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ABSTRACT
We present a study of the spatial and color distributions of four early-type galaxies and their globular cluster (GC)
systems observed as part of our ongoing wide-field imaging survey. We use BVR KPNO 4 m+MOSAIC imaging
data to characterize the galaxies’ GC populations, perform surface photometry of the galaxies, and compare the
projected two-dimensional shape of the host galaxy light to that of the GC population. The GC systems of the
ellipticals NGC 4406 and NGC 5813 both show an elliptical distribution consistent with that of the host galaxy
light. Our analysis suggests a similar result for the giant elliptical NGC 4472, but a smaller GC candidate sample
precludes a definite conclusion. For the S0 galaxy NGC 4594, the GCs have a circular projected distribution, in
contrast to the host galaxy light, which is flattened in the inner regions. For NGC 4406 and NGC 5813, we also
examine the projected shapes of the metal-poor and metal-rich GC subpopulations and find that both subpopulations
have elliptical shapes that are consistent with those of the host galaxy light. Lastly, we use integrated colors and
color profiles to compare the stellar populations of the galaxies to their GC systems. For each galaxy, we explore the
possibility of color gradients in the individual metal-rich and metal-poor GC subpopulations. We find statistically
significant color gradients in both GC subpopulations of NGC 4594 over the inner ∼5 effective radii (∼20 kpc).
We compare our results to scenarios for the formation and evolution of giant galaxies and their GC systems.
Key words: galaxies: elliptical and lenticular, cD – galaxies: formation – galaxies: individual (NGC 4472,
NGC 4594, NGC 5813, NGC 4406) – galaxies: photometry – galaxies: star clusters: general
Online-only material: color figures

The goal of the survey is to provide robust constraints
on galaxy formation scenarios by quantifying the fundamental ensemble properties of galaxy GC populations (e.g.,
total number and specific frequency of GCs; fractions of
metal-rich and metal-poor clusters). Accurate measurements of
these properties allow for key tests of the phenomenological
GC/galaxy formation models of the previous two decades—
galaxy mergers (Ashman & Zepf 1992), in situ multiphase dissipational collapse (Forbes et al. 1997), and collapse plus accretion (Côte et al. 1998)—and provide constraints on the latest
hierarchical galaxy formation simulations that have investigated
GC system properties in a ΛCDM context (e.g., Moore et al.
2006; Prieto & Gnedin 2008; Muratov & Gnedin 2010; Griffen
et al. 2010). GC populations are also being used to study the
formation and evolution of early-type galaxies in the context of
a “two-phase” (or “inside-out”) assembly scenario (see Brodie
et al. 2014 and references therein), where giant galaxies experience an early, rapid, dissipational, in situ phase of growth
followed by an ongoing dissipationless, accretion phase (Naab
et al. 2009; van Dokkum et al. 2010; Oser et al. 2010).
In this paper we study the spatial and color distributions of
a subset of four giant E/S0 galaxies in our survey. We perform
surface photometry of the host galaxies and compare the radial
and azimuthal structure of the galaxy light to the GC system
spatial distribution. We also compare the stellar populations
of the host galaxies to their GC systems using radial color
profiles (e.g., B − R versus projected radius). Because both the
GC systems and host galaxies are studied using the identical
imaging data (see Section 2), we are able to minimize systematic
errors in our comparisons. Our primary goal is to quantify the
shape of the projected two-dimensional (2D) distribution of the

1. INTRODUCTION
Globular cluster (GC) populations are powerful probes of
the assembly histories of galaxies (e.g., Ashman & Zepf 1998;
Brodie & Strader 2006). GCs are one of the few stellar populations in galaxies that survive for a Hubble time (Milky Way
GCs have ages of ∼11–13 Gyr; Dotter et al. 2010) and therefore they contain an observational record of the chemical and
dynamical conditions present in their host galaxy at the earliest
stages of the galaxy’s formation. In the context of hierarchical galaxy formation theory, GC populations have been used to
probe a number of important physical processes. For example,
observations of the spatial distribution, stellar populations, and
kinematics/proper motions of Milky Way GCs have been used
to study the role of accretion and in situ formation in building the Galaxy (e.g., Keller et al. 2012; Mackey & Gilmore
2004; Forbes & Bridges 2010; Dinescu et al. 1999; Searle &
Zinn 1978).
Studies of GC populations outside the Local Group have
extended this type of work to galaxies with a wider range of
masses, morphologies, and environments (Brodie & Strader
2006; Ferrarese et al. 2012; Brodie et al. 2014). We have
been carrying out a wide-field optical imaging survey of
giant spiral, elliptical, and lenticular galaxies at distances from
∼10–30 Mpc in order to characterize the global properties of
giant galaxy GC systems. The survey design is presented in
Rhode & Zepf (2001) and previous results are given in Rhode
& Zepf (2001, 2003, 2004; hereafter RZ01, RZ03, RZ04),
Rhode et al. (2005, 2007, 2010), Hargis et al. (2011; hereafter
H11), Hargis & Rhode (2012; hereafter HR12) and Young
et al. (2012).
1
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GC systems and compare the results to the shape of the host
galaxy light distribution. Whenever possible in the analysis, we
consider both the total GC population as well as the metal-rich
and metal-poor GC subpopulations.
The majority of the work on the spatial distributions of galaxy
GC populations has focused on the azimuthally averaged radial
distribution of clusters. Consequently, the connection between
the properties of GC system azimuthal distributions and their
host galaxies remains poorly understood (Ashman & Zepf 1998;
Brodie & Strader 2006). The largest systematic study of the
azimuthal distribution of GC systems was by Wang et al. (2013),
who performed a statistical study of the 2D shape of the 94 earlytype galaxies in the ACS Virgo Cluster Survey (ACSVCS; Côté
et al. 2004). Wang et al. (2013) found that in modestly flattened
galaxies (ellipticity  > 0.2) both the metal-rich and metalpoor GC subpopulations tend to be aligned to the host galaxy.
Detailed results on the GC system azimuthal distributions of
23 ACSVCS galaxies were recently presented by Park & Lee
(2013). They confirmed the position angle alignment of GCs
with the host galaxies discussed by Wang et al. (2013) and also
found that the ellipticity of the metal-rich GC subpopulations
shows a better correlation with the ellipticity of the bulk starlight
of the host galaxies than the metal-poor GC subpopulations.
However, in both the Wang et al. (2013) and Park & Lee
(2013) studies, the field of view of the ACS+HST configuration
limits the analysis to only the central ∼2. 4 of the galaxies
(∼12 kpc at the distance of Virgo). The radial distributions
of giant galaxy GC systems typically show a significantly larger
extent (see Rhode et al. 2010), and the ACSVCS imaging only
provides 50% spatial coverage for moderate-luminosity galaxies
(MV  −21; Rhode 2012).
Studies of individual galaxies that do cover a larger spatial
area have reached differing conclusions regarding the alignment
of galaxy GC systems. Gómez & Richtler (2004) studied the
azimuthal distribution of the giant elliptical NGC 4374 and
found that the metal-rich and metal-poor subpopulations are
similar in shape (both to each other and to the host galaxy light).
However, their study of NGC 1316, the central elliptical galaxy
in Fornax, found that only the metal-rich subpopulation has a
similar 2D shape to the galaxy while the metal-poor population
has a nearly spherical (circular) spatial distribution (Gómez et al.
2001). A follow-up study of NGC 1316 by Richtler et al. (2012)
found the opposite result for the metal-poor population, namely
that the blue GCs do show an elliptical spatial distribution.
Richtler et al. (2012) suggests that the differing results are likely
due to minimized contamination and a more precise sampling of
the GC subpopulations through the inclusion of the Washington
C filter in their imaging (compared to the BVI selection of GC
candidates in the Gómez et al. (2001) work). The study of M87’s
GC system by Strader et al. (2011) also found that the metalpoor GC subpopulation is non-circular and has an azimuthal
distribution consistent with the host galaxy light. However, a
compilation of published and new wide-field imaging results on
the ellipticities of the GC systems of six galaxies by (Kartha et al.
2014) may suggest a better correlation between the azimuthal
distributions of the metal-rich GC subpopulations and the host
galaxy light.
The general conclusion reached by Brodie & Strader (2006)
in their Annual Review of Astronomy and Astrophysics article on
GCs and galaxy formation was that the azimuthal distributions
of galaxy GC systems follow that of the host galaxy. At
present, however, the small number of galaxies with detailed
GC azimuthal distribution subpopulation studies over a large

radial extent makes general conclusions about the degree of
agreement or disagreement between subpopulations less secure.
Our imaging has a radial coverage of ∼25 from the galaxy
center (∼120 kpc at Virgo distances), allowing us to study the
azimuthal distribution out to several effective radii.
Additional motivation for azimuthal distribution studies
comes from the connection between the projected 2D shapes of
GC systems, GC system kinematics, and the signature of galaxy
formation processes. The spatial distribution of point-particles
in a large gravitational potential (i.e., GCs in a galaxy+dark matter potential) should be closely tied to the particles’ kinematic
properties (e.g., rotational flattening, pressure support; Binney
& Tremaine 2008), and therefore the azimuthal distribution of
a galaxy’s GC system should be linked to the dynamics of the
system. The differing spatial and kinematic properties of the
metal-rich and metal-poor subpopulations of Milky Way GCs
provide a local example of this connection. The Milky Way
metal-rich GC subpopulation is not only more centrally concentrated (radially) than the metal-poor GC subpopulation, it is
also spatially flattened and shows a modest rotation compared
to the spherical distribution and low-rotation of the metal-poor
GCs (Zinn 1985). In addition, because the dynamical timescales
of GCs in galaxy halos (in particular) are long, the kinematics—
and hence the spatial distribution—may retain the imprint of the
formation processes that created the GC subsystems (e.g., dissipation in the metal-rich population; accretion in the metal-poor
population). Put another way, the GC system shape may reflect
the long-timescale kinematics (particularly in GCs at large radii)
and therefore give insights into the various physical processes
at work in the formation of galaxies.
This paper is organized as follows. In Section 2, we give an
overview of the data sets used in this study and discuss the galaxy
sample selection. In Section 3, we give a detailed description of
the data analysis methods (galaxy surface photometry and the
azimuthal distribution analysis of the GC system). In Section 4,
we present the results of the surface photometry and GC system
analysis for the individual galaxies analyzed in this work. In
Section 5, we discuss the results and present our conclusions.
2. DATA SETS AND SAMPLE SELECTION
For this study, we selected a sub-sample of galaxies from
our survey with the best overall GC system statistics so that
we could explore the host galaxy–GC connection by examining
the metal-rich (red) and metal-poor (blue) GC subpopulations.
We selected galaxies that (1) show clear statistical evidence of
GC system color bimodality and (2) have sufficient numbers
of GC candidates in each of the subpopulations. Our previous
work studying the azimuthal distribution of the GC system of
NGC 7457 (H11) showed that at least 50 GC candidates per
subpopulation are necessary for statistically meaningful results
using our adopted methodology. Two further constraints reduce
the number of galaxies in the sub-sample constructed for this
study. First, for observations of a particular galaxy, the differing
magnitude incompleteness in the individual BVR filters (due
to different image exposure times, filter/CCD sensitivity, GC
color, etc.) means that we only consider the number of GCs in
the color-complete GC candidate lists (i.e., the “90% sample,”
which is 90% complete in each filter). That is, the 90% colorcomplete sample accounts for the fact that either blue or red GC
subpopulations could be preferentially detected. Using these
samples rather than the full GC candidate lists is therefore
important for minimizing observational biases. Second, in order
2
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Table 1
Basic Properties of Sample Galaxies and Their GC Systems
Name
NGC 4472 (M49)
NGC 4406 (M86)
NGC 5813
NGC 4594 (M104)

Type

MVT

m−M

Distance
(Mpc)

NGC

SN

Radial Extent
(arcmin and kpc)

fblue

Environment

Referencea

E2
E3
E1
S0

−23.1
−22.3
−22.3
−22.4

31.12
31.12
32.54
29.95

16.7
16.7
32.2
9.8

5900 ± 700
2900 ± 400
2900 ± 400
1900 ± 200

3.6 ± 0.6
3.5 ± 0.5
3.6 ± 0.8
2.1 ± 0.3

21 (100 kpc)
17 (80 kpc)
13 (120 kpc)
19 (50 kpc)

0.60
0.62
0.68
0.63

Virgo cluster
Virgo cluster
NGC 5846 group
Field

1
2
3
2

Notes. MVT are computed by combining m − M with VT0 from the RC3. VT0 are from de Vaucouleurs et al. (1991), except for NGC 5813 where VT0
was calculated using VT from de Vaucouleurs et al. (1991) and the Galactic extinction AV from Schlegel et al. (1998). m − M are from Whitmore
et al. (1995) for NGC 4472 and NGC 4406 (distance to Virgo Cluster from HST GCLF observations of M87); others are SBF distances from Tonry
et al. (2001). Total number of GCs NGC from references. V-band normalized specific frequency SN from references. Radial extent of GC systems
is defined as the radius at which the corrected surface density profile becomes consistent with the background within the uncertainties. Fraction of
metal-poor GCs fblue from references.
a References: (1) Rhode & Zepf 2001; (2) Rhode & Zepf 2004; (3) Hargis & Rhode 2012.

to minimize contamination, we impose a radial cut at the
observed radial extent of the GC system (the radius at which the
surface density of GCs is consistent with the background within
the errors, as defined by our survey methods). We therefore
require a galaxy to have N > 50 GC candidates (1) in both
the red and blue subpopulations, (2) in the 90% color-complete
sample, and (3) within the radial extent of the GC system. Four
of the survey galaxies pass these criteria: NGC 4472, NGC 4406,
NGC 4594, and NGC 5813. The basic data on these galaxies
and their GC systems are shown in Table 1.
The GC candidate lists and deep optical imaging for these
galaxies are taken from the results of our ongoing survey:
RZ01 (NGC 4472), RZ04 (NGC 4406, NGC 45943 ), and HR12
(NGC 5813). Here we give a brief overview of the observational
and data analysis methods used in the survey (see RZ01, RZ04
for additional details). In order to characterize the GC systems of
galaxies outside the Local Group, we require deep, wide-field,
high spatial resolution imaging in three filters. This provides
(1) sufficient depth of imaging to cover a significant fraction
of the GC luminosity function (GCLF) at the distances of the
galaxies, (2) large spatial coverage to trace galaxy GC systems
over their full radial extent, (3) excellent image quality, allowing
us to resolve many contaminating background galaxies, and (4)
multi-color photometry, which further reduces contaminating
objects in our GC candidate lists. Our survey has been conducted
using BVR imaging with the KPNO Mayall 4 m telescope with
the Mosaic imager (36 × 36 field of view; 0. 26 pixels) and the
WIYN 3.5 m telescope with the Minimosaic imager (9. 6 × 9. 6
field of view; 0. 14 pixels). All four galaxies in this study were
imaged using the Mayall 4 m+Mosaic configuration.
The resulting deep imaging data are used for both galaxy
surface photometry and the GC system analyses in our survey. We derive GC candidate lists using the techniques
described in RZ01 and RZ04. Contamination is significantly
reduced by eliminating extended objects (resolved background
galaxies) and selecting GC candidates in the V − R versus
B − V color–color plane. The total number of GC candidates
in the 90% color-complete samples are 366 for NGC 4472,
1031 for NGC 4406, 1286 for NGC 4594, and 809 for
NGC 5813.

3. DATA ANALYSIS AND METHODOLOGY
3.1. Galaxy Surface Photometry
We used the ELLIPSE routine (Jedrzejewski 1987) in IRAF
to fit a series of ellipses to the galaxy light after accounting for
the sky background level and masking resolved and unresolved
sources. Although the galaxy light will dominate the sky
background in the inner regions of the galaxy, in the outskirts
the galaxy flux will become comparable to the noise in the
sky background. Therefore the accurate determination of the
sky background (and its associated uncertainty) is critical for
proper photometry. We mark a series of rectangular regions
across the image that are free of bright stars and sufficiently
far from the galaxy. We adopt the average of the median sky
values in these regions as our (constant) sky value and subtract
it from the image. For the associated statistical uncertainty in
the sky background σsky , we adopt the standard deviation of
the median values. We next mask the light from resolved and
unresolved objects on the frame to avoid the contribution of
flux from foreground stars and background galaxies. Regions of
the image containing saturated stars and bleed trails were also
masked. The ELLIPSE task was run on the masked, background
subtracted V-band image of each galaxy, resulting in a series of
best-fit isophotes. Because our images are deep, the centers of
the host galaxies (typically the inner ∼10 ) are saturated in our
images. We therefore hold the X, Y centers of the ellipses fixed
during the isophotal fitting process. These fixed positions were
determined from an initial run of ELLIPSE performed without
holding the center constant and adopting the X, Y center of the
innermost isophotes as calculated by ELLIPSE. In general we
saw good agreement between the X, Y centers of the innermost
isophotes (e.g., very little drift in the centering) and the adopted
center of the galaxy used for the calculation of the GC radial
surface density profiles.
We fitted ellipses at semi-major axes ranging from just outside
the central, saturated region of the galaxies to the radius at
which the mean isophotal intensity became consistent with the
overall variation in the sky background across the frame (see
Section 3.1.1). After running ELLIPSE on the V-band image,
we used ELLIPSE to measure the mean intensity in the B
and R images along the resulting V-band isophotes. Because
this procedure measures the BVR flux at identical semi-major
axes, we can use the results to construct radial color profiles
for the galaxy light. We use observations of Landolt (1992)
standard stars to determine color coefficients and magnitude

3

For NGC 4594, the GC candidate list utilized in this work is slightly
different from the original list derived in RZ04. Subsequent work examining
GC candidates close to the galaxy center resulted in a reduction in the size of
the central mask, so we supplemented the original GC candidate list from
RZ04 with 120 additional GC candidates located at small galactocentric radii.

3
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zero points to convert the instrumental magnitudes and colors
to the standard system. We directly calibrate the V magnitudes
and B − V and V − R colors and provide the corresponding B − R
colors as calculated from the B − V and V − R results. The results
of the surface photometry are discussed with the individual
galaxy results in Section 4. The surface photometry data are
presented in Tables 3–6 of the Appendix and have been corrected
for Galactic extinction using the reddening maps of Schlegel
et al. (1998).
3.1.1. Surface Photometry Uncertainties

The primary results of interest from the ELLIPSE fitting are
the mean isophotal intensity, mean color, ellipticity, and position angle at each semi-major axis, as well as their associated
uncertainties. For the ellipticity and position angle, the uncertainties are calculated by ELLIPSE based on the internal fitting
errors. In general we consider three sources of uncertainty in the
surface brightness: (1) the error on the mean isophotal intensity
σINT , (2) the statistical uncertainty in the sky background σsky ,
and (3) the systematic uncertainty in the determination of the
sky background σsys . The error on the mean isophotal intensity
σINT is calculated by ELLIPSE from the rms scatter in the intensity about the isophote and the number of data points used in
the fitting. As discussed above, we adopt the standard deviation
of the median sky values (as measured in the box regions) as the
statistical uncertainty in the sky level σsky . Because we perform
the ELLIPSE fitting on an image which has had a constant sky
level removed, the total uncertainty in the mean intensity σtot is
simply the quadrature sum of the rms uncertainty and the error
in the sky level. For the innermost isophotes near the galaxy
center, the total error is often very small (<0.01). So, where
σtot is less than the uncertainty in the photometric zero point,
we adopt the uncertainty in the photometric zero point (typically ∼0.01–0.03) as the error on the surface brightness (i.e.,
the lower limit to the surface brightness errors).
Lastly we consider the systematic uncertainty in the sky
background determination. We found that due to the presence
of bright stars on or just off some of the images, scattered
light artifacts sometimes contributed to a variable background
level in ways that were not easily modeled using high-order
polynomial surfaces. In general the sky background variation
across a frame was typically of order 1% of the mean background
level. Although this variation is small when compared to the
overall background, such a variation will in general not be small
when compared to the faint flux in the outskirts of galaxies.
The lack of a perfectly uniform sky background therefore sets
a practical limit on the faintness level reached by our surface
photometry. For each BVR image for our target galaxies, we
adopt the overall variation in the sky background as a systematic
uncertainty σsys in our choice of background level. That is, we
use the σsys term to account for the fact that our mean background
level could be higher or lower by ±σsys . Although the standard
deviation in the sky σsky will reflect this variation as well,
adopting a “range” for the sky background determination more
closely reflects the practical difficulties in setting an absolute
sky level. We incorporate σsys into our analysis by increasing or
decreasing the mean isophotal intensity I at each radius by ±σsys
counts and recalculating the surface brightness. This produces
the “envelopes” about the fiducial surface brightness shown in
panels (a) of Figures 1, 7, 13, and 20. In cases where there
was little scattered light on the images, we find σsys < σsky
and therefore the statistical uncertainty in the sky dominates
the error budget. Alternatively, in cases where scattered light

Figure 1. Results of the surface photometry for NGC 4406. Panels (a) and
(b) show the surface brightness as a function of projected radius in (a) linear
space and (b) r 1/4 space. The best-fit de Vaucouleurs law and Sérsic profiles
are shown as the red solid line and dash-dot green line, respectively. The fit
residuals (ΔμV ) are shown below panel (a) as red squares for the de Vaucouleurs
law fit and green triangles for the Sérsic profile fit. The effects of the systematic
uncertainty in the sky background (σsys ; see Section 3.1.1) are shown as dashed
lines. The ellipticity () and position angle (P.A.) are shown in panels (c) and
(d), respectively. The surface photometry data are listed in Table 3.
(A color version of this figure is available in the online journal.)

was problematic, we found σsys > σsky . In practice we fitted
ellipses to the galaxy light out to the radius at which the intensity
becomes comparable to the larger of σsys or σsky .
3.1.2. Galaxy Surface Brightness and GC System
Radial Profile Comparisons

The V-band surface brightness profiles of the target galaxies
were fitted with de Vaucouleurs law (r 1/4 ) and Sérsic (r 1/n )
profiles over the full radial extent
√ of the data as a function of the
geometric mean radius r ≡ ab of the isophote (where a, b are
the semi-major and semi-minor isophote axes, respectively).
The effective radius re of the de Vaucouleurs profile was
determined from the slope of a linear fit. For the Sérsic model,
the effective radius was determined from the Sérsic index n
(where n = 4 for the r 1/4 law) and scale radius coefficient
from a nonlinear least-squares fit (Caon et al. 1993; Graham &
Driver 2005).
To compare the radial distribution of the GC system to the
host galaxy surface brightness profiles, we fitted both r 1/4 and
Sérsic profiles to the GC radial surface density profiles. We
use the results of the de Vaucouleurs law fits from HR12 for
NGC 5813 and from RZ01, RZ04 for NGC 4472, NGC 4406,
and NGC 4594, respectively. The corrected radial surface
density profiles were fit with a linear function of the form
log σGC = a0 + a1 r 1/4 ,

(1)

where the resulting slope a1 determines the effective radius of
4
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mean was chosen as the uncertainty in the average color of the
GC system.
We also compare the mean colors of the blue and red GC
subpopulations to the integrated host galaxy color. We adopt the
homoscedastic results (assumption of same dispersion for both
subpopulations) of the KMM analysis from HR12 (NGC 5813)
and RZ01, RZ04 (NGC 4472, NGC 4406, NGC 4594) for the
mean GC subpopulation colors. The uncertainties in the blue
and red color distribution peaks were determined using a Monte
Carlo bootstrapping algorithm.
The presence of galaxy and GC system color gradients was
explored by fitting a weighted linear function to the data in logspace due to the nonlinear spacing of the elliptical bins. The
“global” GC system color gradients—which consider both the
metal-rich and metal-poor GC subpopulations together—have
been investigated previously for our target galaxies (HR12 for
NGC 5813; RZ01 for NGC 4472, and RZ04 for NGC 4406
and NGC 4594). Numerous studies have shown that global GC
system color gradients arise from the changing mix of metal-rich
and metal-poor GCs with projected radius from the galaxy center
(Geisler et al. 1996; Harris et al. 1998; Lee et al. 1998; Rhode
& Zepf 2001, 2004). In this study we explore the possibility of
color gradients within the individual GC subpopulations (see
also Harris 2009a; Forbes et al. 2011) and compare the results
to the host galaxy color gradients. In general the color profile
data were fitted with a linear function of the form

the GC system. Our Sérsics fits are of the form
log σGC = a0 + a1 r 1/n ,

(2)

where the values of both n and a1 determine the effective radius.
We emphasize that the effective radius as derived from the
de Vaucouleurs law or Sérsic profile is the radius that contains
half the total luminosity (or number of GCs) integrated over all
radii. That is, the profiles explicitly assume an infinite radius for
the system (either galaxy or GC system). This is problematic
when the model does not provide a particularly good fit out
to infinity or, for example, a GC system has a shallow r 1/4
law slope. In these cases, the effective radius will be large
and implies a significant number of GCs at large radii. We
therefore make a distinction between the “theoretical effective
radius” (determined from the model fits) and an “empirical
effective radius.” Because we have an estimate of the radial
extent of the GC system from the GC surface density profile
and an estimate of the total number of GCs, we can use this
to directly measure re . That is, we determine an “empirical
re ” by integrating the best-fit r 1/4 profile to the radius that
includes half the total number of GCs in the system as derived
from our data (i.e., the half-total number radius). We adopt
the r 1/4 profile rather than the Sérsic profile for consistency
with our total number of GC calculations in previous survey
papers (RZ01, RZ04, HR12). While a first-order comparison of
effective radii for the galaxy and GC system can be done directly
using the slopes of the best-fit profiles, the empirical re value
for the GC system is a more realistic estimate of the half-total
number radius.

(B − R) = a0 + a1 log (r),

(3)

where the slope a1 is the color gradient in units of mag dex−1 .
The inverse squares of the uncertainties were chosen as the
weights for the least-squares fitting. This weighting is critical
for measuring a galaxy color gradient in particular. The uncertain sky background (in both filter bandpasses) causes both
significant statistical and systematic uncertainties in B − R with
increasing radius, and the weighting minimizes the contribution
to the results.
The results of the host galaxy and GC color profiles are presented in Section 4. The colors of galaxies and GC systems
reflect the ages and metallicities of their underlying stellar populations, and ideally one would like to make direct comparisons
to these parameters rather than color. Unfortunately, age and
metallicity are degenerate when using optical colors, i.e., redder
photometric colors can be caused by both older stellar populations and by more metal-rich populations (Worthey 1994).
However, because GCs are many Gyrs old, broadband colors
are sensitive to metallicity, with blue colors being more metalpoor than red colors (Worthey 1994; Bruzual & Charlot 2003).
For consistency with our previous GC survey papers, we adopt
the same GC color to metallicity conversion used in RZ01,
which is

3.1.3. Comparing GC System and Galaxy Color Profiles

We compare the mean colors and color gradients of the GC
systems and host galaxies using the following procedure. The
ELLIPSE fitting procedure returns the mean host galaxy color
as measured along each isophote, with the isophotes spaced
equidistant in log-space (i.e., scaled by a constant mutiplicative
factor). To obtain a mean GC system color measured in a
similar fashion, we use the galaxy isophotes as determined by
ELLIPSE to define elliptical bins. We extend the elliptical bins
beyond the last measured isophote for the galaxy using a fixed
position angle and ellipticity set by the shape of the outermost
measured isophote.
The elliptical isophotes for the galaxy are narrowly spaced
relative to the GC system, so we use every fourth isophote to
define the edges of the elliptical bins in order to obtain a larger
number of GC candidates per bin. We calculate the mean B − R
color in each bin and adopt the standard error on the mean as the
uncertainty
in the color. We adopt the geometric mean radius
√
r ≡ ā b̄ as the radius of the bin, consistent with what we have
adopted for the galaxy isophote fitting. We use the inner and
outer edges of the bin to calculate the average semi-major ā and
semi-minor axes b̄.
For the host galaxy, we calculate an integrated B − R color
using the total magnitudes derived from de Vaucouleurs law fits
to the B and R surface brightness profiles. For the GC system,
we calculated the mean using the elliptical bins (and weighted
by the inverse square of the uncertainties), and as a check, the
calculation of the mean based on the individual GC candidate
colors gave identical results within the uncertainties. We also
used a radial cut for the GC system calculation, using only GC
candidates within the measured radial extent of the system in
order to minimize contamination. The error in the weighted

[Fe/H] = −3.692 + 1.069(B − R) + 0.7901(B − R)2 .

(4)

Unlike GCs, galaxies contain stellar populations with a much
wider range of ages and metallicities which complicates the
interpretation of a galaxy’s optical colors. Numerous studies
have used both spectroscopic and photometric techniques to
distinguish between age or metallicity in the colors of the stellar
populations of galaxies (e.g., Trager et al. 2000; Tamura et al.
2000; Kuntschner et al. 2010; Roediger et al. 2011a, 2011b).
The results have shown that the mean colors and color gradients
in early-type galaxies primarily reflect variations in metallicity
rather than age. Because an accurate decomposition of age and
5
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metallicity would require either a larger photometric baseline
(e.g., a UV–optical or optical–IR color; Roediger et al. 2011b,
2011a) or spectroscopic data (Trager et al. 2000), we simply
perform comparisons to the host galaxy by B − R color.

in discrete, circular annuli by applying the method of moments
at various radii, adopting the NGC 4406 GC system as our test
case. Using a series of 10,000 simulated GC systems (matching
the measured , θ of NGC 4406), we found that although the
algorithm is quite robust using circular annuli, the lower number
of objects per bin degrades the statistical significance of the results. Put another way, our method does allow for the GC system
shape to be measured over smaller annular regions (similar to
the more discrete ellipse fitting), but the lower number of objects
increases the uncertainties. Thus using an ensemble measure for
the , θ of the GC system gives both a global picture of the GC
shape and leverages the larger number of data points to decrease
statistical uncertainties.
For the galaxy light, obtaining a “global” measure of , θ is
more problematic due to the changing ellipticities and position
angles (particularly in the central regions) as well as the radially
decreasing surface brightness. The issue has been addressed in
a number of ways in the literature, including using a surface
brightness weighted mean (Lambas et al. 1992) or adopting the
ellipticity at a particular isophote (see, for example, Fasano &
Vio 1991; Chen et al. 2010). Because we are interested in the
physical properties of the outer regions of galaxies, we adopted
a simplistic approach and adopt the mean , θ of the outer
regions (where the ellipticity “asymptotes”) as our “global”
value of the galaxy ellipticity and position angle. Furthermore,
we are primarily interested in using GCs to probe the physical
properties of the halos of galaxies, and therefore the central
regions of galaxies are of less significance in this study.

3.2. Azimuthal Distribution Analysis
In order to investigate the 2D (projected) shapes of the GC
systems, we applied an iterative method of moments algorithm
(Carter & Metcalfe 1980) to measure the ellipticity  and
position angle θ of the galaxy GC systems in our sample. This
method has been used by others to quantify the shape of galaxy
GC systems (e.g., McLaughlin et al. 1994; Forte et al. 2001)
and we used this method to study the azimuthal distribution of
the GC system of the field S0 galaxy NGC 7457 (H11).
We adopt several additional procedures and constraints when
implementing the method of moments. First, we hold the
centroid of the ellipse fixed at the galaxy center due to the
lack of GC candidates (because of image saturation and high
background) toward the center of the galaxy. Second, because
the method of moments requires that any measurement annuli
lie entirely on the frame, we are limited in the range over
which we can measure the  and θ by the frame edges and
any large masked regions. Thirdly, we use an iterative method
to determine  and θ which accounts for the contaminating
background. For wide-field imaging studies which have covered
the full radial extent of a galaxy’s GC system, the surface density
of GC candidates far from the galaxy center will approach a
limiting (asymptotic) value. This asymptotic value represents
the surface density of contaminating objects, which we assume
to be uniformly distributed across the frames. The presence of
this uniform background will, in general, yield a more circular
(smaller ) measurement of an intrinsically elliptical distribution
of points. One can minimize the influence of this background by
calculating  and θ within a measurement annulus as determined
from a previous estimate of  and θ (i.e., in an iterative fashion).
The method of moments does not allow for a straightforward
calculation of the statistical uncertainty in the ellipticity and
position angle and so we used a Monte Carlo bootstrapping
technique to estimate the uncertainties. We used 10,000 bootstrap samples to determine the distributions of  and θ and adopt
the standard deviations of these distributions as the uncertainty
in  and θ . In general we find that the bootstrap distributions
of ellipticities and position angles are quite symmetric and have
mean values that are in excellent agreement with the measured
values (i.e., no measurable bias is evident in the bootstrap). We
also simulate intrinsically circular (azimuthally uniform) distributions to characterize the statistical significance with which
we detect a non-uniform spatial distribution. For each galaxy,
we generate 10,000 circular GC spatial distributions and examine the probability that one would obtain an ellipticity as
larger or larger than the measured  by chance. We match the
total number of GCs and their radial surface density distribution
by using the (circular) radial profile bins that were adopted to
generate the GC surface density profiles. The results of these
significance tests are described along with the individual galaxy
results below.
We explored various means of making systematic comparisons of the method of moments results to the galaxy isophote
fitting. Although the isophote fitting and method of moments
yield measurements of  and θ , the ellipse-fitting measures the
galaxy shape at discrete semi-major axes while the method of
moments yields a single cumulative (or integrated) result for the
GC system. We attempted to measure the GC system  and θ

4. RESULTS FOR INDIVIDUAL GALAXIES
The results of the surface photometry and azimuthal distribution analysis for the four target galaxies are discussed below in
Sections 4.1–4.4.
4.1. NGC 4406
4.1.1. Galaxy Surface Photometry

We fitted isophotal ellipses to the galaxy light on the masked
image from a semi-major axis of ∼13 –650 . The surface
brightness, ellipticity, and position angle are shown as a function
of geometric mean radius in Figure 1. The data are listed in
Table 3. Comparing our surface brightness profile to the V-band
surface photometry of NGC 4406 by Janowiecki et al. (2010),
we see excellent agreement (<0.1 mag difference) in the inner
r < 300 . At larger radii we measure a surface brightness which
is approximately 0.2–0.3 mag fainter than Janowiecki et al.
(2010) but consistent with their results within our systematic
uncertainties. Although NGC 4374 is relatively nearby in
projection, Janowiecki et al. (2010) find that the contribution of
diffuse light by this galaxy to the NGC 4406 surface brightness
profile is likely only important at μV  27 mag arcsec−2 , so we
expect no significant contribution of light from NGC 4374.
Our V-band surface brightness profile is well-fit by an r 1/4 (de
Vaucouleurs law) fit in the inner r ∼ 120 and outer r > 350
(see Figure 1). The r 1/4 law fit yields an effective radius of
re = 151±1 . The profile shows a slight increase or bump in the
surface brightness from ∼120 < R < 320 , a feature that has
been seen in other surface photometry of this galaxy (Janowiecki
et al. 2010; Kormendy et al. 2009). This feature significantly
degrades the quality of the r 1/4 fit, resulting in a reduced chisquare χ 2 /ν = 14.1. A Sérsic fit yields a significantly larger
effective radius of re = 350 ± 25 with n = 6.5 ± 0.2 and
a reduced chi-square χ 2 /ν = 2.4. Although the Sérsic model
6
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Figure 2. Comparison of the GC radial surface density and galaxy V-band
surface brightness profile for NGC 4406. The GC profile (top panel; data from
RZ04) shows the corrected surface density of GC candidates as a function of
projected radial distance from the center of the host galaxy. The surface density
of GC candidates becomes consistent with the background within the errors at
17 (vertical dotted line). The V-band surface brightness profile from this work
(bottom panel;
√ see also Figure 1) is shown as a function of geometric mean
radius r ≡ ab. The de Vaucouleurs law and Sérsic fits to both profiles are
shown as the solid lines and dashed lines, respectively.
(A color version of this figure is available in the online journal.)

Figure 3. Results of the azimuthal distribution analysis for NGC 4406. The
positions of the 90% sample of 1031 GC candidates are shown with respect to
the galaxy center (red cross). The outer dashed circle denotes the radial extent
of the GC system (r ∼ 17 ) and the inner dashed circle denotes the radius
over which we are able to study the azimuthal distribution of the GC system
(r = 9. 2). The red ellipse shows the GC system ellipticity ( = 0.38 ± 0.05)
and position angle (θ = −63◦ ± 6◦ ) as determined by the method of moments.
The masked regions of the image are shaded, including a large portion due to
the proximity (in projection) of NGC 4374.
(A color version of this figure is available in the online journal.)

provides a statistically better fit, the outermost isophotes are
better described by the r 1/4 profile (see Figure 1).
Our estimates of the effective radius fall between several
literature estimates. The RC3 (de Vaucouleurs et al. 1991) gives
an effective radius of 104 , while Michard & Marchal (1994) and
Caon et al. (1993) find re = 158 (r 1/4 fit) and re = 167 (Sérsic
fit), respectively. Our results are in good agreement with the
Sérsic fit from Janowiecki et al. (2010), who find re = 372±17
but a smaller n = 5.2 ± 0.2. We find a changing ellipticity and
position angle in the inner r ∼ 100 , which is consistent with
other results in the literature. The ellipticity increases smoothly
to an asymptotic value of  ∼ 0.4 while the position angle
varies between −63 < θ < −50. There is good agreement
between our measured ellipticities and position angles and the
Janowiecki et al. (2010) results.
The BVR color profiles (see Table 3) are relatively flat in
all three colors, which is consistent with previous surface
photometry (Peletier et al. 1990; Michard 1999). The profiles
show systematic blueward or redward deviations at larger radii
(r  300 ). These are likely artifacts of the choice of sky
background in one or more filters, as small changes in the
sky level at faint surface brightness levels in either filter can
significantly change the measured color. We used a weighted
least-squares algorithm to fit a linear function to the B − R profile
(over the full radial range) and find a color gradient of Δ(B −
R)/Δ log (r) = −0.03 ± 0.01 mag dex−1 . This is consistent
with the results of Michard (1999) and Peletier et al. (1990),
who found gradients of −0.02 and −0.03 ± 0.02 mag dex−1 ,
respectively. Idiart et al. (2002), however, found a gradient of
∼−0.10 mag dex−1 in B − R. We compare the B − R color
profile of the galaxy to the GC system in Section 4.1.2 below.

4.1.2. Globular Cluster System

RZ04 measured a GC system radial extent of ∼17 and a total
number of GCs of 2900 ± 400 for NGC 4406. The final, corrected radial surface density profile of the GC system is shown
with the V-band surface brightness profile (see Section 4.1.1)
in Figure 2. The GC population has a measured radial extent of
∼83 kpc, a radial distance which would require observations at
μV  28 mag arcsec−2 to probe the halo starlight at the same
radius. The r 1/4 fit to the profile gives a theoretical effective
radius for the GC system of re(GC) = 20 ± 3 (96 ± 15 kpc) with
a reduced chi-square of χ 2 /ν = 3.1. As noted previously, the
effective radius—as determined from model fits—is the radius
that includes half the total number of GCs assuming the profile
extends to infinity. However, the surface density profile shows
that the system has a measurable extent of only ∼17 , which is
less than the derived re(GC) . Although some GCs will be located
at r > 17 , the low surface density at large radii implies that a
significant population is not present. This highlights the sensitivity of the theoretical effective radius to the relatively shallow
slope (−1.58) of the de Vaucouleurs law fit.
A Sérsic fit to the GC radial profile (Figure 2) gives re(GC) =
5.8 ± 0. 1 (28 ± 1 kpc) and n = 0.9 ± 0.1 with a reduced chisquare of χ 2 /ν = 0.5. The three-parameter Sérsic model fits
both the flattening surface density of GCs at small projected
radii (r < 3 ) and the decreasing surface density at large radii
(r > 10 ). The model value of re(GC) also agrees much better
(than the r 1/4 model re ) with the empirical effective radius for
the GC system of re(GC) = 6. 4 (32 kpc).
The spatial positions of the 90% color-complete sample of
1031 GC candidates around NGC 4406 are shown in Figure 3.
7
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Figure 4. Results of the azimuthal distribution analysis of the blue (metal-poor)
GC subpopulation for NGC 4406. The positions of the 643 blue GC candidates
are shown with respect to the galaxy center (red cross). The inner and outer
dashed circles are the same as in Figure 3. The red ellipse shows the GC system
ellipticity ( = 0.39 ± 0.06) and position angle (θ = −64◦ ± 9◦ ) as determined
by the method of moments.
(A color version of this figure is available in the online journal.)

Figure 5. Results of the azimuthal distribution analysis of the red (metal-rich)
GC subpopulation for NGC 4406. The positions of the 388 red GC candidates
are shown with respect to the galaxy center (red cross). The inner and outer
dashed circles are the same as in Figure 3. The red ellipse shows the GC system
ellipticity ( = 0.36 ± 0.07) and position angle (θ = −64◦ ± 7◦ ) as determined
by the method of moments.
(A color version of this figure is available in the online journal.)

The elliptical galaxy NGC 4374 appears in close proximity
(in projection) to NGC 4406. Therefore in the RZ04 analysis,
a 10 × 20 area around NGC 4374 was masked to avoid
contamination from that galaxy’s GC population (see Figure 3).
The radial extent of the masked region limits our study the
NGC 4406 GC system azimuthal distribution to 9. 2 (N =
772 GCs), since the method of moments requires measurement
annuli to be located entirely on the frame. Note that the exact
shape of the masked region does not affect the ellipticity results
we derive; the method of moments is sensitive only to the radial
extent of the mask.
Applying the method of moments algorithm to the r < 9. 2
90% sample yields an ellipticity of  = 0.38 ± 0.05 and
a position angle of θ = −63◦ ± 6◦ . We show the ellipse
solution with the GC positions in Figure 3. Based on our
azimuthally isotropic spatial distribution simulations, we find
that the probability of obtaining an ellipticity as big or bigger
than the measured value by chance is only p < 0.01%. A
previous analysis of the GC azimuthal distribution in NGC 4406
was done by Forbes et al. (1996) from Hubble Space Telescope
(HST)/WFPC2 imaging but no significant ellipticity was found,
likely due to the smaller radial extent of the observations.
To investigate the azimuthal distributions by GC subpopulations, we split the 90% sample at the empirical color cut
of B − R = 1.23. This yields a fraction of blue GCs of
fblue = 0.62, consistent with the mixture modeling results from
RZ04. Over the 9. 2 radial extent for the blue subpopulation,
we find  = 0.39 ± 0.06 and θ = −64◦ ± 9◦ from N = 379
GC candidates (see Figure 4). The probability of obtaining an
ellipticity as big or bigger than the measured value by chance is
p = 0.22%. For the red subpopulation, we find  = 0.36 ± 0.07
and θ = −64◦ ± 7◦ from N = 266 GC candidates (see
Figure 5). Our simulations show a probability of obtaining an

ellipticity as big or bigger than the measured value by chance
is p = 0.07%. Both subpopulations show nearly identical azimuthal distributions and good agreement with the host galaxy
(¯ ≈ 0.4, θ̄ ≈ −55 for r > 300 ; see Figure 1 and Table 3).
Figure 6 compares the mean B − R colors and color gradients
of the galaxy light and GC population. RZ04 found evidence
for a small B − R color gradient of Δ(B − R)/Δ(r) = −0.004 ±
0.001 mag arcmin−1 over the full 17 radial extent of the GC
system. Using elliptical bins, we find a color gradient of Δ(B −
R)/Δ log (r) = −0.06 ± 0.02 mag dex−1 (Δ[Fe/H]/Δ log (r) =
−0.18 ± 0.05). Although the GC population shows a slightly
larger gradient than the galaxy stellar populations (Δ(B −
R)/Δ log (r) = −0.03 ± 0.01 mag dex−1 ), the difference is not
statistically significant.
We explored the possibility of GC subpopulation gradients by
(1) dividing the 90% color-complete sample at B − R = 1.23
(see earlier discussion; RZ04), (2) binning the data in circular
annuli of various spacings, and (3) performing linear fits (see
Equation (3)) to the binned color profile over various radial
ranges. We find no evidence (over any radial range) for a
statistically significant color gradient in either the metal-rich
or metal-poor subpopulations.
The mean B − R color of the host galaxy (B − R = 1.51 ±
0.03) is, however, significantly redder than the GC system. We
find a mean color for the GC system of B − R = 1.190 ± 0.006
([Fe/H] = −1.31 ± 0.02) with subpopulation peaks at 1.11 ±
0.01 (blue) and 1.41 ± 0.01 (red). The difference in colors of
∼0.3 is consistent with previous results which perform similar
comparisons (Peng et al. 2006). The red GC subpopulation is
0.1 mag bluer than the host galaxy, a result which is statistically
significant given the low uncertainties in the integrated colors.
The mean colors and color gradients are discussed in greater
detail in Section 5.
8

The Astrophysical Journal, 796:62 (26pp), 2014 November 20

Hargis & Rhode

Figure 7. Results of the surface photometry for NGC 4472. Panels (a) and
(b) show the surface brightness as a function of projected radius in (a) linear
space and (b) r 1/4 space. The best-fit de Vaucouleurs law and Sérsic profiles
are shown as the red solid line and dash-dot green line, respectively. The fit
residuals (ΔμV ) are shown below panel (a) as red squares for the de Vaucouleurs
law fit and green triangles for the Sérsic profile fit. The effects of the systematic
uncertainty in the sky background (σsys ; see Section 3.1.1) are shown as dashed
lines. The ellipticity () and position angle (P.A.) are shown in panels (c) and
(d), respectively. The surface photometry data are listed in Table 4.
(A color version of this figure is available in the online journal.)

Figure 6. Comparison of the GC and galaxy B − R color profile for NGC 4406
out to the measured radial extent of the GC system. The open circles mark
the B − R and radial positions (from the galaxy center) for the 90% sample
of GC candidates in NGC 4406. The filled green circles show B − R color
profile for the galaxy light. Top panel: the red line shows the linear fit to the
GC B − R colors from RZ04. Bottom panel: the filled red points show the mean
B − R colors of GC candidates within elliptical bins at the same geometric mean
radius R of the galaxy isophotes. Linear fits to the galaxy and GC system profiles
are shown as the solid green and red lines, respectively. The measured slopes
(color gradients) are listed. The weighted mean B − R colors for the galaxy
light and GC population are listed and shown as the dashed green and red lines,
respectively.
(A color version of this figure is available in the online journal.)

systematically larger ellipticities (by ∼0.03–0.05) than both
Janowiecki et al. (2010) and Kormendy et al. (2009) at r > 250 .
We also find slightly more variation in the position angle (∼5◦ )
over the radial range of our data compared to Janowiecki et al.
(2010) and Kormendy et al. (2009).
As with NGC 4406, the BVR color profiles of NGC 4472
(see Table 4) are relatively flat in each filter in the inner
∼100 but become systematically redder at larger radii. This
is likely a consequence of the extreme sensitivity of the
color at faint surface brightness levels to the sky background
determination. The uncertainties in the color grow rapidly in
the same regions and any variations are clearly smaller than
our errors. The weighted linear fit to the B − R versus log (r)
data (over the full radial range) yields a best-fit slope of
Δ(B − R)/Δ log (r) = −0.02 ± 0.01 mag dex−1 . Steeper B − R
gradients are found by Peletier et al. (1990), Michard (1999),
and Idiart et al. (2002): values of Δ(B −R)/Δ log (r) = −0.05 ±
0.02, −0.06, and −0.045 mag dex−1 , respectively. We find that
the shallower gradient is caused by the systematic reddening
of the color at larger radii (100 ). The color gradient within
r < 100 is Δ(B − R)/Δ log (r) = −0.04 ± 0.01 mag dex−1 ,
which is consistent with the literature results. In addition,
the B − V gradient in this region (Δ(B − V )/Δ log (r) =
−0.04 ± 0.01 mag dex−1 ) shows excellent agreement with the
deep imaging of NGC 4472 by Mihos et al. (2013), who find
Δ(B − V )/Δ log (r) = −0.03 ± 0.01.

4.2. NGC 4472
4.2.1. Galaxy Surface Photometry

We fitted ellipses to the galaxy light from a semi-major axis
of ∼25 to 477 and the results are shown in Figure 7. The
data are listed in Table 4. The V-band surface brightness profile
shows differences of less than 0.1 mag (over the full radial range
of our observations) compared to the Janowiecki et al. (2010)
results. In the outer regions (r > 300 ) the profile is slightly
fainter by 0.2–0.4 mag but consistent with their results within
the statistical uncertainties.
A de Vaucouleurs model provides a good fit to the data
over the full radial range of the observations. The fit yields
an effective radius of re = 118 ± 3 with a reduced chi-squared
value of χ 2 /ν = 1.4. This is in excellent agreement with the
results of Kim et al. (2000) who found re = 120 ± 2 from an
r 1/4 law fit to their wide-field surface photometry data. A Sérsic
fit to the profile gives a larger effective radius of 180 ± 25 with
n = 5.7 ± 0.7 and a reduced chi-squared value of χ 2 /ν = 0.70.
Kormendy et al. (2009) find a similar effective radius and Sérsic
index from a fit to their NGC 4472 data (re = 194 ± 17 and
n = 6.0 ± 0.3), but Janowiecki et al. (2010) find larger values
of re = 311 ± 20 and n = 6.9 ± 0.5.
The ellipticity and position angle of the best-fit isophotes
(Figure 7; Table 4) vary from the inner regions to the outskirts,
with more circular isophotes in the center that become gradually more flattened at larger radii. The position angle varies
∼10◦ from the center to our outermost isophotes. We find

4.2.2. Globular Cluster System

RZ01 estimated a radial extent of ∼21 for the GC system
of NGC 4472 and a total number of GCs of 5900 ± 700.
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Figure 8. Comparison of the GC radial surface density and galaxy V-band
surface brightness profile for NGC 4472. The GC profile (top panel; from
RZ01) shows the corrected surface density of GC candidates as a function of
projected radial distance from the center of the host galaxy. The surface density
of GC candidates becomes consistent with the background within the errors
at ∼21 (vertical dotted line). The V-band surface brightness profile from this
work (bottom panel;
√ see also Figure 7) is shown as a function of geometric
mean radius r ≡ ab. The de Vaucouleurs law and Sérsic fits to both profiles
are shown as the solid lines and dashed lines, respectively.
(A color version of this figure is available in the online journal.)

Figure 9. Positions of the 90% sample of 366 GC candidates in NGC 4472 are
shown with respect to the galaxy center (red cross). The outer dashed circle
denotes the radial extent of the GC system over which we are able to study
the azimuthal distribution (r ∼ 18 ). For the 90% sample, the low numbers of
GCs hinder the ability to detect an ellipticity  < 0.3 (see the discussion in
Section 4.2.2). The masked regions of the image are shaded.
(A color version of this figure is available in the online journal.)

Could the low ellipticity result for the GC system occur simply
due to small numbers from what is otherwise an intrinsically
non-zero ellipticity GC system? That is, we wish to know how
frequently one would measure a value of  = 0.16 ± 0.10 even
if the intrinsic spatial distribution is more elliptical. To test this,
we simulated 10,000 GC systems with  = 0.25 and θ = −30◦
(the approximate ellipticity and position angle of the host galaxy
outskirts) and the identical number and surface density of GC
candidates. We found that spatial distributions with  = 0.16 or
smaller would be found in these simulated distributions with a
frequency of 32%. This relatively high frequency of obtaining
too small of an ellipticity means that the probability distribution
of ellipticities is too broad (due to the relatively low numbers of
GCs) to confidently measure a low- distribution.
Lastly, as a simple test, we ran the azimuthal distribution
analysis on the full GC candidate sample (with two different
radial cuts, r < 18 and r < 8 ) in order to compare the results
to the host galaxy light. The full GC candidate list contains four
times more objects than the 90% sample and should therefore
provide a more robust statistical result. We note that the radial
color gradient in the NGC 4472 GC system is relatively modest
(Δ(B − R)/Δ(r) = −0.010 ± 0.007 over the inner 8 ; RZ01),
so unless there are significant differences in the azimuthal
distribution with GC subpopulation, the analysis of the full
sample will provide a reasonably unbiased estimate. The spatial
distribution of the full sample is shown in Figures 10 and 11 with
the larger and smaller radial cuts, respectively. The larger radial
cut provides a direct comparison to the 90% sample analysis
while the smaller radial cut restricts the analysis over the region
where we have reliable surface photometry (r ∼ 480 ). For the
r < 18 radial cut, we find  = 0.22 ± 0.07 and θ = −28◦ ± 14◦
with an as-large-or-larger probability of only p = 0.26%. The
r < 8 radial cut analysis yields a similar solution but with

Figure 8 shows the final, corrected radial surface density profile
with the V-band surface brightness profile (Section 4.2.1). The
GC system extends to ∼102 kpc, approximately eight times
the effective radius of the host galaxy light. We derive a
theoretical effective radius for the GC system of re(GC) = 21±3
(101 ± 15 kpc; χ 2 /ν = 0.64) from an r 1/4 law fit to the radial
profile. As with NGC 4406, the theoretical effective radius is
inconsistent with the RZ01 results, as the system has a total
radial extent of ∼21 . We find an empirical effective radius for
the GC system of re(GC) = 8. 1 (39 kpc) from the integration of
the r 1/4 profile. A Sérsic fit to the GC radial profile (Figure 8)
does not provide better agreement with this empirical measure.
This fit yields an effective radius of re(GC) = 12 ± 2 and
n = 2.5 ± 0.5 (χ 2 /ν = 0.48).
The spatial positions of the 366 GC candidates in the 90%
color-complete sample for NGC 4472 are shown in Figure 9.
The shallow imaging of NGC 4472 in the B band (see RZ01
for details) resulted in a relatively small number of GC candidates in the 90% sample. The Mosaic image contained relatively little masked area, so the limiting radius of our azimuthal
distribution analysis is the frame edge at r = 18 from the
galaxy center. We find  = 0.16 ± 0.10 and θ = −61◦ ± 34◦
over this radial region. The likelihood of obtaining an ellipticity as big or bigger than the measured value by chance
is p = 45%. It is important to note that this high probability does not imply that the system is intrinsically circular.
Rather, this result shows that the distribution is consistent
with the expectations from an intrinsically circular distribution.
However, such results could also arise from non-circular
distributions.
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Figure 10. Positions of the full sample of 1465 GC candidates in NGC 4472
are shown with respect to the galaxy center (red cross). The outer dashed circle
is the same as in Figure 9. The red ellipse shows the GC system ellipticity
( = 0.22 ± 0.07) and position angle (θ = −28◦ ± 14◦ ) as determined by the
method of moments.
(A color version of this figure is available in the online journal.)

Figure 12. Comparison of the GC and galaxy B − R color profile for NGC 4472
out to the measured radial extent of the GC system. The open circles mark the
B − R and radial positions (from the galaxy center) for the 90% sample of GC
candidates in NGC 4472. The filled green circles show B − R color profile for the
galaxy light. Top panel: the red line shows the linear fit to the GC B − R colors
from Rhode & Zepf (2001). Bottom panel: the filled red points show the mean
B − R colors of GC candidates within elliptical bins at the same geometric mean
radius R of the galaxy isophotes. Linear fits to the galaxy B − R profile and GC
system elliptical bins are shown as the solid green and red lines, respectively.
The measured slopes (color gradients) are listed. The weighted mean B − R
colors for the galaxy light and GC population are listed and shown as the dashed
green and red lines, respectively.
(A color version of this figure is available in the online journal.)

have found differing results for the azimuthal distribution
shape. Lee et al. (1998) and Lee & Kim (2000) used 16 ×
16 ground-based and WFPC2 HST imaging, respectively, to
study the spatial structure of NGC 4472’s GC system. Both
studies found that the overall azimuthal distribution of GCs is
slightly elliptical (similar to the galaxy light) and driven largely
by a non-uniformly distributed metal-rich GC subpopulation;
they found the metal-poor GC population to be spherically
(i.e., circularly) distributed. In contrast, Park & Lee (2013)
analyzed the ACSVCS data on NGC 4472 but found no
significant ellipticity in either the metal-rich or metal-poor GC
subpopulations. The varying radial coverage of the observations,
in combination with the changing numbers of metal-rich and
metal-poor GC subpopulations in the central regions, likely
contributes to the different conclusions.
We show the mean B − R color and color gradients for the
galaxy and GC populations for NGC 4472 in Figure 12. A
color gradient of Δ(B − R)/Δ(r) = −0.010 ± 0.007 over
the inner 8 of the GC system was measured (RZ01). Using
elliptical bins which match the host galaxy shape, we find Δ(B −
R)/Δ log (r) = −0.13 ± 0.05 mag dex−1 (Δ[Fe/H]/Δ log (r) =
−0.38 ± 0.14) in the inner 8 . We explored the possibility of
individual GC subpopulation color gradients (see Section 4.1.2)
but found no statistically significant gradients when dividing the
GC candidates by subpopulation.
For the galaxy light we found B − R gradients of Δ(B −
R)/Δ log (r) = −0.02 ± 0.01 mag dex−1 over the full radial
range of the surface photometry and Δ(B − R)/Δ log (r) =

Figure 11. Positions of the full sample of 1465 GC candidates in NGC 4472 are
shown with respect to the galaxy center (red cross). The dashed circle denotes the
radial extent of the GC system over which we have reliable surface photometry
and have measured the azimuthal distribution (r = 8 ). The red ellipse shows the
GC system ellipticity ( = 0.32 ± 0.07) and position angle (θ = −23◦ ± 40◦ )
as determined by the method of moments.
(A color version of this figure is available in the online journal.)

larger uncertainties in the position angle:  = 0.32 ± 0.07 and
θ = −23◦ ± 40◦ .
The results for the GC system ( ∼ 0.2–0.3 and θ ∼
−25◦ ) are in good agreement with the host galaxy light (see
Section 4.2.1). Previous studies of NGC 4472’s GC system
11
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(χ 2 /ν = 9.0), suggesting that we have underestimated our
uncertainties in the surface brightness. The effective radius
derived from the fit is re = 90 ± 1 . A Sérsic fit to the
data give a much larger effective radius of re = 175 ± 15
with n = 5.7 ± 0.2 and a smaller reduced chi-squared value
of χ 2 /ν = 5.8. Although the Sérsic profile gives a formally
better statistical fit, the r 1/4 profile is in better agreement with
the outermost isophotes. We note also that the larger re from
the Sérsic fit likely results from the high value of n and the
degeneracy of these two parameters in the model.
Our derived values of the effective radius are larger than most
estimates in the literature, which range from 39 (Michard &
Marchal 1994) to ∼57 (de Vaucouleurs et al. 1991; FalcónBarroso et al. 2011). Efstathiou et al. (1982) noted this discrepancy as well in their photographic study of NGC 5813,
finding that a significantly larger effective radius of 72 (compared to the RC2 value of 44 ) was necessary to fit the inner
100 of the data with an r 1/4 profile. We also find that a smaller
effective radius of 40 –60 provides a poor fit to the profile at
all radii. We investigated the possibility that an underestimate of
our sky background could produce a surface brightness profile
that is consistent with re ∼ 60 . Even with large adjustments
to the sky background—well outside our estimated systematic
uncertainties—we are unable to obtain a profile consistent with
a significantly smaller effective radius.
We find that the isophotal ellipses become more flattened at
larger radii and that the position angle changes smoothly by
∼10◦ over the radial range of our data. Similar ellipticity and
position angle profiles are seen in the surface photometry of
Peletier et al. (1990) and Jeong et al. (2009).
The BVR color profiles (see Table 5) are relatively flat and
show less of a systematic deviation in the color at large radii
compared to NGC 4406 and NGC 4472, although the radial
extent of the data are significantly smaller for NGC 5813. Using
a weighted least-squares linear fit, we find a color gradient of
Δ(B −R)/Δ log (r) = −0.04 ± 0.01 mag dex−1 . This is in good
agreement with the results from Peletier et al. (1990), who find
a gradient of −0.05 ± 0.02 mag dex−1 , but is shallower than the
results from Michard (1999) and Idiart et al. (2002) who find
−0.10 and −0.07 mag dex−1 , respectively.

Figure 13. Results of the surface photometry for NGC 5813. Panels (a) and
(b) show the surface brightness as a function of projected radius in (a) linear
space and (b) r 1/4 space. The best-fit de Vaucouleurs law and Sérsic profiles
are shown as the red solid line and dash-dot green line, respectively. The fit
residuals (ΔμV ) are shown below panel (a) as red squares for the de Vaucouleurs
law fit and green triangles for the Sérsic profile fit. The effects of the systematic
uncertainty in the sky background (σsys ; see Section 3.1.1) are shown as dashed
lines. The ellipticity () and position angle (P.A.) are shown in panels (c) and
(d), respectively. The surface photometry data are listed in Table 5.
(A color version of this figure is available in the online journal.)

−0.04 ± 0.01 mag dex−1 over the inner r < 100 . The
difference in the galaxy light and global GC system gradients is
statistically significant at ∼9σ level.
The mean colors are only different at the ∼2.5σ level: on
average the galaxy is more than 0.2 mag redder than the
GC system (integrated color of < B − R >= 1.40 ± 0.09
for the galaxy; mean color of < B − R >= 1.18 ± 0.01
([Fe/H] = −1.33 ± 0.03) for the GC system). The mean colors
of the blue and red GC subpopulations are B −R = 1.09 ± 0.02
and 1.39 ± 0.02, respectively. The red GC system peak shows
good agreement with mean color of the galaxy light within the
uncertainties.

4.3.2. Globular Cluster System

The corrected radial surface density profile for the NGC 5813
GC system from HR12 is shown in Figure 14. We measured a
radial extent of ∼13 (∼120 kpc) for the GC system and a total
number of GCs of 2900 ± 400. The de Vaucouleurs law fit to
the GC system profile yields a theoretical effective radius of
re(GC) = 5.0 ± 1. 0 (47 ± 9 kpc) with a reduced chi-squared of
χ 2 /ν = 0.33. This galaxy is similar to NGC 4406 in terms
of its properties and the number of GCs it hosts. Even so,
the r 1/4 slope of the NGC 5813 GC system is significantly
steeper (−2.23 ± 0.09) compared to that of NGC 4406’s GC
system (−1.58 ± 0.06). This results in a smaller theoretical
effective radius compared to NGC 4406, which is still likely an
overestimate given the assumptions of the de Vaucouleurs law
fits. We find an empirical effective radius for the GC system of
re(GC) = 3. 6 (34 kpc). A Sérsic fit to the GC radial profile give
an effective radius in good agreement with this measurement.
We find re(GC) = 3.9 ± 0. 3 and n = 2.5 ± 0.8 with a reduced
chi-squared value of χ 2 /ν = 0.31.
The spatial positions of the 809 GC candidates in the 90%
sample of NGC 5813 are shown in Figure 15. Although there
are numerous masked regions on the image, they constitute

4.3. NGC 5813
4.3.1. Galaxy Surface Photometry

For NGC 5813, the proximity of a V = 8 mag star (at 9. 5
in projection from the galaxy) limits our surface photometry
analysis to only 200 from the galaxy center. Others have
encountered similar problems, so no reliable surface photometry
outside of ∼200 exists in the literature (Mahdavi et al. 2005;
Jeong et al. 2009; Falcón-Barroso et al. 2011). The V-band
surface brightness, ellipticity, and position angle are shown as
a function of geometric mean radius in Figure 13. The data are
listed in Table 5. Our V-band surface photometry shows good
agreement with the V-band imaging from Jeong et al. (2009)
and g-band Sloan imaging analyzed by Mahdavi et al. (2005).
The fit residuals (Figure 13) indicate that the de Vaucouleurs
profile is in excellent agreement over the full radial extent
of the data. The reduced chi-squared value, however, is large
12
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Figure 16. Results of the azimuthal distribution analysis for NGC 5813 for
r < 6 . The positions of the 90% sample of 809 GC candidates are shown with
respect to the galaxy center (red cross). The outer dashed circle is the same as
Figure 15. The inner dashed circle (r = 6 = 4re ) shows the radial extent of the
color gradient in the GC system (HR12). The red ellipse shows the GC system
ellipticity ( = 0.47 ± 0.08) and position angle (θ = −40◦ ± 9◦ ) as determined
by the method of moments over the r < 6 region. The masked regions of the
image are shaded.
(A color version of this figure is available in the online journal.)

Figure 14. Comparison of the GC radial surface density and galaxy V-band
surface brightness profile for NGC 5813. The GC profile (top panel; from
HR12) shows the corrected surface density of GC candidates as a function of
projected radial distance from the center of the host galaxy. The surface density
of GC candidates becomes consistent with the background within the errors
at ∼13 as denoted by the vertical dotted line. The V-band surface brightness
profile from this work (bottom panel;
see also Figure 13) is shown as a function
√
of geometric mean radius r ≡ ab. The de Vaucouleurs law and Sérsic fits to
both profiles are shown as the solid lines and dashed lines, respectively.
(A color version of this figure is available in the online journal.)

a relatively small total area and therefore we are able to study
the azimuthal distribution over the full radial extent of the GC
system. We used a series of Monte Carlo simulations (with and
without the masked regions in place) and found no significant
bias in ellipticity or position angle caused by the presence of the
masks.
The method of moments yields an elliptical spatial distribution with  = 0.42 ± 0.08 and θ = −59◦ ± 13◦ derived from
N = 410 objects within r < 13 (the approximate radial extent
of the GC system). The likelihood of obtaining an ellipticity as
large or larger than the measured value is only p = 0.67%. If
we split the GC population into blue and red subpopulations, the
method of moments does not give a statistically significant result for either subpopulation over the r < 13 region. The lower
number of GC candidates in the subpopulations spread over a
large area likely contributes to this result, since the total GC
population clearly shows a non-circular projected shape.
We also wish to investigate the azimuthal distribution over a
similar radial extent to that of NGC 4406 where we found a significant 2D shape in both GC subpopulations. For NGC 5813,
this corresponds to ∼6 , which is also the region over which
we found a GC system color gradient (HR12). We find  =
0.47±0.08 and θ = −40◦ ±9◦ for the N = 275 GCs within this
radius (see Figure 16), which is consistent with the azimuthal
distribution results over the full radial extent. The likelihood
that an ellipticity as larger or larger than this result could arise
by chance is only p = 0.05%. Splitting the GC sample into
red and blue subpopulations, we find that both spatial distributions show a non-circular shape consistent with the full r < 6
sample, although at a lower significance level. For the blue subpopulation, we find  = 0.52 ± 0.15 and θ = −38◦ ± 19◦

Figure 15. Results of the azimuthal distribution analysis for NGC 5813. The
positions of the 90% sample of 809 GC candidates are shown with respect to the
galaxy center (red cross). The outer dashed circle denotes the radial extent of the
GC system (r ∼ 13 ) and is the full extent over which we probe the GC system
shape. The red ellipse shows the GC system ellipticity ( = 0.42 ± 0.08) and
position angle (θ = −59◦ ± 13◦ ) as determined by the method of moments.
The masked regions of the image are shaded.
(A color version of this figure is available in the online journal.)
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Figure 17. Results of the azimuthal distribution analysis for r < 6 for the
blue subpopulation of GC candidates in NGC 5813. The positions of the 90%
sample of 436 blue GC candidates are shown with respect to the galaxy center
(red cross). The inner and outer dashed circles are the same as Figure 16. The
red ellipse shows the GC system ellipticity ( = 0.52 ± 0.15) and position
angle (θ = −38◦ ± 19◦ ) as determined by the method of moments.
(A color version of this figure is available in the online journal.)

Figure 18. Results of the azimuthal distribution analysis for r < 6 for the red
GC subpopulation of NGC 5813. The positions of the 90% sample of 373 red
GC candidates are shown with respect to the galaxy center (black cross). The
inner and outer dashed circles are the same as Figure 16. The red ellipse shows
the GC system ellipticity ( = 0.36±0.11) and position angle (θ = −55◦ ±11◦ )
as determined by the method of moments.
(A color version of this figure is available in the online journal.)

(N = 159 objects within r < 6 ) with the probability that an
ellipticity this large or larger could arise by chance from a circular distribution of p = 1%. For the red subpopulation, we find
 = 0.36 ± 0.11 and θ = −55◦ ± 11◦ (N = 116 objects within
r < 6 ) with the probability that an ellipticity this large or larger
could arise by chance of p = 10%. Figures 17 and 18 show the
blue and red spatial distributions with the azimuthal distribution
solutions, respectively. We do not consider the shape differences between the subpopulations to be significant given the
resulting uncertainties.
We also explored the 2D shape of the GC system over the
radius for which we measured the galaxy light. Our surface photometry for NGC 5813 extends to only ∼2 (see Section 4.3.1),
so we applied the method of moments algorithm to the N = 99
objects in the 90% sample within 2 . We found a non-uniform
shape of  = 0.57 ± 0.22 and θ = −29◦ ± 29◦ , with a probability of obtaining an ellipticity this larger or larger by chance
of p = 4%. Although this result suggests that the inner regions
of the GC system have a similar ellipticity and position angle to
the r < 6 sample, the smaller number of objects in this region
yields large uncertainties.
Because the azimuthal distribution analysis suggests a slightly
higher ellipticity for NGC 5813’s GC compared to the host
galaxy light, we explored the likelihood that a spatial distribution
of GCs that matches the host galaxy light would give the
measured values found for our data. We generated 10,000
simulated GC system spatial distributions with  = 0.3 and
θ = −50◦ as per the results of the NGC 5813 surface
photometry. For the region r < 6 , we find that the method
of moments will return a solution with   0.47 approximately
10% of the time. So, although the GC system ellipticity results
for the r < 6 sample are larger than the galaxy (albeit measured

at different radii), we cannot strongly exclude the possibility that
the GC system and host galaxy share a comparable shape.
In summary, our analysis shows that the GC system of
NGC 5813 has a projected 2D shape with an ellipticity and
position angle consistent with the host galaxy. The GC population shows a high probability of being non-circular over both
the full radial extent (r < 13 ) and the spatial region of the
color gradient (r < 6 ). The red and blue GC subpopulations
also have non-circular projected shapes, but at a smaller level of
statistical significance.
The B − R versus radius profiles for the GC system and galaxy
light for NGC 5813 are shown in Figure 19. We previously
found a color gradient in the inner 6 of the GC system of
Δ(B − R)/Δ(r) = −0.018 ± 0.006 mag arcmin−1 (HR12). The
weighted linear least-squares fit to the elliptically binned B − R
GC profile gives a gradient of Δ(B − R)/Δ log (r) = −0.12 ±
0.03 mag dex−1 (Δ[Fe/H]/Δ log (r) = −0.36 ± 0.10) over the
inner r < 6 . Comparing the global GC system gradient to the
galaxy light (Δ(B − R)/Δ log (r) = −0.04 ± 0.01 mag dex−1 ;
see Section 4.3.1), we find a larger GC system radial gradient
but only at the ∼2σ significance level. Our analysis of the GC
subpopulation color gradients show no statistically significant
gradients (over any radial ranges) in the individual blue or red
GC populations.
As with the other three galaxies in our study, we find that
the mean B − R color of the galaxy is ∼0.3 redder than the
GC system (B − R = 1.50 ± 0.04 for the galaxy; B − R =
1.202 ± 0.008; [Fe/H] = −1.27 ± 0.02 for the GC system).
For the GC system subpopulations, we find color distribution
peaks at B − R = 1.16 ± 0.01 (blue) and B − R = 1.47 ± 0.03
(red). The mean color of the red GCs and the host galaxy are
offset by only ∼0.03, a negligible difference within the errors.
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Figure 20. Results of the surface photometry for NGC 4594. Panels (a) and
(b) show the surface brightness as a function of projected radius in (a) linear
space and (b) r 1/4 space. The best-fit de Vaucouleurs law and Sérsic profiles
are shown as the red solid line and dash-dot green line, respectively. The
fit residuals (ΔμV ) are shown below panel (a) as red squares for the de
Vaucouleurs law fit and green triangles for the Sérsic profile fit. The effects
of the systematic uncertainty in the sky background (σsys ; see Section 3.1.1)
are shown as dashed lines. The ellipticity () and position angle (P.A.) are
shown in panels (c) and (d), respectively. The surface photometry data are listed
in Table 6.
(A color version of this figure is available in the online journal.)

Figure 19. Comparison of the GC and galaxy B − R color profile for NGC 5813
out to the measured radial extent of the GC system. The open circles mark the
B − R and radial positions (from the galaxy center) for the 90% sample of GC
candidates in NGC 5813 used in this study. The filled green circles show B − R
color profile for the galaxy light. Top panel: the red line shows the linear fit to the
GC B − R colors from HR12. Bottom panel: the filled red points show the mean
B − R colors of GC candidates within elliptical bins at the same geometric mean
radius R of the galaxy isophotes. Linear fits to the galaxy B − R profile and GC
system elliptical bins are shown as the solid green and red lines, respectively.
The measured slopes (color gradients) are listed. The weighted mean B − R
colors for the galaxy light and GC population are listed and shown as the dashed
green and red lines, respectively.
(A color version of this figure is available in the online journal.)

survey (Kennicutt et al. 2003; Muñoz-Mateos et al. 2009), we
find excellent agreement between the data sets, with overall
differences of <0.1 mag arcsec−2 . The galaxy light is well fit
by an r 1/4 law over the full radial extent of our measurements.
In addition, the low reduced chi-square value (χ 2 /ν = 0.41)
indicates that we may have overestimated our uncertainties. The
profile fits give an effective radius of re = 89 ± 2 , larger than
the RC3 value of 72 (de Vaucouleurs et al. 1991). In the region
containing the galaxy disk (r < 184 ), we find no significant
deviations from the de Vaucouleurs profile. This suggests that
the bulge light dominates the profile in the inner regions, as
expected given the large bulge-to-disk ratio. A Sérsic fit to the
surface brightness profile is in excellent agreement with r 1/4
law fit: we find re = 85 ± 5 and n = 4.7 ± 0.5 with a reduced
chi-squared value of χ 2 /ν = 0.24.
Our surface photometry shows a smooth decrease in the
ellipticity with increasing radius and a position angle that is
nearly constant (aligned with the galaxy disk) at all radii. The
increasing circularity of the isophotes is also seen in the optical
and near-infrared (3.6 μ) surface photometry of Burkhead
(1986) and Gadotti & Sánchez-Janssen (2012), respectively. The
position angle measurements show some evidence of a slight
variation with increasing radius (a change of a few degrees over
∼350 ), consistent with the Gadotti & Sánchez-Janssen (2012)
observations.
As with the three giant ellipticals in our study, the BVR
color profiles for NGC 4594 (see Table 6) are relatively flat
in all colors but show systematic deviations in the outer regions
(r  250 –300 ) presumably due to the uncertainties in the

4.4. NGC 4594
The Sombrero galaxy (NGC 4594, M104) has been classified
as an Sa galaxy due to its prominent disk and dust lane
(de Vaucouleurs et al. 1991). However, the luminous bulge
(bulge-to-total ratio of 0.86; Kent 1988) is more characteristic
of lenticular galaxies (that is, intermediate to ellipticals and
spirals). Also, the galaxy has a B − V color of 0.84 (RC3; de
Vaucouleurs et al. 1991), consistent with observations of other
S0 galaxies (Roberts & Haynes 1994). In addition, the galaxy
hosts a large number of GCs (1900 ± 200; RZ04) and has a
V-band normalized specific frequency of SN = 2.1 ± 0.3, a
value which is more characteristic of giant elliptical galaxies
than spirals (weighted means of SN = 1.8 ± 0.1 for ellipticals,
SN = 0.6 ± 0.1 for spirals; see HR12). RZ04 therefore classify
NGC 4594 as an S0 galaxy for the purposes of our GC
system survey.
4.4.1. Galaxy Surface Photometry

We fitted isophotal ellipses to the masked image from a semimajor axis of 78 (r = 59 ) to 433 (R = 420 ) and the results
are shown in Figure 20. The data are listed in Table 6. The
bleed trail from the saturated galaxy center limits our ability
to probe the regions inward of ∼70 . The dust lane shows a
projected radius of at least r ∼ 184 , so inside this radius our
isophotes overlap the galaxy disk. Comparing our results to
the V-band surface photometry of NGC 4594 from the SINGS
15
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Figure 21. Comparison of the GC radial surface density and galaxy V-band
surface brightness profile for NGC 4594. The GC profile (top panel; from
RZ04) shows the corrected surface density of GC candidates as a function of
projected radial distance from the center of the host galaxy. The surface density
of GC candidates becomes consistent with the background within the errors at
∼19 = ∼12.8re as denoted by the vertical dotted line. The V-band surface
brightness profile from this work (bottom panel;
√ see also Figure 20) is shown
as a function of geometric mean radius r ≡ ab. The de Vaucouleurs law
and Sérsic fits to both profiles are shown as the solid lines and dashed lines,
respectively.
(A color version of this figure is available in the online journal.)

Figure 22. Positions of the 90% sample of 1285 GC candidates in NGC 4594
are shown with respect to the galaxy center (red cross). The outer dashed
circle denotes the radial extent of the GC system over which we are able to
study the azimuthal distribution (r ∼ 17 ). The inner dashed circle shows
the r = 7. 2 radius over which we explored the azimuthal distribution of
the red and blue subpopulations (see Figures 23 and 24, respectively). We
find no statistically significant shape to the 2D distribution compared to a
uniform circular distribution over either radius. The masked regions of the image
are shaded.
(A color version of this figure is available in the online journal.)

re(GC) = 5.9 ± 0. 4 with n = 1.9 ± 0.3 and a reduced chi-square
value of χ 2 /ν = 1.0. Although the effective radius derived
from the Sérsic profile is in better agreement with our empirical
measurement, the r 1/4 law is statistically a slightly better model.
The spatial positions of the 1286 GC candidates in the 90%
color-complete sample for NGC 4594 are shown in Figure 22.
The outermost circular annulus which does not lie off the frame
is at 17 . We find a 2D distribution that is consistent with our
azimuthally uniform simulations over the r < 17 radial extent:
 = 0.14 ± 0.06 and position angle θ = 20◦ ± 51◦ with an aslarge-or-larger probability of p = 20%. We applied the method
of moments over a series of radial cuts ranging from ∼3 –7 .
The results were similar in all cases: the resulting likelihoods (of
obtaining distributions with ellipticities as larger or larger than
measured by-chance from azimuthally isotropic distributions)
are greater than 25%. In their photographic study of NGC 4594,
Harris et al. (1984) also did not detect a significant ellipticity in
the GC system of NGC 4594.
Although no significant non-zero ellipticity was detected, we
analyzed the GC subpopulations to explore the possibility of
projected 2D substructure. RZ04 found a modest color gradient
of Δ(B − R)/Δ(r) = −0.003 ± 0.001 mag arcmin−1 in the
N4594 GC population that extends over the full radial extent
of the system (r ∼ 19 ). The color gradient is caused by the
changing fraction of red and blue clusters with radius due to the
stronger central concentration of red GCs (compare Figures 23
and 24). We chose the r = 7. 2 radius to explore the GC
subpopulations given that the radially dependent contamination
fraction is <20% inward of 7. 2. For the full 90% sample, we
find that the measured ellipticity is not statistically significant

sky background subtraction. A weighted linear least-squares
fit yields a B − R color gradient of Δ(B − R)/Δ log (r) =
−0.04±0.02 mag dex−1 . We constructed the B − R profile from
the SINGS surface photometry (Muñoz-Mateos et al. 2009)
and found a similar result (Δ(B − R)/Δ log (r) = −0.06 ±
0.01 mag dex−1 ). We also compared our color gradient to the
Local Volume Legacy Survey (LVL; Lee et al. 2008) imaging
of the galaxy (L. van Zee 2013, private communication). The
LVL data show a significantly steeper gradient of Δ(B − R)/
Δ log (r) = −0.30 ± 0.01 mag dex−1 over the same radial
region as our data due to redder colors of their isophotes at
smaller radii. Similarly, the HST/Advanced Camera for Surveys
(ACS) imaging of the Sombrero galaxy analyzed by Spitler et al.
(2006; BVR equivalent filters) shows a strong color gradient of
Δ(B − R)/Δ log (r) ∼ − 0.35 mag dex−1 in the inner 1 –3 (see
their Figure 17).
4.4.2. Globular Cluster System

RZ04 measured a GC system radial extent of ∼19 and
total number of GCs of 1900 ± 200 for NGC 4594. The
final, corrected radial surface density profile for the GC system
(derived using our modified GC candidate list) and the V-band
surface brightness profile (see Section 4.4.1) are shown in
Figure 21. The GC population extends to almost 13re (∼54) kpc.
The de Vaucouleurs law fit to the GC radial profile gives a
theoretical effective radius of re(GC) = 9.1±1. 0 (25.8 ± 2.8 kpc)
with a reduced chi-square value of χ 2 /ν = 0.74. We find
an empirical effective radius of re(GC) = 4. 3 (12 kpc). A
Sérsic fit to the GC radial profile gives an effective radius of
16
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Figure 23. Positions of the 795 blue GC candidates in NGC 4594 are shown
with respect to the galaxy center (red cross). The outer dashed circle denotes the
radial extent of the GC system over which we are able to study the azimuthal
distribution (r ∼ 17 ). The inner dashed circle shows the r = 7. 2 radius over
which we explored the azimuthal distribution of the GC subpopulations. We
find no statistically significant ellipticity (compared to an azimuthally uniform
distribution) in the 2D spatial distribution of the blue subpopulation. The masked
regions of the image are shaded.
(A color version of this figure is available in the online journal.)

Figure 24. Positions of the 490 red GC candidates in NGC 4594 are shown with
respect to the galaxy center (black cross). The outer dashed circle denotes the
radial extent of the GC system over which we are able to study the azimuthal
distribution (r ∼ 17 ). The inner dashed circle shows the r = 7. 2 radius over
which we explored the azimuthal distribution of the GC subpopulations. We
find no statistically significant ellipticity (compared to an azimuthally uniform
distribution) in the 2D spatial distribution of the red subpopulation. The masked
regions of the image are shaded.
(A color version of this figure is available in the online journal.)

( = 0.1 ± 0.08, θ = −72◦ ± 44◦ ), since the probability of
obtaining an ellipticity as larger or larger than measured by
chance is p = 54%. We find similar results for the red and blue
subpopulations over this radius.
Lastly, we used a series of Monte Carlo simulations to
estimate an upper limit on the GC system ellipticity. The number
of GC candidates in NGC 4594 is relatively large, so we expect
that if the GC system of NGC 4594 was significantly more
elliptical (intrinsically), it would be unlikely that we would
measure values of  near zero. That is, the large number of
GC candidates should allow us to “resolve” even a modestly
elliptical GC system. For ellipticities of  = 0.2, 0.3, we
generated 10,000 simulated GC systems (each) and determined
the frequency with which we would observe the measured value
of  = 0.14, 0.10 or smaller. We considered both the r < 17 and
r < 7. 2 radial cuts in our analysis. For the  = 0.2 simulations,
the measured values of  occur relatively frequently (of order
∼10%). For the  = 0.3 simulations, the measured values (or
smaller) occur less than 1.4% of the time. This sets a reasonable
upper limit: if the NGC 4594 GC system was as elliptical as
 ∼ 0.3, we would have a ∼98.6% likelihood of measuring an
ellipticity larger than  ∼ 0.1.
To summarize, over the explored radial extent of the GC
system of NGC 4594 we see no strong evidence for a spatial
distribution that is inconsistent with a uniform circular distribution. The galaxy light becomes significantly more circular at
larger radii, so in broad terms the GC system and galaxy show
similar results. However, near the galaxy center the bulk starlight
of the galaxy becomes more flattened, reaching an ellipticity of
∼0.4 in the inner r  100 and so we wish to investigate
any possible shape to the GC system in this inner region. Our

Mosaic observations probe quite close to the central region
of the galaxy (innermost GC candidates at a radial distance
of only ∼25 ), so we are not limited in studying the shape of
the inner regions of the GC system by the inward radial
extent of our observations. In fact, comparing our GC candidate positions to those of Spitler et al. (2006; from HST/ACS
imaging) shows that space-based, high resolution imaging
does not provide significantly better inward radial coverage
(i.e., close to the galaxy disk) than the ground based Mosaic
imaging (see Figure 25). Thus the limiting factor in analyzing
the shape of the central regions is the presence of the galaxy
disk. The positions of the innermost GC candidates (r < 3 ) in
both the HST and Mosaic imaging show no obvious flattening
of the GC system from a simple “by-eye” examination in either the total GC population or the metal-rich and metal-poor
subpopulations.
Figure 26 show the B − R color profiles for the GC system
and galaxy light for NGC 4594. As noted above, RZ04 found a
small B − R color gradient over the full 19 radial extent of the
GC system. Using our modified 90% color-complete sample, we
find a slightly steeper gradient of Δ(B − R)/Δ(r) = −0.005 ±
0.001 mag arcmin−1 due to the addition of red GC candidates
close to the galaxy center. A weighted linear least-squares fit to
the elliptically binned data gives a slope of Δ(B −R)/Δ log (r) =
−0.13 ± 0.04 mag dex−1 (Δ[Fe/H]/Δ log (r) = −0.37 ± 0.12)
over the 19 radial extent. Although the GC system shows a
steeper gradient relative to the galaxy (Δ(B − R)/Δ log (r) =
−0.04 ± 0.02 mag dex−1 ), the difference is only significant at
the ∼2σ level.
In addition to the overall GC color gradient (resulting from
the changing mix of red and blue GCs), we find evidence of
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HST GC Candidates (Spitler et al. 2006)

Mosaic GC Candidates (Rhode & Zepf 2004)

R=3’

R=3’

Figure 25. Spatial positions of the HST (left) and Mosaic GC candidates (right) in NGC 4594 from Spitler et al. (2006) and Rhode & Zepf (2004), respectively, shown
as green points on the galaxy light subtracted V-band Mosaic image. A radius of 3 is shown as the red circle. The Mosaic imaging detects GCs nearly as close to the
galaxy disk as the HST imaging. Although the HST imaging is deeper, the radial surface density profiles for both data sets agree (Spitler et al. 2006). Note that neither
data set shows significant flattening of the GC system within 3 from a simple “by-eye” investigation.
(A color version of this figure is available in the online journal.)

statistically significant color gradients in the individual GC
subpopulations of NGC 4594. We divided the 90% colorcomplete sample of GCs into red or blue subpopulations using
the KMM results from RZ04, who found a subpopulation split
at B − R = 1.3. We then computed the mean GC color and
standard error on the mean in linearly spaced circular radial
bins for each subpopulation. The radially binned data were then
fit as a function of log (r) using Equation (3).
The B − R GC color profile and log(r) fits are shown in
Figure 27. Within the inner 7 of the blue GC subpopulation, we
find a slope of Δ(B − R)/Δ log (r) = −0.06 ± 0.01 mag dex−1
(Δ[Fe/H]/Δ log (r) = −0.18 ± 0.04) from the weighted linear
least-squares fit. For the red GC subpopulation, we find a
slope of Δ(B − R)/Δ log (r) = −0.05 ± 0.01 mag dex−1
(Δ[Fe/H]/Δ log (r) = −0.16 ± 0.04) over the same inner radial
range. We explored the sensitivity of these results to the choice
of bin shape (elliptical versus circular) and bin spacings (linear
versus logarithmic). In all case the gradients were statistically
significant at the 3σ level or greater. For both subpopulations,
we find no statistically significant gradient outside of r ∼ 7 .
We note that contamination is unlikely to have conspired to
create the subpopulation gradients since contamination fraction
is less than 20% within 7 (RZ04). We discuss the implications
of GC subpopulation gradients for galaxy formation scenarios
in Section 5.1.
Comparing the mean colors of the galaxy and GC system
show a statistically significant difference. We find an integrated color of NGC 4594 of B − R = 1.55 ± 0.09 compared to a mean GC system color of B − R = 1.258 ± 0.006
([Fe/H] = −1.10 ± 0.02), a difference of almost 0.3 mag.
The mean colors of the blue and red GC subpopulations are
B − R = 1.13 ± 0.01 and B − R = 1.46 ± 0.01, respectively.
The difference between the color of the red GC system peak
and the host galaxy mean color (∼0.09 mag) is not statistically significant given the large error on the integrated color
of the galaxy.

Figure 26. Comparison of the GC and galaxy B − R color profile for NGC 4594
in linear space (top panel) and logarithmic space (bottom panel). We show the
profiles out to the measured radial extent of the GC system. In both panels
the open circles mark the B − R and radial positions (from the galaxy center)
for the 90% sample of GC candidates in NGC 4594 used in this study. The
filled green circles show the B − R color profile for the galaxy light. Top panel:
the red line shows the linear fit to the GC system B − R colors from Rhode
& Zepf (2004). The GC population shows a color gradient over the full radial
extent of the system. Bottom panel: the filled red points show the mean B − R
colors of GC candidates within elliptical bins at the same geometric mean radius
R of the galaxy isophotes. Linear fits to the galaxy B − R profile and GC system
elliptical bins are shown as the solid green and red lines, respectively. The
measured slopes (color gradients) are listed. The weighted mean B − R colors
for the galaxy light and GC population are listed and shown as the dashed green
and red lines, respectively.
(A color version of this figure is available in the online journal.)
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subpopulation. Although this may be a first-order cause for these
differences, recent work suggests the GC subpopulation color/
host galaxy color offsets may be more complicated. Goudfrooij
& Kruijssen (2013) compared the mean colors of the metal-rich
GC subpopulation in seven giant ellipticals to the host galaxy
color profile. They found that the host galaxies are redder by
a (statistically significant) ∼0.1–0.2 mag (in g−z or B − I) but
that the luminosity-weighted ages and metallicities (as measured
from spectroscopic Lick indices) of the galaxy and GC systems
are consistent. Peng et al. (2006) also noted the color difference
between the host galaxies and their GC systems in their study
of the ACSVCS galaxies, as did Spitler (2010), who studied
the offset in the context of the galaxy bulge/metal-rich GC
connection. We find offsets of ∼0.1 mag in two of our four
galaxies (NGC 4406 and NGC 4594), but the result is only
statistically significant for NGC 4406. Goudfrooij & Kruijssen
(2013) argue that the observed color offset can be explained
by a bottom-heavy (steep) initial mass function (IMF) and the
dynamical evolution of the metal-rich clusters. Chung et al.
(2013) present an alternative explanation of the observations
in terms of the multiple generations of stars in GCs. Chung
et al. (2013) use stellar population synthesis models to show
that the enhanced helium in the second generation stars (which
are assumed to form within a few hundred megayears of the
first generation; Gratton et al. 2012) can cause the color offsets
via contributions from blue horizontal branch stars without
differences in the IMF. Additional work, both observationally
and theoretically, will be necessary to understand the origin of
the mean color offsets between galaxies and their GC systems.
We also explored the presence of color gradients in the individual GC subpopulations. Only NGC 4594 shows evidence of a
statistically significant gradient, which is found in both GC subpopulations (with similar magnitudes of Δ(Fe/H)/Δ log (r) ∼
−0.17 ± 0.04) over the inner ∼7 (∼5re ; ∼ 20 kpc). At larger
radii the GC system colors remain relatively constant and we
find no evidence of a radial gradient. Forbes et al. (2011) found
a similar result from their wide-field imaging of the massive
elliptical NGC 1407. Here, both the metal-rich and metal-poor
subpopulations show similar gradients of Δ(Fe/H)/Δ log (r) ∼
−0.40 ± 0.06 over the inner ∼5–9re (∼40–70 kpc), but no gradient is detected at larger radii. Radial color gradients in both
GC subpopulations have also been observed in the S0 galaxy
NGC 3115 (Arnold et al. 2011), the giant cD elliptical M87
(Harris 2009b, but see Strader et al. 2011), and the Milky Way
(Harris 2001).
Forbes et al. (2011) argue that the break in the color gradients
are qualitative evidence of the “two phase” formation scenario
for early-type galaxy formation (see Section 1). The results
for NGC 4594 may be consistent with this picture. On the
other hand, few wide-field GC system imaging studies have
had subpopulation gradient analyses. Furthermore, other studies
examining GC system radial trends have found evidence for
subpopulation gradients only in stacks of GC population color
profiles (Harris 2009a; Liu et al. 2011). Additional widefield imaging studies of GC populations, for a large number
of galaxies, will be important in assessing the prevalence of
GC radial subpopulation gradients in early-type galaxies (e.g.,
Brodie et al. 2014).

Figure 27. GC B − R color profile for NGC 4594 with log (r) fits to the blue
and red GC subpopulations. We show the profile out to the measured radial
extent of the GC system. The open circles mark the B − R and radial positions
(from the galaxy center) for the 90% sample of GC candidates in NGC 4594
used in this study. The filled red and blue points show the mean B − R colors
the metal-rich and metal poor GC subpopulations, respectively, within linearly
spaced circular bins. Linear fits to the blue and red GC subpopulation B − R
profiles are shown as the solid blue and red lines, respectively. The measured
slopes (color gradients) are listed.
(A color version of this figure is available in the online journal.)

5. DISCUSSION AND CONCLUSIONS
In this paper we present a comparison of the spatial distributions (radial and azimuthal) and color profiles of the GC
systems of four giant galaxies to those of their host galaxies.
The main results are summarized in Table 2. We focus most of
our discussion below on the azimuthal distribution results. For
completeness we also summarize our color profile and mean
color results and include a discussion of key points from the
literature, as the cause of the galaxy and GC system mean color
offsets is currently being debated.
5.1. Colors of GC Systems and Their Host Galaxies
Comparing the global mean colors and color gradients of the
GC systems to their host galaxies, we find that (1) the mean
colors of the GC systems are ∼0.3 mag bluer than their host
galaxies and (2) that the global color gradients in GC systems
are slightly steeper (e.g., more negative, i.e., bluer colors with
increasing radius) than the color gradients in their host galaxies.
Both results are consistent with a number of previous
galaxy/GC system comparisons in the literature (for mean color
offsets see Harris 1991; Ostrov et al. 1993; Peng et al. 2006;
for color gradient comparisons, see Liu et al. 2011). While the
first result is found at a high level of statistical significance, the
larger uncertainties in the gradients mean the latter result is only
significant at the ∼2σ level.
When examining the individual metal-rich and metal-poor
GC subpopulation colors, we find that the ∼0.3 mag offset
between the global GC system and integrated host galaxy
colors is largely due to the presence of the blue (metal-poor)

5.2. GC and Galaxy Azimuthal Distributions
Our analysis of the azimuthal distribution of the GC systems
of the giant galaxies shows some commonalities between systems. For two giant ellipticals (NGC 4406 and NGC 5813), we
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Table 2
Comparison of GC System (GCS) and Host Galaxy Properties

Type
MVT

NGC 4472

NGC 4406

NGC 5813

NGC 4594

E2
−23.1

E3
−22.3

E1
−22.3

S0
−22.4

1.50 ± 0.04
1.202 ± 0.008
1.16 ± 0.01
1.47 ± 0.03
−0.04 ± 0.01
−0.12 ± 0.03
···
···

1.55 ± 0.09
1.258 ± 0.006
1.13 ± 0.01
1.46 ± 0.01
−0.04 ± 0.02
−0.13 ± 0.04
−0.05 ± 0.01
−0.04 ± 0.01

5 ± 1
3.9 ± 0. 3
3. 6
1.50 ± 0. 01
2.9 ± 0. 3
2.5 ± 0.8
5.7 ± 0.2
0.42 ± 0.08
0.3
−59 ± 13
−53

9.1 ± 1. 0
5.9 ± 0. 4
4. 3
1.48 ± 0. 03
1.42 ± 0. 08
1.9 ± 0.3
4.7 ± 0.5
∼0c
0.05
···
86

Mean Color and Color Gradient Properties
Integrated B − R Galaxy color
Mean B − R GCS color
B − R color of blue color distribution peaka
B − R color of red color distribution peaka
Galaxy color gradientb
GCS global color gradientb
GCS blue subpopulation color gradientb
GCS red subpopulation color gradientb

1.40 ± 0.09
1.18 ± 0.01
1.09 ± 0.02
1.39 ± 0.02
−0.02 ± 0.01
−0.13 ± 0.05
···
···

1.51 ± 0.03
1.190 ± 0.006
1.11 ± 0.01
1.41 ± 0.01
−0.03 ± 0.01
−0.06 ± 0.02
···
···

Spatial Distribution Properties
(r 1/4

Theoretical re for GCS
law)
Theoretical re for GCS (Sérsic)
Empirical re for GCS
Theoretical re for galaxy (r 1/4 law)
Theoretical re for galaxy (Sérsic)
Sérsic index for GCS
Sérsic index for galaxy
GCS ellipticity
Galaxy ellipticityd
GCS P.A. (deg)e
Galaxy P.A. (deg)d,e

21 ± 3
12 ± 2
8. 1
1.97 ± 0. 05
3.0 ± 0. 4
2.5 ± 0.5
5.7 ± 0.7
···
0.25
···
−25

20 ± 3
5.8 ± 0. 1
6. 4
2.52 ± 0. 02
5.8 ± 0. 4
0.9 ± 0.1
6.5 ± 0.2
0.38 ± 0.05
0.4
−63 ± 6
−55

Notes.
a Homoscedastic KMM results.
b Defined as Δ(B − R)/Δ log (r) in units of mag dex−1 .
c Method of moments results for NGC 4954 are consistent with an azimuthally uniform distribution (see Section 4.4.2).
d Adopted mean values are for the outermost galaxy isophotes (see discussion in Section 3.2).
e Position angle (P.A.) is defined as degrees east of north.

find that the GC systems show an elliptical projected spatial
distribution that is consistent with that of the host galaxy light.
For NGC 4472, the low numbers of GC candidates in the 90%
color-complete subsample gave inconclusive azimuthal distribution analysis results. In addition to the analysis of the total
GC population, we also examine the azimuthal distributions of
the metal-rich (red) and metal-poor (blue) GC subpopulations
in each galaxy. For NGC 4406, we find that both the blue and
red GC subpopulations show a statistically significant elliptical azimuthal distribution with measured ellipticities and position angles that are consistent with the host galaxy light. For
NGC 5813, we find that the blue and red GC subpopulations
have an elliptical spatial distribution, but the smaller number
of GC candidates in the subpopulations results in larger uncertainties in the shape parameters and a smaller overall statistical
significance (∼2σ versus 3σ for NGC 4406) of non-circularity.
For NGC 4594, we do not detect an elliptical distribution
that is significantly different from circular over the full radial
extent of the GC system nor in the inner regions of the galaxy
surrounding the disk. This result holds for our analysis of the
red and blue subpopulations as well. The circular shape of the
GC system is in contrast to the galaxy light which becomes as
flattened as  = 0.4 in the inner regions while becoming circular
at large radii. In this sense, there is broad agreement between
the projected shapes of the GC system and the galaxy halo light
at large radii in NGC 4594. However, if the shapes of the GC
system and the galaxy were strongly coupled in NGC 4594 (as
they appear to be in the giant ellipticals), one might expect to
observe a more significant flattening of the GC system (or at
least one of the GC subpopulations) in the inner regions.

5.2.1. Comparisons with Galaxy Formation Scenarios

The similarities of the projected shapes of the GC systems and
their host galaxies in the two ellipticals in our sample may give
insights into the formation history of the systems. To first order,
these similarities may suggest a common dynamical origin for
the ellipticities of the GC systems and their host galaxies. The
agreement between the projected shapes may imply that the
formation and evolutionary processes that produce the nonspherical shape of giant ellipticals may also cause the elliptical
shape of the GC system. Kissler-Patig et al. (1996) also noted
this possible connection in their study of the ellipticity of the
GC system of NGC 720.
It is well established that the shapes of luminous ellipticals are
caused not by flattening due to rotation (like lower-luminosity
ellipticals; Emsellem et al. 2007; Cappellari et al. 2007) but
by velocity anisotropy (see Binney & Tremaine 2008 and
references therein). Velocity anisotropy arises from the rapidly
changing gravitational potential and resulting violent relaxation
of the system, as is demonstrated in both collapse simulations
of clumpy, spherical distributions of stars (van Albada 1982;
Binney & Tremaine 2008) and simulations of galaxy mergers
(Naab & Burkert 2003; Hilz et al. 2012). The effect of largescale dynamical processes during E/S0 galaxy formation on
the observed spatial properties of galaxy GC systems was
explored using numerical simulations by Bekki et al. (2005)
and may provide insights into the kinematic origin of GC system
azimuthal distributions.
Bekki et al. ran a series of N-body simulations that are
qualitatively similar to the major merger GC scenario model
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of the blue subpopulation implies that they formed from gas with
a different chemical enrichment from the red GC population, the
similar azimuthal distribution to both the host galaxy and the
red GCs suggests they share a common history.
In addition to the two galaxies studied here, we note that
many other giant galaxies show evidence of a metal-poor
GC population with an elliptical spatial distribution consistent
with (or more elliptical than) the host galaxy light, including
M87 (Strader et al. 2011), NGC 1316 (Richtler et al. 2012),
NGC 2768 (Kartha et al. 2014), NGC 4635 (Blom et al. 2012),
NGC 4636 (Dirsch et al. 2005), and a number of early-type
Virgo galaxies studied by Park & Lee (2013). Although many
galaxies do not show this trend (e.g., NGC 720, NGC 1023,
NGC 4649; Kartha et al. 2014), it is clear that elliptical spatial
distributions of metal-poor GC populations are not uncommon
among giant early-type galaxies.
How do the observations of non-spherical GC subpopulation
spatial distributions fit in the context of proposed galaxy/
GC formation scenarios? In models where blue GCs form
in more chaotic/accretion processes, the implication is that
the resulting spatial distribution should be spherical. This
connection is consistent with observational studies of the MW
metal-poor GC population, where Zinn (1985) noted their
spherical spatial distribution and where subsequent work has
shown that the outer halo metal-poor GCs likely have an
accretion origin (e.g., Zinn 1993; Mackey & Gilmore 2004;
Forbes & Bridges 2010; Dotter et al. 2011; Keller et al. 2012).
This accretion+spherical spatial distribution picture for the blue
GC population was also proposed by Forbes et al. (1997) in their
multi-phase dissipational collapse model for GC bimodality in
giant ellipticals. We note that the observations of the blue GC
populations in NGC 4406, NGC 5813 (although at a smaller
level of significance), and other giant galaxies (see above)
disagree with this model prediction, although the metal-rich
GC populations do indeed follow the azimuthal distribution
of the host galaxy light in these galaxies. The collapse plus
accretion model of Côte et al. (1998), however, makes no specific
predictions for the GC subpopulation azimuthal distributions.
The expectations for the projected spatial distribution of GC
populations in a “two-phase” galaxy formation model (see
Section 1) are less well understood, as current N-body +
hydrodynamical simulations of this specific scenario do not
include GC formation and destruction. Further complicating the
picture, at a qualitative level, both in situ and accretion scenarios
might be able to explain the azimuthal distribution of metalpoor GCs in some giant ellipticals. Wang et al. (2013) suggest
that, because merging/accretion may occur along preferential
directions (i.e., along local filamentary structures), this may
explain the alignment of the blue GCs with the host galaxy. This
picture might be consistent with the results of cosmologically
motivated dark matter plus baryon simulations—both of massive
central + satellite galaxies (Dong et al. 2014) and late-type
galaxies + satellite dwarf galaxies (Deason et al. 2011). On
both simulation scales, the satellites were found to be spatially
anisotropic and aligned with either the massive central galaxy
(Dong et al. 2014) or the outer dark matter halo (Deason
et al. 2011). Simulations which can probe lower mass satellites
around massive galaxies will be necessary to explore whether
such alignments are expected in GC populations. On the other
hand, Brodie et al. (2014) suggest that a significant population
of metal-poor GCs may have formed in situ with the host
galaxy rather than “cosmologically” at z ∼ 9–13. This picture
synthesizes a number of observations related to GC ages, the

proposed by Ashman & Zepf (1992), although as we discuss
below, Bekki et al. (2005) did not include dissipative processes.
The GC systems of the progenitor spirals were chosen to match
the observed spatial distribution of the Milky Way GC system
and included both the metal-rich and metal-poor subpopulations.
In addition, the total number of GCs in the simulations was
held constant, since star formation and GC destruction models
are not included in the simulations. Bekki et al. find that the
both the stars and GC systems in the merger remnants show
nearly identical, modestly flattened spatial distributions. In their
fiducial model (two equal-mass galaxies) they find  = 0.18
for the galaxy and  = 0.22 for the GC system, although
they note that the difference in  is insignificant outside of
1re . The projected shapes of both GC subpopulations are also
elliptical, and show similar flattening to each other. The resulting
position angles of the GC system and host galaxy remnant are
nearly aligned (differences of <10◦ ). The position angles of the
individual GC subpopulations are also coincident with the host
galaxy light.
In a qualitative sense, these simulations are in good agreement with the observations of the NGC 4406 GC system and
host galaxy light. However, the Bekki et al. (2005) simulations
do not include new star or GC formation (i.e., a dissipational
gaseous component) nor a model for GC destruction. If we consider the influence of star formation via gas dissipation in particular, simulations have shown that the inclusion or exclusion of
dissipative processes significantly changes the observed properties of merger remnants. For example, Cox et al. (2006) showed
that disk-disk merger remnants, in which gas dissipation and star
formation are included, have more isotropic velocity distributions than remnants formed in mergers without dissipation. The
degree to which dissipative processes influence the properties
of a galaxy’s GC system will require more detailed simulations.
Ideally such modeling would be done in a cosmological context which considers GC formation, destruction, and dissipative
gas physics.
Another interesting result from the azimuthal distribution
analysis of NGC 4406 and NGC 5813 is that both the metalrich (red) and metal-poor (blue) subpopulations have similar
ellipticities and position angles. This implies that the physical
processes that gave rise to the non-spherical spatial distributions
were not (somehow) limited to one subpopulation. Observations
of the radial distributions of GC subpopulations, however,
have shown differences in their spatial distributions; the metalrich GCs are sometimes more centrally concentrated than the
metal-poor GCs in giant ellipticals (see Figure 21 in HR12 for
NGC 5813; Brodie & Strader 2006 and references therein).
Comparisons also sometimes show that the radial surface
density profile of the metal-rich population follows the host
galaxy surface brightness in the inner regions (e.g., Strader et al.
2011). The broad interpretation of these latter observations is
that the metal-rich GC population formed in the dissipational
processes that built up the bulk starlight of the host galaxy
(Brodie & Strader 2006). As Brodie & Strader (2006) note,
if the connection between red GCs and the host galaxy light
is strong, one might also expect the azimuthal distribution to
match the host galaxy as well, while the metal-poor population
will have a spatial distribution which reflects the earliest stages
of galaxy formation. While we do see this coincidence between
the red GC/host galaxy azimuthal distributions in NGC 4406
(and at a smaller significance level in NGC 5813), the blue
subpopulation shape is also consistent with the shape of the
host galaxy light. So, despite the fact that the metal-poor nature
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Table 3
Surface Photometry for NGC 4406
R
(arcsec)

μV ± σ
(mag arcsec−2 )

±σ

P.A. ± σ
(degrees E of N)

SMA
(arcsec)

(B − V ) ± σ
(mag)

(V − R) ± σ
(mag)

(B − R) ± σ
(mag)

11.82
13.01
14.27
15.66
17.20
18.86
20.68
22.62
24.71
27.04
29.61
32.51
35.77
39.40
43.31
47.76
52.43
57.51
63.42
69.81
76.04
83.06
91.60
101.23
110.69
120.28
129.44
140.05
152.49
166.25
181.89
198.54
216.35
237.03
259.30
282.60
311.85
345.77
379.64
414.68
458.32
509.96

18.76 ± 0.01
18.90 ± 0.01
19.02 ± 0.01
19.15 ± 0.01
19.28 ± 0.01
19.41 ± 0.01
19.54 ± 0.01
19.66 ± 0.01
19.78 ± 0.01
19.90 ± 0.01
20.02 ± 0.01
20.14 ± 0.01
20.29 ± 0.01
20.43 ± 0.01
20.58 ± 0.01
20.73 ± 0.01
20.88 ± 0.01
21.03 ± 0.01
21.20 ± 0.01
21.36 ± 0.01
21.50 ± 0.01
21.64 ± 0.01
21.82 ± 0.01
22.01 ± 0.01
22.17 ± 0.01
22.32 ± 0.02
22.44 ± 0.02
22.55 ± 0.02
22.69 ± 0.02
22.83 ± 0.03
22.99 ± 0.03
23.16 ± 0.03
23.32 ± 0.04
23.53 ± 0.05
23.71 ± 0.06
23.96 ± 0.07
24.26 ± 0.09
24.62 ± 0.13
24.93 ± 0.17
25.22 ± 0.23
25.49 ± 0.30
25.77 ± 0.40

0.1943 ± 0.0016
0.1943 ± 0.0009
0.1984 ± 0.0009
0.2021 ± 0.0008
0.2051 ± 0.0008
0.2095 ± 0.0008
0.2148 ± 0.0009
0.2232 ± 0.0008
0.2342 ± 0.0008
0.2420 ± 0.0008
0.2489 ± 0.0009
0.2516 ± 0.0010
0.2512 ± 0.0009
0.2493 ± 0.0007
0.2503 ± 0.0007
0.2467 ± 0.0008
0.2498 ± 0.0007
0.2539 ± 0.0008
0.2502 ± 0.0008
0.2491 ± 0.0008
0.2637 ± 0.0009
0.2740 ± 0.0010
0.2702 ± 0.0012
0.2635 ± 0.0012
0.2722 ± 0.0013
0.2898 ± 0.0014
0.3202 ± 0.0013
0.3423 ± 0.0012
0.3556 ± 0.0012
0.3670 ± 0.0012
0.3738 ± 0.0012
0.3834 ± 0.0013
0.3949 ± 0.0012
0.3997 ± 0.0015
0.4063 ± 0.0013
0.4172 ± 0.0014
0.4135 ± 0.0015
0.4041 ± 0.0019
0.4063 ± 0.0024
0.4146 ± 0.0032
0.4090 ± 0.0039
0.3953 ± 0.0066

−59.84 ± 0.20
−59.84 ± 0.17
−59.69 ± 0.16
−59.72 ± 0.15
−59.40 ± 0.14
−59.31 ± 0.14
−58.95 ± 0.15
−58.85 ± 0.13
−58.51 ± 0.12
−57.62 ± 0.12
−57.26 ± 0.12
−57.64 ± 0.13
−57.58 ± 0.11
−57.83 ± 0.10
−57.09 ± 0.10
−56.19 ± 0.11
−55.43 ± 0.10
−55.04 ± 0.09
−55.80 ± 0.10
−57.10 ± 0.10
−58.80 ± 0.10
−60.10 ± 0.11
−61.36 ± 0.13
−62.51 ± 0.14
−62.59 ± 0.15
−62.65 ± 0.14
−61.96 ± 0.12
−61.57 ± 0.12
−60.85 ± 0.12
−60.23 ± 0.11
−59.71 ± 0.11
−58.67 ± 0.12
−57.69 ± 0.11
−56.40 ± 0.14
−56.31 ± 0.12
−55.87 ± 0.12
−55.78 ± 0.13
−55.36 ± 0.17
−55.90 ± 0.22
−55.34 ± 0.28
−54.35 ± 0.35
−52.37 ± 0.61

13.17
14.49
15.94
17.53
19.29
21.21
23.33
25.67
28.24
31.06
34.17
37.58
41.34
45.47
50.02
55.02
60.53
66.58
73.24
80.56
88.62
97.48
107.23
117.95
129.75
142.72
156.99
172.69
189.96
208.96
229.85
252.84
278.12
305.93
336.53
370.18
407.20
447.92
492.71
541.98
596.18
655.80

0.964 ± 0.010
0.949 ± 0.010
0.946 ± 0.010
0.943 ± 0.010
0.942 ± 0.010
0.942 ± 0.010
0.940 ± 0.010
0.941 ± 0.010
0.939 ± 0.010
0.936 ± 0.010
0.936 ± 0.010
0.941 ± 0.010
0.935 ± 0.010
0.935 ± 0.010
0.932 ± 0.010
0.932 ± 0.010
0.930 ± 0.010
0.931 ± 0.010
0.929 ± 0.010
0.927 ± 0.011
0.928 ± 0.011
0.929 ± 0.011
0.926 ± 0.011
0.935 ± 0.013
0.932 ± 0.015
0.928 ± 0.018
0.933 ± 0.020
0.940 ± 0.022
0.932 ± 0.025
0.932 ± 0.028
0.927 ± 0.033
0.922 ± 0.038
0.932 ± 0.044
0.934 ± 0.054
0.920 ± 0.067
0.836 ± 0.090
0.932 ± 0.105
0.933 ± 0.147
0.964 ± 0.197
0.997 ± 0.260
1.094 ± 0.344
1.195 ± 0.461

0.595 ± 0.010
0.596 ± 0.010
0.597 ± 0.010
0.597 ± 0.010
0.596 ± 0.010
0.596 ± 0.010
0.596 ± 0.010
0.595 ± 0.010
0.595 ± 0.010
0.595 ± 0.010
0.593 ± 0.010
0.593 ± 0.010
0.592 ± 0.010
0.592 ± 0.010
0.591 ± 0.010
0.590 ± 0.011
0.588 ± 0.011
0.589 ± 0.011
0.589 ± 0.011
0.588 ± 0.012
0.586 ± 0.012
0.586 ± 0.013
0.587 ± 0.014
0.587 ± 0.016
0.586 ± 0.019
0.585 ± 0.022
0.587 ± 0.024
0.584 ± 0.027
0.588 ± 0.030
0.588 ± 0.035
0.594 ± 0.040
0.597 ± 0.046
0.600 ± 0.054
0.601 ± 0.065
0.617 ± 0.079
0.616 ± 0.097
0.627 ± 0.126
0.641 ± 0.175
0.633 ± 0.234
0.632 ± 0.308
0.568 ± 0.413
0.548 ± 0.553

1.559 ± 0.014
1.545 ± 0.014
1.543 ± 0.014
1.540 ± 0.014
1.539 ± 0.014
1.538 ± 0.014
1.536 ± 0.014
1.536 ± 0.014
1.534 ± 0.014
1.530 ± 0.014
1.529 ± 0.014
1.534 ± 0.014
1.527 ± 0.014
1.526 ± 0.014
1.522 ± 0.015
1.521 ± 0.015
1.519 ± 0.015
1.520 ± 0.015
1.518 ± 0.015
1.514 ± 0.016
1.514 ± 0.016
1.515 ± 0.017
1.514 ± 0.018
1.521 ± 0.021
1.518 ± 0.024
1.513 ± 0.028
1.520 ± 0.031
1.524 ± 0.035
1.520 ± 0.039
1.520 ± 0.045
1.521 ± 0.052
1.519 ± 0.060
1.532 ± 0.070
1.535 ± 0.085
1.537 ± 0.103
1.452 ± 0.132
1.559 ± 0.164
1.574 ± 0.229
1.597 ± 0.306
1.629 ± 0.404
1.662 ± 0.538
1.743 ± 0.720

orbits of blue GCs from kinematic studies, and the evidence for
both inner and outer metal-poor halo components in the MW and
other giant galaxies (Brodie et al. 2014). In this scenario, both
metal-poor and metal-rich GCs form early and in situ in major
bursts of star formation. This “dual in situ” model may also
explain the similar azimuthal distributions of blue and red GCs
in giant ellipticals like NGC 4406, if indeed the major dynamical
processes of galaxy formation (e.g., violent relaxation, velocity
anisotropy) influence the resulting projected shape of a galaxy’s
GC system.

rapidly increased (see Brodie et al. 2014 for a recent review),
although for many of these galaxies no study of the GC
azimuthal distributions has been done. Two galaxies in our
survey, NGC 4594 and NGC 7457, have published GC kinematic
studies, so we can make direct comparisons of the azimuthal
distributions to the kinematic data.
Our analysis of the GC system of NGC 4594 does not
show statistically significant evidence for a flattened spatial
distribution (see Section 4.4.2). Analyses of the red and blue
GC subpopulations individually also do not show a statistically
significant difference from a projected spherical distribution.
The kinematics of NGC 4594’s GC system have recently been
studied by Dowell et al. (2014), who use a sample of ∼360
spectroscopically confirmed GCs to study the galaxy mass
profile, mass-to-light ratio profile, and rotation of the GC system
out to ∼41 kpc (∼15 = 9re ). These authors find no evidence
of significant rotation in the total GC system out to large
radius; the same holds true for the red and blue subpopulations.

5.2.2. Comparisons with GC System Kinematics

The kinematic analysis of a galaxy’s GC system, as derived
from follow-up spectroscopy and modeling, should provide
additional insights into the possible connection between the
projected spatial distribution of GCs and their formation history.
In recent years the number of giant galaxies for which followup, large sample (NGC  100) GC spectroscopy exists has
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Table 4
Surface Photometry for NGC 4472
R
(arcsec)

μV ± σ
(mag arcsec−2 )

±σ

P.A. ± σ
(degrees E of N)

SMA
(arcsec)

(B − V ) ± σ
(mag)

(V − R) ± σ
(mag)

(B − R) ± σ
(mag)

22.78
25.06
27.56
30.32
33.35
36.72
40.40
44.47
48.79
53.48
58.71
64.40
70.80
77.92
85.76
94.45
104.18
114.72
125.93
138.16
150.75
164.38
179.38
196.21
214.41
234.17
256.38
279.90
307.89
339.41
370.95
403.48

19.03 ± 0.03
19.18 ± 0.03
19.33 ± 0.03
19.49 ± 0.03
19.66 ± 0.03
19.83 ± 0.03
19.99 ± 0.03
20.15 ± 0.03
20.30 ± 0.03
20.45 ± 0.03
20.59 ± 0.03
20.74 ± 0.03
20.89 ± 0.03
21.05 ± 0.03
21.21 ± 0.03
21.39 ± 0.03
21.60 ± 0.03
21.80 ± 0.04
22.01 ± 0.04
22.22 ± 0.05
22.41 ± 0.06
22.58 ± 0.07
22.75 ± 0.09
22.94 ± 0.10
23.11 ± 0.12
23.30 ± 0.14
23.52 ± 0.17
23.70 ± 0.21
23.97 ± 0.27
24.24 ± 0.35
24.53 ± 0.47
24.80 ± 0.62

0.1599 ± 0.0016
0.1599 ± 0.0007
0.1599 ± 0.0005
0.1599 ± 0.0005
0.1599 ± 0.0005
0.1585 ± 0.0005
0.1582 ± 0.0006
0.1569 ± 0.0007
0.1613 ± 0.0011
0.1671 ± 0.0008
0.1705 ± 0.0009
0.1751 ± 0.0006
0.1761 ± 0.0007
0.1752 ± 0.0006
0.1743 ± 0.0007
0.1723 ± 0.0006
0.1678 ± 0.0007
0.1660 ± 0.0007
0.1694 ± 0.0008
0.1738 ± 0.0010
0.1871 ± 0.0011
0.2012 ± 0.0015
0.2138 ± 0.0014
0.2226 ± 0.0015
0.2328 ± 0.0016
0.2437 ± 0.0017
0.2508 ± 0.0018
0.2620 ± 0.0068
0.2620 ± 0.0025
0.2588 ± 0.0026
0.2683 ± 0.0031
0.2846 ± 0.0035

−20.81 ± 0.44
−20.81 ± 0.18
−20.81 ± 0.12
−20.81 ± 0.11
−20.81 ± 0.11
−21.18 ± 0.10
−21.67 ± 0.12
−21.72 ± 0.13
−21.36 ± 0.19
−22.20 ± 0.14
−22.19 ± 0.17
−23.03 ± 0.10
−23.18 ± 0.13
−23.31 ± 0.11
−23.72 ± 0.13
−23.70 ± 0.11
−23.86 ± 0.13
−24.60 ± 0.14
−25.22 ± 0.15
−25.78 ± 0.17
−26.25 ± 0.19
−27.22 ± 0.24
−27.50 ± 0.21
−28.53 ± 0.22
−28.19 ± 0.22
−29.00 ± 0.22
−29.29 ± 0.22
−30.22 ± 0.80
−32.23 ± 0.29
−30.98 ± 0.32
−31.77 ± 0.38
−32.69 ± 0.39

24.85
27.34
30.07
33.08
36.39
40.02
44.03
48.43
53.27
58.60
64.46
70.91
78.00
85.80
94.38
103.82
114.20
125.62
138.18
152.00
167.20
183.92
202.31
222.54
244.79
269.27
296.20
325.82
358.40
394.24
433.66
477.03

0.829 ± 0.030
0.827 ± 0.030
0.828 ± 0.030
0.828 ± 0.030
0.828 ± 0.030
0.826 ± 0.030
0.824 ± 0.030
0.818 ± 0.030
0.820 ± 0.030
0.816 ± 0.030
0.820 ± 0.030
0.818 ± 0.031
0.815 ± 0.031
0.814 ± 0.031
0.813 ± 0.031
0.802 ± 0.032
0.804 ± 0.033
0.805 ± 0.039
0.809 ± 0.047
0.807 ± 0.057
0.805 ± 0.068
0.809 ± 0.080
0.813 ± 0.093
0.803 ± 0.110
0.823 ± 0.129
0.826 ± 0.155
0.827 ± 0.190
0.854 ± 0.227
0.869 ± 0.294
0.885 ± 0.382
0.938 ± 0.513
1.005 ± 0.685

0.599 ± 0.030
0.600 ± 0.030
0.600 ± 0.030
0.600 ± 0.030
0.599 ± 0.031
0.600 ± 0.031
0.599 ± 0.031
0.598 ± 0.031
0.597 ± 0.032
0.598 ± 0.032
0.595 ± 0.033
0.596 ± 0.034
0.596 ± 0.035
0.596 ± 0.036
0.595 ± 0.038
0.598 ± 0.041
0.599 ± 0.045
0.599 ± 0.054
0.602 ± 0.065
0.604 ± 0.078
0.611 ± 0.093
0.614 ± 0.109
0.619 ± 0.127
0.628 ± 0.150
0.633 ± 0.175
0.644 ± 0.208
0.671 ± 0.252
0.665 ± 0.302
0.702 ± 0.382
0.726 ± 0.490
0.745 ± 0.649
0.755 ± 0.857

1.429 ± 0.043
1.427 ± 0.043
1.428 ± 0.043
1.427 ± 0.043
1.427 ± 0.043
1.426 ± 0.043
1.423 ± 0.043
1.416 ± 0.043
1.417 ± 0.044
1.413 ± 0.044
1.415 ± 0.045
1.414 ± 0.045
1.410 ± 0.046
1.410 ± 0.048
1.407 ± 0.049
1.399 ± 0.052
1.404 ± 0.055
1.404 ± 0.066
1.411 ± 0.080
1.410 ± 0.097
1.416 ± 0.115
1.424 ± 0.135
1.431 ± 0.158
1.432 ± 0.186
1.455 ± 0.218
1.470 ± 0.259
1.498 ± 0.315
1.519 ± 0.378
1.570 ± 0.482
1.611 ± 0.621
1.682 ± 0.827
1.760 ± 1.097

This is consistent with the previous kinematic study of 108
GC velocities in NGC 4594 by Bridges et al. (2007), who
argue that the lack of observed rotation may be evidence that
angular momentum has been transported outward from the
system via mergers. Bridges et al. (2007) also note that the
lack of rotation in the GC system is in contrast to the stars and
gas, which show significant amounts of rotation in the inner ∼3
(9 kpc). These kinematic differences between the GC system
and stellar light may also be linked to the differences observed
in the projected (2D) spatial distributions. The inner 3 of the
galaxy light shows evidence of a large ellipticity and significant
rotation while the GC population shows little rotation or
spatial flattening.
For the lower-luminosity S0 galaxy NGC 7457, we found
evidence of a highly flattened GC system ( = 0.66 ± 0.14;
H11), which is broadly consistent with the ellipticity profile of
the host galaxy starlight (mean ellipticity of ¯ ∼ 0.46 between
0. 3 and 2. 3). Follow-up spectroscopy of GC candidates was
presented by Pota et al. (2013), who analyzed the kinematics
of 27 confirmed GC candidates (the WIYN GC candidates
from H11 and a HST study by Chomiuk et al. 2008) to 2re
and found evidence of a strongly rotating GC system. At
more than one effective radius in NGC 7457, the rotation curve
of the GC population remains flat at ∼80 km s−1 , while the
velocity dispersion is low at 50 km s−1 . In addition, these
GC kinematics are consistent with the galaxy dynamics from
analyses of both long-slit spectra and integral field unit data

(Pota et al. 2013). Comparing these kinematic results with the
azimuthal distribution and galaxy ellipticity profiles, we find
good agreement between the galaxy and GC systems: both
components show significant spatial flattening and rotation. Due
to the small numbers in the GC kinematic sample and the lack
of observed color bimodality (see H11 and references therein),
no GC subpopulation analysis was done by Pota et al. (2013)
for NGC 7457.
Lastly, we note that although these lenticular galaxies show
similarities between their GC system kinematics and azimuthal
spatial distributions, for well-studied ellipticals the picture is
more complex. The giant ellipticals M87 (Strader et al. 2011)
and NGC 4365 (Blom et al. 2012) have had similarly GC kinematic+azimuthal distribution studies, and in both cases the red
and blue GC subpopulations are spatially flattened. However, the
GC dynamical studies of these systems show evidence of kinematic differences between the subpopulations despite the similar
projected spatial distributions. Larger numbers of studies which
combine imaging and spectroscopy will be helpful in exploring
the similarities or differences between GC spatial distributions
and population kinematics. In general, our results suggest that
detailed studies of GC azimuthal distributions out to several
host galaxy effective radii can provide important constraints
to galaxy formation and evolution scenarios. As emphasized
earlier, cosmological dark matter N-body + hydrodynamic
baryonic simulations that include GC formation will be critical
in understanding the connection between the host galaxy,
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Table 5
Surface Photometry for NGC 5813
R
(arcsec)

μV ± σ
(mag arcsec−2 )

±σ

P.A. ± σ
(degrees E of N)

SMA
(arcsec)

(B − V ) ± σ
(mag)

(V − R) ± σ
(mag)

(B − R) ± σ
(mag)

7.47
8.22
9.04
9.93
10.88
11.91
13.07
14.22
15.64
17.11
18.66
20.40
22.25
24.18
26.35
28.72
31.35
34.28
37.60
41.31
45.51
49.96
54.68
59.87
65.71
72.11
79.05
86.70
95.31
104.69
114.72
125.63
136.89
150.06
167.09

19.13 ± 0.01
19.27 ± 0.01
19.40 ± 0.01
19.53 ± 0.01
19.66 ± 0.01
19.79 ± 0.01
19.91 ± 0.01
20.02 ± 0.01
20.16 ± 0.01
20.28 ± 0.01
20.41 ± 0.01
20.54 ± 0.01
20.66 ± 0.01
20.78 ± 0.01
20.90 ± 0.01
21.02 ± 0.01
21.14 ± 0.01
21.27 ± 0.01
21.41 ± 0.01
21.56 ± 0.01
21.72 ± 0.01
21.89 ± 0.01
22.06 ± 0.02
22.24 ± 0.02
22.43 ± 0.03
22.62 ± 0.03
22.80 ± 0.04
23.01 ± 0.04
23.22 ± 0.05
23.43 ± 0.06
23.64 ± 0.08
23.84 ± 0.09
24.03 ± 0.11
24.23 ± 0.13
24.44 ± 0.16

0.0893 ± 0.0029
0.0893 ± 0.0037
0.0893 ± 0.0022
0.0906 ± 0.0015
0.0980 ± 0.0014
0.1075 ± 0.0013
0.1116 ± 0.0008
0.1307 ± 0.0008
0.1307 ± 0.0013
0.1405 ± 0.0009
0.1545 ± 0.0009
0.1654 ± 0.0010
0.1797 ± 0.0012
0.1993 ± 0.0008
0.2138 ± 0.0009
0.2285 ± 0.0009
0.2398 ± 0.0009
0.2490 ± 0.0008
0.2534 ± 0.0007
0.2552 ± 0.0007
0.2528 ± 0.0006
0.2559 ± 0.0007
0.2634 ± 0.0007
0.2701 ± 0.0007
0.2734 ± 0.0008
0.2768 ± 0.0008
0.2817 ± 0.0010
0.2860 ± 0.0009
0.2868 ± 0.0011
0.2889 ± 0.0012
0.2943 ± 0.0015
0.3006 ± 0.0016
0.3137 ± 0.0017
0.3184 ± 0.0023
0.3016 ± 0.0025

−43.16 ± 0.63
−43.16 ± 1.21
−43.16 ± 0.86
−44.87 ± 0.73
−42.26 ± 0.73
−40.62 ± 0.62
−44.72 ± 0.38
−44.72 ± 0.28
−44.72 ± 0.33
−44.97 ± 0.20
−45.21 ± 0.17
−45.28 ± 0.17
−44.73 ± 0.18
−44.73 ± 0.14
−45.19 ± 0.13
−45.06 ± 0.11
−45.59 ± 0.11
−45.54 ± 0.11
−45.59 ± 0.11
−46.02 ± 0.11
−46.22 ± 0.09
−46.24 ± 0.12
−46.72 ± 0.10
−46.83 ± 0.09
−46.87 ± 0.10
−46.89 ± 0.11
−47.43 ± 0.12
−47.67 ± 0.12
−48.20 ± 0.13
−48.91 ± 0.14
−49.33 ± 0.17
−50.22 ± 0.21
−50.22 ± 0.23
−51.48 ± 0.29
−53.37 ± 0.35

7.83
8.61
9.47
10.42
11.46
12.60
13.87
15.25
16.78
18.45
20.30
22.33
24.56
27.02
29.72
32.69
35.96
39.56
43.51
47.86
52.65
57.91
63.71
70.08
77.08
84.79
93.27
102.60
112.86
124.15
136.56
150.22
165.24
181.76
199.94

0.989 ± 0.011
0.983 ± 0.011
0.974 ± 0.010
0.972 ± 0.010
0.971 ± 0.010
0.968 ± 0.010
0.969 ± 0.010
0.966 ± 0.010
0.964 ± 0.010
0.967 ± 0.011
0.964 ± 0.011
0.963 ± 0.011
0.962 ± 0.011
0.960 ± 0.011
0.960 ± 0.011
0.959 ± 0.012
0.960 ± 0.012
0.956 ± 0.013
0.959 ± 0.013
0.953 ± 0.015
0.954 ± 0.018
0.952 ± 0.021
0.947 ± 0.024
0.943 ± 0.028
0.941 ± 0.034
0.939 ± 0.040
0.943 ± 0.048
0.938 ± 0.058
0.935 ± 0.070
0.929 ± 0.084
0.919 ± 0.102
0.920 ± 0.123
0.909 ± 0.146
0.901 ± 0.175
0.899 ± 0.213

0.570 ± 0.012
0.584 ± 0.011
0.581 ± 0.011
0.579 ± 0.010
0.582 ± 0.010
0.588 ± 0.010
0.586 ± 0.010
0.588 ± 0.010
0.585 ± 0.010
0.583 ± 0.010
0.585 ± 0.010
0.582 ± 0.010
0.582 ± 0.010
0.579 ± 0.011
0.577 ± 0.011
0.579 ± 0.011
0.576 ± 0.011
0.576 ± 0.011
0.573 ± 0.012
0.574 ± 0.013
0.572 ± 0.016
0.570 ± 0.018
0.571 ± 0.021
0.570 ± 0.025
0.570 ± 0.030
0.565 ± 0.035
0.565 ± 0.042
0.567 ± 0.051
0.569 ± 0.062
0.573 ± 0.075
0.582 ± 0.091
0.586 ± 0.109
0.599 ± 0.129
0.615 ± 0.155
0.617 ± 0.188

1.552 ± 0.007
1.563 ± 0.006
1.552 ± 0.005
1.547 ± 0.004
1.550 ± 0.004
1.554 ± 0.004
1.552 ± 0.003
1.551 ± 0.004
1.547 ± 0.004
1.547 ± 0.004
1.546 ± 0.004
1.543 ± 0.005
1.541 ± 0.006
1.536 ± 0.006
1.534 ± 0.007
1.535 ± 0.008
1.533 ± 0.008
1.529 ± 0.009
1.529 ± 0.011
1.524 ± 0.012
1.523 ± 0.014
1.519 ± 0.017
1.515 ± 0.020
1.511 ± 0.023
1.508 ± 0.027
1.501 ± 0.032
1.505 ± 0.039
1.502 ± 0.047
1.502 ± 0.056
1.501 ± 0.068
1.502 ± 0.082
1.507 ± 0.098
1.513 ± 0.116
1.522 ± 0.138
1.522 ± 0.168

Table 6
Surface Photometry for NGC 4594
R
(arcsec)

μV ± σ
(mag arcsec−2 )

±σ

P.A. ± σ
(degrees E of N)

SMA
(arcsec)

(B − V ) ± σ
(mag)

(V − R) ± σ
(mag)

(B − R) ± σ
(mag)

59.09
64.87
72.83
79.79
88.19
97.19
107.61
120.13
134.48
149.62
166.27
184.17
204.34
228.13
257.51
290.28
329.14
373.47
420.45

20.10 ± 0.02
20.28 ± 0.02
20.53 ± 0.02
20.70 ± 0.02
20.90 ± 0.02
21.11 ± 0.02
21.34 ± 0.02
21.58 ± 0.02
21.84 ± 0.02
22.09 ± 0.02
22.35 ± 0.02
22.60 ± 0.02
22.85 ± 0.02
23.12 ± 0.03
23.42 ± 0.03
23.74 ± 0.05
24.09 ± 0.06
24.51 ± 0.09
24.95 ± 0.14

0.4243 ± 0.0056
0.4266 ± 0.0038
0.4026 ± 0.0033
0.4075 ± 0.0026
0.4018 ± 0.0021
0.3995 ± 0.0014
0.3916 ± 0.0012
0.3734 ± 0.0010
0.3511 ± 0.0008
0.3361 ± 0.0008
0.3224 ± 0.0008
0.3130 ± 0.0007
0.3010 ± 0.0008
0.2800 ± 0.0009
0.2418 ± 0.0011
0.2038 ± 0.0014
0.1540 ± 0.0015
0.0998 ± 0.0020
0.0571 ± 0.0027

88.23 ± 0.45
88.21 ± 0.30
88.01 ± 0.25
87.65 ± 0.19
87.57 ± 0.16
87.59 ± 0.11
87.79 ± 0.09
87.59 ± 0.09
87.47 ± 0.08
87.27 ± 0.07
86.71 ± 0.08
86.66 ± 0.08
86.27 ± 0.09
86.83 ± 0.11
86.50 ± 0.14
86.61 ± 0.20
86.62 ± 0.30
84.73 ± 0.58
85.66 ± 1.35

77.88
85.66
94.23
103.65
114.02
125.42
137.96
151.76
166.94
183.63
201.99
222.19
244.41
268.86
295.74
325.31
357.85
393.63
432.99

0.914 ± 0.021
0.925 ± 0.021
0.914 ± 0.021
0.919 ± 0.021
0.917 ± 0.021
0.924 ± 0.020
0.921 ± 0.020
0.918 ± 0.021
0.917 ± 0.021
0.908 ± 0.021
0.903 ± 0.022
0.905 ± 0.023
0.899 ± 0.025
0.901 ± 0.032
0.904 ± 0.042
0.903 ± 0.056
0.910 ± 0.078
0.914 ± 0.114
0.879 ± 0.170

0.645 ± 0.021
0.647 ± 0.021
0.663 ± 0.021
0.625 ± 0.021
0.629 ± 0.021
0.628 ± 0.021
0.628 ± 0.021
0.626 ± 0.022
0.624 ± 0.023
0.623 ± 0.025
0.623 ± 0.027
0.631 ± 0.031
0.634 ± 0.035
0.644 ± 0.045
0.654 ± 0.059
0.678 ± 0.078
0.697 ± 0.107
0.732 ± 0.153
0.768 ± 0.227

1.559 ± 0.030
1.572 ± 0.030
1.576 ± 0.030
1.544 ± 0.029
1.545 ± 0.029
1.553 ± 0.029
1.549 ± 0.030
1.544 ± 0.030
1.541 ± 0.031
1.531 ± 0.033
1.526 ± 0.035
1.537 ± 0.038
1.534 ± 0.043
1.545 ± 0.055
1.557 ± 0.072
1.581 ± 0.096
1.607 ± 0.132
1.647 ± 0.190
1.647 ± 0.284
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GC system dynamics, and the projected shapes of galaxy
GC systems.
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APPENDIX
This Appendix presents the galaxy surface photometry results
for NGC 4406, NGC 4472, NGC 5813, and NGC 4594 in tabular
form (Tables 3–6, respectively). The data are shown graphically
in Figures 1 (NGC 4406), 7 (NGC 4472), 13 (NGC 5813), and 20
(NGC 4594).
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