THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 154:509-517, 2004 October
© 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.

THE ACS VIRGO CLUSTER SURVEY. II. DATA REDUCTION PROCEDURES'

ANDRES JORDAN,Z’3 4 Jomun P. BLAKESLEE,S Eric W. PENG,2 SiMoNA MEI,5 PaTrICK CcA)Té,2 LAura FERRARESE,2
Joun L. TONRY,6 Davip MERRITT,7 MiLos MILOSAVLJEVIé,g’g AND MicHagL J. West '°
Received 2004 May 13; accepted 2004 May 28

ABSTRACT

The ACS Virgo Cluster Survey is a large program to carry out multicolor imaging of 100 early-type members
of the Virgo Cluster using the Advanced Camera for Surveys (ACS) on the Hubble Space Telescope. Deep
F475W and F850LP images (=SDSS g and z) are being used to study the central regions of the program galaxies,
their globular cluster systems, and the three-dimensional structure of Virgo itself. In this paper, we describe in
detail the data reduction procedures used for the survey, including image registration, drizzling strategies, the
computation of weight images, object detection, the identification of globular cluster candidates, and the mea-
surement of their photometric and structural parameters.

Subject headings: galaxies: clusters: individual (Virgo) — methods: data analysis — surveys —

techniques: image processing
Online material: machine-readable table

1. INTRODUCTION

The Virgo Cluster is the largest concentration of early-type
galaxies in the Local Supercluster. As such, it has played a
central role in understanding how these galaxies form and
evolve in dense environments, providing invaluable informa-
tion on the extragalactic distance scale, the nature of galactic
nuclei, globular cluster systems, and the shape and universality
of the galactic luminosity function. Indeed, the population of
early-type Virgo galaxies has been the target of several thou-
sand observations with the Hubble Space Telescope (HST)
since its launch in 1990.

In the eleventh HST observing cycle, we initiated the ACS
Virgo Cluster Survey (Coté et al. 2004, hereafter Paper 1), a
program to acquire F475W (=SDSS g) and F850LP (=SDSS
z) images for 100 early-type members of Virgo using the Ad-
vanced Camera for Surveys (ACS; Ford et al. 1998). Paper I of
this series describes the survey itself, including a brief over-
view of the scientific goals, the selection of the program gal-
axies and their ensemble properties, the choice of filters, the
field placement and orientation, and the anticipated sensitivity
limits.
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It is the aim of the ACS Virgo Cluster Survey to use a single,
homogeneous data set to measure surface brightness fluctua-
tion (SBF) distances, study the globular cluster systems, and
examine the central structure of 100 early-type members of
the Virgo Cluster. Both the scope of the survey—consisting of
500 ACS images spread over 100 separate fields—and its
multiple scientific goals require an automated and flexible data
reduction procedure. In this paper, we describe the pipeline
used in the reduction and analysis of the ACS imaging for this
survey. As discussed in Paper I, the ACS Virgo Cluster Survey
also includes a substantial coordinated parallel component,
consisting of WFPC2 imaging for 100 “intergalactic” fields in
Virgo; a complete discussion of the reduction and analysis of
these parallel data will be given in a separate paper. Similarly,
future papers in this series will present additional details on the
isophotal, globular cluster, and SBF analyses.

2. DATA REDUCTION PROCEDURES
2.1. Observations

The program (GO-9401) consists of ACS imaging for 100
confirmed members of the Virgo Cluster having morphological
types E, SO, dE, dE, N, or dSO. The program galaxies span a
factor of ~450 in blue luminosity: i.e., 9.31 < By < 15.97. The
21 brightest program galaxies constitute a complete sample of
Virgo galaxies brighter than By = 12, while the full sample
includes nearly half of all early-type members of Virgo with
Br < 16.

Observations for each program galaxy were carried out
within a single orbit with HS7, using the ACS Wide Field
Channel (WFC). This camera consists of two butted 2048 x
4096 CCD detectors (15 um pixels) having spectral response in
the range 0.35-1.05 um. With a scale of 07049 per pixel, the
camera has a 202" x 202" field of view. The center of each
galaxy was positioned near the WFC aperture, at pixel position
(2096, 200) on the WFCI1 detector, and then offset perpen-
dicular to the gap between the WFC1 and WFC2 detectors. For
the 12 brightest galaxies, this offset was 10”. An offset of 5”
was applied to the remaining galaxies.

An identical observing sequence was adopted for each gal-
axy: i.e., two 375 s exposures in the F475W filter (750 s in
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Fig. 1.—Schematic representation of the data reduction pipeline for the
ACS Virgo Cluster Survey.

SBF analysis

total), two 560 s exposures in the F8SOLP filter, and a single
90 s exposure in F8SOLP (1210 s in total). For several of the
program galaxies, the central surface brightness in the redder
bandpass can approach p. ~ 12 mag arcsec™2, so this 90 s
F850LP exposure was required to repair nuclei saturated in the
deep F850LP images. The entire data set for each galaxy
therefore consists of an identical set of five images, which were
reduced and analyzed as described below. These reduction
procedures are summarized in schematic form by the flowchart
shown in Figure 1.
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Table 1 gives the observing log for all ACS observations re-
lated to program GO-9401. From left to right, the columns of this
table record the identification number of each program galaxy,
the Virgo Cluster Catalog number from Binggeli et al. (1985), the
universal date of start of the observation, the data set name, the
universal time at the start of the observation and the position
angle, O, of the y-axis of the WFCI detector. The final two
columns give the exposure time and filter for each observation.

2.2. Source Matching and Image Registration

The imaging for each program galaxy was completed in a
single orbit—at fixed telescope position and roll angle—so the
images for each galaxy are expected to be closely registered.
Nevertheless, small offsets might be present, so shifts between the
images were measured using the method described in Blakeslee
et al. (2003). A brief overview of this method is given below.

To determine the shifts (Ax, Ay) and rotations between the
various images, SExtractor (Bertin & Arnout 1996) was run
with a signal-to-noise threshold of S/N = 10 on both science
extensions for each image.'' The resultant catalogs were
trimmed on the basis of object size and shape parameters,
thereby rejecting the vast majority of cosmic rays, CCD arti-
facts, and diffuse extended objects. If fewer than 10 “good”
sources remained, SExtractor was rerun at a lower threshold.
The (x, y) coordinates of each source were then corrected using
the distortion model read from the IDCTAB FITS table spec-
ified in the image headers. For each observation, sources in the
two CCD chips were placed on a common rectified frame using
the IDCTAB parameters V2REF and V3REF.

The MATCH program of Richmond et al. (2000), which is
based on the triangle-based search algorithm of Valdes et al.
(1995), was used to derive shifts and rotations with respect to a
reference image. By default, this reference image was taken to
be the one having the greatest number of detected sources. The
MATCH program was modified to accept an input guess for the
transformation (derived from the headers) and report additional
diagnostics to aid in evaluating the success of the matching.
The complete catalog of sources was then used to fine tune this
initial transformation.

This exercise revealed the measured rotations to be negli-
gibly small in all cases, so we simply evaluated the median

' There are two such extensions (i.e., CCD detectors) for the Wide Field
Channel on ACS.

TABLE 1
Lo oF OBSERVATIONS FOR GO-9401

S} T
1D vCC Date Data Set UT (deg) (s) Filter
| RTOOTRTORTRRRON 1226 2003 Jun 19 j8fs01x5q 06:50:34 114.72 90 F850LP
j8fs01x6q 06:54:22 560 F850LP
j8fs01x8q 07:05:58 560 F850LP
j8fs01xaq 07:18:11 375 F475W
j8fs01xcq 07:26:42 375 F475W
[N 1316 2003 Jan 19 j8£502bdq 20:47:35 269.99 90 F850LP
j8f802beq 20:51:23 560 F850LP
j8fs02bgq 21:02:59 560 F850LP
j8f802biq 21:15:12 375 F475W
j81502bkq 21:23:43 375 F475W

Note.—Table 1 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A
portion is shown here for guidance regarding its form and content.
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(Ax, Ay) shifts for the full list of matched sources. The me-
dian shifts measured for the images were typically <0.2 pixel.

2.3. Drizzling

With the offsets determined in this way, the images were
combined using the PYRAF task multidrizzle (Koekemoer
et al. 2002). Since several of the program galaxies fill a sig-
nificant fraction of the field of view (i.e., the brightest galaxies
have effective radii r,=1’), the task was run without sky
subtraction. Cosmic-ray rejection was performed using this
task; after some experimentation, the relevant parameters in the
task driz_cr were set to “scale = 1.7 0.7 and “snr=4.52.0.”
The drizzled images have dimension 4256 x 4256 pixels for all
galaxies.

Given the differing requirements of the various scientific
programs, both “Lanczos3” and “Gaussian” kernels were
used to distribute flux onto the output image, thereby pro-
ducing two independent image sets for each galaxy. For the
globular cluster and SBF analysis, images were generated us-
ing a “Lanczos3” kernel, which reduces the correlation be-
tween output pixels (and thus produces images with better
noise characteristics for SBF analysis). As a drawback, the
negative lobes of this kernel make the repair of bad pixels less
effective. This is a potentially significant problem for the
measurement of surface brightness profiles in the innermost
regions of the program galaxies. Thus, the “Gaussian” kernel
was used to create the drizzled images used in the isophotal
analysis of the program galaxies.

In order to repair bad pixels, the “bits” parameter is set to
indicate which pixels are to be considered good based on their
value in the data quality file and thus drizzled into the final
image. For isophotal analysis, we set “bits” equal to 8322,
which allows for the rejection of saturated pixels (i.e., saturated
pixels are not drizzled and the final value in the drizzled image
is obtained by scaling based on the good pixels). Owing to the
difficulty in repairing bad pixels with the “Lanczos3” kernel,
we set “bits” equal to 8576, which allows the flux from sat-
urated pixels to be drizzled onto the final images.

2.4. Weight Images

Weight images were constructed in order to perform object
detection and to aid in the determination of photometric and
structural parameters for the globular cluster candidates (see
§ 2.6). The presence of a strong signal arising from the SBF of
the program galaxies—particularly in the z band—requires that
the “noise” contributed by the SBF must be included in the
weight images in order to avoid the detection of spurious
sources corresponding to real fluctuations in the underlying
stellar populations.

In constructing the weight images, we begin with the WHT
images, Hj;, produced by multidrizzle, in which each pixel
contains the effective exposure time: i.e., the total time during
which photons contributing to observed counts were collected.
The instrumental variance, J;, is then calculated as

Ij= AT + for’, (1)

where T is the exposure time and » = 5S¢~ is the detector read
noise for WFC/ACS. The factors f; and f, were determined
empirically by comparing the resulting variance images cal-
culated using the above expression with the noise measured
directly in exposures of varying duration drawn from the ACS
Early Release Observations. The values determined in this
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way were f; = 0.02222 and f; = 1.38. With the instrumental
noise properties in hand, weight (inverse variance second2)
images consisting of Poisson and read noise were calculated
as

Wy = TH{(TDy + Iy)”", (2)

where Dj; denotes the data image in electrons second .
Weight images in this form are then used in the measurement
of photometric and structural parameters for the globular
cluster candidates, as described in § 2.6.

As noted above, it is important to include the contribution of
SBF “noise” when performing object detection. The ratio of
the variance from SBF, af, to that of the Poisson noise from the
galaxy, 0;, is given by (Tonry & Schneider 1988)

a —0.4(F—mypr.)
— =10 o) (3)
%p

where
= —2.51og (07 /0y) + My

is the fluctuation magnitude in the given band, O; = al% is the
mean intensity of the galaxy, and

Mzptse = Mypt +2.5 10g (T)

Here m,p is the photometric zero point in the given band.
From extensive ground-based observations, the fluctuation
magnitude of bright Virgo ellipticals is known to be T ~ 29.6
(Tonry et al. 2001). This value must be transformed to the
bandpasses of ACS Virgo Cluster Survey, bearing in mind that
the correction in this case is required for a typical program
galaxy rather than a luminous giant. To estimate this correc-
tion, we make use of the scaling relation I oc 4.5(V — I) from
Tonry et al. (2001), and assume mean fluctuation colors of
(Zgso — I) = —0.8 and (G475 — Zgso) = 4 based on the models
of Blakeslee et al. (2001). From equation (3), we then find
o7 ~ 1.20; and o7 ~ 420;; for the g and z bandpasses,
respectively.

This estimate of the SBF contribution to the variance does
not take into account the effect of the PSF, which will reduce its
value per pixel. Convolving simulated noise images with the
ACS PSF, we found that the variance per pixel should be re-
duced by factors of 12 and 14 for the g and z bandpasses,
respectively. With the galaxy model, Oy, calculated as de-
scribed in § 2.5 below, the final weight image—including
Poisson noise, read noise, and the contribution from the SBF—
is then

Wy = THy(TDy + Ij + kOy) ™, (4)

with k = 0.1 and 3 for the g and z bandpasses, respectively.
We emphasize again that this SBF “noise” behaves in reality
as a signal, and by incorporating its contribution in the weight
images, we are effectively increasing the detection threshold
in proportional to the SBF signal. To include these weights
in the object detection process, the SExtractor parameter
“MAP_RMS” was set to 1/(})"/*.

For some galaxies, internal dust obscuration, generally con-
fined within the core region, significantly affects the surface
brightness profiles and poses problems for both object detec-
tion and the estimation of the local background. The method
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Fic. 2.—Background count rates measured at R 2 90" in the F475W and
F850LP (upper and lower panels, respectively). The dashed lines in upper and
lower panels show the count rates reported in the ACS Instrument Handbook:
Joack = 0.0609 and 0.0415 electrons pixel™! s~!, respectively.

used to flag pixels affected by dust will be described in detail in
a future paper; very briefly, an optical depth map is created (in
the g band, for convenience) as

Ajj g = —2.5 x[log (Dyj, ¢/Dyj,z) — log Cy] /(1 — A, /A4,).

This expression applies to the case in which the dust is located
entirely in the galaxy’s foreground; this assumption is almost
certainly incorrect, and so 4;; , represents a strict lower limit to
the amount of absorption present. In the dust regions, Cj;, the
ratio of the unextincted count rates in the g and z band, is
estimated by linearly interpolating (or extrapolating, if the dust
affects the center) the azimuthally averaged values of Dy ,/Dj;
observed in the regions immediately surrounding the dust
areas. A pixel is then flagged as affected by dust if 4 , is
positive, larger than the local standard deviation in the dust
extinction map, and if more than one contiguous pixel is af-
fected. The last two conditions are necessary in order not to
flag noise spikes. In the case of galaxies that contain large scale
central dust disks, a more conservative approach was followed
prior to object detection and determination of the local back-
ground, and the entire disk was masked by hand.'? For both Wi
and W, pixels that were determined to have dust are given zero
weight. This prevents them from biasing the background de-
termination (discussed in § 2.5), creating false object detec-
tions, or biasing the fitting of globular cluster surface brightness
profiles. For VCC 1316 (M87), pixels lying on its jet where also
given zero weight.

2.5. Galaxy Models and Object Detection

A two-dimensional model for each program galaxy, Oy, is
needed to compute the weight images used to perform object
detection. Once this model is in hand, it is possible to subtract
the galaxy and perform the detections on a nearly flat back-
ground, greatly simplifying the estimation of the background

12 These galaxies are VCC 1030, VCC 1154, VCC 1250, and VCC 1535.
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Fic. 3.—Background count rates in F475W (upper panel) and F850LP
(lower panel) plotted as a function of ®g,,. The dashed curve in each panel
shows a parametric representation of the form of eq. (5), determined directly
from the 90 faintest galaxies in the sample. The measured count rates for the
10 brightest galaxies are shown by the upper filled squares; the adopted values
are indicated by the lower filled squares.

for the detected sources. This is particularly important in the
inner regions of the galaxies, where the background can vary
dramatically on small spatial scales.

Galaxies were modeled using the ELLIPROF program de-
scribed in the SBF survey of Tonry et al. (1997). This software
was used to estimate Oy and construct the weight images that
include the contribution of the SBF signal (§ 2.4). A crucial
preliminary step in construction of these models is the deter-
mination of the background “sky” count rate for each galaxy.
Figure 2 shows the measured count rates, in both the F475W
and F850LP filters, for the full sample of galaxies. These count
rates, fpack, refer to the modal pixel values (in units of electrons
pixel ! s7!) measured at distances of ~90”"—150". The upturn
seen for the 10 brightest galaxies clearly reflects the contri-
bution of the galaxies themselves to the measured backgrounds
(i.e., these galaxies have a median effective radius of ~50").
To estimate the true background for these objects (all of which
have similar locations with respect to the ecliptic plane), we
use the fact that the background intensity scales with the
SUNANGLE parameter, ®g,,, which gives the angle between
the Sun and the V1 axis of the telescope. Figure 3 shows the
measured background count rates as a function of ®g,, for the
full sample of galaxies. The dashed curve in each panel shows
the function

fback = aiebi((pici) +d;, (5)

where the values of a;, b;, ¢;, and d; for each filter have been
determined directly from the 90 faintest galaxies in the sam-
ple. For the 10 brightest galaxies, which are shown as filled
squares in Figure 3, we use equation (5) to estimate the true
background count rates.

While the ELLIPROF models generally matched the gal-
axies quite well, there were in some cases large-scale residuals
that remained after subtracting the models. To remove these
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FiG. 4.—Left panel: Luminosity function, ¢, in g475 for all 1144 sources
detected in VCC 1226 (M49 = NGC 4472). The vertical dashed line indicates
the magnitude selection used to identify probable globular clusters. Right
panel: Same as the previous panel, except for zgs.

residuals, the following procedure was adopted. First, SEx-
tractor was run on the image, A, constructed by subtracting
from the science image the galaxy model, i.e., Ay = D;;—
O;;. The SExtractor image is controlled by the parameters
“BACK_FILTERSIZE” and “BACK_SIZE” which, after some
experimentation, were set to 1 and 40, respectively.'> The
choice for the latter parameter is particularly important since it
must be set to a value small enough to remove much of the
structure not accounted for by Oj;, yet at the same time large
enough to leave the power spectrum of the point spread func-
tion (PSF) unaffected. The adopted value of “BACK_SIZE” =
40 accounts for structure on scales of 22" and yet is ~20 times
the FWHM of the PSF.

For seven of the galaxies, ELLIPROF was unable to pro-
duce acceptable models because of the presence of strong
disk components that were not well approximated by ellipti-
cal isophotes modulated by low-order Fourier terms.'* We
experimented with parametric bulge+disk models, but these
also resulted in unacceptably large residuals. Instead, we set-
tled on the same basic approach as used in the ground-based
SBF survey for modeling early-type disk galaxies: fitting two-
dimensional bicubic splines after first taking the logarithm
of the galaxy image, except here used SExtractor to do the
fitting. The logarithmic transformation reduces the steep sur-
face brightness gradients, allowing them to be fitted more ac-
curately by the spline interpolation. We then took the inverse
logarithm of the model, subtracted it from the original image,
and proceeded with fitting the residuals in linear space as de-
scribed above.

Object detection on the final subtracted image was per-
formed using a detection threshold of 5 connected pixels at a
1.5 o significance level. The detections in both the F475W and

13 See Bertin & Arnouts (1996) for a discussion of how the background is
estimated by SExtractor.

'* These galaxies are VCC 685, VCC 1125, VCC 1242, VCC 1535, VCC
1692, VCC 1857, and VCC 2095.
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Fic. 5.—Distribution of mean elongations, (¢), for all 1144 sources
detected in the field of VCC 1226 (M49 = NGC 4472). The vertical dashed
line indicates the selection on elongation, (¢) < 2, used to identify probable
globular clusters. /nset: Comparison of the elongations measured in the
F475W and F850LP images.

F850LP images were then matched using a matching radius of
0”1, which, after some experimentation, was deemed to be
optimal: i.e., larger values produced an excess of spurious
matches, while some clear associations were missed for smaller
choices. A mask was constructed by assigning zero weight
to the elliptical regions of the object shape determined by
SExtractor and then scaling the a, b parameters by 1.2 times the
Kron radius (in units of a).

As the Kron radius will include ~94% of the object’s flux,
the factor of 1.2 ensures that most of the object’s flux will be
masked. With this object mask, an improved background im-
age, 6;, is then determined with SExtractor. By masking the
objects when estimating 0;, we avoid biasing of the back-
ground by the sources—an important consideration given the
rather small value adopted for the “BACK_SIZE” parameter.

The final F475W and F850LP images for object detection,
photometry, and SBF analysis are then Fj; = A;; — ¢;. Object
detection was performed one last time by running SExtractor
on Fy, with the detection performed independently in both
images, using a detection threshold of 5 connected pixels at a
1.5 o significance level. Since the background has already been
subtracted from Fj;, SExtractor was run without further deter-
mination of the background (i.e., the background was fixed at
a constant value of zero).

The pixel positions of the detections were converted to ce-
lestial coordinates using the header information, and those
sources detected in a single filter only were discarded. The
detections in the F475W and F850LP images were again
matched using a matching radius of 071. To investigate the
accuracy of the absolute pointing, we compared the coor-
dinates for 950 astrometric standards in our survey fields to
those listed in the Guide Star Catalog 2.2 (McLean et al. 1998).
We find mean offsets of —0720 and 0”18 in right ascension and
declination, with rms scatter about these value of 0757 and
0770, respectively. These results are consistent with the abso-
lute pointing accuracy of ~0”3 reported in Jordan et al. (2004,
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Fic. 6.—Illustration of the various stages in the data reduction pipeline for VCC 1226 (M49 = NGC 4472), the brightest galaxy in the ACS Virgo Cluster Survey.
Each of the four panels shows a 50" x 50" region centered on the nucleus. Upper left: Drizzled and co-added F475W image. Upper right: Image with ELLIPROF
model for the galaxy subtracted. Note the large-scale residuals. Lower lefi: Image with SExtractor background removed, and sources classified as globular cluster
candidates identified. Lower right: Image after the application of KINGPHOT, with the globular cluster candidates subtracted from the previous image.

hereafter Paper III) based upon a comparison of the celestial
coordinates of the nucleus of VCC 1316 (M87 = NGC 4486)
with that measured using VLBI. The internal accuracy of the
celestial coordinates for a given galaxy is ~0701 (Meurer et al.
2002).

2.6. Globular Cluster Selection, Photometry, and
Structural Parameters

Our final matched catalog of SExtractor sources consists of
globular clusters associated with each galaxy, as well as fore-
ground stars and compact background galaxies. Additional
selection criteria were applied to isolate candidate globular
clusters for further analysis.

1. Selection on magnitude—It is well established that the
luminosity function of globular clusters has a near Gaussian
form (e.g., Harris 2001). At the distance of Virgo, the lumi-
nosity function peaks at V' = 23.8 (Whitmore et al. 1995;
Ferrarese et al. 2003). To select a sample of probable globular
clusters, we discard all sources in the SExtractor catalog with
gars <19.1 or zgso <18.0. These limits are roughly 5 mag
brighter than the expected turnover of the globular cluster lu-
minosity function at the distance of Virgo. For a luminosity
function dispersion of o = 1.40 4 0.05 (Harris 2001), this se-

lection will eliminate <0.02% of the globular clusters associ-
ated with the program galaxies, or only ~2 clusters from the full
survey. In any event, all sources brighter than these cutoffs were
inspected visually to identify potentially interesting objects.
Figure 4 shows the luminosity distribution of all sources in the
SExtractor object catalog for VCC 1226 (M49 = NGC 4472).
The dashed vertical lines in each panel indicate the magnitude
cutoff used to select probable globular clusters.

2. Selection on shape.—Globular clusters in the Local
Group are nearly spherical systems, or at most, only modestly
flattened. We therefore discard those sources in the SExtractor
source catalog which have a mean elongation, ¢ = a/b, mea-
sured in the F475W and F850LP filters to be (e) > 2. This
generous limit easily includes even the most elongated clusters
in the Milky Way, M31, and the Magellanic Clouds (White &
Shawl 1987; Lupton 1989; van den Bergh & Morbey 1994).
The distribution of elongations for the full sample of sources
in VCC 1226 is shown in Figure 5. The inset to this figure
compares the elongations measured in the two bandpasses.

In addition to these cuts, any sources found within 10 pixels
(0”5) of the galaxy centers were omitted from the analysis of
the two-dimensional surface brightness profiles of the detected
sources (see below). In practice, this criterion eliminates only
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Fic. 7—Same as Fig. 6, except for VCC 1422, the 50th brightest galaxy in the survey.

the nuclei of the program galaxies. The properties of these
nuclei, and their relationship to the host galaxies, will be in-
vestigated separately in a future paper.

At a distance of ~17 Mpc (Tonry et al. 2001), the globular
clusters associated with Virgo galaxies are marginally resolved
with WFC/ACS. For example, the mean half-light radius of
globular clusters in the Milky Way is (r;) ~ 3 pc. This trans-
lates into a half-light diameter of 0707, or 1.45 pixels—readily
measurable given the ~0”1 FWHM of the PSF in WFC mode.

A Perl/PDL code (KINGPHOT) has been developed
(A. Jordan & P. Coté 2004, in preparation) to measure pho-
tometric and structural parameters for those sources which
satisfied the above criteria by fitting the two-dimensional ACS
surface brightness profiles with PSF-convolved isotropic,
single-mass King (1966) models. This family of models is well
known to provide an excellent representation of the surface
brightness profiles of Galactic globular clusters. Empirical
PSFs in both F475W and F850LP, varying quadratically with
CCD position, were derived using DAOPHOT II (Stetson
1987, 1993) and archival observations of moderately crowded
fields in the outskirts of the Galactic globular cluster 47 Tucanae
(NGC 104). The observations consisted of a 30 s F475W image
from program GO-9656, and two 60 s F850LP images from
program GO-9018. The archival images were drizzled in the
same manner as the science images and a total of ~200 stars
were used in each case to determine the PSF.

For each object classified as a globular cluster candidate,
KINGPHOT is used to measure the total magnitude, King
concentration index, ¢, and half-light radius, 7, in both band-
passes. Note that we use r;, as scale factor in lieu of the more
traditional core radius, ., but the two parameters are related as
described in McLaughlin (2000). While the selection on mag-
nitude and elongation described above serves to lessen the
contamination of the globular cluster catalogs by stars and
galaxies, some interlopers inevitably remain. In a future paper,
we describe a method to further reduce this contamination for
each program galaxy by using our reduction pipeline to analyze
archival F475W and F850LP blank field images at high
Galactic latitude.

Figures 6, 7, and 8 illustrate the reduction procedures de-
scribed above for a representative sample of three program
galaxies: VCC 1226, VCC 1422, and VCC 1661. These are the
first, 50th and 100th ranked galaxies in the survey, respec-
tively. In each figure, we show the registered, geometrically
corrected F475W image in the upper left panel. The upper right
panel shows the residuals obtained after subtracting from this
image the ELLIPROF model described in § 2.5. The lower left
panel shows the result of subtracting the SExtractor model
for this residual background; the circles in this panel indicate
those sources which satisfy the criteria used to select globular
cluster candidates. Note that bright nuclei of VCC 1422 and
and VCC 1661 are excluded from the respective globular
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Fic. 8—Same as Fig. 6, except for VCC 1661, the faintest of the 100 galaxies in the survey.

cluster catalogs for these galaxies. The lower right panel shows
the image obtained by subtracting the best-fit, PSF-convolved
King model from each of the sources identified in the previous
panel.

2.7. Foreground Extinction and Photometric Calibration

Since the Virgo Cluster spans ~10° on the sky, a reddening
for each galaxy was computed using the DIRBE maps of
Schlegel et al. (1998). The mean reddening for the sample was
found to be E(B — V') = 0.029 mag, with a standard deviation
of 0.008 mag. The corrections for foreground extinction, as-
sumed to be constant within each ACS field, were taken to be

A, =3.634E(B — V),
A. = 1.485E(B — V).

These extinction ratios correspond to the spectral energy dis-
tribution of a G2 star (see Table 27 of M. Sirianni et al. 2004, in
preparation) and are appropriate for the globular clusters and
elliptical galaxies targeted in the survey. Calibrated magnitudes
on the AB system were obtained using the relations

9a7s = —2.510g (fa75) + 26.068,
Z850 = -2.5 lOg (fgs()) + 24862,

where f375 and fgso refer to the integrated fluxes, in units of
electrons per second, in the F475W and F850LP filters. The
photometric zero points were taken from M. Sirianni et al.
(2004, in preparation).

3. DATA PRODUCTS

The reduction pipeline described above was designed to
meet the scientific objectives of the ACS Virgo Cluster Survey.
Future papers in this series will present scientific results from
the survey as well as a variety of data products. These products
include a catalog of probable globular clusters associated with
each program galaxy and their basic properties (e.g., celestial
coordinates, magnitudes, colors, and structural parameters) and
the results of an isophotal analysis for each galaxy (e.g., radial
profiles of surface brightness, color, ellipticity, position angle,
as well as extinction maps and dust masses). These data prod-
ucts, along with raw and fully processed images used in the
analysis, will be made available through the project Web site.'”
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from the Space Telescope Science Institute, which is operated
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15 See http://www.physics.rutgers.edu/~pcote/acs.



No. 2, 2004

Inc., under NASA contract NAS5-26555. A. J. acknowledges
additional financial support provided by the National Science
Foundation through a grant from the Association of Univer-
sities for Research in Astronomy, Inc., under NSF cooperative
agreement AST-9613615, and by Fundacion Andes under
project C-13442. P. C. acknowledges additional support pro-
vided by NASA LTSA grant NAGS5-11714. D. M. is supported
by NSF grant AST-020631, NASA grant NAG5-9046, and

ACS VIRGO CLUSTER SURVEY. IL 517

grant HST-AR-09519.01-A from STScl. M. M. acknowledges
additional financial support provided by the Sherman M.
Fairchild foundation. M. J. W. acknowledges support through
NSF grant AST-0205960. This research has made use of the
NASA/IPAC Extragalactic Database (NED), which is operated
by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics and
Space Administration.

REFERENCES

Bertin, E., & Armouts, S. 1996, A&AS, 117, 393

Binggeli, B., Sandage, A., & Tammann, G. A. 1985, AJ, 90, 1681

Blakeslee, J. P., Anderson, K. R., Meurer, G. R., & Benitez, N. 2003, in ASP
Conf. Ser. 295, Astronomical Data Analysis Software and Systems XII, ed.
H. E. Payne, R. L. Jedrzejewski, & R. N. Hook (San Francisco: ASP), 257

Blakeslee, J. P., Vazdekis, A., & Ajhar, E. 2001, MNRAS, 320, 193

Coté, P., et al. 2004, ApJS, 153, 223 (Paper 1)

Ferrarese, L., Coté, P., & Jordan, A. 2003, ApJ, 599, 1302

Ford, H. C., et al. 1998, Proc. SPIE, 3356, 234

Harris, W. E. 2001, in Star Clusters, ed. L. Labhardt & B. Binggeli (Berlin:
Springer), 223

Jordan, A., et al. 2004, ApJ, 613, 26 (Paper III)

King, I. R. 1966, AJ, 71, 64

Koekemoer, A. M., Fruchter, A. S., Hook, R. N., & Hack, W. 2002, in The 2002
HST Calibration Workshop, ed. S. Arribas, A. Koekemoer, & B. Whitmore
(Baltimore: STScI), 339

Lupton, R. H. 1989, AJ, 97, 1350

McLaughlin, D. E. 2000, ApJ, 539, 618

McLean, B., Hawkins, C., Spagna, A., Lattanzi, M., Lasker, B., Jenkner, H., &
White, R. 1998, in IAU Symp. 179, New Horizons from Multi-Wavelength
Sky Surveys, ed. B. J. McLean, D. A. Golombek, J. J. E. Hayes, & H. E.
Payne (Dordrecht: Kluwer), 431

Meurer, G. R., et al. 2002, in The 2002 HST Calibration Workshop, ed.
S. Arribas, A. Koekemoer, & B. Whitmore (Baltimore: STScl), 65

Richmond, M. W., et al. 2000, PASP, 112, 397

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Stetson, P. B. 1987, PASP, 99, 191

. 1993, in IAU Collog. 136, Stellar Photometry: Current Techniques and
Future Developments, ed. C. J. Butler & I. Elliot (Cambridge: Cambridge
Univ. Press), 291

Tonry, J. L., Blakeslee, J. P., Ajhar, E. A., & Dressler, A. 1997, AplJ, 475, 399

Tonry, J. L., Dressler, A., Blakeslee, J. P., Ajhar, E. A., Fletcher, A. B., Lup-
pino, G. A., Metzger, M. R., & Moore, C. B. 2001, ApJ, 546, 681

Tonry, J. L., & Schneider, D. P. 1988, AJ, 96, 807

Valdes, F. G., Campusano, L. E., Velasquez, J. D., & Stetson, P. B. 1995, PASP,
107, 1119

Van den Bergh, S., & Morbey, C. L. 1994, ApJ, 283, 598

White, R. E., & Shawl, S. J. 1987, ApJ, 317, 246

Whitmore, B. C., Sparks, W. B., Lucas, R. A., Macchetto, F. D., & Biretta, J. A.
1995, AplJ, 454, L73




