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ABSTRACT

In the past decade, the Hubble Space Telescope (HST') has provided spectacular
images of the most distant galaxies. This dissertation provides a foundation for
understanding the nature of these faint galaxies. Historically, attempts to model the
faint galaxy number counts have suggested that the luminosities of galaxies evolve
over cosmic time, with the caveat that the models also underpredicted the bright end
of the counts. This “normalization problem,” as it became known, is investigated
here.

The distribution of morphological types (ellipticals, spirals, irregulars) in the deep-
est HST fields indicated that, in contrast to the local Universe, the majority of the
faintest galaxies are irregulars. This led to speculation that this normalization prob-
lem was type-dependent. The first part of this dissertation is a large HST survey
aimed at addressing this issue. The results of this thirty field survey suggested that
the normalization problem was larger for the irregulars and that these galaxies also
showed the strongest signature of luminosity evolution. It was also clear that more
data was needed to firmly draw detailed conclusions.

The second part of the dissertation utilizes data from ground-based telescopes
and is complementary to the HST work. This data allowed the galaxy counts as
a function of morphological type to be extended to brighter flux levels, where the
galaxies being studied are far enough away so that they are outside the local large-

scale structure, but at low enough redshifts such that the effects of evolution will

il



be minimized. The data, along with newly computed models, indicated that there
really was not a normalization problem at all. This allowed for a simple study of the
luminosity evolution of the faintest galaxies as seen by HST. The indication is that
all types are evolving, with the irregulars showing the strongest amount of evolution.
This claim is strengthened by the understanding of the normalization problem, or lack
thereof, given in this dissertation. The study concludes with the exciting prospects

for improving both the models and the data for this type of research with upcoming

HST surveys.
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PART 1

BACKGROUND AND
METHODOLOGY



CHAPTER 1

Overview

A brief historical overview of the study of galaxy morphology and galaxy counts
is presented. This is followed by a description of the the problem to be addressed,
mainly the understanding of the faint galaxy counts as a function of morphological
type. A summary of the major parts of the data analysis and methodology is also

given.



CHAPTER 2

Introduction

Upon the discovery of any patterns in nature, there is the natural tendency to
develop some classification system in order to characterize what has been discovered
and to relate it to other known patterns or physical laws. This is also true for galaxies,
which were discovered because they appeared different than stars in early observations
of the sky. Galaxies were originally referred to as “nebulae,” due to their clould-like
and fuzzy appearance. In fact, even after Hubble (1922) discovered that M31 (the
Andromeda Galaxy) was external to the Milky Way, he still used the term nebulae
to refer to what today would be called galaxies. These fuzzy blobs showed great
variation in their appearance (later termed morphology) and apparent brightness.
The two simplest observational tests to perform are to count the number of each type
of galaxy, or to try and determine the distribution of apparent brightnesses and then
see what trends appear in this data. This basic exercise is the foundation of the work
presented here. GGalaxies are classified according to their visual appearance and then

counted as a function of this morphological type and apparent brightness.



2.1 Morphological Galaxy Classification

The images of galaxies are perhaps some of the most beautiful and intriguing as-
tronomical images that exist. Some appear smooth and elliptical in shape, while
others appear to have beautiful spiral structure of several varieties. Still others ap-
pear to lack either of these characteristics. Many classification schemes have been
developed over the years. The most well known of these is now known as the Hubble
classification scheme and is described in Hubble (1936). Here we adopt the Revised
Hubble System (RHS; de Vaucouleurs 1959), which is an extension Hubble’s original
scheme that was meant to incorporate more of the details seen in the galaxies, such
as rings and the degree of spiral structure, and whether or not the galaxy had a
visible bar. As these classification schemes are fairly well-known, we refer the reader
to these two references for more details. An important point to note is that what
people commonly refer to as the Hubble type (i.e., E, Sa, Sb, Sc, Sd, Irr) forms the
“stage” axis of the RHS. The other two axes of the RHS are called the “family” and

”

“variety,” and indicate the presence, or lack thereof, of bars or rings, respectively.

2.2 Galaxy Counts and the Faint Blue Galaxy Prob-
lem

In the many years since their discovery, galaxies have been studied in great detail
both individually and as a population as a whole. A fundamental advance in this

field was the discovery that their distances could be measured based on the shifts of
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their spectral lines (called redshifts), now known to be due to the expansion of the
Universe. Once their distance is known, this fact can be combined with their apparent
magnitude (i.e., brightness) to determine their intrinsic luminosity. In Euclidean
space, the apparent brightness of an object varies as the inverse square of its distance
from the observer. In an expanding universe, however, the relation between apparent
brightness and distance is slightly more complicated.

This led to several redshift surveys, where hundreds (and later thousands) of galax-
ies were selected from photographic catalogs, usually from blue sensitive emulsions,
and their redshifts were measured with spectrometers on large optical telescopes. Per-
haps one of the most comprehensive (i.e., largest) and important redshift surveys was
the Center for Astrophysics Redshift Survey, which showed that nearby galaxies are
not randomly distributed in space, but rather are grouped in clusters and filaments
(Davis et al. 1982; de Lapparent, Geller, & Huchra 1986). Once the distances and
luminosities of the galaxies are known, one can compute the luminosity function (LF)
of the galaxies. This is simply a measure of the number of galaxies per unit luminosity
per unit volume.

As the size and quality of the telescopes and the imaging instruments increased, so
did the power to observe faint galaxies. Whereas the galaxies in the aforementioned
redshift surveys may be as faint as B < 15 — 16 mag, in the mid 1980’s galaxies were
observed as faint as B = 27 mag (e.g., Tyson 1988) using charge coupled devices

(CCD’s) as detector. From this data, faint B-band galaxy counts were computed. At
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some distance (and hence faint flux level), there should be no or few galaxies seen
because the Universe is not old enough for the typical stars that constitute a galaxy to
have formed. There is also the problem that, if there are too many faint galaxies, the
integrated sky brightness of the Universe would be infinitely bright (Olber’s paradox).
Therefore, attempts were made to model the observed galaxy number counts using
what was known about the nearby Universe. Could a model of this variety show
that these distant galaxies were similar to the ones we observe nearby, or is there a
fundamental difference? How do the various types of galaxies form, and do they all
evolve in the same way as one another, if at all?

The basic method of modeling the faint counts is to use the measured local LF
to describe the luminosity distribution at every redshift, combine this with a math-
ematical description of the Universe’s geometry, and integrate this over redshift to
get the predicted distribution of galaxies in apparent magnitude. The results of this,
along with the simplest assumptions, showed that there was an excess in the observed
galaxy counts over the model predictions for all magnitudes fainter than B 2 20 — 22
mag. As these observations were generally performed at blue wavelengths, this issue
became known as the faint blue galaxy (FBG) problem and the excess counts over the
models is known as the FBG excess. And so began the industry of trying to explain
this apparent difference between the relative numbers of observed local and distant
galaxies. Was this FBG excess simply due to luminosity evolution? Were galaxies

merging more often in the past? Was there some bias in the local LF, because we
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happen to live in an underdense region of the Universe? Could the FBG excess all be
due to selection effects in the determination of the local LF? Comprehensive reviews

of the FBG population are given by Koo & Kron (1992) and Ellis (1997).

2.3 Toward a Solution

Fundamental advances were made when the redshifts of these faint galaxies were
measured. Somewhat surprisingly, the faint blue galaxies were not at as high a
redshift as one would expect. In fact, at B ~ 24 — 25 mag, the median redshift
is only z ~ 0.6 — 0.7 (Koo & Kron 1992). Broadhurst et al. (1988) used a redshift
survey to show that simple luminosity evolution alone cannnot explain the excess, and
that many of the spectra of these FBG’s showed evidence of strong star-formation,
which lead to the conclusion that the steep slope in the faint counts was due to lower
luminosity galaxies undergoing brief bursts of star-formation. More details of these
types of studies are given in the introduction to Part II.

The next important breakthrough came with the Hubble Space Telescope (HST)
with its subarcsecond resolution. Typically, turbulence in the atmosphere (called see-
ing) limits the resolution of ground-based observations to approximately 170 FWHM.
The HST observations showed that the median sizes of the faintest B < 25 mag
galaxies were about 02 — (/3 (Driver, Windhorst & Griffiths 1995). This made HST
the only way to study the morphology of the faintest galaxies. The number of papers

published on faint galaxy morphology are far too many to list, but this has been one
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of the main uses of this telescope (e.g., Driver et al. 1995a; Glazebrook et al. 1995;
Abraham et al. 1996a; Odewahn et al. 1996; Ratnatunga, Griffiths & Ostrander 1999,
etc). The important result found with HST is that the galaxies responsible for the
FBG excess were of late or peculiar type (Driver et al. 1995a; Driver, Windhorst &
Griffiths 1995; Glazebrook et al. 1995). These authors showed that the counts are
in excess of the non-evolving LF model predictions, regardless of adopted cosmology,
with the caveat that the local luminosity function has to be (arbitrarily) renormalized
by a factor of up to 2 at a flux level of b; = 18 mag.

It is this renormalization issue that is investigated in the following body of work.
In particular, we use data from various sources to investigate whether this renor-
malization is a function of galaxy type. We provide the first galaxy counts with
morphological information near the normalization point at b; ~ 18 mag, which puts
a firm constraint on the issue, if it is really an issue at all. We build on the work of
Odewahn et al. (1996), who investigated the application of artificial neural networks
on galaxy classifications in the northern Hubble Deep Field (HDF-N), and in the
deep HST field surrounding the weak radio galaxy 53W002. Among other things,this
work showed that the area covered by these extremely deep surveys was insufficient
to provide statistically significant galaxy counts for B < 22 — 23 mag. Here, we
first present the results and analysis of the HST B-band Parallel Survey, which ex-
tended the galaxy counts as a function of morphological type, and when combined

with the deeper surveys, covered the flux range of 19 < b; < 27 mag. This data

~J
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is then combined with ground-based data from several sources, along with our own
visual classifications. The total set shows the B-band galaxy counts as a function of
morphological type over the range 15 < b; < 27 mag, which allows the normalization

problem to be firmly addressed.



CHAPTER 3

Data Reduction Methods

This section is an explanation of the major data reduction steps that were necessary
to process the data in this work. All the work was begun from fully reduced and

calibrated digital images.

3.1 HST WFPC2 Image Stacking

Data from the HST WFPC2 is delivered as biased subtracted and flat-fielded
images with known photometric zeropoints. Each exposure is littered with cosmic
rays (CR’s) due to the telescope being above the Earth’s atmosphere. The atmosphere
shields ground-based observations from most of these CR’s. The observer is then left
to either use existing tools or develop their own to remove these CR’s in a statistical
way. The method is based on the fact that successive exposures of the same patch
of sky should not have CR hits at the same pixel locations, since these are random
events. For four or more exposures, a simple clipping algorithm is usually sufficient to
remove these. For fewer exposures, it is less straightforward, as the seemingly small
probabilty for multiple exposures to be hit by a CR at the same pixel is countered
by the fact that there are a large number of CR’s.

The algorithm used here was developed for this data in collaboration with S.
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Pascarelle (see also Pascarelle, Windhorst & Keel 1998). It is called stcombine and
was written using the Interactive Data Language (IDL), along the IDL Astronomy
User’s Library (Landsman 1993). The basic steps are as follows. First of all, each
WFPC2 observation consists of data from four individual CCD’s, and we refer to
these as chips. One of the chips, called the Planetary Camera chip or PC1, has twice
the spatial pixel sampling of the other three Wide-Field chips (WF2, WF3, WF4).
Each of the chips is handled separately. The combination of successive images of the
same patch of sky is called “stacking.” The process requires that one has already
used the measured centroids of bright and compact objects to spatially register the
images.

First, all of the images to be stacked are scaled to the average exposure time,
which is a multiplicative operation because CCD’s are detectors with responses that
are linear in time. Next, the sky is determined for each image. The sky is simply the
most frequently occuring occuring DN value, also known as the mode. It is crucial to
properly determine this value, since it is easily corrupted by the CR’s we are trying
to remove, as well as by the objects of interest, both of which cause the distribution
of pixel values to be skewed towards the positive DN side. The mode is determined
by computing the histogram of all the pixel-values, and then fitting a polynomial to
a range of values near the median. The location of this peak of the fitted polynomial
is then taken as the mode, which we call the “sky” or sky-background. After the

sky is determined from each image, a constant is subtracted so that all images will
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have the same sky. This is an additive correction, because the differing sky is due
to a combination of varying Zodiacal background or light reflected from the Earth’s
limb. In fact, the data used here was often taken during Continuous Viewing Zone
(CVZ) orbits, during which HST necessarily points nearer to the Earth’s limb than
during a typical HST exposure. The benefit of using CVZ orbits is that they have the
longest possible exposure times. After making this background correction, the skies
were remeasured to verify that the process was properly executed.

The next step is to repair pixels that have anomalously low values, either due
to bad pixels or CCD charge traps. These pixels were located by subtracting the
image from a 3 x 3 pixel median smoothed version of itself. All pixel locations in
the difference image that differed by more than 3.50 of the local sky in the original
image were replaced by a median of the eight surrounding pixels. The o used here is

computed on a pixel by pixel bases from:

0 =+/DN x g+ RN2+ DK x t/g (3.1)

where DN is the number of ADU in a given pixel, ¢ = 7.0 e~ /ADU is the WFPC2
detector gain, RN = 5.3 e~ is the WFPC2 read-noise, DK = 0.0033 e /sec is the
WFPC2 dark current rate, and ¢ is the exposure time in seconds.

After these three initial steps are completed, the images are ready to be stacked
in order to clean out the CR’s. For N registered images, the IDL routine performs

the following operations at each pixel (x,y) location separately. It creates a list of N
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pixel values which is then sorted from the lowest to the highest value for each pixel.
A Poisson noise model based on the known CCD characteristics, using the above
equation, is then used to determine which pixel values should and should not be
included in the average. Starting with the lowest value of each pixel, each successive
value is checked to see if it is within 2.5 ¢ of the current average value. This way,
higher pixel values that are likely due to cosmic rays are rejected (at the 2.5 o level).
This process is then repeated for each pixel. This rejection algorithm will fail for the
two orbit cases when a pixel is hit by a CR in both images, which we measured to
occur about 0.3% of the time, or for about ~ 2000 pixels that were affected by CR’s

in both full-orbit WFPC2 CCD exposures.

3.2 Selecting and Measuring Galaxies from Images

With perhaps the exception of the deepest HST surveys, our goal was to study the
brighter galaxies from each of the particular surveys incorporated into this work, as
we were most interested in galaxies for which a reliable morphological classification
is possible. This means that our selection criteria are somewhat on the conservative
side. Objects are selected by how much they standout relative to the background.
No matter what algorithm is applied, this is necessarily based on surface brightness,
which is the astronomical term for flux per unit area. This, and, in general, all object
selection is therefore biased by the selection criteria that are used, as below some

level objects will be missed. This must be accounted for in any subsequent analysis.
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All our objects were selected from the digital images using a freely available soft-
ware package called SEztractor (Bertin & Arnouts 1996). In all the surveys studied
here, with one exception, two important parameters dictated the selection of objects
(stars and galaxies). The first requirement was that the objects must be 2.50 above
the local sky-background, where sigma is the measured local RMS variation of the
background. The second value that is specified is the minimum number of connected
pixels that also satisfy the first requirement. This minimum number of pixels was dif-
ferent for the different surveys, because it should depend on both the pixel scale and
the number of individual pixels per resolution element (or FWHM). For the B-band
Parallel Survey, where there were some remnant CR’s, this was taken to be large
enough so as to minimize false detections. Following this, we made a second cut to
prune out objects that were too small by selecting a minimum area requirement to
make it into the final catalog. Note that this minimum number is a different criteria
than the minimum number of connected pixels. An object may have enough pixels
above the threshold to be intially selected, but there are more pixels out in the wings
of the objects that are measured, but that are less than 2.50 above the sky. In other
words, there is a measurement threshold that is lower than the detection threshold.
For the HST data, this was set to the area of the minimum number of connected
pixels used for object detection, and for the ground-based surveys it was set to the
approximate area of a circle with a diameter equal to the FWHM of the measured

seeing disk.
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Once a catalog of this type is determined, our own in house software, LMORPHQO
(or its predecessor MORPHQ; Odewahn et al. 1996, 2002; Cohen et al. 2003), was used
to perform the final photometry of the objects. The first step is to visually inspect
the catalog by displaying the outer isophotes of the galaxies on an image display
tool on the computer screen. This allowed for improper centering or deblending to
be corrected manually, and even to add missed objects or remove objects that were
clearly image defects. It is extremely important to emphasize that this is a crucial
step no matter what type of data was involved. It was clearly necessary for both
the HST data (with 0705 FWHM in the B-band), as well as the 1”5 FWHM ground-
based data. This is because no deblending algorithm can work perfectly on all scales,
and because “clumpy” objects are not always detected properly. Also, the diffraction
spikes, wings, and ghost images around bright stars, as well as saturated pixels and
image edges, will also cause missed or corrupted detections.

Once the position and shape information for each object is verified or corrected,
individual sub-images are cut for each object that we wish to measure with our code.
These are called “stamps” because they resemble postage stamps with the image of a
single object in their centers. These stamps are then passed through the photometry
subroutine of LMORPHQO, which measures a vast array of galaxy photometric pa-
rameters, such as the azimuthally averaged radial surface-brightness profile, several
types of magnitudes, sizes and light concentration indices. The photometry routine

uses the SErtractor parameters as a starting point for the centroid, position angle,
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ellipticity, and magnitude determinations, but iteratively redetermines these with its
own algorithms. Afterwards, the user can graphically inspect each measurement to
verify that the program did not get confused by other nearby objects that happened
to be in that stamp. An improvement was made to this in early 2002, where all the
objects on each stamp were flagged in a separate file for each stamp, and the number
of objects that had to be manually repaired at this later step was decreased by an
order of magnitude. Note that the extra objects remained on the stamp, but their lo-
cations and sizes were given to the LMORPHO photometry program, so that it could
essentially ignore them. This will allow for possibly more sophisticated algorithms,
such as simultaneously fitting each potentially contaminating object and subtracting
them from the image, to be applied to the stamps in the future. For the record,
the LMORPHO magnitude that we used here is called “magTOTell_G,” which is the
magnitude measure in an elliptical aperture that is optimally determined, based on

the signal-to-noise ratio of the local sky.

3.3 Automated Galaxy Classification

In order to provide a systematic and quantitative measure of a galaxy’s morphol-
ogy, a machine based classifier was used in our HST work. A method such as this is
meant to avoid the inherent bias of human classifiers, and therefore provides as ob-
jective a classification as possible. We employed an artificial neural network (ANN)

classifier, based on parameters measured from the galaxy’s elliptically averaged radial
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surface brightness profile. The mathematical description of the method is given by
Odewahn et al. (2002) and will not be reproduced here, because we used it as an
established tool, and the current document is not a plausibility study of this tool, but
rather an application of it. A thorough discussion of galaxy classification methods is
also given by Bazell (2000).

Schematically, the way the ANN works is based on a set of known inputs (here
SB-profile parameters) and their desired outputs (here a galaxy T-type). This is
known as a training set. The training set here was created by the mean types that
four human classifiers assigned to a set of a few hundred galaxies that they classified
visually from HST images. The mean type was used so as to remove any biases
or accidental errors of the individual classifiers. This training set is then used to
train or teach the ANN to assign the proper output for a given input vector. The
specific ANN’s employed here (Odewahn et al. 1996; Cohen et al. 2003) assign a
galaxy stage value on the 16-step Revised Hubble System. The typical errors are
2 — 3 steps (Odewahn et al. 1996), and therefore the results were binned down to
three general morphological classes. This is also about the same error expected from
human classifiers (e.g., Naim et al. 1995), but it is much more efficient to have the
computer assign a type for a large number of objects, than for a person to look at
every galaxy individually. The resulting T—types are in the range —7 < T < —0.5
for objects designated as “E/S0” galaxies, —0.5 < T < 5.5 for “Sabc” galaxies, and

5.5 < T < 12 for “Sd/Irr” galaxies. We also interchangeably refer to these as early-,
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mid-, and late-types or ellipticals, spirals, and irregulars, respectively.

There are three important points to make here about this application of neural
network galaxy classification. The first is that it is fully quantitative and systematic
(ie., reproducible), but it is also inherently non-linear. This last fact differentiates it
from simple linear cuts in a single or a series of two dimensional parameter spaces
(cf., Abraham et al. 1996a,b) or bulge-disk decomposition (Marleau & Simard 1998),
which is model dependent. All of these methods produce similar quality results,
but are fundamentally different. Secondly, this is a one dimensional technique and
therefore not a true measure of the galaxy morphology, which is a description of the
two-dimensional appearance of a galaxy. A first step towards a 2-D approach was
provided by Odewahn et al. (2002), who used novel mathematical techniques to create
ANN inputs for finding bars in galaxies. Lastly, some have questioned the usefulness of
using Hubble types at all. This is justified here, as it is the simplest thing to measure
and, for nearby galaxies, Hubble types have been shown to correlate strongly and
smoothly with, for example, color, gas content, and rotational velocity (Roberts &
Haynes 1994). In an ideal world, one would rather measure these physical quantities
directly, but this becomes increasingly difficult for fainter objects. In the absence of
such spectrally dependent measurements, we chose a morphological analysis, with the

implicit assumptions that these correlations potentially exist over cosmic time.



PART 11

The HST WFPC2 B—Band Parallel
Survey



CHAPTER 4

Overview

We present the results of the Hubble Space Telescope B—Band Parallel Survey
(BBPS). It covers 0.0370 square degrees and consists of 31 shallow (4-6 orbit), ran-
domly selected high latitude HST WFPC2 parallel fields with images taken in both
the B (F450W) and I (F814W) filters. The goal of this survey is to morphologically
classify the galaxies in a homogeneous manner and study galaxy properties as a func-
tion of type and B—band magnitude for 18 < b; < 23.5 mag. The full sample contains
1800 galaxies, 370 of which are brighter than the formal statistical completeness limit
of by < 23.5 mag. The galaxies are selected from the B-band images and classified
using an artificial neural network (ANN) galaxy classifier on the higher S/N I-band
images. These provide (more) reliable types for I < 24 mag (or b; < 26 mag), since
these I-band classifications are less subject to the uncertain redshifted rest-frame UV
morphology. The ANN classification depends on the shape of the surface brightness
profile, but not on color. These results are combined with similar (deeper) studies
in the Hubble Deep Field and the deep WFPC2 field surrounding the radio galaxy
53W002, for which galaxies have been classified to b; < 27 mag.

The galaxy counts for the combined B-band selected samples show adequate statis-

tics for a range 19 < b; < 27 mag, and are in good agreement with other studies
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in the flux range where they overlap, while showing improved statistics at the bright
end. The galaxies are subdivided into 3 morphological classes: early-types (E/S0),
mid-types (Sabc) and late-types (Sd/Irr), and the B-band counts are presented for
each class, as well as the total counts. The faint end of the counts is dominated by
the irregular galaxies, which have a steep count slope of dlog/N/dm = 0.4. These type
dependent counts are compared to models based on local luminosity functions which
include the effects of the cosmological constant, 25. The whole BBPS sample, along
with the two deeper fields, is used to delineate the general trends of effective radius
and (B-I) color as function of both morphological type and apparent magnitude for
18 < by < 27 mag. These properties are discussed in the context of recent redshift
surveys. A possible explanation for the combined results is given in terms of the

effects of 25 on the evolution of the merger rate in a hierarchical scenario.



CHAPTER 5

Introduction

Over the last 20 years, the galaxy counts conducted in the blue passband showed
a remarkable excess of faint galaxies relative to model predictions. This excess is
known as the faint blue galaxy (FBG) problem (see reviews by e.g., Koo & Kron
1992; Ellis 1997). Attempts to model the counts and color-distributions of these faint
blue galaxies led to the conclusion that galaxies were more luminous and bluer in the
recent past. In order to better understand the field galaxy population, faint galaxy
redshift surveys were conducted which showed that standard luminosity evolution
alone cannot account for the excess of FBG’s (e.g., Broadhurst et al. 1988). Many
of the faint galaxy spectra show evidence for strong star-formation, which led to the
conclusion that the steep slope of the number counts is produced by lower luminosity
galaxies undergoing short bursts of star-formation (Broadhurst et al. 1988).

More recently, many ground-based redshift surveys have been conducted to faint
limits in order to further study this issue. The Canada-France Redshift Survey (here-
after CFRS; Lilly et al. 1995a) contains 591 galaxies brighter than I,5 < 22.5 mag.
They have studied the redshifts, emission line strengths and ground based photomet-
ric properties. With this data, Lilly etal. (1995b) showed that the evolution in the

luminosity function (LF) out to z < 1 was greater for the bluer galaxies than for the
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redder ones (presumed to represent late and early morphological types, respectively).
Recently, this work has been extended to include HST based morphology (Brinch-
mann et al. 1998; Lilly et al. 1998; Schade et al. 1999; Le Fevre et al. 1999), as we
will use for a larger number of field galaxies in this paper. The Canadian Network
for Observational Cosmology cluster redshift survey (Yee, Ellingson & Carlberg 1996)
aimed at studying galaxy clusters in the range 0.2 < z < 0.55, and was complete for
field galaxies with z < 0.3. This work has been extended to include more galaxies
(Yee et al. 2000). For a better measurement of the local galaxy luminosity func-
tion, the 2dF Galaxy Redshift Survey will provide spectra and redshifts for 250,000
galaxies to a limit of b; = 19.45 mag (herafter 2dFGRS; Colless et al. 2001). Within
several years, the Sloan Digital Sky Survey will provide redshifts for ~ 2 x 10° field
galaxies to r’'=18.0 mag or b; < 19 mag (hereafter SDSS; Gunn et al. 1998; Blanton et
al. 2001). These surveys provide very significant spectroscopic coverage of relatively
nearby galaxies. However, as we will show in this paper, the median scale-lengths
of galaxies at b; 2 19 mag is 7. < 170, and rapidly decreases at fainter magnitudes,
so that reliable morphological information for faint galaxies (b; 2 19 — 20 mag) over
wide fields is beyond the capabilities of ground-based facilities and has to be done
from space.

The advent of high resolution space-based optical imaging opened the door for
studying the sub-arcsecond properties of many types of astronomical objects (e.g.,

Driver et al. 1995a; Glazebrook et al. 1995; Abraham et al. 1996a; Odewahn et al.
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1996, etc). In particular, the Hubble Space Telescope (HST) has proven very useful
for studying the properties of faint, as well as distant galaxies. Most notably the
Northern Hubble Deep Field (HDF-N, Williams et al. 1996) provided deep (I < 29
mag) imaging of a single field in the UBV I filters at a resolution of better than 0”1
(actually ~ 0706 FWHM after drizzling). There have been many studies of faint
galaxy morphology from this data set (e.g., Odewahn et al. 1996; Abraham et al.
1996b; van den Bergh et al. 1996; Driver et al. 1998; Marleau & Simard 1998). The
HST Medium Deep Survey (MDS) covered a much larger area of sky, but to a lesser
depth, and took advantage of HST’s parallel observing mode to image many fields in
mostly V and I (e.g., Ratnatunga, Griffiths & Ostrander 1999). This large data set
has produced many studies (e.g., Driver, Windhorst & Griffiths 1995; Abraham et al.
1996a; Im et al. 1996; Roche et al. 1996; Im et al. 1999), including one that utilized
the small fraction of the MDS data that was observed in the B-band (Roche et al.
1997).

The HST data allowed for the morphological properties of these faint field galax-
ies to be studied. One of the main discoveries was that most of the FBG excess is
due to galaxies of irregular or peculiar types (Driver et al. 1995a; Driver, Windhorst
& Griffiths 1995; Glazebrook et al. 1995). These authors showed that the counts
are in excess of the non-evolving LF model predictions, regardless of adopted cos-
mology, with the caveat that the local luminosity function has to be (arbitrarily)

re-normalized by a factor of up to 2 at a flux level of b; = 18 mag. The justification
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for this re-normalization is typically given as either due to: (1) local inhomogene-
ity (Marzke et al. 1994; Zucca et al. 1997); (2) photometric scale errors (Metcalfe,
Fong & Shanks 1995); (3) rapid recent evolution in the galaxy population (Maddox
et al. 1990); and/or (4) the probability that local surveys are biased against late-
type low-SB galaxies in selection for spectroscopic follow-up. Nevertheless, it remains
an unsatisfactory situation that an ad hoc correction is required to reconcile the lo-
cal measures of the luminosity function of galaxies with galaxy counts as bright as
by = 19 mags. For more details on this issue, see discussions in Driver, Windhorst
& Griffiths (1995) and Marzke et al. (1998). It is therefore crucial to have good
statistics, with morphology at this brighter flux level in the blue filter to attempt to
explain, or perhaps even rule out, this apparently necessary normalization factor.
Further work on the evolutionary model predictions for faint field galaxies has pro-
duced conflicting results. Without being able to fully cover the literature on this topic
here, we will try to present the flavor of the problem. The bright HDF-N galaxies were
used to model what the distribution and appearance of the fainter HDF-N galaxies
should look like assuming no-evolution (Bouwens, Broadhurst & Silk 1998a), as well as
assuming different types/amounts of evolution (Bouwens, Broadhurst & Silk 1998b).
Assuming that the 30 brightest HDF-N galaxies are a fair representation of the thou-
sands of fainter ones, they showed that the no-evolution models could not simulate
the observed properties of the population of the fainter galaxies (Bouwens, Broad-

hurst & Silk 1998a). It was then shown that pure luminosity evolution (PLE) models
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fit the galaxy counts, but not the galaxy size distribution, and that dwarf augmented
populations would not fit the counts (see also Babul & Ferguson 1996; Ferguson &
Babul 1998). A model that does fit the data was that of “mass-conserving” density
evolution (Bouwens, Broadhurst & Silk 1998b). These results should be viewed with
caution, since the HDF-N was selected to be devoid of bright objects (Williams et
al. 1996), which, compounded by the fact that galaxies are known to cluster, would
logically lead to a general deficit of low- to intermediate-redshift galaxies in this field.
Kauffmann, Charlot & White (1996) used the ground-based CFRS colors and red-
shifts to predict which galaxies are of early-types, and then showed that more than
the standard amount of passive evolution was required by the data. It should be
noted that the use of colors to determine morphology of distant galaxies was shown
to be problematic within the same data set, when the HST morphologies were added,
and no evolution of the space density of ellipticals was observed (Schade et al. 1999).
Another study showed that in an open universe, the counts (in the Ub,r/ K bands)
and color and redshift distributions could be reasonably explained by pure luminos-
ity evolution, but that number and luminosity evolution (NLE) would be required in
an {2 = 1 universe (Pozzetti, Bruzual & Zamorani 1996). In contrast, it was shown
that PLE models that fit the number counts and redshift distributions cannot fit the
observed (B — K) color distribution regardless of chosen cosmology (He & Zhang
1998). This was due to the fact that all galaxies with (B — K) > 5.5 mag must be

ellipticals, and the PLE models do not match the observed redshift distribution for
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these red galaxies. These authors showed that number luminosity evolution better
matched all the data that was considered (He & Zhang 1998). The luminosity func-
tions of elliptical galaxies out to z < 1.2, with morphologies determined from the
HST-MDS, were constructed and showed 1 + 0.5 mag of luminosity evolution, and
argued against strong number density evolution (Im et al. 1996). Therefore, it is
reasonable to say that the issue of the amount or type (luminosity, density or some
combination thereof) of evolution is not a solved problem, and is further compounded
by our poor understanding of the LF normalization factor mentioned above.

Traditionally, galaxies have been classified visually by eye. The large number
of galaxies that are observed today necessitated the development of automated,
computer-based classification methods. Odewahn et al. (1996) used artificial neural
network (ANN) classification in a seven-dimensional photometric parameter space
to estimate galaxy stage values in the revised Hubble classification system (de Vau-
couleurs 1959). Abraham et al. (1996a) used linear relationships between two pa-
rameters, asymmetry and central concentration. Marleau and Simard (1998) used a
2-dimensional bulge-disk decomposition to compare the ratio of bulge-to-total light to
the types of Abraham et al. (1996a) and of van den Bergh et al. (1996). Though the
results for a given galaxy may differ for any of these methods, the overall qualitative
results are in reasonably good agreement.

Where do all these faint galaxy studies leave us? Currently, these HST surveys

have yielded rather poor statistics for galaxy morphology in the magnitude range b; ~
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18 — 24 mag. Since the correspnding median scale-lengths of faint galaxies are r, ~
1”0 — 0”5 in this magnitude range (see § 8.2 and figures below), we cannot get reliable
galaxy morphology b; ~ 18 — 24 mag over wide fields from the ground. Hence, there
remains a need for better statistics and good HST morphologies in the magnitude
range of 18 < b; < 24 mag, where the earlier surveys have provided little statistics.
Since the number of galaxies observed at a given magnitude is roughly proportional
to the area surveyed, and since there are more faint galaxies than bright ones, ultra-
deep surveys like the HDF-N and the field surrounding the weak radio galaxy 53W002
(Odewahn et al. 1996) have provided important information on galaxies fainter than
by 2 23 mag. However, the statistics get increasingly sparse for brighter galaxies.
The goals, therefore, of this paper are to survey a large number of HST fields in the
B and [ filters over a wide area to a lesser depth, and to study the properties of these
brighter galaxies as a function of observed B-band brightness. This will help to fill
in this new, but essential portion of parameter space and aid in the understanding of
the faintest galaxies observed today.

The HST observations are described in § 6 and the data reduction and catalog
generation are outlined in § 7. The results of this paper are presented in § 8 and
discussed in § 9 in terms of other recent work in the field. We summarize the paper
in § 10. For clarification of nomenclature, we refer to the observed radius of a galaxy
containing half of the observed light as the effective radius (r.), and this is discussed

in § 8.2. Since the two deeper fields, HDF-N and 53W002, are essentially complete
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past our classification limit at b; < 27 mag (Odewahn et al. 1996), we shall group
them together and refer to them as the B—band Deep Survey (BBDS), while the 31
shallower fields will be referred to as the B—band Parallel Survey (BBPS). We adopt
H, = 65 km s7' Mpc™" and a flat (2 = 0.3,Q, = 0.7) cosmology throughout,

except where otherwise noted.



CHAPTER 6

Observations

All data for this survey were taken with the Hubble Space Telescope using the
Wide-Field and Planetary Camera 2 (WFPC2) in parallel mode during Cycles 6—
7. Fields were randomly selected with the criteria that they be at high Galactic
latitude (| b’ | > 30°) and that they contain no bright SAO stars, RC3 galaxies
or known Abell galaxy clusters. The data set consists of 31 fields, all selected to
have low Galactic extinction, Agp < 0.4 mag (Burstein & Heiles 1982). The data are
summarized in Table 6.1. Note that fields bb025 and bb026 were not used in the
final analysis because they contained single /-band exposures that were inadequate

for this survey.



Table 6.1: BBPS Data Summary

Field 2000 52000 1D bUD) Ap?  F450W3T  F814W31  SB(bs,lim)5 by im® Tiim?
Name! (h m s) G (deg) (deg) (mag) (mag) (mag)
bb0017  12:50:11.981 +31:24:53.96 126.46593  +85.704507  0.025 11200(4) 5100(2) 24.6 24.75 23.75
bb002  01:07:13.836  +32:21:15.98  126.80099 —30.400644  0.169 4400(2) 5600(2) 24.1 24.25 24.25
bb003  00:20:13.606  +28:36:18.54  114.68943 —33.765055 0.125 4600(2) 5600(2) 24.2 24.75 23.75
bb0047 12:34:35.321 +07:44:52.51 290.51752 +70.212661 0.005 11200(4) 5500(2) 24.1 24.75 23.25
bb005  23:19:50.369  +08:05:59.64  87.49011 —48.367645  0.153 5600(2) 5600(2) 24.3 24.75 24.25
bb006  11:17:43.549  +44:18:09.89  164.38333  +64.541796  0.000 4800(2) 10500(3) 24.0 24.75 24.75
bb007  23:25:06.940 —12:15:02.39  65.03796 —64.892020  0.073 11600(4) 5800(2) 24.5 25.25 24.25
bb008  22:56:55.450  —36:35:17.19 4.40599 —64.031413  0.000 1900(2) 7500(3) 23.5 24.25 23.75
bb009  10:02:24.069  +28:50:05.65 200.15747  +52.838381  0.057 5600(2) 8400(3) 24.3 24.75 24.75
bb010  11:17:29.177  +18:12:37.26  230.40198 +66.615733  0.000 3500(2) 5400(2) 23.8 24.25 23.75
bb011 13:13:30.877 —19:26:31.27 310.07117 +43.123824 0.213 8400(3) 4100(2) 24.2 24.75 23.25
bb012  01:09:56.803  —02:27:02.22 133.89849 —64.930090  0.141 5600(2) 4700(2) 24.2 24.75 23.75
bb013 21:51:04.643 +28:43:48.64 81.76111 —19.377477 0.369 6000(2) 4200(2) 24.3 24.25 23.25
bb014 01:10:01.312 —02:24:28.94 133.92383 —64.882760 0.141 11200(4) 5500(2) 24.4 24.75 23.75
bb0157 12:36:12.756 +12:35:01.77 288.41154 +75.024854 0.125 7300(3) 2900(2) 24.2 24.75 23.75
bb0167  12:31:16.915  +12:28:06.02  284.09600 +74.600629  0.085 5600(2) 5600(2) 24.2 24.25 23.75
bb017  10:04:52.212  +05:14:59.54  234.22682  +44.750990  0.001 5400(2) 4600(2) 24.2 24.75 24.25
bb0187  12:25:31.456  +12:57:52.96  278.48442  +74.593150  0.109 7500(3) 2100(2) 24.3 24.75 23.25
bb0197  13:21:41.828  +28:53:29.83  49.48354  +83.094088  0.005 10900(4) 5400(2) 24.5 25.25 24.25
bb020  01:10:00.052 —02:27:30.75 133.93187 —64.933420  0.141 8400(3) 5000(2) 24.1 24.75 23.25
bb021  12:19:35.983  +47:23:10.10 137.96173  +68.801852  0.000 5800(2) 4500(2) 24.4 24.75 23.75
bb022  10:34:54.818  +39:45:57.58  180.01970  +59.085801  0.000 7700(3) 2800(2) 24.4 24.75 23.75
bb023 00:18:27.140 +16:21:16.09 111.55027 —45.787178 0.065 8400(3) 4700(2) 24.2 24.75 23.25
bb0247  12:23:29.779  +15:51:21.40 271.60958  +76.996802  0.037 5400(2) 5400(2) 24.3 24.75 23.75
bb025 21:07:32.081 —05:22:23.81 44.61967 —32.581289 0.241 2900(2) 700(1) 23.8 .- .-

bb026  16:36:34.801  +82:34:11.34  115.71923  +31.066578  0.293 3200(2) 900(1) 24.0 e e

bb027  10:24:38.286  +47:04:36.35  168.23496  +55.070087  0.000 5600(2) 3000(4) 24.3 24.75 23.75
bb028  14:17:43.542  +52:23:20.91  96.23854  +60.034761  0.000 6200(2) 4100(2) 24.5 25.25 23.75
bb0297  12:56:53.243  +22:06:43.94 317.08991  +84.833774  0.125 6000(2) 4300(2) 24.3 24.75 24.25
bb030  00:49:18.900 —27:52:42.31  334.92501 —89.114023  0.025 12200(4) 5600(2) 24.6 24.75 23.75
bb031  00:49:18.664 —27:52:03.10 335.35253 —89.122747  0.025 9900(3) 5800(2) 24.5 24.75 24.25

IThese are the field names listed in the order the data was received. The original data can be obtained from the HST Archive search form.
2Galactic absorption Ap (in mag) from Burstein & Heiles (1982)

3Total integration times in seconds (number of exposures).

4There is a total of about 151 Parallel HST orbits in this data set.

53B(bs,lim) is the limiting surface brightness in by mag arcsec=2 for a given field averaged over the 3 WF detectors.

6Center of faintest complete 0.5-mag bin in the total galaxy counts (50% complete).

Field is in or near the Coma or Virgo superclusters (see §7.6 and §7.7 for details).

0¢
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For each field, images were taken in both F450W (the WFPC2 B-band) and
F814W (the WFPC2 [-band) with a longer exposure time in B due to the approxi-
mate 20% lower sensitivity at that wavelength (see Table 8 of Holtzman et al. 1995).
Combined with the expected relative colors of the faint field galaxies compared to the
Zodiacal sky, the total survey efficiency in F814W is 2 2x better than in F450W.
Therefore, we took 2—4 orbits in B and two orbits in /. The reason for using both
filters is to select the galaxies from the B-band images, where the HST resolution
improves deblending over ground-based data, and therefore provides the most reli-
able object selection and photometry. The I-band images (which corresponds to
the rest-frame B-band) have significantly higher S/N, and therefore provide the best
possible source of morphological classifications, as well as provide color information
over a wider color baseline than the standard VI color (F606W-F814W) that has
traditionally been used in most WFPC2 studies. The two sets of images coupled
with a future redshift survey will also allow us to do a study of the rest-frame color
gradients in the brighter galaxies. The total area of the BBPS survey, including the
PC exposures, is approximately 0.0370 square degrees. The WF(PC) data have a
070996(070455) spatial sampling and a limiting magnitude of b; < 23.5 mag (the

approximate 90% completeness limit for compact objects), as discussed in § 8.1.



CHAPTER 7

Data Reduction

7.1 Image Stacking

All images were registered using the centroids of manually selected compact and
bright objects, with the centroids being determined from the IRAF task imcentroid.
Since the detectors are fixed relative to each other, shifts were determined for each of
the 4 WFPC2 CCDs, and then averaged together to get the optimal offset for each
set of exposures in a given field. These offsets were rounded off to whole numbers
and only integer shifts were applied, so as not to introduce additional numerical noise
into the data (¢f. Ratnatunga, Griffiths & Ostrander 1999). Due to the nature of
parallel observing with HST, a set dither pattern cannot be chosen by the parallel
observers, and so the method employed here produces the most self-consistent data
set. The appropriate shifts were then applied taking into account the different chip
orientations and the finer sampling of the PC.

Since most fields were two orbit cases, it was necessary to improve upon existing
cosmic ray (CR) rejection algorithms, which were optimized for use with N > 5
images (e.g., Windhorst, Franklin & Neuschaefer 1994). All image stacks were created
using a customized IDL routine which was specially developed for this project. This

routine was also used for the low light-level images in the F410M filter of Pascarelle,
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Windhorst & Keel (1998). Images through different filters were handled separately
to ensure that our final morphological classifications were as color-independent as
possible. The reason for developing this new routine was the need to accurately
reject CRs over a few (2-4) independent exposures, while assuring at high reliability
that the science image itself would not be corrupted by the algorithm.

For N registered images, the IDL routine performs the following operations at each
pixel (x,y) location separately. It creates a list of NV pixel values which is then sorted
from the lowest to the highest value. The following Poisson noise model based on the
known CCD characteristics is then used to determine which pixel values should and

should not be included in the average:

0sy = \/DNyy* g+ RN2+ DK xt/g (7.1)

where DN, is the number of ADU in pixel (x,y), g = 7.0 e~ /JADU is the WFPC2
detector gain, RN = 5.3e™ is the read-noise, DK = 0.0033e~/sec is the dark current
rate and t is the exposure time in seconds. Starting with the lowest pixel value, each
successive value is checked to see if it is within 2.5 o of the current average value. This
way, higher pixel values that are likely due to cosmic rays are rejected (at the 2.5 o
level). This process is then repeated for each pixel. This rejection algorithm will fail
for the two orbit cases when a pixel is hit by a CR in both images, which we measured
to occur about 0.3% of the time, or for about ~ 2000 pixels that were affected by CR’s

in both full-orbit WFPC2 CCD exposures. This number is in excellent agreement with
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an extrapolation of the values given in the WFPC2 Instrument Handbook * (Biretta
et al. 2000). These left-over CR’s cause problems with automated image extraction,
because they would be counted as objects and possibly classified as faint galaxies,
which would contaminate the sample.

In order to deal with this problem, we checked for cases of “double hits” by sub-
tracting a 3 x3 pixel median-smoothed image from each original image, and compared
this difference image to the difference image for the other orbital exposures. This way,
all “double hits” were located and interpolated over by substituting the median of the
8 surrounding pixels. The result was a much cleaner looking image, but this process
also unavoidably generated holes in the centers of bright, centrally-concentrated ob-
jects (stars and early-type galaxies). Since these holes would obviously contaminate
the photometry of the bright galaxies we are interested in, we opted to use the cleaner
but non-photometric images for the object selection only. Once the object positions
were found, all analysis was performed on the images that still contained the “double

hit” CR’s, but that had objects that were uncorrupted in their central regions.
7.2 Object Extraction

All image detection was done using the SExtractor version 1.0a (Bertin & Arnouts
1996) object finding software package. Each WFPC2 WFC (or PC) image is convolved

with a 7x7 (or 9x9) convolution mask of a Gaussian kernel with a FWHM of 3 (or

1Updates to the WFPC2 Instrument Handbook can be found on the world wide web at:
http://www.stsci.edu/instruments/wipc2 /wipc2_top.html
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5) pixels. Then all objects with at least 8 contiguous pixels that are 2.5 o above the
local sky-background (as determined by SExtractor) are extracted, and their location,
size, and magnitude are written to a file. The mean isophotal 2.50 detection limits
for each field are listed in Table 6.1. Averaged over all fields, this surface brightness
(“SB”) detection limit corresponds to SB(by)=~ 24.24+0.2 (22.84-0.2) mag arcsec™? for
the WF (PC) detectors. The 1o SB sensitivity limits for 53W002 field of Windhorst,
Pascarelle & Keel (1998) are SB(b;)~27.5 mag arcsec™2 and SB(I)~26.7 mag arcsec™>
, and these numbers are about ~1.5 mag fainter for the HDF-N (Odewahn et al. 1996).

For each detected object, a smaller sub-image is then cut whose size is determined
by the SExtractor image parameters. The subsequent image analysis is done on these
individual object images (i.e. all surface photometry and morphological classifica-
tion), using the MORPHO package of Odewahn et al. (1996, 1997).

Once the sub-images are extracted, all objects are visually inspected to determine
whether they are true detections, as well as to determine if SExtractor over-did the
deblending of neighboring objects. The latter was especially a problem for the brighter
spiral and irregular galaxies that had several peaks in their 2-dimensional brightness
distributions, and is a general problem for other object finding algorithms as well (see
e.g. Valdes 1982; Neuschaefer & Windhorst 1995). The number of objects that had
to be re-extracted by hand was relatively small, about 10 per field. The number of
separate objects that were close enough to overlap was also small, but SExtractor

generally did an excellent job of deblending these, although we emphasize that any



36

deblending process is, by definition, somewhat arbitrary. The photometry of these

blended objects is addressed below.

7.3 Surface Photometry

Photometric zero-points were taken from Tables 9 and 10 of Holtzman et al. (1995).
In the visual-red, these have not changed much during the lifetime of WFPC2 (Biretta
et al. 2000). We used the “synthetic” WFPC2 zero-points (Vega-based), which means
that the F450W magnitudes are equivalent to b;2, and the F814W magnitudes are
the same as the ground-based I magnitudes. This is to allow optimal comparison to
previous ground-based galaxy B-band counts, which were primarily done in the b;
filter (or a filter that easily transforms to b;). For completeness, we used zeropoints
of Z Ppysow = 21.929 mag and Z Ppgjuw = 21.676 mag for b; and I, respectively, for
a count of 1 DN per second of exposure time.

In order to accurately derive light-profiles and compute total magnitudes, a good
determination of the sky-background must be made. For each field and filter, sky-
values are determined for each of the four WFPC2 CCD’s using the following tech-
nique. The CCD is divided into 16 squares of 101x101 pixels each. Next, a sky-
value and sky-sigma are determined for each square by fitting a “tilted plane” (cf.

Neuschaefer & Windhorst 1995) to that area, after rejecting all real objects that

2Kron (1980) gives the transformation from standard to photographic B magnitudes as B —by =
0.23(B — V) and, using Holtzman et al. (1985) Table 10, we derive B — F450W = 0.23(B — V),
which shows that the synthetic WFPC2 F450W system is the same as the photographic b; system.
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were found at the > 20 above the local sky level. The reason for not fitting a more
complicated surface is that the images are sufficiently flat-fielded over ~ 100 pixel
scales, so that mostly linear sky gradients are left, if any. Residual sky gradients
could be due to, e.g., the telescope pointing too close to the Earth’s limb, which is
not always controllable when scheduling parallel observations. This could produce
a simple mono-directional linear gradient in the WFPC2 sky, although this was not
often observed. The median of the 16 sky-box values was then used to determine
the final sky-value and sky-sigma. These values were found to agree with the global
BACKGROUND and RMS values determined by SExtractor to within 2%.

Since the Zodiacal sky at moderate to high Ecliptic latitudes is about SB(b;)~23.8—
24.1 mag arcsec ? and SB(I)~22.15-22.45 mag arcsec 2 (Windhorst, Keel & Pas-
carelle 1998), a 2% error in the sky-subtraction becomes the dominant factor at surface
brightness levels SB(b;)~28.0-28.3 mag arcsec™ or SB(I)~226.4-26.7 mag arcsec™? ,
at which level this sky-subtraction error equals ~100% of the galaxy SB-profile signal.
In the noisier BBPS images, we cannot push the galaxy SB-profiles this faint, but for
the two BBDS fields this is one reason why we do not push the galaxy classifications
(see § 8.1) fainter than total fluxes of b; = 27.0 mag (or I = 25.5 mag). This is
because at these total flux levels, the median galaxy scale-lengths are r, = 02 — (/3
(see § 8.2), so that the sky-subtraction errors in the average SB-value out to 7. are
of order 10-20%. This is the maximum acceptable error in SB-profile parameters

to allow reliable ANN classifications, which are based on the galaxy SB-profile and
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other parameters (see § 7.5). Fainter than b; 2 27 mag, ANN galaxy classifications
are mainly unreliable due to a lack of a good training set (Odewahn et al. 1996),
which would be necessarily based on the abilities to assign eyeball classifications as
well as accurately measure the light profiles of these galaxies, both of which become
increasingly suspect fainter than this flux level, for reasons stated above. The issue
of uncertain resdshifted UV-morphology could also play a role here and is further
discussed in § 7.7.2. Given that b; ~ 27.0 mag is also the limit due to the sky back-
ground subtraction (at these wavelengths), there is little hope of reliable classification
for fainter galaxies with HST, even with improved resolution and/or deeper images.
All surface photometry was performed on each sub-image, using these sky-values,
with the MORPHO package as described in Odewahn et al. (1996, 1997). Since each
sub-image to be analyzed has to contain a single object, the analysis on crowded
areas was done as follows. If two objects were too close together, two sub-images
were generated, each with one of the two objects replaced by the local sky value,
as interpolated from surrounding unaffected sky areas. The size and shape of the
“blanked” out region was an ellipse based on the SExtractor values for position,
size, axis ratio and position angle. This way, when the isophotal ellipses were fit to
determine the light-profile, the target object was minimally affected by its neighbor.
Since the total magnitude is determined from the integrated light-profile, this was the
most reliable way to handle proximate objects, while reducing the effects of crowding

on the other measured object parameters. Note that because the ANN classification
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is based on individual object light-profile based parameters (§ 7.5), and simultaneous
light-profile fitting on more than one object is very difficult to do (Schmidtke et al.
1997), this seemed to be the most robust way to get an accurate ANN class for every

object, even if close neighbors were present.

7.4 Catalog Generation

Once the images in both the B and [ filters are processed and cataloged, the B
and I object lists are cross-matched by pixel location. For each object in the B—band
catalog, the I-band catalog is searched using a search radius of 3 effective radii. The
effective radius r, used here is the half-light radius as measured from the B-band
image. With this search criteria, about 70% of the objects in the B—band catalog
have I-band counterparts, while more than 95% of the I-band catalog have B—band
counterparts. A manual check of the images showed that almost all the unmatched
B-band catalog objects were not real galaxies, but likely image defects, noise spikes
or remaining cosmic rays left in the B-band images. We thresholded at 2.50 so as not
to exclude any real objects, at the expense of making false detections which would
get thrown out in cross-matching. Since the I-band images are of higher quality
and go deeper, despite their generally shorter exposures, it is doubtful that very
blue objects were excluded through this selection process. However, this matching
procedure could select against extremely red objects, which we must bear in mind

during the interpretation (§ 8 and 9).
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7.5 Morphological Galaxy Classification

Galaxy types are assigned to all objects using an automated artificial neural net-
work (ANN) pattern classifier that is based on the shape of the object light-profile.
Galaxy types, or hereafter T-types, were designated on the 16 step revised Hubble
system (de Vaucouleurs 1959). This classification scheme was chosen because T—
types have been shown to correlate well with physical properties in nearby galaxies
(Roberts & Haynes 1994) and the available data used to produce our galaxy count
models are segregated in the same way. Since the typical machine classification error
in type is 2-3 steps (Odewahn et al. 1996), types were rebinned into three broad in-
tervals, that each span a much larger range than the ANN classification error (E/S0,
Sabc, Sd/Irr). This classification error results from noise in the profile-parameters
of the faint objects (as discussed in § 7.3), and from inconsistencies between experi-
enced classifiers, who visually classified a limited number of galaxies in the “training
set” that is used to train the ANN before it is run on a much larger sample. To
the extent possible, the personal offsets and biases between these expert classifiers
were removed (cf. Odewahn et al. 1996, 2002) before constructing the final training
set, thereby reducing systematics in the ANN classifications (although not yet prov-
ing that these classifications are necessarily correct). The ANN’s used here are the
rest-frame networks developed in Odewahn etal. (1996), which were trained on the

HDF-N galaxies that had published redshifts at that time. The redshifts are required
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to know the rest-frame wavelength in which each galaxy in the U BV [ training set was
actually observed. T-types are in the range —7 < T < —0.5 for objects designated
as “E/S0,” —0.5 <T < 5.5 as “Sabc”, and 5.5 < 7T < 12 as “Sd/Irr”.

We note that the ANN’s of Odewahn et al. (1996) always produces an answer,
i.e., based on the actual galaxy SB-profile parameters, it forces a classification in
one of these three T-type intervals, no matter how faint or how low-SB the object
is. That is, we deliberately sacrifice classification accuracy to get 100% completeness
in the classifications, so that no objects remain unclassified. The corollary of this
is, of course, that beyond a certain flux and SB limit, the classifications become
increasingly unreliable due to the lack of an adequate training set. The lack of an
adequate training set at these faint flux levels is due to a combination of insufficient
S/N and resolution for a human classifier to assign a reliable type, as well as a poor
understanding of the rest-frame UV morphology for the higher redshift objects where
this is a potential issue. As discussed in § 7.3, we believe that this limit occurs in the
two BBDS fields at total fluxes of approximately b; = 27.0 mag (I = 25.5 mag). We
will show in § 8.1 that the shallower BBPS fields produce consistent classifications
close to their completeness limit of b; ~ 23.5 mag in the flux range of overlap with
the two BBDS fields (22.5 < b; < 24.0 mag), where the classification of the latter
objects are robust, since they have much higher S/N at the same flux level.

Using the suitably trained neural networks, galaxy types were generated from both

the B-band and /-band images, as described below. However, for a variety of reasons,
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all types used in this paper are based on those ANN-values assigned from the /-band
images. First, the /-band images are superior to the B-band ones due to the larger
overall sensitivity and the much darker Zodiacal sky background at that wavelength,
even for the bluest detectable field galaxies. The second reason is bandpass shifting.
The median redshift of the fainter galaxies at b; < 25 mag is z ~ 0.6 — 0.7 (Koo &
Kron 1992; Ellis 1997). Therefore, the light observed in the I-band was emitted in
approximately the B-band where morphology of local galaxies has been well studied,
and a good training set for the ANN exists. Analogously, the light observed in the
B-band is emitted in the rest frame near-UV, where systematic studies of nearby
objects have only recently been done (c¢f. Giavalisco et al. 1996; Burg et al. 1997;
Kuchinski et al. 2001; Marcum et al. 2001; Windhorst et al. 2002). The issue of
uncertain rest-frame UV morphology and its effect on the galaxy counts as a function
of type is further discussed in § 7.7.2. For the BBPS, the use of I-band classifications
allows us to take advantage of bandpass shifting instead of being hampered by it.
Thirdly, the effects of the k-corrections are smaller at this longer wavelength. Finally,
the HST images are closer to being properly sampled in the /-band, compared to the
B-band, allowing for better classifications.

We classified all these galaxies from their /-band images, but using an ANN defined
at a shorter wavelength which is closest to the rest-frame wavelength sampled by the
I-band for that particular object. These rest-frame ANN’s were constructed from the

HST UBV I images in the HDF-N for objects with spectroscopic redshifts (z < 1).
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The details of this classification method and the use of rest-frame ANN’s are given in
Odewahn et al. (1996, 1997) and references therein. For this project, seven parameters
are used as input to the ANN which then produces a type. These parameters are all

based on the object’s azimuthally averaged radial surface- brightness profile and are:

1. the SB at the radius containing 25% of the total light;

2. the SB at the radius containing 75% of the total light;

3. the mean SB within the effective (half-light) radius;

4. the mean SB within an isophotal radius (SB(I) = 24.5mag arcsec™2);

5. the slope of a linear fit to the profile in r'/* space;

6. the intercept of a linear fit to the profile in '/* space; and

7. the axial ratio (b/a) of the outer isophote.

It is important to note that in the ANN classifications, color is not used at all and
that the effective radius is not used directly. Fig. 7.1 shows that this indirect use of
effective radius does result in a loose correlation of r, with type in any given I-band
magnitude slice. It is also important to reiterate that no bulge-to-disk decomposition
or model profile-fitting is used. This particular choice of the 7 ANN parameters is
somewhat arbitrary. Different sets of structural parameters were tested (Odewahn et

al. 1996) and produced similar classifications to within the errors quoted above.
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As discussed in Odewahn et al. (1996), the classification limit in the two BBDS
fields is b; < 27 mag (or I < 25.5 mag). At fainter flux levels, human classification
becomes increasingly unreliable. As illustrated in § 8 (Figures 3-7), it is interesting to
notice that the ANN classifications appear reasonable, even a magnitude or so fainter
than the visual classification limit of the training sets.

These classifications are reasonable because the parameters that are not used in
the classifications (color and effective radius) follow the type-dependent trends for
galaxies at cosmological distances that one would expect from the known properties
of local galaxies (see discussions in § 8.2 and § 8.3). However, this is not proof that
these classifications are therefore correct, and two things are required to verify these
classifications beyond the currently stated limits: higher resolution images of these
galaxies and a better mid-UV training set for the ANN (see § 7.7.2). For the brighter
BBPS sample, the B-band data is too noisy near its completeness limit to believe the
classifications from the B-band images alone. This is another reason for classifying
in the /-band images, which go ~ 0.5 — 1.0 magnitudes deeper even for blue galaxies,
and therefore have a higher signal-to-noise ratio. Therefore, all BBPS fields have
reliable classifications to their respective B—band detection limits listed in Table 6.1,
and the two BBDS fields have reliable classifications to b; < 27 mag (ie. I < 25

mag).
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7.6 Star-Galaxy Separation

The issue of star-galaxy separation is an important one, especially in a survey
of this nature where the goal is to count different types of objects, including the
most compact ones. The star-galaxy separation for the BBPS was initially performed
using a linear division in a single 2-D photometric parameter space. The effective
radius, 7. forms the Y axis. The X axis is formed with the (MORPHOQO) “C42”
parameter. This is a concentration index formed by the ratio of the size of the “total
aperture” to the 50% flux aperture (i.e. the number of effective radii inside the total
aperture). Both apertures have an elliptical shape defined by the median ellipticity of
the ellipse fits to the lower SB isophotes. The determination of the “total aperture”
is a complex procedure, which finds the optimally sized aperture based on the local
signal-to-noise ratio of the sky. An object is classified as a star if C42 > 60.0, or if it
lies below the line r, = 0.010 * C42 — 0.095. These values were determined using the
F814W data from the HDF-N, the HDF-N flanking fields, the 53W002 field and the 6
earlier MDS fields from Driver, Windhorst & Griffiths (1995). They were plotted for
several magnitude cuts using symbols to indicate the morphological types assigned in
our past visual classification work. Bright objects with clear diffraction spikes were
always visually classed as stars. These could erroneously include a few QSO’s, if these
were not otherwise recognized, i.e., from their available spectra (e.g., Pascarelle et al.

1996) or weak radio fluxes (Windhorst, Keel & Pascarelle 1998). By inspecting many
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such plots, the best line that divided the stars and the E/SO types was determined.
At bright magnitudes (usually I < 22 mag for most BBPS fields), the parameter
space always showed a fairly substantial segregation between stars and even compact,
high SB galaxies (likely E/S0). Of course, as we go fainter, this division blurs due to
increasing noise in the extracted r, and C42 measurements. This separation limit is
similar to the one found by Méndez & Guzmén (1998), who used a different method.
Also, a visual inspection of the 40 objects with b; < 21 mag and not classified as
stars showed that this method failed for 12 bright (b; < 19 mag) and saturated stars.
These 12 stars were removed from the the final galaxy counts.

To demonstrate the success of this star-galaxy separation method, Fig. 7.1 shows
the I-band magnitude versus effective radius relation for the BBPS objects, including
those objects that were classified as stars. It is clear that to the BBPS I-band
compact-object detection limit (I ~ 23.75 mag), the stars easily separate out from
most of the galaxies, except for an interesting group of objects, most of which were
initially classified as “elliptical” galaxies, that are small (log(r.") ~ —1) and near the
faint end of the sample (I ~ 22.0 mag — these objects are plotted as pluses in Fig.
1). This raises the obvious and important question of whether or not these objects
are misclassified stars.

In order to test this issue, the Galaxy Model of Bahcall & Soneira (1981) was
used to predict the star-counts in these fields. The model was run for the (Ifb'1)

coordinates of each of the 29 telescope pointings and the resulting predicted star
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Figure 7.1: I-band magnitude vs. effective radius for the BBPS. This figure shows
that misclassification between stars and galaxies occurs for I 2 22 mag. At this
magnitude, a fraction of stars may be classified as early-type galaxies. Note that
stars are only plotted for the BBPS fields and not for the two BBDS fields. The
dashed lines indicate the approximate completeness limits for the BBPS and BBDS,
as discussed in the text. The objects with pluses superposed were re-classified as
“stars”, and are likely globular clusters in the Virgo cluster, as explained in § 7.6.
The scale indicated across the top is for r, in arcseconds.
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counts were averaged together. Fig. 7.2 shows the differential number counts in the
B-band for all non-stellar objects, for the objects classified as stars, for the E/S0O
galaxies only, as well as for the average Bahcall and Soneira model. The first issue
to notice is that the average star count model matches the observed star counts very
well. When compared to the star count model, it is clear that our first pass of the
star counts (plotted as upwards arrows in Fig. 1) turn over at b, > 23.5 mag due to
a significant fraction of misclassifications and incompleteness, even before the galaxy
counts noticeably turnover at b; > 24.5 mag. It is therefore highly probable that
some fainter stars have been misclassified as galaxies. These would have most likely
been misclassified as centrally concentrated (and therefore elliptical) galaxies, as seen
in Fig. 7.1. There is also a color selection effect, in that the fainter stars are expected
to have redder colors and therefore may have escaped the blue selection limit. Note
that, in order for an object to appear in our catalogs, and hence in Figs. 1-7, it had
to be seen in both the B and I filters. The majority of the stars from the two deeper
fields with I > 22 mag are too red [(B — I) > 4 mag | to have been selected in the
BBPS sample. This is less of a problem for the galaxies because, as Fig. 8.5 shows, at
I > 22 mag galaxies have (B—I) colors in the range of 1.0-2.5 mag. Fortunately, at
this brightness level and at fainter flux levels, the galaxy counts are much higher than
the predicted star counts (see Fig. 7.2), even for the early-type galaxies which have
the shallowest counts slope (see also Fig. 8.1). Therefore, the likely contamination

of the faint galaxy counts by misclassified stars is minimal and not significant. The
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few missing bright (b; < 18 mag) stars in Fig. 7.2 are due to the saturation problem
mentioned above. These missing bright stars were obviously detected, but due to
saturation, no reliable fluxes could be measured, so they are not plotted in Fig. 7.2.

Since the star-counts should go as deep as the total object counts, and Fig. 7.2
shows that our first-pass star counts (shown as upwards arrows) turns over before the
galaxy counts, there must be some number of fainter stars that were not classified as
such. Therefore, a second step in star-galaxy separation was applied to rectify this
situation. The model star counts were used as a reference point to update the stellar
classification for by > 23 mag. Therefore, the resulting star counts can not and must
not be used fainter than by > 23 mag to test any star count models. This is not a
problem here, since the goal of this study is to properly count the galazies in order
to compare to galaxy count models as a function of galaxy type. A diagonal line was
drawn in the magnitude-log(r.) parameter space, where both quantities are measured
in the I-band. Note that Fig. 7.1 shows the effective radius (r.) as an average over the
values measured in the B and I bands, while all star-galaxy separation (and galaxy
classification) was done exclusively on the I-band images. All objects to the left of
this line were declared stars and all objects to the right were declared galaxies. This
step did not change the classification of any previously determined stars. The process
was iterated by trial and error until the observed star counts matched the predicted
star counts up to the completeness limit of the total counts. The final star-galaxy

separation line that was used is given by I = —20.313 x log(r.) + 6.188. The objects
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Figure 7.2: Differential star counts for the BBPS data. Objects initially classified
as stars are shown as upward pointing arrows and the final star counts are shown as
stars with error-bars (see § 7.6). The solid line shows the predicted star counts from
the Bahcall & Soneira (1981) Galaxy model averaged over the Galactic coordinates of
all 29 different HST parallel pointings. For comparison, the total counts for objects
classified as galaxies (triangles) and those classified as E/S0’s (circles) are also shown
(see also Fig. 3). Note that to by < 23.0 mag, the initial star-galaxy separation is
good. Beyond this limit, the galaxies begin to far outnumber the stars, so that a few
misclassifications of stars will not substantially affect the results on faint galaxies.
However, at b; 2 23 mag, the star counts become less reliable.
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that were re-classified as stars are shown as superposed pluses in Fig. 7.1, and it can
be seen that the majority of them were originally classified as ellipticals.

However, for any reasonable application of this second pass at star-galaxy separa-
tion, the new star counts were always several sigma above the Bahcall and Soneira
models (at the faint end) and so warranted further investigation. The colors of these
faint centrally concentrated objects were examined and a significant number of them
were grouped around ((B—1)) = 1.444+0.42 mag and the majority of these came from
2 HST parallel fields in the Virgo Cluster, bb016 and bb018. Using the NASA /IPAC
Extragalactic Database (NED), it was realized that field bb016 is only 8!2 away from
MS8T7. This well studied elliptical galaxy is known to have a large and extended glob-
ular cluster population (Harris 1986). If we designate all the compact objects in this
field with the colors mentioned above as globular clusters in Virgo (loosely associ-
ated with M87), and compare the number that we find (N=19) to the surface density
of these objects in Harris (1986), we get very reasonable agreement. The apparent
magnitude of these objects, combined with the M87 distance, also argues that these
have the expected luminosities of Virgo globular clusters. Inspection of the location
of the bb018 field shows that it is situated between two bright Virgo ellipticals M84
(8'2 away) and M86 (9'9 away). It is therefore highly likely that the bb018 star-like
objects (N=18) in this color range are globular clusters in the (overlapping) halos of
both of these galaxies. The final corrected star counts, shown in Fig. 7.2, have these

globular cluster candidates removed, and show that the updated star-galaxy separa-
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tion has no noticeable effect on the total galaxy counts, but do impact on the counts
of the faintest ellipticals, albeit minimally. In fact, given what is known about faint
star counts (Flynn, Gould & Bahcall 1996), even if all faint stars were mis-classified
as early-type galaxies, the E/SO counts would be at most 10% too high in this flux
range.

We emphasize that star-galaxy separation with HST is non-trivial, even at the
relatively bright limit of I ~ 22 mag, because faint galaxies generally have small
angular sizes (see § 8.2 and Fig. 8.4 below), and because objects other than stars and

galaxies can sneak into the HST samples.

7.7 Galaxy Counts as a Function of Type

Objects classified as galaxies were counted in half-magnitude wide bins. The counts
for each field were combined in the following way. The completeness limits in each
field is different for both observational (mainly varying exposure times) and statis-
tical reasons (i.e., cosmic variance). First, the completeness limit for each field is
determined from the flux level at which the total counts in that field turn over (cf.
Neuschaefer & Windhorst 1995). All counts beyond the completeness limit are given
a weight of zero while all counts brighter than this limit are given a weight of one.
Therefore, no field contributes to any magnitude bin (in the combined counts) in
which it is less than 90% complete. The center of the faintest bin that was used from

each field is listed in the last column of Table 6.1. This ensures that the fainter
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points are properly handled given the different exposure times. These weights are
then used to keep track of the area that contributes to the counts in each bin. This
results in some of the fainter bins having a smaller effective area than the brighter
bins, as indicated in Table 8.1. This is not a problem because there are many more
faint objects and hence the statistics in the faint bins are not compromised. Below we
discuss two possible sources of contamination, other than the stars already mentioned

in § 7.6.

7.7.1 Local Large Scale Structure

Some of the parallel fields had coordinates that placed them in or near the edge
of the Coma or Virgo superclusters (as indicated in Table 6.1). In order to test
whether there was any excess of bright galaxies from these superclusters, the counts
were compared for the cluster and non-cluster fields. For fainter flux levels, the
counts from the cluster fields were within the 30 field-to-field variance of the mean
of the non-cluster field counts. The only statistically significant contaminants were
two galaxies from bb019 (b; = 17.08,17.22 mag) and one from bb001 (b; = 17.97
mag), which are in the Coma supercluster. This was the primary HST target which
may, therefore, have biased the bright galaxy sample in the WFPC2 parallels we are
studying here. This a valid and well known concern in HST parallels (¢f. Casertano
et al. 1995), and the obvious remedy is to excise these excess bright galaxies from the

sample. These three galaxies were therefore omitted from the final counts because
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they are not representative of field galaxies in general, given that the primary HST
target was biased towards these clusters.

Also the brightest galaxy in the survey (b; = 16.99 mag) was excluded from the
counts because it is part of the NGC 383 group, which was also the primary target
of that particular HST acquisition. This galaxy is an elliptical that appears to be
interacting with a fainter spiral galaxy, and it was only noticed because the ANN
assigned a much later type. A careful inspection shows that this galaxy contains
a significant disk structure with low level spiral arms which explains why it was
incorrectly classified. Therefore, there was only one true “field” galaxy found in this
survey brighter than b; < 19 mag.

To let the readers judge our line of reasoning for themselves, we plot the three
bright data points based on these four galaxies in the total counts (upper left panel
in Fig. 3), but plot their detected surface density as upper limits, since the true field
galaxy count at these flux levels (16.5 < b; < 18.0 mag) must be lower than the count
that we observe in these few not-so-random parallel fields. This is important for the

discussion of the counts in § 8 and 9.

7.7.2 Misclassification Trends due to the Uncertain Rest-
frame UV

The mid-UV (2500-29004) images of nearby galaxies available thus far (Windhorst
et al. 2002) suggest that it is more likely to misclassify true ellipticals or early-type

spirals in the rest-frame mid-UV as late type galaxies than the other way around.
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This is because truly late-type galaxies are dominated by young and hot stars in filters
from the mid-UV to the red, and so have to first order the same morphology and a
rather small morphological k-correction. However, early-type galaxies (ellipticals and
early-type spirals) can, although do not have to look dramatically different when one
goes from the rest-frame mid-UV to the optical-red part of the spectrum. Hence,
misclassifications due to the morphological k-correction will more likely move more
ellipticals and early-type spirals into the late type/irregular category, rather than
vice versa. Since all galaxies in the present study were classified from /-band images,
this would only be relevant for galaxies with redshifts of z 2 1.8, which corresponds
to the fainter part of our sample, as can be seen in the morphologically segregated
redshift distributions of Driver etal. (1998). These redshift distributions show that
significant numbers of z 2 1.8 galaxies are only present in fainter sample where the
classifications become increasingly unreliable (b; 2 27.0 mag) for reasons discussed in
§ 7.5. While this can perhaps explain part of the excess late-type/irregular galaxies
at faint magnitudes as discussed below, it cannot explain all of the FBG excess, and
it certainly cannot explain the apparent excess of early-mid types at b; 2 24 mag

relative to the best available models, as discussed below.
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Results

Here we present our results for the ~ 1800 BBPS galaxies as a function of measured
B-band brightness and ANN morphological type. The statistically complete sample

is composed of ~ 370 galaxies with 19 < b; < 23.5 mag.

8.1 The Morphological Galaxy Counts

The fundamental question we will address in this section is that of the galaxy
counts as a function of morphological type at fluxes between the ultra-deep HST fields
and what can be done from the ground. We will show that, in order to use galaxy
counts as a function of morphological type to address issues of galaxy evolution, this
intermediate flux range is crucial.

In Fig. 8.1, we show the BBPS galaxy counts as a function of morphological type.
Also included for comparison are the deeper counts from the two BBDS fields (Ode-
wahn et al. 1996). At the bright end (b; < 18 mag), we include as upper limits the
four galaxies, discussed in § 7.7.1, that were excluded from the sample due to their
high probability of not being representative of field galaxies. Also plotted are the
combined ground-based counts from the Millenium Galaxy Catalog (MGC; Liske et

al. 2002), which is a wide-field B-band CCD survey covering 30 square degrees, which
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Figure 8.1: Differential B-band galaxy counts for all BBPS galaxies as a function
of morphological type and b; magnitude. The solid blue points represent the new
BBPS data that cover 18 < b; < 24 mag. The open triangles (HDF-N) and open
circles (53W002) represent the counts from the two deeper fields analyzed in the same
way as the BBPS counts. The curves are predictions from local LF plus no-evolution
models as described in Odewahn etal. (1996) and in Driver etal. (1995a). The
models assume a cosmology with (Q57,Q4) equal to (0.3,0.7). These non-evolving
models use the type-dependent LF’s of Marzke et al. (1994; dashed lines) or Marzke
etal. (1998; solid lines). The open squares show the upper limits at the bright-end,
as described in the text. The red diamonds are the total ground-based CCD counts
from the Millenium Galaxy Catalog (Liske et al. 2002) and the green squares are from
a first part of the SDSS (Yasuda et al. 2001). These SDSS and MGC total counts
are perfectly consistent. The reliable classification limit in the BBDS is b; < 27 mag,
based upon the available training-sets and S/N in the images (see text and Odewahn
et al. 1996).
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Table 8.1: Differential b;-band Galaxy Counts as a Function of Type

by by log,o(n) logy(n) logy(n) logyy(n) Effective Area
lower! upper! Total*®* E/SO Sabc  Sd/Irr (Square Degrees)
18.5 19.0 1.431 1.431 e <o 0.0370
19.0 19.5 1.732 1.431 1.431 e 0.0370
19.5 20.0 2.209 1.732 1.908 1.431 0.0370
20.0 20.5 2.033 1.431 1.431 1.732 0.0370
20.5 21.0 2.473 2.033 1.732 2.130 0.0370
21.0 21.5 2.687 2.033 2.033 2.431 0.0370
21.5 22.0 3.011 2.334 2.607 2.607 0.0370
22.0 22.5 3.164 2.431 2.635 2.878 0.0370
22.5 23.0 3.390 2.577 2.878 3.121 0.0370
23.0 23.5 3.596 2.753 3.172 3.276 0.0370
23.5 24.0 3.840 2.863 3.350 3.596 0.0370
24.0 24.5 4.006 2.857 3.556 3.764 0.0361
24.5 25.0 4.162 3.021 3.609 3.974 0.0295

Lower and upper b;-magnitude bounds of given bin

2All counts are log;,(Number/sq. degree/0.5 mag)

3The 23 < b; < 23.5 mag bin is the faintest bin where the total counts are better
than 90% complete.

we have analyzed using the same software allowing for the best direct comparison of
our HST work to brighter ground-based data. For independent comparison, we also
plot the transformed to the b;-band counts from the SDSS Commissioning Data (Ya-
suda et al. 2001). Both sets of ground-based counts match up well with the HST
counts. The BBPS number count data are tabulated in Table 8.1.

The galaxy counts for the three main morphological types in Fig. 8.1 now span a
range of nearly 10 magnitudes (18.5 < b; < 28.5 mag), of which about 8 magnitudes
(19 < by < 27 mag) have decent statistics and reliable classifications. This is a major

improvement in survey dynamic-range that could not have been achieved from the
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ground, since reliable classifications are not possible for most galaxies in ground-based
seeing for b; 2 19 mag (see § 8.2). This also could not have been achieved from a
few single deep HST fields, since these do not have sufficient statistics for b; < 24
mag. Thus, the current combined HST morphological counts have the potential to
set significant constraints on galaxy evolution models in the flux regime 19 < b; < 27
mag. This is especially important for b, 2 25.5 mag, where routine spectroscopic
measurements with 8-10 meter class telescopes becomes increasingly difficult and
incomplete.

The total counts are remarkably continuous and smooth from b; ~ 18 mag down
to the formal HDF detection limit of b; ~ 29 mag. In the flux range where both
surveys have good statistics (22 < b; < 24 mag), the type-dependent counts for the
BBPS and BBDS samples show good continuity, adding confidence that the I-band
classifications of the faint BBDS galaxies are consistent with the brighter counts.

For comparison with this new data, we plot in Fig. 8.1 models for the galaxy count
models that are based on the local LF as a function of galaxy type, as described
in Driver et al. (1995a), Driver, Windhorst & Griffiths (1995) and Driver et al.
(1998). These model have been updated using the currently favored flat cosmology of
(Qa1,24) = (0.3,0.7) and more recent estimates of the local LF. The solid lines use
the type-dependent LF’s of Marzke et al. (1994; hereafter CfA) and the dashed line

uses the more recent ones of Marzke et al. (1998; hereafter SSRS2). These are simple

zero evolution models, which include only k-corrections with no explicit evolution in
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luminosity, number density or color. The models in the upper left panel of Fig. 8.1 are
the sums of those of the individual types in the other panels. No LF-normalization has
been applied at the bright end. In fact, these new data show that such normalization
is not needed, and that a global (i.e., the same factor for all types) LF-normalization
would cause the models to overpredict the observed counts for both the E/S0’s and
the Sabc’s. Such an LF-normalization has been used in the past to help explain the
excess of fainter galaxies (for a discussion, see Driver, Windhorst & Griffiths 1995;
Marzke et al. 1998), but this is incompatible with the new data presented here.
Therefore, the current data argue against a blanket LF-normalization with the
same amplitude for all types. This directly results from the fact that the new BBPS
data yield both morphology and b;-band magnitudes nearer to the normalization
point (by = 18 — 20 mag) than previous studies did. The adopted cosmology, which
allows for more volume at high redshifts than an Einstein—de Sitter (2 = 1) model,
has little effect near the normalization point, but serves to bring the models slightly
closer to the data at fainter fluxes (e.g., the two models differ by a factor of = 2 at
bs ~ 26 mag). From the high dynamic range of the current survey it is now becoming
clear that the FBG ezcess is almost entirely due to the late-type galaxies, which have
the steepest slope at the bright end, and are the most numerous type at the faint
end of the counts. In fact, we will argue that more than 90% of the FBG excess for
b; 2 25 mag is attributed to these late-types. The next question to address is how

to explain this.
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8.1.1 Evolution Models vs. Renormalization

As Fig. 8.1 shows, the local LF’s with zero-evolution do not reproduce the observed
galaxy counts as a function of type. Though this is most pronounced at the faint
end, it is also true at the bright end, especially for the late-types. This difference
between the local (i.e., where the LF’s have been measured) and the more distant
Universe needs to be further investigated. One way to model this discrepancy would
be through a normalization of the models, which is the equivalent of compensating
for the possibility that the local present day Universe is either over- or under- dense
in a particular type (or every type) of galaxy. Another way is to assume some type of
evolution (e.g., luminosity or number-density) in the galaxy populations at relatively
low redshifts.

Under the assumption that the data do not justify an LF-normalization of the
models, especially for the early-types, we include luminosity evolution as a first step
to explain the galaxy excess at faint magnitudes. As described in Driver et al. (1995a),
we assume that galaxy luminosities evolve as L o< (1+2)?, which is supported through
the CFRS for early-mid type galaxies (Lilly et al. 1995b). As local references, we use
the LF’s of the SSRS2 (Marzke et al. 1998), which are the best available until the
morphologically type-dependent LEF’s from the 2dFGRS and SDSS become available.
Fig. 8.1 shows that using the CfA LF’s leads to the same qualitative conclusions in

the discussion that follows. The new evolutionary models are plotted in Fig. 8.2.
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The 8 = 0 (no evolution) models are shown in black, § = +1,+42, +3, etc (positive
evolution) are shown in green and 8 = —1, —2 (negative evolution) are shown in red.

The no-evolution models (§ =~ 0) clearly provide reasonable fits to the BBPS
data for both the E/SO and Sabc for b; < 24 mag. This implies that the majority
of these types with b; < 23 mag were in place by the redshift z ~ 0.5, which is
the median redshift at this magnitude. There is an indication that models with a
little more evolution may better describe the data, but a small type-dependent LF-
normalization would also fit the data. From the bright-end to the limit of b; < 23—24
mag, ellipticals are well fit by § ~ 1 or a modest upward LF-normalization of +0.1
dex. Similarly, mid-type spirals are well fit by 8 ~1-2 or an upward LF-normalization
of ~0.1-0.2 dex for b; < 24 mag. The CFRS has shown that giant early-mid-type
galaxies underwent luminosity evolution with 8 ~1 since z < 1 (Lilly et al. 1995b),
which further supports our suggestion that a significant upward LF-normalization of
the early-mid types is not warranted.

As has been noted in the past (Driver et al. 1995a), the late-types are clearly in
excess of the no-evolution models over the full flux range shown here. In fact, even
the most rapidly evolving model (8 = +5), under-predicts the faint Sd/Irr counts at
b; 2 24 mag. The best model for the total galaxy counts is the sum of this rapid
evolution model for the late-types plus the no-evolution models for the earlier types
(8 =0), and is shown in green in the upper left panel of Fig. 8.2. This model follows

the observed total counts to the flux level b; < 22 — 23 mag, fainter than which the
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Figure 8.2: Evolutionary models for the differential B—band galaxy counts as a func-
tion of morphological type and b; magnitude. The solid blue points represent the
new BBPS data that cover 18 < b; < 24 mag. All plotted data symbols are the same
as in Fig. 8.1. These models use the LF’s of Marzke etal. (1998), and assume galaxy
evolution in the form of L o< (1 + 2)?. The no-evolution (3 = 0) models are shown
as solid black lines, positively evolving models with § = +1,+2,+3, +4, 45 as green
lines, and negatively evolving model with 8 = —1, —2 as red lines. In panel (a), the
red line is for § = 0 for all types, and the green line is for § = 0 for the E/SO and
Sabc galaxies and § = +5 for the Sd/Irr population. Clearly the Sd/Irr counts in
panel (d) are well above any reasonable model for b; 2 23 mag, and this is causing
most of the excess of the total counts in panel (a).
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late-type irregulars cause the biggest discrepancy. If one wanted to completely fit the
total galaxy counts with a no-evolution (8 = 0) model, one would have to normalize
the late-type LF by a factor of ~ 4 — 5, and such a large LF-normalization factor
would be difficult to explain in any case as a deficit of galaxies in local surveys or
inhomogeneties in local large-scale structure. A combination of luminosity evolution
and LF-normalization is also a possibilty to fit the late-type counts over the full flux
range presented here, but better statistics for b; < 20 mag are required for a stronger
statement to be made in this regard.

In order to illustrate that the FBG excess is dominated by late-types, we consider
two extreme cases. First, if one assumes that the zero-evolution, zero-renormalization
models are correct, then the excess of the data over the models for 25 < b; < 26 mag
is composed of approximately 95% Sd/Irr’s. In the other extreme, where the E/S0’s
and Sabc’s are modeled by zero-evolution, zero-renormalization and the late-types
are renormalized a factor of 10 (an upper limit for illustrative purposes), then the
FBG excess in the same magnitude range is only slightly reduced to 93% late-types.
In other words, assuming that the models and classifications are reasonable, both
the faint counts and the FBG excess over the model predictions are dominated by
late-types.

One caveat that should be mentioned is that the morphological LF’s from the
SSRS2 are separated by type (E/SO, Sabcd, Irr/Pec) differently than our data where

we place the Sd’s in the late-type category. Assuming an upper-limit of Sd galaxies
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comprising 25% of all spirals, this would argue for lowering the models for mid-types
by this much and raising the late-type models by a similar amount. This is too
small an effect to be seen in the current data, but ultimately it is an issue that
should be resolved. Another possible explanation for the excess of late-types is that
they were somehow excluded from the local surveys, many of which were based on
photographic data which have inherent low surface-brightness selection issues. In
fact, if one examines the data for the late-type LF (i.e., Marzke et al. 1998), it
is seen that there are far fewer of this type of galaxy, relative to the other types,
in each luminosity bin. This means that whether the lower SB galaxies exist and
were undetected or don’t exist at all, the late-type LF is necessarily the least well
determined of the three. This potentially could be resolved with a new determination
of the local LF’s from more modern data such as SDSS and 2dFGRS, although careful
attention must be paid to not select against these late-type galaxies which is clearly
a difficult problem to avoid.

It is also readily apparent from Fig. 8.2 that none of the models fit beyond b; 2 24
mag. This probably implies that we are seeing the epochs where galaxy evolution is
more dramatic and not well described by our model. Merging and hence number den-
sity evolution probably play a major role in this regime and our models are therefore
most likely too simplistic. The issue of merging and the effects of the A are further
discussed in § 9.4.

The new BBPS data shown here make it very clear that the issues of renormaliza-
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tion versus evolution cannot be disentangled without a statistical sample of galaxies
with morphological types that extend to even brighter magnitudes. The steep slope
of the late-type counts at the brighter end (b; < 20 mag) indicates that filling this
portion of parameter space should provide a large step forward in modelling the
galaxy counts. Once this is done, different evolutionary scenarios can be modelled
and tested. Also, questions of merging and/or morphological evolution should be
further investigated, but this requires the redshifts to be known (c¢f. Le Févre et
al. 1999). Unfortunately, the bright-end of the counts cannot be filled in by HST,
because the surface density of bright galaxies is too low to efficiently use the small
HST field-of-view. We will show in § 10 that ground based efforts it b; = 19— 20 mag
are limited by atmospheric seeing, but is still plausible with the large CCD surveys
that are now being conducted, as long as the best seeing (FWHM < 170) images are

used.

8.2 The Magnitude—Effective Radius Relation

The apparent effective radii of galaxies in the BBPS are shown in Fig. 8.3 as a
function of B-band brightness and ANN type. Plotted is the half-light or effective
radius (r.), averaged over the two pass-bands, versus B-magnitude. This is the radius
of the galaxy containing half the light, with no assumption about the shape or type
of profile. It is determined from integration of the light-profile. The dark short-

dashed lines represent the approximate detection limits for the exposure depths in
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Figure 8.3: B-band magnitude—effective radius relation for galaxies in BBPS and
BBDS data sets. The thick dashed lines represent the approximate completeness
limits for the deep and shallower surveys as described in the text. The lines that
are almost vertical at the faint end from Odewahn etal. (1996) show the expected
by relation for redshifted RC3 galaxies of a given absolute magnitude and assumed
cosmology, as indicated. Objects below the horizontal line at b; = 27 mag are beyond
the reliable classification limit of the BBDS. The scale across the top indicates 7, in
arcseconds. The quantity r. plotted here is the average of the individual effective
radii measured from the light profiles in the B and I pass-bands. The r, values are
generally similar between the B and I filters, so yielding a better measure of ..
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the two surveys. The detection limit for smaller, unresolved objects was modeled as
a simple Gaussian source convolved with the SExtractor convolution mask. The limit
for the more extended objects was modeled by an exponential disk. The fact that
the object detection is based on surface-brightness (i.e., a minimum number of pixels
above a specified threshold) makes it readily apparent that bright extended objects
could be missed by automatic detection procedures. This is further discussed below.
The colored lines that are almost vertical at the faint end give the expectations for a
local galaxy of a given absolute magnitude, morphological type and intrinsic effective
radius (as determined by a type-dependent relation between absolute magnitude and
size from the RC3) that is redshifted back to higher z. These are the same models
used in Odewahn et al. (1996), except that here we used the Q,, = 0.3, = 0.7 and
H, = 65 km/s/Mpc cosmology.

The general trend in Fig. 8.3 is that the brighter objects appear larger, even
given the plotted completeness limits. More interestingly is that there are separate,
although overlapping, size distributions for the different morphological types. This
is shown in more detail in the histograms of Fig. 8.4. It is important to emphasize
that size information was not directly used in classifying the galaxies. As seen in
these histograms, the general trend is that, at a given flux level, E/SO galaxies are
the smallest in size while the Sd/Irr class contains the larger galaxies. The arrows
represent the observed medians of the distributions for the BBPS (thin arrow, solid

line) and for the BBDS (thick arrows, dashed line). In rows where both data sets
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Figure 8.4: Distributions of galaxy sizes as a function of B-band brightness and
I-band morphological type. The arrows indicate the median effective radii for the
given distributions. The solid histograms and thin arrows are for the BBPS (using
the number scale plotted on the left), and the dotted lines and thick arrows are the
BBDS (using the scale on the right). In the second and third rows (23 < b; < 25.2
mag), the BBDS data has been scaled up by the ratio of the areas of the two data-sets
for comparison purposes. The completeness of the histograms as a function of flux
and size is discussed in the text.
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are shown, the BBDS histograms have been multiplied by the ratio of the areas of
the two data sets, while the actual BBDS numbers are shown on the right axes. In
all cases, the BBDS medians are (somewhat) larger than the BBPS medians. The
fact that the BBDS and BBPS medians do not match in the second and third rows is
due to the fact that the detection limit results from the different surface-brightness
completeness thresholds in the two types of surveys, which reach rather different
depths. The BBPS limit shown in Fig. 8.3 shows that a galaxy with b; ~ 24.5
mag and r. 2 0”8 would escape detection in the BBPS, but would easily be seen
in the BBDS catalogs. Therefore, in rows 2 and 3 of Fig. 8.4, the BBPS median
effective radii are lower limits, while the BBDS medians are more realistic, but suffer
from small number statistics. The bottom two rows of the histograms come from
the BBDS alone and suffer from similar SB-selection problems as the BBPS has at
brighter levels. In general, the main result is that at a given brightness level, the
early-type galaxies appear smaller than the mid-type galaxies which appear smaller
than the irregulars, and that fainter galaxies in general appear smaller than brighter
ones. All this can be qualitatively seen in Fig. 5 — bearing in mind the respective
SB-completeness limits of the different samples — and quantitatively in Fig. 6.

The trend for the two samples is the same to the completeness limit of the BBPS
sample (b; < 23.5 mag). The two BBDS fields are also included because they go
deeper (formally b; < 27.5 mag for 53W002 and b; < 29.0 mag for HDF-N, see

(Odewahn et al. 1996)), and because there are enough galaxies past by = 24.5 mag

~J
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to make the comparison. The reason that the BBDS samples in Figs. 5-7 do not
appear to go as deep in as they did in Odewahn et al. (1996) is that these deep
survey fields were re-analyzed in an identical way to the BBPS, in order to make
the optimal comparisons in the flux range where both surveys overlap. This includes
the requirement that, because of the limited number of parallel orbits available, an
object had to be detected in both the B and the I-band filters in order to be declared
real. The middle panels (23 < by < 25.2 mag) for the three types clearly show that
the larger BBPS objects are missing at this flux level, which is due to the stated
surface brightness detection limits. The fact that the medians in the third row for
the BBDS are larger than for the BBPS in the second row clearly illustrates that the
completeness limit is a function of size as well as brightness, i.e. a surface brightness
limit.

This surface brightness limit is very important because galaxy morphology is corre-
lated with surface brightness. The later-types are more extended than the early-types
at a given magnitude, and therefore are of lower surface brightness. This would imply
that the galaxy counts from the BBPS could be underestimated for the later-types
for by 2 23 mag. It is not clear whether this is actually the case in the galaxy counts
of Fig. 8.1. Although the BBPS counts are slightly lower at this flux level than in
the deeper fields, which also have a better SB threshold, the difference is not much
larger than what we have seen from field-to-field variations. A careful examination

of Fig. 8.3 shows that a small, but not insignificant number of b; < 23.5 mag lower
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surface-brightness (large r.) galaxies from the deeper fields would be missed in the
BBPS due to the different SB-thresholds and these are mostly later-typed galaxies.
Though only about a 10% effect at by ~ 23.5 mag, it quickly becomes a larger prob-
lem as one goes to fainter fluxes. Therefore, the surface brightness selection criteria,
which was implemented by specifying a certain area above a threshold in SExtrac-
tor, could cause later-types to be omitted, but that appears to be a minor effect for
b; < 23.5 mag in the BBPS. However, this is an important issue and the surface
brightness—morphology correlation must be considered when detecting objects in this
manner. Though presented here in the context of our b; 2 19 mag HST data, this
issue is equally important for both past and new local galaxy surveys, which need to

be careful not to select against late-type galaxies.

8.3 The Color—Magnitude Diagram

Fig. 8.5 shows the (B-I) color-magnitude diagram for this data. The two BBDS
fields were (re-)analyzed in exactly the same way as the 29 BBPS fields to allow
optimal comparison. It is important to re-emphasize that the color was not an input
parameter for the ANN classifier. Colors were measured in matched and registered
elliptical apertures whose sizes and shapes were determined from the B-band images.
For any given type, there is no tight correlation of color and magnitude that might be
expected if one were observing a uniform population at different redshifts, suggesting

that we are seeing a scatter which is cosmic in origin.



73

<
Ll

(4

Brasow (Ag corrected)

2 AN A . (]
-2 -1 0 1 2 3 4 5 6

Figure 8.5: The B vs. (B — I) color magnitude diagram as a function of galaxy type.
Each of the three different morphological ANN types are plotted in different panels
as indicated. Both the two BBDS (solid symbols) and 31 BBPS (open symbols) fields
were measured in exactly the same way for consistency. The slanted and horizontal
black lines indicate the B-band and I-band 50% detection limits, respectively. The
solid black line at b; = 27 mag indicates the I-band classification limit (as limited by
the uncertain rest-frame near-UV morphology and S/N considerations). The models
are plotted for a Mp = —20.7 mag galaxy that is either 14 Gyr old (solid) or 13
Gyr old (dashed). The non-evolving model is plotted as a red dot-dashed line. The
red, green and blue lines are meant to be representative of E/S0, Sabc and Sd/Irr
galaxies, respectively, although they are not neccessarily unique. More details of the
models can be found in the text.
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In general, the B vs. (B — I) color-magnitude diagram shows that the reddest
galaxies are E/S0’s while the bluest ones are Sd/Irr’s, with the Sabc’s filling in the
broad part middle of this range. However, there is also a fraction of red galaxies that
are classified as “late-types.” These could either be misclassifications, or possibly
galaxies with some star-formation that is reddened by dust.

There are also some very blue galaxies that have been classified as ellipticals, as
also noted by Driver, Windhorst & Griffiths (1995), who used (V — I) colors. This
could result from several factors. First, they could be misclassified objects. This is
unlikely at brighter flux levels, unless the profile is contaminated by a neighboring
galaxy, because ellipticals are so compact, which causes the S/N in the light profile
to be rather good. Secondly, some of these, especially the brighter ones, may be
misclassified and/or possibly saturated stars. Visual inspection shows this to be
unmistakably true only for the few bluest outliers. The third possibility is that
some of the “elliptical” galaxies have an additional and significantly younger stellar
population. This could be indicative of a burst of recent star-formation, as is seen in
Compact Narrow Emission Line Galaxies (CNELGS;cf. Koo et al. 1995). A fourth
possibility, is that these objects, especially those with a small measured ., could have
a significant AGN component. Lastly, this could be similar to the recent evidence
against the traditional single burst model for star-formation in elliptical galaxies (cf.
Glazebrook et al. 1998; Jimenez et al. 1999). This would require significant ongoing

star-formation (possibly induced by a recent minor merger), while the light-profile of
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the product had already sufficiently settled into an r!/4-like profile.

To test these conjectures we have adapted the models of Windhorst et al. (1994),
which were based on those of Windhorst et al. (1985) and and Kron, Koo & Windhorst
(1985), for our filter set and cosmology. In each panel of Fig. 8.5, we have plotted
these models for Mg = —20.7 mag which is approximately L* for this cosmology. The
solid lines are for ages (i.e., last major epoch of star formation) of 14 Gyr, the dashed
lines are for 13 Gyr and the dot-dashed line is a non-evolving model. The red lines
are 1-Gyr early-burst or C-models that would represent early forming E/S0’s that
form all of their stars during the first Gyr after formation begins. The green lines
are passively evolving = 0.7 models, where 70% of the mass forms into stars in the
first Gyr with an exponentially declining SFR and is representative for the mid-type
Sabc’s. The blue lines are actively evolving p = 0.4 models, where only 40% of the
mass forms into stars in the first Gyr, a reasonable approximation for Sd/Irr’s. We
plot all models for each morphological type to allow a comparison of the morphologies
with star formation histories.

Note that some galaxies appear “redder” than the red/green upper envelope model.
Another way to look at this is that they are instead more luminous than the Mg =
—20.7 mag models plotted. Had one plotted instead the brighter Mp = —21.7 mag
models, or an even brighter model like Mp = —22.2 mag, these objects would also
have been represented by these upper-envelope models (i.e., the models would simply

shift upward/brighter by —1.0 or —1.5 mag). The same is true for the blue model
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representing the late-type objects — they do in general explain the observed blue
objects rather well except for the few very blue objects seen at (B — I) < 0.0 mag.
Those would generally require later star formation than is present in the y = 0.4
model, have a weak AGN component and/or possibly have larger photometric errors.

Therefore the observed spread in color present in the data is roughly represented
by a reasonable range of plotted models (the C-models through the y = 0.4 models),
except for the very reddest and bluest objects. The former can be explained by
assuming Mg = —21.7 mag to Mg = —22.2 mag, the latter by assuming a more

constant star formation scenario (perhaps p = 0.1 — 0.2).



CHAPTER 9

Discussion

Here we discuss the properties of the three morphological types as seen in the
present BBPS data and compare it to other studies. The discussion will focus on the

brighter BBPS galaxies, since that is the main subject of the present paper.

9.1 E/S0’s

Adding the brighter elliptical counts from the BBPS does not substantially change
the conclusion of Odewahn et al. (1996) that these counts can be modeled rather well
by the no-evolution predictions for b; < 25 mag. The new data strengthens this con-
clusion and also argues against re-normalizing the models of the E/S0 galaxy counts,
although there is the hint that these galaxies may be undergoing some evolution at
the faint end (by 2 24 mag). As discussed in § 5, the issue of evolution of the ellipti-
cals, which in principle should be the simplest to study, is far from settled. It is clear
that the high resolution of HST is needed to select a sample of field ellipticals, and
that redshifts for all objects are also needed. This was done for 46 galaxies from the
CFRS/LDSS (Schade et al. 1999), which showed that field ellipticals are not com-
posed entirely of old stellar populations, but were largely in place since z ~ 1 and

therefore support the view of an early formation epoch with occasional, more recent
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episodes of star-formation.

Though the reddest galaxies at a given magnitude are generally of early-type,
Fig. 8.5 shows that there is a broad range of colors for galaxies of elliptical morpholo-
gies. The same conclusion was reached by the CFRS/LDSS, who computed rest-frame
(U — B) from the observed (V' — I) using the measured redshifts. As previously men-
tioned, the bluer ellipticals could be similar to the CNELGs (i.e. compact and blue),
which are thought to be distant analogs of local HII galaxies as well as progenitors
of today’s spheroidal galaxies (Koo et al. 1995).

The size distribution in Fig. 8.4 shows the well known fact that the ellipticals
are the most compact galaxies of all Hubble types. The average effective radius for
by < 24 mag is r. ~ ("35. It was also shown in Fig. 8.4 that their effective radii
increase with brightness.

Overall, these results are somewhat contrary to the view that all ellipticals are
just old fossil galaxies, which all formed at the same time, whose stellar populations
are simply passively evolving or are well understood. While this seems true in the
local Universe, the evidence is mounting against old red ellipticals at higher redshift,
where there seems to be a larger color scatter for all types than is seen locally at
the same rest-frame wavelengths. Even in high redshift cluster studies (e.g. at z =
0.83; van Dokkum et al. 2000), there are cluster galaxies with redder colors that
are not of elliptical morphology. Therefore, it is dangerously uncertain to use a

single color for high redshift galaxies as an indicator of morphological type. However,
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it may still be possible to determine types by using multiple colors which means
that the galaxy spectrum is being sampled in more than two places across the SED,
assuming that the spectra of the objects are well understood. Given that there seems
to be some discrepancy between the properties of the local and distant elliptical
galaxies, a comprehensive comparison of their SED’s seems warranted in order to

further investigate the situation.

9.2 Sabc’s

The counts of the BBPS spirals also do not seem to require a large amount of
luminosity evolution nor a renormalization to fit the models based on local LF’s.
There are far more spirals than ellipticals, but the numbers of mid- and late-types
are about the same for a given magnitude. The sizes of the spirals are larger than
the early-types and they have a median of r, ~ 0741 at b; < 24 mag. It is important
to re-iterate that a comparison of the deeper BBDS sample and the BBPS in a flux
range where they overlap shows how the surface-brightness selection biases the sample
against the larger galaxies at a given magnitude. This is a result of defining the object
detection limit as a minimum area above some threshold SB. This is seen in Fig. 8.4,
where the higher signal-to-noise BBDS fields have a larger fraction of larger mid-
and late-type galaxies than the BBPS for b; 2> 23 mag. Lilly etal. (1998) showed

that the distribution of the physical sizes of larger (™! > 3.2 kpc) disk galaxies is

roughly constant for z < 1. However, a study of the HDF-N disk galaxy sizes showed
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an excess (in relation to a CDM model prediction) of faint (Mp > —19 mag) disk
galaxies with smaller sizes (Rq < 2 kpc) seen from z < 3 even down to z ~ 0.5
(Giallongo et al. 2000). It is clear that the issue of size evolution and the growth of
disks in spirals is far from settled, and the significant number of BBPS spirals found
in the current work will allow further spectroscopic studies to elucidate the physical
properties of these objects.

The observed colors of the spirals show a similar distribution to the irregulars.
The spiral distribution is also broad, but the median is bluer than that of the early-
types — (B — I)meqa = 2.8 mag for E/SO versus (B — I)eq = 2.1 mag for Sabe for
by < 24 mag. This large dispersion in color is likely due to an intrinsic difference in
the galaxies, and not entirely to bandpass-shifting. This is apparent in the redshift
dependence of the (B — I) color given by Roche etal. (1997), which shows that the
dispersion in color expected for a given type is small for z < 1, especially for the
later-types. A large dispersion in the rest-frame (U — V') colors was also shown to
exist in the disk dominated galaxies of the CFRS/LDSS with only a weak dependence

on redshift (Lilly et al. 1998).

9.3 Sd/Irr’s

The counts of galaxies beyond b; 2 24.5 mag are dominated by the later-types.
An examination of the counts of the brighter BBPS galaxies shows that somewhat

brighter than b; ~ 22 mag, the counts become dominated by spirals. It will be
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very important to carry out this study to even brighter magnitudes (b; < 19 mag
— with HST or from the ground in the best possible seeing) to see exactly where
this crossover occurs. This will be very near the region where the count models are
normalized (b; ~ 18 mag), which makes it all the more important to understand the
LF normalization as a function of galaxy type.

The Sd/Trr’s are generally more extended than the spirals and ellipticals and,
by definition, have a less regular appearance. At b; < 24 mag, their median size
is 7. ~ 0”61 and the SB selection effect mentioned above is therefore even more
important here. The color distribution is very similar to the spirals. In fact, the
bright spirals seem very similar to the bright late-types in terms of number counts,
colors and sizes. However, given that they are classified differently by the ANN,
they have differently shaped azimuthallty averaged light profiles. These Sd/Irr light
profiles are similar to those of galaxies that have been visually classified as late-types
(i.e. the training set of Odewahn et al. (1996)). The ANN types used here are based
on a system that does not have a merger class. Mergers are most effectively studied
by combining the high resolution imaging with measured redshifts (Le Fevre et al.
1999) to rule out chance superpositions of pairs. Hence, without redshift information
for all 1800 BBPS galaxies to by = 24.5 mag, we will defer studies of the pair-fraction

and merger rate until spectroscopic or good photometric redshifts become available.
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9.4 A Possible Explanation for the Excess of All
Types at b; 2 24 mag

Perhaps our most curious result is that none of our new models fit the observed
galaxy counts as a function of type at flux levels fainter than b; 2> 24 mag (Fig. 8.2).
This is despite the fact that these models now contain the latest A-dominated cos-
mology and the best available local LF as a function of type. For all galaxies, there
appears to be a significant excess for 24 < b; < 27 mag, which corresponds to a range
in median redshift of approximately z,eq =~ 0.5 t0 Zmeq =~ 1 — 2. This excess amounts
to up to a factor 3—4 for the early—mid types, and up to a factor of 6-10 for the late
types with respect to the local LF plus the best fit luminosity evolution model for
by < 24 mag (i.e., f = 1 for early-mid types and g = 5 for late types). This appears
to be a robust result, since the model galaxy counts as a function of type approxi-
mately fit the brightest available data points, which are now around b; ~ 19 — 20
mag.

In this section we suggest a possible explanation for this, namely that we are
witnessing a global and type-dependent excess of galaxies of all types at b; 2> 24
mag, where the median redshift is 2.4 2 0.5 — with a larger excess for the late
types — and explore possible physical causes for this excess.

Together with the small galaxy sizes (Figs. 8.3 — 8.4) seen at faint magnitudes, this

excess suggests that faint galaxies may be more numerous and smaller at z ~ 1 — 2



83

compared to the ones seen today. While the luminous disk galaxies seen at z < 1
have approximately the same size distribution as that seen today (Lilly et al. 1998),
this may no longer be true for z 2 1. Hierarchical formation scenarios predict larger
numbers of smaller objects in the epoch z ~ 1 — 2 and beyond. Based on the redshift
distribution as a function of morphological type, Driver et al. (1998) suggest that an
excess of mid-late type galaxies is seen for I 2 23 mag (b; = 24.5 mag), especially
in the redshift range z ~ 1 — 2. They tentatively identified this epoch as the epoch
of disk formation. If true, then both the intrinsically smaller disk galaxies at z 2 1,
and the temporary end-products of the mergers (i.e., the early-types), as well as the
building blocks and mergers-in-progress with temporarily enhanced star-formation
(i.e., the late types/irregulars/peculiars) may all be enhanced in numbers past z = 1,
and also be smaller in size and mass.

Galaxy formation may have proceeded such that, in the redshift range z ~ 1—2 and
at higher redshifts, both the early- and mid- and late-types were present, but likely
in proportions that slowly changed with cosmic time, and likely with considerable
migration back and forth between galaxy classes. For example, mergers between two
spiral disks, or between a spiral and an irregular would eventually result in a bulge
dominated galaxy, but since star-formation is known to not be a very efficient process,
not all gas would be used up during that merger, nor would that gas necessarily reach
escape velocity, so the gas would eventually settle back as a bulge dominated galaxy

with a newly re-formed disk (e.g., Hibbard & van Gorkom 1996). Hence, the end-
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product of a merger would temporarily be a bulge-dominated galaxy, but it could grow
a disk back in the next few gigayears after the merger, and then look like a spiral
galaxy until the next (major) merger occurred. Similarly, many luminous irregulars
and peculiars may be the temporary stages when observing mergers in action before a
system settles as a bulge-dominated or a disk-dominated galaxy (Barnes & Hernquist
1996), although a good fraction of the late types that we see may likely just be the
numerous smaller galaxy building blocks from which the hierarchical merging started
(Pascarelle et al. 1996). In conclusion, in the hierarchical scenario, there would be
considerable migration back and forth between galaxy classes, and galaxies at high
redshifts would be smaller and more numerous than those seen locally (Fig. 8.2),
consistent with the excess seen for all types at b; 2 24 mag (Fig. 8.2b— 8.2d).

The one remaining issue that begs an explanation is what physical mechanism
could explain the larger numbers of all types at b; 2 24 mag, or z 2 0.5-1.07 In
hierarchical formation scenarios (Navarro, Frenk & White 1996, etc), bulges form
relatively quickly in the epoch z ~ 3 — 5 and mostly via major mergers. Disks form
later in the epoch z ~ 1 — 2, but more through the gradual (hierarchical) infall gas or
minor mergers. These predicted scenarios can be seen in the morphological redshift
distributions of Driver et al. (1998). The merger rate was higher in the past by
(14 2)™ where m ~ 2-3 (¢f. Burkey et al. 1994; Neuschaefer et al. 1997; Le Fevre
et al. 1999), but mostly so for z = 0.5-1.0. For the currently accepted values of

Q >~ 0.3 and A ~ 0.7, the A-driven acceleration starts dominating the expansion of
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the Universe for the first time at z < 1. We hypothesize that — as a consequence —
the galaxy merger rate gradually winds down in the epoch z ~ 0.5—1.0. For instance,
groups of smaller galaxies or sub-galactic units that were nearly virialized at z 2 1
will still virialize for z < 1, but groupings of such objects that were not even close
to turn-around at z ~ 1 will be still expanding with the Hubble flow at z ~ 0.5, and
probably forever do so in a A-dominated universe. At z < 0.5, these late-types would
never do much further merging, but just fade away (¢f. Ferguson & Babul 1998).
The end-result is that one observes a slowly evolving Universe consisting of E/S0’s
and Sabc’s for z < 0.5 (or by < 24 mag) — as we observe here in Fig. 8.2b — 8.2¢c
— plus the relatively rapid dwindling-away of late-types for z < 0.4-0.5, explaining
their steep counts for b; < 24 mag (Fig. 8.2d). And one would observe a vast increase
in numbers for all types at z 2 0.5 (or by 2 24 mag), and especially at z > 1 (or
by 2 26 mag), because most groupings of smaller objects had still plenty time to
turn-around from the Hubble flow and overcome the effects of A at z 2 1. Since the
merger rate was likely much higher at z 2 0.5-1.0 than at z ~ 0-0.4 (Le Févre et
al. 1999), merging proceeded rapidly and successfully for z = 0.5, and vastly reduced
the galaxy numbers with time at z ~ 0.5-1.0, so that larger numbers of all types are
seen at z 2 0.5 — 1.0, with the largest increase for the late types.

In conclusion, the new BBPS data shown here makes it clear that the issues of LF-
normalization versus evolution cannot be disentangled without a statistical sample of

galaxies with morphological types that extend to even brighter magnitudes. The steep
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slope of the late-type counts at the brighter end (b; < 20 mag) indicates that filling
this portion of parameter space should provide a large step forward in modeling the
galaxy counts. Once this is done, different evolutionary scenarios can be modeled and
tested. Also, questions of merging and/or morphological evolution should be further
investigated with better statistics from larger surveys, with wider dynamic range,
and through a systematic assessment of the effects from the uncertain rest-frame UV

(Windhorst et al. 2002) on the classifications at the faintest magnitudes.



CHAPTER 10

Summary and Future Work

We have presented an HST survey that connects the extremely deep HST studies,
such as the HDF-N (24 < b; < 29 mag) and existing ground based studies such as the
RC3 (b; < 17 mag). For example, the Stromlo-APM Redshift Survey (Loveday et al.
1996) provided a catalog with morphological types for 1797 galaxies and is complete
to b; = 17.15 mag, although there is some question as to the reliability of these
catalogs (Pozzetti, Bruzual & Zamorani 1996). Unfortunately, there is a relatively
small amount of good morphological data available in the literature for a magnitude
range of 17.15 < b; < 19 mag. The bright-end of the galaxy counts cannot be filled
in by HST because the surface density of bright galaxies is too low to efficiently use
the small HST field-of-view. Our expectation is that this flux range can be addressed
from the ground with existing telescopes and larger area detectors in good seeing. The
SDSS and other wide angle ground-based CCD surveys should soon provide this data.
The key problem with these surveys will be in classifying the fainter (b; 2 19 mag)
galaxies from the ground due to seeing-related effects, since their median r, values
are < 1” (see Fig. 8.3 here), and rapidly decrease towards fainter fluxes. Hence, the
flux range 19 < b; < 24 mag must be studied with HST, which was the purpose of

the current study.
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Another important piece of missing information is the redshifts of the BBPS.
Since the BBPS galaxies are brighter than b; < 25 mag, this is a project that can be
started on a 4 meter class telescope and finished on an 810 meter class telescope.
Objects of known redshift (even if estimated through photometric redshifts) can, in
principle, be more accurately classified, because one can more effectively correct for
the effects of band-pass shifting, mentioned in § 7.5. The BBPS along with measured
redshifts can provide a wealth of information when combined with the wealth of HDF—
N redshifts which are now measured (Cohen et al. 2000). Given the photometric
redshift distributions of Driver et al. (1998) for the HDF-N, it is clear that the
majority of the galaxies at b; < 25 mag studied in this paper are at z < 1. Therefore,
in order to classify galaxies observed in the B-band, we need to know what local
galaxies look like in the rest-frame U-band or at slightly shorter wavelengths (2500
3000121). Relatively recent studies of the near-UV morphology of nearby galaxies show
some morphological differences as compared to the B-band (Giavalisco et al. 1996;
Burg et al. 1997; Kuchinski et al. 2001; Marcum et al. 2001; Windhorst et al. 2002),
but a full quantitative analysis of how this would affect the galaxy counts has yet
to be performed. The I-band classifications used in the present paper largely avoid
this issue, except for the relatively small number of higher redshift (z 2 1.5) galaxies
whose classifications are therefore necessarily uncertain.

The use of artificial neural networks was previously shown to be effective in classi-

fying a large number of galaxies in a quantitative and systematic (i.e., reproducible)
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way (Odewahn et al. 1996). This method, based almost solely on the shape of the
measured light-profiles, has been applied to our much larger data set at brighter levels.
The appeal of this method is that it uses a large number of photometric parameters,
and that it is also “trained” based on human classifiers in an effort to categorize
the actual appearance in a systematic, albeit non-linear way. Other automated tech-
niques in use today can produce consistent results and provide other useful types of
information, while also providing a good consistency check on the method used here.
The next logical step is to see if the ANN method can be improved by using some of
the 2—dimensional information in the images. The ultimate goal, which no published
method to date has achieved for faint galaxies (including the one used in this paper),
would be to quantitatively measure the true morphology in an automated way. This
would involve distinguishing between more subtle features such as spiral arms, bars
and rings, as well as differentiating between, for example, Sa and Sb, and tracing
their behavior with redshift (see Odewahn et al. 2002).

In summary, the galaxy counts, size distribution, and (B — I) color distributions
seen in the deep HST studies are consistent with what we are now seeing with good
statistics for the brighter BBPS galaxies. The excess of faint galaxies for b; 222—
23 mag is dominated by the late-types (c¢f. Driver et al. 1995a; Driver, Windhorst
& Griffiths 1995). There are relatively few early-type galaxies at faint magnitudes.
Models indicate that either luminosity evolution or an extra dwarf population of late-

types is needed to explain the counts of the later types. Redshift surveys suggest the



90

former, i.e. evolution through episodic starbursts. The new data and new models
presented here do not support the need for re-normalizing the total galaxy count
models at b; ~ 18 mag. While not ruling out this need, they show that if this re-
normalization is necessary then it must be a function of galaxy morphology. Brighter
objects appear larger with the broad trend of increasing apparent size as one goes
from early to mid- to late-types. This appears to be true over a range of almost 10
magnitudes. There is no sharp size cutoff between types. In general, the early-types
are redder, while the later types are bluer with the mid-types in between. Again,
there is no simple way to differentiate types based on observed colors, especially with
only two bands.

From the current study, we provided the first systematic b;—band counts as a func-
tion of galaxy type to address the problem of normalizing the model galaxy counts,
which use the known local LF’s as a function of morphological type. The galaxy
statistics at the bright end (b; < 19 mag) are still rather poor. At b; &~ 18 mag,
the galaxy counts are approximately 100 galaxies per 0.5 mag per square degree. A
single WFPC2 field is 0.0013 square degrees, which means that about ten fields are
needed to see even one galaxy at random in this magnitude bin. This implies that a
few hundred fields would be needed to have adequate bright end statistics. Therefore,
larger area detectors are needed. We expect that we can study the magnitude range
16 < by < 19 mag from the ground (S. H. Cohen, in preparation), but only in good

seeing, as e.g., using images from the NOAO Deep Wide-Field Survey (Jannuzi & Dey
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1999), and soon also from the Millenium Galaxy Catalog (Liske et al. 2002), when
classifications are added to it. This may be feasible because the effective radii at this
magnitude are larger than the seeing disk in good seeing conditions (see § 8.2). The
exact magnitude limit to which these classifications can be reliably pushed from the
ground is not yet known, but our expectation is to get complete and reliabel classi-
fications to b; < 18 — 19 mag. This combined data set will provide better statistics
at the bright end, which then can be used to more firmly address the normalization
problem at b; = 18.0 mag discussed earlier, and determine if the normalization factor
is a function of galaxy type.

Some of the requirements to improve upon the interpetation of the faint galaxy
counts in order to truly get a handle on issues of galaxy formation and evolution are

as follows:

1. Brighter galaxy counts (16 < by < 19 — 20 mag) as a function of morphological

type

2. A better handle on the morphological classification accuracy

3. Better statistics throughout

4. CCD-based type-dependent LF’s classified using consistent methods

5. Consideration of surface brightness selection effects

6. Measured redshifts and better determined k-corrections
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An important point to close on is that we have an incomplete understanding of
the local and intermediate distance Universe. Our knowledge and interpretation of
the distant high-z Universe will always be limited by this. The advent of bigger and
better telescopes brings about the temptation to observe the fainter and more distant
objects in the Universe. These studies still need to be complemented by those of more
nearby objects, such as that which is presented here, in order to paint the complete
picture.
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PART II1

On The Normalization Problem of
the Faint Galaxy Counts



CHAPTER 11

Overview

We present, a study of the b;-band galaxy counts as a function of morphological
type in an effort to fully understand the faint blue galaxy excess and the distribution
of Hubble types seen in the deepest HST surveys. Bright (b; < 18 mag) galaxy counts
and classifications are determined from three recent deep and wide field ground-based
surveys. These new counts are combined with the best available deeper HST counts
(19 < by < 27 mag) and new models in order to study the possible need to renormalize
the models at b; &~ 18 mag. The combined data do not suggest that the counts of any
of the morphological types need to be renormalized, because the models fit the bright
data reasonably well. This result strengthens the conclusions that can be drawn on
galaxy evolution. With the models anchored at the bright end, we show that the
faintest counts suggest the same amount of evolution for all types (5 = 2), with the

Sd/Irr class perhaps requiring slightly stronger luminosity evolution than the earlier

types.



CHAPTER 12

Introduction

In a previous paper (Cohen et al. 2003), we extended the deep HST galaxy counts as
a function of morphological type from HST to the brighter end to cover the flux range
19 < by < 27 mag, but concluded that the flux range of the data were still insufficient
to vastly improve upon existing evolutionary studies. The most important result
was that the models for the late-type (Sd-Irr) galaxies based on the best available
local luminosity functions were too low to reproduce our counts, and based on this
it appeared that the models, based on local luminosity functions (LF’s), would need
to be renormalized to fit the data. In fact, the data indicated normalizations for all
types could have to be adjusted based on the data available at that time. We point
out that resolving this issue is crucial to understand before evolution should be added
to the models.

Here we extend the counts even further and study the different evolutionary models
over the range 16 < b; < 27 mag. This new data is combined with new models to
suggest that there may not be a “normalization problem,” and so in this paper the

question of galaxy evolution is discussed in terms of this new realization.



CHAPTER 13

Data

The data in this paper is gathered from many sources. The requirements for
this study were galaxies which we could classify from their digital images and a
way to measure their B-band magnitudes in order to obtain consistency with the
homogeneous HST B-band dataset that covers the flux range of 19 < B < 27 mag

(Cohen et al. 2003).

13.1 HST data

In order to be as consistent as possible, we have reprocessed the data from the
deepest HST fields, the Hubble Deep Field North and the 53W002 field (hereafter
HDF-N and W02; Odewahn et al. 1996), in as similar a manner as possible as
our more recent B-band Parallel Survey (hereafter BBPS; Cohen et al. 2003). In
addition, we have processed the Hubble Deep Field South (HDF-S) in the same way.
For comparison, we plot these new counts along with those published in Odewahn et
al. (1996) in Fig. 13.1. The shallower HST B-band Parallel Survey data is described
in Cohen et al. (2003). These combined HST datasets provided reliable counts as a
function of galaxy type for 19 < b; < 26 mag, and also suggested that extending

the bright counts would provide a better assessment of the normalization problem.
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All the HST data has been B-band selected and classified with the I-band ANN
classifier and processed in exactly the same way as the BBPS (Cohen et al. 2003).
The resulting counts are shown in Fig. 13.1. In §14, we decribe how all these HST
counts are combined using a weighted average that accounts for the different areas and
depths of the various surveys. The BBPS covers 19 < b; < 23—24 mag, and the three
deeper HST fields (HDF-N, HDF-S, 53W002) cover 23—24 < b; < 26—27 mag where
the faint limit is due to incompleteness and our rather conservative object selection
criteria. We restricted ourselves to 2.50 detections above the local sky, since lower
S/N detections are generally not classifiable. For source detection and photometry,
many groups have produced counts that extend fainter than b; > 27 mag (see e.g.
Williams et al. 1996; Metcalfe et al. 1996; Odewahn et al. 1996). We also required a
minimum number of contiguous pixels to be able to classify the galaxies, depending

on whether the images were drizzled or not.

13.2 Ground-Based Data

To complement these HST studies with data at brighter flux levels, we gathered
data from publicly available ground-based surveys and processed them in as uniform
a manner as possible. These are data from the Millenium Galaxy Catalog (hereafter
MGC; Liske et al. 2002), the NOAO Deep Wide Field Survey (NDWFS; Jannuzi
& Dey 1999) and the Deep Lens Survey (DLS; Wittman et al. 2002). A list of

the individual fields that were available from these three surveys are summarized
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Figure 13.1: The combined galaxy counts as a function of morphological type and
b;-band magnitude for all surveys combined. Error bars are Poissonian. The solid
lines are our no—evolution models.
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Table 13.1: Ground Based Survey Fields

Field Q2000 (52000 1(11) b(II) FWHM

Name (h m s) erm (deg) (deg) (arcsec)
DLS_F1p22B 00:53:26.33  +12:33:22.44  123.6964724  —50.3124751 1.3
DLS_F2pllB 09:22:37.08  +30:39:59.74  195.4888782  +44.5646152 1.3
DLS_F2pl12B 09:19:32.38  +30:39:59.74  195.3387117  +43.9114612 1.4
DLS_F4pl1B 10:54:40.52  —04:19:59.74  256.5975773  +47.7558280 1.2
DLS_F4p21B 10:54:40.62  —04:59:59.74  257.2320898  447.2452447 1.3
DLS_F4p22B 10:52:02.50 —05:00:11.80  256.4980642  446.8204177 1.2
DLS_F4p33B 10:49:19.22 —05:39:08.34  256.3606383  +45.8870821 1.3
NDWEFS_J1426+3531  14:26:00.80 +35:31:31.65 61.4272895  +68.1987337 1.2
NDWFS_J1426+3456  14:26:01.41  434:56:31.67 59.9059621  +68.3509961 1.3
NDWFS_J1428+3531  14:28:52.82  +35:31:39.14 61.0142808  +67.6364473 1.5
NDWFS_J1428+3456  14:28:52.20  434:56:39.10 59.5269775  467.7850930 1.6
MGC 1.3

Note—The MGC data is along a 35 arcminute wide equatorial strip from 9758™28% to 14"46™45%
and has median seeing FWHM of 1”25.

in Table 13.1. The MGC covers the most area, while the DLS goes deeper and has
slightly better seeing. The NDWEFS lies somewhere in between. The three datasets are
similar, but also different enough to provide good consistency checks, while covering
slightly different regimes of parameter space in terms of seeing and depth. Table 13.2
summarizes the area coverage and reliable classification ranges for the three surveys.
Though we refer to the data from these surveys by the official names of the surveys,
we processed the calibrated images, measured the fluxes, and classified the galaxies
ourselves.

The processing of this ground-based data will be described in a future paper, and
here we present the main results for the B-band galaxy counts as a function of type
for the flux range 15 < B < 27 mag. For the ground-based data, all classifications
are assigned by experienced human classifiers, as opposed to the ANN types used

in the HST work. Automated classification of this type of ground-based data is a
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Table 13.2: Properties of the Ground Based Surveys

Survey Area Range for Classification
Name  (Sq. Deg.) (b; mags)

MGC 31.11 15.0-17.0
NDWFS 1.43 16.5-18.0

DLS 2.4 16.0-18.0

BBPS 0.0370 19.0-24.0

W002 0.0012 23.0-26.5
HDF-N 0.0015 23.0-27.0
HDF-S 0.0015 23.0-27.0

difficult problem due to varying seeing and overall image quality. Neural network
classifiers that can robustly handle these issues are currently being developed (S.
Odewahn, in preparation). All types are assigned on the 16-stage Revised Hubble
System from digital images, where the human classifier has the ability to change the
greyscale display levels to see as much detail of each galaxy as possible. The ability
to classify a galaxy is limited by survey surface-brightness sensitivity and seeing,
combined with the apparent size of the galaxy. In other words, it is not strictly a total
magnitude limit. To this end, the classifiers agreed to only assign types to galaxies
whose structure was clearly decernable. After classifications were assigned, we chose
to cut off the counts where the classification fraction dropped below 75%. Therefore,
completeness for this ground-based data is limited purely by classifiabilty. In fact,
one could create reliable and complete galaxy catalogs for each of these datasets that
go several magnitudes deeper than the classification completeness limits presented

here. The NDWFS and DLS galaxies were visually classified by three of us (SHC,
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SCO, RAW) and each galaxy was assigned a final type which was the mean of the
three human classifiers. A comparison of the three classifiers with each other and
the mean types showed that they all produced classifications with the expected (e.g.
Naim et al. 1995; Odewahn et al. 1996) 1-2 stage RMS scatter. The MGC galaxies
were only classified by one of us (SCO).

All magnitudes were converted to the WFPC2 F450W system. As described in Co-
hen et al. (2003), this Vega-based F450W magnitude is equivalent to the ground-based
by magnitude. The ground-based data was generally calibrated to the standard John-
son B-band. Once these magnitudes were measured, the DIRBE/TRAS dust maps
were used to correct for foreground Galactic extinction (Schlegel, Finkbeiner & Davis
1998). Next, these were converted to b; magnitudes, which amounts to subtracting
0.13 magnitudes from the standard B-band zeropoints that were distributed with the
ground-based data (Liske et al. 2002; Cohen et al. 2003). Galaxy counts were then
computed in 0.5 mag wide bins, as in Cohen et al. (2003), and presented in units
of number per square degree per 0.5 magnitude. In Fig. 13.1, we present the galaxy
counts as a function of type for the combination of the three ground based surveys,
the 29 WPFC2 field B-band Parallel Survey, and for the three existing deep HST
WEFPC2 fields (HDF-N, HDF-S and 53W002). The data for the HDF-N and W02

fields from Odewahn et al. (1996) is also plotted for comparision.



CHAPTER 14

Combining the counts of many
datasets

In Fig. 13.1, we show the galaxy counts as a function of type and B-band mag-
nitude. All error bars are simple Poisson sqrt(/N) counting errors from the various
individual data sets. This plot shows that the faint-end of the ground-based sur-
veys just barely intersect with the bright-end of the HST counts. However, the three
surveys agree well with one another, even though they are in different parts of the
sky and cover different regimes in terms of seeing, depth and sky-coverage. It is also
clear that the deepest HST fields show a large field-to-field variance, especially for
the E/S0’s. This can be easily understood given the small field of view of 2!5 (~ 1.2
Mpc at z ~ 0.5 — 3) for each deep HST WFPC2 field. The issue of the faint E/SO
counts is further considered in § 17.

In order to be able to see the models on the plot and to incorporate this field-to-
field variance in the error bars, we opted to combine all the HST data into a single
set for each type. For each field, a faint limit is specified which is the completeness
limit due to the 2.50 detection threshold that was imposed due uncertainties in the
classifiability of fainter galaxies. In order to deal with the regions where the deep

single-field surveys overlap with the shallower multiple-field surveys, we have used
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a weighted average, where the survey weights are derived from the total number of
objects detected in that magnitude bin from that survey. For each 0.5 magnitude

wide bin, the average number of galaxies per square degree, (n), is computed from:

— Zz Ni\/ﬁi

(14.1)

where N; is the total number of objects in the given bin from survey ¢, and A; is the
area of survey ¢ in square degrees.
This also allows for statistical error bars to be computed for the combined averaged

counts. Differentiation of Equation 14.1 and a little algebra gives:

An = 27% (14.2)

The results are shown in Fig. 14.1, along with the no-evolution models described in

§ 15, where the error bars for the combined HST surveys are now given as the 2.50

field-to-field uncertainties computed from Equation 14.2.
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Figure 14.1: The combined galaxy counts as a function of morphological type and
bs-band magnitude with all the HST surveys combined. Error bars are representative
of the 2.50 field to field variance, and the curves are the models described in the text.
The solid red lines indicate the best fitting 5 = 2 models.



CHAPTER 15

Galaxy Count Models

15.1 Basic Starting Point

The first assumption one needs to make is to adopt a cosmology and, based on
the recent WMAP Microwave Background experiments (Spergel et al. 2003), we have
chosen to use (H,, Qar, Q4) = (0.71,0.27,0.73). Strictly speaking, H, does not effect
the models other than for the age of the template spectra used to compute the k£ + e
corrections. Once these numbers are chosen, simple numerical integration is used to
compute the luminosity distance as a function of redshift, as well as the differential
volume element, dV/dz (Gardner 1998).

Following the equations in Tinsley (1970), Poggiantti (1997) and Gardner (1998),
the method involves using some luminosity function (LF; discussed in next section),
which describes the number of galaxies per unit volume per unit luminosity in each
redshift “shell” dz. In each shell, the product of the LF and dV/dz is evaluated and
then these are numerically integrated over all redshift shells, from z = 0 to z = zp,
where zp is the assumed galaxy formation redshift. Since luminosity is directly related
to absolute magnitude, M, and since M is a function of apparent magnitude, m, and
redshift, z, what actually is integrated is the number of galaxies per unit volume from

each shell which will have an apparent magnitude of m.
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The hidden details are all in how one computes M (m, z), because this involves
corrections to the apparent magnitude for both bandpass shifting, k(z), and for the
SED age of the galaxy at the redshift in question, e(z). There are two bandpasses to
consider here. First is the bandpass that the LF was measured in, which we shall refer
to as the rest-frame band. The other bandpass is the one in which one is computing
the observed number counts, which we shall refer to as the observed band. It is of
the utmost importance to point out that the equations in the above references do
not explicitly show that the zeropoints of these two photometric systems must be
included in the computation. For example, if one computes an absolute magnitude
in the B-band for a given apparent magnitude in the I-band, then (B — I) for the

zeropoints of the two bands must be added to the result. The formula we used is:
Mrest = Mops — ) log(DL(Z)) +5+ ZPO - k(za type) (151)

where Dy (z) is the luminosity distance in parsecs, as given by Carrol, Press & Turner
(1990) and is a function of (H,, Qy,,, Qa), ZP, is the correction for the definition of the
photometric systems defined as ZPy = Z P,es; — Z Py in our system, and k(z, type)

is the k-correction described in the next section.

15.2 Evolutionary and K-corrections

In order to compute these, one has several options to choose which SED’s are

best suited for the task. For example, Poggiantti (1997) used SED’s of various ages
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and stellar populations based on their own spectral evolution models. Based on their
success in photometric redshift estimates, we have opted to use SED’s similar to those
of Ferndndez-Soto, Lanzetta & Yahill (1999). These are a combination of empirical
spectra of Coleman, Wu & Weedman (1980) and Kinney et al. (1996). The versions
used here were compiled by H. Yan (private communication) for his own photometric

redshift work. The definition of the K-correction is:

Sy~ Frype(N)Trest(A)dA
0" Frype(33) Tobs (A)dA

k(z, type) = 2.51og(1 + z) + 2.5log (15.2)

where Fiye(A) is the normalized SED of a given morphological type, Tj.s:()) is the
bandpass of the filter in which the LF was determined and T,s()) is the bandpass
of the filter in which you are computing the number counts. Strictly speaking, T'(\)
should include contributions from all the telescope optics (CCD quantum efficiency,
mirror reflectivity, etc), but this is not always done due to the complicated definitions
of photometric systems, especially when going back and forth between photographic
and CCD systems. The largest assumption in the computation of the k-correction is
the choice of SED, because it is clear that distant galaxies of a given morphological
type and redshift can have a spread in color (Schade et al. 1999; Cohen et al. 2003),
and hence somewhat different SED’s. Note that the integral in the denominator in
the above equation is computed by integrating the flux of the redshifted spectrum
through the observed filter. Computationally, though not very intuitively with this

conventional notation, this is equivalent to multplying the wavelengths of the SED
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by (1+ z) and then integrating the product of this shifted spectrum and the observed
filter function of interest.

To implement this, we have evaluated Equation 15.2 for our SED’s and bandpasses,
but then fit two polynomials, kcorrl(z,type) and kcorr2(z,type), to the result for
computational purposes. These polynomials have the form k(z) = Zf\io A;2', and
the coefficients, A;, are tabulated in Table 15.1. These are to convert observed b;
apparent magnitudes to standard B absolute magnitudes. For z < 1, we determine
kcorrl(z,type), and for z > 1.0, we determine kcorr2(z,type). The use of two poly-
nomials provided much improved fits which is easily understood as the 4000 A break
passing through the optical bandpasses for z > 1. These polynomials are allowed
to have any order and are chosen to have the best fit in the chi-squared sense. We
also note that the k-corrections are only evaluated out to z < 4.0, because the tem-
plates run out of UV coverage in our optical filters for too high a redshift. These
k-corrections computed from Eq. 15.2, as well as the polynomial fits, are shown in

Fig. 15.1.



Table 15.1: K-correction Polynomial Coefficients

Order E/SO E/SO Sbc Sbe Irr Irr
i z2<1 1<2<4 z<1 1<2<14 z<1 1<2<14
0 —3.25478673E-01 —2.10692844E+01 —2.83728957TE—03.59267693E+01 —2.83104539E—-01 5.19813080E+01

3.70215774E4-00 8.39608994E4-01 1.49611616E+00 —1.43661453E402 —3.66468549E—-01 —2.11785568E+02
3.34093976E4+00 —1.17891190E4-02 1.15541811E+01 2.53332016E4-02 7.17288733E4-00 3.66919342E4-02
3 —3.18163147E+-01 8.89591751E4+01 —8.15189362E+01 —2.47548767E+02 1.54622070E+02 —3.52914764E+02
4 3.18573120E+02 —3.84741364E+01 4.44692810E+02 1.46845734E+02 —2.01278137E+403.05975662E4-02
—1.43265942E409.52424335E+00 —1.46388501E4-03 —5.40337677E+01 1.06600410E+04  -7.46733398E+01

E+03 —1.25206792E400 2.77145117E4-03 1.20262470E+01 —3.18418125E+04 1.64195728E+01
E+03 6.76676780E—-02 —2.99998340E+4+03 —1.48000133E+00 5.85230508E+04  -2.00275683E400

E+403 e 1.73122009E+03 7.718455056E—02 —6.75750078E+04 1.03847034E—-01
E+402 <o —4.13282379E+402 e 4.78051602E+4-04 e
—1.89315195E+04
3.21171948E4-03

601
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The astute reader will notice that the evolutionary correction has been omitted
from the previous section. We have opted to not explicity evaluate it based on the
SED’s, because that would require many templates of different ages and a more
complex computation. Instead, we chose to let the LF parameter L* be a function of
redshift in the sense that L*(z) = L*(z = 0) x (1+2)?, and then compute the models
for various values of B. This is similar to the approaches of Brown & Tinsley (1974),
Driver, Windhorst & Griffiths (1995), and Driver et al. (1998), who, instead of L*,
allowed the luminosity of a given galaxy to be a function of redshift. In fact, both

methods are mathematically equivalent.

15.3 Type-Dependent Luminosity Functions

We have chosen to use the type dependent LF’s of the Marzke et al. (1998, hereafter
SSRS2) as the best currently available ones. These have been measured in a filter that
is equivalent to the B-band and are divided into E/S0’s, spirals and irregulars. Our
faint number counts are divided slightly differently, based on the ability to classify
faint HST galaxies, where we have grouped the disk-dominated late-type spirals
(Sd’s) with the irregulars. Therefore, we must incorporate this difference into our
models of the galaxy counts as a function of morphological type.

We need to then estimate what portion of the spiral (1 < 7' < 9) galaxies to
remove from the model number counts that we are matching to our observed Sabc

(1 < T <5) counts. We computed this ratio as 0.23 for the RC3 (de Vaucouleurs et
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k—correction(z,type)

Redshift (z)

Figure 15.1: K-corrections as a function of redshift for E/S0, Sbc and Irr template
SED’s. These are computed using Equation 15.2. Also shown are the polynomial
fits to these functions, which are evaluated using the coefficients given in Table 15.1.
Note that these k-corrections are specific to the bands used in this work, which are to
compute B-band absolute magnitudes from observed b;-band apparent magnitudes.
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al. 1991) galaxies with B < 15 mag, 0.235 for the MGC(Liske et al. 2002) galaxies
with B < 18 mag, and 0.278 for the Nearby Field Galaxy Survey (NFGS; Jansen et al.
2000), which was selected so as to mimic a volume limited sample of nearby galaxies.
It is therefore concluded that 25% of what Marzke et al. (1998) calls spirals belong in
our Sd/Irr class, and only 75% of the spirals belong in our Sabc class. Based on these
studies, we compute the number counts of E/S0’s using the SSRS2 LF for E/S0’s
directly along with the k-corrections for E/S0’s. For Sabc’s, we compute the number
counts from the SSRS2 spiral LF using the k-correction computed from a typical Sbc
galaxy template SED, and then multiply the resulting model number counts by 0.75
in order to get our model for the Sabc’s. While this corrects for the total number
of galaxies in each class, it implicitly assumes that all spirals (1 < 7' < 9) share the
same shaped LF, e.g., Sa’s have the same shaped distribution of luminosity as Sd’s.
Whether or not this is true is currently unknown, but this is a reasonable starting
point, until such a time as a more detailed type-dependent LF can be measured. For
our Sd/Irr model (which is technically for Scd-Irr), we compute a model based on
the SSRS2 Irr LF, with k-corrections computed using the Irr galaxy spectrum and

adding 0.25 times the spiral model

NSd/IM(m) = Nmn(m) -+ 0.25 x Nspiml(m) (153)

This results in model counts for the late-types which provide the proper combination

of late-type spirals and irregulars. An alternative approach is to only adjust ¢* for
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the two types, but this would clearly cause the latest-type model to either improperly
represent the brighter galaxies that belong to that class, or if this renormalization
is too large, it would mask out the need for evolution to explain the faint counts.
The major result of the present method is to increase the number of model predicted

galaxies at the bright-end of the late-type model.



CHAPTER 16

Results

16.1 The Bright End: B < 18 mag

Plotting these models over the extensive data here shows some very interesting
new results that could never have been seen without combining the HST and ground-
based surveys. Ignoring evolution for the moment, it would seem that renormalizing
any of the models locally (i.e., at by ~ 18 mag) is not required by the data. This
is somewhat surprising, given that the HST data alone seemed to indicate this was
necessary (Cohen et al. 2003). There are at least three issues that may have helped in
getting these models to match up at b; ~ 18 mag. First, the fact that we justifiably
have moved 25% of the spiral counts model over to the late-types is most likely the
dominant factor. Inspecting the LF’s of Marzke et al. (1998), it is clear that the shape
parameters, ¢* and «, of the spirals are closely matched to the parameters of the total
LF for all types. Therefore, moving this fraction of the spirals over to the late-types
has increased the bright-end counts, and had a minor impact on the faint-end of the
counts. This has all but eliminated the need for renormalizing the late-type models
as recently indicated in Cohen et al. (2003).

Also important is the use of a consistent photometric system. We have opted to

convert all counts and all models to the b; Vega system, since this system is closest to
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our HST F450W system as descibed in Cohen et al. (2003). All bright-end data was
actually taken in Johnson-B, and therefore was converted to b; as explained in the
observations section. Lastly, we also computed our own k-corrections, which allowed
the flexibilty to use a LF measured in the B-band and to compute a model in the b;
band. In a future paper, we will show that the same method successfully reproduces
the I-band counts which provides us with confidence in the method of computation.
The most important result is that we have shown that these models do in fact match
up at the bright end, which provides the strongest evidence to date that this method

of predicting the faint counts using the observed local LF is warranted.

16.2 The Faint End: B 2 18 mag

Now that we can show for the first time that the galaxy counts as a function of
morphological types match up with the local LF at the bright end, and that there
is no need to renormalize any of the models, we can for the first time, say that the
excess of faint blue galaxies is not due to a local hole (or under-density) or galaxies
missing in the local surveys due to surface-brightness or other selection effects. It
would seem that evolution is the only logical way to explain the faint-end excess of
the counts over the levels predicted by the models.

In Fig. 14.1, we show a variety of models with luminosity evolution incorporated
by allowing L* to be a function of redshift. The strongest statement that can be

made is that the no-evolution models do reproduce the bright-end counts, but do not
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reproduce the faint-end counts. It turns out that given the data and models used
here, § = 2 seems to provide a reasonable model to the faint-end counts of all types.
If luminosity evolution is the only factor to consider, then this raises the obvious
question of whether it makes sense for all types to evolve in the same way. If galaxy
interactions cause morphological type migration, and merging were higher in the past,
then one might not expect the same amount of simple luminosity evolution for the
three basic types of galaxies studied here, and perhaps some form of number-density
evolution (perhaps as a function of morphological type) would also seem appropriate.
In fact, the Sabc = 1 model seems to fit the data for B < 24 — 25 mag, but the
f = 2 model fits the fainter B > 24 — 25 mag data. The CFRS (Lilly et al. 1998)
found § = 1.4 for z < 1, and since the median redshift for B 2> 25 mag is z ~ 1.5,
this jump in the observed Sabc number counts could be a sign of an increased merger

rate at the higher redshifts.



CHAPTER 17

Discussion

We have presented data that for the first time is able constrain the models of
galaxy counts over a broad flux range 15 < b; < 27 mag by combining the deepest
HST studies with our own work on data from three publicly available wide-field
ground-based surveys. The most important issue is that we have demonstrated that
the type of simple models presented here can, in fact, properly reproduce the counts
of bright galaxies of all types. If this bright-end data is representative of the Universe
as a whole, then this validates using models of this variety to attempt to further study
the morphologies of faint galaxies and their evolution. This nullifies the need to make
the ad-hoc renormalization that was cautiously proposed in the past, although it was
perfectly understandable based on the data available at the time (Driver, Windhorst
& Griffiths 1995; Cohen et al. 2003).

As far as the faint galaxies are concerned, we have shown that our § = 2 model
provides a reasonable, though not perfect, fit to the HST counts as a function of
type. We have only considered simple evolution of L*, though it is highly likely
that merging (i.e., number density evolution) played a role in the history of galaxy
evolution (see e.g. Cohen et al. 2003). These interactions could presumably affect both

the morphological type of a galaxy at a given epoch and therefore also the relative
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number of each type. Also, evident from our data is the poor understanding of the
observed counts of E/SO galaxies for B 2 24.5 mag. The large error bars are due
to the small number of E/S0’s in the small WFPC2 field of view, coupled with the
large, apparently cosmic, scatter associated with these small number statistics in only
three deep fields. The combination of area and depth utilized by the upcoming HST
GOODS survey should provide the data to reduce these error bars in the faint E/S0O
counts in the flux range of B ~ 24 — 26 mag, once that survey has been completed.
The photometric redshifts and extensive spectroscopic follow-up should allow for the
redshift and number count distributions to be simultaneously fit, therefore providing
the strongest constraints to distant galaxy evolution to date. The HST Ultra Deep
Field will go 1.5-2 mag fainter than the HDF-N in the I-band, and may well provide
important information on the ability to classify faint galaxies, if the deeper images
begin to show more of the outer parts of the galaxies that have been hidden by
cosmological surface-brightness dimming in even the deepest images to date.

One of the most difficult things in gathering the data for this paper was not object
detection, but rather measuring the flux of those objects once they are found via
the automatic source detector, SExtractor. An important step in our process was to
review the photometry for each object by determining whether the outer isophote that
was automatically derived was appropriate for that galaxy. This was a bigger issue
with the brighter galaxies (for both the HST and ground-based observations), where

we often had to set this outer isophote manually. This problem was most prevalent



119

for the late-type galaxies which are asymmetric and usually “blobby” or irregular.
The source of this problem is that it is difficult to set an ideal deblending threshold
over a large flux range and any centering algorithm will have trouble with these types
of objects, especially if they are clumpy, asymmetric and have low-SB extensions. In
other words, without this manual step, we would have underestimated the magnitudes
of even the brighter galaxies, though not necessarily in a systematic way. Had a similar
problem occured in measuring the fluxes in a redshift survey, this would cause the
galaxies (and hence M*) to be too faint. This would push the models to the right in
our plots, an effect which is countered by a potential renormalization upwards for the
late-types. One could question if this will be addressed by the next generation CCD
based redshift surveys. This would require that both the spectroscopic selection not
be biased against low-SB galaxies and that special care be taken to measure their
fluxes accurately in the CCD imaging portion of the survey. There is an indication
that this will not be fixed up in the SDSS (Nakamura et al. 2003). Nakamura et
al. (2003) have provided r* type-dependent LF’s for a sample of visually classified
galaxies from the SDSS, however, their fit to the late-type LF is based on only ten
galaxies and is far too uncertain to include here. They give the reason for the relatively
small number of late-types (10 out of 1500 galaxies) in their sample as a bias against
both good photometry and selection for spectroscopic follow-up for low-SB galaxies
in the SDSS pipeline. This would seem to restrict the usefulness of using future SDSS

data to compute fully type-dependent luminosity functions which could improve upon
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the study of the faint galaxy counts as a function of morphological type. Since the
late-types dominate the counts on the faintest galaxies, a complete census of their

nearby counterparts is needed to fully understand them.
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PART IV

Conclusions



CHAPTER 19

Overview

In this final section, a summary of results for the B-band galaxy counts as a
function of morphological type is presented. This is followed by a description of the
prospects for improving both the models and the data, as well as continuing similar
studies in other bands. It is shown that potential improvements in the galaxy count
data are on the horizon from recently approved Hubble Space Telescope (HST) wide-
field surveys (degree scale) complemented by the upcoming HST/ACS Ultra-Deep
Survey. The prospects of improving the morphologically divided local luminosity
functions (LF’s) are perhaps not as good, as the SDSS spectroscopic survey is poten-

tially biased against late-type galaxies.



CHAPTER 20

Summary Of Results

A large volume of astronomical data from many different sources has been put
together to create the best possible study of the B-band galaxy counts as a function
of morphological type over a large dynamic range in flux. The main goal was to
provide a foundation to understand the counts of the faintest galaxies that have
been observed with the Hubble Space Telescope (HST). In fact, the investigation
progressed from analyzing the faintest galaxies for which morphological details have
been seen in the Hubble Deep Field North (HDF-N, Williams et al. 1996), to the
brighter work in the 30 field HST WFPC2 B-band Parallel Survey (BBPS, Cohen
et al. 2003), and finally to studying the morphological distributions of even brighter
galaxies that could be observed from the ground. This is the opposite of what is
normally done in astronomy, where one is usually trying to push to the faintest limits
that the current technology will allow. In this work, the focus has always been to do
the “easier” parts correctly to provide a stronger foundation for understanding the
more “difficult” measurements.

This work started after it was seen that the galaxies responsible for the faint blue
galaxy excess were those of the latest types (Driver et al. 1995a; Driver, Windhorst

& Griffiths 1995; Glazebrook et al. 1995; Odewahn et al. 1996). This excess occurs
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because the model for the latest types is well below the observed late-type galaxy
counts, and this descrepancy was large enough to make the model for the total counts
fall below the observed counts at the faint end. This raised the question of whether
there was a large difference between the Universe nearby (z < 0.1 —0.2) and the Uni-
verse at high redshift. Is this a strong indication that the latest types are undergoing
evolution in their luminosities and/or space density? The fundamental problem in
being able to draw this conclusion was that the counts as a function of type had yet to
be studied for brighter galaxies (B < 23 — 24 mag). At what flux-level do the counts
and models diverge when the morphological information is taken into account? The
late-type models appeared to be well below the data at B = 25 mag, but is this also
true at B = 18 mag where the median redshift is z < 0.1—0.2, and hence evolutionary
effects should be minor and local large-scale structure should not bias the counts?
In order to answer these questions, the HST B-band Parallel Survey was under-
taken. This was the first HST survey to cover many WFPC2 Fields in the B-band to
study galaxy morphology. Thirty fields were observed the F450W filter to measure
the b;-band magnitudes, and to select objects in a similar manner to the existing
local surveys. Shorter exposure /-band images were also taken in order to provide su-
perior images for galaxy classification (due to both image quality and possible effects
from bandpass shifting). These galaxies were all classified using the same artificial
neural networks as were developed for the HDF-N (Odewahn et al. 1996). In the end,

these observations provided galaxy counts as a function of morphological type over
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the range 19 < by < 24 mag.

These counts suggested moderate evolution for the E/SO and Sabc classes, and
that the late-type models needed to be multiplied upwards by some factor to get
the bright-end predictions to match the available data, and then also still required
luminosity evolution to fit the faintest observed counts. This renormalization had
been suggested before (Driver, Windhorst & Griffiths 1995), but this was the first
data that extended far enough to the bright-end to give the idea some real basis.
Applying this factor is effectively saying that these galaxies were not properly or
completely included in local surveys, either because they were missed or simply don’t
exist. Even with the significant areal coverage of the BBPS data, there was still
clearly a remaining uncertainty that the counts needed to be extended to even brighter
magnitudes, because our HST statistics were poor for B < 20 mag. Extrapolating
the BBPS count data, it was concluded that this would be impractical with the small
field of view of the HST WFPC2, and that several hundred HST fields would be
required to see a statistical sample of B = 18 mag galaxies with types in the range
of Sd-Irr.

The next idea was to consider if this flux range could be imaged well enough from
the ground, where wide-field imagers (i.e., 0.5° —1.0° field of view) are now becoming
common. The limiting factor of such ground-based images is obviously atmospheric
seeing, which usually limits the spatial resolution to about 0.5 — 1.0 arcsecond. Based

on our measurements, and on an extrapolation of our models of the size distributions
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of our HST galaxies, it seemed that it would be possible to do this imaging from the
ground, especially with claims of ground-based telescopes getting subarcsecond seeing
on a regular basis. The indication from our work was that at B = 18 mag, the sizes
of galaxies would be on the order of one arcsecond, and so this ground-based imaging
was worth pursuing. Some tests were performed on ground-based imaging data that
we had from other projects as well. It was concluded that all that was needed was
several square degrees of deep ground-based imaging data (to see the outer parts of
the galaxies) with decent seeing.

At about the same time, several imaging surveys were being conducted as part
of a new National Optical Astronomy Obervatory (NOAQO) Survey program, which
asked people to propose large survey-type projects under the proviso that these data
would be released to the astronomical community on a timely basis and in a useful
form to maximize the scientific return. We utilized the data from two of these sur-
veys. The first survey to release their data was 1.5 square degrees from the NOAO
Deep Wide Field survey (NDWFS, Jannuzi & Dey 1999), whose stated purpose was
a multiwavelength study to select interesting targets for follow-up studies on the re-
cently completed 8-meter Gemini Telescopes. We then found 2.4 square degrees of
data suited to our purposes from the Deep Lens Survey (DLS, Wittman et al. 2002).
This is also an NOAO survey program, and its central objective is to locate and study
weak gravitational lensing signatures to learn more about the mass distribution in the

Universe. We were also fortunate to be affiliated with the Millenium Galaxy Catalog
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(MGC, Liske et al. 2002), which was designed to be a 30 square degree B-band CCD
based galaxy survey that also goes very deep, and has measured redshifts from the
2dF galaxy redshift survey (Colless et al. 2001).

With these three surveys, we were able to measure and visually classify the galaxies
that could provide the desired galaxy counts as a function of type at brighter flux
levels. The results were galaxy counts that covered the range of 15 < b; < 18 mag.
From all these surveys, galaxies could be measured to much fainter flux levels, but for
our purposes, the faint limit is a classification limit due to the sizes of the observed
galaxies being about the same as the seeing disk. The data does not quite overlap
the flux range of the HST data, but it does at least tend to show similar trends that
indicate the the counts would line up nicely if they did. The strongest statement
that can be made is that the ground-based and HST data presented here are not
inconsistent with eachother.

This new ground-based data provided the impetus to go back and compute new
count models. A self-check was made to make sure that all data was on the same
photometric system, which was well understood. We chose to convert to the ground-
based data to the HST F450W system which is equivalent to the photographic b;
system (Kron 1980) and the b; CCD system (Tyson 1988). Once this issue was
settled, k-corrections were computed using template SED’s that had proven quite
successful in photometric redshift studies (Ferndndez-Soto, Lanzetta & Yahill 1999).

Using these k-corrections, new galaxy count models were computed with the type-
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dependent luminosity functions of Marzke et al. (1998), where careful attention was
paid to ensure that the galaxy type ranges were the same for both the models and
the data.

This new data and the new models, when combined with the HST data showed
some interesting results. The primary one is that no renormalization of any of the
models is required. All the models fit reasonably well at the bright end B < 18
mag. Renormalization is not ruled out, but there is no indication from the current
data that it is necessary either. It appears that, at these brighter magnitudes, the
models predict the observed counts rather well. At the faint end, the observed data
is still well above the no-evolution prediction. We used a simple parameterization
of luminosity evolution, where we allowed the characterisitic luminosity of the LF,
L*, to be a function of redshift. Our § = 2 luminosity evolution model seems to
fit all types and the total counts reasonably well, although there is still an excess of
late-types compared to this model, possibly because merging was not included in the
models. The Sabc § = 1 model seems to fit the data for B < 24 — 25 mag, but the
B = 2 model fits the fainter B 2 24 — 25 mag data. The CFRS (Lilly et al. 1998)
found f = 1.4 for z < 1, and since the median redshift for B 2> 25 mag is z ~ 1.5,
this jump in the observed Sabc number counts could be a sign of an increased merger
rate at the higher redshifts. It is also clear that the data in the intermediate flux
range needs to be improved. As discussed in the next section, this will require both

a several square degree ground-based survey with seeing of 0”5 — 08 FWHM and an
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HST survey covering a smaller area, where both have the correct filter selection for

the present purpose.



CHAPTER 21
Future Work

21.1 Improving The Models

The first results from the Wilkinson Microwave Anistropy Probe (WMAP, Spergel
et al. 2003) have provided the strongest constraints to date on many of the cosmo-
logical parameters, two of which, mainly 25, and €2,, are fundamental in modeling
the galaxy counts in the manner presented in this work. These parameters, known
as the matter density and cosmological constant respectively, define the geometry of
the Universe. Also, knowing the age of the Universe, along with the Hubble constant,
H,, allows for the age of the Universe to be known at any given redshift. Another free
parameter is the assumed redshift of galaxy formation, zy. The observation of the
nearly complete Gunn-Peterson trough in the spectra of z ~ 6.28 — 6.43 quasars (Fan
et al. 2002) demonstrates that the reionization epoch ended at z ~ 6, and therefore

that the first galaxies must have formed at around this cosmic epoch.

21.1.1 Local Luminosity Functions

In order to determine the type dependent LF’s, a large redshift survey is required
along with decent images from which we can to both classify and measure the total

fluxes of these galaxies. The observing and data processing effort required to produce



132

the two sets of LF’s used in this work (Marzke et al. 1994, 1998) is astounding. A
possible problem of these studies was the use of the photographic observations as
their finder survey that defined the object catalogs. Photographic data are known to
have significant surface-brightness sensitivity, dynamic range and fundamental cali-
bration issues. The fact that they produce reasonable results in the current study
is a vindication of the effort that was put into understanding and minimizing these
issues. Still, the 0.3 mag RMS uncertainty in the fluxes from these surveys (Marzke
et al. 1998) is unsettling, and the need for high quality wide area ground-based CCD
based imaging surveys is obvious.

The SDSS (Gunn et al. 1998) is an all-sky CCD survey in five bands, ugriz, coupled
with spectroscopic measurements for many more galaxies than were possible in the
studies discussed above. At first glance, this data seems optimal to determine the
optical local LF as a function of type. A first attempt on the preliminary data has been
carried out by Nakamura et al. (2003), who use visual classifications and measured
SDSS redshifts to compute these quantities. Unfortunately, there is a glaring problem
specifically related to the determination of the late-type LF in the SDSS. In their
sample of ~ 1500 bright galaxies, only 10 were both of late-type and of sufficient
photometric and spectroscopic quality to be included in the LF computation. There
are several issues at work here. First is that local late-type galaxies are faint, and
therefore possibly systematically omitted from a magnitude limited survey. This is

also seen in the steep LF for these late-types (Marzke et al. 1998). A second problem
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is that since these objects, by definition, have irregular shapes and are clumpy, they
tend to be improperly measured by automated object finding routines. Thirdly, they
are the lowest surface-brightness galaxies, which makes their spectroscopic follow up
also difficult. In the words of Nakamura et al. (2003), “...the spectroscopic target
selection is biased against low surface brightness galaxies...” in the SDSS. In essence,
everything about these galaxies causes them to have the strongest (anti-) selection
bias. In contrast, these late-type galaxies appear to be the dominant type in the
faintest HST studies. Therefore, this selection bias may restrict the usefulness of
using the SDSS type-dependent LF’s to understand the distant Universe.

The MGC (Liske et al. 2002), whose B-band CCD imaging data was used in
our work, also has measured redshifts, because it lies in a region of sky covered by
the Two Degree Field Galaxy Redshift Survey (2dFGRS, Colless et al. 2001). In
fact, a primary goal of the MGC is to study these type-dependent counts and LF’s.
The MGC should be less biased against late-type galaxies, because it has both a
better surface-brightness threshold and it is complete to about B < 24 mag for direct
imaging, which is about 3 mag fainter than the SDSS imaging data. It is also B-
band selected, which helps to not exclude late-type galaxies which are generally blue.
There are, however, issues for the MGC as well. As with any ground-based survey,
the seeing varies from 1700 to 1795 over the 144 CCD frames that it took to cover
~ 30 square degrees (Liske et al. 2002). This has presented problems in applying

machine based classification algorithms which necessarily depend on the number of
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independent resolution elements as discussed in Odewahn et al. (2002). The MGC
type-dependent LF has yet to be determined, because we are awaiting an automated
classifier which will account for the variable seeing in their 144 data frames (S. Driver,

private communication).

21.1.2 Evolutionary and K—Corrections

These corrections require some assumptions about the SED’s of the different types
of galaxies. We opted to use a single representative SED for each of the three types
of galaxies we considered, which were based on observations that had enough UV
coverage to be useful. We also chose a simplistic method to parameterize the evolu-
tionary corrections. Now that the cosmological parameters are more or less known
from WMAP, the use of synthesized SED’s should be reconsidered. These model
SED’s require the age of the galaxy to be specified, which is important because the
evolutionary correction is a function of redshift and hence age (Tinsley 1970). With
the cosmology now known, age and redshift can be easily and uniquely related.

Also, much has been learned about both hot and cool stars, and this should be
incorporated into the galaxy spectral evolutionary sythesis models. This is especially
important for the youngest SED’s where hot stars dominate.

Another improvement should be to use intelligent estimates of the range of metal-
licites, formation redshifts and type-ratios to use the LF’s as distribution functions in

a Monte-Carlo computation, instead of in the simple model computation used here.
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This could also be improved by incorporating a Bayesian approach to determine which
combination of input parameters provides the best fit to the data, as well as helping

to provide an estimate of the uncertainty in the resulting model parameters.

21.2 Improving The Data

There are several exciting prospects for obtaining more data to help reduce the
noise in the number counts. Much of this data will be made readily available in the

spirit of archiving and sharing astronomical survey information.

21.2.1 The Bright End

The ground-based data presented here provided strong evidence that the method of
using local surveys to understand distant ones can indeed provide useful information.
The was especially true for the MGC, which covered the most area, and therefore
provided the best statistics. The one missing link is data that would overlap both the
MGC and the HST studies. It is clear that what we need is a B-band survey which
covers sufficient area (several square degrees) with excellent seeing in the range of
04 — (/’8. This is very possible with the newest wide-field imagers at locations where
seeing of this quality can be expected. The prime locations would be Magellan and
the MMT, which are both 6.5-meter class telescopes that will have wide-field imagers
(FoVa 0.5 x 0.5 deg). Magellan will typically have better seeing than the MMT,

and so is a better candidate for this purpose. Performing a survey of this nature in
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multiple bands will allow for interesting objects to be selected for future studies, and
will help to maximize the scientific usefulness of such a survey.

Also of note is the HST Cosmic Evolution Survey (COSMOS, PI: Scoville, PROPID:
9822), a large HST Legacy Survey that was approved for Cycle 12 in April 2003.
This survey will employ the Advanced Camera for Surveys (ACS) and cover about
two square degrees with HST exposures in the I-band (F814W) filter. Based on our
data and models, this survey has the potential to provide the necessary information
of the galaxy counts as a function of morphological type, that should easily bridge
the gap between our ground-based and HST surveys. It should also be pointed out
that this will be a huge data set, because it will take many ACS exposures to cover
this much area. This data will probably will be superior to a ground-based survey,
because the resolution will be superior, and the HST data also has the advantage of

having a more homogeneous quality than is possible from the ground.

21.2.2 The Faint End

The faint-end of the galaxy counts currently has only three deep fields to date,
which provide excellent images for B < 27 mag for object classification. These fields
are far from perfect for statistical surveys, as is abundantly clear from the lack of
good statistics for the E/S0’s for B 2 24 mag. There are two contributing factors to
this. First, the models predict a small number of ellipticals per WFPC2 field at these

magnitudes compared to other galaxy types, and therefore field-to-field variations will
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be most prevalent for this type. The second problem is that these fields are far from
randomly selected. The HDF-N was selected to be devoid of bright radio sources
(Williams et al. 1996) which biases it against the earlier type galaxies at z ~ 1 — 2
that would host these sources. The 53W002 field was chosen because it had a weak
radio source at z = 2.4, named 53W002, as well as a possible cluster or group at that
redshift (Pascarelle et al. 1996). Given the relative scarcity of fainter E/S0’s, it would
be prudent to observe many “deep” fields to get a true statistical understanding of
their nature. The question really then becomes how deep does one really need to go
to solve this problem?

The amount of valuable HST time required for the HDF’s (about ten days worth
for the HDF-N Williams et al. (1996)) makes it a costly problem. The current deep
HST fields go about two magnitudes deeper than the flux level at which we are able to
classify the galaxies. The new imager on HST, the ACS, has a wider field-of-view and
better sensitivity, and is about ten times more efficient than WFPC2 for broad-band
imaging at the redder wavelengths. There are several projects underway that use this
new wide-field HST imaging capability to obtain useful data for our purposes.

The first is the Great Observatories Origins Deep Survey (GOODS, PI: Giavalisco,
PROPID: 9425). This is an ambitious project that will provide data from three of
NASA’s Great Observatories: the HST, the Chandra X-ray Observatory, and the
Space Infrared Telescope Facility (SIRTF), as well as many ground-based observato-

ries. The HST portion covers two 10 x 15 arcminute fields to near-HDF depth in four
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optical bands. This is a public survey, and the first complete data release is scheduled
for 2003 May 6. This data has the potential to really improve the statistics over the
range of 19 < b, < 26 — 27 mag as far as morphological information is concerned.
Also in the works is the HST Ultra Deep Field (UDF), which will use 410 orbits
of HST Director’s Time to image a single ACS field (within the GOODS area) to
unprecidented depth in 4 filters. Data for this survey will begin being taken in
August of 2003, and may continue over the course of two years. It is unclear that this
deep data will allow for classifications to be pushed to fainter magnitudes because of
the small object sizes and the fundamental limit of the HST sky-background (Cohen
et al. 2003). However, the UDF is certainly a worthwhile pursuit, because one never
knows what is out there, and there are many other uses of his deep data besides
galaxy morphology. Since this data is within the southern GOODS field, it will at
least allow a comparison of the measured structural parameters from the 3-5 orbit
GOODS data to the > 100 orbit per filter UDF data. The understanding of the way
that the improved signal-to-noise ratio affects these measurements is fundamental to
improving computer-based galaxy classifications to fainter limits. The next few years
will be an exciting time for faint galaxy research, especially with all this new data
being made publicly available to the astronomical commmunity on very short time

scales.



139

21.2.3 Comparison To Other Bands

We have studied the counts in the B-band, mainly because this has been the band
used historically, dating back to the era of photographic surveys. A study of this type
is equally well suited to other passbands, because the k-correction is really the only
item that is required to compute the conversion between filters. The major difference
between the counts in different bands is that the intrinsic colors of the galaxies cause
different selection effects in these different bands. This is manifested in the decreasing
slope of the faint counts as one goes to redder bands (e.g., Tyson 1988).

Since all of our HST fields were also observed in the I-band, and since we have
used this I-band for more reliable classifications, it should be fairly straightforward to
compute galaxy counts as a function of type in the I-band. All the new HST surveys
above will also provide I-band data, and so this situation will improve in the very
near future. The new ACS z-band (F850LP) also presents exciting potential. This is
a band that has not been widely used in the past, and therefore gives the opportunity
to study new aspects of distant galaxies. Deep imaging in this band is really only
possible with HST, because the Earth’s atmosphere has many emission lines in this
region, which results in a high background from the ground. This band is also as
close to the infrared J-band as one can observe on an “optical” CCD detector before
one hits the silicon cut-off at 1.03 microns. A deep understanding of the properties

of galaxies in this band will be useful, since the successor to HST, the James Webb



140

Space Telescope (JWST, formerly known as the Next Generation Space Telescope or
NGST), will be primarily an infrared observatory, and knowledge of galaxy properties

at this wavelength can help to guide the design specifications of the JWST.



CHAPTER 22

Closing Remarks

This work has made heavy use of public surveys, sponsored both by NOAO and
HST/STScl. The idea of making both new and old data publicly available is perhaps
one of the most important advances in astronomy. Historically, people obtained their
data and waited to share it until they could publish their results, if ever. We used the
data from two NOAO Survey programs for investigations that were much different
from the intentions of the original proposers. This saved money, and especially time
and resources, in that we would have had to go and take the data ourselves and then
process it. As time on the 4-meter class telescopes is hard to get, it may have taken
years to get enough of it to gather the data we needed.

We have learned that besides making the data itself public (in this case that means
calibrated FITS images), it is necessary to have good documentation on the details
of the calibrations and reduction methods, along with image quality such as seeing
and depth. The fundamental aspects that need to be supplied by the archiver are the
photometric filter used, the photometric system it has been calibrated to (where the
more details supplied, the better), as well as astrometric information such as images
with full World Coordinate System keywords specified in the header. It should also

be pointed out that distributing catalogs without the original images has a limited
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use. We needed the actual images because we wanted to measure quantities with our
own tools, which could not have been done otherwise. Comparing the distributed
catalogs with our own also allows for consistency checks and evaluation of errors, and
can even lead to the archival researcher finding errors that the distributor may have
missed.

Perhaps the best recent example of sharing has been the HDF-N (Williams et al.
1996). This one field, which was observed with HST Director’s Discretionary Time,
was made public immediately. This led to almost countless investigations of this
single field, and has promoted significant science-driven competition.

Also of interest is the vast increase in the available computational power through-
out the course of this work. The computer that this work was started on could not
have handled the NOAO survey data. Our WFPC2 stacking routine, stcombine, took
more than 20 minutes to run on our 166 MHz DEC Alpha in 1996 when the code was
developed. Today it will run in 2 — 3 minutes on our 1.5 GHz AMD Athlon-based
machines. Each of the 11 fields that we used from the two NOAO surveys were from
an 8k x 8k pixel CCD camera, and the size of each image file was 300 —400 megabytes.
These images needed all of the 1.5 GHz processor and 1.5 gigabytes of memory, as
well as a lot of disk space to process, and they pushed this modern computer to its

limits.
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