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ABSTRACT

We use the ultraviolet and optical WFPC2 and near-infrared NICMOS images of the Hubble Deep
Field-North to measure and statistically compare an array of parameters for over 250 of the galaxies it
contains. These parameters include redshift, rest-frame visible asymmetry and concentration, bolometric
luminosity, and extinction-corrected star formation rate. We find only one strong correlation, between
bolometric luminosity and star formation rate, from which early-type galaxies noticeably deviate. When
our asymmetry measurements are combined with those of a sample of nearby galaxies covering the full
Hubble sequence, we find a weak correlation between redshift and rest-frame visible asymmetry,
consistent with the qualitative evidence of galaxy morphological evolution from these and other deep
Hubble Space Telescope images. The mean values of these asymmetry measurements show a monotonic
increase with redshift interval over the range 0 <z <2, increasing by a factor of approximately 3.
If this trend is real, it suggests that galaxy morphological evolution within the last ~70% of the
Hubble time is a gradual process that is continuing through the present cosmological epoch. There is
evidence that the dominant source of this evolution is the “minor” mergers of disk galaxies with
smaller companions, which could also transform late-type spiral galaxies to early-type spiral galaxies.
Interestingly, in contrast to local galaxies we find no correlations between galaxy star formation rate
and either UV or visible asymmetry. This could arise if the star formation of high-redshift galaxies
proceeds in episodes that are short (~100 Myr) relative to the timescales over which galaxy mergers
produce strong asymmetries (~ 500 Myr), a result suggested by the high star formation rates of Lyman
break galaxies.

Subject headings: cosmology: observations — galaxies: evolution — galaxies: fundamental parameters —

galaxies: structure
On-line material : machine-readable table

1. INTRODUCTION

A major achievement of the Hubble Space Telescope
(HST) has been the discovery that galaxies at intermediate
and high redshift are often interacting, paired, or otherwise
morphologically peculiar (see, e.g., Burkey et al. 1994; Gla-
zebrook et al. 1995; Abraham et al. 1996a, 1996b; Driver et
al. 1998; Im et al. 1999; van Dokkum et al. 1999; van den
Bergh et al. 2000). Concern that this apparent peculiarity is
the result of viewing galaxies above z ~ 1 in the rest-frame
ultraviolet, in which their emission is dominated by clusters
of OB stars, has largely been alleviated by images from the
near-infrared camera and multiobject spectrometer
(NICMOS) instrument, which provide a “morphological
K-correction ” for galaxies above such redshifts by covering
their rest-frame visible emission. NICMOS images of the
Hubble Deep Field-North (HDF-N), in combination with
the visible images obtained by the Wide Field Planetary
Camera 2 (WFPC2), have revealed a generally good (but
not uniform) correspondence between the morphologies of
z 2 1 galaxies in rest-frame ultraviolet and visible portions
of their continua (Bunker 1999; Dickinson 1999, hereafter
D99). Corbin et al. (2000b) also find a larger fraction of
peculiar/interacting galaxies at intermediate redshift in the
NICMOS parallel fields than is observed in the local uni-
verse. In addition to this increase in morphological pecu-
liarity with redshift, there is evidence of a concurrent
increase in the fraction of photometric and kinematic
galaxy pairs (e.g., Neuschaefer et al. 1997; Le Févre et al.
2000). These results present strong evidence that galaxies
have undergone significant structural evolution within the
last approximately two-thirds of the Hubble time, an evolu-
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tion in which merging appears to play a key role, and gener-
ally support hierarchical models of galaxy formation (e.g.,
Baugh et al. 1998 ; Kaufmann et al. 1999).

Galaxy star formation rates also show a strong increase
with redshift, at least to z =~ 1.5 (e.g., Madau, Pozzetti, &
Dickinson 1998; Thompson, Weymann, & Storrie-
Lombardi 2001, hereafter TWSLO01). While the form of this
evolution above z =~ 1.5 remains highly uncertain because
of the role of dust obscuration and selection effects (see
TWSLO1 and references therein), it apparently proceeds
concurrently with the aforementioned morphological evol-
ution. Similarly, this morphological evolution should at
some level be accompanied by an evolution in galaxy lumi-
nosity and size. However, the aforementioned studies have
generally concentrated on the change in only one of these
quantities with redshift, rather than investigating their
interrelationships. Galaxy morphological evolution has
also not been properly quantified: the existing evidence of it
is based on qualitative and subjective classifications of the
galaxies in the HDF-N and other deep HST images (e.g., Im
et al. 1999; van den Bergh et al. 2000). Abraham et al.
(1996a) attempt such a quantification using measurements
of the asymmetries and concentrations of HDF-N galaxies
in the I-band image, but their results are limited by the lack
of redshifts available for the objects at the time of their
study and by the associated lack of a morphological K-
correction provided by NICMOS images for the z > 1 gal-
axies in the field.

These issues have motivated us to perform a statistical
analysis of the galaxies in the HDF-N involving all the
potentially correlated parameters and in particular to
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attempt to quantify their morphological evolution. The
NICMOS images of the HDF-N importantly extend the
coverage of the rest-frame visible emission of its galaxies to
z ~ 3, thereby allowing their comparison with galaxies at
lower redshifts and in the local universe. We specifically
seek to investigate the relationships between all relevant
quantities, including redshift, asymmetry, concentration,
size, bolometric luminosity, and star formation rate, using
measurements from the combined WFPC2 and NICMOS
images of the field. Such an analysis will in principle place
more comprehensive constraints on models of galaxy
formation and evolution than are currently available,
modulo the limitations inherent in the small area of the
HDF-N. We additionally include in some of our com-
parisons measurements made for nearby galaxies, in order
to extend our analysis to the current cosmological epoch.
Our approach is similar to that successfully applied in
studies of quasar spectra (e.g., Boroson & Green 1992;
Corbin & Boroson 1996), i.e., we test each measured quan-
tity for correlation with every other quantity and apply a
principal component analysis to the resulting correlation
matrix as a means of establishing the dominant sources of
variance in the sample. In the following section we describe
our data and measurements. In § 3 we present the results of
our statistical analysis and conclude with a discussion of
them in § 4. All redshift-dependent quantities have been
scaled to a cosmology of Hy = 65 km s™! Mpc™ 1, Q,, =
0.3,and Q, = 0.7.

2. DATA AND MEASUREMENTS

Our analysis is based on the final HDF-N WFPC2
images of Williams et al. (1996) and the NICMOS images of
Thompson et al. (1999, hereafter T99) and D99, the latter
retrieved from the HST archive and calibrated in the same
way as the T99 images. All images have been dithered and
drizzled as described in Williams et al. (1996) and T99. The
D99 NICMOS images cover the same area as the WFPC2
images, while the T99 images consist of a single NICMOS
camera 3 field, covering approximately one-fifth of the total
WFPC2 area. The T99 images go slightly deeper than the
D99 images and so were used in the area in which these
images overlap.

2.1. Luminosities, Star Formation Rates, and
Related Quantities

TWSLO1 have used the T99 images in combination with
the portion of the WFPC2 images that they overlap to
measure galaxy fluxes (when possible) in each of the six
associated filters (F300W, F450W, F606W, and F814W of
WFPC2 and F110W and F160W of NICMOS, the latter
centered at 1.1 and 1.6 um). The addition of the NICMOS
fluxes greatly improves constraints on the galaxy spectral
energy distributions (SEDs). TWSLO01 have used these new
SEDs to measure the object photometric redshifts, bolo-
metric luminosities, and star formation rates using a
detailed galaxy spectral template fitting procedure. This
procedure uses an array of galaxy SED templates that cover
a range from very actively star-forming objects to objects
dominated by evolved stellar populations. Specifically,
starting from a basic set of six templates derived from
Coleman, Wu, & Weedman (1980), Calzetti, Kinney, &
Storchi-Bergman (1994), and the 1996 version of the
Bruzual & Charlot (1993) SED library, TWSLO1 apply the
galaxy dust extinction law of Calzetti et al. (1994) for
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various amounts of extinction to create an effective array of
51 templates covering a wide range of star formation rates
and internal extinctions. A correction for intergalactic
extinction to the redshifted templates using the formulation
of Madau et al. (1996) is also included. These SEDs are then
fitted to the galaxy flux points using a 2 procedure to
estimate the object redshift. This redshift value is then used
to measure the bolometric luminosity by integrating the
rest-frame SED of the best-fitting template, after adding
back the amount of flux estimated to be lost as a result of
dust extinction. TWSLO1 also estimate the fraction of the
bolometric luminosity that is reradiated at 850 ym from the
extinction value of the best-fitting template. The star forma-
tion rate is estimated from the unextincted flux at the rest-
frame wavelength of 1500 A using the relation of Madau,
Pozzetti, & Dickinson (1998). Support for the TWSLO1
SED fitting method is provided by the close agreement
between their photometric redshift values of the HDF-N
galaxies and those obtained spectroscopically (see their
Fig. 3).

We include all these measurements (photometric redshift,
bolometric luminosity, star formation rate, and fractional
reemission, denoted as “ Fraction ”) in our analysis. We also
measure the ratio of star formation rate to bolometric lumi-
nosity as an additional parameter, given the evidence that
the ratio of star formation rate to galaxy mass (often called
specific star formation rate) shows a strong inverse corre-
lation with galaxy mass (Guzman et al. 1997; Brinchmann
& Ellis 2000). This correlation suggests that the ratio of star
formation rate to bolometric luminosity is also of diagnos-
tic importance. The TWSL0O1 measurements are for 276
objects in the T99 NICMOS image of the HDF-N; the D99
images are not included in this analysis. For the galaxies
covered by the D99 images, we use the photometric red-
shifts in the current on-line version of the catalog! of
Fernandez-Soto, Lanzetta, & Yahil (1999), which are based
on combined WFPC2 fluxes and near-infrared fluxes
obtained from ground-based observations. For all objects
for which spectroscopic redshifts are available in the
Fernandez-Soto et al. (1999) catalog, these redshifts have
been used in place of the photometric redshifts.

2.2. Morphological Parameters and Sizes

We attempt to quantify the galaxy morphologies using
the asymmetry and concentration parameters of Conselice,
Bershady, & Jangren (2000, hereafter CBJ00) and Bershady,
Jangren, & Conselice (2000). The validity of measuring
these parameters for high-redshift galaxies in WFPC2 and
NICMOS images is discussed by CBJ0O. Briefly, based on
CCD images of the local galaxy sample of Frei et al. (1996),
CBJO0O find that asymmetry measurements are not strongly
affected by decreases in angular resolution until a resolution
limit ~1 h;& kpc, at which point they sharply decrease
relative to their initial value (see their Fig. 19). The
resolution of the drizzled WFPC2 images (approximately
0704 pixel 1) is higher than this for the adopted cosmology
up to z = 2, while that of the drizzled NICMOS images
(approximately 071 pixel ~!) matches this limit more criti-
cally for the same redshift range. Thus, there should not
exist any strong systematic errors in the asymmetry mea-
surements of galaxies in either the WFPC2 or NICMOS

! See http://bat.phys.unsw.edu.au/~fsoto/hdfcat.html.
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images, although we return to further discussion of this
point in later sections.

The concentration parameter was first defined by Kent
(1985), and a similar asymmetry parameter has been used
by Abraham et al. (1996a, 1996b). These parameters are
defined as
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I, and I,4, represent the galaxy intensity per pixel after
rotations of 0° and 180° from its original position. The
value of this parameter ranges from O for a perfectly sym-
metric object to 1 for a completely asymmetric object. The
percentages in the definition of the concentration parameter
represent the fraction of the total intensity enclosed at the
given radius. The measurements of both parameters include
a correction for sky background and were made inter-
actively for each galaxy using an IDL-based image display
and measurement program, using an adaptation of the mea-
surement algorithm of CBJ00. Specifically, the sky back-
ground was taken as the mode of the counts in a
rectangular annulus surrounding the target galaxy. The
area of this annulus was adjusted to have several times the
area of the target galaxy and placed to exclude bright
nearby neighbors. This background measurement differs
from that used by CBJOO involving the rotation of the back-
ground area but was found to be more practical as a result
of the crowded nature of the HDF-N and its exceptionally
low background noise. Each galaxy was measured 3-7
times, with the final values taken as the median of the
separate trials, and galaxies with greater than 20% variance
in the trial values were excluded.

These morphological parameters were chosen for several
reasons. First, CBJOO and Bershady et al. (2000) find that
they are closely related to, and more quantitatively con-
strain, traditional classification systems such as Hubble
type. They are also sensitive indicators of dynamically dis-
turbed systems (CBJ0O; Conselice, Bershady, & Gallagher
2000; see also Corbin 2000). Finally, by measuring them, we
can combine our data with those of CBJ00, who measure
these parameters for 113 bright nearby galaxies that
roughly span the full Hubble sequence, using the deep CCD
images of Frei et al. (1996). The inclusion of these data thus
effectively extends our analysis of the HDF-N to the local
universe.

The (1 + z)* surface brightness dimming of high-redshift
galaxies will strongly affect their apparent morphologies, so
any attempt to measure them must account for this effect.
Our asymmetry and concentration values are thus mea-
sured at a “metric ” radius derived from the curve of growth
of the galaxy brightness profile, as opposed to measuring
them at a fixed isophote. This is the same method used by
CBJOO and is based on the parameterization first intro-
duced by Petrosian (1976). Specifically, under the param-
eterization of the galaxy intensity profile n(r) = I(r)/{I(r)),
where r is the radial distance from the galaxy center and
{I(r)) is the mean intensity interior to it, CBJOO measure
their asymmetry parameters at radii corresponding to
n = 0.8, 0.5, and 0.2. Given the much smaller angular size of
the HDF-N galaxies, we chose to measure their asym-
metries and concentrations at only the largest radius, corre-
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sponding to 5 = 0.2. This turned out to introduce the
largest restriction on the objects for which the asymmetry
and concentration could be measured, i.e., excluding over
two-thirds of the galaxies in the field because the # = 0.2
radius could not be reached. However, as will be discussed
in more detail in § 2.4, this did not only eliminate galaxies
with small angular sizes and thereby introduce a selection
effect. Rather, many of the brighter and larger galaxies in
the field could not be measured to their n = 0.2 radii
because of blending with neighbors. We are able to measure
the rest-frame ultraviolet morphological parameters for a
total of 105 galaxies and the rest-frame visible parameters
for a total of 124 galaxies. The automatic object detection
and measurement programs used by Williams et al. (1996),
T99, and TWSLO1, namely, Faint Object Classification and
Analysis System (FOCAS) and SExtractor, include many
objects excluded by the n = 0.2 criterion, as they also
include algorithms for object deblending. In addition to the
n = 0.2 criterion, our measurements of the galaxy morpho-
logical parameters are restricted to galaxies detected at
signal-to-noise ratio (S/N) levels greater than 5, with a cor-
responding random error in the asymmetry and concentra-
tion measurements of less than 20%. Because of the
exceptionally low background levels in the images, most of
the galaxies are detected at this S/N level.

Inspection of the galaxies in each of the individual
WFPC2 and NICMOS filter images reveals that their mor-
phologies do not vary strongly between adjacent filters.
Before measuring the galaxy asymmetries and concentra-
tions, we therefore decided to add together the images in
adjacent filters to create a set of three images having higher
S/N levels. Specifically, we formed the (F300W + F450W),
(F606W + F814W), and (F110W + F160W) images after
first aligning the images in the separate filters to within 0.1
pixel using the centroids of stars within them. The three
resulting images have effective (transmission-weighted)
central wavelengths of approximately 4167 A, 6940 A, and
1.35 um, respectively. We measured the asymmetry and
concentration of each galaxy in each of the three images
whenever possible, using the catalog lists of Williams et al.
(1996) and T99 to identify objects. Using the object redshift,
we then determined whether these measurements covered
the rest-frame ultraviolet or rest-frame visible emission of
the galaxy. This was based on whether the rest-frame 4000
A emission of the galaxy fell below or above the image
central wavelength. The rest-frame UV morphology and
rest-frame visible morphology of objects at 0 < z < 0.74
are thus measured from the (F300W + F450W) and
(F606W + F814W) images, respectively, while for objects
at 075<z<238 they are measured from the
(F606W + F814W) and (F110W + F160W) images. The
rest-frame UV morphology of objects at z > 2.38 is covered
by the (F110W + F160W) images, while their rest-frame
visible emission is redshifted out of the available passbands.
The choice of 4000 A as a d1V1d1ng point between UV and
visible emission is arbitrary but is based on the galaxy
population synthesis models of Bruzual & Charlot (1993),
which show that the shape of galaxy spectra below this
approximate wavelength varies most strongly with galaxy
age, and the associated presence of OB stars. The rest-frame
emission of a given galaxy above 4000 A is thus most likely
to trace its evolved stars and underlying mass distribution.

We find good agreement between our asymmetry and
concentration measurements and the qualitative appear-
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ance of the galaxies, in both the WFPC2 and NICMOS
images. Examples are shown in Figure 1, which shows both
the rest-frame visible images of four galaxies (extending
from z =~ 0.1 to 2.3) and their associated brightness profiles,
as traced along their major axes. The increase in the values
of A(Vis), in particular, matches the progression of the
asymmetries evident in the brightness profiles. This pro-
vides confidence that the asymmetry parameter measures
the underlying structure of the galaxies.

2.3. Combined Measurements

In Table 1 we present the measurements used in our
statistical analysis, for the objects for which morphologies
could be measured. The star formation rates, bolometric
luminosities, and fractional luminosities of additional
objects can be found in TWSLO1. The objects are identified
by their names in the Williams et al. (1996) catalog and have
been sorted in order of increasing right ascension. Further
discussion of errors and inclusion criteria is presented in the
following section. We note that the bolometric luminosity
values of TWSLO1 and the luminosity-normalized star for-
mation rates we formed from them have been scaled to our
adopted cosmology. We also include a measurement of
object size, taken from Williams et al. (1996), for all objects
for which the # = 0.2 radius could be reached. Specifically,
we use their intensity-weighted first-moment radius mea-
sured from the (F606W + F814W) image and convert this
to kiloparsecs. While this is the most robust measure of
object size available, it should be treated with the greatest
caution of all the measured parameters because of the
uncertainty introduced by the variance in the object asym-
metries and concentrations. Finally, for each object we note
which of the four galaxy spectral templates (E, Sbc, Scd, and
Irr) used by Fernandez-Soto et al. (1999) was found to best
fit its SED.

2.4. Errors, Biases, and Selection Effects

Despite the good motivations for combining the WFPC2
and NICMOS HDF-N images and Frei et al. (1996) local
galaxy images for measuring morphological parameters,
they form a heterogeneous data set, mainly in terms of
image resolution. Measurements of them may thus be
subject to systematic errors. To estimate these errors and to
assess the validity of combining the CBJO0 measurements
with our own, we performed the following tests. First, since
our algorithm for the measurement of asymmetry and con-
centration differs slightly from that of CBJOO in terms of the
image background, we independently measured the asym-
metries and concentrations of a random subset of galaxies
in the Frei et al. (1996) images and found agreement
between our values and those of CBJ0O to within ~20%. As
in the case of our measurements, there is also good agree-
ment between the values of the asymmetry and concentra-
tion parameters measured by CBJOO and Bershady et al.
(2000) and the qualitative appearance of the galaxies, which
further supports the combination of those measurements
with our own. Concerning the WFPC2 and NICMOS
images, since they differ in angular resolution by a factor of
approximately 2, we tested for any systematic effect caused
by this difference by resampling the WFPC2 images to the
resolution of the NICMOS images and comparing the cor-
responding asymmetry and concentration measurements
for a sample of approximately 15 randomly selected gal-
axies. We find no strong systematic differences in these mea-

surements, although we confirm the result of CBJOO and
Wu, Faber, & Lauer (1997) that the asymmetry values of
elliptical galaxies tend to increase slightly as image
resolution is lowered. The mean difference between the
morphological parameters measured from the original and
resampled WFPC2 images is approximately 20%. This
indicates a source of uncertainty in the combined set of
WFPC2 and NICMOS morphological measurements in
addition to the relatively low errors introduced by Poisson
noise in the galaxies and image background (§ 2.2). We thus
estimate total random errors for the combined set of CBJ0O,
WPFC2, and NICMOS asymmetry and concentration pa-
rameters to be relatively large, in the range ~10%-30%. A
detailed analysis (including Monte Carlo simulations) of the
possible errors in the galaxy bolometric luminosities and
star formation rates is presented by TWSLOL1. In particular,
they address the issue of the degeneracy in SEDs produced
by dust extinction versus the age of the stellar population
and how this affects their estimates of star formation rates
and bolometric luminosities.

The Frei et al. (1996) galaxy sample is not complete in
any sense, and so the combination of the morphological
measurements of CBJOO and Bershady et al. (2000) with
those from the HDF-N galaxies must be carefully con-
sidered. In particular, the Frei et al. (1996) sample contains
only a few dwarf irregular galaxies. However, independent
of the issue of how well the local galaxy population is in fact
characterized, it can be said that the Frei et al. (1996) sample
covers the full range of Hubble types without a strong bias
toward any one part of the sequence (see Frei et al. 1996 and
CBJ00). This sample also contains several strongly asym-
metric galaxies such as Arp 18 (NGC 4088) and NGC 4731,
which may have recently undergone mergers. The Frei et al.
(1996) sample is therefore not biased toward symmetric gal-
axies, which is important insofar as such a bias could create
a false correlation between redshift and asymmetry when
measurements of these galaxies are combined with those of
galaxies in the HDF-N. We thus proceed under the assump-
tion that the Frei et al. (1996) sample is, to first order,
representative of the local galaxy population. The lack of
low-luminosity irregular galaxies in this sample may in fact
be beneficial for the present comparison, since this will tend
to compensate for any selection against such objects at high
redshift, although, as we discuss below, we find no strong
evidence of incompleteness in the HDF-N sample.

As noted above, the exclusion of objects in the HDF-N
for which the n = 0.2 radius could not be reached would
seem to introduce a bias against very high redshift, intrinsi-
cally compact and low surface brightness galaxies.
However, in practice an equally important factor in whether
this radius could be reached is to what degree the galaxy is
isolated. The n = 0.2 radius reaches close to the outer edges
of the disks of normal spiral galaxies (see CBJ00). Conse-
quently, many of the apparently larger galaxies in the field
could not be measured to # = 0.2 because of blending with
nearby objects. This also affected smaller and fainter
objects. The range of bolometric luminosities over which we
are able to measure asymmetries and concentrations still
extends over approximately 3.3 dex, which argues against a
strong luminosity bias in the sample. To assess this more
quantitatively, we performed the two-sided Kolmogorov-
Smirnov test on the bolometric luminosity distributions of
objects for which A(Vis) could and could not be measured.
We find that these distributions differ at only the 82% con-
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Fic. 1.—Sample galaxies from the HDF-N illustrating the range in morphological asymmetries. (a) Images covering the rest-frame visible emission of the
galaxies 4-916.0 (z = 0.16), 4-558.0 (z = 0.48), 3-430.1 (z = 1.231), and 4-660.0 (z = 2.32). The images are 3 arcsec square. The first two galaxies are shown in
the WFPC2 (F606W + F814W) image, while the last two galaxies are shown in the NICMOS (F110W + F160W) image. (b) Brightness profiles of the
galaxies in these images, averaged over 2-5 pixels along their major axes, along with their measured asymmetry and concentration parameter values. Note
the correspondence of the values of the asymmetry parameter to the appearance of the brightness profiles.



TABLE 1

MEASURED PARAMETERS FOR HDF-N GALAXIES

ID z r A(UV) Cc(Uv) A(Vis) C(Vis) SFR log L, log (SFR/L) Fraction Spectral Type
4-9160...... 0.16 1.0 0.124 3.75 3
4-950.0...... 0.609 3.1 0.529 2.19 0.408 2.62 3
4-9420...... 1.00 14 0.159 391 0.311 4.47 2
4-823.0...... 0.64 14 . . 0.152 3.69 3
4-8010...... 0.92 1.5 0.467 3.70 0.482 4.37 4
4-9280...... 1.015 23 0.166 3.87 2
4-8880...... 1.01 11 0.505 2.85 . e 4
4-878.0...... 0.00: 0.573 3.75 0.379 3.95 e . e 2
4-8220...... 0.16 0.8 0.367 3.13 0.615 10.15 —10.36 0.95 3
4-9480...... 0.585 6.7 0.155 342 2
4-7670...... 0.72 1.6 0.135 4.16 0.019 10.97 —12.70 —0.02 1
4-794.0...... 0.80 12 0.770 2.86 0.432 10.11 —10.47 0.47 4
4-976.1...... 0.089 1.8 0.297 2.82 4
4-661.0...... 0.52 1.0 . .. 0.170 3.73 3
4-639.1...... 0.00: . 0.684 3.86 0.473 4.06 e . e e 4
4-795.0...... 0.40 2.6 0.129 2.65 0.460 10.90 —1124 0.23 3
4-6650...... 1.44 3.1 0.102 4.75 3.602 11.01 —10.45 0.60 4
4-769.0...... 0.96 1.6 0.285 2.73 0.540 345 1.362 10.53 —10.40 0.55 4
4-6710...... 0.96 12 0.339 422 1.556 10.63 —10.44 0.75 4
4-690.0...... 1.12 1.1 0.148 4.54 2.459 10.78 —10.39 0.88 4
4-6020...... 2.04 11 0.162 4.06 e . e e 4
4-619.0...... 2.96 0.8 0.762 3.84 1.219 10.69 —10.61 0.42 4
4-6360...... 0.64 0.9 e 1.675 10.66 —10.44 0.88 4
4-7250...... 1.84 1.6 0.288 3.59 0.661 10.38 —10.56 0.00 4
4-5810...... 1.92 13 6.356 11.22 —10.42 0.50 4
4-697.0...... 2.48 1.1 0.166 4.18 1.818 10.78 —10.52 0.12 4
4-6560...... 0.56 35 0.499 2.14 0.196 2.12 67.57 12.22 —10.39 0.91 3
4-660.0...... 232 14 0.613 3.55 0.801 3.73 3.257 10.93 —10.42 0.13 4
4-554.1...... 0.84 1.5 0.271 3.6 . e 4
4-493.0...... 0.847 24 . .. 0.221 4.98 1
4-7750...... 1.12 34 0.309 3.04 0.204 3.67 e e e e 2
4-590.0...... 2.08 13 0.144 424 21.32 11.74 —1041 0.79 4
4-7270...... 1.242 1.7 0.140 321 0.337 4.20 e e e 4
4-565.0...... 0.56 2.0 0.286 3.11 0.207 3.06 21.52 11.72 —10.39 0.86 3
4-5720...... 0.48 1.7 .. 1.051 10.34 —10.32 0.75 4
4-479.0...... 1.12 1.1 0.393 3.94 1.512 10.61 —1043 0.35 4
4-7440...... 0.764 33 . . 0.178 4.68 1
4-439.1...... 4.32 0.9 0.180 3.11 4
4-4023...... 0.557 29 0.344 222 0.176 241 2
2-82.1....... 2.267 1.8 0.756 391 4
1-542....... 2.929 2.1 4
4-500.0...... 1.28 13 0.677 321 0.055 9.51 —10.77 0.00 4
4-4300...... 0.72 29 0.748 298 0.488 2.20 0.870 10.46 —10.52 0.26 4
4-402.0...... 0.558 10.7 0.668 321 0419 2.89 4
4-752.1...... 1.013 45 0.119 3.58 1
4-627.0...... 0.16 0.6 e 0.170 9.59 —10.36 0.95 4
4-505.1...... 1.28 32 0.122 3.15 18.83 11.60 —10.32 0.87 2
4-5270...... 0.96 1.1 0.505 4.08 0.658 10.16 —10.32 0.88 3
4-4450...... 1.84 2.1 0.34 3.40 0.239 425 80.45 12.29 —10.38 0.75 4
4-579.0...... 0.48 1.1 0.299 3.96 0.204 3.53 1.103 10.52 —10.48 0.56 4
4-6030...... 2.56 14 0.694 391 2.072 10.73 —10.42 0.12 4
4-558.0...... 0.48 2.8 0.311 2.67 5.404 11.05 —10.32 0.84 3
4-5090...... 1.12 12 0.599 4.37 0.20 9.59 —11.29 0.00 e
4-351.0...... 2.48 0.9 . 0.626 10.37 —10.57 0.11 4
4-3780...... 1.12 3.8 0.370 2.72 0.499 10.46 —10.77 0.07 4
4-596.0...... 0.48 1.0 0.837 3.25 0.126 9.58 —10.48 0.23 4
4-3160...... 1.76 4.0 0.484 297 4
4-571.0...... 0.72 2.1 0.546 2.60 0.370 2.64 0.503 10.25 —10.55 0.32 4
4-5430...... 1.28 1.8 0.983 3.26 0.817 3.93 5.356 11.08 —10.35 0.60 4
4-502.0...... 2.00 2.0 0477 3.10 7.019 11.14 —10.29 0.50 4
4-5930...... 0.40 0.0 0.220 2.83 0.781 10.33 —10.44 0.92 3
4-407.0...... 0.56 1.5 0.533 3.66 2.548 10.77 —10.36 0.88 4
4-4980...... 1.92 11 0.646 34 0.608 4.45 1.694 10.74 —10.51 0.46 4
4-395.0...... 0.72 1.0 0.58 3.04 1.285 10.52 —1041 0.60 4
4-555.1...... 312 3.8 0.19 4.46 15.28 11.81 —10.63 0.00 4
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TABLE 1—Continued

ID z ry A(UV) C(UV) A(Vis) C(Vis) SFR log L, log (SFR/L) Fraction Spectral Type
4-368.0...... 1.92 1.8 e e 0.386 3.85 17.11 11.61 —10.38 0.73 3
4-557.0...... 2.16 1.6 0.273 3.60 0.503 4.43 1.365 10.97 —10.84 0.00 4
4-3440...... 1.20 1.0 0.590 3.85 1.659 10.61 —10.39 0.58 4
4-3450...... 1.36 1.0 0.310 4.65 1.870 10.73 —10.46 0.56 4
4-389.0...... 2.72 1.1 e e e e 4.874 11.06 —10.37 0.42 4
4-516.0...... 1.04 1.6 0.532 4.19 0.239 4.52 1.329 11.00 —10.88 0.31 3
4-3070...... 1.60 2.1 e e 0.267 4.36 534.70 131.13 —10.40 0.97 1
4-563.0...... 4.40 14 0.354 4.57 2.847 11.40 —10.95 0.17 2
4-4970...... 2.16 1.0 0.340 3.81 4
2-2390...... 2427 4.3 4
4-4730...... 5.52 0.6 0.496 435 e e 4.507 11.00 —10.35 0.00 4
4-305.0...... 0.96 1.6 0.285 331 0.683 3.89 4.937 11.06 —10.37 0.88 3
4-4600...... 0.56 20 e e 0.252 2.80 7.682 11.23 —10.35 0.86 4
4-254.0...... 0.60 22 0.333 320 e e - e 1
4-5220...... 1.12 14 e e e e 7.191 11.23 —10.38 0.79 4
4-5500...... 1.04 5.5 0.817 2.02 0.209 2.77 1.250 1143 —11.33 0.17 3
4-4480...... 0.48 22 e e 0.451 2.82 3.561 10.82 —10.27 0.92 3
4-3000...... 0.56 14 0.926 3.19 e e 1.424 10.60 —1045 0.73 3
2-2510...... 0.96 3.0 0.184 475 0.105 4.96 e e e e 2
4-3270...... 1.84 13 0.915 2.90 0.552 3.96 9.414 1135 —10.38 0.79 4
4-303.0...... 1.92 0.9 e e 0.605 4.53 1.606 10.65 —10.44 0.69 e
2-2700...... 0.16 1.0 0.225 3.94 0.200 3.97 e e - e 4
4-4710...... 0.32 1.6 e e 0.009 10.48 —12.53 0.00 1
4-161.0...... 0.92 1.7 0.103 325 4
4-4880...... 248 1.1 0.976 5.18 e e 3.169 10.92 —10.42 0.14 4
4-416.0...... 0.454 14 e e 0.209 348 3.081 1091 —10.42 0.77 4
4-4340...... 0.16 0.6 0.909 4.04 e e 0.227 9.77 —10.42 0.88 4
4-3500...... 1.20 1.1 0.127 3.94 0.20 4.50 0.079 9.85 —10.95 0.00 4
4-4750...... 3.68 0.8 e e 3.183 10.95 —10.45 0.12 4
4-4420...... 0.64 14 0.383 3.01 0.232 10.02 —10.65 0.38 4
4-2410...... 0.48 9.4 0.247 4.33 4
4-4740...... 1.059 6.1 e e 0.493 2.68 e e - e 4
4-3820...... 0.08 0.5 0.121 3.10 0.149 3.01 0.269 9.78 —10.35 0.95 3
4-289.0...... 2.88 14 e e 6.719 11.23 —10.40 0.00 4
4-241.1...... 0.321 20 0.494 4.03 4
4-4150...... 0.48 13 0.348 3.93 0.742 2.60 0.460 10.08 —10.42 0.56 4
4-3320...... 0.48 14 0.610 3.34 1.440 10.57 —10.41 0.58 4
2-3530...... 0.609 15 e e 0.189 3.07 2
2-201.0...... 1.16 1.6 043 4.86 4
4-385.0...... 0.16 0.6 0.167 9.63 —1041 0.88 4
4-2320...... 0.40 2.6 7.773 11.23 —10.34 0.86 4
4-2980...... 2.64 1.1 e e 1.804 10.67 —10.42 0.27 4
4-3190...... 0.72 1.3 0.683 2.69 1.988 10.68 —10.38 0.88 4
4-346.0...... 0.72 2.0 e e 0.396 10.19 —10.59 0.18 4
4-89.0....... 0.681 24 e e 0.567 3.43 4
4-173.0...... 0.929 2.0 0.171 2.70 3
4-2120...... 1.12 1.7 0.475 4.08 0.963 10.42 —10.44 0.33 4
4-304.0...... 0.72 0.9 0.947 372 1.385 10.61 —1047 0.91 3
2-1210...... 0.475 34 e e 0.087 435 1
2-4540...... 2.04 2.0 0.334 4.15 0.409 4.15 4
2-5370...... 0.139 1.7 e e 3
4-260.1...... 0.96 54 0.910 2.40 e e e e e e 3
4-2570...... 0.56 1.1 0.226 3.46 0.701 10.34 —10.50 0.53 4
2-2460...... 0.958 4.8 3
4-2290...... 0.80 12 0.626 3.75 0.342 4.52 1.19 10.56 —10.49 0.55 4
4-186.0...... 1.84 3.6 0.455 2.84 0.650 4.32 375.20 13.08 —10.50 0.95 2
4-1540...... 0.48 14 e e e e 0.815 10.33 —10.42 0.84 3
2-2100...... 0.749 4.1 0.387 2.12 0.519 2.52 4
3-2580...... 0.520 2.6 0.188 3.02 e e e e 4
4-1200...... 0.72 29 e e 1.699 10.90 —10.66 0.32 4
4-2840...... 0.961 2.5 0.290 3.11 2
4-2350...... 0.961 1.1 0.208 3.78 4
4-1310...... 0.72 1.8 e e 0.558 3.10 3471 10.90 —10.36 0.77 4
2-264.2...... 0.478 10.7 0.212 3.97 0.087 3.67 3
2-2560...... 1.24 32 0.275 3.94 0.600 3.68 3
3-2290...... 0.76 15 0.175 324 3
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ID z ry A(UV) C(@Uv) A(Vis) C(Vis) SFR log L, log (SFR/L) Fraction Spectral Type
2-5140....... 0.752 2.6 0.252 3.42 0.174 3.90 e e e e 3
4-109.0 ....... 2.08 13 0.219 3.34 0.227 4.36 0.162 10.03 —10.82 0.00 4
3-1430....... 0.477 2.1 0.589 3.15 0.250 3.09 e e e e 2
4-851 ........ 2.72 13 5.961 11.26 —10.49 0.00 4
3-370 ........ 0.92 22 0.591 3.24 . e 4
2-264.1....... 0475 39 0.300 3.14 2
2-5850....... 2.002 6.1 . . 3
3-2430....... 3.233 1.0 0.474 4.68 4
3-3310....... 1.08 2.6 0.285 3.26 4
4-10.......... 1.08 42 0.244 4.04 . e 4
2-5250....... 2.237 1.8 0.519 3.28 0.809 3.83 e e e e 4
4330 ......... 0.80 3.0 0.769 2.93 0.222 3.62 0.081 10.83 —11.92 0.00 1
3-386.1....... 0474 40 0.665 293 0.478 2.66 3
3-3210....... 0.678 33 .. .. 1
2-6610....... 0.816 3.5 0.603 2.89 4
3-2030....... 0.319 1.6 0.576 3.57 4
3-2590....... 0.56 43 . . 0.564 2.34 4
2-404.0 ....... 0.199 4.0 0.482 243 0.352 2.59 3
3-550.1 ....... 2.775 20 0.389 4.03 . e 4
2-762.0 ....... 0.44 23 0.366 293 4
3-1740....... 0.089 1.9 . . 0.641 2.82 4
3-659.1....... 0.299 2.0 0.485 3.37 0.306 3.09 2
2-652.1....... 0.557 3.5 . . 0.352 3.34 2
2-531.0....... 0.96 2.0 0.188 230 0.170 341 3
2-7020....... 0.557 2.7 0.318 3.59 3
3-777.1....... 0.456 2.6 .. .. .. . 4
3-696.0 ....... 0.401 11 0.198 3.37 0.184 3.30 4
2-637.0....... 3.368 0.9 0.282 5.55 . e 4
2-8090....... 0.498 2.5 0.398 2.54 3
2-834.0....... 1.72 2.0 .. .. 4
3-8860....... 1.24 14 0.768 4.03 4
2-561.2....... 2.489 1.1 4
2-6430....... 2.991 13 . . . e 4
3-5510....... 0.559 25 0.761 3.34 0.277 3.24 3
2-901.1....... 3.181 1.5 4
2-9500....... 0.517 23 . 3
3-350.1 ....... 0.642 39 0.435 2.35 0.272 2.69 2
2-860.0....... 0.849 29 0.278 2.54 0.302 3.10 3
2-8240....... 2.419 14 . . 4
3-118.1....... 2232 12 0.227 3.78 4
3-7860....... 1.60 4.0 0.713 3.19 4
3-7430....... 1.64 14 0.387 3.41 4
3-1320....... 0.56 1.7 0.202 3.12 . e 4
2-903.0....... 2233 14 0.550 3.14 0.366 4.16 4
3-180.2....... 0.280 12 0.224 297 4
3-2660....... 0.72 13 0.180 3.89 1
3-1800....... 0.37 48 .. e 4
2-1023.1...... 0.564 33 .. .. 0.655 3.28 3
2-9820....... 1.148 45 0.535 2.48 . e 4
2-1018.0...... 0.559 2.6 . 0.585 351 4
3-4860 ....... 0.79 3.5 0.321 3.32 0.465 3.98 3
3-4430....... 0.95 53 .. . 4
3-5120....... 4.022 12 0.174 391 . e 4
2-906.0....... 1.08 29 0.378 322 4
3-9430....... 0.321 1.8 . . 0.194 2.95 3
3-8150....... 0.76 2.8 0.336 4.13 0.329 4.64 1
3-430.1 ....... 1.231 1.9 0.683 4.69 2
3-610.1 ....... 0.517 6.2 . 2
3-3550....... 1.28 22 . . 0.207 4.30 2
3-4040....... 0.52 43 0.198 2.86 . e 3
3-7730........ 0.561 34 . . 0.460 2.38 4
3-400.1 ....... 0.473 44 0.75 3.50 . e 4
3-2211....... 0952 44 . . 0.602 2.80 4
3-405.1....... 0.319 2.0 0.255 3.13 0.211 3.37 4
3-9570....... 1.02 1.5 0.183 3.0 0.547 3.79 4
3-8630....... 0.681 1.5 0.210 2.80 4
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TABLE 1—Continued

1D z ry A(UY) C(UV) A(Vis) C(Vis) SFR log L, log (SFR/L) Fraction Spectral Type
3-534.0...... 0.32 5.0 0.192 2.69 4
3-853.1...... 3.88 0.5 4
3-908.0...... 0.76 5.5 4
3-9580...... 0.92 0.8 . . 3
3-875.0...... 2.04 2.8 0.643 3.12 ... 1
3-790.1...... 0.562 2.6 0.226 3.31 0.124 3.82 1

Note.—Identification (ID) is from the Williams et al. 1996 catalog, where numbers have been truncated to one decimal place after the primary
designation; r, denotes the first-moment galaxy radius from Williams et al. 1996, converted to kiloparsecs. Star formation rate (SFR) is in units of
Mg yr~'. Bolometric luminosity (L) is in units of solar bolometric luminosity. The parameter “Fraction” is the fraction of the bolometric
luminosity radiated in the mid- and far-infrared (see TWSLO1). Spectral type is taken from Fernandez-Soto et al. 1999 and is coded as follows: (1)
elliptical galaxy, (2) Sbc galaxy, (3) Scd galaxy, (4) irregular galaxy. Table 1 is also available in machine-readable form in the electronic edition of the

Astrophysical Journal.

fidence level. As the total TWSLO1 sample is ~20%-30%
complete compared to the local luminosity function to
z = 2, we thus assume a similar completeness in the sub-
sample for which A(Vis) is measured. The remaining incom-
pleteness is likely due to excluding low surface brightness
and/or low-luminosity irregular galaxies, as well as galaxies
with high levels of internal extinction that consequently
have reduced rest-frame UV emission (see TWSLO1). As
presented in the next section, we also find no correlation
between redshift and galaxy size among the galaxies for
which we are able to measure the morphological param-
eters, which argues that we have not selected against small
galaxies at high redshift.

Finally, an analysis by Storrie-Lombardi, Thompson, &
Weymann (1999) indicates that ~95% of the most compact
objects (those having areas less than 0.2 arcsec?) in the T99
portion of the HDF-N are likely to be at z > 2, which is
close to the limit at which our (F110W + F160W)
NICMOS images still cover the rest-frame visible continua
of these galaxies. Their exclusion thus does not seriously
harm our effort to trace the evolution of the rest-frame
visible morphologies of these galaxies, which, as discussed
previously, should be a better indicator of their underlying
mass distribution. The HDF-N galaxies also show peaks in
their redshift distribution, mainly at z =~ 0.5 and z =~
(Cohen et al. 1996), which is likely the effect of large-scale
structure within the pencil beam of the field. The effect of
these peaks on the present analysis is unclear, but any bias
may again be compensated by the fact that our morphologi-
cal measurements exclude some of the apparently larger
and more grouped galaxies as a result of the overlap of their
brightness profiles.

3. ANALYSIS AND RESULTS

We ran the Spearman rank correlation test on all pairs of
measured parameters listed in Table 1. For the comparisons
involving A(Vis) and C(Vis), we include the asymmetry and
concentration parameters measured by CBJ0OO and Ber-
shady et al. (2000) at the # = 0.2 radii of the R- and r-band
images of Frei et al. (1996) for 113 nearby galaxies. The
resulting correlation matrix is given in Table 2, which lists
the Spearman rank test correlation coefficient. Values of
this coefficient greater than 0.4 indicate a correlation at
greater than 99% confidence, while values greater than 0.5
indicate a correlation at greater than 99.99% confidence.
The number of objects involved in the individual tests varies
from a maximum of 276 to a minimum of 33. The principal
component analysis of this correlation matrix is presented
in Table 3, which lists the coefficients of the first four eigen-
vectors. We consider first the results of the individual corre-
lation tests, given the relatively few cases in which a
correlation is indicated at high (greater than 99.99%) con-
fidence.

Comparisons of the A(Vis), A(UV), C(Vis), and C(UV)
measurements offer additional diagnostic tests of these
parameters. These comparisons are shown in Figure 2,
which shows a weak correlation in the case of the A(Vis)-
A(UV) comparison and a stronger correlation between
C(Vis) and C(UV). This is consistent with the qualitative
findings of Bunker (1999) and D99 that there is a general
agreement between the morphologies of HDF-N galaxies in
the rest-frame UV and visible. Importantly, the C(Vis)
values are larger on average than the corresponding C(UV)
values. This is consistent with the expectation that spiral

TABLE 2

CORRELATION MATRIX

Parameter z ry A(UV) C(UV) A(Vis) C(Vis) SFR log Ly, log (SFR/L) Fraction
Z e 1 —0.044 —0.010 0.351 0.557 0.211 0.520 0.500 0.155 —0.528
Pl oereninianinenens —0.044 1 0.088 —0.467 —0.122 —0.323 0.447 0.540 0.133 0.120
AUV) ...oooeeel. —0.010 0.088 1 —0.130 0.436 —0.216 0.013 0.081 0.253 0.121
CUV).ccoeennnnn. 0.351 —0.467 —0.130 1 0.029 0.630 0.017 —0.065 —0.061 —0.410
A(VIS) veeninennnn. 0.557 —0.122 0.436 0.029 1 —0.216 —0.002 —0.221 0.135 —0.024
C(Vis) ceevvnnnnn. 0.211 —0.323 —0.216 0.630 —0.216 1 0.089 0.118 —0.165 —0.136
SFR ....cccennnn. 0.520 0.447 0.013 0.017 —0.002 0.089 1 0.923 0471 0.134
log Lygy «evevenene 0.500 0.540 0.081 —0.065 —0.221 0.118 0.923 1 0.238 0.041
log (SFR/L)...... 0.155 0.133 0.253 —0.061 0.135 —0.165 0471 0.238 1 0.329
Fraction ......... —0.528 0.120 0.121 —0.410 —0.024 —0.136 0.134 0.041 0.329 1

Note.—Values are the Spearman rank test correlation coefficient.
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TABLE 3
PRINCIPAL COMPONENT ANALYSIS OF CORRELATION MATRIX
Eigenvector z ry A(UYV) C(UV) A(Vis) C(Vis) SFR log L, log (SFR/L) Fraction
) IR —0.447 0.827 0.368 —0.945 —0.164 —0.819 0.460 0.431 0.660 0.727
2 0.482 0.373 —0.665 0.139 —0.570 0.360 0.836 0.866 —0.032 —0.348
3 —0.740 —0.045 —0.415 0.014 —0.763 0.378 —0.224 —0.145 —0.199 0.485
4. —0.058 0.374 0.118 —0.184 0.006 —0.103 —0.143 0.074 —0.702 —0.190

Note.—Values are coefficients of the linear addition of parameter values. Eigenvalues of the individual eigenvectors are 3.97 (eigenvector 1),

2.86 (eigenvector 2), 1.79 (eigenvector 3), and 0.76 (eigenvector 4).

galaxies will appear less concentrated in the rest-frame UV,
as the emission in that regime will be dominated by star-
forming regions in their disks. Similarly, the A(UV) mea-
surements are skewed to slightly higher values than the
A(Vis) measurements, also consistent with having the gal-
axies’ UV emission dominated by irregularly distributed
regions of star formation (e.g., the galaxy HDF-N 4-378; see
Bunker 1999). The results of Figure 2 thus provide addi-
tional confidence that the chosen wavelength dividing point
between UV and visible adequately discriminates between
the early- and late-type stars in these galaxies.

Several of the correlations with redshift are due to
unavoidable selection effects. Specifically, the apparent
correlations between redshift and bolometric luminosity,
star formation rate, and mid-infrared fractional luminosity
are likely due, as noted above, to the nondetection of dwarf
galaxies, low surface brightness galaxies, and heavily
extincted galaxies at z > 1. However, the strongest corre-
lation revealed within the sample, between bolometric lumi-
nosity and star formation rate, is intrinsically meaningful.
This comparison is shown in Figure 3. What is particularly
noteworthy in this comparison is the clear deviation of the
galaxies whose SEDs indicate that they are dominated by
evolved stellar populations, as determined by TWSLO1.
Not surprisingly, inspection of their images reveals that
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these galaxies are the most elliptical in appearance and have
the reddest colors. We discuss the possible significance of
this result in the next section. The strength of this corre-
lation clearly reduces the use of the luminosity-normalized
star formation rate parameter, as this ratio is thus nearly
constant.

Only two other pairs of variables are correlated at greater
than 99.99% confidence. The first is bolometric luminosity
and galaxy radius. This is not unexpected and can be better
constrained from samples of nearby galaxies. Given the
related uncertainties inherent in the radius measurements (§
2.2), this result will not be considered further. The second
correlation is between redshift and A(Vis). The significance
of this correlation is dependent on the inclusion of the
CBJO00 asymmetry values: if this comparison is restricted to
only the HDF-N galaxies, the Spearman rank test coeffi-
cient falls to 0.250. Yet as discussed above, we believe that
this inclusion is valid, based in part on our ability to repro-
duce the CBJOO values for the same data and the wide range
of Hubble types and asymmetries covered by this sample.
However, given the large uncertainties associated with the
asymmetry measurements for the combined sample (§ 2.4),
as well as the uncertainties in the associated photometric
redshifts, the putative correlation should only be regarded
as suggestive. However, it can be noted that any systematic
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F16. 2—Comparison of the rest-frame ultraviolet and rest-frame visible asymmetry and concentration parameters for the sample galaxies, for each object
in which both could be measured. Correlation coefficients for these comparisons are listed in Table 2. Object symbols are based on the classification of their
spectral energy distributions by Fernandez-Soto et al. (1999), with filled triangles denoting objects best fitted by an elliptical galaxy spectrum, filled squares
denoting objects best fitted by an Sbc galaxy spectrum, filled circles denoting objects best fitted by an Scd galaxy spectrum, and open circles denoting objects

best fitted by an irregular galaxy spectrum.
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Fi1G. 3—Comparison of galaxy bolometric luminosities and star forma-
tion rates. Symbol sizes are based on the set of spectral templates used by
TWSLO1 to fit the object spectral energy distributions. Larger circles rep-
resent galaxies best fitted by “colder” templates having lower rest-frame
ultraviolet flux and older stellar populations.

bias in the asymmetry measurements of the highest redshift
(z ~ 2) galaxies in the sample would be that their asym-
metry values are underestimated, as this would be the result
if the NICMOS images do not adequately resolve them (§
2.2). Higher asymmetry values for these galaxies would
strengthen the suggested correlation.

The comparison of redshift and A(Vis) is shown in Figure
4. In the bottom panel of Figure 4 we show the mean values
of these data after binning them in redshift intervals of
approximately 0.5 (the actual size of the intervals was selec-
ted to maintain subsamples of approximately equal
numbers of objects, to within the irregularity in the redshift
distribution). These mean values show a monotonic
increase that is most clear when redshift is converted to
look-back time. This is shown in Figure 5, where it can be
seen that the mean asymmetry values increase by a factor of
approximately 3 from the present epoch to z =~ 2. Two
points are worth noting. First, the scatter in the comparison
of the individual measurements (Figure 4, top panel) is obvi-
ously large, and it is possible to find galaxies as symmetric
and asymmetric as those in the nearby galaxy sample at any
redshift up to z =~ 2. However, there are no galaxies in the
HDF-N that match the lower asymmetry range of the local
sample. In particular, all the elliptical galaxies in the
HDF-N have asymmetry values slightly above their local
counterparts. This may, however, be an artifact of their
higher redshifts. Specifically, as noted previously, our simu-
lations, as well as those of CBJOO and Wu et al. (1997), show
that while the initial decrease in the angular size of disk
galaxies with redshift tends to lower their asymmetry
values, for elliptical galaxies the opposite (and
counterintuitive) result is obtained, i.e., their asymmetries
increase slightly as resolution is lowered. We return to
further discussion of this result in the next section.

Finally, we consider the results of the principal com-
ponent analysis (Table 3). The lack of a large number of
correlations between the measured parameters, as well as
the existence of the observationally biased correlations with
redshift, makes these results of limited use. It is, however,
interesting to note that the first eigenvector is dominated by
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F1G. 4—Top: Comparison of galaxy rest-frame visible asymmetry
values and redshifts. Symbols are the same as in Fig. 2, but with crosses
representing the measurements of CBJOO for the nearby galaxy sample of
Frei et al. (1996). Bottom: Mean values of data in top panel, binned for five
subsamples of approximately equal size. Error bars represent 1 o values of
each quantity within the subsamples.

the anticorrelation of the radius and concentration param-
eters, although the individual correlations are not very
strong (Table 2). The mid-infrared fractional luminosity and
luminosity-normalized star formation rate also appear to be
involved in this relation. The second and third eigenvectors
are dominated by the individual correlations between
bolometric luminosity and star formation rate and
between redshift and A(Vis). The fourth eigenvector is
most strongly related to radius and normalized star
formation rate.

4. DISCUSSION

The interpretation of the one strong correlation we find,
between bolometric luminosity and star formation rate,
must take into account that both of these measurements are
indirect and to first order represent quantities scaled from
the fitted galaxy spectral templates. It is thus not surprising
that they are correlated at some level. As discussed pre-
viously, the sample could also be slightly biased against
actively star-forming but intrinsically faint galaxies such as
Magellanic-type irregulars, which would weaken the corre-
lation. However, to the extent that both quantities are accu-
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F1G. 5—Same as Fig. 4 (bottom panel), but after converting redshift to
look-back time under the adopted cosmology.

rately represented, this correlation shows the dominance of
OB stars and active star formation on the value of bolo-
metric luminosity. The deviation of luminous early-type
galaxies from the main locus of points evident in Figure 3
thus suggests a more advanced evolutionary state for them
than their late-type counterparts. This is consistent with the
“downsizing ” picture first introduced by Cowie et al. (1996;
see also Guzman et al. 1997; Balland, Silk, & Schaeffer
1998) in which more massive galaxies are the first to form.
However, these results do not necessarily imply a mono-
lithic collapse, as opposed to hierarchical, formation
process for early-type galaxies. As noted above, the elliptical
galaxies in the HDF-N are more asymmetric than their
local counterparts, which may or may not be an artifact of
their reduced angular size. If this effect is real, it suggests
that these elliptical galaxies, which occur in the HDF-N
mainly at z < 1 (see Fig. 4, top panel), are not as dynami-
cally relaxed as elliptical galaxies in the local universe.
Menanteau et al. (1999) also find evidence of lingering star
formation among faint elliptical galaxies identified in
archival WFPC2 images, which is inconsistent with a
monolithic collapse at high redshift, and Corbin et al.
(2000b) identify several galaxies in the NICMOS parallel
fields that appear to be elliptical galaxies in the process of
merging. A hierarchical formation process may thus apply
to both disk and spheroidal galaxies, with the latter simply
beginning the process earlier than the former and also more
efficiently converting their gas to stars (see Balland et al.
1998).

We proceed with the interpretation of the suggested trend
between redshift and rest-frame visible asymmetry under
the assumption that this trend is, while weak, a real effect
involving evolution in galaxy structure. If this result is spu-
rious, then it indicates either that previous claims of galaxy
morphological evolution (§ 1) are in error as a result of the
lack of morphological K-corrections, or else that the chosen
asymmetry parameter fails to quantify this evolution.
However, in support of the view that this relation is real, we
note the results of Brinchmann & Ellis (2000), who have
approached this problem by making estimates of the masses
of galaxies out to z ~ 1 and find a strong evolution in these
masses for galaxies classified as peculiar or interacting.
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Indeed, a direct comparison of redshift and galaxy masses
provides the most fundamental test of hierarchical forma-
tion models and will be pursued with the present data in
later studies. A drawback for such comparisons, however, is
that the mass estimates are model dependent and subject to
the array of errors inherent in the galaxy flux measurements
and SED template fittings (see TWSLO1). The asymmetry
parameter offers a more direct measurement while not
directly constraining a physical quantity. Measurement of
this asymmetry parameter for the N-body simulations of
galaxy formation and mergers (e.g., Walker, Mihos, &
Hernquist 1996; Contardo, Steinmetz, & Fritze-von
Alvensleben 1998) would be very useful as a means of
matching them to these observational results.

The salient feature of the look-back time-asymmetry
relation (Fig. 5) is its continuous and roughly linear form,
extending through the present epoch as defined by the
nearby galaxy sample. This strongly suggests that galaxy
morphological evolution is a gradual process that is contin-
uing through the present epoch, as opposed to a relatively
short (~ 1-4 Gyr) formation/relaxation epoch above z ~ 1
followed by little or no structural changes. Several lines of
evidence suggest that the “minor” mergers of large disk
galaxies with smaller companions dominate this process.
The first is the qualitative similarity of the N-body simula-
tions of such mergers by Walker et al. (1996) to the appear-
ance of many HDF-N galaxies. These simulations yield
asymmetric galaxy morphologies similar to those observed
(e.g., HDF-N 3-430.1 and HDF-N 4-660.0; Fig. 1a) within a
period ~0.5 Gyr before the completion of the merger. A
large number of the galaxies in the present sample, e.g.,
HDF-N 4-558.0 (Fig. 1a), show evidence of being in the
early stage of such mergers and have small, marginally re-
solved companions. Walker et al. (1996) find that the effect
of such mergers is to transform late-type spiral galaxies
effectively into early-type spiral galaxies by enlarging the
galaxy bulges upon their completion. This would account
for the increase in the fraction of late-type spiral galaxies
with redshift noted by both Driver et al. (1998) and Im et al.
(1999) and the result of Brichmann & Ellis (2000) that mor-
phological evolution is coupled to changes in galaxy mass.
Such a model is also consistent with the evolution in the
incidence of galaxy pairs (see the references in § 1), modulo
the uncertainties in the relative masses of the pair members.
Finally, there is ample evidence from nearby spiral galaxies
that minor mergers are affecting, and will continue to affect,
galaxy morphologies. First, Zaritsky et al. (1997) have
found that ~75% of isolated spiral galaxies have at least
one small nearby companion, and such companions are
likely to merge with the host within the next few gigayears.
Second, Zaritsky & Rix (1997) and Rudnick & Rix (1998)
find that the incidence of nearby spiral galaxies in which a
minor merger may have recently (within less than 1 Gyr)
occurred is ~20%-30%, as judged from the asymmetry of
their disks. The continuous decrease in the mean asym-
metry values seen in Figure 5 would then indicate a concur-
rent decrease in the galaxy merger rate with time, a
conclusion also reached by Carlberg et al. (2000) and Le
Févre et al. (2000) on the basis of the redshift dependence of
the number of galaxy pairs.

This is not to say that major mergers of larger disk and
spheroidal galaxies play no role in the observed morpho-
logical evolution. Indeed, TWSLO1 find that two HDF-N
galaxies (4-186.0 and 4-307.0) have luminosities that qualify
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them as ultraluminous infrared galaxies (ULIRGs), which
at low redshift show clear evidence of being major mergers
(see Surace, Sanders, & Evans 2000 and references therein).
ULIRGsS in the range 1 < z < 2 may comprise a significant
fraction of the population of extremely red objects, which
itself appears to be a significant fraction of the galaxy popu-
lation in this redshift range (see Corbin et al. 2000a and
references therein). However, the continuity between the
asymmetry values of local galaxies not undergoing major
mergers with their high-redshift counterparts (Fig. 5), along
with the simple fact that most local galaxies do not appear
to be the products of major mergers, suggests that minor
mergers are the dominant source of the observed evolution.
Finally, we comment on the absence of correlations that
we suspected, ab initio, of being present. There is no strong
correlation between redshift and C(Vis) (Table 2), which
could be expected under the interpretation that the trend
between redshift and asymmetry is driven by merging. That
is, if, as the models of Walker et al. (1996) show, minor
mergers increase the bulge sizes of spiral galaxies, then
before such mergers are complete, such galaxies would
appear less concentrated. The lack of such a correlation
could be because of the choice of the outer and inner radii
used in the concentration parameter and/or could indicate a
more complex relationship between morphology and minor
mergers than the Walker et al. (1996) models imply. The
lack of any evidence of correlation between asymmetry and
star formation rate is also somewhat surprising. Le Févre et
al. (2000) have claimed that mergers boost the star forma-
tion rates of galaxies at intermediate redshifts by a factor of
roughly 2, as derived from [O 1] line equivalent widths.
Among nearby galaxies, Rudnick, Rix, & Kennicutt (2000)
find a similar (but smaller) increase in the star formation
rates of galaxies that appear recently (within the last ~1
Gyr) to have undergone minor mergers. A possible explana-
tion for the lack of such a correlation among our galaxies is
the evidence that the star formation of high-redshift galaxies
proceeds episodically. Specifically, Sawicki & Yee (1998; see
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also Somerville, Primack, & Faber 2000) find that the z > 2
Lyman break galaxies in the HDF-N are dominated by
very young (~25 Myr) stellar populations. Such an age is
short relative to the timescale over which minor mergers
produce strong asymmetries (~ 500 Myr; see Walker et al.
1996). Thus, if merging produces a series of bursts of such
short duration followed by longer periods of quiescence, it
would effectively remove any correlation between star for-
mation rate and asymmetry. This could also contribute to
the lack of a correlation between bolometric luminosity and
luminosity-normalized star formation rate similar to that
found between galaxy mass and mass-normalized star for-
mation rate (Guzman et al. 1997; Brinchmann & Ellis
2000). That is, given the evidence that short-lived early-type
stars dominate the bolometric luminosities of these galaxies
(Fig. 3), episodic star formation would serve to obscure any
mass-luminosity correlation and consequently any corre-
lations involving the luminosity-normalized star formation
rate. Mass estimates of more galaxies above z ~ 1 will be
required to test to what epochs the correlations found by
Guzman et al. (1997) and Brinchmann & Ellis (2000) extend.
Alternatively, or perhaps additionally, the relation between
mergers and star formation inferred among local galaxies
may not apply at earlier epochs, particularly if the stellar
and neutral hydrogen mass distributions of galaxies at such
epochs are significantly different.
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