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ABSTRACT

We present deep Hubble Space Telescope ACS images of the poststarburst shell galaxy AM 0139—655. We find
evidence for the presence of three distinct globular cluster (GC) subpopulations associated with this galaxy: a centrally
concentrated young population (~0.4 Gyr), an intermediate-age population (~1 Gyr), and an old, metal-poor popu-
lation similar to that seen around normal galaxies. The g — I color distribution of the clusters is bimodal, with peaks at
0.85 and 1.35. The redder peak at g — I = 1.35 is consistent with the predicted color for an old, metal-poor population.
The clusters associated with the peak at ¢ — I = 0.85 are centrally concentrated and interpreted as a younger and more
metal-rich population. We suggest that these clusters have an age of ~0.4 Gyr and solar metallicity based on a
comparison with population synthesis models. The luminosity function of these “blue” clusters is well represented by a
power law, ¢(L) dL oc L~'® dL. Interestingly, the brightest shell associated with the galaxy harbors some of the youngest
clusters observed. This seems to indicate that the same merger event was responsible for the formation of both the shells
and the young clusters. The red part of the color distribution contains several very bright clusters, which are not expected
for an old, metal-poor population. Furthermore, the luminosity function of the “red” GCs cannot be fit well by either a
single Gaussian or a single power law. A composite (Gaussian + power law) fit to the luminosity function of the red
clusters yields both a low rms and very plausible properties for an old population (with a Gaussian distribution), plus an
intermediate-age population (with a power-law distribution) of GCs. Hence, we suggest that the red clusters in AM 0139—
655 consist of two distinct GC subpopulations, one being an old, metal-poor population as seen in normal galaxies and one
having formed during a recent dissipative galaxy merger (likely the same event that formed the ~0.4 Gyr old clusters).

Key words: galaxies: clusters: general — galaxies: elliptical and lenticular, cD —
galaxies: individual (AM 0139—655) — galaxies: interactions — galaxies: star clusters

1. INTRODUCTION

Globular clusters (GCs) are very useful probes of the dynamical
and chemical assembly histories of galaxies. Many globular clus-
ter systems in “normal” giant elliptical galaxies show a bimodal
color distribution, providing clear evidence for the presence of a
“second event” during the formation of these systems (Ashman &
Zepf 1998 and references therein). Spectroscopic studies have re-
vealed that both the blue and red GC populations are typically old
(>8 Gyr; Forbes et al. 2001; Cohen et al. 2003; Puzia et al. 2005),
implying that the bimodality is mainly due to a difference in their
metallicity. The merger scenario of Ashman & Zepf (1992) pre-
dicted the presence of this bimodal distribution. However, different
theories have been suggested by various authors to explain the
nature of the second event. The merger model (Schweizer 1987;
Ashman & Zepf 1992) predicts that the metal-rich clusters are
formed during major mergers of gas-rich galaxies. The multiphase
collapse model (Forbes et al. 1997) implies that they form during
a secondary collapse phase of the galaxy, without invoking a
merger event. The accretion scenario (Forte et al. 1982; Cote et al.
1998) proposes that every galaxy is born with a GC system that
has a median color (metallicity) according to the color-magnitude
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relation of galaxies (e.g., Terlevich et al. 1999). The bimodality
then arises due to the accretion of low-mass galaxies with metal-
poor GCs by a larger galaxy with its metal-rich GCs.

Intermediate-age GCs have been found in several galaxies
(Goudfrooij etal. 2001, 2007; Puzia et al. 2002; Kundu et al. 2005;
Chandar et al. 2006). A few of these galaxies show features like
shells or a disturbed morphology, indicating a recent merger event.
Shells are sharply defined, arclike features, mostly found around
elliptical galaxies (Malin & Carter 1983), although a few (Arp 215
and Arp 227) have been found around disk galaxies (Arp 1966).
Two classes of models have been proposed to account for the shells.
The internal models (Fabian et al. 1980; Williams & Christiansen
1985) suggest that shell stars form because of star formation
within a giant shell of shocked interstellar gas. On the other hand,
the interaction models suggest an external origin for the shell
structure and interpret it as arising due to a merger. When an el-
liptical galaxy accretes a small companion galaxy, some vestiges
of the event survive for a gigayear or longer after the merger in
the form of ripples and shells (Schweizer 1980; Quinn 1984). The
morphology and alignment of the resulting shell system depends
on the form of the potential of the primary galaxy, the orbital param-
eters of the collision, and the nature of the companion (Hernquist &
Quinn 1988, 1989; Dupraz & Combes 1986). Typical dynamical
ages of shells are 0.5—2 x 10° yr (Nulsen 1989; Hernquist & Quinn
1987). These shells, made up of stars, have frequently been ob-
served around ellipticals. Malin & Carter (1983) find 17% and
Schweizer & Ford (1985) find 44% of field ellipticals to be sur-
rounded by shells. The presence of shells thus seems to be a com-
mon outcome of interactions of galaxies.

To test the merger scenario for GC formation, it is important to
study galaxies that show obvious signs of a merger event in the
form of shells, ripples, and some signature of having hosted a
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strong burst of star formation. One way of attempting this is to
study E+A galaxies featuring shells. E+A galaxies were originally
defined by the combination of an early-type galaxy morphology
and the presence of a so-called poststarburst spectrum containing
strong Balmer absorption lines (indicative of A-type stars) with-
out strong [O 1] or Haw emission lines (Dressler & Gunn 1983).°
The existence of strong Balmer absorption lines indicates that these
galaxies have experienced star formation around ~0.3-2 Gyr ago,
while the absence of emission lines indicates that star formation
must have ceased shortly thereafter. A large fraction (75%) of
nearby E+A galaxies are located in the field (Zabludoff et al.
1996). Several of these show tidal features indicative of galaxy-
galaxy interactions and mergers as the probable mechanism re-
sponsible for their formation.

Long-slit spectroscopy of E+A galaxies (Norton et al. 2001)
has revealed that the young stellar populations are typically more
centrally concentrated than the old populations, but are not always
confined to the inner 1 kpc. Schiminovich et al. (1994) discovered
atomic hydrogen associated with the shells of NGC 5128. Sub-
sequently, CO molecules were found in two shells surrounding this
elliptical, providing evidence that the molecular gas in mergers not
only may fall into the nucleus but can also be spread out to large
galactocentric radii (Charmandaris et al. 2000). Carter et al. (1988)
found evidence for recent nuclear star formation in 20 out of 100
shell galaxies in the Malin & Carter (1983) catalog, suggesting
that the process of shell formation may involve some accretion or
merger of gas-rich material, which would account for the nuclear
star formation.

Numerical simulations of the sinking of a gas-rich satellite disk
galaxy into a large elliptical galaxy by Kojima & Noguchi (1997)
show that the stellar particles from the disk stars of the satellite
start making a clear shell structure after the first collision with the
elliptical in the case of a radial or retrograde merger. This shell
system lasts for ~1 Gyr or more. They also find an abrupt reduc-
tion in the star formation rate around the time of first passage of
the satellite through the center of the elliptical due to the sudden
decrease in gas density caused by the gravitational scattering by
the elliptical potential.

The study of GCs in such galaxies should yield important in-
formation regarding the nature of the E+A phenomenon. If nu-
merous intermediate-age GCs with ages consistent with those of
the poststarburst population in the nucleus were to be found, we
could be fairly confident that the A stars were formed in a relatively
vigorous and distinct star formation event, likely associated with
a dissipative galaxy merger. Conversely, an absence of such GCs
would indicate that no strong star formation was associated with
the event that caused star formation to end ~0.5-2 Gyr ago. The
latter would be consistent with a scenario where gas is removed
from the galaxy, e.g., by ram pressure stripping. This paper fo-
cuses on a study of the globular cluster system of the early-type
shell galaxy AM 0139—655.

2. AM 0139-655

AM 0139—-655 (PGC 6240) is a giant early-type galaxy with
bright shells that are irregularly distributed around the main body
(Malin & Carter 1983). The nuclear spectrum of AM 0139—655
shows evidence for a poststarburst (E+A) spectrum with very strong
Balmer absorption lines (suggesting the presence of a substantial
fraction of A-type stars) but no significant [O 1] emission (Carter
et al. 1988). AM 0139—655 has a large H equivalent width

© Subsequent studies have revealed the presence of a disk component in many
such galaxies, and many papers now use the term k+a, where the k stands for the
spectral type of an old stellar population (e.g., Franx 1993).

TABLE 1
GENERAL PrOPERTIES OF AM 0139—-655

Parameter Value

R.A. (J2000.0) ..o 1h41m30.98°
Decl. (J2000.0) ...cocvnvervminierrinieennes —65°36'55.44"
Hubble type......cccooeereneeirirees S0
Vel eerverrnenennns 8216 4 15 km s~!
Vhel (COTT)..ovennenee. 7936 km s~
Velocity dispersion 249 4 46 km 57!
Distance® ....... 105.8 Mpc
m—M.... 353
Scale....... 1” =512 pc, 1 ACS pixel = 25 pc
Mp oo, —20.57
Galactic latitude (b) ... -50.7°

Bttt ettt 0.00

Notes.—All parameters but those marked were taken from LEDA (http://leda
.univ-lyon1.fr).

? From ACS images, this work.

® Using Hy = 75 km s~! Mpc~.

¢ Burstein & Heiles (1982).

(13.6 £ 1.0 A) and an active nucleus. Since AM 0139—655 shows
both shell structure (indicative of a merger) and a poststarburst
spectrum (signaling a burst of star formation and hence possible
globular cluster formation in the recent past), it is a good candi-
date to explore whether any relations exist between its globular
cluster system, its morphology, and the merger event that gave
rise to the shells. In this paper we present a detailed photometric
study of the GCs of AM 0139—655. The general properties of
AM 0139—655 are listed in Table 1.

3. OBSERVATIONS AND DATA REDUCTION

AM 0139—655 was observed with HS7Ton 2004 July 16 and 17
as part of General Observer program 10227, using the Wide Field
Channel (WFC) of ACS. It was observed for a total of six orbits in
the continuous viewing zone of HST with total integration times
0of 21,440 s in the F475W and 7300 s in the F814W filter. The
observations consisted of several long exposures at different dither
positions, as well as a few short ones to prevent saturation of the
galaxy center. The data were processed with the ACS on-the-fly
pipeline, which included dark and bias subtraction and flat-fielding.
Each flat-fielded image was carefully checked for satellite trails
and saturated pixels in the central region of the galaxy. These
pixels were flagged and masked out. The individual images in
each band were co-added using the PyRAF task multidrizzle
(Koekemoer et al. 2002). This procedure removed all the cosmic
rays and corrected for geometric distortion. The combination of
the short- and long-exposure images enabled us to get good re-
sulting multidrizzle images with unsaturated centers. The final
combined F475W image is shown in Figure 1.

4. PHOTOMETRY

The search for sources was performed on an image made from
the summed F475W+F814W image in the following manner. The
F475W and the F814W images from multidrizzle were added
together. To improve the detection and the accuracy of the pho-
tometry, especially for the faint sources embedded within the
bright galaxy background, first the underlying galaxy light was
modeled. Extensive experimentation showed that the application
of a circular median filter gave the best results. Object detection
was done by using the DAOFIND routine in the DAOPHOT pack-
age (Stetson 1987) on an image obtained by dividing the com-
bined image by the square root of the median-filtered image (thus
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t > 1 arcmin .

Fic. 1.—ACS image of AM 0139—655 in F475W.

providing uniform shot noise characteristics over the whole
frame). The advantage in using the g + I image rather than the
individual images for source detection is the greater depth reached
by the combined image. Also, the photometric zero point of g 4 /
is significantly less dependent on the color of the source than the
individual g or /images, which helps during the completeness cor-
rection (see Goudfrooij et al. 2007 for a detailed discussion). The
detection threshold was set at 4 o above the background. Typical
half-light radii of globular clusters are in the range 1— 20 pc
(Kundu & Whitmore 2001; van den Bergh & Mackey 2004; Jordan
et al. 2005). At the distance of AM 0139—655, the scale is 25 pc
per ACS WFC pixel. Thus, we expect the globular clusters to be
nearly unresolved point sources on the image.

Smooth, median-filtered model images were created in each of
the two bands from the corresponding multidrizzle combined
images in a manner similar to the one described above. The model
was subtracted from the corresponding original images to get a
residual image in which the galaxy light has been removed to a
great extent and the compact objects are clearly visible. To con-
firm that the subtraction procedure did not alter the error statistics
of the photometry, we compared the magnitudes obtained from
the subtracted and the original images for a few bright sources in
the frame. The differences between the two methods were well
below the photometric errors. Aperture photometry was carried
out on these residual images through an aperture of 3 pixel radius
(0.15"). In order to discard obvious spurious detections (e.g., edges
of the image), objects with magnitude errors greater than 0.4 mag
were rejected at this point. Aperture corrections from 3 pixels
(0.15") to 10 pixels (0.5”) radius were determined using a few
bright point sources in each band. The corrections from 0.5” to
infinity were taken from Sirianni et al. (2005). The total aper-
ture corrections were 0.470 £ 0.009 and 0.517 £ 0.010 in F475W
and F814W, respectively. The transformation from the instru-
mental magnitudes (STMAG) to the SDSS g and Cousins / bands
was done using the SYNPHOT package in STSDAS. Synthetic
spectra of stellar types ranging from B0 V to K3 III from the
Bruzual A. & Charlot (1993) library were convolved with the
SDSS g and the Cousins [ filter to obtain magnitudes relative
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to Vega, and with the F475W and the F814W filters to yield
magnitudes in the STMAG system. Fitting polynomials to get
the relation between the two systems resulted in the following
transformations:

g =F475W + (0.4530 =+ 0.0006)
+(0.039 + 0.001)(F475W — F814W)
+(0.0010 = 0.0003)(F475W — F814W)?
— (0.0040 4 0.0003)(F475W — F814W)?,
[ =F814W — (1.258 + 0.002)
+(0.015 & 0.002)(F475W — F814W)
—(0.002 £ 0.003)(F475W — F814W)?
—(0.001 + 0.001)(F475W — F814W)>. (1)

4.1. Globular Cluster Candidate Selection

The photometry lists with the magnitudes in g and / obtained
in the preceding section also included foreground stars and ex-
tended objects, in addition to cluster candidates. To remove these
contaminating sources we applied two selection criteria based on
the FWHM and the compactness of each source. We obtained the
direct FWHM of each of the sources in the photometry list in
each band using the task imexam within IRAF’ in batch mode.
Since the FWHM of bright stars in our frame is ~2.0 pixels and
we expect all the cluster candidates to be nearly unresolved point
sources, we discarded all sources that did not satisfy the criterion
1.5 pixels < FWHM < 3.0 pixels. We also added a compactness
criterion wherein only sources for which the difference in the
magnitudes between aperture radii of 2 pixels and 5 pixels was
between 0.2 mag and 0.6 mag were retained. This ensured (to a
great extent) that the contamination from background galaxies
was minimized. To study the radial extent and distribution of the
GC candidates so obtained, they were binned into annuli 400 pixels
wide, starting from the center of the galaxy out to the corners of
the ACS frame. An effective area was calculated for each annulus,
namely, the total area of the pixels that lie within the annulus
which had a nonzero value of intensity. This ensured that the
masked-out regions like the chip gap were not considered while
computing the area, since these areas were also excluded during
cluster finding. We plot the logarithm of the number of sources
per kpc? as a function of the projected distance from the center of
the galaxy and find that it reaches an asymptotic value at a pro-
jected radius of about 40 kpc (see Fig. 2). Given the large distance
of the galaxy, and hence the small angular size of AM 0139—655,
it was possible to use the outer parts of the image to estimate the
contamination due to compact background sources.

From the Burstein & Heiles (1982) model we find the Milky
Way foreground extinction 4y = 0.00. The resulting g versus
g — I color-magnitude diagram for the candidate globular clusters
is shown in Figure 3. The rectangle delineates the sources that
meet our criteria for globular cluster candidates. Using the GALEV
simple stellar population (SSP) models (Anders & Fritze—v.
Alvensleben 2003), we determine the colorrange of 0 < g — 1 <
2.0 to include all clusters over the range of ages from 107 to 100 yr
and metallicity Z-values from 0.0004 to 0.05 (where Z = 0.02
represents solar metallicity). All sources with colors redder than
2.0 are expected to be late-type foreground stars or red back-
ground galaxies and are rejected in the subsequent analysis. The

7 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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Fic. 2.—Surface density of the globular cluster candidates as a function of the
distance from the galaxy center. The black line shows all the clusters, the blue line
shows the distribution of the blue clusters, and the red line shows the distribu-
tion of the red clusters. The surface density of clusters lying in the color range
0.95 < g — I < 1.15 (between the blue and the red clusters) is shown by the green
line. The bin width is 10 kpc, except for the inner 20 kpc for the blue and red
clusters, where it is 5 kpc. The blue clusters seem to be more centrally concentrated
as compared to the red clusters.

final list, thus obtained, contains a total of 217 globular cluster
candidates. Typical photometric errors in g were 0.01, 0.03,0.15,
and >0.2 mag for magnitude intervals 22-24,24-26,26—28.75,
and fainter than 28.75 mag, respectively. The 50 brightest GC
candidates are listed in Table 2.

20 x -

22 —

24 —

26 —

28 —

3011}1111}1111

Fi. 3.—Color-magnitude diagram for g vs. g — I for AM 0139—655 globular
cluster candidates. The open squares denote GC candidates present within the in-
ner 40 kpc, and the crosses denote those present beyond 40 kpc. The dashed lines
delineate the region of GC selection.
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PosiTions AND PHOTOMETRY OF THE 50 BRIGHTEST GLOBULAR
CLUSTER CANDIDATES

b

R.A. Decl. 1 g—1 r r

(J2000.0) (J2000.0) (mag) (mag) (arcsec) (kpc)
1 41 30.55....... —653645.99 20.87 £ 0.01 1.17 £0.02  9.82 5.0
141 30.03....... —65 355443 2094 £0.01 1.11 £0.02 6129 314
14131.13....... —653651.80 21.12 +£0.01 097 £0.02 3.77 1.9
1412732...... —653741.27 21.18 £0.01 1.34£0.02 51.10 26.1
14131.79...... —6536 51.03 21.61 +0.01 0.86 £0.02  6.68 34
141 33.59....... —65 36 20.00 21.68 +0.01 1.20 £0.02 3896 19.9
1413142.... —65 36 55.59 21.75 +£0.03 1.62 £0.07 2.72 1.4
141 41.69....... —6537 1545 2195+ 0.01 0.69 £0.02 69.30 355
1412843.... —65 36 46.53 22.30 £0.01 1.83 £0.02 18.14 93
14130.32....... —65 36 53.15 2231 £0.02 0.82 £0.02 4.69 24
141 24.96....... —65 36 20.35 2246 £0.01 0.80 £0.02 51.20 26.2
14124.19....... —653729.70 22.67 +0.01 1.29 £0.02 5423 27.7
1 4121.20....... —6537 32.10 22.68 £0.01 1.85+£0.02 70.79 36.2
141 3046....... —65 36 57.50 2293 +0.02 0.44 £0.03  3.82 1.9
1 412946....... —65 36 40.09 23.00 + 0.02 0.80 £ 0.02 18.01 9.2
14131.12....... —65 36 52.59 2324 +0.03 098 £0.04 298 1.5
14131.78....... —65 36 58.93 23.25+0.02 0.81 £0.03 6.05 3.1
14129.62..... —653703.23 23.33 £ 0.02 0.88 £0.02 11.44 5.8
14131.33....... —65 372440 2342 +£0.02 1.60 £0.03 29.03 14.8
141 26.70....... —653625.75 2348 £0.02 095 £ 0.03 39.80 204
1412435....... —653623.94 23.55+0.02 097 £0.03 51.72 265
14121.14....... —65 37 18.86 23.57 £ 0.02 1.37 £0.03 6524 334
1 4126.62...... —65 36 05.87 23.66 £ 0.02 1.07 £0.03 56.46 28.9
14127.33....... —65 36 38.57 23.67 £0.02 1.15£0.03 2821 144
14135.83....... —65 36 49.06 23.67 £0.02 0.77 £0.03 30.74 15.7
141 30.67....... —65 36 58.31 23.68 & 0.04 0.31 £0.05 3.45 1.7
1 41 30.16....... —65 36 54.38 23.72 £0.03 096 £0.04 520 2.6
14129.12....... —65 37 30.60 23.81 +0.02 1.30 £0.03 3699 189
141 30.15....... —65 36 59.70 23.85 £ 0.02 1.40 £0.04 6.68 34
141 36.63....... —65 36 58.83 23.95 4+ 0.02 1.30 £0.03 35.15 18.0
141 36.02....... —65 36 46.84 2397 £0.02 0.83 £0.03 3240 16.6
14135.53....... —65 36 49.60 24.02 + 0.02 0.82 £ 0.03 28.78 14.7
1412632..... —65 36 59.17 24.06 £ 0.02 1.37 £0.03 29.06 149
141 35.04....... —65 36 47.56 24.10 & 0.02 1.35 £0.03 2635 135
14121.85...... —6536 02.19 24.10 £0.02 1.23 £0.03 77.69 39.8
1 41 29.50....... —65 36 52.78 24.12 +£0.03 0.85 £0.03  9.51 4.8
1412249...... —6537 31.88 24.15+£0.02 1.97 £0.04 6396 32.7
14132.33....... —65 36 49.64 24.16 = 0.02 0.94 £ 0.03 10.18 5.2
14129.73....... —65 36 48.36 24.17 £ 0.03 1.39 £0.04 1049 54
1 41 42.40....... —653729.54 2426 £0.02 1.74 £0.04 7853 40.2
14131.52....... —6537 00.55 24.26 £ 0.03 0.93 £0.04 6.11 3.1
14133.11....... —653737.96 2435+ 0.03 1.36 £0.04 4452 228
141 24.02....... —65 36 42.34 2440 + 0.03 1.35 £ 0.04 45.02 23.0
14129.77....... —653709.49 2442 + 0.03 1.38 £0.04 1590 8.1
14129.56...... —653701.17 2447 £ 0.03 0.85 £ 0.04 10.45 53
141 20.68....... —653645.31 24.50 +£0.03 1.64 £0.04 64.55 33.0
141 2881....... —653703.23 2451 £0.03 0.73 £0.04 1549 7.9
141 38.8l....... —6537 12.53 24.56 £ 0.03 1.54 £0.04 5141 263
14134.14...... —65 35 44.84 2457 £ 0.03 1.20 £0.04 73.27 375
14124.77....... —65 36 31.55 24.57 £0.03 1.72 £0.05 4529 232

Note.—Units of right ascension are hours, minutes, and seconds, and units
of declination are degrees, arcminutes, and arcseconds.
® Projected radius derived using the position of the centerat R.A. = 1"41™m30.98°,

decl. = —65°36'55.44"".

° Using Hy = 75 km s~ Mpc~.

4.2. Completeness Corrections

Completeness tests were performed on the combined g 4 7 im-
age, i.e., the one used for detection of cluster candidates. Artificial
objects were added in batches of 100 for five background lev-
els and several magnitude intervals. The background levels were
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Fic. 4—Completeness correction curves for the combined g and / bands for five
background levels. Left to right: For 2000, 980, 480, 200, and 120 ¢~ pixel ™! for an
effective g + / exposure time of 1822 s.

computed from the g+ / image in the following manner. The
counts in the outermost parts of the image, free from any galaxy
light contamination, were taken as background level 1. The counts
in the innermost region of the galaxy, where clusters are detected,
were taken as background level 5. This difference between the
faintest and the brightest background levels was then divided
into five equal intervals in logarithmic space to get the five mean
background levels. The radial intensity profile of the artificial in-
put globular clusters was determined by fitting PSFs to the clus-
ter candidates in the original image. The image was divided by
the square root of a median-filtered version of itself, and source
detection was performed on the resultant image, with the same
procedure as used for the initial source finding. Further, the ranges
of the FWHM, compactness, and maximum permissible error in
the derived magnitudes were also selected in exactly the same
manner as for the actual source photometry. The resultant com-
pleteness curves are shown in Figure 4.

5. g—1 COLOR BIMODALITY

To analyze the color distribution of globular clusters in AM
0139—655, we start by computing the nonparametric Epanechnikov-
kernel probability density function Pyy; of all objects inside the
analysis radius of 40 kpc (Silverman 1986). Given the photo-
metric completeness of our data, Py, is the closest approxima-
tion to the real color distribution of the globular clusters. The
width of the adaptive kernel linearly depends on the statistical
color uncertainty of every individual object, so that the initial
noise statistics of the color measurements is translated into the
final probability density estimate. To account for uncertain-
ties due to the limited sample size, we bootstrapped this process
100 times and derived 90% confidence limits of the resulting
probability density function.

With the same technique we also computed the probability
density function of the background field Py, derived from the
detections. We then scaled the background density estimate to
the object function P,y by area. We note that the error associated
with the scaling of the function is included in our bootstrap
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FiG. 5—GC color distribution for AM 0139—655. The open histogram in the
top panel represents the observed color distribution, and the hatched histogram
represents the distribution after subtraction of the background. The background
distribution is shown in the bottom panel. The solid red line is a nonparametric prob-
ability density estimate using an adaptive Epanechnikov kernel of the background-
corrected GC color distribution. The dashed red lines mark the bootstrapped 90%
confidence limits. The solid black line represents the probability density estimate of
the uncorrected distribution. Two peaks are clearly seen at g — 7 = 0.85 and 1.35.
Note that the distribution of red clusters has a broad tail. There is a very faint sig-
nature of the redder, metal-rich peak that is seen in normal ellipticalsat g — 7 ~ 1.8.
This suggests that one or both of the progenitors had only a small bulge.

routine and propagated to the uncertainty of the final density
estimate. We finally derive the color distribution of globular clus-
ter candidates by statistical subtraction:

Pcee = Pobj — APrke, (2)

where A is the ratio of areas encompassed by the object versus
background regions. Figure 5 shows the background-corrected
function. The final color distribution appears clearly extended and,
taking the 90% error margins into account, bimodal with peaks
at g — I = 0.85 and 1.35. A rather extensive red wing to the red
peak is present, which will be discussed in § 7. KMM tests
(McLachlan & Basford 1988; Ashman et al. 1994) were also run
on the background-subtracted g — 7 color distribution. The KMM
test for two components resulted in peak color values consistent
with those found using the Epanechnikov kernel. The test for three
components resulted in a third peak with g — 7 = 1.45; however,
the KMM procedure did not formally assign any clusters to the third
peak. Hence, a three-component fit was not formally better than a
two-component fit.

Although we do not know the effects of possible internal ex-
tinction on individual GCs, the fact that the blue peak of the GC
color distribution found in AM 0139—655atg — I = 1.35is con-
sistent with ' — I = 0.95 (for 14 Gyr old, metal-poor clusters
from SSP models), which agrees with the blue peak of GCs in the
Milky Way, indicates that on average the internal visual extinc-
tion is very small. At the same time, this also supports our as-
sumption that the Milky Way foreground extinction is near zero,
as predicted by the Burstein & Heiles (1982) model.
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Fic. 6.—Time evolution of the g — I color index (fop) and absolute magnitude
My per 1 x10° M, of single-burst stellar population models using GALEV
(Anders & Fritze—v. Alvensleben 2003). Model curves are plotted for a Salpeter
(1955) IMF and metallicities as indicated in the figure. The ages of the three
stellar populations are 0.4, 1-1.5, and 14 Gyr for the youngest, intermediate, and
old population, respectively. The evolution of the  magnitude, predicted from the
same models, is shown in the bottom panel and is used to compute the fading of
various clusters to an age of 14 Gyr.

5.1. Spatial Distribution of the Blue and Red Subpopulations

As shown in the preceding section, the color distribution of the
clusters has a bimodal form with peaks near g — 7 = 0.85 and
1.35. The spatial distributions of the two subpopulations were
derived by dividing the clusters into two subpopulations based
on their colors. Clusters which lie in the range 0 < g — 7 < 0.95
were designated as the blue population, and those within 1.15 <
g— 1 < 2.0 were designated as the red population. The region
0.95 < g — I < 1.15 was avoided to minimize mixing of the two
populations. This yielded 84 blue clusters, 114 red clusters, and
19 clusters that lie in the region of mixing.

Figure 2 shows the radial distribution of the blue and red sam-
ples. The bins were chosen in such a way that there were at least
five clusters in each bin in the region within 40 kpc. It is clear from
the figure that the blue clusters are more concentrated toward the
center, and their surface density falls as we go away from the
center. On the other hand, the surface density of the red clusters
is somewhat low in the center and may peak between 5 and 10 kpc
from the center of the galaxy. The surface density distribution of
the 19 GCs that lie in the intermediate color range is also shown
in Figure 2. This distribution appears to peak at the center. Add-
ing all these clusters to the blue clusters would not change the
trend for the blue clusters, while adding them to the red clusters
would tend to somewhat dilute the effect in the central regions.

We used the SSP models described in Anders & Fritze—v.
Alvensleben (2003) to estimate the ages of the two populations.
These models include continuum and line emission and take into
account the important contribution of gaseous emission to broad-
band fluxes and their strong metallicity dependence during the
very early evolutionary stages of star clusters. The top panel of
Figure 6 shows the dependence of g — I color on the age of the
cluster. From the figure we see that the red peak in the color dis-
tribution at ¢ — I = 1.35 can be explained by clusters of age

Fic. 7.—Projected spatial distribution of the clusters on the ACS image. The
large cross denotes the galaxy center. The red and blue filled triangles stand for
the red and the blue clusters, respectively. The open red and blue squares are the
red and blue objects in the background region, where the surface number density
of clusters is approximately constant.

14 Gyr and metallicity Z = 0.0004, which agrees very well with
the colors expected for the old, metal-poor globular cluster popula-
tion that forms the blue peak in normal ellipticals or spirals. The
blue peak of the color distribution at g — / = 0.85 can be ex-
plained by a younger population of clusters of solar metallicity
with an age ~0.4 Gyr. Note that this age estimate is fairly inde-
pendent of the metallicity (see Fig. 6). This is consistent with the
E+A nature of AM 0139—655. We assume solar metallicity for
these clusters since several spectroscopic studies of luminous
intermediate-age globular clusters in a number of merger remnants
have shown that they have near-solar metallicities (NGC 7252,
Schweizer & Seitzer 1998; NGC 3921, Schweizer et al. 2004;
NGC 1316, Goudfrooij etal. 2001; NGC 5128, Peng et al. 2004).
HSTimaging studies of the same merger remnants show that these
young clusters are more concentrated toward the galaxy center
than the old metal-poor clusters (Miller et al. 1997; Schweizer
etal. 1996; Goudfrooij etal. 2001; Peng et al. 2004), as predicted
by Ashman & Zepf (1992), who modeled the formation of clus-
ters in a dissipative galaxy merger.

Figure 7 shows the projected spatial distribution of the blue
and the red clusters, while Figure 8 shows the g — I color map
obtained by dividing the g image by the / image. In Figure 8, note
the presence of a blue ringlike structure surrounding the center
and the blue clusters present along the ring. Another interesting
fact is that the brightest and the most distinct shell (lying between
14.8 and 16.7 kpc to the east of the galaxy center) harbors seven
blue clusters (Fig. 9), all of which fall within the color range
0.70 < g — I <£0.91, consistent with SSP model ages between
0.25 and 0.4 Gyr. Thus, it appears that all the clusters associated
with this shell were formed during the latest burst of star forma-
tion. We suggest that the same event that formed the shell struc-
ture also gave rise to the young globular cluster population.

6. LUMINOSITY FUNCTION OF AM 0139—-655

To derive the luminosity functions (LFs) of the clusters, we pro-
ceeded in the following manner. A completeness correction was
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Fic. 8.—The g — I image of the inner region of AM 0139—655, showing the locations of the globular cluster candidates. The dark regions denote redder colors, and
the light regions denote bluer colors. The blue, red, and magenta circles represent blue clusters, red clusters, and clusters with g — I between 0.95 and 1.15. The bright
region in the center is the nucleus of AM 0139—655. Note the presence of several clusters along the blue ring surrounding the center.

applied to each cluster depending on its magnitude and background
level. This was determined from the curves shown in Figure 4 us-
ing bilinear interpolation. The clusters were then divided into two
groups depending on their distance from the galaxy center. The
clusters within a projected distance of 40 kpc from the center of
the galaxy were considered as actual GC candidates, and the ones
farther out were considered as contaminants (foreground stars and
compact background galaxies). The LFs of the GC candidates
were then corrected for background contamination using the
smoothed and scaled LFs of these objects. The LFs obtained after
completeness and background contamination correction and the
uncorrected LFs in the / band are shown in Figure 10.

Given the distance modulus of 35.3 for AM 0139—655, the
globular cluster turnover magnitude for old, metal-poor GCs is
expected at / = 27.2 (for M; = —8.1; Harris 1996). As seen
from the figure, the data do not quite reach the peak of the turn-
over. We analyze the luminosity functions of the blue and red
clusters separately.

6.1. Luminosity Function of the Blue Clusters

As mentioned above in § 5.1, all clusters with colors in the
range 0.0 < g — I < 0.95 are considered as blue clusters. Fig-
ure 10 (middle) shows the luminosity function of these blue
clusters. A power-law fit to the LF of the blue clusters yields
P(L)dL o< L~ dL with o = —1.8 & 0.1, consistent with the re-

sults of previous LF studies of young clusters in mergers and merger
remnants, which find power-law indices in the range —2.1 <
a < —1.7 (Whitmore & Schweizer 1995; Meurer et al. 1995;
Whitmore et al. 1999; Whitmore 2003).

6.2. Luminosity Function of the Red Clusters

Clusters within the color range 1.15 < g — I < 2.0 were clas-
sified as red clusters and their luminosity functions derived (Fig. 10,
bottom). Attempts to fit their luminosity function by either a single
Gaussian or a single power law yielded large residuals. On close
examination of the color-magnitude diagram, we found a signif-
icant number of very luminous red clusters. If the red clusters
were attributed solely to an old, metal-poor population, with a
mass function similar to that in our Galaxy, the brightest clusters
would not be expected to be brighter than M, = —10.0 (g = 25.0),
yet we find an excess of clusters as bright as g = 23.5. In addition,
the color distribution of the red clusters shows a broad tail toward
red colors (Fig. 5), which suggests the presence of more than one
subpopulation.

6.2.1. Modeling the Composite Luminosity Function

Spectroscopic studies of intermediate-age clusters in NGC 1316
(Goudfrooij et al. 2001) and NGC 5128 (Peng et al. 2004) have
shown that they have near-solar metallicities. Simulations of the
color-magnitude diagrams of evolving clusters by Whitmore et al.
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Fic. 9.—AM 0139655 through the F814W filter. The frame is 84" x 84"
The directions on the sky are the same as in Fig. 1. The blue and the red circles
represent the blue and red clusters, respectively. Clusters with 7 brighter than 24 mag
are shown by the big red circles, and clusters with / fainter than 24 mag are shown by
the small red circles. Note that the bright shell to the east of the galaxy is populated
exclusively by blue clusters.

(1997) show that solar-metallicity clusters in the age range of 1—
2 Gyr are the most difficult to identify, since they have nearly the
same colors as the old, metal-poor GC subpopulation. However,
they are significantly (2—2.5 mag) brighter than the old ones fora
given mass. Whitmore et al. (1997) also find that solar-metallicity
clusters older than ~2 Gyr will be redder than the old, metal-poor
cluster population. Using the SSP models shown in Figure 6, we
see that the range of colors corresponding to the red cluster dis-
tribution in AM 0139—655 can indeed be explained by a metal-
poor population about 14 Gyr old, but also by a metal-rich younger
population about 1-1.5 Gyr old. To test whether our observed
distribution may indeed be the result of two distinct populations
of the same color but different ages and metallicities, we model
the observed luminosity function as a combination of two popu-
lations: one an old, metal-poor population, which is consistent with
a Gaussian magnitude distribution, and the other an intermediate-
age population of solar metallicity, which can be described by a
power law (e.g., Goudfrooij et al. 2004).

To constrain the possible relative contributions of the two pop-
ulations, we consider the specific frequency of GCs,

Sy = Noc10%4H 1), (3)

i.e., the number of star clusters per galaxy luminosity normalized
to an absolute "' magnitude of — 15 (Harris & van den Bergh 1981).
To estimate the contribution of the old, metal-poor cluster popu-
lation to the mixed luminosity function, we need to first consider
the possible Sy values of the progenitors and their /" magnitudes.
Assuming AM 0139—655 was formed by a merger of two gal-
axies, the progenitor galaxies could have been two spirals or one
elliptical and one spiral. Since there is no a priori obvious way
of determining the nature of the progenitors, we consider various
scenarios.
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Fic. 10.—Luminosity function of clusters in AM 0139—655 in the / band.
The dotted histograms mark uncorrected (observed) LFs, and the hatched histo-
grams mark LFs corrected for completeness and background contamination.
Completeness-weighted error bars are also plotted. The top panel shows the com-
bined luminosity function of all the clusters. The middle panel shows the luminosity
function of the blue clusters and the power-law fit, giving an index o ~ —1.8. The
bottom panel shows the luminosity function of the red clusters.

The specific frequency is known to increase systematically
along the Hubble sequence, from 0.5 £ 0.2 for Sc spirals to
2.6 £ 0.5 for ellipticals outside of clusters (Harris 1991). Hence,
we consider four values of Sy (0.25, 0.5, 1.0, and 3.0) covering
the range from spirals to ellipticals to describe the possible spe-
cific frequencies of the progenitors. We use the /' magnitude of
AM 0139—655 to estimate the combined /" magnitude of the pro-
genitors. This will be a rough estimate and will tend to overestimate
the luminosity since star formation during the merger would
brighten the merger remnant. However, the 7 magnitude of
AM 0139—655 is not listed in the literature. Hence, we first cal-
culate the total g and / magnitudes of AM 0139—655 from our
images using ellipse fits and calculate g — I from these magnitudes.
We get g = 13.64 and [ = 12.34, and hence, g — I =1.30.

Using this, we find the luminosity-weighted age of 1 Gyr for a
solar-metallicity population at this g — I from Figure 6. A 1 Gyr
solar-metallicity population has ' — I = 0.89, and hence, V' = 13.23
according to the GALEV models. We then compute the fading
in the V' band from this age to an age of 14 Gyr from the bottom
panel of Figure 6. We use luminosity-weighted age at solar met-
allicity as we are attempting to separate the intermediate-age
clusters (which should have about solar metallicity) from the old,
metal-poor GC population. Although a SSP is not a very good
approximation to a galaxy, it is sufficient for our purpose since
we are interested in getting a rough estimate of the fading of the
galaxy. Using the faded value of '=15.84 (My = —19.45) in
the equation for Sy, we calculate the number of old globular clus-
ters expected for the four values given above. The estimated Gauss-
ians for the old, metal-poor population were calculated using
M; = —8.1 and 0 = 1.2 (Harris 1996; Barmby et al. 2001) for
each Sy. Figure 11 shows the observed luminosity function of the
red clusters and the estimated Gaussians for the four values of Sy.
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Fic. 11.—Left: Luminosity function (iistogram) of the red clusters. The curves a, b, ¢, and d stand for estimated Gaussians representing the old, metal-poor GC
population with specific frequencies of 3.0, 1.0, 0.5, and 0.25, respectively. Right: Luminosity functions (histograms) of the clusters obtained after subtracting the
contribution from each of the Gaussians in the left panel. The solid lines in the right panels are power-law fits to the remaining clusters. Note that these clusters can be fit
by a power law (solid line) with —1.6 < a < —1.85, as expected for young GCs. See § 6.2 for a detailed discussion.

Subtracting the contributions to the Gaussians in each case and
examining the residuals, we find that the residuals in each case can
be fit by power laws with power-law indices « between — 1.6 and
—1.85, consistent with values found for intermediate-age clus-
ter populations. The rms values of the difference between the
power-law fits and the histograms in the right panel of Figure 11
are 4.08, 2.88, 3.28, and 3.02 for Sy = 3.0, 1.0, 0.5, and 0.25,
respectively. The above analysis suggests that the red cluster pop-
ulation in AM 0139—655 is in fact a combination of two pop-
ulations of different ages. To conclude, we have identified three
populations of GCs in AM 0139—655: one blue, metal-rich pop-
ulation of young clusters and a red population that can be split
into two populations, one old (14 Gyr), metal-poor one and one
of intermediate age (1—1.5 Gyr) and solar metallicity. We believe
that the KMM test described in § 5 could not identify the latter
two populations as formally separate populations due to the fact
that they have similar colors. The estimates of ages, metallicities,
and the number of clusters (corrected for background contamina-
tion and completeness) belonging to the three subpopulations are
given in Table 3 for the various possible scenarios. However,
spectroscopic observations of the brightest candidates from the

three populations will be necessary to derive exact metallicities
and verify our tentative interpretation.

6.3. Masses of the Clusters

It is illustrative to estimate the masses of the bright clusters
formed during the merger and compare them to the masses of the
most massive clusters in our Galaxy (w Cen withamass 5 x 10° M)
and in M31 (Mayall II, G1), with masses of (1.4—1.7) x 107 M,
(Meylan et al. 2001).

Figure 12 shows curves of constant mass superimposed on the
color-magnitude diagram. To derive these masses, a grid was con-
structed for the observed magnitude and color range. These mag-
nitudes were then faded to an age of 14 Gyr. Masses were assigned
to each cluster by assuming the value of M /Ly tobe 4.1 (at 14 Gyr),
as found by Meylan et al. (1995). We find that several clusters in
AM 0139—-655 will have masses greater than that of the most
massive cluster in our Galaxy and comparable to the most mas-
sive cluster G1 in M31 when they age to 14 Gyr without subse-
quent mass loss due to stellar evolution, since this mass loss is
small beyond 1 Gyr (Anders & Fritze—v. Alvensleben 2003). The
clusters will lose stars during their dynamical evolution. Their
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TABLE 3
PrOPERTIES OF THE THREE SUBPOPULATIONS OF GCs

Age
Subpopulation (Gyr) V4 Sy N
Old..c.cociiiiiiiiinine 14 0.0004 1.00 25

14 0.0004 050 12

14 0.0004 0.25 6

Intermediate................ 1-1.5 0.02 1.00 81
1-1.5  0.02 0.50 93

1-1.5 0.02 025 99

Young....ccooeeeveeevennnnn. 0.4 0.02 ... 50

stellar dynamical mass loss, however, cannot be evaluated with any
confidence without orbital information.

The masses derived in this way have two caveats. First, the
mass-to-light ratio is assumed to be equal to that of w Cen. Var-
ious studies (Meylan et al. 1991) find a wide range (1.2-5.2)
of mass-to-light ratios for GCs. According to Bruzual & Charlot
(2003) models computed using the Chabrier (2003) IMF and
lower and upper mass cutoffs m; = 0.1 M and my = 100 M.,
the M/Ly of a 14 Gyr solar-metallicity population is 4.3, while
thatofa 1/50 Z; population of the same age is 2.0. Hence, a mass-
to-light ratio of 4.1 is a good approximation for solar-metallicity
clusters. In the absence of any spectroscopic data on these clusters,
these values can be taken as rough estimates. Second, the effects of
internal reddening (although expected to be small from § 5) have
not been taken into account. This is not expected to change the
mass ranges much, since dereddening would tend to shift the points
to brighter magnitudes and bluer colors (upward and to the left in
Fig. 12), which is nearly parallel to the curves of equal mass.

7. NATURE OF THE PROGENITORS

In a recent study of GC systems around six shell ellipticals,
Sikkema et al. (2006) typically find bimodal distributions similar
to those of normal ellipticals. They find some indications of the
presence of a younger intermediate-age globular cluster popula-
tion in two of their galaxies, but the number of these intermediate-
age clusters is small as compared to the old clusters. However, in
the case of AM 0139—655 we find that the cluster system is dom-
inated by the young and the intermediate-age clusters, with a rel-
atively small contribution from the old, metal-poor clusters. In
order to constrain the number of old, metal-rich clusters that might
have been inherited from the progenitors, we note that there is some
evidence for a small peak which is consistent with a redder, metal-
rich subpopulation (at g — / = 1.8) as expected for a subsolar
metallicity from the SSP models. The small number of GCs in
this minor peak suggests the absence of a significant bulge in
either precursor. In addition, for the four values of Sy considered
for modeling the LF of the precursors, the rms values point out
that at least one of the progenitors was not an elliptical, but had
small Sy values <1, which is consistent with Hubble types of Sb
or later (Chandar et al. 2004; Goudfrooij et al. 2003), which have
small bulges. Both the above findings seem to suggest that the
galaxies involved in the merger that formed AM 0139—655 did
not have the large bulge generally seen in early-type galaxies but
were most likely late-type spirals with small bulges. A merger in-
volving late-type, gas-rich spirals could have formed one popula-
tion of new GCs about 1 Gyr ago in a starburst at first pericenter and
another one 0.4 Gyr ago at final merging (Mihos & Hernquist 1996).

From the fact that we see evidence for a young and intermediate-
age component of clusters in AM 0139—655, we can safely assume
that at least one of the galaxies involved in the recent interaction
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Fic. 12.—Color-magnitude diagram of the clusters associated with AM 0139—
655. Superimposed are curves of constant mass (in units of M,). All curves are
computed for solar metallicity with ages ranging from 0.3 Gyr at the leftmost point
to 14 Gyr at the right extreme for each curve. The masses are the masses of in-
dividual clusters after fading them to 14 Gyr and with current colors and magnitudes
as specified in the plot. Note that AM 0139—655 harbors several very massive red
clusters. It is clear that several of these clusters will end up with masses equal to or
greater than that of w Cen.

must have been rich in gas, since there were two episodes of star
formation within the time periods for shell survival. This is also
supported by the fact that AM 0139—655 itself has strong Balmer
absorption lines, which suggests that at least one of the progenitors
must have been gas-rich and hence could not have been an early
type with a large bulge.

8. SUMMARY AND CONCLUSIONS

Deep ACS images of the poststarburst shell galaxy AM 0139—
655 have been analyzed. We find a total of 217 GC candidates
associated with this galaxy. The g — I color distribution of the
clusters shows two distinct peaks, one at g — I = 0.85 and the
other at g — I = 1.35. We compare the colors with SSP models
and find that the red peak coincides with the color expected of an
old, metal-poor population. The blue peak corresponds to a young
population (0.4 Gyr) assuming solar metallicity. The luminosity
function of the blue clusters can be fit by a power law of index
a ~ —1.8 + 0.1, as is expected for young clusters. The red part
of the distribution shows a long tail and the presence of several
luminous clusters. We show that the luminosity function of the red
clusters can be modeled as a combination of two subpopulations:
an old population with a Gaussian distribution and an intermediate-
age population with a power-law distribution. Thus, three sub-
populations of globular clusters are clearly distinguishable in
AM 0139—655. The number of clusters in the old, metal-rich sub-
population that is commonly associated with “normal” early-type
galaxies is very small relative to the three aforementioned sub-
populations. The combination of this dearth of old, metal-rich
clusters and the fact that the LF of the old population is best fit by
a small value of Sy supports the notion that any bulge in the pro-
genitor galaxies must have been small.

The ages of the two younger GC subpopulations are comparable
to typical lifetimes of shell structures formed during simulations
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of galaxy mergers, and the brightest shell actually seems to host
several young GCs. This strongly suggests that both the shells
and the young and intermediate-age GCs were formed during a
dissipative merger. It thus seems fairly likely that the E+A signa-
tures of this galaxy are due to this recent merger. These findings
lend credence to the “merger scenario” for the formation of metal-
rich GCs and their galaxy hosts.
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