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ABSTRACT

We present Sloan g and i/ imaging from the Gemini Multi-object Spectrograph (GMOS) in-
strument on the Gemini North telescope for the globular cluster (GC) system around the Virgo
galaxy NGC 4649 (M60). Our three pointings, taken in good seeing conditions, cover an area of
about 90 square arcmin. We detect 2151 unresolved sources. Applying colour and magnitude
selection criteria to this source list gives 995 candidate GCs. Our source list is greater than 90
per cent complete to a magnitude of i = 23.6, and has little contamination from background
galaxies. We find fewer than half a dozen potential ultracompact dwarf galaxies around NGC
4649. Foreground extinction from the nearby spiral NGC 4647 is limited to be Ay < 0.1.
We confirm the bimodality in the GC colour distribution found by earlier work using Hubble
Space Telescope/WFPC2 imaging. As is commonly seen in other galaxies, the red GCs are
concentrated towards the centre of the galaxy, having a steeper number density profile than the
blue GC subpopulation. The varying ratio of red-to-blue GCs with radius can largely explain
the overall GC system colour gradient. The underlying galaxy starlight has a similar density
profile slope and colour to the red GCs. This suggests a direct connection between the galaxy
field stars and the red GC subpopulation. We estimate a total GC population of 3700 =+ 900,
with the uncertainty dominated by the extrapolation to larger radii than observed. This total
number corresponds to a specific frequency Sy = 4.1 &£ 1.0. Future work will present properties
derived from GMOS spectra of the NGC 4649 GCs.

Key words: globular clusters: general — galaxies: individual: NGC 4649 — galaxies: star
clusters.

1 INTRODUCTION

The study of globular cluster (GC) systems provides important in-
sights into the star formation history and chemical enrichment of
galaxies (Ashman & Zepf 1998; Harris 2001). GCs are created dur-
ing the initial stages of galaxy formation; but they also appear to
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form in subsequent star formation episodes up to, and including,
the current epoch. Observationally, GC systems typically reveal a
bimodal colour distribution, indicating discrete GC sub-populations
(e.g. Gebhardt & Kissler-Patig 1999; Larsen et al. 2001; Kundu &
Whitmore 2001)

Several testable galaxy formation scenarios address the origin of
this bimodal behaviour (Ashman & Zepf 1992; Forbes, Brodie &
Grillmair 1997; Cote, Marzke & West 1998). Recently, GC forma-
tion has been placed in the broader cosmological context of galaxy
formation. For example, Beasley et al. (2002) investigated the for-
mation of GCs in a semi-analytic model which invoked hierarchical
merging in a cold dark matter (CDM) cosmology, finding that blue
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(metal-poor) GCs are formed at high redshift in protogalactic frag-
ments, while the red (metal-rich) GCs are formed later, during the
gas-rich merging of these fragments. One prediction of this model
is that the formation of the red GCs will be extended over several
Gyr in low-density environments.

In order to test the model predictions, and further probe the halos
of galaxies, we have undertaken to study the GC systems in a sample
of early-type galaxies with the Gemini telescopes. The galaxies
cover arange of environments and luminosities. Our basic approach,
using the Gemini Multi-object Spectrograph (GMOS) instruments,
is to obtain deep imaging of several fields around each galaxy. A
subset of the brighter candidate GCs are then selected for follow-up
multi-object spectroscopy (these will be presented in a future paper
by Bridges et al., in preparation). The spectra allow us to derive GC
system kinematics plus age and metallicity estimates for individual
GCs. Some initial results of our programme have been highlighted
in Bridges et al. (2003).

In this paper, we present and discuss the results from our deep
imaging of the GC system around NGC 4649 (M60). This giant
Virgo elliptical lies in a subclump to the east of the main Virgo con-
centration. The galaxy has strong X-ray emission with a luminosity
of Ly = 2.1 x 10* ergs™' (O’Sullivan, Forbes & Ponman 2001),
largely from a hot diffuse halo. Chandra imaging reveals the pres-
ence of numerous discrete sources which are identified as low mass
X-ray binaries (LMXBs), some of which lie in GCs (Sarazin et al.
2003). The galaxy has an old stellar population with no evidence of
a young central population (Terlevich & Forbes 2002).

The GC system of NGC 4649 was first studied by Couture, Harris
& Harris (1991). Their B and V CCD imaging covered an area of
2.1 x 3.4 arcmin, and reached a depth of B ~ 24.5. They measured
a mean colour of B — V = (.75 for 82 candidate GCs but could
not detect any bimodality in the colour distribution. A radial colour
gradient was seen in the overall GC population. Harris et al. (1991)
studied the B-band GC luminosity function. These data reached a
depth of B ~ 26. They measured the turnover to be B = 24.47 +
0.18 with a Gaussian spread of o = 1.29 & 0.12. They also showed
that the overall GC system has a more extended radial distribution
than the underlying starlight.

Larsen et al. (2001) included NGC 4649 in their HST/WFPC2
study of GC systems in 17 galaxies, and detected a bimodal GC
colour distribution. To V = 25, they detected 176 blue GCs and 169
red GCs with mean colours of (V — I), = 0.954 and (V — I), =
1.206. Kundu & Whitmore (2001) also found bimodality with peaks
around V — I =0.95 and 1.20. Larsen et al. fit a t5 profile to the GC
luminosity function and found a peak magnitude of V = 23.58 £
0.08 and o = 1.28 £ 0.09. The red peak was 0.2 mag fainter than
the blue peak. The specific frequency in the literature is relatively
high, with Sy = 6.7 &= 1.4 (Ashman & Zepf 1998). In this paper we
assume a distance to NGC 4649 of m — M = 31.13 (Tonry et al.
2001) or 16.83 Mpc, which implies 1 arcsec = 81 pc. The total V
magnitude from the RC3 is 8.84. The Galactic extinction is Ay =
0.086 from Schlegel, Finkbeiner & Davis (1998) and Ay = 0.030
from Burstein & Heiles (1982). This gives V, = 8.75 (8.81) which
corresponds to an absolute magnitude of My = —22.38 (—22.32).
At a projected distance of 12 kpc from NGC 4649 lies the SBc spiral
NGC 4647.

2 OBSERVATIONS AND INITIAL DATA
REDUCTION

Images were taken of NGC 4649 using the GMOS in imaging mode
on the Gemini North telescope on 2002 April 10, 11 and 14. The
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internal Gemini program ID is 20020410-GN-2002A-Q-21/Q-13.
The instrument consists of three 2048 x 4608 pixel CCDs, with a
scale of 0.072 arcsec pixel™!, yielding a 5.5 x 5.5 arcmin? field-of-
view in a single pointing. We obtained three pointings close to the
galaxy centre: the north-east (field No. 1), south-east (field No. 2),
and east (field No. 3). The images were taken using modified Sloan g
and i filters (centred at wavelengths of 475 and 780 nm, respectively).
Both g and i images had exposure times of 4 x 120 s, and the
subexposures were dithered to remove the gaps between the CCD
chips. The seeing for the three fields were similar in the g and i
filters, with 0.6, 0.7 and 1.0 arcsec for field Nos 1, 2 and 3, respect-
ively.

The raw images were processed using the Gemini GMOS routines
within IRAF (e.g. GPREPARE, GBIAS, GIFLAT, GIREDUCE and GMOSAIC).
The resulting images for each filter were then co-added using M-
coaDD. These images were then used for all the subsequent data
analysis.

3 OBJECT FINDING AND SELECTION

3.1 Galaxy halo removal

To aid in the selection, classification and photometry of the GC
candidates we must first remove the bright background of the galaxy
halo.

After experimenting with different filtering and modelling meth-
ods we adopted the SEXTRACTOR (Bertin & Arnouts 1996) back-
ground modelling approach. This method makes a local estimate of
the background by, first, selecting a number of pixels within a box
that, after k-sigma clipping and median filtering, yields a mesh of
background values. These values can then be interpolated in order
to estimate the background level at a given position. The best results
were obtained for a grid sampling of 32 by 32 pixels, combined with
a 5-pixel (square box) median filter, and bi-cubic interpolation.

3.2 Determination of the point spread function

The determination of the point spread function (psf) on the co-added
images was made using the pAopPHOT II package (Stetson 1987)
within IRAF. Each psf determination involved 30 to 60 objects per
field and the use of the variable psf option. Some of the unresolved
objects (i.e. the brightest and relatively uncrowded ones) were used
to derive aperture corrections to the psf fitting photometry.

An object search was carried out on the i image, as this is the
deepest in terms of signal-to-noise ratio, using the finding routines
included in the SEXTRACTOR package. This approach classifies a
detection as real if it is composed of a number of connected pix-
els, above a certain signal-to-noise ratio. We used the following
SEXTRACTOR parameters: detection threshold of 1.5 sigma; detec-
tion minimum area of 3 pixel, and filtering with a Gaussian of full
width at half maximum (FWHM) of 0.58 arcsec.

A size measure (i.e. resolved or unresolved) for each object was
made in two steps. The stellarity index, defined in SEXTRACTOR,
was used as a first step. This index takes values of around 1.0 for
unresolved objects and close to 0.0 for extended ones (at the distance
of NGC 4649, GCs are not resolved in the GMOS images).

Fig. 1 shows the behaviour of the stellarity index as a function of
the i magnitude and shows that, for a range of intermediate index
values, the nature of a given object cannot be unambiguously identi-
fied. However, from a sample of 7000 artificial objects created with
the ADDSTARS routine, we found that a stellarity index of greater than
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Figure 1. SEXTRACTOR stellarity index as a function of i magnitude for all
the objects found in the composite mosaic field. Initially, all objects with an
index >0.35 were selected as unresolved.
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Figure 2. Aperture-minus-psf magnitude versus i psf magnitude for all
the objects with stellarity index larger than 0.35. The solid lines define the
upper and lower boundaries of the region occupied by objects that were
finally classified as unresolved.

0.35 provided a good initial definition of ‘unresolved’ (i.e. less than
1.5 per cent of objects were misclassified).

In order to improve this first selection, we analyzed the position of
each object on a psf magnitude versus aperture-minus-psf magnitude
diagram shown in Fig. 2. This figure shows both an increase of the
dispersion as a function of magnitude, as expected from increasing
photometric errors, and also an asymmetry towards negative values
that is indicative of the resolved nature of the images. The upper
boundary (positive values) in this figure is presumably dominated by
unresolved objects and was quantified by adopting an exponential
fit. This curve, and its negative mirror, were then used to define
the domain of what we consider as unresolved objects. All those
objects with magnitude differences more negative than the lower
curve were then removed and added to the resolved objects list.
Thus, we have a list of 874 resolved objects (i.e. galaxies) and a list
of 2151 unresolved objects, i.e. candidate GCs.

Figs 3 and 4 show the spatial distribution of the GC candidates
and of the resolved objects. There is a clear concentration of the
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Figure 3. Location of all 2151 unresolved objects around NGC 4649 in
arcsec(each pixel is 0.072 arcsec). North is up and east is to the left. There
is a clear concentration around the galaxy centre (indicated by a cross).

100 - it -

-100

Y (arcsec)

-400 | : T ; i

-300 -200 -100 0 100 200 300
X (arcsec)

Figure 4. Location of all 874 resolved objects around NGC 4649 in pixels.
North is up and east to the left. The spatial distribution appears largely
random in nature.

candidate GCs around the galaxy, whereas the resolved objects have
a more random spatial distribution.

3.3 Photometry

One of the pointings (field No.1) exhibits the best overall seeing both
for the g and i images and was adopted as the reference field, i.e.
both the instrumental (psf) magnitudes and colours of the other two
pointings were derived using objects in the overlapping regions. Af-
ter atmospheric extinction correction, the instrumental magnitudes
and colours were linked to the standard system by adopting the
zero-point values provided by the Gemini pipeline. We expect the
absolute photometric calibration of GMOS images to improve with
time, so our calibration should be considered as preliminary. The
behaviour of the photometric errors for candidate GCs (as derived
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Figure 5. The i magnitude errors as a function of magnitude for the globular
cluster candidates listed in Table 1. Typical errors are +0.08 mag at i = 24.
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Figure 6. The (g — i) colour errors as a function of the i magnitude for
the globular cluster candidates listed in Table 1. Typical colour errors are
+0.13 mag at i = 24.

from the DAOPHOT package) are shown in Figs 5 and 6. Typical errors
at i = 24 are 0.08 in magnitude and 0.13 in colour.

Note that the magnitudes and colours presented in this paper
have not been corrected for Galactic extinction. The extinction val-
ues from Schlegel et al. (1998, Ay = 0.086) and from Burstein &
Heiles (1982, Ay = 0.030), with A, = 1.25Ay and A; = 0.65Ay,
imply a colour reddening correction of 0.052 and 0.018, respec-
tively. If we apply the g, i to V, I transformations of Smith et al.
(2002), our colours are ~0.05 mag redder than the Schlegel et al.
extinction-corrected values given in Larsen et al. (2001). This sug-
gests that our magnitudes, although preliminary, are close to the
standard photometric system.

Table 1 gives the photometry for the candidate GCs (similar
measurements for the resolved objects are given in the Appendix
Table A1). We list x-, y-position (in pixels), defined in a rectangular
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Table 1. Candidate NGC 4649 globular clusters.

X Y Rge i g—i ierr g —ierr
(pix)  (pix)  (arcsec)  (mag) (mag)  (mag) (mag)
3479 4546 101.6 22.95 1.11 0.03 0.06
4284 4546 151.3 21.19 0.99 0.01 0.01
4048 4541 135.8 20.51 0.67 0.01 0.01

Notes: the full table is available in the on-line version at http://www.
blackwellpublishing.com/products/journals/suppmat/MNR/MNR8333/
MNR8333sm.htm

system with its origin at the galaxy centre with x positive towards
west and y positive towards the north; galactocentric radius (in arc-
sec), i magnitude, g — i colour and their errors.

3.4 Completeness experiments

An estimate of the completeness of the photometric sample given
in Table 1 was carried out by means of ADDSTARS experiments con-
ducted on the i band galaxy-subtracted image. A total number of
7000 artificial objects were added to the image and the identifica-
tion routine was run using the same search parameters as before. The
spatial distribution of the artificial objects was determined using a
stochastic-generating program that, in an approximate way, follows
the radial distribution of the globular cluster candidates.

The results of our completeness tests are shown in Figs 7 and 8.
Fig. 7 shows the overall magnitude completeness, indicating that at
i =23.4 the data are 90 per cent complete and ati = 24.7 the data are
50 per cent complete. However, our completeness varies with galac-
tocentric radius. In Fig. 8 we show the completeness fractions for
several different ranges of magnitude as a function of galactocentric
radius. This figure shows that for i magnitudes brighter than 23.4,
we have detected the vast majority of GCs over the entire NGC 4649
field. For magnitudes fainter than i = 23.4, we are missing some of
the innermost GCs.

Figure 7. Overall completeness fraction as a function of i magnitude. The
horizontal line shows the 50 per cent completeness level corresponding to a
magnitude of i ~ 24.7.
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Figure 8. Completeness fraction as a function of galactocentric radius for
the entire NGC 4649 field, after galaxy halo subtraction. The curves show the
completeness (from top to bottom) for i = 19.14,20.14, 21.14, 22.14,22.9,
23.4,23.9 and 24.4. The horizontal line shows the 90 per cent completeness
level.

3.5 Background contamination

The degree of background contamination for the objects listed in
Table 1 was estimated by adopting a comparison field, and assum-
ing it is representative of the background near NGC 4649. This field
was observed as part of our overall Gemini program, and is located
some distance from the galaxy NGC 7332. Objects in the compar-
ison field were selected using a similar procedure to that for the
NGC 4649 fields. The number of resolved objects (i.e. presumably
background galaxies) in the comparison field was found to be 256.
This is consistent with the 874 resolved objects found in the three
galaxy fields given the the slight seeing variations between fields.
We note also, that we find 38 non-resolved objects (i.e. presumably
foreground stars) in the comparison field. The galaxy model of Rat-
natunga & Bahcall (1985) predicts 22 in our magnitude and colour
range.

After completeness tests, similar to those described above, we
find that the background field has a similar magnitude completeness
to the NGC 4649 data with the 50 per cent completeness fraction
occurring at i ~ 24.7. From this comparison field, we estimate the
contamination of background objects in our sample of candidate
GCs to be ~3 per cent for i < 24. Thus we can be confident that
the effects of background objects on the results presented below are
minimal.

4 FOREGROUND DUST FROM NGC 4647?

The spiral galaxy NGC 4647 (UGC 7896) is located to the north-
west (position angle PA ~ —45°) of NGC 4649 at a projected sep-
aration of about 12 kpc. It has a recession velocity of 1422kms™!,
or 305kms™! greater than that of NGC 4649. There are no obvi-
ous tidal interaction signatures between the two galaxies. Images
of NGC 4647 reveal a flocculent spiral structure with strong dust
lanes. If NGC 4647 lies in the foreground then dust in its outer re-
gions may cause reddening of the NGC 4649 GCs in the north-west

quadrant.

We have compared both the GCs and the underlying starlight in
the north-west quadrant to each of the other three quadrants. We find
similar colours (Ag —i < 0.1) and similar mean magnitudes (A i <
0.05). These limit the extinction to be Ay < 0.1. In a study of dust
extinction in overlapping galaxies, White, Keel & Conselice (2000)
concluded that if NGC 4647 caused any additional extinction in
NGC 4649 then it was limited to Az < 0.11. Thus with no evidence
for strong foreground dust reddening due to NGC 4647, we proceed
to treat all GCs the same.

5 RESULTS

5.1 Globular cluster colours

A colour-magnitude diagram for the candidate GCs is shown in
Fig. 9. The diagram shows some evidence of colour bimodality,
with colours of g —i ~ 0.9 and 1.2 down to magnitudes of i ~ 24;
fainter than that a broad colour distribution is seen. The contribution
of contaminating background objects rises steeply at magnitudes
fainter than i = 23.6. This magnitude also corresponds to reasonable
errors of +0.05 in i magnitude and £0.08 in colour. Thus we now
only consider objects brighter than i = 23.6. Our bright magnitude
limitis chosentobei =20 (M; = —11.12) as the few sources brighter
than this are likely to be foreground stars or compact dwarf galaxies.
We note in passing that the number of potential ultracompact dwarfs
(UCDs; Drinkwater et al. 2003) with —12.12 < M; < —11.12 and
g — i ~ 1 1is about half a dozen. All of these could be foreground
stars (see Ratnatunga & Bahcall 1985) suggesting that NGC 4649
does not contain a large population of UCDs. A generous colour
range of 0.5 to 1.5 has also been applied for GC selection. Such
a selection would include all Milky Way GCs after a reddening
correction. These magnitude and colour constraints are shown in
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Figure 9. Colour—magnitude diagram for candidate GCs. There is some
evidence of a bimodal colour distribution at bright magnitudes. The box
shows our selected colour and magnitude region for subsequent analysis.
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Figure 10. Colour distribution of the magnitude-limited sample of candi-
date GCs. The data, smoothed by 0.05 mag, are shown by small filled circles.
The dashed lines represent a Gaussian fit to the blue and red subpopulations,
with the solid line showing the combined fit. Peaks are found at g — i =
0.87 and 1.17.

Fig. 9 and used for the subsequent analysis. A total of 995 objects
meet these selection criteria.

In Fig. 10 we show the colour distribution, smoothed on 0.05-mag
scales, for the candidate GCs from the CMD selected region. Two
Gaussians have been fitted (using GAUSS in IRAF) to the distribution
allowing their amplitudes, central position and FWHM to vary. We
find that the distribution is well fitted by two Gaussians. The blue
subpopulation has a peak color of g — i =0.865 £ 0.005, and the red
subpopulation has g — i = 1.167 £ 0.004 (an extinction correction
would make these colours 0.02-0.05 bluer).

In Fig. 11 we show colour distributions, smoothed on 0.05-mag
scales, of candidate GCs over three radial bins (45-90, 90-150 and
150-240 arcsec), all of which have a completeness of ~90 per cent
or better. These figures show how the inner regions are dominated
by red (metal-rich) GCs, the outer regions by blue (metal-poor) GCs
and the intermediate regions have similar numbers of the two GC
subpopulations.

In Fig. 12 we show the radial gradient of the GC subpopula-
tions compared to the overall GC system and the underlying galaxy
starlight. For the galaxy profile two different sky subtraction algo-
rithms have been used; for one the sky level has been subtracted
using the counts in the outer regions of our field-of-view, and for
the second these counts have been reduced by ~75 per cent (under
the assumption that the outer regions still contains galaxy light).
Both the red and blue GC subpopulations are statistically consis-
tent with no radial colour trend (having non-zero slopes of 20 and
1.50, respectively). However, the overall GC population has a ra-
dial colour trend of 60 significance, becoming bluer with radius.
This is therefore the effect of the changing relative mix of GCs
with radius, i.e. the ratio of red-to-blue GCs decreases with radius.
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NGC 4649 globular clusters 613

N4649 GCs (45-90 arcsec)
T T T T

dN/d(g-1)’

0 Il Il Il Il
0.4 0.6 0.8 1 1.2 1.4 1.6
(g-1)

N4649 GCs (90—150 arcsec)
T T T T

dN/d(g-1)’

0 Il Il Il Il Il
0.4 0.6 0.8 1 1.2 1.4 1.6
(g-1i)

6 N4649 GCs (150-240 arcsec)
T T T T T

dN/d(g-1)’

1 1 1 1 1

0
0.4 0.6 0.8 1.2 1.4 1.6

1
(g-1)
Figure 11. Colour distributions of the candidate GCs. The figure shows

three radial bins, smoothed by 0.05 mag. Top: 45-90 arcsec; middle: 90-150
arcsec; bottom: 150-240 arcsec. The red GCs dominate the inner regions.

Similar trends been found over the radial range observed here for
NGC 4472 (Geisler, Lee & Kim 1996; Rhode & Zepf 2001) and
NGC 1399 (Forbes et al. 1998; Dirsch et al. 2003). The galaxy light
has a similar colour to the mean colour of the red GCs for common
radii (see also Forbes & Forte 2001).

5.2 Globular cluster surface density

In Fig. 13 we show the surface density of the two GC subpopulations
versus galactocentric radius. A correction has been made for the
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Figure 12. Globular cluster mean colour gradients. The red (triangles)
and blue (squares) GC subpopulations are shown along with the total GC
population (circles). Poisson error bars are given. The solid lines show the
g — i colour profile of the underlying galaxy starlight for two different
sky subtractions. Both the red and blue GC subpopulations are consistent
with no radial trend, whereas the overall GC population becomes bluer with
radius. The galaxy light is more similar in colour to the red GCs than the
blue subpopulation.

missing area in each radial annulus. The error bars correspond to
Poisson statistics.

As expected from Fig. 11, we find the red GCs are more concen-
trated towards the galaxy centre than the blue GCs. In other words,
the red GCs have a steeper surface density profile. A simple power-
law fit to the surface density profiles gives a slope of —1.73 & 0.06
for the reds and —1.04 £ 0.09 for the blues. We note that Harris
et al. (1991) measured a slope of —1.08 £ 0.10 for the overall GC
system out to radii of 140 arcsec (for comparison our overall slope
measured out to 230 arcsec is —1.3 % 0.05).

Fig. 13 also shows the galaxy i-band surface brightness profile,
after converting into log units and applying an arbitrary vertical
normalization. The slope of the galaxy profile changes from —1.45 +
0.02 in the inner regions (5 to 30 arcsec) to —1.75 £ 0.02 in the
outer regions (30 to 230 arcsec). Thus for the region of overlap with
the GC system, the galaxy starlight has the same slope, within the
errors, to that of the red GC subpopulation.

5.3 GC specific frequency

Given our somewhat uncertain photometric calibration, we will not
attempt a detailed analysis of the GC luminosity function for NGC
4649. However, we can still usefully estimate the total number of
GCs in the NGC 4649 system, and hence the GC specific frequency.

25

log density (GC/arcmin?)

05 [ \ n

-1 -05 0 05
log radius (arcmin)

Figure 13. Globular cluster surface density profiles. The red (triangles) and
blue (squares) GC subpopulations are shown separately. Poisson error bars
are given. The dashed line shows the best fit to the red GCs with power slope
of —1.73, and the dotted line the blue fit of —1.04. The solid line shows the
galaxy starlight profile, which has a slope consistent with the red GCs.

We have corrected the counts, in 0.25-mag bins, for our incom-
pleteness as a function of galactocentric radius and magnitude. As
mentioned in Section 3.4, for i < 23.6 we have essentially detected
all GCs over the field-of-view of our observations. We need to make
two corrections in order to estimate the total number of GCs in the
system. The first concerns the missing areal coverage, i.e. beyond
230 arcsec, and the second concerns GCs fainter than the limiting
magnitude of i = 23.6.

By integrating the surface density profile from 60 to 230 arcsec
we estimate 1007 GCs. Interior to 60 arcsec we assume a constant
GC number density as adopted by Harris et al. (1991). This gives
another 219 GCs. Extrapolating the surface density profile out to 10
arcmin or 48.6 kpc (such large radial extents have been observed
for giant ellipticals in clusters) gives an additional 1421 GCs.

Thus we estimate the total number of GCs spatially to be 2647
but this is only to magnitudes of i = 23.6. In Fig. 14 we show the
completeness and background corrected GC luminosity function in
0.25-mag bins. The corrected counts show a steady Gaussian-like
rise profile. We have fit the data using NGAUSS in IRAF and find a
Gaussian profile of width o = 1.30 £ 0.1 mag (Harris et al. 1991
found o = 1.29 and Larsen et al. 2001 measured o = 1.28) and
a peak or turnover magnitude of i = 23.17 £ 0.15. The result-
ing Gaussian profile is shown in Fig. 14 to be a reasonable fit to
the data. This profile has about 62 per cent of GCs brighter than
i = 23.6 (the limit used in the density analysis) and 38 per cent
fainter.
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Figure 14. Globular cluster luminosity function. The data, in 0.25-mag bins,
are shown by open circles with Poisson error bars. The data have been cor-
rected for incompleteness and background contamination (the background
level is shown by stars). The solid line shows a Gaussian fit to the data for
magnitudes i < 23.6. The fit has a peak or turnover magnitude at i = 23.17,
and a dispersion o = 1.30.

We estimate the total number of GCs in the NGC 4649 system,
integrated over all magnitudes and area, to be 3653. Various random
errors are present in this estimate, but the largest uncertainty is
probably associated with the extrapolation of the surface density
to large radii not covered by our images. For example, if we had
chosen 8 or 12 arcmin, instead of 10 arcmin, for the radial extent
our estimate would change by =+ 25 per cent. In addition, the true
surface density profile might not be a single power-law at all radii
(Rhode & Zepf 2004; Dirsch et al. 2003). A remaining systematic
error is that of the photometric calibration. These caveats aside, our
final estimate of the total GC population is 3700 4= 900 which is less
than the 5100 =+ 1100 given in the compilation of Ashman & Zepf
(1998). This value is based on observations by Harris et al. (1991).
We derive a steeper density profile than Harris et al., and hence a
smaller GC population.

For an absolute magnitude of My = —22.38, we estimate a global
specific frequency of Sy = 4.1 & 1.0. This is fairly typical of cluster
ellipticals, and less than the 6.7 &= 1.4 in Ashman & Zepf (1998).
We also note that, because the ratio of red-to-blue GCs decreases
with radius (see Section 5.1), the local Sy value for red GCs will
decrease relative to the blue Sy with galactocentric radius.

6 DISCUSSION AND CONCLUSIONS

Our two-filter imaging of the NGC 4649 GC system has returned
a number of results. However, before turning to GCs, we confirm
the findings of White et al. (2000), that any possible foreground
extinction due to the disc of NGC 4647 is limited to be less than
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~0.1 mag. We also argue that the number of UCDs associated with
NGC 4649 is small, i.e. less than half a dozen.

With the caveat that the GMOS photometric calibration is not
final, we detect GC colour bimodality with subpopulations at g —
i = 0.865 & 0.005 and 1.167 £ 0.004 (an extinction correction
would make these colours 0.02-0.05 bluer).

As is commonly seen in other galaxies, the red GCs are concen-
trated towards the centre of the galaxy. They have a steep number
density profile of slope —1.73 £ 0.06 compared to the shallower
slope of —1.04 £ 0.09 for the blues. The varying ratio of red-to-
blue GCs with radius can largely explain the overall GC system
colour gradient.

For common radii, the underlying galaxy starlight has a similar
density profile to the red GCs and colour to the mean colour of the
red GCs. This suggests similar metallicities and/or ages (formation
epoch) for the red GCs and the galaxy field stars. A luminosity-
weighted spectral age based on Lick indices (Terlevich & Forbes
2002) suggests that the galaxy stars are old. The fact that the peak
of the red GC luminosity function is fainter than that for the blue
GCs (Larsen et al. 2001) is consistent with an old age for the GCs, as
at a given age metal-rich GCs are expected to be fainter than metal-
poor GCs due to line blanketing effects. Our forthcoming GMOS
spectra will have sufficient S/N to derive Lick style ages for the
brighter GCs (Bridges et al., in preparation).

We estimate a total GC population of 3700 £ 900, which corre-
sponds to a specific frequency Sy = 4.1 & 1.0. This is lower than
the current value quoted in the literature.
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APPENDIX A:

The photometric data for the resolved objects in the field of NGC
4649 are given in Table A1. The magnitudes are not total magnitudes
but derived from aperture photometry. The colours however should
be largely unaffected.

Table A1. Resolved Objects in the field of NGC 4649.

X Y Rgc i g—i ierr g —ierr
(pix)  (pix)  (arcsec) (mag) (mag)  (mag) (mag)
3925 4531 127.7 21.81 —030  0.03 0.04
3812 4545 121.1 2424  —0.35 0.10 0.12
3818 4511 120.3 2132 —0.02 0.03 0.04

Notes: the full table is available in the on-line version at http://www.
blackwellpublishing.com/products/journals/suppmat/MNR/MNR8333/
MNR8333sm.htm
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