points in order of 
increasing RA at N and S ends of the box 
raster. Also contains the measured south 
end K counts (see text).
H, as above. North and south-end measured 
values only.
J, as above. North and south-end measured 
values only.
M83 surface brightness profiles resulting 
from annular averaging performed on 
individual rasters.

TENERIFE SCANNING DATA: FINAL SURFACE BRIGHTNESS PROFILES.

ADALOD A directory of these files.

ADAD017 1 NGC 4565, 2.2 microns. Radii in Ipc.,
measurements in Mag.arcsec. . Also 
gives 1-sigma ugper and lower limits.

ADAL018 1 NGC 4565 final 1.2 micron profile.

ADAL0C7 1 NGC 5907 final 2.2 micron profile.

ADAL0C6 1 NGC 5907 final 1.65 micron profile,
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Summary. A 2.2-fim map of the peculiar radio galaxy NGC 5128 (Centaurus 
A) is presented. The elliptical component of the galaxy has a surface bright­
ness which varies with radius in accordance with de Vaucouleurs’ law and a 
V-K  colour which becomes bluer with increasing radius. The ‘dust lane’ of  
the galaxy contains an emission feature at 2 .2 /am, and the observations are 
consistent with there being a stellar disc of projected radius 80 arcsec and 
projected thickness 15 arcsec, centred on the nucleus of the galaxy and 
aligned with the dust lane. The 2.2—10/am colour of a conspicuous part of 
the disc is discussed.

1 Introduction ^

NGC 5128 is the nearest of the radio galaxies and possesses a compact nucleus which can be 
observed at radio, infrared and X-ray wavelengths. Optically, the galaxy to which the com­
pact nucleus belongs is of ‘peculiar’ morphology. It appears to be an elliptical galaxy whose 
image is bisected by a prominent dust lane. The dust lane is generally envisaged as encircling 
the elliptical component and lying in a plane oriented close to the line-of-sight.

NGC 5128 has recently been the subject of detailed study by observers working at visible 
wavelengths from large telescopes in the southern hemisphere. From studies of photometric 
colour indices across the face of the galaxy, van den Bergh (1976) and Dufour er al. (1979) 
obtained extensive evidence for the presence of blue stars and H ii regions within, and close 
to the dust lane. These young objects indicate that star formation has taken place within the 
dust lane as recently as 25 million years ago. Measurements of radial surface brightness 
profiles and stellar bands have shown the main, unobscured part of the galaxy to be similar 
to normal ellipticals, although it is slightly bluer in colour. Graham’s (1979) spectroscopic 
observations of H ii regions in the dust lane, and of stars in the elliptical component, showed 
that the dust lane is rotating rapidly in its plane, whereas the elliptical component is only 
slowly rotating.

It is at present unclear how the slowly rotating elliptical component acquired the rapidly 
rotating dust lane, although it has been suggested that the dust lane is the remnant of a spiral

* Present address; Physics D epartm ent, University of Tasmania, Hobart, Tasmania 7001, Australia.
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galaxy which collided with the elliptical. It is also unclear why NGC 5128 should have 
developed an active nucleus and radio lobes, although the origin of the galaxy’s activity 
could well have been related to the onset o f star formation in the dust lane some 25 million 
years ago. The answer to these questions in NGC 5128 should shed light on the evolution o f  
more distant double-lobe radio galaxies, which are also centred on apparent elliptical 
galaxies.

Previous infrared observations of NGC 5128 by Becklin et al. (1971), Kleinmann & 
Wright (1974) and Grasdalen & Joyce (1976) have concentrated on the heavily obscured 
nuclear region, which contains a single peak of emission. Telesco (1978) observed strong 
10-/L(m emission from various regions in the dust lane. 10-/im fluxes are normally dominated 
by the emission of warm (100K) dust in H ii regions. It is to be expected that these H ii 
regions occupy a volume of space shared by normal stars, which should be detectable at 
wavelengths around 2 .2 /rm. An unpublished 2 .2 /um map o f the galaxy made with a 
22 arcsec beam at the South African Astronomical Observatory by Adams & Giles in 1978 
suggested that an emission feature coincides with the dust lane, although the morphology is 
confused by the presence of field stars which are visible on underexposed photographs o f the 
galaxy, and are apparent in the higher-resolution infrared work presented here. Maps at 7  and 
K  presented by Harding, Jones & Rodgers (1981) showed no small-scale structure, largely 
because of the 30 arcsec aperture used.

Dust extinction at 2 .2 /nm is less than 10 per cent of the associated visible extinction: van 
de Hulst’s curve no. 15 (see Johnson 1968) gives >1̂  = 0.09 Xy, whilst the work o f Jones & 
Hyland (1980) on heavily reddened stars implies Ay^= 0.01 A,, when extrapolated to optical 
wavelengths. The former value is assumed throughout this paper, but it is clear that mapping 
of dusty galaxies at near-infrared wavelengths can provide useful information on the under­
lying stellar structure: this is the objective of the present paper on NGC 5128.

2 Observations

The observations were made in 1980 April with the 3.8-m Anglo-Australian telescope at 
Siding Spring, NSW, Australia. The AAO infrared photometer was used with its standard K 
(2.0—2 .4 /im) filter and a 7 arcsec photometric aperture. A series o f declination scans were 
made across the galaxy, separated by 4 arcsec of right ascension (3 arcsec on the sky) to 
ensure that each scan overlapped its neighbours. Guidance errors, checked by peaking up the 
infrared signal on the bright nucleus of NGC 5128, were less than 2 arcsec.

The AAO infrared photometer is conventional in that it uses an Indium Antimonide 
detector and a focal-plane vibrating mirror chopper. The detector amplification system is un­
conventional (Barton & Allen 1980) and has good DC stability. Independent measurements 
may therefore be made of the flux levels in each of the sky-chop channels. The present 
observations were made with the chopper throwing 12 arcsec east—west on the sky. Each 
declination scan was analysed to give two galaxy profiles, separated by the chopper throw in 
right ascension. Comparison of these profiles with others along the same track gave confi­
dence in the DC stability of the system. A map was built up from these single beam scans, 
and the cumulative errors encountered when working with differences between two chopper 
channels were avoided. Difference readings between the two channels were used to establish 
the flux levels at the extremities of the declination scans.

The surface-brightness response of the system was calibrated by measurements of a series 
of standard stars and by scanning a star through the beam to determine the aperture size. 
Uncertainties in the determination of this aperture size result in a possible systematic error 
of 10 per cent or 0.1 mag per square arcsec in the surface brightness scale.

The map constructed from the declination scans is presented in Fig. 1. The contour levels
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Figure 1. Smoothed 2.2-nm contour map of NGC 5128. Outermost contour is at 17.5 mag arcsec"’ ; 
contour interval is -0 .2 5  mag arcsec"’ . The dashed lines indicate the north and south edges of the dark 
lane; the aperture size is shown by the hatched circle. Four foreground field stars are also indicated.

are spaced logarithm ically w ith surface brightness increm ents o f  a factor 1.259 or 0 .25 mag, 
the low est level being 17.5 mag per square arcsec. The to ta l dynam ic range from  low est to  
highest co n tou r level am ounts to  a factor o f  100. The accuracy o f  the ou term ost co n to u r 
line is Umited by uncertain ties in the background sky-level determ ination  rather than by 
detec to r noise. The m axim um  possible error am ounts to  30  per cen t o f  the low est co n to u r 
level.

3 Discussion

The m ap o f  Fig. 1 should be com pared w ith  a visible w avelength pho tograph  o f  NGC 5128, 
such as th a t in the H ubble A tlas o f  Galaxies (Sandage 1961). The plate published by 
G rindlay e t al. (1975) is conveniently  m arked w ith  right ascension and declination scales. 
The nucleus o f  the galaxy, w hich is com pletely inaccessible to  visible observations, appears 
p rom inently  on the infrared m ap. The elUptical com ponen t, which is obvious optically  
only  beyond  the edges o f  the obscuring lane, can be traced  in to  the nucleus in Fig. 1. 
A bsorption  features are seen at the edges o f  the dust lane (m arked by dashed lines). The 
deepest o f  these is in the region around A a  = +30 ", A6 = —25" from  the nucleus, being 
abou t 0.7 mag deep at 2.2 jum (in the absence o f  any underlying emission regions).

The bright nucleus o f the galaxy yielded a signal o f  Æ = 8.3 ± 0.1 mag in our 7 arcsec 
aperture . This is consistent w ith the observations by G rasdalen & Joyce (1976 ) w ho obtained  
A  = 8.59 ± 0 .0 3  and = 7.92 ± 0.03 in 5.2 and 12.2 arcsec apertures respectively. The 
aperture used for the present observations was too  large to  place lim its on the variability o f  
the K  = 9 .2  mag po in t source discussed by Grasdalen & Joyce.
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The flux from the E  component of NGC 5128 has been shown to follow de Vaucouleurs’ 
(1959) law for elliptical galaxies:

log(5 /5e) = -3 .33[(/? /J?e)'^ " -l]

(where is the ‘effective radius’, containing one half o f the total light and is the surface 
flux at i?e). Û7 the V and B band observations of van den Bergh (1976) and Dufour et al. 
(1979). It is reasonable to expect that the near-infrared surface brightness, also primarily 
due to stellar continuum emission, should follow the same law, although V-K  gradients 
could alter the derived constants.

The variation of l.l-pm surface brightness with galactocentric radius R  was evaluated as 
follows: for values of R spaced at 4 arcsec, the measured fluxes were averaged over a 90° 
annular segment of 4 arcsec radial extent whose centre lay on a line perpendicular to the 
dust lane, in PA 209°. The south-western sector was chosen because the nucleus is asym­
metrically placed in the dust lane (see Fig. 1), permitting the unobscured E component to be 
measured at small radii. Points within the dust lane were excluded from the averages, as were 
three of the four bright foreground stars seen in Fig. 1. The result was an excellent linear 
least-squares fit of surface brightness, Ok. to

Ok = (2.54 ± 0.02)/?*'^ + (9.33 ± 0.06).

Rewriting this as:

OK = 8.325 { [R /(1 1 6 ± 5 )]‘' ^ - l )  + (17.65 ± 0.06),

we see that the data are described by de Vaucouleurs’ law with effective radius 

Re = 116 ± 5 arcsec.

In Fig. 2 we plot the surface brightness, ok, as a function of R*'''* for one quarter of the 
measurements used to produce the map of Fig. 1. A comparison of Fig. 2 with the similar 
diagram given for visible wavelengths by van den Bergh (1976) shows that extinction effects 
are indeed much smaller than in the visible. If infrared points at the largest radii (where 
background-level corrections are important) are ignored, the maximum downward deviation 
from the best-fitting straight line is only 0.6 mag, as compared with 3.5 mag for the visible 
data. We have found that, for the southern sector of NGC 5128, a constant correction of 
0,48 mag is sufficient to bring reddened measurements within the dust lane into agreement 
with the best fit to de Vaucouleurs’ law calculated using the unreddened points only. This 
corresponds to a visible extinction of 5.3 mag (van de Hulst, curve 15).

The linear least-squares fit to the annular integration data (shown as a solid line in Fig. 2) 
indicates a value for the de Vaucouleurs’ effective radius of 116 ± 5 arcsec. This value is sub­
stantially smaller than those measured in blue and visible light by Dufour et al. (1979) and 
van den Bergh (1976), who both obtained values greater than 300 arcsec. This finding is 
qualitatively in agreement with the results o f Frogel et al. (1978) and Strom et al. (1976), 
who showed that the V-K colours in the outer regions of elliptical galaxies are bluer than 
those near the nuclei. At distances from 50 to 100 arcsec from the nucleus we obtain an 
observed {V-K) colour index of 2.8 ± 0.3 by comparison with the data of van den Bergh, or 
an intrinsic value of {V-K) = 2.5 ± 0.3 after correction for a foreground visible extinction 
of^ v  = 0.3.

Inspection of the isophotes approximately 60 arcsec north-west of the nucleus in PA 299° 
shows tliat the flux from this region, in spite of the dust extinction, is in excess of the 
elliptical component flux measured at the same radius outside the dust lane. This emission.
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Figure 2. 2.2-jum surface brightnesses of NGC 5128 (in mag arcsec ’ ) plotted as a function of The 
straight line represents the least squares fit to the south-west sector annular averages described in the 
text. Points affected by field stars are indicated.
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l i S T A N C E  FROM N U C L E U S  //  D U S T  L A N E  ( A R C S E C )
Figure 3. (a) 2.2-pm tluxes in the dust lane after subtraction of the measured elliptical component, plotted 
as a function of position along a line in P.A 119°. The dashed line shows the tlux level assumed in calcu­
lation of the total excess (see text I. (b) Telesco (1978) 10 pm data for a 14-arcsec beam, fluxes in both 
plots are in units of 10"”  W m"’ Hz ' arcsec"’ .

which is also seen on the opposite side o f  the nucleus, is resolved in declination by individual 
scans, having a full w idth across the dust lane o f 15 arcsec, considerably less than the 60 
arcsec to ta l w idth o f  the lane itself. The excess emission can be traced to  w ithin 50 arcsec 
o f the infrared nucleus.

Fig. 3 shows the excess dust lane fluxes m easured in an 18 arcsec w idth strip along 
PA 119°. M easurem ents were averaged over annular segments o f 4 arcsec radial ex ten t w ithin
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the strip. The elliptical component of the galaxy was then subtracted using averaged points 
from the south-west sector discussed previously. Points within 20 arcsec of the nucleus were 
not treated in this way because of uncertainties caused by the steepness o f the E  component 
at small galactocentric radii. The figure shows two peaks of 2,2-jum emission, equally spaced 
at about 65 arcsec or 1.625 (D/5) kpc (where D  is the distance o f NGC 5128 in Mpc) on 
either side of the nucleus. The north-western peak is approximately 1.5 times brighter than 
that in the south-east, probably because of the difference in character between the dust 
extinctions o f these two regions.

It is interesting to compare the observed surface brightnesses o f the dust lane excess with 
the lO-jum values measured by Telesco (1978). Telesco’s data have been included in Fig. 3, 
and a degree of correlation with the 2.2-jum excess is apparent. Averaged over the 18 arcsec 
wide strip, the peak 2.2-iim surface brightness is 9.7 x 10“ *̂ W m “  ̂Hz"  ̂arcsec'^ 65 arcsec 
north-west o f the nucleus. Interpolating between sources 7 and 8 o f Telesco to locate the 
same position in the dust lane, the 10-pm  surface brightness is 1.7 x 10“ ’̂ W m“  ̂Hz“  ̂arcsec”  ̂
through a 14 arcsec aperture. The ratio of flux densities observed at this position is therefore 
of order 20, and will not change by more than a factor of 2 from this value if averaged over a 
larger region in the dust lane.* In Table 1 we list lOjum/2.2 jum ratio for the dust lane excess 
of NGC 5128 alongside estimates of the same ratio for galactic H ii regions, normal stars, and 
the centre of M 82 (a well-studied region of star formation). It appears that the emission 
from the dust lane of NGC 5128 has a 2.2—10/im colour which is consistent with the source 
region being composed of an admixture of normal stars and H ii regions. The colour is 
similar to that observed in the much brighter area of star formation in the centre of M 82. 
We conclude that it is most likely that we are indeed looking at a region of recent star 
formation, as discussed for the dust lane by Rodgers (1978).

In order to discuss the structure of the region yielding the excess 2.2pm emission, it is 
necessary to consider the possible effects of extinction. The following analysis assumes that 
the emission regions lie largely behind dust clouds which contribute the bulk o f the redden­
ing; the reader should note that the effects of obscuration would be altered if the true 
geometry involved mixing of the emitting and absorbing material. The effects of reddening 
on the ordinate of Fig. 3 are greatest close to the nucleus o f the galaxy, where the difference 
between unreddened and dust lane reddened eUiptical stellar component dominates any 
contribution from sources associated with the dust lane. To investigate the plausibUity of the 
simple disc-like structure assumed by Telesco (1978), we will postulate the unobscured 
appearance of the dust lane excess to be one o f constant surface brightness from ^  = — 65

Table 1. flux ratios.

Object 10Mm/2Mni 
flux ratio

Reference

HII region 
Cen A dust lane 
M 82: 5.8" beam

M 82: 35" beam 
MOV star

300
20
20

10
0.05

Wynn-Williams & Becklin (1974) 
This paper.
Rieke et al. (1980)
Abolins et a/. (1979)
Kleinmann & Low (1970)
Bopp etal.  (1974)

*The region discussed here was measured at 3.5 /im in 1980 June by AJA and Ian Gatley o f the UK 
Infrared telescope (UKIRT), Hawaii. A 3 a upper limit o f 3.83 X 10'*° Wm"’ Hz"'arcsec'* was recorded in 
a 10.8 arcsec aperture. Chopping was 15 arcsec north-south and comparison o f alternate beam-switch 
pairs indicated that contamination caused by the gradient of the E  component o f  NGC 5128 was negligible.
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to +65 arcsec. We also suppose that the surface brightness should be the peak measured 
value in Fig. 3, corrected for 0.56 mag o f extinction [from van den Bergh \9 16 ,E {B -V)  =  
1.85], We then calculate the differential 2.2-jum extinction between the dust lane and the 
eUiptical component necessary to produce the observed differences in Fig. 3. The resulting 
values of extinction range from 0.22 to 0.36 between 20 and 70 arcsec north-west of the 
nucleus, and from 0.38 to 0.68 between 20 and 70 arcsec south-east of the nucleus. These 
values imply visible extinctions up to 7 mag; such have been inferred in visible studies by van 
den Bergh (1976). It is clear from inspection of photographs that the exinction is higher in 
the south-east. We conclude from this that the excess dust-lane emission we observe is 
consistent with there being stars formed into a disc-shaped feature centred on the nucleus of 
NGC 5128. We have insufficient information to assert whether the disc surface brightness 
shows a maximum or a minimum at the centre o f the galaxy; either situation could be fitted 
with realistic extinction values. The infrared map o f Fig. 1 shows that at radial distances 
greater than 70 arcsec from the nucleus, the excess emission stands out clearly against the 
elliptical background. Hence, the decrease in surface brightness with increasing radius seen 
in Fig. 3 is likely to be an intrinsic property of the disc, rather than an artefact o f extinction. 
We conclude that a disc structure, o f radius 80 arcsec or 2.0(Z)/5) kpc is consistent with our 
observations. It may be noted that the ‘ring’ o f H ii regions discussed by Graham (1979) Ues 
at a radius of 4.1 (D /5) kpc, well outside the 2.2-pm disc.

The total (unobscured) 2.2-pm  flux from the dust-lane feature can be estimated on the 
basis of the disc structure postulated above. The excess flux from the 18-arcsec strip, from 
R  = —80 to +80 arcsec along position angle 119° is 4.5 x 10"^  ̂W m“  ̂Hz“‘, corresponding 
to an integrated apparent magnitude of 7.8. The corresponding 2.2-pm magnitude of the 
spheroid component is 3.75, obtained by integration o f de Vaucouleurs’ law (see. e.g., van 
den Bergh 1976) using the constants determined earlier. It appears therefore that the feature 
we observe in the dust lane would contribute about 2 per cent o f the unobscured 2.2-Aun 
luminosity of NGC 5128.
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ABSTRACT
Near-infrared (1.2-2.2 micron) and optical (V) surface 

brightness measurements across the faces of a sanple of nearby 
galaxies have been obtained using a number of instrumental 
techniques.

N3C 2683, 4565, and 5907, seen approximately edge-on, were
observed with a widethrow-chcpplng infrared photometer designed by 
Dr. D.J.Adams; simultaneous optical data were obtained for two of 
these. Chapter 3 details the results of these observations, the necur- 
infrared measurements providing obscuratiŒi- free estimates of the 
scale sizes of the edge-on disks, and the optical-infrared colours 
being used to place constraints on possible mechanisms for the 
production of spatial colour-index gradients.

The remaining two observational chapters deal with infrared 
measurements of N3C 5128 (Cen A) and NGC 5236 (M 83), made with the 
Anglo-Australian Telescope infrared photometer. These chapters are a 
chronological record of the move towards DC-mapping techniques, vhich 
were tried tentatively for Cen A, and then used exclusively in 
observing M 83. The optically-dark lane of NGC 5128 is seen to 
contain an emission feature at 2.2 microns, and this is interpreted 
as a region of active star-formation. M 83 is a face-on spiral; maps 
at 1.2, 1.65 and 2.2 microns are presented, all showing well-defined 
spiral structure (never before detected at 2.2 microns), identified 
as a "density wave" in the stars of the old disk, vhich may drive the 
star-formation responsible for the optical spiral pattern.

Chapter 1 gives a brief review of some of the outstanding 
problems of extragalactic astroncny, and details the uses of infrared 
observations such as appear in the subsequent chapters.


