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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). Globular 

cluster populations were detected in both galaxies, with HCG 22a having a specific 

frequency of 2 and HCG 90c having a value of S n  ~  4. Both values of rpecific 

frequency are consistent with the average value found for held 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® — 10® 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; Searle 

& 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, 5/v, which is defined as the total number of globular clusters 

per unit galaxy luminosity (normalized to Mv =  -1 5 )  and is given by (Harris & van 

den Bergh 1981)

S n  =  N m  X 10°4(M .+15)^ 

where • .

Ntot =  the total number of globular clusters,

Mv — the total absolute V magnitude 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 Si\r range 

from S n < 1 for field spiral galaxies, to S s  c- 2-3 for field ellipticals, to S n  — 5 -  

7 for ellipticals in rich galaxy clusters and up to  S/v ^  10-20 for cD galaxies at the 

centres of rich clusters. Yet, which factor has the greatest influence on globular cluster 

formation -  galaxy type or environment—is unclear. As an example of an exception to 

the general trends mentioned above, Harris, Pritchet k  McClure (1995) have shown 

that NGC 7768 (a cD galaxy in the rich Abell cluster A2666) has a specific frequency 

of only 'v 4  while M87 (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 

intracluster gas; d) X-ray temperature of the intracluster gas and e) Bautz-Morgan 

type of the host galaxy cluster. No significant correlation 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). Sji/ 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 
Galaxies 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 k  Canizares 

1984), galaxy mergers (Ashman k  Zepf 1992), ‘biased’ globular 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 environments 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 90c (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 because, although

9



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
Vo (heliocentric) 2705 km /s
B t 12.24
B-R 1.62

operties of HCG 90c (NGC 7173)

Quantity Value
a  (1950) 21'‘59’"08.8*
8 (1950) -32"12'58"
/ 14“.98
b -53".08
Hubble Type EO
Vo (heliocentric) 2696km/s
B t 12.73
B-R 2.23

they are small (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 criteria: 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 c) compactness -  the surface 

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

10



member galaxies must be <  26 mag/arcsoc*.

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 (rtns 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 

to 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 Ho -  100 

km /s/M pc; Hickson 1994). The estimated group crossing time is given by Hickson et 

al. (1992) as H ie  =  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 [Htc =  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 Ho =  100 

km /s/M pc; Hickson 1994). From Table 1.2, the heliocentric radial velocity for HCG 

90c is 2696 km /s which indicates that this galaxy is most 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 H ie  — 0,022^ 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 appears to be 

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 I x  < 41 .14  ergs/s and lo g L x  ~  41.48 ± 0 .09  

ergs/s, respectively. Thus it is important to compare the globular cluster populations 

of HCG 22a and HOG 90c since these galaxies may have formed their GCs in widely 

different environments.

13



Figure 1.3: Image of HCG 90 taken from the Digital Sky Survey.
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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 Observatory (ESQ) 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 15 x 15 p m . 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 ( E / l l  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 90c 

and ten exposures of HCG 22a in the Cousins V and R passband. In addition to the 

target galaxies, a series o f ten exposures was obtained of a ‘control’ or background 

field. Since globular clusters are detected as a statistical excess of star-like objects, the 

control field is used as a means of setting the ‘background’ level o f star-like objects 

in a random field. The control field was located within 3" in galactic latitude

16



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 
15/um X 15/fm 
0,289" X 0.289"
9.9' X 9.9'
1.47 ±  0.03e-/A DC /
6.6 ±  Q .5 e-R M S  
2 ±  l e “ /pixel/hour ® 161 K 
Upper Limit 187000±5000c“ /pixel 
2 double columns, extending length 
of frame numerous charge traps

Table 2.2: Observations of HCG 22a.

Date Start Exposure Filter Airmass Seeing
(UT) (UT) (Sec.) (Mid.) (")

Oct.lO 05:26:19 900 V 1.06 0.73
Oct. 10 05:45:59 900 V 1.04 0.80
Oct.lO 06:46:42 900 V 1.03 0.82
Oct.lO 07:06:32 900 V 1.04 0.81
Oct.lO 08:08:14 900 V 1.13 0.73
Oct.lO 06:06:33 900 R 1.03 0.72
Oct.lO 06:26:34 900 R 1.03 0.88
Oct.lO 07:27:01 900 R 1.06 0.81
Oct.lO 07:46:51 900 R 1.09 0.74
Oct.lO 08:28:07 900 R 1.18 0.80

of the galaxy Helds 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 

star observations is given in Table 2.5.
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Table 2.3: Observations of HCG 90c.

Date Start Exposure Filter Airmass Seeing
(UT) (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 V 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.9 02:51:33 900 R 1.06 1.07
Oct.9 03:53:14 900 R 1.17 1.01
Oct.9 04:13:03 900 R 1.23 1.07

Table 2.4: Observation log of control field.

Date Start Exposure Filter Airmass Seeing
(UT) (UT) (Sec.) (Mid.) (")

Oct.lO 01:35:00 900 V 1.00 0.78
Oct.lO 01:54:50 900 V 1.01 0.77
Oct.lO 02:54:51 900 V 1.07 0.82
Oct.lO 03:14:47 900 V 1.10 0.85
Oct.lO 04:15:59 900 V 1.25 0.74
Oct.lO 02:14:56 900 R 1.02 0.88
Oct.lO 02:34:47 900 R 1.04 0.90
Oct.lO 03:35:58 900 k 1.14 0.81
Oct.lO 03:55:48 900 R 1.19 0.80
Oct.lO 04:36:04 900 R Ï.33 0.93
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Table 2.5: Observations of Standard Stars.

Field Date
(UT)

Start
(UT)

Exposure
(Sec.)

Filter Airmass
(Mid.)

Seeing
(")

PG2213-OOè 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 V 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.lO 01:09:43 2.00 V 1.15 0.78
PG 233H 055 Oct.lO 01:20:09 2.00 V 1J6 0.78

Rubin 149 Oct.lO 08:48:10 3.00 V 1.32 0.78
PG2213-006 Oct.lO 01:15:01 2.00 R 1.15 0.78
PG2331+055 Oct.lO 01:25:17 2.00 R 1.34 0.72

Rubin 149 Oct.lO 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 Im arith.

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

URAP it distributed by National Optical Astronomy Observatories, which is operated by the 
Association of Universities 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 fcr 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 'v 1%.

Since the dark current was negligible (2 ±  l c “ /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 k  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 ('w 5 x  full width-half-maximum (FW HM)). All magnitudes were 

scaled to an exposure time of one second.

The transformation equations were assumed to be of the form;

V = V + Vi + V2X v  v^iV — R )  V4{V — R)Xv^  (2,1)
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and

r == ( V - ( K ~ / « ) ) + r i  +  r2 Xr +  r 3 ( V - - R ) + r 4 ( V - R ) X r ,  (2.2)

where

V -  instrumenta! V magnitude,

Vs= standard V magnitude, 

r =  instrumental R magnitude,

R== standard R magnitude,

Wi)V2 .V3 ,U4 =  transformation coefficients,

=  transformation coefficients,

Xv — airmass,

X t  =  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 

^LaSillaextinction coefficients can be found at hiipi//v}isisa.ts.tio,org/hsi\h/aimjtti/ttimci\on.himl.
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Table 2.6: Transformation Coefficients

Date Coefficient Value
Oct. 9

0.205 ±  0.002
V2 0.189
V3 -0 .053  ±  0.005
V4 0
ri 0.050 ±  0.002
n 0.067
ra -0 .036  ±  0.007
n 0

extinction coefficients for October 9 1993 were adopted (vg =0.189 and =0.067). 

The routine in PHOTCAL that solves the transformation equations is the Fitparama 

routine. Fitpararas 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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Residunm 0

-0 .03

Figure 2.1: Plot of residuals (magnitude units) versus V magnitude (from fitting 
function) for October 9 standard star photometry.

Reaiduals 0

Figure 2.2: Plot of residuals (magnitude units) versus V -R  from the V transformation 
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.

Residuals 0

- 0.01

- 0.02

-0 .0 3

-0 .0 4

-0 .0 5

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 V (Tv V-R OV-R V (Tv V-R (t v - 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
PG2213-0Q6B 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 149B 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 ùf 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) 

were 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 X r e g is te r  and Im ah ift 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 held were 

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

Star Magnitude Passband
PG2213-006 14.567 V
PG2213<006 14.351 R

PG2213-006A 14.594 V
PG2213-006A 13.886 R
PG2213-0Ô6B 13.121 V
PG2213-006B 12.397 R
PG2213-006C 15.499 V
PG2213-006C 14.789 R

RU 149 14.324 V
RU 149 14.044 R

RU 149A 14.993 V
RU 149A 14.493 R
RU 149B 13.077 V
RU 149B 12.393 R
RU 149C 14.860 V
RU 149C 14.437 R
RU 149D 11.933 V
RU 149D 11.596 R
RU 149E 14.145 V
RU 149E 13.521 R
RU 149F 13.895 V
RU 149F 13.007 R
RU 149G 13.270 V
RU 149G 12.632 R
RU 152 13.464 V
RU 152 13.214 R

RU 152A 14.772 V
RU 152A 14.147 R
RU 152B 15.413 V
RU 152B 14.826 R
RU 152C 12.649 V
RU 152C 12.001 R
RU 152D 11.499 V
RU 152D 10.875 R
RU 152E 12.810 V
RU 152E 12.468 R
RU 152F 14.975 V
RU 162F 14.287 R
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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 

c c d c lip  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

^ “ (y) t ^~g ^  ^  <  -f > )^  (2*3)

where

rn  =  read-out noise,

9 =  gain,

< /  >=s true pixel value (approximated using the median of un-rejected 

pixels),

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

Pixels were rejected if their values exceeded 3<r above or below the <7 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  «-v \ /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.

Field Passband Seeing (")
HCG 22a V 0.87

R 0.87
HCG 90c V 0.98

R 0.98
Control V 0.93

R 0.96
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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 e l l i p s e  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 Ho — 75 km /s/M pc). 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 out 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 subtraction 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 (Franx, Illingworth & 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 Rmadian and Median. The Rmedian routine uses the fast ring 

median filter described by Seeker (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 replaced 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-Hltered-subtracted 

galaxy image in order to restore the background level to its 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 E l l ip s e  was used to fit elliptical isophotes to 

a radius of ~  0.6' 5 kpc assuming Ht> — 75 km /s/M pc) 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 HCQ 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 carried 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-hltered-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 held. 

FOCAS has been shown to be more suitable than the DAOPHOT routine Daof ind  

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 k  Valdes 1987).

The first step in using FOCAS is to  set the detection parameters using the routine 

S e tc a t . For t. s study, a detection threshold of 2.5(7 above background was used, thus 

any object whose pixel value is greater than 2.5(7 above background will be detected. 

The detection threshold below background can also be defined and this was given the 

value of 10(7 (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.
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Table 2.10: Classification Rules

Scales Class
0.1C 0.60 
0.61-1.20 
1.21-10.00 

10.01-100.00

noise
star

galaxy
diffuse

is done by examining the first few lines of the input image. However this procedure is 

risky since any bright sources near the edge of the frame can bias the value calculated 

for the sky a. Experimentation showed that the sky a was best determined manually 

and for this purpose, the DAOPHOT routine, D aoed it, was used.

Besides the <r values, a detection filter size must be supplied by the user. The 

D etect routine uses the detector filter to assign a weighted value to individual pixels 

from the values of the pixels within the detection filter. Experimentation showed 

that the use of a delta function (ie. no detection filter) maximized the sensitivity for 

object detection.

The final important parameter that must be specified is the classification rules, 

FOCAS uses a resolution classifier (Valdes 1982) to classify detected objects by com

paring a series of templates constructed from the point spread function of a number 

of point sources (isolated, unsaturated, bright stars). The PSP templates are scaled 

to various sizes and the template that best matches a resolved object is given the 

classification set by the scale values. Thus an ooject whose scale value is near that of 

the PSP would be classified as a ‘star’ while those with a broader scale may be classi

fied as ‘galaxy* or ‘diffuse*. The classification rules used for this study are similar to 

those that were used by Hintzen, Romanishin & Valdes (1991) and Rottgering et al. 

(1995), who showed that these classification parameters provide a sensitive discrimi

nation between noise, stars, galaxies, and diffuse objects (extended light structures). 

Table 2.10 list the classification rules used for this study.

After running the S e te a t  routine, the next step is to  use D ataet which classifies a
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poHitive detection as an object that has a minimum number of contiguous pixels (set 

by the user) with values greater than the threshold c . The minimum area was set at 

six pixels since the seeing is % 3 pixels (FWHM) and any detected object not covering 

six pixels must be ‘noise’. The next step is to use the Sky routine which generates a 

local sky value around each object using a square annulus. Next, the routine Evaluate 

determines most of the object parameters (such as shape measurements, photometry, 

etc.) but does not classify objects. The next step is to use S p lits  which separates 

multiple objects into two or more objects by increasing the detection threshold and 

examine objects for disconnected regions (satisfying the minimum area criteria). This 

process is repeated until no further objects are detected. After running the S p lits  

routine, a PSF (point spread function) template is constructed using the routine 

Autopsf which selects a user dchned number of stars in which to build a PSF model. 

The user defined values used in this study for Autopsf were; minimum number of 

stars =10, (T constraint in the scatter of template size =  0.05, and the size of the PSF 

template = 1 1  x 11 pixels.

The final FOCAS routine needed to classify image objects is the routine Resolution. 

Resolution classifies the detected objects by broadening or narrowing the model PSF 

in order to determine a ‘best-fit’ to the detected object. The class assigned to this 

object is defined by the classification rules using Setcat (see above).

Once FOCAS had been used to construct a catalog of detected and classified 

objects, the object list was culled of all objects that were non-stellar, saturated, and 

those that were located at the edge of the field. The above steps were repeated for 

all frames, in both V and R, using identical parameters (except for the different sky 

o r) .

The final step was to use the Match routine (Valdes et al. 1995) to construct a 

catalog of objects that were found in b o th  the V and R passbands. By including 

only objects that were matched in both passband, the probability of a false detection 

(such as a cluster of pixels with higher than average ADU values) is greatly reduced.
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Figure 2.11: Plot of FOCAS scale parameter versus V magnitude for HCG 22a.

Figures 2.11-2.13 show plots of the FOCAS ‘scale’ parameter versus V magnitude 

for both galaxy fields and the control field. Objects plotted include only those that 

were detected and classified as ‘star’ and ‘galaxy’ down to the limiting magnitude 

of V =24.6 (classification rules are summarized in Table 2.10). From the figures, it 

appears that FOCAS has equally applied its classification criteria to detected objects 

in all three fields. However, a clear separation does not exist for stars and galaxies 

and thus FOCAS seems to be unable to accurately classify faint background galaxies 

which mimic star-like objects (a problem for all classification programs).

2.7 Instrumental Magnitudes

All instrumental magnitudes were derived using the IRAF version of DAOPHOT. A 

brief summary of the required processing steps include: using the routine Photo to 

obtain aperture magnitudes, building a PSF model using P s t s e lo c t ,  P s f , N star and 

Substar, and finally calculating PSF magnitudes using Peak.

While the standard star magnitudes were measured using a large aperture of 16
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Figure 2.12: Plot of FOCAS scale parameter versus V magnitude for HCG 90c.
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Figure 2.13: Plot of FOCAS scale parameter versus V magnitude for the control field.
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Figure 2.14: Plot of S /N  versus aperture radius for a V=14.2 point source. The S/N  
reaches a maximum at ~  F W H M  (3 pixels) of the stellar profile (data taken from 
Howell 1989).

pixels in radius, the program objects (globular cluster candidates and star-like objects 

in the control field) had to be measured using a smaller size aperture. This is because 

the program objects are found in fields which are significantly more crowded than the 

standard stars, and hence an aperture of 15 pixels in radius would most likely enclose 

the light from several stars. Since the program objects are generally very faint ( V =22  

to 25 magnitude) the 'best' aperture size to use is one which maximizes the signal- 

to-noise ratio. Howell (1989) has shown that the S /N  ratio reaches a maximum at 

an aperture radius that is approximately equal to the FWHM of the source object. 

For radii smaller than the FWHM, the S /N  ratio decreases due to the decrease in 

the number of source pixels and hence increasing the noise. The S /N  decreases for 

radii larger than the FWHM due to the increase of noisy pixels within the measuring 

aperture (see Figure 2.14).

Since the FWHM of the program objects was 3 pixels, an aperture radius of 

3 pixels was used to measure aperture magnitudes using Phot. The difference in
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aperture size, used to measure the standard stars and the program objects, must be 

taken Into account. This is done by applying an ^aperture correction’ to the measured 

magnitudes of the program objects (see below).

In order to calculate PSF magnitudes for the program objects, a model PSF was 

constructed. The routine Pat s e l e c t  was used to compile a list of 25 bright, star-like 

objects in the median filtered subtracted galaxy frames and the control held. The 

routine P sf was used to construct a model PSF from the selected sample of stars. 

Next, Ns'tar and Substar were used to subtract the PSF s'tars and the resultant 

images were examined for any remaining subtraction artifacts. Once a ‘clean’ sub

traction was achieved, the PSF model was used by Peak to derive PSF magnitudes 

with a fitting radius of 3 pixels.

In order to convert PSF magnitudes to instrumental magnitudes (those that are 

entered directly into the transformation equations) an aperture correction must be 

applied. An aperture correction is a magnitude value that is added to the PSF 

magnitudes in order to compensate for the fact that the magnitudes of the standard 

stars were measured through an aperture much larger than that used for the program 

objects. Aperture corrections were calculated using the PHOTCAL routine Mkapf i l e ,  

which uses the program DAOGROW to compute the required values (Stetson 1990). 

The general procedure was to perform aperture photometry, using a series of aperture 

sizes from 3 to 15 pixels in radius, on several isolated, unsaturated, bright stars on 

individual frames (ie. on images before they were combined and median filtered). 

The reasons for using individual frames are: 1) the median filtering process cuts off 

the faint extended outer wings of the star-like objects (and hence a wrong aperture 

correction would be calculated)^; and 2) the mean airmass is better defined for a 

single exposure as compared to a series of combined exposures (Harris 1995).

Five bright, isolated stars were located on the galaxy and control held frames and a

^Since the site of the ring median Alter was «-w 7 pixels in radius, the inner part of the stellar 
proAlee are unaffected by the median Altering and magnitudes derived by Atting a PSF to a radius 
of three pixels are accurate.
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Figure 2.15: Plot of the adopted curve of growth profile for a single R~band image 
of HCG 90c. The data points are the observational data from several bright, isolated 
stars.

series of aperture magnitudes were obtained per frame. Mkapf i l e  computes an obser

vational and theoretical curve-of-growth (magnitude differences between successive 

apertures plotted against radius) and constructs a ‘best-fit’ curve using a weighted 

average of the observed and theoretical curves. The observational curve is given more 

weight for smaller radii (observational S /N  is higher), and the theoretical curve for 

larger radii (where the observational data are noisier). The aperture correction is 

calculated by integrating the adopted curve from an inner radius of 3 pixels to  an 

outer radius of 15 pixels. Figure 2.15 shows a plot of the adopted curve-of-growth for 

a single R image of HCG 90c.

Aperture corrections for the combined frames were calculated using the weighted 

mean of the individual aperture corrections. Table 2.11 shows the aperture corrections 

used for the galaxy and control fields.
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Table 2.11: Aperture Correction

Field Filter Aperture Correction 
(magnitude)

HCG 22a V -0.155
HCG 22a R -0.233
HCG 90c V -0.248
HCG 90c R -0.219
Control V -0.228
Control R -0.245

2.8 Standard Magnitudes

Standard magnitudes for the program objects were calculated using the derived trans

formation equations. The PHOTCAL routine Mkobsf i l e  was used to construct a list 

of objects that had magnitude measurements in both V and R passbands. The PHOT

CAL routine I n v e r f it  was then used to derive instrumental magnitudes by adding 

together the aperture correction and the measured psf magnitudes. In v er t f i t  was 

then used to calculate the standard V and R magnitudes using the transformation 

equations.
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Chapter 3
Data Analysis

3.1 Completeness Tests

Since the globular cluster populations of HCG 22a and HCG 90c are detected only at 

very faint magnitudes (V ~25), the probability of detecting an object as a function of 

magnitude must be determined as accurately as possible. A ‘completeness function’ 

was calculated by adding artificial stars to the galaxy and control field frames and 

re-running the FOCAS routines. The fraction of detected stars, as a function of 

magnitude, could then be used to derive the completeness limits. The DAOPHOT 

routine Addstar uses a model PSF (scaled to various heights) to add stars to an 

image with a user defined magnitude and location.

For HCG 22a, six artificial stars were added to the final galaxy frame at different 

locations and with a range in magnitude of 0.2. Only six stars were added ( represent

ing ~  1.2% of the total number of detected star-like objects) since experimentation 

sho''"'d that the addition of more stars would affect the crowding characteristics of 

the field and this would in turn adversely affect the completeness function'. Artificial 

stars were added to both V and R frames using the same spatial coordinates and 

with a V-R=0.4 (approximately the colour of Milky Way globular clusters; see Pe

terson 1993). FOCAS was then run exactly in the same manner as that used for the 

program objects, including only keeping objects that were detected in both V and R

'W hile running compieteness tests for this study, the addition of stars(amounting to only 10% of 
the total number of program objects) greatly affected the ability of FOCAS to detect and classify 
objects.
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passbands. A total of 169 trials, with six stars each, were carried out with a range in 

V magnitude from 22-25.2 (in 0.2 magnitude bins). The completeness data for HCG 

22a are presented in Table 3.1.

The uncertainties given in Table 3.1 were calculated using equations from Bolte 

(1989). The variance in the completeness fraction, f, (assuming Poisson and Binomial 

statistics) is given by

(31)^added

where

l^reeovered

f^added

The photometric magnitude limit of the data was defined to be the magnitude 

at which the probability for detecting an object drops to 50% (Harris 1990). For 

magnitudes fainter than this level the information is much less reliable and all such 

objects were discarded from further analysis. A cubic spline interpolation function 

was used to determined that /  =  0.5 at a V magnitude of 24.9 for the HCG 22a field. 

A plot of the completeness fraction versus magnitude is given in Figure 3.1. From the 

figure, it can be seen that the data is nearly 100% complete up to a critical magnitude 

upon where the completeness function drops rapidly (this behavior is generally seen 

in other studies).

In addition to determining the completeness function for the field in general, the 

function of completeness versus radial distance from the centre of the galaxy must 

also be determined. Since both the noise and the degree of crowding increase toward 

the centre of the galaxy, incompleteness will vary with radial distance from the galaxy 

centre. Artificial stars were added at different radii from the galaxy centre and the 

completeness limit was determined as a function of radial distance. For HCG 22a, it 

was found that the completeness function drops towards zero for radii less than 70 

pixels from the galaxy centre (part of this is due to the presence of a small disk-like 

feature (related to the central dust lane) at the centre of HCG 22a). All objects found 

within 70 pixels of the galaxy centre were therefore discarded and this inner region
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Table 3.1: Completeness Data For HCG 22a.

V ^aJded ^ fo v n d fcom pleteneia
22.0-22.2 48 48 1.000 0.000
22.2-22.4 48 48 1.000 0.000
22.4-22.6 48 48 1.000 0.000
22.6-22.8 48 48 1.000 0.000
22.8-23.0 48 48 1.000 0.000
23.0-23.2 48 47 0.979 0.021
23.2-23.4 60 68 0.967 0.023
23.4-?3.6 60 59 0.983 0.017
23.6-23.8 66 56 0.848 0.044
23.8-24.0 60 52 0.867 0.044
24.0-24.2 72 68 0.944 0.027
24.2-24.4 72 63 0.875 0.039
24.4-24.6 72 50 0.694 0.054
24.6-24.8 72 46 0.639 0.057
24.8-25.0 72 40 0.555 0.058
25.0-25.2 72 15 0.208 0.048

0.8
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0.4

0.2

22 22.5 23 23.5 24 24.5 25 25.5 26

V Magnitude

Figure 3.1: Completeness function for HCG 22a. Data points represent the fraction 
of recovered artificial stars for each magnitude bin. The value of /  reaches 0.5 at 
V =24.9 magnitude.
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Table 3.2: Completeness Data For HCG 90c.

V ^added ‘̂ /<nmd fcompleteneâa
22.0-22.2 40 40 1.000 0.000
22.2-22.4 40 40 1.000 0.000
22.4-22.6 40 40 1.000 0.000
22.6-22.8 40 40 1.000 0.000
22.8-23.0 48 48 1.000 0.000
23.0-23.2 64 64 1.000 0.000
23.2-23.4 64 64 1.000 0.000
23.4-23.6 64 64 1.000 0.000
23.6-23.8 64 64 1.000 0.000
23.8-24.0 64 64 1.000 0.000
24.0-24.2 64 64 1.000 0.000
24.2-24.4 80 75 0.938 0.027
24.4-24.6 80 70 0.875 0.037
24.6-24.8 80 54 0.675 0.052
24.8-25.0 80 16 0.200 0.045
25.0-25.2 64 0 0,000 0.000

was not used in further analysis. For radii greater than 70 pixels, the completeness 

function is the same over the whole held.

For HCG 90c, eight artihcial stars were added to the galaxy held per trial (rep

resenting ~  1.2% of the total number of detected star-like objects in the unmasked 

area). The completeness tests were run in the same way as for HCG 22a with a total 

number of 127 trials performed. The completeness limit of /  =  0.5 was determined 

to be 24.8 V magnitude. Table 3.2 lists the completeness data for HCG 90c and 

Figure 3,2 presents the completeness function. The radial dependence of the com- 

pleteness function was calculated in the same manner as for HCG 22a. Tests show 

that the cutoff in radius from the centre of HCG 90c is 60 pixels and thus, all objects 

found within this area were discarded.

For the control held, hve artihcial stars were added to the held 1.2% of the total 

number of detected star-like objects) and a total of 192 trials were performed. The 

completeness limit of the data was determined to  be 24.6 V  magnitude. Table 3.3 lists 

the completeness data for the control held and Figure 3.3 displays the completeness
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Figure 3.2: Completeness function for HCG 90c. Data points represent the fraction 
of recovered artificial stars for each magnitude bin. The value of /  reaches 0.5 at 
V =24.8 magnitude.

function.

3.2 Final Object List

The detection of globular cluster candidates can be improved using criteria (such as 

magnitude, colour and shape parameters) which are characteristic of globular clusters 

in general. Since both galaxy fields must be compared to the number of objects 

detected in the control field, all program objects with magnitudes fainter than V=24.6  

were rejected, as this was the completeness limit of the control field. Also, at the 

distance of HCG 22a and HCG 90c, the number of globular clusters brighter than 

V =22 magnitude is negligible and hence all objects brighter than this limit were 

removed from the object lists. Besides the magnitude criteria, all objects that lie 

within the masked out regions of the field (such as the inner part of HCG 22a and HCG 

90c, as well as regions containing other galaxies) were eliminated from the object lists. 

In order to  improve the S /N  of detected globular clusters over background galaxies,
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Table 3.3: Completeness Data For Control Field.

V ^added W/ound fcom pletenetê
22.0-22.2 45 45 1.000 0.000
22.2-22.4 45 45 1.000 0.000
22.4-22.6 45 45 1.000 0.000
22.6-22.8 45 45 1.000 0.000
22.8-23.0 45 45 1.000 0.000
23.0-23.2 45 45 1.000 0.000
23.2-23.4 60 60 1.000 0.000
23.4-23.6 69 60 1.000 0.000
23.6-23.8 60 60 1.000 0.000
23.8-24.0 80 80 1.000 0.000
24.0-24.2 80 80 1.000 0.000
24.2-24.4 80 78 0.975 0.017
24.4-24.6 80 68 0.850 0.040
24.6-24.8 80 26 0.325 0.052
24.8-25.0 60 12 0.200 0.052
25.0-25.2 50 9 0.180 0.054
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Figure 3.3: Completeness function for the control field. Data points represent the 
fraction of recovered artificial stars for each magnitude bin. The value of /  reaches 
0.5 at V=24.6 magnitude.
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all objects detected more than 2.13* ( «  22.4 kpc assuming Ho =  75 km /s/M pc) from 

the centre of HCG 22a were also discarded since at this radius the density of globular 

cluster candidates becomes low (see section 4.2). For HCG 90c, the corresponding 

radius is ~  2.58* or «  24 kpc (see section 4.3) thus all objects further away from the 

galaxy centre were removed from the object list.

A final cut to the data was made in terms of V-R colour of the program objects. 

Since the total number of objects is small, a large range In V-R was permitted. 

Objects having colour in the range of 0.0 <  V -  <  1.2 were included in the final’

list. A plot of V versus V-R, for HCG 22a, HCG 90c and the control field is given in 

Figure 3.4-3.0. From these figures it is clear that the colours of objects in the galaxy 

fields are different from the objects in the control field in the sense that the galaxy 

objects generally lie in a more restricted range of V-R then the objects in the control 

field. This is consistent with the idea that the majority of objects in the galaxy field 

are globular clusters and hence are not detected in the control held. Tables listing 

the photometric properties of the globular cluster candidates in HCG 22a and HCG 

90c are given in appendix A and B. Figures 3.7 and 3.8 show the spatial distribution 

of the globular cluster candidates for HCG 22a and HCG 90c, out to the radial limits 

given above. The masked central region for each galaxy is also displayed,

3.3 Photometric Errors

Errors in the photometry of the globular cluster candidates are plotted in Figure 3.9 

and 3.10. The standard deviation, <y, of the individual globular cluster candidates 

were determined by the PHOTCAL package. An examination of the hgures indicates 

that the standard deviation increases with increasing magnitude and that a y  % 0.1 

at the cutoff limit of 24.6 magnitude for both HCG 22a and HCG 90c.
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Figure 3.4: Colour-rnagmtude plot of the globular cluster candidates surrounding 
HCG 22a. Note the concentration of objects near V -R « 0.6, which is approximately 
the colour of Milky Way GCs (Peterson 1993). Th increase in scatter towards fainter 
magnitudes is due to the increase in photometric errors and of faint background 
galaxies.
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Figure 3.5: Colour-magnitude plot of star-like objects surrounding HCG 90c. Note 
the concentration of objects near V-R% 0.5.
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Figure 3.6: Colour-magnitude plot of star-like objects in the control field. Note that 
the objects appear to be scattered throughout the plot to a greater extent than the 
colour-magnitude plots for HCG 22a and HCG 90c.

3.3.1 Systematic Errors

Since artificial stars of known magnitudes were added to the program frames using 

Addstar, systematic photometric errors can be determined by comparing input and 

output magnitudes of recovered stars (e.g., Bridges, Hanes & Harris 1991; Butter- 

worth & Harris 1992).

Systematic error, S .E ., was defined as

S(Vo(frf V/onnrf)
S .E . =

JV
(3.2)

where

Vxdd =  magnitude of added artificial star,

V'/ound =  magnitude of recovered artificial star,

N  total number of stars.

For HCG 22a, the systematic error was determined to be +0.01 magnitudes while 

for HCG 90c, the error was -0 .001  magnitudes. Since the systematic errors are small,
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Figure 3.7: Positions of globular cluster candidates with V  <  24.6 surrounding HCG 
22a. The central 72 =  70 pixel masked-out region is shown, along with the galaxy 
centre at X=886 and Y =647 (marked with an x ) . Only those objects having radii 
70 <  72 <  441 pixels are shown. Note the concentration of star-like objects around 
HCG 22a.
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Figure 3.8: Positions of globular cluster candidates with V  <  24.6 surrounding HCG 
90c. The central A =  60 pixel masked-out region is shown, along with the galaxy 
centre at X =887 and Y -6 5 2  (marked with an x ) . Only those objects having radii 
60 <  Æ <  635 pixels are shown, excluding the area in the lower left quadrant which 
was masked oui. due to the presence of HCG 90b and d (see Figure 2.6). Note the 
concentration of star-like objects around HCG 90c.
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Figure 3.9: A plot of the standard deviation versus V magnitude for the globular 
cluster candidates in HCG 22a.
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Figure 3.10: A plot of the standard deviation versus V magnitude for the globular 
cluster candidates in HCG 90c.
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Figure 3.11: Plot of the magnitude difference between added artificial stars (using 
A ddstar) and recovered stars, versus V magnitude for added stars in the median 
filtered HCG 22a field. The scatter about the A M a g  =  0 axis is defined as the 
systematic error, which was determined to be negligible for this field.

no correction to the photometric data was undertaken. Figures 3.11 and 3.12 show a 

plot of the magnitude difference between input artificial stars and recovered artificial 

stars (for the median filtered galaxy frames). The average of the scatter about the 

L M a g  axis is defined as the systematic error.

3.3.2 Random Errors

Random photometric errors can also be calculated using the Addstar data by examin

ing the standard deviation of the magnitude difference between added and recovered 

artificial stars. The root-mcan-square of the random errors, was defined as

m V a d d  -  Vtound) -  S .E .Ÿ
^v,rmi -  -------------------------------------N

(3.3)

where

S .E . -  systematic error determined in equation 3.2, 

N ss  total number of added stars.
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Figure 3.12: Plot of the magnitude difference between added artificial stars (using 
Addstar) and recovered stars, versus V magnitude for added stars in the median 
filtered HCG 90c field. The scatter about the AMa^f =  0 axis is defined as the 
systematic error, which was determined to  be negligible for this field.

Over the magnitude range of V =22.0-24.6, — 0.04 for HCG 22a and

— 0.03 for HCG 90c.
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Chapter 4
Results

I I

4.1 Globular Cluster Luminosity Function

The globular cluster luminosity function (GCLF) for each galaxy must be constructed 

from the statistical subtraction of star-like objects from the control field. The star- 

like objects in the control field will consist of a) true globular clusters, b) foreground 

stars and c) faint background galaxies which have stellar-like profiles and were mis- 

classified by FOCAS. In fact, most contamination will be due to faint galaxies since 

one expects less than one foreground star per square arcminute in the magnitude range 

V—21-25 (e.g., Ratnatunga & Bahcall 1985). Since object detection and classification 

were carried out identically for both control and galaxy fields, the difference in the 

number of star-like objects between the galaxy fields and the control field (corrected 

for completeness and normalized with respect to area) should be, statistically, globular 

cluster candidates.

Before a comparison can be made between objects found in the control field and 

those found in the galaxy fields, the data must be completeness-corrected. All star- 

like objects found on the control field were first placed into 0.2 magnitude bins. The 

completeness data (Table 3.3) were used to correct the total number of objects (per 

bin) by dividing the raw counts by the completeness fraction for that bin. Thus the 

corrected counts give an estimate of the total number of objects that would have 

been detected if the detection process would have been 100% efficient. The number 

of detected objects also depends upon the size of the field. The total useable area of
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the control field (ie. excluding maaked out regions due to bad columns, charge traps, 

etc.) was 47.9 arcmin*. The number of corrected objects (per magnitude bin) is given 

in Table 4.1. The total number of objects found in the control field (completeness 

corrected), summed over all magnitude bins, was 199.4 ±  13.1. The uncertainty in 

the corrected counts is given by (Bolte 1989)

<rl as

where

nob,  ̂ (1 -  /)»L
P  naddedP

(4.1)

/  =  completeness fraction (per mag bin), 

no6« =  raw counts,

nodded’̂  the number of artificial stars added (per mag bin).

4.1.1 HCG 22a

For the HCG 22a field, all program objects were placed in 0.2 magnitude bins and 

completeness corrected following the same procedure used for the control field. The 

total area of the galaxy field was calculated for radii between 70 and 441 pixels from 

the centre of HCG 22a (excluding all masked out regions). The total useable area was 

determined to be 13.2 arcmins^. In order to normalize the control field counts to the 

galaxy area, the background completeness-corrected counts (per bin) were multiplied 

by a factor of ~  0.3.

The number of globular cluster candidates per magnitude bin was then calculated 

by subtracting the control field counts (corrected for completeness and area) from 

the galaxy counts (corrected). Table 4.1 gives the data for HCG 22a and the control 

field, where Ngai is the (completeness corrected) counts for HCG 22a, Nbkgd is the 

completeness corrected (and normalized for area) counts for the control field and N  

is (statistically) the number of globular clusters candidates.

Globular cluster luminosity functions are universally well fitted by either a Gaus

sian (Harris 1991) or a U function (Seeker 1992). The Gaussian function is of the
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Table 4.1: Globular Cluster Luminosity Function Data: HCG 22a.

V Hgoi N
22.0-22.2 3.0 è  1.7 0.6 db 0.4 2.4 ± 1.8
22.2-22.4 3.0 ±  1.7 2.2 ±  0.8 0.8 1.9
22,4-22.6 0 0.8 ±  0.5 -0.8 ± 0.5
22.6-22.8 5.0 ±  2.2 1.4 ±  0.6 3.6 ± 2.3
22.8-23.0 7.0 ±  2.6 2.8 ±  0.9 4.2 d: 2.8
23.0-23.2 3.1 ±  1.8 0.6 db 0.4 2.5 ± 1.8
23.2-23.4 9.3 ±  3.1 1.6 ±  0.3 7.6 3.1
23.4-23.6 8.1 ±  2.9 2.8 ±  0.9 5.4 ± 3.0
23.6-23.8 14.2 ±  4.2 4.4 db 1.1 9.7 4.3
23.8-24.0 16.1 ±  4.4 7.2 ±  1.4 9.0 4.6
24.0-24.2 10.6 ±  3.4 10.0 ±  1.6 0.6 ± 3.8
24.2-24.4 35.4 ±  6.6 8.8 ±  1.7 26.6 ± 6.8
24.4-24.6 30.2 ±  7.0 12.0 ±  2.0 18.2 ± 7.3

form

where

N {V )  =  A  exp
(m -  m oŸ

2(7'
(4.2)

N {V )  =  number of globular clusters,

A  =  Gaussian function scale factor,

m =  V magnitude of globular clusters,

mo — y  magnitude of the Gaussian function peak,

(7 =  dispersion of the Gaussian function.

The fit of the Gaussian function to the GCLF data involves the simultaneous 

fitting of three parameters (turnover, dispersion and scale factor). Since the GCLF 

data for HCG 22a are highly uncertain, especially near the magnitude limit of the 

data, it was decided not to perform a direct fit to the GCLF data. In order to 

determine the turnover in the GCLF, a value for the Hubble parameter was assumed 

and the distance to HCG 22a was calculated from the median redshift of the group. 

A redshift value of z=0.009 was taken from Hickson et al. (1992) and, assuming 

H o -  75 km /s/M pc, a distance of 36 Mpc was calculated for HCG 22a. As stated in

59



the Introduction, the absolute magnitude of the turnover in the GCLF is observed 

to be roughly the same for all galaxies, regardless of their morphological type or 

local environment (Harris 1991; Jacoby et al. 1992). We have therefore adopted 

My =  -7 .4  ±  0.2 for the absolute magnitude of the turnover, which is consistent with 

previous studies (e.g., Fleming et al. 1995). The apparent magnitude of the turnover 

was then calculated using

mo -  Mv = &‘ logd -  5, (4.3)

# «
where

mo=  apparent magnitude.

M y -  absolute magnitude, 

d — distance (pc).

The apparent magnitude of the turnover in the GCLF for HCG 22a was determined 

to be m y  =  25.4± 0.2. Figure 4.1 shows a plot of the GCLF for HCG 22a with a 

Gaussian function having a turnover o f m y  =  25.4 ±  0.2, a dispersion of a  = 1 .4 \  

and a scale factor of A=8.76 (derived from a non-linear least-squares fit to the GCLF 

using the above stated values for m y  and ?). The above procedure was repeated for 

Ho =  50 km /s/M pc and a turnover magnitude of m» =  26.3 ±  0.2 was calculated. 

Figure 4.1 shows a plot of the Gaussian function using Ho =  50 km /s/M pc.

4.1.2 HCG 90c

The GCLF for HCG 90c was derived in the same manner as that done for HCG 22a. 

The list of star-like objects consists of those having radii between 60 and 535 pixels 

from the galaxy centre. A large fraction of the galaxy field was masked out in order to 

prevent the inclusion of any objects associated with the neighbouring galaxies HCG 

90b and d. The inner A  =  60 pixels of the centre of HCG 90c was masked out as 

described earlier. The total usable area of the galaxy field was calculated to be 14.9

‘The dispersion of the Gaussian function has been shown to have only a narrow range of values 
(Harris 1091), centred on -  1>4 (Jacoby et al. 1092).
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Figure 4.1: Globular cluster luminosity function for HCG 22a. The fit of a Gaussian 
function (assuming Ho =  50 km /s/M pc and <7=1.4) is shown as the solid line with a 
turnover of my =  26.3 d: 0.2. The dotted line is a Gaussian function with a turnover 
of m v  — 25.4 ±  0.2 (assuming Ho =  75 km /s/M pc).

arcmin*, which is only 31% of the size of the control field. The st ar-like objects were 

placed into 0.2 magnitude bins, corrected for completeness and background subtracted 

(control field counts were completeness corrected and normalized with respect to the 

area of HCG 90c). The data for HCG 90c is given in Table 4.2.

The turnover in the GCLF for HCG 90c was calculated in the same manner as 

that for HCG 22a. A median group redshift of z=0.9088 was used to derive a distance 

to HCG 90c by assuming Ho =  75 km /s/M pc. Using the same absolute magnitude 

for the turnover as applied to HCG 22a, the apparent magnitude of the GCLF was 

determined to be my =  25.1 è  0.2. The above calculations were repeated using Ho =  

50 km /s/M pc and the turnover apparent magnitude was found to be m y =  26.0±0.2 . 

Table 4.3 summarizes the values of the turnover in the GCLF for HCG 22a and 

HCG 90c using two different values for the Hubble parameter. Figure 4.2 shows the 

GCLF for HCG 90c along with the calculated Gaussian function for Ho =  60 and 75
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Table 4.2: Globular Cluster Luminosity Function Data; HCG 90c.

V Ngal, Nhkad N
22.0-22.2 6.0 ±  2.4 0.6 ±  0.4 5.4 ±  2.5
22.2-22.4 6.0 ±  2.4 2.5 ±  0.9 3.5 ±  2.6
22.4-22.6 8.0 ±  2.8 0.9 ±  0.5 7.1 ±  2.9
22.6-22.8 6.0 ±  2.4 1.6 ±  0.4 4.4 ±  2.5
22.8-23.0 13.0 ±  3.6 3.1 ±  1.0 9.9 ±  3.7
23.0-23.2 15.0 ±  3.9 0.6 db 0.4 14.4 ±  3.9
23.2-23.4 6.0 ±  2.4 1.9 ±  0.8 4.1 ±  2.6
23.4-23.6 10.0 ±  3.2 3.1 ±  1.0 6.9 ±  3.3
23.6-23.8 20.0 ±  4.5 5.0 d: 1.2 15.0 d: 4.6
23.8-24.0 22.0 ±  4.7 8.1 ±  1.6 13.9 ±  5.0
24.0-24.2 26.0 ±  5.1 11.2 ±  1.9 14.8 ±  5.4
24.2-24.4 50.1 ±  7.4 9.9 ±  1.9 40.2 d: 7.7
24.4-24.6 38.8 ±  6.9 13.5 ±  2.3 25.4 ±  7.2

Table 4.3; GCLF turnover apparent magnitudes.

Galaxy Ho
(km /s/M pc)

m v  1

HCG 22a 50 26.3 ±  0.2
75 25.4 d: 0.2

HCG 90c 50 26.0 ±  0.2
75 25.1 d: 0.2

km /s/M pc.

4.2 Radial Distribution: HCG 22a

The radial distribution o f the globular cluster population was determined for each 

galaxy by dividing the fields into several annuli. For HCG 22a, the globular cluster 

population was divided into seven annuli (53 pixels in width) between a radius of 70 

and 441 pixels. For each annulus, the total number of globular cluster candidates 

was corrected for completeness (over the magnitude range used previously) and the 

surface density of objects (per arcmin') was then computed. Next, the density of 

star-like objects in the control field was calculated (completeness corrected) and this
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Figure 4.2: Globular cluster luminosity function for HCG 90c. The fit of a Gaussian 
function (assuming Ho =  50 km /s/M pc and <r^l.4) is shown as the solid line with a 
turnover of m y =  26.0 ±  0.2. The dotted line is a Gaussian function with a turnover 
of my =  25.1 ±  0.2 (assuming //« =  75 km /s/M pc).

value {(Tbkgd =  4.2 clusters/arcmin^) was subtracted from the density determined for 

each of the annuli in the galaxy field. This final value should be, statistically, the 

density of globular clusters. Table 4.4 gives the values determined for HCG 22a. 

The second column of the table lists the density of globular clusters (completeness 

corrected and background subtracted). All uncertainties are added in quadrature and 

follow the work of Bolte (1989).

In order to characterize the radial distribution o f globular clusters, a power law of 

the form, a  =  A R *, was fitted to the data (e.g., Fleming et al. 1995). Using weighted 

nonlinear least-squares, the best-fit values for the radial distribution for HCG 22a 

was found to be

A  =  7.21 db 1.28, 

a  a  “ 2.01 ±  0.30,

with =  6.4 and a reduced =  1.3. Figure 4.3 shows the radial distribution of the
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Table 4.4: Globular Cluster Radial Distribution Data: HCG 22a.

R
(arcmin) (clusters/orcmm*)
0.34-0.59
0.59-0.85
0.85-1.10
1.10-1.36
1.36-1.62
1.62-1.87
1.87-2.13

33.1 ±  7.9 
19.5 ±  5.0 
5.7 ±  2.8
8.1 ±  2.8 
4.1 ±  2.0 
0.3 ±  1.3 
3.3 ±  1.8

globular cluster population for HCG 22a, along with the best-fit power-law.

A useful comparison can also be made between the spatial extent of the globular 

cluster system and the stellar halo of the parent galaxy. Figure 4.4 shows a comparison 

of the radial profile of the globular cluster system and the surface brightness for HCG 

22a (R magnitude). The surface brightness data has been taken from Franx et al. 

(1989) and has been scaled vertically to match the GC profile near its centre. A fit 

to the halo profile gives, /i ^  which is equal to the slope of the radial profile of 

the GCs (a  =  —2.01 ± 0 .3 ). Thus the globular cluster system is as spatially extended 

as the halo light of HCG 22a. This is consistent with other studies where the GC 

profiles are either similar to or more extended than the galaxy halo (e.g., Fleming et 

al. 1995).

The radial distribution of HCG 22a can also be compared to the relationship 

between the total absolute V magnitude of the galaxy and the exponent of the power- 

law fit to the GC radial profile. This relation is given as (see Harris 1993)

a  =  ( - 0 .2 9 ± 0 .0 3 ) M j - 4 .4 9 , (4.4)

where m is defined as a ~  and the observed scatter in a  is ±0.2 . The absolute 

magnitude of HCG 22a was determined by calculating the distance to the galaxy 

using the equation

D =s v/ffof (4.5)
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Figure 4.3: Radial distribution of globular clusters around HCG 22a. <r is the number 
of star-like objects per arcmin* (completeness corrected and background subtracted). 
The radius is given as the geometric mean of the annuli (<  R  > -  \//?mn«r^ou<er ) in 
arcminutes. The best-fit power-law function is shown as the solid line.

where

D =  distance,

v =  median radial velocity of the group,

Ho =  the Hubble parameter,

and using equation 4.3 (along with a value for the apparent magnitude) to calculate 

the absolute magnitude. The apparent magnitude for HCG 22a was obtained from the 

RC3 catalog (1991) using the NED* and was listed as m'y =  11.35 ±  0.07. For Ho ~  

50 km /s/M pc, M y — —22.31 ± 0 .0 7  and for Ho — 75 km /s/M pc, M y  =  -21 .4 3 ± 0 .0 7 . 

Using equation 4.4, the predicted values of a  equals —1.98 ±  0.02 and -1 .7 2  ±  0.02 

(for Ho — 50 and 75 km /s/M pc). These values are consistent with the value obtained 

by fitting a power-law to the radial distribution {anca iia  =  -2 .0 1  ±  0.3).

*The NASA/IPAC extragalactic database (NED) is operated by the Jet Propulsion Laboratory, 
California Institute of Technology, under contract with the National Aeronautics and Space Admin
istration.
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Figure 4.4: The radial profile of the globular cluster system of HCG 22a (solid dots 
with error bars), compared to the surface brightness (R  magnitude) from Franx et al. 
(1989). The surface brightness profile has been arbitrary scaled in height in order to 
match the GC profile near it’s centre. From the figure, it is clear that the globular 
cluster system is as spatially extended as the halo light of the parent galaxy. The 
slope of a power-law fit to the GC profile is a  =  —2.01 d: 0.3 while for the halo light, 
the slope is «  =  -2 .3 .
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Table 4.5: Globular Cluster Radial Distribution Data: HCG 90c.

R
(arcmin)

<Tcl
(clusters/orcmfn*)

0.29-0.41 46.9 ±  16.2
0.41-0.53 30.7 ± 1 1 .6
0.53-0.65 14.1 ±  7.5
0.65-0.77 25.1 ±  8.8
0.77-0.89 18.6 ±  7.2
0.89-1.01 23.8 ±  7.5
1.01-1.13 27.3 ±  7.4
1.13-1.25 14.2 ±  5.3
1.25-1.37 26.4 ±  6,5
1.37-1.50 10.0 ±  4.3
1.50-1.62 9.1 ±  4.0
1.62-1.74 7.9 ±  3.6
1.74-1.86 11.2 ±  4.0
1.86-1.98 9.4 ±  3.6
1.98-2.10 10.2 ±  3.6
2.10-2.22 2.1 ±  2.4
2.22-2.34 2.1 ±  2.4
2.34-2.46 2.7 ±  2.5
2.46-2.58 1.5 ±  2.1

4*3 Radial Distribution: HCG 90c

For HCG 90c, the radial distribution was calculated in bins from 60 to 535 pixels in 

radius (with the exclusion of the masked out regions as mentioned previously). The 

radial profile was determined by dividing the area around HCG 90c into 19 annuli 

of width 25 pixels, The procedure in calculating the density of globular clusters for 

each annulus was similar to that used for HCG 22a. The raw counts were complete

ness corrected and the background density was subtracted. The data for the radial 

distribution of HCG 90c is given in Table 4.5.

A power-law fit to the radial data gives best-fit values of or =  -1 ,2 0  ±  0.16 and 

A  -  1 3 .9 9 il .4 2  with a =  1.5. This analysis was made using a weighted non linear 

least-squares fit to the data. Figure 4.5 shows the radial profile, along with the best 

fit power-law, for HCG 90c.
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Figure 4.5: Radial distribution of globular clusters around HCG 90c. a  is the number 
of star-like objects per arcmin^ (completeness corrected and background subtracted). 
The best-fit power-law function is shown as the solid line.

The value for a  was calculated using the relationship between and a  (equa

tion 4.4) following the procedure used for HCG 22a. The apparent magnitude of 

HCG 90c was listed as =11.62 in the RC3 (1991) catalog (no uncertainty given). 

Using the median redshift of HCG 90 (z=0.0088; Hickson et al. 1992), the absolute 

magnitude of HCG 90c was determined to be M v  =  -2 1 .7 9  (for Ho =  50 km /s/M pc) 

and M v  =  -20.91 (for Ho =  75 km /s/M pc). Equation 4.4 gives values for a  of 

1.83 d: 0.2 and 1.57 ± 0 .2  (for Ho — 50 and 75 km /s/M pc). These values do not agree 

with the fitted value of oihcgwc -  -1 .2 0  ±  0.16. The shallower slope for HCG 90c 

may be the result of contamination from the globular clusters of other galaxies in the 

HCG 90 group.

4,4 Specific Frequency: HCG 22a

As discussed in the Introduction, a useful way of quantifying the globular cluster 

populations of different galaxies is to compare values of specific frequency. The specific
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frequency is defined as the number of globular cluster per unit galaxy luminosity 

(normalized to A/« =  -1 5 ; van den Bergb & Harris 1982) and is given by

S n  =  (4.6)

where

S n  — specific frequency,

Ntotai =  the total number of globular clusters,

M j =  the absolute V magnitude of the parent galaxy. •

The first step in calculating the specific frequency is to determine Ntotah The 

power-law function, a  =  /liî® , must be integrated from an inner radius to an outer 

radius in order to  account for the globular clusters that were missed due to spatial 

incompleteness. Also, the number of globular clusters must be corrected for the 

incomplete coverage of the luminosity function.

In order to integrate over the radial globular cluster distribution, inner and outer 

radius limits must be adopted. Globular cluster distributions normally do not extend 

to radii inward of 1 kpc from the centre of the parent galaxy (e.g. Harris 1991; 

Bridges, Hanes, & Harris 1991). The most likely cause is that tidal shocking and 

dynamical friction will destroy globular clusters at distances close to the galaxy centre 

(e.g. Weinberg 1993). For an outer radius, globular cluster systems generally do not 

extend past 50 kpc from the centre of a typical elliptical galaxy (e.g. Harris & van 

den Bergh 1981; Hanes k  Harris 1986; Fleming et al. 1995). Thus for this study, an 

inner radius of 1 kpc and an outer radius of 50 kpc was used which correspond to 

angular distances of 0.06* and 3.18* (for Ho =  50 km /s/M pc) and 0.10* and 4.75* (for 

Ho =  75 km /s/M pc), respectively (it is important to note that the radial counts for 

HCG 22a and HCG 90c appear to reach background levels ^  50 kpc from the galaxy 

centre).

The integral of the power-law density profile gives

^iotat — J  (4.7)
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where

da =  2irRdR. (4.8)

Thus, we have (using =  50 km /s/M pc)

Ntoiai =  (4.9)
Jo m '

Solving equation 4.9, the total number of globular clusters belonging to  HCG 22a is 

Ntotai = 181 ±  56,

(note that this does not yet include correction for faint globular clusters below our 

detection limit). If the outer radius was set at a smaller value, say 25 kpc, the total 

number of globular clusters would be («-̂  148) and hence Ntotai is not too sensitive 

for a steep slope like a  ~  -2 .0 .  The uncertainty in Ntotah was determined using the 

standard error equation

After correcting for the radial incompleteness of detected globular clusters, the 

incomplete coverage of the luminosity function must be accounted for. Since the lu

minosity function was assumed to be Gaussian in shape, the area under the part of the 

Gaussian unaccounted for in the data will give a measure of the percent of unobserved 

globular clusters. Integrating the Gaussian curve from - o o  to the photometric limit 

of the data (V =  24.6), the total observed part of the Gaussian distribution equals 

11 ±  6% of the total. Correcting Ntotai for the unobserved part of the luminosity 

function, the total number of globular clusters (corrected) is

^  1645 ± 6 0 8 .

Once the total number of globular clusters have been calculated, the absolute V 

magnitude of the parent galaxy {M v  =  -22 .31  ±  0.07 for Ho =  50 km /s/M pc) can
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be used to determine S ^ ,  From Equation 4.6, the computed specific frequency for 

HCG 22a is

S n  =  2,0 d: 0.7.

The uncertainty in was determined using the standard error equation

= 4,0, (âÆw) (âÂ fp ) '

Repeating the above calculations for using =  75 km /s/M pc, the specific 

frequency is

S s  — 1.7 ±  0.8.

4.5 Specific Frequency: HCG 90c

The specific frequency of HCG 90c was calculated using the same procedure as that 

used for HCG 22a. For He, — 50 km /s/M pc (and a median group redshift z=0.0088), 

the limits of integration for the radial distribution were determined to be

Rin — 1 kpc =  0.07%

Roui =  50 kpc =3.5%

The total number of globular clusters over this range of radius is . .

Ntotai = 27fA æ ^ U R .  (4.12)
JO JO T

For our observed value a  =  —1.20, this yields 

Ntot =  286 ±  30,

where the uncertainty in Ntot was again calculated from Equation 4.10. If an outer 

radius of 25 kpc is used, Nte,iat 159 and thus the total number of globular clusters 

is sensitive on the choice of an outer radius for a slope of a  «v -1,2.
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Table 4.6: Summary of specific frequency values.

Galaxy Ho
(km /s/M pc)

S n

HCG 22a 50 2.0 ± 0 .7
75 1.7 ± 0 .8

HCG 90c 50 3.4 ± 1 .2
75 4.8 ± 1 .0

Correcting for the unobserved part of the luminosity function (again integrating 

a Gaussian function from - o o  to the photometric limit of =  24.6), we determined 

that 16 ±  4% of the total number of globular clusters have been observed. Correcting 

Ntotai for the unobserved portion of the luminosity function, we have

=  1788 ± 6 3 5 .

Using the value of absolute magnitude as calculated above for ffo =  50 km /s/M pc, 

the specific frequency for HCG 90c is

Sat =  3.4 ±  1.2,

where the uncertainty was calculated as before.

Repeating the above calculations for Sji/ using Ho — 75 km /s/M pc, the specific 

frequency is

5/v =  4.8 ±  1.0.

Table 4.6 summarizes the calculated values of specific frequency with different values 

o f / / , .
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Chapter 5
Discussion

Although our sample is limited to only two compact group galaxies, we can draw some 

tentative conclusions . The most important aspect of this study is the determination 

of the specific frequencies of HCG 22a and HCG 90c. As mentioned in the Introduc

tion, specific frequency values generally range from 2-3 for field ellipticals and 5-7 for 

ellipticals in rich galaxy clusters. The relatively low S n  values determined for both 

HCG 22a and HCG 90c (S/v ~  2.0 and 4) are consistent with the hypothesis 

that these globular cluster systems were formed at a tim e when their parent galaxy 

was simply a ‘field’ elliptical or in a low density environment.

If HCG 22a and HCG 90c were formed in a high density environment, like that 

found in compact groups, one might expect higher specific frequency values if the 

formation of globular clusters was more efficient in higher density environments (e.g., 

‘biased’ globular cluster formation; West 1993). As stated in the introduction, spe

cific frequency values seem to follow the general trend that as the local density in

creases, the number of globular clusters (per unit galaxy luminosity) also increases 

(Figure 1.1). It is also interesting to note that all high S n  galaxies are found in high 

density environments (e.g., M87 and NGC 1399; Harris 1991), such as the centres of 

rich Abell clusters, but that not all galaxies sitting at the centre of these rich clusters 

are high S n  systems (Harris, Pritchet & McClure 1995). Thus the evidence seems to 

suggest that a high density environment, at least at the current epoch, is a necessary 

but not a sufficient condition for the formation of high S n  galaxies.
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Besides providing possible insights into globular cluster formation, the results of 

this study may be pointing the way to  the true nature of compact groups. The 

exact nature of Hickson compact groups has been controversial since some studies 

have suggested that Hickson compact groups are really only chance projections of 

large filamentary structures (Hernquist, Katz & Weinberg 1995) or superposition of 

galaxies in a much larger group or poor cluster (e.g., Walke k  Mamon 1989). The 

basic reason given for this suggestion is that N-body simulations hint at the possibility 

that (given the small crossing times and low velocity dispersions of compact group 

members; Hickson et al. 1992) member galaxies should merger to  form a single 

elliptical on the order of a few crossing times (e.g., Barnes 1985; Mamon 1987). This 

would indicate that compact group members are just beginning to come together at 

the present time and that in the past the current member galaxies were in a lower 

local density environment. The small values of S y  found for HCG 22a and HCG 90c 

are consistent with this idea since the specific frequency values are characteristic of 

galaxies found in low density environments (Harris 1991).

There is a lot of evidence that seems to suggest that most Hickson compact 

groups are truly compact (Mendes de Oliveira k  Hickson 1994). The detection of 

H i  (Williams k  Rood 1987) and of X-rays (e.g., Pildis, Bregman k  Evrard 1995) 

surrounding some Hickson compact groups suggest that these galaxies have under

gone significant dynamical evolution and that galaxy interactions may have occurred 

(Mendes de Oliveira k  Hickson 1994). Other evidence for true ‘compactness’ is that 

the fraction of spiral galaxies per group decreases with decreasing crossing times 

(Hickson et al. 1992). The common interpretation of this fact is that groups with 

smaller crossing times have had tim e for member spiral galaxies to merge and form 

elliptical galaxies. This can only be possible if these compact groups are physically 

nearby to each other (Hickson et al. 1992). Further evidence that supports the idea 

that most compact groups are truly compact is the presences of tidal tails and tidal 

debris in some compact groups. Hunsberger, Charlton k  Zarltsky (1996) report the
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discovery of 47 dwarf galaxy candidates in the tidal features of a sample of 42 Hickson 

compact groups (HCG 22 and HCG 90c were not part of the study). This provides 

strong evidence to support the idea that most of the Hickson compact groups are real 

physical associations.

The results from this study are unable to prove whether or not HCG 22a and 

HCG 90c were located in a dense ‘compact-like’ environment at the time when their 

globular cluster systems were formed. For HCG 22 and HCG 90, both compact groups 

have been detected in X-rays with HCG 90 being more X-ray luminous than HCG 22 

(Ponman et al. 1996). As stated previously, HCG 90 also contains a galaxy (HCG 

90d) which is clearly interacting with another galaxy (Hickson 1994). Thus the above 

evidence suggest that the target groups in this study are truly compact groups. It 

is of interest to note that the radial profile of HCG 90c (a  =  —1.20 ±  0.16) is a lot 

shallower than the radial profile of HCG 22a (o  =  -2 .0 1  ±  0.3). W ith the large 

uncertainties involved in the study of the radial distribution of these galaxies it is 

unclear how concrete these results are.

From the results of this study, it is clear that further observations are needed to 

help understand both the formation of globular clusters and the nature of Hickson 

compact groups. Observations which clearly reach the turnover would be of great 

value since they would provide a direct determination of the distance to member 

galaxies. Also, a high signal-to-noise ratio in the number of detected GCs would 

decrease the uncertainties associated with the GCLF and radial distribution. Also 

needed are observations of a larger sample of compact group galaxies. This would 

help to provide possible evidence for any correlation between galaxy luminosity and 

Sn  (since the local environment would be the same for a pair of galaxies in the same 

group) or other factors such as X-ray luminosity, mass-to-light ratio and distance 

from the group dynamical centre.
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Chapter 6
Summary and Conclusion

We have measured the globular cluster populations of galaxies in Hickson compact 

groups for the first time. Deep V and R CCD images of HCG 22a and HCG 90c 

were obtained on October 9-10, 1993 using the European Southern Observatory’s 

New Technology Telescope. The globular cluster populations have been measured by 

removing the parent galaxy light and detecting and classifying objects using FOCÂS. 

The GCLF of each galaxy has been measured and an estimate of their distance has 

been calculated by assuming an absolute magnitude for the GCLF turnover and 

solving for the apparent magnitude using the group median redshift and an assumed 

value for the Hubble parameter . The radial profile of each galaxy was measured 

and the value for the slopes (using a powerlaw of a =  A R ^)  was determined to be 

Q =  —2.01 ±  0.30 for HCG 22a and a  =  -1 .2 0  ±  0.16 for HCG 90c. Using a value 

of Ho =  50 km /s/M pc, the specific frequency for HCG 22a is S n  =  2.0 ±  0.7 and 

S n  — 3.4 ±  1.2 for HCG 90c. Using a value of Ho — 75 km /s/M pc, Sn  =  1.7 ± 0 .8  for 

HCG 22a and S n  =  4.8 ± 1 .0  for HCG 90c. The derived specific frequency values of 

for HCG 22a and HCG 90c are similar to the values found for field elliptical galaxies 

(Harris 1991).
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Table A.l: Photometry of globular cluster candidates in HCG 22a. All length units 
are in pixels with X increasing towards the Bast and Y towards the North (on the 
sky). The centrç of the galaxy is located at X =885 and Y=647. ,

ID # X Y V a y V-R ffv -R Radius
1 869.799 575.994 24.357 0.066 0.769 0.091 72.61
2 897.936 574.429 23.635 0.049 0.437 0.063 73.71
3 915.799 580.005 23.924 0.057 0.795 0.072 73.74
4 959.884 653.982 23.600 0.033 0.531 0.056 75.21
5 960.208 661.249 24.404 0.064 0.350 0.137 76.55
6 940.708 589.084 24.336 0.061 0.678 0.098 80.36
7 804.504 639.308 23.612 0.041 0.468 0.075 80.86
8 810.455 614.587 22.938 0.026 0.635 0.036 81.29
9 816.127 690.881 23.830 0.039 0.861 0.056 81.66
10 920.373 553.658 23.427 0.026 0.637 0.040 99.82
11 914.961 550.527 22.969 0.022 0.585 0.036 101.02
12 795.316 693.497 24.571 0.063 0.313 0.150 101.02
13 788.693 686.554 24.408 0.070 0.390 0.114 104.11
14 987.177 672.464 22.062 0.011 0.568 0.022 105.30
15 986.753 614.694 23.849 0.038 0.581 0.057 106.76
16 923.970 747.947 23.540 0.065 0.657 0.084 108.21
17 967.167 575.221 22.805 0.017 0.682 0.038 109.10
18 774.610 666.230 24.202 0.059 0.589 0.085 112.05
19 773.105 626.727 23.713 0.031 0.518 0.051 113.72
20 934.528 543.283 23.373 0.049 0.710 0.071 114.94
21 858.787 531.927 24.415 0.072 0.667 0.094 118.02
22 1004.290 632.472 24.533 0.082 0.296 0.124 120.17
23 935.289 536.720 24.341 0.063 0.793 0.076 121.20
24 784.767 731.346 24.244 0.107 0.804 0.136 131.00
25 981.841 558.503 24.242 0.049 0.641 0.072 131.19
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Table A.2: HCG 22a photometry—Continued

i b # X Y V (71/ a v -R Kaàius
26 789.231 736.794 24.535 0.6M 0.597 0.127 131.28
27 765.327 591.399 24.274 0.057 0.361 0.097 131.96
28 10U9.800 656.992 23,819 0.049 0.644 0.059 135.17
29 1015.400 607.975 24.207 0.046 0.634 0.064 136.11
30 986.392 550.735 24.374 0.055 0.551 0.083 139.81
31 1023.620 670.097 24.347 0.060 0.484 0.086 140.53
32 788.774 543.854 22.378 0.013 0.571 0.028 141.06
33 1030.860 642.657 23.611 0.029 0.674 0.052 145.92
34 1009.710 570.404 23.726 0.034 0.572 0J51 1 # .3 5
35 1032.210 650.988 24.256 0.052 0.513 0.074 147.26
36 1006.891 561.630 23.560 0.038 0.487 0.013 148.81
37 737.856 873.300 24.562 0.071 0.44® 0.110 149.48
38 1025.050 712.094 23.355 0.027 0.506 0.038 154.44
39 768.297 545.639 23.391 0.030 0.523 0.043 154.58
40 731.862 624.594 23.953 0.045 0.461 0.067 154.77
41 763.646 745.670 24.340 0.068 0.364 0.097 156.40
42 866.209 802.996 24.182 0.064 0.594 0.085 157.12
43 1012.350 747.816 23.593 0.035 0.692 0.050 162.42
44 849.740 813.702 22.862 0.016 0.385 0.029 170.39
45 710.982 640.886 24.314 0.048 0.548 0.082 174.12
46 984.955 502.598 24.186 0.047 p.692 o.oot 176.62
47 1058.190 610.010 22.398 0015 i).6B3 0.025 177.10
48 1018.550 764.274 24.513 0.048 0.654 0.083 177.73
49 944.464 818.812 23.723 0.038 0.326 0.062 181.81
60 865.038 465.969 23.109 0.022 0.690 0.0.35 182.13
51 708.124 702.269 24.267 0.062 0.600 0.088 185.31
52 837.989 827.507 24.484 0.101 0.305 0.133 186.53
53 971.376 812.831 24.272 0.044 0.465 0.069 186.98
54 1013.830 509.451 23.829 0.044 0.517 0.056 188.46
55 849.650 460.335 22.978 0.044 0.463 0.067 189.98

83



Table A.3: HCG 22a photometry—Continued

ID # X Y V ffy V-R Fy-R Radius
56 747.976 780.2.59 24.456 0.075 0.553 0.101 191.14
57 864.687 848.663 23.496 0.023 0.609 0.038 202.68
58 1090.930 618.710 23.249 0.041 0.603 0.068 207.86.
59 736.371 487.214 24.357 0.066 0.210 0.127 218.22
60 1062.540 .502.050 23.602 0.037 0.544 0.048 229.20
61 776.725 849.930 24.562 0.097 0.093 0.150 230.01
62 655.730 673.944 23.636 0.037 0.603 0.052 230.85
63 834.827 420.180 24.329 0.070 0.890 0.094 232.30
64 1118.600 657.197 23.804 0.032 0.605 0.051 233.82
65 1028.800 457.909 23.257 0.021 0.561 0.033 237.56
66 878.504 884.881 24.295 0.056 0.407 0.085 237.97
67 646.888 652.775 24.533 0.065 0.601 0.101 238.18
68 853.385 408.726 24.220 0.045 0.720 0.057 240.36
69 938.398 887.846 24.338 0.069 0.204 0.113 246.69
70 893.039 400.149 23.820 0.052 0.257 0.066 246.98
71 727.324 455.260 24.373 0.062 0.604 0.073 248.24
72 861.928 894.276 24.036 0.039 0.712 0.055 248.35
73 1067.850 478.448 24.362 0.075 0.461 0.100 248.68
74 1027.700 438.465 23.897 0.057 0.495 0.070 252.68
75 669.169 515.325 23.999 0.055 0.539 0.083 252.83
76 628.934 611.682 24.290 0.052 0.671 0.068 258.49
77 1122.050 521.800 24.495 0.075 0.185 0.110 268.08
78 613.682 630.118 22.995 0.021 0.617 0.031 271.84
79 928.254 372.397 23.721 0.032 0.579 0.042 277.99
80 616.638 721.590 24.466 0.059 0.511 0.087 278.54
81 728.890 888.963 24.315 0.052 0.503 0.074 287.95
82 710.147 875.887 23.204 0.030 0.642 0.045 288.03
83 1069.080 424.792 24.393 0.071 0.312 0.098 288.55
84 661.647 833.556 24.302 0.059 0.525 0.083 291.01
85 1027.270 389.494 22.887' Û.046 0.802 0.062 294.19
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Table A.4: HCG 22a photometry— Continued

ID # X Y V ay V-R <^V-R Radius
86 1139.700 495.758 23.858 0.037 0.473 0.056 296.22
87 869.448 944.062 24.024 0.051 0.533 0.064 297.47
88 678.099 431.364 24.519 0.083 0.880 0.099 298.84
89 627.361 491.771 22.111 0.010 0.646 0.023 300.79
90 588.557 733.292 23.299 0.019 0.935 0.034 308.75
91 771.524 351.864 24.383 0.064 0.161 0.095 316.20
92 662.858 421.816 23.916 0.044 0.906 0.055 316.31
93 933.859 328.207 23.275 0.022 1.019 0.028 322.52
94 1118.320 870,789 24.463 0.056 0.787 0.077 323.30
95 1107.590 411.256 24.248 0.065 0.386 0.091 324.22
96 650,517 407.871 23.742 0.044 0.575 0.067 334.91
97 936.607 312.903 23.500 0.027 0.725 0.034 338.06
98 538.113 664.504 23.101 0.022 0.595 0.027 347.33
99 1166.840 442.042 23.408 0.024 0.656 0.037 348.48
100 735.687 962.368 24.031 0.064 0.452 0.098 348.93
101 871,643 298.208 23.178 0.024 0.638 0.033 349.05
102 761.830 313.974 24.198 0.0.58 0.957 0.070 355.07
103 1087.460 354.434 22.641 0.012 1.126 0.017 355.79
104 809.491 287.672 24.102 0.054 0.809 0.067 367.18
105 1127.680 365.203 22.717 0.023 0.648 0.028 371.89
106 1181.720 875.722 23.793 0.033 0.660 0.053 374.64
107 531,065 774.964 22.724 0.019 0.598 0.0.30 376.36
108 828.431 264.677 24.044 0.045 0.649 0.058 386.48
109 782.635 1025.960 24.541 0.075 0.406 0.116 392.54
110 583.394 390.506 22.732 0.035 0.486 0.050 395.92
111 599.970 922.082 23.893 0.042 0.277 0.072 316.12

85



Table A.5: HCG 22a photometry—Continued

ID # X Y V ov V-R Radius
112 541.864 849.146 24.147 0.068 0.469 0.096 398.25
113 501.962 758.912 24.373 0.055 0.672 0.079 399.05
114 704.125 1007.970 23.307 0.030 0.641 0.040 403.75
115 529.389 454.536 24.401 0.052 0.514 0.089 404.35
116 808.692 1046.370 24.588 0.060 0.256 0.123 406.59
117 1093.340 1003.140 24.109 0.053 0.653 0.071 412.60
118 1245.680 443.196 24.370 0.062 0.664 0.096 414.28
119 1106.940 291.078 22.054 0.015 1.132 0.018 419.45
120 464.563 635.663 24.517 0.072 0.129 0.112 420.590
121 522.787 861.141 22.744 0.017 1.022 0.023 420.78
122 493.912 485.427 23.816 0.039 0.475 0.050 423.15
123 1275.980 814.937 24.327 0.058 0.476 0.091 425.52
124 524.524 410.831 24.524 0.088 0.672 0.115 430.95
126 454.931 583.252 23.436 0.045 0.928 0.068 434.77
126 458.729 758.839 22.266 0.039 0.697 0.062 440.70
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Table B .l: Photometry of globular cluster candidates in HCG 90c. All length units 
are in pixels with X increasing towards the East and Y towards the North (on the 
sky). The centre of the galaxy is located at X=887 and Y=652.

ID # X Y V a v V-R Fy-R Radius
1 825.304 656.877 24.042 0.088 0.571 0.112 60.51
2 912.768 716.637. 22.192 0.050 0.354 0.062 74.97
3 947.235 602.086 23,394 0.084 0.390 0.104 76.75
4 951.138 686.853 23.932 0.078 0.479 0.106 77.22
5 858.053 720.265 23.287 0.043 0.553 0.071 78.06
6 900.303 725.462 23.057 0.041 0.413 0.072 79.94
7 959.514 680.135 23,433 0.058 0.839 0.080 81.55
8 965.661 632.743 23.805 0.082 0.580 0.118 81.91
9 966.772 656.020 23,615 0.065 0.792 0.080 82.27
10 957.269 606.871 24.486 0.102 0.920 0.117 82.66
11 950.923 591.475 24.166 0.096 0.493 0.126 86.19
12 971.951 642.972 22.321 0.070 0.526 0.089 87.04
13 874.289 736.749 22.461 0.040 0.513 0,059 90.38
14 818.795 710.958 24.307 0.092 0.313 0.124 92.05
15 969.971 609.935 24.482 0.112 0.671 0.155 92.70
16 974.792 621.669 23.925 0.079 0.606 0.106 93.30
17 854.453 741.270 24.261 0.106 0.638 0.153 99.10
18 988.019 615.931 23.953 0.050 0.514 0.071 107.60
19 891.467 754.755 23.994 0.114 0.527 0.158 107.95
20 804.469 725.011 23.461 0.054 0.522 0.078 112.12
21 770.504 655.670 24.294 0.084 0.419 0.146 114.82
22 950.797 547.117 22.875 0.075 0.802 0.087 119.61
23 961.444 740.835 22.010 0.024 0.288 0.032 121.03
24 904.758 767.057 24.226 0.101 0.469 0.145 121.67
25 1014.170 610.702 22.220 0.051 0.457 0.073 134.17
26 829.980 774.020 22.814 0.055 0.515 0.077 138.42
27 839.409 777.780 24.537 0.114 0.713 0.141 138.50
28 747.066 669.073 24.323 0.100 0.479 0.146 139.69
29 971.702 757.598 23.707 0.039 0.732 0.062 140.53
30 980.020 753.531 24.259 0.095 0.704 0.131 142.75
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Table B.2: HCG 90c photometry— Continued

ID # X Y V a v V-R Radius
31 1016.220 705.739 23.150 0.042 0.840 0.063 143.77
32 980.748 759.847 23.177 0.052 0.506 0.071 147.99
33 795.241 768.559 24.560 0.108 0.482 0.144 151.11
34 987.083 531.507 23.343 0.069 0.516 0.088 154.14
35 811.438 785.702 23.666 0.084 0.646 0.102 157.00
36 944.137 499.034 23.494 0.063 0.496 0.090 159.34
37 821.711 796.049 24.123 0.057 0.542 0.095 161.93
38 1045.790 670.109 24.545 0.096 0,967 0.108 162.44
39 767.306 762.270 22.445 0.051 0.520 0.064 164.74
40 968.811 792.641 23.089 0.038 0.532 0.057 168.03
41 1004.910 525.303 22.527 0.051 0.510 0.066 170.85
42 954.506 485.355 22.413 0.044 0.454 0.060 175.96
43 770.415 781.969 24.372 0.084 0.565 0.123 177.05
44 941.947 478.440 24.332 0.087 0.382 0.140 177.92
45 708.374 669.356 24.114 0.093 0.684 0.113 178.04
46 1025.200 534.489 23.414 0.062 0.384 0.087 179.76
47 987.720 801.783 23.474 0.043 0.478 0.060 185.77
48 1074.030 622.940 23.625 0.058 0.667 0.074 190.56
49 1000.810 492.349 24.519 0.077 0.136 0.156 193.21
50 816.458 829.370 24.558 0.110 0.662 0.141 194.82
51 989,522 482.350 22.879 0.057 0.513 0.065 195.02
52 823.961 834.089 24.364 0.074 0.615 0.104 196.79
53 996.216 811.963 24.526 0.080 0.868 0.100 198.95
54 1078.730 601.072 24.344 0.069 0.427 0.108 199.10
55 1085.300 661.857 23.832 0.052 0.612 0.066 200.85
56 776.750 819.823 23.100 0.057 0.560 0.074 203.93
57 1053.490 529.858 23.783 0.046 0.592 0.069 205.21
58 692.496 728.045 23.916 0.066 0.487 0.094 208.87
59 927.725 442.022 24.306 0.113 0.602 0.165 209.38
60 962.016 451.997 24.4o4 0.135 0.053 0.176 209.66
61 673.401 655.640 24.021 0.056 0.644 0.076 211.78
62 1076.630 556.581 23.009 0.053 0.466 0.070 211.89
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Table B.3: HCG 90c photometry—Continued

ID # X Y V V-R F y-a Radius
63 1048.630 786.424 24.444 0.079 0.744 0.100 214.97
64 739.155 808.048 24.550 0.078 0.276 0.127 217.27
65 717.745 787.067 22.732 0.044 0.590 0.059 218.16
66 907.115 429.191 23.582 0.055 0.306 0.070 218.93
67 1030.400 480.546 24.097 0.060 0.360 0.108 221.02
68 692.657 756.715 24.198 0.083 0.583 0.119 221.43
69 662.333 657.789 24.204 0.094 0.710 0.113 222.93
70 934.454 427.957 23.808 0.078 0.692 0.095 224.56
71 1110.630 633.637 23.218 0.047 0.474 0.063 226.02
72 1064.920 787.476 24.350 0.073 0.857 0.102 228.26
73 1110.270 696.255 23.115 0.032 0,319 0.046 ' 230.59
74 699.063 785.103 23.707 0.049 0.717 0.066 231.61
75 665.238 720.396 24.539 0.108 0.355 0.139 231.69
76 1116.720 627.904 24.580 0.105 0.452 0.128 232.50
77 775.371 852.349 24.521 0.068 0.495 0.103 232.78
78 1119.540 638.924 23.861 0.067 0.477 0.083 234.68
79 1113.620 571.337 22.722 0.042 0.413 0.051 240.82
80 937.094 404.577 23.167 0,044 0.553 0.072 247.96
81 963.439 882.306 22.134 0.037 0.660 0.047 248.04
82 769.642 869.461 24.156 0.062 0.268 0.106 250.59
83 993.281 420.879 23.962 0.085 0.718 0.099 250.71
84 810.858 888.660 22.679 0.038 0.444 0.048 252.78
85 641.307 724.860 24.358 0.093 0.518 0.120 255.83
86 629.513 669.665 24.074 0.082 0.712 0.105 256.49
87 952.880 399.153 22.397 0.042 0.158 0.064 256.97
88 690.531 815.431 22.671 0.047 0.445 0.061 257.27
89 673.441 794.657 24.315 0.076 0.692 0.097 257.99
90 655.594 769.311 24.565 0.112 0.719 0.132 259.98
91 945.966 391.322 23.771 0.065 0.601 0.090 262.85
92 627.152 699.638 22.899 0.051 1.098 0.068 263.17
93 715.832 849.668 23.082 0.044 0.605 0.057 263.99
94 1093.220 812.360 23.661 0.047 0.536 0.068 265.89
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Table B.4: HCG 90c photometry—Continued

ID # X Y V (TV V-R (Tv-/? Radius
95 1052.180 440.129 23.795 0.054 0.577 0.067 265.98
96 725.148 859.672 24.323 0.067 0.292 0.103 266.05
97 989.289 401.342 22.590 0.053 1.110 0.062 266.88
98 1108.190 491.937 24.215. 0.056 0.239 0.093 271,77
99 973.265 388.164 24.086 0.076 1.093 0.092 273.47
100 1145.010 736.661 23.034 0.040 0.628 0.057 275.04
101 798.969 909.341 24.112 0.075 0.532 0.103 276.09
102 1161.250 634.201 23.950 0.044 0.234 0.081 276.55
103 653.885 801.628 24.222 0.090 0.832 0.108 278.07
104 846.118 922.953 22.674 0.031 1.016 0.045 278.68
105 913.206 369.113 24.593 0.087 0.529 0.123 279.31
106 928.282 370.948 24.372 0.100 0.681 0.115 279.42
107 982.487 384.431 22.976 0.029 0.585 0.041 280.08
108 1161.930 692.943 23.531 0.061 0.460 0.075 280.72
109 967.571 378.652 24.123 0.088 0.522 0.122 280.76
110 1059.810 427.103 23.377 0.049 0.460 0.071 280.92
111 715.779 873.142 24.220 0.093 0.570 0.117 282.45
112 963.044 920.066 22.045 0.040 0.909 0.051 284.00
113 1162.530 568.140 24.041 0.069 0.395 0.089 288.52
114 635.719 799.626 24.547 0.102 0.433 0.142 292.29
115 1131.870 484.933 22.902 0.060 0.423 0.068 295.31
116 658.788 837.894 24.436 0.089 0.510 0.115 295.99
117 703.488 882.620 24.370 0.065 1.052 0.077 297.43
118 589.801 689.075 23.276 0.039 0.411 0.064 298.18
119 951.002 941.574 22.920 0.042 1.135 0.050 301.88
120 992.056 364.536 24.006 0.081 0.465 0.103 302.07
121 1105.190 439.974 23.739 0.062 0.791 0.075 302.23
122 1099.860 430.822 23.622 0.064 0.746 0.078 304.79
123 1179.200 739.506 24.338 0,087 0.352 0.120 308.40
124 841.868 954.781 22.804 0.039 0.883 0.058 310.79
125 836.193 959.628 22.002 0.033 0.846 0.048 316.41
126 1060.620 923.381 24.347 0.079 0.424 0.106 327.46
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Table B.5: HCG 90c photometry—Continued

ID # X Y V av V-R av~R Radius
127 1130.580 865.655 24.220 0.093 0.000 0.151 328.82
128 577.363 764.440 22.210 0,035 1.194 0.050 329.29
129 1078.610 913.540 24.568 0.095 0.623 0.130 329.44
130 555.220 663.758 24.317 0.090 0.889 0.107 330.20
131 994.211 332.969 24.168 0.085 0.708 0.113 332.48
132 1109.320 892.687 24.352 0.055 1.169 0.078 332.69
133 1055.710 934.306 24.506 0.083 0.347 0.123 334.20
134 955.411 974.367 24.221 0.061 0.507 0.096 334.85
135 948.546 979.059 22.903 0.041 0.572 0.054 338.08
136 893.872 994.875 23.939 0.056 0.967 0.076 347.99
137 1116.550 907.860 24.434 0.089 0.898 0.102 348.80
138 967.012 987.955 23.602 0.045 0.448 0.053 350.68
139 570.348 805.116 24.427 0.097 0.726 0.135 352.14
140 791.622 987.308 23.813 0.056 0.613 0.069 352.89
141 555.996 782.741 24.204 0.073 0.708 0.099 355.91
142 527.521 661.463 24.084 0.053 0.384 0.085 357.77
143 686.338 944.943 22.963 0.028 0.643 0.040 358.10
144 529.437 698.314 22.496 0.041 0.511 0.053 359.25
145 1190.070 457.215 23.040 0.039 0.193 0.051 359.28
146 1231.820 540.234 24.266 0.081 0.364 0.105 362.88
147 1046.030 973.924 24.395 0.075 0.594 0.110 364.43
148 955.680 287.911 24.007 0.068 0.229 0.095 365.98
149 1211.230 479.895 24.234 0.082 0.441 0.105 366.54
150 1142.140 909.653 23.944 0.061 0.520 0.091 367.57
151 1193.570 850.229 24.219 0.082 0.597 0.098 369.48
152 1123.130 932.805 24.189 0.073 1.059 0.087 372.01
153 511.342 675.384 24.353 0.055 0.692 0.087 374.73
154 527.081 764.310 23.073 0.032 0.604 0.047 376.65
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Table B.6: HCG 90c photometry—Continued

ID # X Y V a v V-R Py-A Radius
155 973.312 1013.490 23.893 0.052 1.050 0.069 376.98
156 705.184 979.454 24.075 0.049 0.45 0.086 377.97
157 562.136 844.958 24.242 0.063 0.602 0.101 378.72
158 1229.330 489.214 23.088 0.038 0.603 0.049 378.76
159 1186.640 416.617 24.336 0.069 0.397 0.105 379.56
160 993.563 279.256 24.241 0.081 0.767 0.091 383.43
161 889.330 260.875 24.525 0.092 0.619 0.127 386.15
162 515.394 760.493 23.563 0.037 0.551 0.054 386.64
163 941.702 263.045 24.300 0.065 0.481 0.092 388.12
164 1019.010 279.705 23.741 0.050 0.407 0.065 390.98
165 1193.230 897.371 22.642 0.032 0.451 0.057 397.10
166 981.104 261.540 24.527 0.083 0.614 0.109 397.26
167 1023.050 272.105 24.269 0.103 0.227 0.136 399.50
168 891.530 1047.240 24.396 0.076 0.716 0.102 400.29
169 498.163 750.376 23.900 0.062 0.412 0.092 400.41
170 1136.940 960.009 23.750 0.057 0.559 0.079 401.81
171 946.457 249.459 22.078 0.032 0.464 0.041 402.26
172 756.119 1029.150 23.098 0.025 0.362 0.055 403.30
173 923.680 1051.940 24.599 0.078 0.471 0.112 406.78
174 1208.030 396.770 24.252 0.086 0.832 0.096 408.61
175 499.900 789.169 24.347 0.064 1.061 0.077 410.50
176 1295.290 612.899 24.132 0.059 0.344 0.095 411.70
177 1089.840 1006.950 23.810 0.064 0.942 0.072 414.15
178 907.171 232.289 24.422 0.098 0.277 0.146 415.30
179 1199.210 373.991 22.506 0.033 0.627 0.045 416.25
180 1235.770 420.582 23.144 0.031 0.298 0.050 417.50
181 1288.780 754.895 23.632 0.037 0.768 0.055 417.95
182 1060.080 265.635 24.374 0.085 0.629 0.104 419.63
183 943.616 1068.120 22.226 0.024 0.454 0.038 425.18
184 1078.690 267.527 23.938 0.076 0.450 0.088 426.05
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Table B.7: HCG 90c photometry—Continued

ID # X Y V (TV ^V-R <^V-H Radius
185 745.492 1049.660 24.241 0.117 0.785 0.131 426.14
186 659.447 1008.940 22.396 0.022 0.382 0.035 426.47
187 1000.340 234.792 22.994 0.040 0.512 0.051 428.04
188 976.286 1069.270 23.650 0.045 0.586 0.066 432.02
189 453.467 683.911 24.284 0.076 0.599 0.097 433.11
190 646.540 1010.080 24.474 0.080 *0.254 0.128 434.38
191 1156.950 997.645 22.801 0.037 0.469 0.058 443.74
192 784.474 1079.530 24.516 0.074 0.673 0.096 444.06
193 1239.210 370.181 23.443 0.043 1.071 0.054 449.55
194 1064.870 232.951 22.548 0.032 0.402 0.046 451.43
195 1022.540 216.348 24.593 0.102 0.400 0.149 452.08
196 667.722 1046.040 23.520 0.039 0.630 0.062 454.36
197 1271.130 403.857 23.824 0.046 0.534 0.066 456.30
198 860.887 1106.380 24.049 0.077 0.550 0.099 460.01
199 1044.390 214.238 24.237 0.081 0.209 0.108 461.18
200 1317.410 812.536 24.295 0.088 0.090 0.118 463.01
201 1356.080 615.119 23.926 0.051 0.432 0.086 472.16
202 1190.280 1017.880 24.587 0.109 0.544 0.132 480,36
203 1357.600 5.59.167 24.582 0.104 0.663 0.131 480.69
204 451.276 860.796 24.028 0.055 0.600 0.080 483.55
205 405.370 724.101 22.833 0.0.35 0.426 0.053 485.79
206 484,762 922.557 24.540 0.078 0.510 0.125 485.92
207 921.228 1135.900 24.567 0.082 0.626 0.109 490.24
208 523.729 980.744 24.193 0.071 0.542 0.099 491.84
209 429.394 833.323 23.780 0.056 0.782 0.084 492.23
210 1280.610 344.545 24.498 0.083 0.447 0.126 497.98
211 1352.670 470.584 23.862 0.055 0.867 0.074 499.84
212 697.555 1113.970 23.957 0.0.53 0.452 0.073 503.19
213 663.864 1108.110 24.394 0.086 1.011 0.103 511.39
214 700.185 1126.300 24.030 0.056 0.470 0.076 513.70
215 375.840 785.599 23.627 0.0.53 0.515 0.073 527.69
216 400.763 857.799 23.724 0.058 0.764 0.074 528.13
217 746.056 1156.800 24.116 0.096 0.510 0.114 528.40
218 377.796 796.493 23.610 0.041 0.449 0.062 528.78
219 408.965 890.486 24.021 0.050 0.642 0.079 534.69
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