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ABSTRACT

A colour—-magnitude diagram of 7889 stars brighter than B=18.0 is
obtained for a low—absorption window of approximately one degree
centered on the globular cluster NGC 6304 (1=356°, b=+5°; Z~0.6 kpc).

Two plates, (103a-0+GGl3 and 103a-D+GGl4) taken with the 1.5-m
CTIO telescope, were digitized and the data reduced to V magnitudes and
B-V colours. The resulting colour-magnitude diagram reflects a range
of metallicities but with a strong metal rich component. An excess of
bright and of faint blue stars is present; the latter appear to be blue
horizontal branch stars. Complementing the blue horizontal branch
stars are red horizontal branch stars. At intermediate colour is an
excess of stars which may be metal-rich red horizontal branch stars in

the disk.
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CHAPTER 1

INTRODUCTION

The study of diverse stellar populations and their
distribution took its start in 1944 with Baade, who proposed the
concept of stellar populations noting that young, blue, metal-rich
Population I stars occupied the disk and spiral-arm regions, while
old, red, metal-poor Population II stars occupied the central
regions of galaxies. Subsequent studies have altered and
supplemented this view. At present the picture is of a disk
component composed of Population I stars, generally young and
metal rich, intermixed with dust and gas, and a spheroidal
component, a halo of Population II stars, all old and metal poor.
Within the spheroidal component is a nuclear bulge containing
stars which correspond to neither the Population I nor 1II
classification, since they appear to be generally old and high in
metallicity.

Knowledge of the distribution of stellar types is essential
in the realization of how galaxies form and evolve. As a
consequence of the great distances between galaxies, observations
of stars in our own Galaxy are a primary source of information;
the study of the central region has become particularly important.
Models of elliptical galaxies and bulges of spirals (earlier than
Hubble-type Sc) have assumed that solar-neighborhood and
globular-cluster stars are sufficiently representative of the

total population; but studies of the stellar distribution and



composition in the direction of the galactic centre indicate that
this is not so.

Direct observation of the galactic centre would be
impossible because of dust in the plane were it not for a few
"windows"” (regions of relatively low absorption along the line of
sight) discovered over the years. In describing the large-scale
features and trends in populations, broad-band photometry is very
useful. The first investigations of this type were carried out by
Arp (1965), van den Bergh (1971) and van den Bergh and Herbst
(1974) through low absorption windows at latitudes of -3.9° and
-8.0°. Their colour-magnitude diagrams portrayed a region
populated primarily by very old giants whose metallicities range
from moderate (47 Tucanae) to metal-rich (NGC 188). In this
current 1investigation, a greater number of stars photographed
through a new window at a positive latitude are utilized to
confirm their findings and to provide more evidence of a suspected
metal-poor component.

In Chapters 2 and 3, respectively, the data and the reduction
are described. Two plates, 103a-0+GGl3 and 103a-D+GGl4, were
exposed on the 1.5-m telescope at Cerro Tololo recording a region
centered on the metal-rich globular cluster NGC 6304 in the
direction 1=356°, b=+5°. The direction and low reddening of this
field imply a window whose 1line of sight passes through the
galactic bulge within 0.6 kpc of the centre (assuming a distance
of 7 kpc to the galactic centre from the Sun). Earlier work

(reddening, NGC 6304 and RR Lyrae variables) in this field has



been done by Hesser and Hartwick (1976) and Hartwick, Barlow and
Hesser (1981). The plate images were digitized with the Dominion
Astrophysical Observatory microdensitometer and processed on the
VAX 11/750 in the Physics Department at the University of
Victoria. In Chapter 4 the observations for all the uncrowded
stars in an area of approximately 0.85 square degrees with B
magnitudes brighter than 18 are analyzed via colour-magnitude
diagrams and colour distribution plots with reference to a galaxy

model program by Bahcall and Soneira (Bahcall 1986).



CHAPTER 2

OBSERVATIONS

2.1 PHOTOGRAPHIC DATA

The data for this project came from two plates which covered
approximately one degree of sky centered on the metal-rich
globular cluster NGC 6304 at 1=356°, b=+5° ( «(1950) = 17"13%,
8(1950) = -29°26'). Hesser and Hartwick (1976) had determined the
reddening in this field to be E(B-V) = 0.58+0.05 mag. Given its
direction, relatively 1low reddening and the relatively high
frequency of field RR Lyrae stars this field may reasonably be
considered to be a window into the nuclear bulge of the Milky Way
Galaxy.

Both plates had been exposed on the Cerro Tololo
Inter-American Observatory's 1.5-m telescope; the £/7.5 focal
ratio produced a plate scale of approximately 18.3"/mm.
Particulars about each plate are given 1in Table 1, and a

photograph of the field is shown in Figure 1.

2.2 PLATE DIGITIZATION

The images were digitized with the PDS microdensitometer of
the Dominion Astrophysical Observatory, which was set in density
mode (density = log(transmission)). A 17-pm square aperture was

selected in conjunction with a 15-pm stepsize. (Each resolution



element will henceforth be referred to as a pixel.) In order that
no area on the plate would deliver a negative reading (lowest
reading actually possible is zero) the photomultiplier voltage was
set to give a value of approximately 0.10 density units for the
clearest areas on each plate. Data were stored on magnetic tape
in 16-bit format at 800-bpi density and later compressed to
1600 bpi.

For scanning, the plates were subdivided into nine
sections. Because of tape length limitations it was necessary to
scan these sections in two parts, each with an area of 4100x2100
pixels and overlapping by 100. A further overlap of 100 between
sections ensured that no stars were missed if a plate was
repositioned. In total the area scanned covered 181500x181500 pm?
or 12100x12100 pixels. Furthermore, thirty-nine photoelectric
standards from Hesser and Hartwick (1976) were periodically
scanned in individual 100x100 pixel scans.

Each section scan required less than five hours to record and
was preceded and followed by a scan-series of standard stars. The
standards were used in positioning plates and in monitoring lamp
voltage and/or amplifier drift. Some problems were encountered
during the storage of data for the V plate that effected the loss
of 1solated scan lines. During the reduction, software
corrections were applied to these areas (Section 3.2.1). 1In Table

2 is a l1list of all the scans recorded.



Figure 1: Field Surrounding NGC 630k.

The sections scanned are indicated. (North is to the

right.)



TABLE 1

PLATE CHARACTERISTICS

B Plate V Plate
Plate No. 2112 2123
Date 16/17 June 1972 16/17 June 1972
Exposure 30 min 30 min
Emulsion 103a-0 103a-D
Filter GG13 GGl4
Seeing 1?5 - 2" 17 - 2"




TABLE 2

RECORD OF PLATE SCANS

B Plate V Plate

Scan Origin (um) Scan Origin (pm)

X b 4 X b 4

standards 1b - = standards lb - -
section 1 0 15 section 1 (%) 0 15
0 30015 0 30015

standards le - = standards le2b = .

standards 2b - -

section 2 -1 60015 section 2 0 60015
0 90015 0 90015

standards 2e3b = - standards 2e3b - -
section 3 0 120015 section 3 (*) 0 120015
0 150016 0 150015

standards 3e4b = = standards 3e4b = -
section 4 60000 15 section 4 (*) 60000 14
60000 30015 60000 30015

standards 4e5b - = standards 4e5b = -
section 5 60000 60015 gection 5 60000 60015
60000 90015 60000 90015

standards 5e = = standards 5ebb - =




TABLE 2 cont.

B Plate V Plate
Scan Origin (pm) Scan Origin (pm)
X y x y
standards 6b = —
section 6 60000 120015 section 6 (*) 60000 120015
60000 150015 60000 150015
standards 6e7b = = standards 6e7b = -
section 7 120000 15 section 7 120000 15
120000 30015 120000 30015
standards 7e = - standards 7e8b - -
standards 8b - =
section 8 120000 60015 section 8 120000 60015
120000 90015 120000 90015
standards 8e9b - = standards 8e9b = -
section 9 120000 120015 section 9 120000 120015
120000 150016 120000 150016

standards 9e

standards 9e -

b Scan done at beginning of given section scan.

e Scan done at the end of given section scan.

* Section suffered loss of some data.



CHAPTER 3

DATA REDUCTION

3.1 OVERVIEW

The data reduction process consisted of four main stages
which are outlined here. The first stage was to detect and
measure stellar images, which was accomplished with the R2D2
software package. R2D2 is a two-dimensional picture processing
package coded and made available by C. Pritchet; this package is
augmented with a faint object photometry package coded by L.
Infante. It is implemented on a VAX 11/750 and interfaced with an
12%s image processing system in the Physics Department of the
University of Victoria. Both the scan—-series of standard stars
and the section—scans of program stars were processed identically
with R2D2. R2D2 provides coordinates for each image in a local
system; the second stage was to convert these coordinates to
microns which would indicate relative positions on a plate and to
transform image positions from one plate to another. Initially,
stellar images were located on the B plate, then their positions
transformed to the V plate using the coordinates of standard
stars. The third stage was to calibrate each section of program
stars. R2D2 measurements of standard stars were taken in pairs of
scan-series bracketing a section to determine for that section the
transformation parameters. The initial transformation was from

the instrumental photographic magnitudes to the apparent

10




photoelectric magnitudes; the second, to the standard (V, B-V)
system. In the fourth and final stage the images were tested for
their acceptability as uncrowded, single stellar images with B
magnitudes brighter than 18. The results from bracketing
scan—-series of standards supplied the relations between the R2D2
measurements of brightness, size and central compactness. The
final observations of the program stars have been tabulated in a

catalogue and displayed in a colour-magnitude diagram.

3.2 R2D2 SOFTWARE

R2D2 software was used to detect images on the photographic

plates which were then measured for brightness, size, and

compactness (or central concentration). The algorithms, which are .

modifications of techniques put forth by Kron (1980), are briefly
described in these subsections. Further descriptions and test
results may be found in Infante's thesis (1985). It should be
noted that the R2D2 routines were written with the intention of
dealing with intensity data and that operations (e.g., sky
subtraction) described here are normally performed on intensities;
however, since sensitometer spots were not present on the
photographic plates employed in this analysis, the routines were
necessarily applied to density data. Any discrepancies were taken
care of in the calibrations with photoelectric observations of the

standard stars.

1




3.2.1 DATA FRAMES

R2D2 operates on data arrays or frames with a maximum size of
500x500 pixels. Each standard star 1is contained within a
100x100-pixel frame, while each plate section is divided into one
hundred 500x500-pixel frames. These latter frames overlap by 100
pixels so that no stars were lost to processing because they fell
too near a frame edge.

As was mentioned earlier a number of scan lines were lost.
To correct for these, pieces of the problem frame were read in,
shifted, and added together. The missing 1lines were then
identified and filled in via a linear interpolation routine in
R2D2 using the rows on either side of the gap. In most cases only
one line is missing in any one place, although as many as three to
five may be lost in any particular frame. In one instance, three

consecutive lines were lost.

3.2.2 1IMAGE DETECTION

An algorithm is available which detects images of objects and
determines their positions. A second, centroid-finding routine
improves these locations since the photometry routine in R2D2
requires accurate positions. In the data reduction process
decided on for this project images were first located from the B
plate scans and accurate centroids determined for them. For V

measurements these positions were transformed and centroids

12




re—-determined. The standard stars were handled in a manner
similar to that for B plate images; however, for very faint
standards it was necessary to lower the detection threshold or
even to mark their positions manually.

Before implementation of the detection command, the data
frames were compressed by a factor of two and the sky background
removed with the purpose of increasing efficiency without loss of
precision. The detection algorithm makes an initial pass over the
frame noting any pixel with a value greater than all of its
nearest neighbours as a candidate. On each candidate is centered
a rectangle composed of three square subareas; the size of a
subarea is defined to be comparable to that of the largest star.
Within the central subarea an aperature is drawn (smaller than the
smallest star in order to avoid sky) defining the potential
image's intensity. Local background is the average of the two
lowest subarea intensities. The positions of all candidates with
a signal-to-noise ratio greater than a given threshold are stored
in a file. Since multiple findings of an object are possible, all
hits within a radius comparable to the seeing disk are merged.

Tests to determine the appropriate choice of parameter values
were carried out on a 500x500 frame containing five standards with
B magnitudes ranging from 11.71 to 18.37. Most critical are the
detection threshold and the subarea dimensions. The object was to
detect all images with a B magnitude brighter than 18 magnitudes,
simultaneously, minimizing the number of faint images found and

the number of multiple detections made. 1In the end a signal-to-

13



noise threshold of 15 was coupled with a subarea size of 15x15
pixels and an aperture size of 5x5 pixels. All findings within a
radius of 3 pixels were to be merged and approximate centroids
were to be determined within a 7x7 pixel box.

The algorithm whereby these positions are improved is based

on an intensity-weighted numerical integration. The centroids are

defined by
[ x(1(x,y)-1) dA
=T (1(x,y)-1_) dA
and
[ y(1(x,y)-1)) dA
Jo ©

[ (1(x,y)-1,) dA

where I(x,y) 1is the intensity of the pixel at coordinate position
(x,y), Is is the background value per pixel, and dA is the area
element. The integration begins at the maximum-valued pixel
within a box and continues to an isophotal radius 4c above the sky
background level. A box size of 45x45 was judged to be the best
choice for implementing this centroid-determination routine, which

was performed on the original data frame.

3.2.3 IMAGE MEASUREMENT

A moment algorithm, defined below, measures images and stores
the results 1in a disk file: original position coordinates,
statistical moments (r;,, r-,), image brightness (total 1light

contained within an aperture of radius 2r;, pixels), number of

14



pixels summed over in brightness determination, sky level per
pixel, noise in sky value, and number of pixels involved in sky

determination. The first moment of the image, r,, is defined by

r
[,"P rg(r) dr
rl E b}

r
J1"P g(r) dr

where g(r) = 2nrI(r) is the amount of light within an annulus of
width dr and I(r) 1is the total intensity at radius r. The
parameter r; 1s a characteristic radius weighted by the 1light
distribution function g(r) and as such depends neither on sky
background nor signal-to-noise ratio. Ordinarily, r, is a linear
function of magnitude; however, since bright photographic images
are saturated the light distribution function underestimates the
total amount of light whereby the relation becomes nonlinear. The
r-, moment is a statistic strongly weighing central light and is

therefore a measure of an image's compactness. It is defined by

b 3
1 [,"P r2g(x) ar

T r
(r‘2)2 jlup g(r) dr

Intended as a star/galaxy separator, r-, proved to be useful in
the verification of true single stellar images; a star is defined
as any object possessing a 1light distribution function
indistinguishable from that of a point spread function. As was
the case with r;, r-, 1s a nonlinear function of magnitude for
bright stars; still, a linear relationship exists between r; and
r-,. Of the two, r; is the less precise moment because of noise

at large radii.

15



The photometry algorithm operates on a circular area of fixed
radius centered on each image, in isolation from the rest of the
frame. The area is divided into two concentric parts: an outer
annular region and an inner circular region. An 1iterative
calculation provides the level of sky background level from the
outer region: pixel values deviating by more than 2.lcg are
removed from the mean of the distribution until a stable result is
attained. Photometric calculations are performed within the inner
region: after the sky value calculated is subtracted from each
pixel, a summation executed over a number of annuli produces the
total light for the object. Kron suggests that a photometric
aperture of 2r, would produce the best results with a minimum
amount of light missed. As an option, excision is available for
separating blended images and for extracting image irregularities
(bad pixels). Each annulus within the inner region is sectioned
and the sector intensities inter-compared; values with a residual
greater than a given tolerance are replaced by a suitable weighted
mean of the uncontaminated sectors.

Tests with the aim of deciding on the most appropriate set of
parameter values were performed on two full-size data frames and
the accompanying scan—-series of standards. Parameters were
desired which would produce consistent measurements for stars
brighter than 18 magnitudes, as well as a means to extirpate
contaminated or nonstellar images. To accommodate diverse image
sizes the upper limit of integration, rup, was defined to be that

radius at which g(r) 1is 1%Z of the sky level. A diameter of

16




50 pixels was selected for the working area and a width of
1 pixel, for the annuli summed over. Since the sky annulus should
be 1larger than most 1images but not so large as to sample
background fluctuations, inner and outer diameters of 45 and 60
pixels, respectively, were settled upon. The excision routine was
implemented to commence at four pixels from the image with eight
sectors per annulus; thereby, sectors would contain a
statistically significant number of pixels. The tolerance level

for acceptance of a sector measurement was l.50.

3.3 POSITION DETERMINATIONS

During the course of R2D2 processing, each image had been
provided with =x- and y-pixel coordinates indicating position
within a data frame; also, each frame had been provided with x-
and y-micron coordinates 1indicating position upon a plate.
Recalling that the scanning stepsize or distance between pixels
was 15 microns, the conversion from pixel- to micron-coordinates
was a simple calculation.

The transformation of image positions from B-plate frames to
V-plate frames was more complicated. Section by section, pairs of
standard star positions from bracketing scan-series were averaged
and from three well-separated, well-defined standards a set of
transformation parameters was obtained: scaling factor, rotation
angle, and x- and y-translations. In consequence of overlapping

between plate sections and the inexact re-positioning of the

17




plates, a transformation of images was attempted from any B-plate
section which may overlap a given V-plate section. Additionally,
since coordinates for V-plate images were altered by the centroid-
finding routine, a file containing B- and V-plate coordinates was
created and continually altered to keep pace with alterations;

its purpose, to correlate observations between the plates.

3.4 CALIBRATION

The photometric sequence originates with Hesser and Hartwick
(1976). Comprised of thirty-nine stars within 10 arcmin of NGC
6304 it extends over the range 10.2 < V < 19.1 and 0.80 < B-V <
2.22. The photoelectric observations had been transformed with
errors less than 0.02 magnitudes. In Appendix B the relative
positions of the standard stars are 1illustrated and their
photoelectric observations are listed in Table 3.

Mihalas and Binney (1981, page 57) had stated that the
combination of "the high precison of photoelectric photometry and
the enormous information capacity of photographs (allows one) to
determine relatively accurate magnitudes ... for large numbers of
stars”. To this end, an initial calibration was executed with the
purpose of determining “"photoelectric” magnitudes from the
photographic data, i.e.,

Tpe ~ T [mpl
where m 2 is the apparent photoelectric magnitude and mpg is the

instrumental photographic magnitude. In actuality, since the

18



photoelectric magnitudes are more precise, the 1inverse was
curve-fitted (quadratically) and the solution inverted. Such a
solution was obtained for each section from measurements of its
bracketing standards; each point treated independently (Figures
2a,b). (Although values of standards scanned before a section
differ from values of those scanned afterwards, no systematic
variances were apparent.) Occasionally, very faint standards were
handled poorly by the R2D2 software because parameters for the
commands were selected with bright stars (< 18 mag) in mind;
fortunately, they did not seriously affect the calibration curves
outside their domain.

Before proceeding with the second series of calibrations, the
photometric results of standards for a section were averaged and

the solutions of the first calibration applied, (mp* m_ [ DR

m
pe" pg
For the first colour transformation a straight line was fitted to
= c + ¢,(B-V
peps 9 1BV e
(Figure 2c). Rearranged, the solution yields final colours:

(B‘V)pe = {B~¥)

CO + (B-V)

(B-V)f - pepg’

l-Cl

which were then used in the solution of the second transformation:

\' \'
pe pepsg
(Figure 2d). Rearranged, this solution yields final V magnitudes:

= ¢g t+ ¢ (B-—V)f

The calibration solutions for each plate section are given in
Appendix A, Table A-1. 1In Table 3 are the averaged photographic

observations of the standards as obtained via the calibrations.
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For some standards the differences between the photoelectric and
photographic measurements are large, probably a reflection of
crowding and high sky background. The photographic measurements

for each standards obtained from different section calibrations

are internally consistent.
3.5 UNCERTAINITIES
3.5.1 IMAGE TESTING

Not all the images processed were uncontaminated stellar
objects with a B magnitude greater than 18. Plate flaws (e.g.,
scratches, smears) are one obvious source of trouble; they may
have been accepted.as images by the R2D2 routines. More commonly,
very faint stars in this crowded field may not have responded well
to R2D2 command parameters selected in consideration of bright
stars. Crowding may have caused positions to be pulled off centre
and may also have affected photometric measurements. Moreover,
multiple or close stars may have been treated as single stars.
The excision option in R2D2's photometry command 1is not a very
sophisticated algorithm in terms of coping with a high degree of
crowding as was present in the plates used in this research.

In order to extirpate dubious images, a routine was devised
to test the R2D2 measurements of brightness (sum of total light),
size (r;) and compactness (r-,). From the results for each

section's bracketing scan-series a linear least-squares solution

20




was determined between r-, and sum, and between r; and r-,.
Section by section the image measurements were compared against
these fits and all those images with deviations greater than three
standard deviations were rejected. 1In addition to this automatic
testing, 1images with unusually low background, presumably lying
near a plate edge, were removed. Table A-2 in Appendix A
displays the solutions obtained from the standards; Figures 3 and

4 1llustrate how these tests were applied.
3.5.2 UNCERTAINTY ESTIMATES

The R2D2 commands do not produce estimates of errors for
their results; therefore, a comparison of differences between the
results from a plate section's beginning and ending pairs of
scan—-series provided an indication of the reproducibility of
R2D2's measurements. Within each section the differences were
averaged, then the mean differences and standard deviations were
determined for the B and V plates, respectively: for x and y
positional coordinates: Ax = 1.38%15.45, 0.04%*7.66 microns and
Ay = -3.84%15.61, -12.91%*24.18 microns; for the r;, and r-,
moments: Ar, = 0.02%0.49, 0.01%0.52 pixels, Ar_, = 0.01£0.18,
-0.00+0.18 (pixels‘z); and for the photographic 1instrumental
magnitudes: Ampg = 0.00%0.11, 0.00*0.16 magnitudes.

Although there was disagreement between photoelectric and
photographic measurements of the standards, the uncertainties are

not on the scale of the colour-magnitude diagrams which were
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derived. The mean magnitude and colour deviations are
-0.001*+0.161 and 0.007%+0.129. Moreover, since the program stars
are accepted to be at varying distances well-defined sequences are
not forthcoming. The large number of stars 1s of greater
significance for the manifestation of trends and features.

As was mentioned earlier, tape problems lead to the loss of
scan lines, which were subsequently corrected for. An
investigation 1into the effect of replaced 1lines on stars of
various brightnesses indicated magnitude differences of less than

two percent.

3.6 FINAL RESULTS

Once the R2D2 processing and testing had been completed a
file containing the measurements from the photometry routine
existed for each plate section as well as a set of calibration
parameters. Section-by-section, the files from each plate were
combined and transformed, producing a final 1list of coordinates, V
magnitudes and B-V colours for 7977 non-crowded, uncontaminated
stellar images with B magnitudes brighter than 18. This catalogue
is contained within Appendix B.

The colour-magnitude diagram resulting from the data and its
reduction can be viewed in Figure 5a. The second figure (Figure

5b) indicates those stars observed that lie within a region, 4' in

diameter, surrounding the cluster NGC 6304. These stars were

removed from the observation lists before analysis of the results.
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TABLE 3

PHOTOMETRIC SEQUENCE

Star Photoelectric Values Photographic Values No. of
\ B-V \Y B-V  Measures

A 10.25 1.22 - -

H 10.70 1.01 - -~

) 11.47 1.40 11.68 1.21 9
5 14.88 0.93 14.75 1.06 9
7 13.95 1.65 14.19 1.56 9
9 18.95 1.63 - -

10 16.28 1.49 16.17 1.47 9
11 18.73 1.43 - .

12 17.47 1.81 17.52 1.81 3
13 15.35 1.51 15.30 1.59 9
14 17.15 1.17 17.30 0.99 8
15 16.61 1.61 16.61 1.56 7
16 13.57 1.01 13.82 0.76 9
17 13.88 2.01 14.20 1.75 9
18 18.87 1.47 - -

21 16.04 1.02 15.92 1.09 9
24 15.46 2.00 15.32 2.05 9
29 15.48 0.92 15.24 1.03 9

30 16.55 1.04 16.49 1.00 9




TABLE 3 cont.

Star Photoelectric Values Photographic Values No. of
\' B-V \Y B-V  Measures

31 15.16 2.09 15.28 2.14 9
33 14.21 1.66 - -

34 15.27 0.81 15.04 0.95 2
35 17.07 1.30 16.76 1.40 2
36 13.31 0.80 13.45 0.70 8
38 18.28 2.22 18.25 2.01 3
40 19.15 1.65 19.30 1.75 1
41 15.35 2.09 15.25 2.06 9
42 17.71 1.73 17.66 1.69 9
43 15.21 1.56 15.14 1.70 9
44 13.83 1.15 13.93 1.15 9
45 17.14 1.14 16.94 1.22 7
51 16.04 1.12 15.95 1.11 2
52 16.55 1.87 16.50 2.10 9
53 15.50 1.74 15.40 1.92 a
54 14.09 2.17 14.35 2.05 9
55 16.07 1.93 15.90 2.14 9
56 15.54 0.95 15.36 1.04 9
57 16.48 1.69 - -

58 15.09 2.12 15.17 2.17 9
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CHAPTER 4

ANALYSIS

4.1 COLOUR-MAGNITUDE DIAGRAM

The colour-magnitude diagram of Figure 6 reflects the
observations of 7889 stars at 1=356°, b=5°. The general features
indicated by 1letters are noted here for subsequent discussion.
The most apparent is a band extending up and left from V=1l7.,
B-V=1.0 (A); at the upper end of this band (B) are a number of
unusually bright blue stars. Below is a band of faint blue stars
extending blueward from V~17., B-V~0.7 (C), the region in which RR
Lyrae variables at the distance of the galactic centre are
expected (D). Moving along the lower edge large concentrations
are visible centred on B-V=~l.1 (E) and on B-V~1.8 (F), then a
rather abrupt end occurs at the red edge of the observations.

Finally, an excess of stars appears at intermediate colour (G).

4.2 BAHCALL-SONEIRA GALAXY MODEL

Bahcall and Soneira have developed a program which predicts
numbers of stars in colour intervals for a specified magnitude
range as contributed by disk and spheroid components for arbitrary
directions in the galaxy. Comparisons with observations have

convinced them that this is a reasonable first generation model.
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The program has been compared with observations to a latitude of
20° and tested to a latitude of 10°. Difficulty in going lower
arises from the patchy obscuration present in the disk. Bahcall
in an upcoming review paper (1986) has written a description of
his model, its parameters and its application; the major points
will be noted here.

The disk component is constructed employing a density law
exponential both in scale height and in the cylindrical radial
coordinate. The z scale height for main sequence stars range from
90-325 pc and for old stars it is the single value of 325 pc; the
radial scale length is 3500 pc. The luminosity function is
Wielen's (1974) with a bright—-end cutoff of Mv=-6 and a faint-end
cutoff of +16.5; between Mv=12.5 and 16.5 the function is assumed
to be constant. The colour—magnitude. relation for the old
galactic cluster M67 serves for the old disk (giant) stars.

The spheroid component 1is constructed employing a
de Vaucouleurs rl/" density law with an ellipticity of 0.80, an
effective radius of 2.67 kpc and a normalization factor of halo to
disk stars of 0.002. For the spheroid the disk Iluminosity
function was adjusted to match the observations of globular
clusters with a bright-end cutoff at MV=—3. To accommodate
diverse metallicities a choice of colour-magnitude relations are
available (M67, M3, M5, M13, M15, M92, 47 Tucanae) —— neither blue
nor red horizontal branch stars are included.

For comparing observed and modelled colour distributions

Bahcall devised a rough rule. Any particular feature must extend
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over at least 0.2 magnitudes in colour and on the order of 20% is
allowable in the number of stars in any given colour bin. His
studies have demonstrated how rapidly counts and distributions

vary with magnitude range, colour range, and viewing direction.

4.2.1 MODIFICATIONS

Before applying this model to these observations some
alterations were made in parameter values, in reddening
(absorption) and in the addition of a thick disk component.

From a range described by Bahcall and Gilmore (Bahcall 1986)
and Whitford (1985) values of parameters affecting the disk were
selected, in consideration of the relative abundance of giant
stars with respect to main sequence stars and of the shape of the
colour distribution peaks for main sequence stars. The results
are a disk scale length of 4000 pc and a galacto—centric distance
of 7000 pc. The spheroid parameters were set at their Ilower
limits: ellipticity 0.80, effective radius 2.67 kpc, and disk
normalization 0.00125. Increasing these values increases the
number of stars but has 1little effect on the distribution in
either the colour-magnitude diagram or the colour-distribution.

As mentioned previously the model had only been tested to a
lower latitude of 10° because of uncertainty in dealing with the
irregular obscuration present. The program utilized a modified
cosecant law to compute the amount of absorption to be added at

each distance interval; to get the reddening the absorption was



divided by three. A comparison with reddening observations
(Hesser and Hartwick, 1976) indicate that this law 1is not steep
enough within the dust layer of the disk and too high above this.
A new law has been drawn based on the above observations rising
from zero to 0.23 magnitudes of reddening at a distance of 225 pc,
then more slowly to 0.49 magnitudes at 900 pc, continuing up to
the edge of the dust layer. Above the dust layer the reddening
has been arranged to slowly meet the predicted maximum above the
galactic centre, otherwise the number of disk giants would have
been much too large if a constant reddening value of 0.58
magnitudes had been adopted. Figure 7a illustrates how the
exponential reddening differs from that derived from observations.
In Figure 7b this difference 1is reflected in the colour
distribution of the disk component. This modification causes a
decrease in the number of stars at the blue and red edges of the
distribution in conjunction with an increase in the number of
stars in the centre (1.0 < B-V < 2.0). In effect the stars are
redistributed towards intermediate values of colour.

A third alteration is the addition of a thick disk component
as prescribed by Gilmore (1984). 1Its construction combines an
exponential density (scale height 1300 pc) with a spheroid
luminosity function and the colour-magnitude relation of 47 Tuc.
With a disk normalization of one percent it contributes 1little
and it has no features which would easily distinguish it from the
other components; still, it 1is 1included for the sake of

completeness.
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4.2.2 APPLICATION

Application of the Bahcall-Soneira model was carried out in
two stages corresponding to the two main components. The
discussions which follow are closely related to numerous figures.
Figures 8a and 8b display colour-magnitude diagrams constructed
from the respective model predictions of the disk and thick disk
with random coordinates. The colour distribution plot of Figure 9
illustrates the relative levels of the disk and of the thick disk
projected against the observations. In Figures 10a and 10b are
colour-magnitude diagrams 1llustrating which observed stars
corresponded to either the disk or thick disk and the result of
removing them. Colour-magnitude diagrams of the observations (the
same as in Figure 7) and of the disk and thick disk combined with
different spheroids (M92, M13 and 47 Tuc) are in Figure 11;
colour-magnitude diagrams of the observations less the disk and
thick disk (the same as in Figure 10b) and of the different
spheroid components are in Figure 12. Finally, Figure 13 contains
colour distribution plots which show the relative shapes and
heights of the observations and the different spheroid components
with and without the disk and thick disk. (The sum of the disk
and thick disk components is included for reference.)

First, the disk and thick disk components are considered and
subtracted from the observations. Both the modelled disk and the
observations colour-magnitude diagrams reveal a common

concentration along the faint cutoff at B-V#1.0 and the main
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sequence-giant valleys coincide near V=16, B-V=1.35. In contrast,
the observations show a gap over magnitudes 15.5 to 16.5 and
colours 0.5 to 0.7, and a sharper, steeper main sequence. Also
apparent in the observations 1s an excess of bright, blue stars
and a deficit of fainter, red stars. Stars were randomly removed
from the observations using the predicted counts in bins of
dimensions 1.0 mag in V and 0.2 mag in B-V.

Second, the spheroid component is considered. Ordinarily,
spheroid stars resemble those in the globular cluster M13;
however, near the galactic centre stars tend to resemble those of
the relatively metal rich cluster 47 Tuc. For comparison purposes
a range of metallicities are presented here: from metal-poor M92,
to moderately metal-poor M13, to moderately metal-rich 47 Tuc.
The modelled colour-magnitude diagrams and colour distributions
display the steady progression from blue to red and from bright to
faint with metal poor to metal rich. It should be noted that
the main concentration of 47 Tuc-like stars lie on the faint-
magnitude cutoff; thus, the appearance of this spheroid is
distorted and 1is sensitive to altefations in absorption and
reddening. The figures display a full range of metallicities,

although the dominant type is definitely metal rich.

4.3 DISCUSSION

Because of the range of metallicities and the distortion of

47 Tuc the spheroid has not been physically removed from the
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observations; nevertheless, a comparison between the diagrams
and histograms in Figures 11, 12 and 13 should facilitate a
mental subtraction suitable for further discussion of what is left
or, in other words, what the Bahcall-Soneira model does not
include. On the colour-magnitude diagram of the observations from
which the disk has been removed (upper left of Figure 12) the
regions noted in Section 4.1 and Figure 6 are indicated.

Still visible are the bright blue stars (B). If at the
distance of the galactic centre they would have an absolute
magnitude of less than -2.0 and an intrinsic colour of less than
0.0. With such blue colours they may be connected to ultraviolet
excesses detected in the bulge of this and other galaxies
(Whitford, 1985) as may be the faint blue stars below.

These faint blue stars apparently form a branch (C) extending
blueward from the RR Lyrae gap (D) which has been positioned at
the distance of the galactic centre (Sandage 1983). This is where
blue horizontal branch stars are expected to lie. Bahcall (1986)
had found the number of blue horizontal branch stars 1in the
spheroid to be 1less than in a conventional globular cluster.
Although there appears to be a similar deficit here, because of
the faint-magnitude cutoff at B=18 mag only the upper edge of the
blue horizontal branch may be visible; therefore, no conclusions
may be drawn.

As mentioned earlier the observations show a gap between the
bright and faint blue stars which is not visible in the modelled

results. Whereas the model predicts about 400 stars, there are
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only about 200 in this region. The reason for this difference is
unclear.

On the other side of the gap (E) is a concentration of stars.
With blue horizontal branch stars one may expect a red horizontal
branch; this concentration may also include bright subgiants and
other giants. The second concentration (F) reflects the metal-
richness of the bulge. A lack of red stars is obvious in contrast
with the modelled spheroids. It has been suggested that super-
metal-rich stars suffer unusual line blanketing effects causing
them to seem hotter yet fainter (Frogel, Whitford and Rich, 1984).
Stars from Arp's (1965) study found to be super-metal-rich by
Whitford and Rich (1983) were located on this colour-magnitude
diagram of this study. After adjusting the apparent magnitudes
and colours they weré found to lie in a thin strip (* 1 magnitude)
about the faint-magnitude cutoff between B-V's of 1.55 and 2.41.
The general appearance of the right side (F), as noted earlier,
reflects the presence of predominantly metal rich stars such as
those in 47 Tuc. For example, the reddest observational peak (or
concentration) between B-V values of 1.8 to 2.0; M92 peaks at 1.3
to 1.4, M13 at 1.4 to 1.6, and 47 Tuc at greater than 1.6. Above
the faint magnitude cutoff is where most stars seem to congregate
as do 47 Tuc-like stars; yet, a fair number 1lie above the
concentration reflecting the presence of a metal-poor component.

The central feature (G) 1is puzzling. Possibilities
considered include a main-sequence turnoff and a red giant clump.

Table 4 presents the absolute magnitude and intrinsic colour
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ranges of these stars if they were assumed at different distances
along the 1line of sight. A consultation of main-sequence
turnoffs 1in open clusters (Mihalas and Binney 1981, page 105)
indicate that the magnitudes here are too faint and the colours
too red for any match. The closest would be stars resembling
those in a cluster older than M67. Main sequence turnoffs in
globular clusters (Sandage, 1983) fall in the region Mv =43 to +5
and (B-V), = 0.3 to 0.7. Another possibility is a clump of red
gliant stars observed in old open clusters near Mv = +1.0,
(B-V)y, = 1.0 (Cannon, 1970). These stars may be the metal-rich
version of red horizontal branch stars found in globular clusters.
Once again no clear match stands out; the intrinsic colours are
too blue or the magnitudes too faint for the appropriate colour.
However, a glance at the colour-magnitude diagrams and colour
distribution plots involving the modelled disk component (Figures
8a and 9b) indicate general similarities in the placement of the
clump between main-sequence stars and normal disk giants, and
above the latter. 1In globular clusters metal-poor red horizontal
branch stars are located near MV = +0.5, (B-V), = 0.5 (Sandage,
1983). It seems reasonable to suggest that the stars observed
here are red horizontal branch stars in the disk with intermediate
metal abundances. (In the metal-rich globular cluster 47 Tuc the
red horizontal branch is at MV = +1.0, (B-V)0 = 0.75, which
matches well with the observations if placed at a distance of 1500

to 2500 pc.)
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4.3.1 EARLIER INVESTIGATIONS

Three similar investigations were carried out by Arp (1965),
van den Bergh (1971), van den Bergh and Herbst (1974), whose
observed colour-magnitude diagrams can be compared with this one
and with ones constructed from Bahcall and Soneira's model. Arp
and van den Bergh looked in the direction 1=1°, b=-3.9°. The
former covered an area of 0.013 square degrees to a V magnitude of
17.5 and the latter, 0.004 square degrees to 17.7, obtaining
results for 1348 and 325 stars, respectively. Van den Bergh and
Herbst looked at 1=0°, b=-8° covering an area of 0.015 square
degrees with 1494 stars down to 19.5 and a second area of 0.023
square degrees with 1206 stars down to 18.

Readily apparent in each is the surplusvof bright, blue stars
and the deficit of red stars. Also visible is the shallow, red
branch associated with metal-rich globular cluster giants. Van
den Bergh suggests that four stars, which appear in the lower
right of his colour-magnitude diagram, may be blue horzontal
branch stars. Van den Bergh and Herbst have perhaps a dozen stars
in this same region. Although difficult to discern, a main
sequence may be present in the diagrams of Arp, and van den Bergh
and Herbst.

In general, nothing in earlier results disputes features found
in this investigation; although the great difference in number of

total stars make comparisons difficult.
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TABLE 4
POSSIBLE ABSOLUTE MAGNITUDES AND INTRINSIC COLOURS

FOR CENTRAL EXCESS OF STARS

Distance Distance Reddening Absolute Intrinsic
(pc) Modulus Magnitudes Colours
100 5.30 0.10 7.70 9.70 0.90 1.50
500 9.24 0.25 3.76 5.76 0.75 1.35
1000 11.59 0.53 2.41 3.41 0.47 1.07
1500 12.62 0.58 0.38 2.38 0.42 1.02
2000 13.25 0.58 -0.25 1.75 0.42 1.02
3000 14.13 0.58 -1.13 0.87 0.42 1.02
4000 14.75 0.58 -1.75 0.25 0.42 1.02
5000 15.23 0.58 =2+23 =0.23 0.42 1.02
6000 15.63 0.58 -2.63 -0.63 0.42 1.02
7000 15.97 0.58 -2.97 -0.97 0.42 1.02

Note: The absolute magnitudes correspond to the apparent
magnitudes 13.0 to 15.0 and the intrinsic colours to 1.0 to

1.6.
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CHAPTER 5

CONCLUSIONS

The data originated as two CTIO plates digitized at the
Dominion Astrophysical Observatory. At the University of Victoria
using the program R2D2 stellar images were detected, and measured,
then calibrated with a photometric sequence obtained in a previous
study. The end product was V and B-V observations for 7889 stars
in the field at 1=356°, b=5°.

From the observations a colour-magnitude diagram was
constructed. The analysis of this diagram was aided by a galaxy
model program from which artificial colour-magnitude diagrams of
disk and spheroid components can be produced. Some former
findings were evident: a range of metallicities with metal-rich
dominant, an excess of bright blue stars, and a shortage of red
stars. In addition to these features there is a curious excess of
stars at intermediate colour. It is interesting to see the branch
extending from the RR Lyrae gap towards the blue and the numerous
stars above and to the right of a 47 Tuc-like giant branch --
strong evidence for a metal-poor population. The bright blue
stars are an oddity because of theilr extreme colour; spectroscopy
of these would be wuseful to confirm their position in the
colour-magnitude diagram. A shortage of red stars in this
direction has often been linked to super-metal-rich stars which

may be suffering large, unusual blanketing effects. Hopefully,
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these effects will soon be quantified allowing an estimation of
how many stars may be affected and how many are simply lost to the
difficulty of observing red stars. The excess of stars in the
centre 1is new. Unfortunately, no other studies involving this
number of stars or size of field seem to be available to confirm
the feature's existance. The best correspondence seems to be with

red horizontal branch stars in the disk.
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APPENDIX A

DATA REDUCTION SOLUTIONS

Table A-1 contains the calibration solutions for each plate
section. The first two lines of each section refer to the
transformation from instrumental photographic magnitudes to

apparent photoelectric magnitudes:

- 2.
Bpg Coy + cpre + c2Bpe .

V =c¢cy+c;B_+c,B 2.
P8 0 17pe 2%pe

The last two lines refer to the transformation to the standard
(V, B-V) system:

(B-V)pe - (B-V) =cy + cl(B—V)pe;

pepg
vpe - vpepg =c, + cl(B-V)pe.
The "fit" is the standard error of estimate.

Tables A-2A and A-2B contain the results from fitting curves
between the R2D2 measurements of brightness (sum), size (rl), and
central compactness (r-,) for the standard stars for the B and V
plates. The first table has the solutions to

r-o = ¢g + ¢; x sum
and the second table has the solutions to
r) = ¢cg + Cl X Tpe

Again, "fit" is the standard error of estimate.




TABLE A-1

CALIBRATION RESULTS

Section Calibration Coefficients Fit
CO Cl C2

1 -11.89 + 0.53 -0.606 * 0.067 0.0373 + 0.0021 0.103
-7.61 *+ 0.68 -1.284 * 0.092 0.0661 + 0.0031 0.156

0.30 + 0.12  -0.18 + 0.08 — 0.143

-0.31 * 0.11 0.18 + 0.07 — 0.159

2 -10.96 + 0.66 -0.727 *+ 0.082 0.0412 + 0.0025 0.134
-8.31 + 0.59 -1.176 + 0.079 0.0620 + 0.0027 0.136

0.26 + 0.12  -0.14 + 0.08 — 0.164

-0.33 + 0.11  -0.18 * 0.07 -— 0.161

3 -11.12 + 0.62 -0.706 *+ 0.079  0.0405 + 0.0025 0.117
-7.46 + 0.61 -1.302 + 0.081 0.0666 + 0.0027 0.143

0.38 + 0.12  -0.24 + 0.08 —- 0.138

-0.34 * 0.12 0.20 + 0.08 — 0.176

4 -12.28 + 0.44 -0.546 * 0.056 0.0351 + 0.0018 0.083
-7.43 + 0.64 -1.305 + 0.087 0.0667 + 0.0029 0.144

0.44 + 0.13  -0.29 + 0.08 —- 0.138

-0.36 * 0.12 0.22 + 0.07 — 0.173

5 -11.96 + 0.47 -0.588 * 0.059 0.0365 + 0.0018 0.097
-7.84 + 0.68 -1.241 + 0.093 0.0643 + 0.0031 0.155

0.35 + 0.13  -0.21 + 0.08 — 0.160

-0.36 + 0.11 0.22 + 0.07 — 0.163




TABLE A-1 cont.

Section Calibration Coefficients Fit
co c, ¢,

6 -11.62 * 0.49 -0.638 * 0.062 0.0383 + 0.0020 0.093
-7.48 * 0.68 -1.303 * 0.092 0.0667 + 0.0031 0.160

0.42 + 0.13 -0.23 £ 0.08 s 0.148

-0.39 £ 0.12 0.22 *+ 0.07 —— 0.175

7 -10.61 *+ 0.48 -0.774 * 0.061 0.0428 + 0.0019 0.096
-6.92 + 0.62 -1.381 *+ 0.084 0.0695 *+ 0.0028 0.144

0.33 + 0.11 -0.18 + 0.07 — 0.136

-0.31 £ 0.12 0.18 * 0.08 o 0.177

8 -10.31 % 0.56 -0.816 + 0.070 0.0440 * 0.0022 0.115
-6.98 + 0.62 -1.365 * 0.084 0.0686 + 0.0028 0.141

0.40 + 0.11 -0.24 * 0.07 — 0.138

-0.29 + 0.11 0.17 * 0.07 ——— 0.184

9 -10.17 * 0.59 -0.834 + 0.075 0.0446 * 0.0023 0.117
-7.50 + 0.58 -1.291 + 0.078 0.0661 + 0.0026 0.134

0.29 + 0.11 -0.19 * 0.07 —— 0.141

-0.20 * 0.12 0.14 + 0.08 St 0.188




TABLE A-2A

TEST RESULTS

Section r-, versus sum Fit
o ¢y
1 2.88 + 0.03 0.098 + 0.003 0.197
2.49 + 0.03 0.104 * 0.003 0.199
2 2.84 + 0.03 0.103 + 0.003 0.179
2.48 + 0.03 0.106 * 0.002 0.183
3 2.87 + 0.03 0.100 + 0.003 0.188
2.50 £ 0.03 0.105 * 0.002 0.182
4 2.89 + 0.03 0.099 + 0.003 0.183
2.50 + 0.02 0.105 *+ 0.002 0.158
5 2.88 + 0.03 0.101 + 0.003 0.190
2.51 + 0.02 0.107 + 0.002 0.139
6 2.87 + 0.03 0.100 * 0.003 0.187
2.47 + 0.03 0.108 *+ 0.002 0.170
7 2.86 * 0.03 0.101 *+ 0.003 0.185
2.48 + 0.03 0.108 + 0.003 0.187
8 2.82 + 0.03 0.104 *+ 0.002 0.175
2.50 + 0.02 0.109 + 0.003 0.183
9 2.85 + 0.02 0.101 * 0.002 0.156
2.51 + 0.03 0.108 + 0.003 0.194
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TABLE A-2B
TEST RESULTS
Section r, versus r_, Fit
co c,
1 -1.44 * 0.32 3.80 + 0.09 0.609
-0.96 + 0.23 3.48 + 0.07 0.544
2 -1.54 + 0.32 3.81 + 0.09 0.618
-0.97 £ 0.19 3.46 + 0.06 0.444
3 -1.67 + 0.28 3.84 = 0.07 0.515
-1.28 + 0.18 3.53 + 0.05 0.434
4 -1.35 + 0.32 3.78 + 0.09 0.602
-1.28 *+ 0.17 3.54 + 0.05 0.405
5 -1.22 + 0.34 3.75 £ 0.09 0.647
-1.00 £ 0.17 3.46 + 0.05 0.400
6 -1.64 + 0.27 3.85 + 0.07 0.508
-0.69 + 0.18 3.38 + 0.05 0.444
7 -1.47 + 0.29 3.80 + 0.08 0.572
-0.60 * 0.25 3.35 £+ 0.07 0.597
8 -1.25 + 0.27 3.73 + 0.07 0.543
-0.75 + 0.25 3.37 + 0.07 0.576
9 -1.18 + 0.28 3.74 + 0.08 0.548
-0.88 * 0.24 3.40 + 0.07 0.556
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APPENDIX B

PHOTOGRAPHIC OBSERVATIONS

In this section the positions and observations of the program
stars are presented section by section. Where they occur cross
references are noted with Hartwick, Barlow and Hesser (1981):

r - RR Lyrae variable
v - variable
and with Hesser and Hartwick (1976):
8 - photometric standard
¢ - star within 2' of NGC 6304

Figures Bl to B9 show the stars of Figure 1 that were
included in the analysis. The origin cited for each section is
located at the lower right corner of the figure. Refer to Figure
1 for the orientation of the sections. Stars are plotted in

relation to their B magnitude:

o B < 12.0
U] 12.0 < B < 13.5 « 15.0 < B < 16.5
. 13.5 < B < 15.0 . B > 16.5

Table B-1 1lists these program stars with this format:
Column 1 - identification # (within each section)
2 - x position (in microns)

3

y position (in microns)
4 - V magnitude
5 - B-V colour

6 — cross reference
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Section 1. Origin at (0,15) microns.
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Section 7. Origin at (120000, 15) microns.
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