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Introduction

In 1918 Harlow Shapley [4] published a paper outlining observations made
while continuing his work on the Milky Way globular cluster (GC) system.
Analysis of 69 globular clusters showed a marked skew in distribution that
could not easily be reconciled with contemporary views on the structure of
the galaxy. To calibrate the distance to each GC Shapley used the newly
discovered luminosity function for Cepheid variable stars. At the time, only
30 GC distances were known but from these Shapley determined a fairly
strong relationship between their apparent size and distance. Extrapolating
from this size-distance relationship to the other 39 clusters, and assuming
the GCs centred on the galaxy, Shapley determined a direction and distance
to the galactic centre. His calculations removed the Earth from its assumed
central location within the Milky Way and shifted it some 20,000 parsecs
from centre. While the result is no longer considered numerically accurate,
it was a paradigm shift of a similar ilk to that of Copernicus in the 15th
century.

This project aims to emulate this early work on the distribution of GCs
using modern imagery and a larger sample of the Milky Way clusters. The
cluster system will be mathematically reconstructed from derived relative
distances so that a centroid can be determined.

Method

The method to be used for this project is:
e Determine list of candidate globular clusters.
e Source imagery for these clusters from Digitized Sky Survey (DSS).

e Inspect imagery and remove images that cannot be assessed visually.



e Using the psfmeasure task from the NOAO nmisc IRAF package deter-
mine a Full Width Half Maximum value for each image in arc seconds.

e Calculate a relative distance for each cluster using the small angle
formula. This is a simpler method than that used by Shapley, who
determined a curved fit to known distances from which to extrapolate,
but it removes the need to use modern distance estimates for some
sample of the GCs.

e Plot the globular cluster distribution on a series of graphs.
e Determine and plot the centroid of the cluster distribution.

For this analysis the following assumptions will be made about the Milky
Way globular clusters:

e All the clusters are roughly the same absolute diameter, that is their
apparent size is directly related to their distance. Without actually
knowing the diameter this allows a comparison of distances expressed
in terms relative to the shared diameter.

e All the globular clusters have comparable masses. This assumption
is made to allow determination of a GC distribution centroid from a
generalised equation for the centroid of N-particles. Without this as-
sumption, either the true masses or some other method of determining
the centroid would be required.

Results

Harris [2] provides a comprehensive list of data for the Milky Way GCs
which was used to identify globular clusters for analysis. Harris’ distance
and size information was ignored with the exception of a few chosen values
used to calibrate the relative distance scale. Imagery was available for all
147 objects identified in Harris’ data, see Table 3. 143 images were drawn
from the DSS 2nd generation red plates. NGC 6366 was sourced from DSS
1st generation imagery because it was not available in 2nd generation. First
generation imagery was used for NGC 6229, NGC 104, and NGC 5139 for
reasons discussed below. All images were 15 arcminute squares with the
exception of NGC 104 and NGC 5139 which filled the smaller frame and
were sourced as 30 arcminute images.

During image retrieval, Harris’ declination coordinate for NGC 104 was
found to be 1.2 seconds of arc different from coordinates returned from the
SIMBAD search engine used by the DSS server. The reason for the difference
is unclear but, given the size of NGC 104, it will not have adversely affected
measurements. The SIMBAD coordinates were used for all calculations.



Preliminary visual inspection of the images revealed a number (39, 26.5%)
that were unsuitable for measurement. These clusters were predominantly
late additions to the family and only visible at infrared wavelengths or too
sparse to define a boundary. The clusters are listed in Table 4 with a com-
ment regarding their unsuitability.

Image analysis was undertaken using the Image Reduction and Analy-
sis Facility (IRAF) and, in particular, the psfmeasure task provided in the
National Optical Astronomy Observatories’ (NOAO) nmisc package. In an
iterative process, psfmeasure determines the centre of the radial brightness
profile for the image, fits a cubic spline to the profile, and determines the
radius at which brightness drops to half the maximum value. The reported
figure is twice this radius and is known as the full width at half maximum
(FWHM). Each GC is centred on its image providing psfmeasure with a
starting approximation for the centre. Figure 4 shows a sample psfmea-
sure analysis for a NGC 1904.

The psfmeasure output FWHM values, scaled to provide measurement
in arcseconds, are shown in Table 3. The large pixel count of the 2nd gen-
eration NGC 104 and NGC 5139 imagery proved difficult to analyse with
IRAF so first generation imagery was substituted. The loss of resolution in
reverting to first generation imagery for these two clusters is not considered
to substantially affect the measurements being made. First generation im-
agery was used for NGC 6229 because the 2nd generation image was close to
a photographic plate boundary resulting in distortion of the measurement.

A number of clusters required manual intervention to determine a FWHM
measurement. Table 3 highlights these objects with an M (Manual) in the
Method column. Reasons for measurement difficulty include close proxim-
ity of bright foreground objects, sparse cores, noisy image backgrounds, and
failure of the automated process to converge. In cases where the manually
driven electronic measurement could not be made reliably a manual esti-
mate was made. While the consistency of these figures may be lower than
those made by automated means there’s little reason to treat these figures
as substantially less reliable for the approximate calculations being made.

The small angle formula (Equation 1), is rearranged to provide the dis-
tance (d) in terms of diameter (D) and angular diameter (« in arcseconds)
(Equation 2). The assumption of uniform physical diameters allows the use
of these relative distances are the basis of galactic centre determination.
Relative distances for the surveyed clusters are included in Table 3.
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D = (1)
206265
206265D
4 - 06265 (2)
(6%

To facilitate determination of the direction and relative distance of the
galactic centre the polar RA and declination coordinates combined with
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Figure 1: The Cartesian coordinate axes used for centroid determination.
Viewing directions are shown for the two distribution plots.

the relative distance were converted to a Cartesian coordinate system. The
right-handed system (Figure 1) has positive X in the direction of RA 0Oh
and positive Z in the direction of the north celestial pole. X, Y, and Z
coordinates for each cluster are presented in Table 3. Figures 2(a) and 2(b)
show the cluster distribution when projected onto various planes. Clearly
the centre of the distribution lies in the third quadrant in RA and south of
the equatorial plane.

More precise centroid determination was achieved using a standard equa-
tion for the centre of mass of an ensemble of N particles [5]:

The assumption of uniform GC mass (m; = 1) reduces the equation to a
simple average of the position vectors (r). This leads to the result shown in
Table 1 and plotted on Figures 2(a) and 2(b). The determined point is near
the boundary of constellations Saggitarius, Ophiuchus, and Scorpius.

Centre coordinates x=-45.8 y=-1359.1 z=-718.9

Right Ascension 17 hours 52 minutes 16.7 seconds
Declination -27 degrees 51 minutes 41.9 seconds
Distance 1538.2 relative units

Table 1: Centre point of the globular cluster distribution.

The TAU defined a galactic coordinate system in 1958 [1]. The galactic
north pole was defined as being the direction of RA 12h 49m Decl 27.4°
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Figure 2: Projection of the globular cluster distribution onto two Cartesian
planes. For clarity clusters with X, Y or Z > 5000 units are not shown.



in B1950 coordinates. This direction, converted to J2000 coordinates for
consistency (Table 2), defines a normal to the galactic plane and thereby
allows determination of a plane equation and relative distances from the
plane. A plot of GCs on a plane through the galactic centre is shown in
Figure 3; the galactic north pole is up and RA 12h is to the right. The plot
is quite symmetrical about the centre due to the averaging process used to
determine the centroid and the even spread in all directions. The centroid
does not seem to have be unduly skewed by the presence of a few outliers
at extreme distance. Clearly, the Sun is not central to the distribution. A
zone of avoidance either side of the galactic plane on the same scale that
Shapley [4] highlighted is not visible in the plot, but there does seem to be
a small area reasonably free of clusters. This is possibly because modern
instruments have improved our ability to see clusters near the plane.

NED Coordinate and Extinction Calculator Results

Input: Equatorial B1950.0

RA or Longitude DEC or Latitude PA(East of North)
192.25000000 27.40000000 0.000000
12h49m00.00000s  +27d24m00.0000s

Output: Equatorial J2000.0
192.85948402 27.12829637 359.932159
12h51m26.27616s +27d07m41.8669s

Table 2: Conversion of galactic north pole direction from B1950 to J2000
coordinates.

All distances calculated thus far are in relative terms. The relative scale
can be calibrated using a GC chosen on the basis of similarity of distance to
the centroid, NGC 6171 at 1556.8 units, with a modern distance, provided
by Harris [2], of 6.4 kiloparsecs (kpc). Using this calibration leads to an
actual distance to the centre of 6.3 kpc (20.5 klyr). On the same scale, the
Sun is approximately 80 pc to the north of the galactic plane.

Conclusions

The rudimentary approach, assuming uniform physical size of Milky Way
globular clusters, has lead to an estimate of the direction of the centre
of the galaxy remarkably close to a more modern value of approximately
RA 17h 45ms Dec -28d 56m ([3], translated to J2000 frame).

The determined direction of the centroid shows that the majority of GCs
excluded from the analysis (Table 4) on the grounds of invisibility lie in the
general direction of the denser portions of the galaxy. The phenomenon of
interstellar extinction may be damping the visible portion of the emitted
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Figure 3: Plot of GCs in relation to the calculated galactic centre. Up is
toward the galactic north pole and right is toward RA 12h. Clusters further
than 6000 units from the centre have been omitted for clarity.

spectrum from these objects, and it seems reasonable to conclude they’re
reasonably distant. Their omission from analysis, although unavoidable,
may be skewing the distribution in favour of the few distant objects (e.g.
NGC 288) that lie well away from the galactic bulge.

On the face of it, the determination of distance has lead to a value com-
parable to modern estimates of 8 kpc. Unfortunately, the choice of cluster
for calibration makes a large difference in absolute distances. If the closest
cluster, NGC 5139 at 115.5 relative units, is used then the galactic centre is
at the vastly different absolute distance of 70.5 kiloparsecs. Alternatively,
the furthest, NGC 288 at 14420 units and 8.3 kpc, leads to a value of only
885 parsecs. The disparate nature of these estimates indicates that the as-
sumption of uniformity of size or mass is erroneous, probably both.

This approach to determining the galactic centre’s location is sufficient
to demonstrate that the centre is not near the Earth as models at the start
of the twentieth century assumed. The distribution of globular clusters in
the galactic halo is also highlighted as is symmetry about the galactic plane.
Precise distance, direction, and distribution determination would require
more data about actual distance and size of globular clusters.
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