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Abstract

Globular Cluster Populations of Hickson Compact Groups

Wayne A. Barkhouse September 1996

We present deep V and R band CCD photometry of the globular cluster systems
of Hickson compact group galaxy 22a (NGC 1199) and 90c (NGC 7173), taken with
the European Southern Observatory’s New Technology Telescope {(NTT). Globulat
cluster populations were detected in both galaxies, with HCG 22a having a specific
frequency of Sy ~ 2 and HCG 90c having a value of Sy ~ 4. Both values of rpecific
frequency are consistent with the average value found for field ellipticals. These results
give rise to two possible scenarios for globular cluster formation in these galaxies; a)
globular clusters formed during the time when their parent galaxy was simply a
‘field’ galaxy, or b) mergers are not important in the formation of globular clusters in
Hickson compact groups (Hickson compact groups are expected to have high merger

rates due to their large densities and low velocity dispersions).
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Chapter 1

INTRODUCTION

1.1 Globular Clusters

Globular clusters (GCs) are one of the oldest stellar populations that exist today.
They are generally comprised of up to ~ 10® — 108 stars and are found mainly in the
halo of most galaxies. The Milky Way contains over 100 globular clusters whose ages
range from 10 to 16 Gyrs, although the determination of the absolute ages of globu-
lar clusters has been controversial (see; e.g., Chaboyer, Demarque & Sarajedini 1996;
Stetson, VandenBerg & Bolte 1996; Jimenez et al. 1996). Since globular clusters
are among the oldest objects in the Universe, they provide a valuable probe of the
conditions that existed at time of their formation and hence may also provide impor-
tant insights to galaxy formation (e.g., Eggen, Lynden-Bell & Sandage 1963; Seatle
& Zinn 1978). The ages of globular clusters also provide a well-known constraint on
the age of the Universe since they must be younger than the Universe in which they
exist (e.g., Chaboyer et al. 1996).

With the advent of Charge Coupled Devices (CCDs), tremendous progress has
been made over the past decade in the detection of globular clusters around galaxies
beyond the Local Group (see Harris 1991, 1993 for reviews). To date, globular cluster
populations have been studied in over 70 galaxies, some as far as away as ~ 100 Mpc
(e.g., Thompson & Valdes 1987; Harris 1987). Studies have shown that the number
of globular clusters associated with any particular galaxy varies widely from ~ 0 for

M32 (NGC 221) to over 16,000 for the cD galaxy M87 (e.g., Harris 1991).



1.2 Specific Frequency

A useful method of quantifying the total number of globular clusters per galaxy is
the specific frequency, Sy, which is defined as the total number of globular clusters
per unit galaxy luminosity (normalized to M, = —-15) and is given by (Harris & van
den Bergh 1981)

SN = Ngog X 100'4(M”+15),

where ' '

Niot = the total number of globular clusters,

M, = the total absolute V magnitnde of the parent galaxy.

One of the most important results to come out of previous work has been the
discovery that globular cluster populations vary systematically with galaxy type and
environment (see Figure 1.1; also Harris 1991). Characteristic values of Sy range
from Sy <1 for field spiral galaxies, to Sy =~ 2-3 for field ellipticals, to Sy =~ 5-
7 for ellipticals in rich galaxy clusters and up to Sy ~ 10-20 for ¢D galaxies at the
centres of rich clusters. Yet, which factor has the greatest influence on globular cluster
formation—galaxy type or environment—is unclear. Asan example of an exception to
the general trends mentioned above, Harris, Pritchet & McClure (1995) have shown
that NGC 7768 (a cD galaxy in the rich Abell cluster A2666) has a specific frequency
of only ~ 4 while M8T7 (a galaxy similar to NGC 7768 in terms of local environment
and absolute luminosity) has a specific frequency of ~ 14,

Harris et al. (1995) have recently reviewed the possible correlation between spe-
cific frequency and a wide range of possible environmental factors. These factors
include: a) cooling flow rates; b) X-ray luminosity of intracluster gas; c) total mass of
intraclusier gas; d) X-ray temperature of the intracluster gas and e) Bautz-Morgan
type of the host galaxy cluster. No significant cotrelation was found for any of the

above mentioned factors with specific frequency (however; see West et al. 1995).
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Figure 1.1: Mean specific globular cluster frequency as a function of local environment
(from West 1993). Sy values are primarily from the compilation by Harris (1991).
Local galaxy density p is based on the distribution of galaxies in Tully’s (1988) Nearby
Galazies Catalog.

1.3 Purpose of this study

A better understanding of the environmental dependence of globular cluster popu-
lations is crucial for constraining competing theories of GC formation (e.g., Fall &
Rees 1985; Harris & Pudritz 1994) such as cooling flows (Fabian, Nulsen & Canizares
1984), galaxy mergers (Ashman & Zepf 1992), ‘biased’ globulat cluster formation
(West 1993) and intracluster globular clusters (West et al. 1995). Thus it is essential
that the specific frequency be measured for galaxies in as wide a range of environ-
ments as possible. Yet to date only a limited range of galaxy environménts have been
explored.

The purpose of this study is to measure the globular cluster populations of two
galaxies in Hickson compact groups; HCG 22a (NGC 1199) and HCG 90¢ (NGC 7173)
(see Tables 1.1 and 1.2 for summary of general properties of these two galaxies).

Hickson compact groups are extremely interesting environments hecause, although



Table 1.1: General properties of HCG 22a (NGC 1199) from Hickson (1994).

" Quantity Value
o (1950) 03"01™18,2°
6 (1950) -15°48'30"
[ 199°,22
b -57°.31
Hubble Type E2
Vs (heliocentric) 2705 km/s
Br 12.24
B-R 1.62

Table 1.2: General properties of HCG 90c (NGC 7173) from Hickson (1994).

Quantity Value

o (1950) 21%59™08.8*
8 (1950) -32012'58"
l 14°.98

b : ~53°.08
Hubble Type E0

V, (heliocentric) 2696km/s
Br 12.73

B-R 2.23

they are smail (typically 3-7 member galaxies per group), they are extremely dense
systems, comparable in density to the cores of rich Abell clusters (e.g., Hickson 1982;
Hickson et al. 1992). This makes them invaluable tools for probing the influence of
environment on globular cluster formation. No other study to date has examined the
globular cluster system of any Hickson compact group member.

Hickson (1982) identified one hundred compact groups from the Palomar Obser-
vatory Sky Survey red prints using three basic ctiteria: a) population - groups must
contain at least four members within three magnitudes of the brightest galaxy; b)
isolation - the radius of the smallest circle containing the centres of the galaxies must
be at least one third of the radius of a circle containing the centre of a non-member
galaxy satisfying the same magnitude criterion; and ¢) compactness — the surface

brightness averaged over the atea of the smallest circle containing the centres of the

10



member galaxies must be up < 26 mag/arcsec?.

Since 1982, many studies have examined the properties of compact groups and
some controversy exists as to which groups are true compact groups and which are the
centres of larger clusters or chance projections of unrelated galaxies (e.g., Williams &
Rood 1987; Rood & Williams 1989; Ostriker, Lubin & Hernquist 1995), Some Hickson
compact groups have also been detected in X-rays by ROSAT, including HCG 22 and
HCG 90 (e.g., Ebeling, Voges & Bohringer 1994; Ponman & Bertram 1993; Pildis,
Bregman & Evrard 1995; Ponman et al. 1996). Radial velocity measurements suggest
that HCG 22a and HCG 90c are members of their associated group (Hickson et al,
1992) and thus the study of their globular cluster systems should provide clues as
to whether these galaxies evolved in a high density environment or were simply field

galaxies that have only recently (~ 1 —2 Gyrs) become members of a compact group.

1.4 HCG 22 and HCG 90

Hickson compact group 22 was originally comprised of five members (three ellipticals
and two spirals; Hickson (1982)) but later redshift measurements showed that two of
the elliptical galaxies (HCG 22d and HCG 22e) are most likely background galaxies
with heliocentric radial velocities ~ 7000 km/s greater than the remaining group
members (Hickson et al. 1992). Figure 1.2 shows an optical image of HCG 22 taken
from the Digital Sky Survey.

The median redshift of the member galaxies is 2=0,0090 and the median radial
velocity dispersion (rms of the galaxy velocities with respect to the velocity centroid)
is 43.7 km/s (Hickson 1994). From Table 1.1, the heliocentric radial velocity for
HCG 22a is 2705 km/s which indicates that this galaxy is most likely located nearest
1o the centre of mass of the group since its redshift is closest to the median value
of the group. Hickson et al. (1992) has estimated the mass-to-light ratio of HCG
22 using four different mass estimators (Viral theorem, ‘projected’, ‘average’ and

‘median’ ) and by dividing the median mass estimate by the group blue luminosity

11



Figure 1.2: Image of HCG 22 taken from the Digital Sky Survey.
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(Hickson 1994). The mass-to-light ratio was determined to be 1.3 (solar units) and
the projected median galaxy-to-galaxy separation is 26,7 kpc (assuming H, = 100
km/s/Mpc; Hickson 1994). The estimated group crossing time is given by Hickson et
al. (1992) as Ht. = 0.1905, which is a rough ratio of the group crossing time with the
age of the Universe. This value is large compared to the median value of all Hickson
compact groups (Ht. = 0.016; Hickson et al. 1992) and may indicate that galaxy
mergers or interactions are less important for HCG 22 than for other compact groups
with smaller crossing times. )

Hickson compact group 90 consists of four galaxies (two ellipticals, one spiral
and one irregular) with a median group redshift of z=0.0088 and a median group
velocity dispersion (as defined above for HCG 22) of 100 km/s (Hickson et al. 1992).
The mass-to-light ratio (as defined above for HCG 22) is determined to be 12.3
(solar units) with a median projected galaxy separation of 29.5 kpc (for H, = 100
km/s/Mpc; Hickson 1994). From Table 1.2, the heliocentric radial velocity for HCG
90c is 2696 km/s which indicates that this galaxy is tnost likely located nearest to
the centre of mass of the group since its redshift is closest to the median value of the
group.

The group crossing time is given as Ht. = 0,0224 which is only ~ 12% of the
estimated value for HCG 22 (Hickson et al. 1992). Intuitively one may conclude that
mergers and galaxy interactions have been more important for HCG 90 than for HCG
22 and it is interesting that HCG 90 contains a galaxy (HCG 90d) that appeats to he
interacting with other group members (see Figure 1.3, bottom half of figure). HCG
22 and HCG 90 have been detected in X-rays by ROSAT (Ponman et al. 1996) and
have measured X-ray luminosities of log Lx < 41.14 ergs/s and log Lx = 41.48 +:0.09
ergs/s, respectively. Thus it is important to compare the globular cluster populations
of HCG 22a and HCG 90c¢ since these galaxies tmay have formed their GCs in widely

different environments,

13



Figure 1.3: Image of HCG 90 taken from the Digital Sky Sutvey.
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Chapter 2

DATA REDUCTIONS

2.1 Observations

The data for this thesis were obtained using the 3.5 metre New Technology Telescope
(NTT), operated by the European Southern Obgervatory (ESO) in La Silla, Chile,
The observations were taken over a two night period {9-10 October 1993) using remote
observing from Garching, Germany, by Dr. Michael J. West.-All images were taken
with the ESO Multi-Mode Instrument (EMMI) with a Loral 2048 CCD (ESO#34)
mounted on the red arm.

The Loral 2048 CCD chip consisted of 2048 x 2048 pixel area with a pixel size
of 16 x 15 um. Technical limitations at the time forced a reduction of the effective
area of the chip to 1700 x 1700 pixels, including the loss of the overscan region in
all frames. The scale of the telescope/detector combination (F/11 Nasmyth focus)
was ~ 0.289" /pixel which gives a projected area on the sky of 8.2' x 8.2 for each
raw frame. A summary of the characteristics of the detector/telescope combination
is given in Table 2.1

The raw data for this study consists of a series of twelve exposures of HCG 90¢
and ten exposures of HCG 22a in the Cousins V and R passband. In addition to the
target galaxies, » series of ten exposures was obtained of a ‘control’ or background
field. Since globular clusters are detected as a statistical excess of star-like ébjects, the
control field is used as a means of setting the ‘background’ level of star-like objects

in & random field. The control field was located within ~ 3° in galactic latitude

18




Table 2.1: CCD/Telescope Parameters

CCD Chip:
Format:
Pixel Size:

Pixel scale at Nysmuth Focus:

Frame Size:
Gain:

Readout Noise:
Dark Current:

Linearity:

+ Cosmetic Defects:

—_

Loral 2048 (ESO # 34)

2048 x 2048

15pm x 15um

0.289" x 0.289"

9.9'x 9.9’

1.47 + 0.03¢~ JADU

6.6 £ 0.5¢e"RMS

2 & le~ /pixel/hour @ 161 K
Upper Limit 187000£5000¢" /pixel
2 double columns.extending length
of frame numerous charge traps

Table 2.2: Observations of HCG 22a.

of the galaxy fields in order to provide a reasonable estimate of the background
level. A summary of the galaxy and control field exposures are given in Tables 2.2-
2.4. All derived magnitudes were transformed to the standard UBVRI system by

measuring several standard stars from Landolt (1992). A summary of the standard

Date | Start | Exposure | Filter | Airmass | Seeing
(UT) | (UT) (Sec.) Mid)) | (")
Oct.10 | 05:26:19 | 900 vV 1.06 0.73
Oct.10 | 05:45:58 | 900 V 1.04 0.80
Oct.10 [ 06:46:42 | 900 V 1.03 0.82
Oct.10 | 07:06:32 | 900 V 1.04 0.81
Oct.10 | 08:08:14 | 900 V 1.13 0.73
Oct.10 | 06:06:33 | 900 R 1.03 0.72
Oct.10] 06:26:3¢ | 900 | R | 1.03 0.88
Oct.10 [ 07:27:01 [ 900 R 1.06 0.81
Oct.10 | 07:46:51 900 R 1.09 0.74
Oct.10 [ 08:28:07 | 900 R | 118 | 0.80 |

star observations is given in Table 2.5,

16



Table 2.3: Observations of HCG 90c.

[ Date | Start | Exposure | Filter | Airmass | Seeing |
(T)| (UT) (Sec.) Mid) | (")
Oct.9 | 00:30:26 | 900 v 1.02 0.96
Oct.9 | 00:50:15 | 900 V 1.01 0.87
Oct.9 | 01:51:55 900 A" 1.01 1.07
Oct.9 [ 02:11:50 | 900 V 1.02 1.04
Oct.9 | 03:11:40 | 900 V 1.08 1.16
Oct.9 | 03:31:29 | 900 V 1.12 1.13
Oct.9 [01:11:36 | 900 R | 1.00 0.78
Oct.9 | 01:31:27 [ 900 R 1.00 0.84
Oct.9 | 02:31:44 | 900 R 1.03 1.13
Oct.0 | 02:51:33 | 900 R 1.06 1.07
Oct.9 | 03:53:14 | 900 R 117 1.01
Oct.9 [ 04:13:03 | 900 R 1.23 1.07

Table 2.4: Observation log of control field.

17

Date | Start | Exposure | Filter | Airmass | Seeing
(UT) | (UT) (Sec.) (Mid.) | (")
Oct.10 | 01:35:00 | 900 vV 1.00 | 0.78
Oct.10 | 01:54:50 | 900 V 1.01 0.77
[Oct.10 | 02:54:51 900 V 1.07 0.82
Oct.10 | 03:14:47 900 \Y 1.10 0.85
Oct.10 | 04:15:50 | 900 V 1.25 | 0.74
Oct.10 | 02:14:56 | 900 R | 1.02 0.88 |
Oct.10 | 02:34:47 | 900 R 1.04 0.90
[Oct.10 | 03:35:58 | 900 R 1.14 0.81
Oct.1003:5548 | 900 | R 1.19 0.80
Oct.10 | 04:36:04 | 900 R 1.33 0.93

R
e

TN TR e



Table 2.5: Observations of Standard Stars.

Field Date | Start [ Exposure | Filter | Airmass | Seeing
(UT) | (UT) (Sec.) (Mid) | ()

PG2213-006 | Oct.9 | 00:18:10 | 5.00 V 1.24 1.16
[ Rubin 149 | Oct.9 | 08:48:33 | 5.00 V 1.34 1.16
™ Rubin 152 | Oct.9 | 09:08:32 | 5.00 \Y 1.27 1.74
PG2213-006 | Oct.9 | 00:12:59 | 5.00 R 1.25 | 0.87
[ Rubin 149 | Oct.9 | 08:53:27 | 5.00 R 1.32 1.30
Rubin 152 | Oct.9 | 09:13:27 | 5.00 R 1.26 1.45
PG2213-006 | Oct.10 | 01:09:43 | 2.00 V 1.15 | 0.78
PG2331+055 | Oct.10 | 01:20:09 | 2.00 vV 136 | 0.78
Rubin 149 | Oct.10 | 08:48:10 3.00 \" 1.32 0.78
" PG2213-006 | Oct.10 | 01:15:01 | 2.00 R 1.15 0.78
PG23314+055 | Oct.10 | 01:25:17 | 2.00 R 1.3 | 0.72
Rubin 149 | Oct.10 | 08:53:08 | 3.00 R 1.31 0.78

2.2 Preprocessing

Before the raw images can be analyzed, they must undergo a series of preprocess-
ing steps. These steps are designed to correct some of the effects that the use of
CCD’s introduce to the data frames. These steps include the removal of the elec-
tronic ‘pedestal’ level (electronic bias) and the correction for pixel-to-pixel sensitivity
variation (flatfield correction). All image processing was performed within the IRAF?
(Image Reduction and Analysis Facility) environment.

In order to correct for the DC offset or bias, a series of 19 zero second exposure
frames were averaged together and the resultant frame subtracted (pixel by pixel)
from each image frame using the IRAF routine Imarith.

Prior to the subtraction of any bias frame, a separate bias level (calculated from
the overscan region) for each individual frame is usually subtracted from the raw
image, This overscan bias correction is used to account for any time variation in the

bias level. Due to electronic problems during the observing run, no overscan region

'IRAF is distributed by National Optical Astronomy Observatories, which is operated by the
Association of Universitics for Research in Astronomy, Inc., under contract to the National Science
Foundation.
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was recorded for any of the frames. Fortunately, the time variation of the bias level
is usually on the order of only 1-2% .

The second step in preprocessing the raw frames is to correct for the fact that
the sensitivity of a CCD varies from pixel-to-pixel. This effect is corrected for by
dividing each image frame by a ‘master’ flatfield frame (one per passband since the
spatial nonuniformity of the sensitivity is colour dependent). Master flatfield frames
were constructed by taking the average over three nights of a series of 15 individual
flatfield frames’ (per passband; bias corrected) which were created 'by exposing the
CCD to a uniformly illuminated source. For this study, the flatfield frames were
constructed by taking short exposures of an illuminated portion of the inside of the
telescope dome. Flatfield corrections to the data frames produced images which were
flat to ~ 1%.

Since the dark current was negligible (2 + 1e™ /pixel/hour) no correction for dark
current was attempted. Also, no detectable fringe pattern was evident and hence no

fringe correction was performed.

2.3 Standard Star Reductions

The transformation of instrumental to standard magnitudes was accomplished by
measuring several standard stars from Landolt (1992) on the nights of October 9 and
10. A total of 19 standard stars were measured on Oct. 9 and 12 stars on Oct. 10,
1993. The IRAF version of DAOPHOT (Stetson, Davis & Crabtree, 1990) was used
to perform the photometry and the task PHOTCAL was used to define and solve the
transformation equations. The standard star frames were preprocessed in the same
way as the galaxy frames and aperture magnitudes were measured using an aperture
radius of 15 pixels (~ 5x full-width-half-maximum (FWHM)). All magnitudes were
scaled to an exposure time of one second.

The transformation equations were assumed to be of the form:
v = V4ou+unX,+v(V-R)+uvuV-R)X, (2.1)
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and
ro= (V=(V-R)+r+nrnX +r(V - R)+n(V - R)X,, (2.2)
where

v = instrumental V magnitude,

V= standard V magnitude,

r = instrumental R magnitude,

R= standard R magnitude,

v1, V2, v3,v4 = transformation coefficients,
r1,79,73, 7y = transformation coeflicients,
X, = airmass,

X, = airmass,

The above transformation equations were solved separately for the individual
nights and applied to the same night’s observations. The tranformation coefficients
derived for October 10 were found to be unreliable since they gave nonsensical results
such as decreasing magnitude with increasing airmass. The most likely cause of this
problem is the different influence that the shutter correction (~ 1 second) had on the
two and three second exposure fields. The Geneva Observatory located at La Silla
reports that the night of Oct. 9, 1993 was photometric and lists extinction coeffi-
cients?. In order to determine whether Oct. 10 was photometric or not, a comparison
was made between images taken on Oct. 9 and 10 of the control field. Using the
transformation coefficients from Oct. 9 (for which longer standard star exposures
were taken), the magnitudes derived for both nights agree to within ~ 0.015 magni-
tudes for 16 stars on the control field. These results suggest that both nights were
photometric and thus the transformation equation derived for Oct. 9 was used for
the data from Oct. 10. From Table 2.5 it is evident that standard star measurements

were made over a very narrow range in airmass and thus the Geneva Observatory

?La Sillaextinction coefficients can be found at Attp://www.ls.es0.org/lasilla/atm.ezi/extinction. html.
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Table 2.6: Transformation Coefficients

Date | Coefficient Value
Oct. 9
) 0.205 £ 0.002
vy 0.189
va —0.053 £ 0.005
V4 0
™ 0.050 + 0.002
T2 0.067
T3 —~0.036 £ 0.007 |
N Tq 0 _ '

extinction coefficients for October 9 1993 were adopted (v; =0.189 and r; =0.067).
The routine in PHOTCAL that solves the transformation equations is the Fitparams
routine. Fitparams allows the user to interactively perform a linear least -squares fit
to the standard star data by rejecting spurious data points and including higher order
terms in the transformation equations if needed.

A plot of the fitting residuals (magnitude units) versus V magnitude (calculated
from the fitting function), for the standard star data from October 9, is presented in
Figure 2.1. Three data points have been excluded from the fit (PG2213-006C, RU
149 and RU 152B) due to anomalously high fitting residuals. Figure 2.2 presents a
plot of the fitting residuals versus V-R. Since the data points simply scatter about
zero, a non-linear colour term is not required.

For the R equation, the above procedure was repeated and data points correspond-
ing to the standard stars RU 149A, RU 149C, RU 152B and RU 152D were rejected
as being spurious. Figures 2.3 and 2.4 show plots of the fitting residuals versus R
magnitude and V-R for the R transformation equation.

Table 2.6 presents the transformation coefficients derived from standard star ob-
servations from October 9 1993.

Table 2.7 list the values of V and V-R for the standard stars, from Landolt (1992),

as well as the values derived from the transformation equations. The root-mean-
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Figure 2.1: Plot of residuals (magnitude units) versus V magnitude (from fitting
function) for October 9 standard star photometry.
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Figure 2.2: Plot of residuals (magnitude units) versus V-R from the V trausformation
equation using standard star photometry from October 9.
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Figure 2.3: Plot of residuals (magnitude units) versus R magnitude (from fitting
function) for October 9 standard star photometry.
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Figure 2.4: Plot of residuals (magnitude units) versus V-R from the R transformation
equation using standard star photometry from October 9.
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Table 2.7: Standard Star Photometry For October.9

Standard Star Landolt (1992) Derived Values
ID \Y% oy lV-R Ov-R \Y a;x_/__ V-R Ov-R

PG2213-006 | 14.124 | 0.002 | -0.092 | 0.004 | 14.124 | 0.004 | -0.090 | 0.006
PG2213-006A | 14.178 | 0.005 | 0.406 | 0.003 | 14,177 | 0.004 | 0.411 { 0.005
PG2213-006B | 12.706 | 0.001 | 0.427 ( 0.001 | 12.705 | 0,002 | 0.427 | 0.002
PG2213-006C {15,109 | 0.004 | 0.426 | 0.002 | 15.082 | 0.007 | 0.413 | 0.009

RU 149 13.866 | 0.002 | -0.040 | 0,002 | 13.865 | 0.004 | -0.039 | 0.006

RU 149A 14.495 | 0.007 | 0.196 [ 0.010 | 14.546 | 0,008 | 0.185 | 0.010

RU 1498 12.642 | 0,002 | 0.374 | 0,002 | 12.639 | 0.002 | 0.372 | 0.002

RU 149C 14.425 | 0.005 | 0.093 | 0.006 | 14.408 | 0.007 { 0.107 | 0.009 |.

RU 149D 11.480 | 0.002 | 0.021 | 0.001 | 11.477 | 0.001 | 0.019 [ 0.001

RU 149E 13.718 | 0.006 | 0.321 | 0.004 | 13.704 | 0.004 | 0.311 | 0.005

RU 149F 13.471 | 0.003 | 0.594 | 0.002 | 13.468 | 0.003 | 0.580 | 0.004

RU 149G 12.829 | 0.003 | 0.322 | 0.002 | 12.830 | 0.002 | 0.325 | 0.003

RU 152 13.014 | 0.002 | -0.057 | 0.002 | 13.016 | 0.002 | -0.061 | 0.003

RU 152A 14.341 | 0.006 | 0.325 | 0.005 | 14.344 | 0.006 | 0.321 | 0.008

RU 152B 15.019 | 0.005 | 0.290 | 0.005 | 14.983 | 0.011 | 0.282 | 0.014

RU 152C 12,222 | 0,002 | 0.342 | 0.002 | 12.223 | 0.001 | 0.344 | 0.001

RU 152D 11.076 | 0.001 | 0.473 | 0.001 | 11.071 | 0.001 | 0.320 | 0.001

RU 152E 12.362 | 0.001 | 0.030 | 0.001 | 12.367 | 0.002 | 0.033 | 0.002

RU 152F 14.564 | 0,005 | 0.382 | 0.007 | 14.551 | 0.007 | 0.385 | 0.009

square scatter of the derived V magnitudes, from the values of Landolt (1992), was
on the order of oj/™* & 0,02 for October 9. Table 2.8 lists the measured instrumental

magnitudes for the standard stars from Oct. 9, 1993,

2.4 Galaxy and Control Field Processing

After preprocessing the galaxy images, each series of galaxy frames (per passband)
wete combined to form a single frame of a higher signal-to-noise ratio (S/N) than the
individual frames. In order to combine the images, the frames had to be aligned to a
common coordinate system. The IRAF routines Xregister and Imshift were used
to re-register the individual galaxy and control field images to < 0.1 pixels.

Once registered, the V and R images of the galaxies and the control field were

median combined using the routine Imcombine. The removal of cosmic ray hits (which
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Table 2.8: Standard star instrumental magnitudes.

Star Magnitude | Passband _
[ PG2213-006 14.567
[ PG2213-006 14.351
PG2213-006A | 14.594
| PG2213-006A | 13.886
PG2213-0068 | 13.121
PG2213-006B | 12.397
PG2213-006C | 15,499
PG2213-006C | 14.789

RU 149 . 14.3%4
RU 149 14.044
RU 149A 14,993
RU 149A 14.493

RU 149B 13.077
RU 149B 12.393
RU 149C 14,860
[ RU 149C 14.437
RU 149D 11.933
RU 149D 11,596
RU 149E 14.145
RU 149E 13.521
RU 149F 13.895
RU 149F 13.007
RU 149G 13.270
RU 149G 12.632
RU 152 13.464
RU 152 13.214
RU 152A 14.772
RU 152A 14.147
RU 1528 15.413
RU 152B 14.826
RU 152C 12.649
RU 152C 12.001
RU 152D 11,499
RU 152D 10.875
RU 152E 12.810
RU 152E 12.468
RU 152F 14.975
RU 152F 14.287

=l <l | < | <] | < | <] =] <l =] < =] <l =] <l =] <] = <] = <] | < = <] = <| =] < =] <] =| < =] <
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are characterised by one or more pixels having anomalously large ADU values) was
performed by using a rejection algorithm in Imcombine. The algorithm used was
cedelip which uses the known characteristics of the CCD (read-noise and gain) to
calculate an expected sigma value for each pixel by using the median of the pixel
values (excluding the maximum and minimum pixel values). The expected sigma

(per pixel) is given by

2
o= (%{) + <;>+\/(s<l>)2, (2.3)
where

rn = read-out noise,

g = gain,

< I >= true pixel value (approximated using the median of un-rejected
piaels),

8 = sensitivity noise (set to 0 if unknown).

Pixels were rejected if their values exceeded 3o above or below the o values cal-
culated above. This proved to be effective in removing cosmic ray strikes. The zero
point (or sky level) of each individual image was adjusted (by adding a constant value
to each pixel) so that the mode of each image (prior to combining) was the same. This
is required since the combining operation is based on the deviation from the median
of the images (the zero point of each image will vary due to the Poisson nature of
the arrival of photons and differences in airmass). The images were then combined
using the median of the pixel values in each image, excluding rejected pixels (ie. the
median of spatially coincident pixels were mapped to single pixels in the combined
frame). The final ‘master’ V and R images of the galaxies and the control field have
effective exposure times of 900 seconds each, however, they have a greater S/N than
the individual frames since the S/N ~ \/n, where n is the total number of combined
frames (Harris 1989). Figure 2.5-2.7 display the trimmed images of HCQ 22a, HCG
90c and the control field.
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Figure 2.5: HCG 22a.

Since globular cluster candidates are detected as a statistical excess of star-like
objects, it is imperative that the seeing for the galaxy and control fields be the same.
Seeing affects both object detection and classification in the sense that a decrease
of the seeing disk reduces crowding effects and also improves the ability to reliably
distinguish between star-like objects and small, faint galaxies. If the seeing varies
greatly from frame to frame, all fields must have their effective seeing altered to
match the ‘worst-seeing’ image. This can be done by convolving the fields with a
Gaussian function so that the full-width-half-maximum (FWMH) of star-like objects
are the same.

Table 2.9 lists the estimated seeing for the galaxy and control frames. Since the
seeing is approximately the same for all frames, no attempt was made to alter the

seeing in any of the frames,
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Figure 2.6: HCG90c (slightly right of centre)

Table 2.9: Seeing log for combined images.
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Field | Passband | Seeing (")
HCG 22a \% 0.87
R 0.87
HCG 90¢ \% 0.98
R 0.98
Control v 0.93
R 0.96




Figure 2.7: Control field.
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2.5 Galaxy Light Removal

At the distances of these galaxies (> 10 Mpc) and with the typical seeing of the
data, individual globular clusters are unresolved and appear as an apparent excess of
stellar-like objects around their parent galaxy. Thus in order to detect as many of
the individual GCs as possible, the large-scale light distribution of the parent galaxy
must first be removed.

The galaxy light from HCG 22a and HCG 90c was removed using the STSDAS
package in IRAF. The routine ellipse was used to fit elliptical isophotes over the
individual galaxies and bmodel was used to construct a smooth model of the galaxy
light. This model was than subtracted from the individual galaxy frames.

For HCG 22a, the isophotal fitting (which uses the method of Jedrzejewski 1987)
was carried out to a radius of ~ 2' (~ 21 kpc assuming H, = 75 km/s/Mpc). The
centre, ellipticity and the position angle of the fitting parameters were allowed to vary
out to the outer radius given above. Since the fitting process was carried put to a
radius where the surface brightness was approaching the sky value, the subtraction
of the galaxy model, created by bmodel, left no artifacts of the subtractior: process
and thus the light from the galaxy was effectively removed.

With the removal of the galaxy light, the well-known central dust lane in HCG
22a (Frank, lllingworth & Heckman, 1989) was apparent, as well as a much more
extended, diffuse dust lane (see Figure 2.8). In order to remove the light from the
extended dust lane feature as much as possible, the galaxy image was median filtered
using the routines Rmedian and Median., The Rmedian routine uses the fast ring
median filter described by Secker (1995). A circular annulus of inner radius 6.36
pixels and an outer radius of 7.36 pixels was used to remove structures with a scale
length < 6.36 pixels. The ring median filter replaces the value of the central pixel
with the weighted median of the pixels contained within the defined annulus. Thus

all star-like features are teplaced by the value of the local background. The smoothed
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Figure 2.8: STSDAS/Bmodel subtracted image of HCG 22a.

image produced by Rmedian was then subtracted from the galaxy image, which helped
to remove some of the large-scale light from the diffuse dust lane.

A second median filtering was applied to the resultant galaxy image using the
routine Median. Median uses a rectangular sliding window of dimensions X and Y to
remove small-scale structures by replacing the central pixel value by the median of the
pixel values in the rectangular filter. For HCG 22a, a rectangular filter of dimension 10
x 10 pixels was used and the resultant image produced by Median was subtracted from
the galaxy image. Finally, a constant was added to the median-filtered-subtracted
galaxy image in order to restore the background level to ity original value, The

above procedure was applied equally to both the V and R image. Inspection of the
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Figure 2.9: Median filtered subtracted image of HCG 22a.

galaxy image clearly shows an excess of stellar-like objects surrounding HCG 22a (see
Figure 2.9).

For HCG 90c, the STSDAS routine E11ipse was used to fit elliptical isophotes to
a radius of ~ 0.5’ (~ 5 kpc assuming H, = 75 km/s/Mpc) from the galaxy centre.
The isophote fitting was not carried out to a larger radius due to the increasing non-
elliptical nature of the isophotes with radius. This effect is most likely due to the
interaction with HCG 90d, which is clearly being disrupted (Hickson 1994). The
isophote fitting parameters, centre, ellipticity and position angle, were allowed to
vary out to the outer fitting radius. The galaxy model created by Bmodel was next

subtracted from the galaxy and, since the fitting was not catried out to a radius where
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the galaxy light reaches the background, a small circular artifact remained after the
subtraction process (see Figure 2.10),

In order to remove the remaining galaxy light near the centre, where Bmodel often
has trouble, the ring median filter was applied in the same way as that used for HCG
22a, The resultant median-filtered-subtracted image did not require a second filtering
process using a rectangular filter. A constant value was added to the galaxy image
in order to restore the original background level. The galaxy removal process was
applied equally to both the V and R imagé. Inspection of the galaxy image clearly
shows an excess of stellar objects surrounding HCG 90c (see Figure 2.10).

Since the control field did not contain any bright galaxies, it was not necessary to

median filter the image.

2.6 FOCAS

The detection and classification of objects in the program frames was performed
using FOCAS (Faint Object Classification and Analysis System) within the IRAF
environment (Jarvis & Tyson 1981; Valdes 1993). The goal of using FOCAS is to
construct a list of star-like objects for both the galaxy frames and the control field.
FOCAS has been shown to be more suitable than the DAOPHOT routine Daofind
in detecting extended objects of low surface brightness (as well as stellar objects),
except in very crowded stellar fields (Neuschaefer et al. 1995). However, only one
previous study to date has used FOCAS to detect globular cluster candidates around
another galaxy (Thompson & Valdes 1987).

The first step in using FOCAS is to set the detection parameters using the routine
Setcat. For t. ‘s study, a detection threshold of 2.80 above background was used, thus
any object whose pixel value is greater than 2.8¢ above background will be detected.
The detection threshold below background can also be defined and this was given the
value of 100 (ie. no object was detected below background). The background sky o

can be automatically determined or defined by the user. Automatic sky determination
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Figure 2.10: Median filtered subtracted image of HCG 90c.





























































































































































































