THE ASTROPHYSICAL JOURNAL, 462:89-103, 1996 May 1
© 1996. The American Astronomical Society. All rights reserved. Printed in U.S.A.

KECK SPECTROSCOPY AND HUBBLE SPACE TELESCOPE IMAGING OF FIELD
GALAXIES AT MODERATE REDSHIFT!:2

DuNcAN A. ForBgs, ANDREW C. PHILLIPS, DAVID C. K00, AND GARTH D. ILLINGWORTH
Lick Observatory, University of California, Santa Cruz, CA 95064
Received 1995 July 12; accepted 1995 November 6

ABSTRACT

We present 18 spectra, obtained with the Keck 10 m telescope, of faint field galaxies (19 < I < 22,
0.2 < z < 0.84) previously imaged by the Hubble Space Telescope (HST) Wide Field and Planetary
Camera 2 (WFPC2). Though small, our sample appears to be representative of field spirals with a mag-
nitude limit of I < 22. Combining the results from the spectral and imaging data, we have derived
various quantitative parameters for the galaxies, including colors, inclinations, emission-line equivalent
widths, redshifts, luminosities, internal velocity information, and physical scale lengths. In particular, disk
scale lengths (with sizes ranging from ~1 to S kpc) have been measured from fits to the surface bright-
ness profiles. We have also measured internal velocities with a rest frame resolution of ¢ = 55-80 km
s~! by fitting to the emission lines. The luminosity-disk size and luminosity—internal velocity (Tully-
Fisher) relations for our moderate redshift galaxies are similar to the scaling relations seen for local gal-
axies, albeit with a modest brightening of ~1 mag. The one bulge-dominated galaxy in our sample (at
z =0.324) has a relatively blue color, reveals weak emission lines, and is ~0.5 mag brighter in the rest
frame than expected for a passive local elliptical. Our data suggest that galaxies at about half the age of
the universe have undergone mild luminosity evolution to the present epoch but are otherwise quantitat-

ively similar to galaxies seen locally.

Subject headings: cosmology: observations — galaxies: evolution —
galaxies: kinematics and dynamics — galaxies: photometry — galaxies: spiral —

galaxies: structure

1. INTRODUCTION

The nature and evolution of galaxies is an active research
area in contemporary astronomy. Considerable telescope
time has been spent pursuing this topic, yet it is still the
subject of much debate largely because of the observational
difficulties involved in collecting large, unbiased data sets of
galaxies at faint magnitudes and the lack of comparable
local samples. The bulk of research has focused on number
counts (to around B ~ 26), redshift distributions (to
B ~ 24), clustering properties, and integrated colors (e.g.,
Koo & Kron 1992; Lilly et al. 1995). A few ground-based
studies of the morphology of distant galaxies (to B ~ 24)
have been attempted (e.g., Lavery, Pierce, & McClure 1992;
Giraud 1992), but these are limited to spatial resolutions of
>0"5. Clear advances in this area have been made by the
Hubble Space Telescope (HST) using the first Wide Field
and Planetary Camera (e.g., Dressler et al. 1994a; Griffiths
et al. 1994a; Couch et al. 1994; Phillips et al. 1995a) and
recently with the much improved WFPC2 (Dressler et al.
1994b; Forbes et al. 1994 ; Griffiths et al. 1994b; Cowie, Hu,
& Songaila 1995). Imaging with the HST allows morpho-
logical and structural information on subkiloparsec-size
scales to be determined for distant galaxies.

An important tool for studying nearby galaxies via their
internal kinematics is the Faber-Jackson relation for ellip-
tical galaxies (Faber & Jackson 1976) and the Tully-Fisher
relation for spiral galaxies (Tully & Fisher 1977). So far,

! Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by
AURA, Inc., under NASA contract NAS 5-26555.

2 Based on observations obtained at the W. M. Keck Observatory,
which is operated jointly by the California Institute of Technology and the
University of California.
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there are only a handful of galaxies with redshifts greater
than 0.1 for which internal velocity measurements have
been published. Franx (1993a, b) derived internal velocity
information for several galaxies in the cluster A665
(z = 0.18). At a slightly higher redshift (z ~ 0.2) Vogt et al.
(1993) measured a full rotation curve for field two spiral
galaxies. Kinematic information on more distant galaxies
would provide a powerful diagnostic of internal dynamics
and allow galaxy evolution to be traced by mass as distinct
from light.

Here we present a small data set from which we examine
internal kinematics and sizes for galaxies at moderate red-
shift (0.2 < z < 0.84). Our data consist of 18 field galaxies
with I-band magnitudes between 19 and 22 (~20.5 < B <
24.5), for which we have high spatial resolution imaging
from the WFPC2 camera of HST and moderate-resolution
spectra obtained on the Keck 10 m telescope. These galaxies
were originally selected from field galaxies in Medium Deep
Survey (MDS) images (Griffiths et al. 1994a; Forbes et al.
1994). The images and spectra allow us to derive redshifts,
velocity information, equivalent widths, Hubble classi-
fications, inclinations, colors, and physical scale lengths for
these galaxies.

The median redshift of our sample (z = 0.48) corresponds
to a look-back time that is about half the age of the universe
and for which some scenarios predict significant evolution
in galaxy populations (for a review, see Koo & Kron 1992).
Of particular interest are the “faint blue galaxies” that
appear to dominate the number counts of field galaxies,
with a factor of 3-5 above no-evolution predictions, by
B ~ 23 (e.g., Cowie, Songaila, & Hu 1991). It has been sug-
gested that these galaxies may have faded by several magni-
tudes (e.g., Cowie et al. 1991) or merged (e.g., Broadhurst,
Ellis, & Glazebrook 1992), so that they have “disappeared ”
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by the present epoch and thus do not have local counter-
parts. Our main result from this work, after comparing the
size and internal kinematics with luminosity to those of
local galaxies, is that a sample of representative disk galaxies
up to half the age of the universe has undergone only a modest
amount (~ 1 mag) of luminosity evolution. We assume H, =
75km s~ ! Mpc~ ! and q, = 0 throughout this paper.

2. OBSERVATIONS AND DATA REDUCTION

The galaxies described in this paper come from three high
galactic latitude MDS WFPC2 fields, called MDS U1, U35,
and U54. The first two fields were studied by Forbes et al.
(1994), who classified over 200 field galaxies according to
their morphological type and derived total I-band magni-
tudes. The field MDS U54 consists of 3 x 1800 s F606W (V)
band and 3 x 1200 s F814W (I) band images observed on
1994 July 4. These data were reduced, combined, and cali-
brated in a manner similar to that described in Forbes et al.
(1994). A mosaic of the WFPC2 galaxy images is given in
Figure 1 (Plate 6), and a summary of the measurements
from the imaging data is presented in Table 1.

The galaxies selected for follow-up spectroscopy were
chosen so that two would lie on a single long slit. They were
not picked to have a particular morphology or angular size.
For one galaxy in our sample (number 3), the redshift was
known from the work of Glazebrook et al. (1994), but its
nature (super-starburst or gravitational lens) as discussed
by Glazebrook et al. was uncertain. A discussion of whether
our galaxies are typical of those expected in an I < 22
magnitude-limited sample is given in § 4.1. The spectro-
scopic data were obtained during 1994 September 8-10
using the W. M. Keck 10 m telescope on Mauna Kea,
Hawaii. We used the Low Resolution Imaging Spectro-
graph (LRIS; Oke et al. 1995) in long-slit mode with a 170
wide slit. The spectral dispersion was 1.28 A pixel ~! and the
spatial scale was 0722 pixel "!. The data were obtained
under FWHM ~ 0”8 seeing conditions and partial clouds.

After locating the galaxies in the slit-guiding camera, the slit
was placed so as to obtain spectra of at least two galaxies. A
typical integration was a single 1800 s exposure (see Table 2
for details), covering 4700-7300 A. The FWHM instrumen-
tal resolution is R ~ 1300, which corresponds to a rest
frame instrumental velocity (6 = FWHM;/2.35) of 55-80 km
s ! for our sample galaxies.

The data were reduced using the IRAF package. The bias
was removed and the data corrected for the amplifier gain
between the two halves of the CCD. Several dome expo-
sures, illuminated by a quartz lamp, were combined and
fitted using a low-order polynomial. In the absence of suit-
able sky frames, this traces the response across the slit (low
spatial frequency variations). After dividing by the poly-
nomial fit, we created a “dome flat” which was used to
correct for pixel-to-pixel variations to the few percent level.
The spectrum centroid and S-distortion were traced out
using the APALL task. This task was also used to define the
sky region near the spectrum. Geometric distortion along
the wavelength direction was found to be very small (<0.1
pixels) for most of our data. Tests on the most extreme cases
showed that correcting for this small distortion had no
effect on the redshift determination or width of the emission
lines within our measurement errors (further discussion of
errors is given below). After subtracting sky, from regions
typically 20 pixels wide on either side of the nucleus, we
wavelength calibrated using the night-sky lines. The data
have not been flux calibrated. A total of 18 galaxy spectra
have been extracted.

3. RESULTS

3.1. HST Imaging

We have fitted elliptical isophotes to the galaxy images
using the same method as Phillips et al. (1995a, b). From
this modeling, we measure the axial ratio of the outer iso-
photes, position angle on the sky, and a surface brightness

TABLE 1
HST IMAGING

V-I
Identification V, I Exposure Hubble I total Color Axial
Number Galaxy Name Times Type Structure (mag) (mag) Ratio
m (0] 3 Q] ©) ©) ) ®
030505.0—001143 2400, 6600 Sb 19.7 1.15 0.92
030504.9 —001138 2400, 6600 Irr e 219 1.00 0.63
030501.3—001039 2400, 6600 d asym 21.5 091 0.83
030458.0—001135 2400, 6600 e d.n. 20.3 0.99 0.58
030459.2—-001146 2400, 6600 Sb 19.1 1.23 0.71
030503.4—001010 2400, 6600 SBc asym 20.2 1.64 0.58
030503.3 —001015 2400, 6600 i 21.6 1.22 0.86
010958.5—022724 3300, 6300 Sb asym 19.7 0.90 0.67
010958.1 —022740 3300, 6300 e d.n. 20.2 0.72 0.48
010957.4 — 022807 3300, 6300 Sc asym 199 0.68 0.50
171220.8 + 333559 5400, 6300 i asym 214 1.07 0.62
171221.44 333556 5400, 6300 Sb asym 19.1 0.68 0.76
171227.1+ 333549 5400, 6300 d asym 20.6 1.18 0.62
171227.0+ 333558 5400, 6300 i 211 0.86 0.60
171229.5+ 333626 5400, 6300 Sc e 20.8 0.85 0.55
171229.5+ 333634 5400, 6300 SBc asym 20.8 141 0.53
171229.3+ 333636 5400, 6300 E asym 194 0.92 0.80
171229.9 + 333644 5400, 6300 Sb asym 204 1.02 0.90

Notes.—Col. (1): galaxy identification number; col. (2): galaxy name (J2000 coordinate); col. (3): exposure times;
col. (4): Hubble type (d = disk-dominated, i = intermediate); col. (5): visual structure (asym = asymmetric,
d.n. = double nucleus); col. (6) total I-band magnitude (error = 0.1 mag); col. (7): total ¥ —1I color (error = 0.15
mag); col. (8): axial ratio (b/a) of outer isophote (error ~ 10%).
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.
FI1G. 1.—Gray-scale mosaic of the WFPC2 images of our galaxy sample. The display is logarithmic. Each subimage box has the same scale, with the small
boxes being 100 pixels (10”) on a side. The galaxies are numbered as in the tables.

FORBES et al. (see 462, 90)
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profile. The major axis profile is then fitted with an r!/# law
and/or an exponential disk profile simultaneously to give
scale lengths and surface brightnesses. Surface brightness
profile fits for our sample are shown in Figure 2. The galaxy
morphology is classified according to the system of Forbes
et al. (1994), i.e., we assign Hubble types where possible or
“b” for bulge-dominated, “i” for intermediate, and “d ” for
disk-dominated systems (given in Table 1). This division
correlates strongly with apparent magnitude, so that gal-
axies with I < 21 can generally be assigned familiar Hubble
types, while those fainter are classified more crudely. In this
paper we have amended the Forbes et al. (1994) morpho-
logical type of one galaxy (number 7) from “b” to “i”
because we feel that this is a more accurate description of
the visual morphology. For each galaxy, we have also noted
any peculiar visual structure, such as a double nucleus or
any asymmetries that may be caused by a merger or inter-
action. On this basis, there appear to be several galaxies
with physical associations (see Table 1 and § 4.4).

3.2. Keck Spectroscopy

For 17 of the 18 spectra, we have derived redshifts from
both emission and absorption lines. In Figure 3 we show
each galaxy spectrum, smoothed to the instrumental
resolution, and the location of identified lines. The mea-
sured redshifts for the galaxies lie within a range of
z = 0.205 to z = 0.837, with random errors given by the rms
variation from the individual lines (see Table 2). We also
assign a “ quality class ” which indicates the reliability of the
quoted redshift, with quality class A (very secure redshift)
given to 13 spectra, quality B (less secure, but deserves a
high weighting) given to three, quality C (marginal redshift,
should be given a low weighting) given to one spectrum,
and quality D (no redshift determined) given to one spec-
trum.

The strong emission lines have been fitted with a single
Gaussian profile for Hf and [O m] A5007 and a double
Gaussian profile for the [O 1] 443726, 3729 doublet (with
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F1G. 3.—Spectra of our sample of 18 faint (I < 22) field galaxies. Each spectrum has been smoothed to the instrumental resolution and has the derived
redshift labeled in the upper left (see Table 2). Lines used in the redshift determination are denoted by a black dot. Relative counts are given on the y-axis (the

spectra are not flux calibrated).
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amplitudes allowed to vary, and a fixed rest-frame separa-
tion of 2.75 A). An example of a Gaussian fit to Hf and [O
m] for the Sb galaxy number 12 is given in Figure 4. We
have also fitted the nonblended sky lines at similar wave-
lengths to the emission lines with single Gaussians in order
to derive the appropriate instrumental broadening. The
observed emission-line FWHM, after subtracting in quad-
rature the instrumental profile, is given in Table 2. For the
unresolved lines, we give upper limits to the galaxy’s inter-
nal velocity, of FWHM equal to 120 or 200 km s~ . These
limits were chosen after smoothing various high and low

LANNL A N L N B A L N L L L A L LRI LRI

HE

||1|||1|||||1|||||1]||J

-200 0 200 400 600

velocity (km/s)

-600 —400

signal-to-noise ratio (S/N) emission lines by a prescribed
amount and then determining the level of broadening that
was readily detectable. The main source of error in the
FWHM determination is the quality of the Gaussian fit,
which is typically ~25% based on differences in the individ-
ual emission-line fits. For the equivalent width, it is the
continuum level (error ~35%). For 10 galaxies we were
able to measure the velocity broadening, whereas for the
others we quote upper limits. The equivalent width of the
[O 1] line was measured for 13 galaxies. The measured
FWHM line width (corrected for instrumental broadening)

LI R N R R R L L L Y FRNLENL AL B AL LN BB

[o11] -

1+ P .

Illlll_l||lllllllllI1114l

-600 -400 -200 0 200 400
velocity (km/s)

600

F1G. 4—Velocity line profiles for (@) Hf and (b) [O u1] 15007. The data for the Sb galaxy number 12(My = —20.1, z = 0.256) are shown by filled circles.
The same broadened Gaussian is represented by a solid line for both the Hf and [O ] line profiles. The instrumental profile is represented by a dotted line.
After correc’ing for the instrumental profile in quadrature, the FWHM = 247 kms ™.
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TABLE 2
KECK SPECTROSCOPY

Identification Exposure Times FWHM [O u] EW,,,
Number (s) Redshift Lines Quality (km s™1) A)
(1) @ 6) @ ) (©) ()
| 1 x 1800 0.477 £+ 0.001 6 A 160 11
2 1 x 1800 0.555 + 0.001 2 B 229 150
K P 1 x 1800 0.688 + 0.001 8 A <120 150
O 2 x 1800 0.477 £+ 0.001 5 A 207 70
T 2 x 1800 0.476 + 0.001 8 A 234 13
6. 1 x 1350 0.595 + 0.001 3 A <120
Tooiiiiainens 1 x 1350 0.594 + 0.001 3 C <200
S 1 x 1800 0.298 + 0.001 6 A 270 28
9 1 x 1800 0.205 + 0.001 3 A 173
| (1 R 1 x 1800 0.322 £+ 0.001 4 A <120 60
| 5 U 1 x 1800 0.837 + 0.001 3 B <120 290
12 .. 1 x 1800 0.256 + 0.001 6 A 247
13 ... 1 x 1800 0.759 + 0.001 5 A <120 30
14 ... 1 x 1800 0.404 + 0.002 3 B <200 26
15 e, 1 x 1800 0.566 + 0.001 4 A 150 49
16 .coovenen... 1 x 1800 D
17 et 2 x 1800 0.324 + 0.001 6 A 193 12
18 oot 2 x 1800 0.754 + 0.001 5 A 122 26

NoTte—Col. (1): galaxy identification number; col. (2): exposure time; col. (3): redshift and rms error; col.
(4): number of lines used for redshift determination; col. (5): quality of the spectrum (A = excellent,
C = poor); col. (6): average velocity width from emission lines, corrected for instrumental broadening only;

col. (7): observed [O 1] A3727 equivalent width.

and the [O 1] equivalent width are listed in Table 2 (they
are not corrected for inclination or redshift).

3.3. Derived Parameters

Combining results from the spectral and imaging data,
we have derived several physical parameters for our sample
galaxies (see Table 3). In column (1) we give the Galaxy
identification number. Columns (2) and (3) give the physical
scale and absolute B magnitude (M) assuming H, = 75 km
s™! Mpc~! and g, = 0. The absolute magnitude at zero
redshift is calculated using the observed color with the

tables of Frei & Gunn (1994), which give K-corrections as a
function of redshift. The F814W filter is similar to the I
band, while F606W lies between the V and R bands. The
final rest-frame magnitudes are estimated to be accurate to
~0.2 mag, with the dominant source of error being uncer-
tainty in the K-correction. The magnitudes have not been
corrected for either internal or galactic extinction (which is
very small for these high galactic latitude fields). The incli-
nation, given in column (4), is calculated from the axial ratio
of the outer isophotes, using cos?i = [(b/a)*> — 0.04]/0.96
(Rubin, Whitmore, & Ford 1988). We estimate an inclina-

TABLE 3
DERIVED PARAMETERS

Identification Scale My i I Teft I, rasc  Bulge/Disk log o [O u] EW
Number (kpc arcsec™!) (mag) Inclination (kpc) (mag arcsec™2) (kpc) (mag arcsec™?) (kpc) Ratio (kms™Y) A)
(1) (¥)] (3) (C)] )] (6) ()] @®) (L] (10 (11) (12)
) 5.25 —20.8 24° 5.1 229 24 20.7 3.6 0.20 2.23 (25%) 8 (30%)
2 5.69 —19.1 53 4.3 .. 21.8 34 0.0 2.16 (30%) 97 (50%)
K 6.29 —20.0 35 4.3 219 29 0.0 <1.96 89 (50%)
O 5.25 —20.3 56 37 .. 19.7 1.8 0.0 2.10 (25%) 47 (50%)
S 5.25 —-213 46 6.9 20.5 0.8 20.7 5.1 0.09 2.08 (30%) 9 (30%)
6 5.89 —20.8 56 6.5 24.1 0.7 21.1 42 0.01 <1.82 ..
Tinnnns 5.88 —19.5 31 2.3 20.0 1.2 0.0 <222
8, 394 —19.6 49 4.6 24.1 42 19.2 22 0.14 2.23 (25%) 22 (35%)
[ 3.02 —184 64 37 .. 19.3 2.0 0.0 2.00 (20%) ..
10 .eeeee... 4.15 —19.8 62 9.1 .. .. 20.1 31 0.07 <1.84 45 (50%)
11 ... 6.82 —20.5 53 4.5 234 1.9 21.1 2.7 0.23 <1.84 158 (50%)
12 .l 3.54 —20.1 42 4.1 214 0.7 20.2 2.7 0.08 2.21 (20%) .
13 ... 6.56 —-21.1 53 4.1 20.3 26 0.0 <1.83 17 (35%)
14 ............ 4.77 —19.1 S5 1.6 ... .. 19.3 0.9 0.0 <201 19 (30%)
15 ... 5.74 —-20.3 58 73 242 0.9 21.3 4.1 0.01 1.93 (30%) 31 (35%)
16 el 60 229 214 0.02
17 el 4.16 —20.0 2.6 21.3 2.6 1.0 1.91 (25%) 9 (30%)
18 o 6.55 —-21.3 26 6.0 24.5 1.6 21.0 42 0.04 2.08 (25%) 5 (30%)

Note—Col. (1): galaxy identification number; col. (2): physical scale of 1” (h = 0.75, g, = 0); col. (3): total absolute B magnitude corrected to zero redshift
(error = 0.2 mag); col. (4): inclination (error ~10%); col. (5): half-light radius (error = 15%); col. (6): observed I-band brightness at effective radius
(error = 0.15 mag); col. (7): effective radius of r*/* fit (error = 20%); col. (8): observed I-band disk central brightness (error = 0.15 mag); col. (9): disk scale
length (error = 15%); col. (10): bulge-to-disk ratio; col. (11): corrected velocity (see text), ¢ = FWHM)/2.354, and total error; col. (12): rest-frame c:quivalent
width of [O 1] 43727 and total error.
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tion error in degrees of 10% for sin i > 60° and 15% for sin
i < 60°. Galaxy sizes and brightnesses (cols. [5]-[9]) are
derived from the F814W (I) band images, so as to minimize
the effects of obscuring dust and young star formation. The
half-light radius measured following the method of Phillips
et al. (1995b) gives a model-independent measure of the
galaxy light profile. Fitting the I-band surface brightness
profile with r'/4 and/or exponential disk profile allows us to
derive bulge and disk model parameters. We have adopted
errors of 0.15 mag in the surface brightnesses and 15% in
the length scales (20% for the effective radii, 7., as it is
somewhat less reliable) based on the simulations of Phillips
et al. (1995a). Column (10) gives the bulge-to-disk ratio from
the profile fits. Column (11) gives the emission-line velocity
width in terms of sigma (¢ = FWHM/2.35) of the Gaussian.
These final velocities have been corrected for instrumental
broadening, (1 + z) redshift effect, sin i inclination and
spatial extent of the spectrum (see § 4.6). The quoted error
includes an estimate from these different sources but is
dominated by the error in fitting a Gaussian profile to the
emission line. For the single elliptical galaxy in our sample,
we only made corrections for instrumental and redshift
effects. The [O 1] equivalent width, in column (12), is cor-
rected for redshift. Here the error is dominated by the
uncertainty in determining the continuum level of the emis-
sion line.

The 17 galaxies with redshifts range from z = 0.205 to
0.837. The absolute B magnitudes listed in Table 3 range
from Mz = —18.4 to —21.3. For comparison, an * galaxy
has Mg = —20.1. Thus, our sample ranges from about 1.5
mag fainter than [* to about 1.5 mag brighter than I*.

4. DISCUSSION

4.1. Is Our Sample Representative of Faint Field Galaxies?

As mentioned above, the galaxies for which we have
obtained spectra come from a larger I < 22 magnitude-
limited sample, which is being studied for its structural and
photometric properties (e.g., Forbes et al. 1994). Selection
effects are crucial if one is studying galaxy distributions (e.g.,
number counts), but less so when comparing intrinsic
properties of individual galaxies, as done in this paper.
Nevertheless, we still wish to know whether our sample is
representative of faint field galaxies.

The median redshift of our sample is z ~ 0.48. The
ground-based I < 22 redshift surveys of Lilly et al. (1995)
and Tresse et al. (1993) find a median redshift of Z ~ 0.6, i.e.,
roughly comparable to that of our sample. In Figures 5 and
6, we compare the color and half-light radius to the some-
what larger sample of Phillips et al. (1995b). Phillips et al.
confirmed that their WFPC2 selected sample was essen-
tially 100% complete, over a small sky area area, to
I < 21.7. Of their 64 galaxies, three are in common with our
sample. In comparing the total ¥ —1I color versus total I
magnitude, we find that our sample has a similar distribu-
tion in ¥V —1I color to that of Phillips et al. between I = 19
and 21, but at fainter magnitudes we may be systematically
biased against the reddest galaxies (see Fig. 5). These gal-
axies tend to be the bulge-dominated systems. Next, we
compare the half-light radii from Phillips et al. with our
sample in Figure 6 and find little difference.

Finally, we examine the morphological mix of our
sample. Morphological types from WFPC2 are available
for 200 galaxies in Forbes et al. (1994). This sample is essen-
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FiG. 5.—Total V —I color vs. total I-band magnitude. The magnitude-
limited WFPC2 sample (I < 21.7) of Phillips et al. (1995b) is shown as
small circles, and our sample is shown as large open circles. Three galaxies
are common to both samples. Errors on individual measurements are
~0.15 mag. Both our sample and that of Phillips et al. have a median color
of 1.0. For comparison purposes, a typical local Sbc spiral has rest-frame
V —1I color 1.1 (Frei & Gunn 1994).

tially complete to I < 22. Of the 203 galaxies, 10 are in
common with our current sample. Figure 7 shows that the
late-type galaxies are fairly well represented in our current
sample, but we seem to be deficient in early-type/bulge-
dominated galaxies relative to the large magnitude-limited
sample (as suggested by the V —1I color distribution). As we
separate bulge-dominated galaxies from the analysis that
follows, this difference in morphological mix should not
affect our conclusions. Although our sample is small and in
no way complete, it appears to be a reasonably fair and
representative sample of field disk galaxies with I < 22.

4.2. The Elliptical Galaxy

Our sample contains one example of a bulge-dominated
galaxy (number 17). Although we have classified it as an
elliptical we cannot rule out the presence of a weak disk (i.e.,
it could be an SO galaxy). Visually, the galaxy reveals asym-
metric isophotes. The inner parts of the surface brightness
profile are well fit by a pure r'/* law (see Fig. 2). We derive
an r'/* effective radius that is the same as the half-light
radius (2.6 kpc). This value can be compared to nearby
ellipticals using the size-luminosity relation found by Bing-
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F1G. 6—Angular half-light radius vs. total I-band magnitude. Symbols
are the same as in Fig. 5. Errors on individual measurements are 0.15%.
Our sample has a median half-light radius of 0”9, whereas it is 0775 for the
Phillips et al. (1995b) sample.
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Fi1G. 7—Morphological type vs. total I-band magnitude. The
magnitude-limited WFPC2 sample of Forbes et al. (1994) is shown as small
circles. This sample is 70% complete to I = 22 and essentially 100% com-
plete to I = 21. Our current sample is shown by large open circles. There
are 10 galaxies in common. Here E = —5,E/SO = —3,S0 = —2,S0/a =0,
Sa=1,Sb=3, Sc =35, Sd = 7, Irregulars = 10, bulge dominated = —4,
intermediate = — 1, and disk dominated = 4. Barred spirals are included
with their spiral subtype; double nucleus galaxies are not shown.

geli, Sandage, & Tarenghi (1984). On this basis, we would
predict an effective radius, if it followed the local scaling
relation, of 2.2 kpc (using Hy = 75). This agrees with the
measured effective radius of 2.6 + 0.5 kpc, and this is
without taking into account the intrinsic scatter in the local
relation. Similarly, if we use the effective radius to predict
the internal velocity ¢ using a projection of the fundamental
plane as described by Guzman, Lucey, & Bower (1993), then
we predict log o = 2.26. We measure an emission-line veloc-
ity width of log ¢ = 1.91 + 0.48, which is again consistent,
within the measurement errors, to that of a local elliptical
with (r.¢; = 2.6 kpc). The absorption lines appear to have a
similar velocity width.

The spectrum is interesting since, besides having the
expected lines for an elliptical (i.e, Can H + K, the G band,
and Fe 1 14384), it also reveals Balmer absorption lines and
[O u] 43727 and Hp in emission. These emission lines may
suggest that the galaxy has undergone a recent episode of
star formation and may be a rare example of an active field
elliptical (poststarburst ellipticals are usually found in
clusters). We measure a total color V—1I = 0.92, which is
about 0.5 mag bluer than that predicted (V —1I ~ 1.45) for a
passive local elliptical at redshift z = 0.324 (Frei & Gunn
1994). The blue color could be the result of recent star
formation. Thus, although this galaxy has structural param-
eters (ie., 7o and o) similar to those expected for a local
elliptical, we find evidence for some additional brightening.

4.3. [O 1] Equivalent Widths

For moderate-redshift galaxies, the [O 1] 43727 line has
been used by several workers as an indication of high star
formation (SF) rates (e.g., Couch & Sharples 1987; Broad-
hurst, Ellis, & Shanks 1988). Although less accurate for
quantitative studies, [O 1] provides a reasonable substitute
for Ha since stellar Hp line absorption may affect Hf mea-
surements and [O 1] 45007 is more sensitive to excitation
variations (Kennicutt 1992). Other star formation diagnos-
tics, such as Balmer absorption lines or the 4000 A break,
sample star formation over the past several Gyr.

The rest-frame [O 1] equivalent widths for our sample
are given in Table 3. If we divide the sample by intrinsic
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color into two bins at B—V = 0.55, we find that the mean
equivalent width for the “red ” galaxies is 19 A, whereas the
“blue” galaxies have a mean value of 59 A. As expected,
intrinsically blue galaxies have higher star formation rates.
Equivalent widths greater than 20 A suggest an SF rate of a
few solar masses per year for an [* galaxy (Kennicutt 1992).
We have seven such galaxies, some of which have an asym-
metric visual morphology, but so do many of the galaxies
with [O 1] equivalent widths less than 20 A.

4.4. Physical Associations

There are several galaxies in our sample with similar red-
shifts. They are numbers 6 and 7 (at z ~ 0.595), and 4, 5, and
1 (at z ~ 0.477). The former galaxies consist of a barred
spiral, with a possible foreground star superposed on it,
paired with a faint galaxy classified as intermediate type (see
Fig. 1). Given the small projected separation of 27 kpc and
the distorted outer isophotes of the spiral, it appears that
the two galaxies are tidally interacting. The latter three gal-
axies represent a double nucleus galaxy (presumably in the
late stage of a merger), and two ~ ¥, undisturbed spiral
galaxies. The projected separation from numbers 5 to 4 is
110 kpc and 460 kpc to number 1.

We note that some apparent associations in our sample
are merely projections on the sky, i.e., they appear close,
with similar angular sizes, and yet they are well separated in
redshift space. Such an example is shown in Figure 1 by
galaxies 15 (z = 0.566), 16 (z ~ 0.4? see the Appendix), 17
(z = 0.324), and 18 (z = 0.754). Some of these galaxies show
evidence for asymmetries or distortions, which might be the
result of an interaction with one of the other galaxies that is
projected nearby. As they are at different redshifts, this is
not the case, but it does serve to highlight the risks of clas-
sifying interacting galaxies on the basis of visual appearance
alone. Estimates of the frequency of interacting and merging
galaxies from imaging (without knowing the redshifts of
both interacting systems) are likely to be overestimated. To
illustrate this, if we take the extreme view that all galaxies
with asymmetries and multiple nuclei are the result of a
merger or interaction (as has been done at times), then our
small sample would suggest that 11 of 17 galaxies could be
so classified. With redshifts and imaging data, we would
reduce this to only three to four galaxies which we would
consider to be clearly merging or interacting with another
galaxy in the sample. This comparison does not include
companion galaxies that are not in our redshift sample or
evolved systems that show asymmetries but no other evi-
dence of the secondary galaxy.

4.5. Luminosity-Size Relation

Since Freeman (1970) observed that spiral galaxies have a
constant disk central surface brightness of uz = 21.65 + 0.3,
there has been much debate concerning the interpretation
and reliability of this result. The most comprehensive study
to date is that of de Jong (1995), who shows that there is no
single preferred value but a range of up that varies with
Hubble type. He finds, for spirals (RC2 types 1-6) with
semitransparent disks, that pup=21454+076 mag
arcsec 2. We have adopted this value for the local central
surface brightness, which can be expressed in terms of a
local luminosity-size scaling relation. Assuming the total
light from a pure exponential disk is Ly = 2n63L,, where 6,
is the angular disk scale length and L, is the central surface
brightness (in L, arcsec™?), we can derive the local
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luminosity-disk size scaling relation to be
log (rd/kpc) = —02 MB,disk - 3.42(i015) .

We have calculated the disk magnitude (Mg 4;), for our
sample by subtracting the light in the bulge (< 0.2 mag in all
cases) from the total magnitude in Table 3. We have not
made any correction for inclination or internal absorption
(which tend to largely cancel each other in calculating
face-on surface brightnesses).

In Figure 8 we show the physical disk scale length against
rest frame absolute B magnitude of the disk for our sample
galaxies and the local scaling relation for spirals. Most of
our sample galaxies fall slightly below the mean relation,
i.., to smaller scale lengths and/or to brighter magnitudes.
A linear regression fit, inversely weighted by the error in
disk scale length gives

log (ra/kpc) = —0.15 + 0.05 M i — 2.58 + 1.0 .

Thus, our sample is offset to lower scale lengths with a
flatter slope, but with formal errors that are consistent with
the local relation. If we fix the slope to a value of —0.2, then
the change in the other coefficient relates to a change in
central surface brightness only. This gives a brightening of
0.85 mag, corresponding to pz = 20.6 + 0.2 mag arcsec ™ 2
for the sample as a whole. We note that surface bright-
nesses are unaffected by changes in g,. If we restrict our
sample to just those that are clearly spiral in nature (filled
symbols in Fig. 8), then both the slope and intercept are
closer to the local relation values. Again for a fixed slope,
the spirals are brightened by Augz ~ 0.6 mag, giving ug =
20.9 + 0.1. Thus, our sample suggests that deviations from
the local scaling relation are strongest in the very late-type/
irregular galaxies (although in some cases this is probably
because the disk scale length is poorly defined). Schade et al.
(1995) have recently examined the luminosity-size relation
for 32 galaxies with redshifts 0.5 < z < 1.2. Scale lengths
have been measured from WFPC2 images and redshifts
obtained from CFHT spectra. They find a value of ug =
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F1G. 8—Luminosity—disk size relation. The exponential disk scale
length is plotted against rest-frame absolute B magnitude of the disk. Filled
symbols represent galaxies that are clearly spiral in nature, and open
symbols represent other galaxies. The sample is also divided by intrinsic
color, with circles for blue galaxies and triangles for red galaxies. Errors are
estimated to be 15% in the scale length and 0.2 mag in absolute magnitude.
The magnitude error bar is shown in the lower right. Galaxies from the
z ~ 0.3 sample of Colless et al. (1994) are shown by small open squares.
The solid and dashed lines represent the local relation assuming a central
surface brightness of 21.45 + 0.76 B mag arcsec ™2 (see § 4.5).

FIELD GALAXIES AT MODERATE REDSHIFT 99

20.3 + 0.2 for galaxies with obvious spiral structure and
find no statistical difference between these spirals and the
small featureless objects or irregulars. However, they also
note the difficulty of quantifying the meaning of a disk scale
length for the small and irregular galaxies. Their data for
more distant galaxies (Z ~ 0.75) suggest a brightening of
Apg ~ 1.2 mag, ie., slightly higher than our estimate for
Z ~ 0.5 galaxies. When we divide our sample into intrinsi-
cally blue and red galaxies at B—V = 0.55 (circles and tri-
angles, respectively, in Fig. 8), we find uz = 20.8 + 0.3 for
the blue galaxies and pp = 204 + 0.3 of the red galaxies.
Although the errors are large, there is an indication that the
blue galaxies deviate less from the local relation than do the
red galaxies. It is possible that star formation has conspired
to move points parallel to the local relation, ie., low-
luminosity systems may have star formation preferentially
in their outer parts, so that the brightening is accompanied
by an increased scale length. If this were the case, we might
expect the higher luminosity galaxies in our sample to be
dominated by blue galaxies, which is not seen.

Additional support for the modest brightening of distant
field galaxies comes from the ground-based study of Colless
et al. (1994). Their sample is at a slightly lower median
redshift (Z ~ 0.3) than ours but contains a comparable
number of galaxies. Their seeing was sub-arcsecond
(075-1%0), but it was not sufficient for a direct visual classi-
fication of the galaxy’s morphological type. Furthermore,
they could not decompose the surface brightness profiles
into bulge and disk combinations, as we have done. With
the limited number of resolution elements, they were only
able to fit either a disk or a bulge profile. This will introduce
a small bias toward smaller scale lengths for early-type
spirals. They measured a total of 19 galaxy scale lengths and
seven upper limits. After excluding the two bulge-
dominated systems, we also show their data in Figure 8
(after correcting to Hy =75 km s~! Mpc~! and g, = 0).
Their data also follow the same general trend as ours,
slightly below the local relation and with a flatter slope. A
similar conclusion (that disk galaxy sizes have evolved little)
was reached by studying somewhat brighter, less distant
(z ~ 0.2) field galaxies from WFPC1 imaging (Mutz et al.
1994; Phillips et al. 1995a).

We conclude that spiral galaxies at moderate redshift
Sollow a similar luminosity-size relation to local galaxies,
albeit with a modest brightening of ~ I mag.

4.6. Luminosity-Velocity Relation

Next we examine the relationship between a galaxy’s
internal velocity and its total luminosity, and we compare it
to those of local galaxies. There does not yet exist a system-
atic and complete sample of local field galaxies studied by
their internal velocity properties. Most studies of the Tully-
Fisher relation have concentrated on well-behaved, nonin-
teracting, nonbarred galaxies so as to reduce the scatter
about the relation for distance-determination purposes. In
Figure 9 we show the local scaling relations of Rubin et al.
(1985) for normal (i.e., noninteracting, nonbarred) field
spirals. Their V,,, of the rotation curve has been converted
into ¢ of a Gaussian assuming that the FWHM of the
Gaussian represents the full range in internal velocity, i.e.,
o =2 x V,_./2.35. This is roughly analogous to integrated
H 1 velocity widths, Ws,. The Rubin et al. relations are
derived from Ha rotation curves and have a dispersion of
~0.5 mag per Hubble type. The H 1—derived Tully-Fisher

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...462...89F

100 FORBES ET AL.

N

log & (km/s)

-16 -17 -18 -19 -20 -21 -22
M, (mag.)

F1G. 9.—Luminosity-interval velocity relation. The velocity line width
sigma (¢ = 2V,,,,/2.35) is plotted against total absolute B magnitude of the
galaxy. The same symbols are used as in Fig. 8. Two disk-dominated
galaxies (z ~ 0.2) from Vogt et al. (1993) are shown by small open squares.
The upper solid lines represent the local relation for Sa and Sc galaxies
from Rubin et al. (1985), with dashed lines giving the upper and lower
bounds. The H 1 Tully-Fisher relation would lie between Sa and the Sc

galaxy relations. The lower lines represent the local relation for H 1 gal-
axies from Telles (1995).

relation (e.g., Pierce & Tully 1988) falls between the Rubin
et al. Sa and Sc galaxy relations. We would expect Sd/Irr
galaxies, with a lower velocity for a given luminosity, to lie
slightly below the Rubin et al. relation for Sc spirals. The
measured velocity width in barred galaxies will depend on
the relative orientation of the bar and slit. We also show in
Figure 9 the local relation for H i galaxies from Telles
(1995). Such galaxies are dominated by a global starburst
and have Mg up to —21.0 (Telles & Terlevich 1993). The
internal velocities for the H 11 galaxies are derived from Ha
emission-line widths. Thus, at a given luminosity, there will
be a large range of internal velocities for a sample of ran-
domly selected local field galaxies, unlike disk size, which
reveals a relatively tight relationship with luminosity.

By using local relations that are determined from ionized
gas, we will avoid any systematic differences from those
derived using neutral hydrogen gas. However, we must
assume that the spatial distribution of [O 1], HB, and [O
1] derived velocities are similar to that of Ha. In Figure 9,
we express internal velocity in terms of ¢ of the Gaussian
(=FWHM/2.35) from the emission-line widths. Gaussians
are a good approximation to the emission-line profiles.
After measuring the emission-line velocity widths, we have
made the usual corrections for instrumental broadening,
redshift effect, and inclination.

As our galaxies tend to be somewhat larger than the slit
width, the orientation of the slit is important. Thus, we need
to make an additional correction for the limited spatial
coverage of the slit along the galaxy’s major axis. The mea-
sured velocity needs to be increased if the spatial extent of
the spectrum does not probe to sufficiently large galacto-
centric radii in order to reach each galaxy’s maximum rota-
tion velocity (V,,,,)- Fortunately, galaxy rotation curves are
relatively flat beyond the central regions, and so any correc-
tions are small. This effect can be quantified crudely using
the parameterization of local galaxy rotation curves found
by Persic & Salucci (1991), based on the fact that outer
rotation curve gradients vary systematically with galaxy
luminosity. They found the radial dependence of rotation

Vol. 462
velocity to be
V(r) Ly r
— = 12 — 0. — —-1).
v 1+ (0 12 — 0.24 log Lm:)( 2o, >

We recognize that using this relation assumes that distant
galaxies have similar rotation curve forms to local galaxies,
but as this correction is typically ~8% for our sample, it
does not affect the general conclusions. The larger correc-
tions are applied to those few galaxies with slits close to the
minor axis. Such galaxies in our sample tend to have veloc-
ity upper limits. The final corrected velocities are listed in
Table 3.

For two of our galaxies, the emission lines of Hf and
[O 1] are extended by about 10 pixels from the spectrum
centroid, thus allowing us to derive spatial velocity informa-
tion, or rotation curves, and hence to measure V,,, directly
for comparison with the velocity derived from emission line
widths. The two galaxies (4 and 5) are a double nucleus
system and a regular-looking Sb spiral, both at redshift
z ~ 0.48. Applying the same redshift and inclination correc-
tions, and assuming ¢ = 2 x V_,./2.35, the rotation curves
give a ¢ value of log ¢ = 2.11 and log g = 2.23 for galaxies 4
and 5, respectively. In Table 3, we give values of 2.10 &+ 25
and 2.08 + 30, respectively. Thus, the emission-line velocity
widths are similar to, but perhaps slightly lower than, those
derived from the emission-line rotation curves. A full
description of the rotation curve derivation for these gal-
axies, and others from a different study, will be presented by
Vogt, Forbes, & Phillips (1995).

We find that our sample galaxies fill the region between
local Sa and H 1 galaxies. Most of the spiral galaxies are
barely consistent with the Sc galaxy relation. If we take the
six spirals with detections, and the same slope as the Rubin
et al. relation, we find that the brightening is AMy ~ 0.4
mag with respect to the Sc relation. Of the galaxies that lie
close to the H 11 galaxy relation, most of these have intrinsic
blue colors, often with very high [O 1] equivalent widths
(i.e., they are likely to be starbursts). One exception is the
barred spiral (number 6) for which the slit was placed
directly along the bar, which may have led to a systemati-
cally lower velocity width (van Albada & Roberts 1981).
The starbursting galaxies may be similar to the moderate-
redshift compact narrow emission-line galaxies (CNELGs)
described by Koo et al. (1995a), which they showed are
equivalent to luminous examples of local H 1 galaxies. The
presence of a starburst could lead to a systematically lower
emission-line width if a small number of low-velocity star-
forming complexes (giant H 11 regions) dominate the ionized
gas in the central regions. In this case, the line width could
have a significant contribution from the internal motion
induced by stellar energy release within the H 1 regions.
Some support for this comes from Telles & Terlevich (1993),
in which they find that H 11 galaxies may have emission-line
widths that are up to a factor of 2 (0.3 in the log) smaller
than those derived from H 1 21 cm measurements. Other
possibilities also remain, such as a small spatial extent
for the optical data compared to the H 1 data. These
effects would move points diagonally to the lower right in
Figure 9.

We also plot data for two disk systems from Vogt et al.
(1993), after converting their R-band magnitudes (Vogt
1995) to My using the Frei & Gunn (1994) tables and
assuming both to be late-type spirals (they did not have the
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benefit of HST imaging). The first galaxy (z = 0.211) is
described as “elongated with a small bulge” and has very
strong emission lines. It lies just above the H 1 relation in
Figure 9. The second (z = 0.201) is an “elongated ” cluster
galaxy, presumably also a spiral, that lies close to the rela-
tion for Sc galaxies. These two galaxies lie within the locus
of our sample and are also consistent with some brightening
relative to local galaxies.

In summary, we find that our moderate-redshift field gal-
axies fall within the region defined by local spirals and H 11
galaxies in terms of their internal velocities. Many of the
spiral galaxies in our sample lie close to the local relation
for Sc galaxies, with only modest brightening. However, a
sizable fraction of the sample lies closer to the local relation
for H 1 galaxies. These galaxies tend to be starbursting
galaxies, as indicated by their blue colors and high [O 1]
equivalent widths. For these galaxies, it is important to
check the emission-line velocity widths against those deter-
mined directly from rotation curves. So although our
luminosity-velocity relation does not provide us with such a
clear-cut interpretation as the luminosity-size relation, it
does suggest that some fraction of moderate-redshift gal-
axies have velocity widths characteristic of local galaxies
with ~1 mag of brightening.

4.7. The Nature of the Faint Blue Galaxies

One of the major outstanding puzzles of cosmology is the
nature of the blue galaxies that appear to dominate the
number counts, by a factor of 3—5 above nonevolution pre-
dictions, by B ~ 23. For example, Cowie et al. (1991) pre-
sented redshifts for 22 galaxies with B < 24 and claimed
that counts at these magnitudes were “...dominated by a
population of small blue galaxies...” that is not seen
locally. The current explanations for these blue galaxies
include (1) an entirely new population at moderate redshifts
that has disappeared by today (Cowie et al. 1991; Babul &
Rees 1992), (2) mergers and associated star formation that
have distorted the galaxy luminosity function compared to
that at the present epoch (Broadhurst et al. 1992), or (3) the
possibility that uncertainties in the local galaxy luminosity
function are not known well enough to require alternative
explanations yet (Koo & Kron 1992). The first two of these
scenarios would predict that there exists a large population
of galaxies at moderate redshift that have “ disappeared ” by
the present epoch and thus do not have local counterparts.

Recently, Cowie et al. (1995) have presented deep
WFPC2 F814W images of faint field galaxies. The main
result of their paper is the identification of a completely new
morphological class of galaxy called “chain galaxies.”
These galaxies are fainter than our magnitude limit of
I = 22 and are very blue with a linear, beaded morphology.
Cowie et al. suggests that they have redshifts z ~ 1.5. If
spectra are obtained for these galaxies, it will be useful to
compare their properties with the luminosity-size and
luminosity—internal velocity relations to assess their true
nature.

As discussed in § 4.2, our sample, although small, appears
to be representative of disk galaxies at B ~ 23, ie., the
regime of the faint blue galaxy excess. If the excess is a factor
of 3-5 above nonevolutionary predictions (Cowie et al.
1991), then we would expect about 75% or 13—14 galaxies in
our sample to belong to such an excess population. What,
then, can we say about such galaxies from our sample? By
examining their disk sizes and internal velocities, we find
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that many of our sample galaxies show evidence for modest
(AMg ~ 1 mag) evolutionary brightening relative to the
present epoch but otherwise have quantitative parameters
that are similar to the local scaling relations. The single
bulge-dominated galaxy in our sample appears to be struc-
turally similar to local ellipticals but is ~0.5 mag bluer than
expected for a passive local elliptical and reveals weak emis-
sion lines. Our general findings are supported by the
WFPC2 study of Phillips et al. (1995b), which is complete to
I <21.7 (B <24) and finds that the angular size versus
apparent magnitude relationship is consistent with mild
luminosity evolution of the local galaxy populations. As our
sample is small, it is premature to draw strong conclusions
regarding the nature of faint galaxy evolution. Nevertheless,
we do not see evidence for a dominant population of gal-
axies at moderate redshift that have no local counterparts,
once a modest amount of fading has occurred. This is con-
sistent with the recent results from deep surveys of Lilly et
al. (1995).

5. CONCLUDING REMARKS

In the near future, we expect many new data to address
the issue of galaxy sizes and internal kinematics at moderate
redshift, using the more efficient multislit mode of the LRIS
spectrograph on the Keck telescope (e.g., Koo et al. 1995b)
and with the AUTOFIB multifiber instrument on the
Anglo-Australian Telescope (Rix, Guhathakurta, & Colless
1995). The combination of full rotation curves and surface
brightness profiles will allow us to examine the radial
dependence of mass and M/L in these distant galaxies (e.g.,
Persic & Salucci 1990; Forbes 1992). With larger samples,
and thus better statistics, additional aspects of faint galaxy
evolution can be addressed, such as the morphology-
density relation at moderate redshift, clustering properties
of field galaxies, and the change in galaxy properties with
redshift.

In summary, for a small but representative sample of
moderate redshift (0.2 < z < 0.84) field galaxies, we present
spectra from the Keck telescope and imaging from the HST
WEFPC2. From these data, we have derived various quanti-
tative physical parameters, including scale lengths from
surface brightness profiles and internal velocities with a
resolution of ¢ = 55-80 km s~ !. We examine the relation-
ship between galaxy luminosity and both disk scale length
and internal velocity. Together, these data suggest that
many spiral and disk galaxies with redshifts ~0.5 have
undergone modest AMz ~ 1 mag luminosity evolution.
Otherwise, they have values characteristic of local galaxies.
The single elliptical galaxy in our sample has structural
parameters (i.e., r;; and o) consistent with those for a local
elliptical but is much bluer in the rest frame than expected
for a passive elliptical. Although we have found evidence for
mild luminosity evolution at moderate redshifts, we do not
see evidence for dominant population of galaxies that has
completely disappeared by the present epoch, as suggested
by some galaxy evolutionary scenarios.
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APPENDIX

INDIVIDUAL GALAXIES

1. 030505.0—-001143—This is a good example of a near face-on spiral at redshift 0.477. It obeys both the luminosity-disk
size and luminosity—velocity width scalings for local galaxies.

2. 030504.9—001138—Although projected on the sky close to galaxy 030505.0 —001143, it is at a higher redshift. This
galaxy is a late-type galaxy with an extremely high rest-frame [O 1] equivalent width, i.e., currently undergoing a burst of star
formation. It is the faintest galaxy in our sample with I = 21.9. It is interesting to note that this galaxy has fairly similar
half-light radius to galaxy number 1, and yet one would expect that they have quite different values from examining Figure 1
by eye. This is largely because of the 2 mag difference in surface brightness of the two objects, which is not obvious in the
image.

3. 030501.3—001039.—We chose this galaxy based on its peculiar morphology and its unknown nature (Glazebrook et al.
1994 suggested either a super-starburst galaxy or a gravitational lens). The redshift was known from the work of Glazebrook
et al. (the only one in our sample). The spectrum, from the main part of the lower ring, supports the starburst origin with
strong, unresolved lines typical of an H 11 region and a large [O 11] equivalent width. Examination of the two-dimensional
spectrum suggests that there is small velocity shift across the system, making the gravitational lens interpretation less likely.
The disk scale length and surface brightness are less reliable for this peculiar galaxy than for others.

4. 030458.0—001135—This galaxy shows a clear double nucleus, separated by ~ 170 (5.3 kpc), and it is presumably in the
late stage of a merger. The measured line width reflects the two velocity components. An exponential fit was made to the
isophotes giving ry;, = 1.8 kpc, but the scale size is not very meaningful in this case.

S. 030459.2—001146—At the same redshift as the double nucleus galaxy (z = 0.477). It has a high luminosity
(M = —21.3) and has the largest disk scale length (r4;,, = 5.1 kpc) in our sample.

6. 030503.4—001010—We classified this galaxy as a barred spiral. The photometry is somewhat uncertain, as we have
attempted to exclude the possible foreground star which lies just off the nucleus. The slit is parallel to the galaxy bar, so in this
case we may have a significant contribution from noncircular motions.

7. 030503.3—001015—This galaxy appears to be a physical companion of the barred spiral (030503.4 —001010), since
both have a redshift of ~0.595 and a separation of 27 kpc. The morphological type is somewhat uncertain; we have classified
it as an intermediate type, but the surface brightness profile is well fit by a single exponential disk.

8. 010958.5 —022724—We have classified this galaxy as an asymmetric Sb, as its appearance is clearly distorted from a
typical Sb spiral. It has a relatively high velocity width and [O 11] equivalent width.

9. 010958.1 —022740.—This is the closest galaxy in our sample (with a redshift of 0.205) and the least luminous. It appears
to be undergoing a merger or interaction with a small galaxy, and so we have classified it as a double nucleus system.

10. 010957.4 —022807—This galaxy has a low surface brightness and appears to show a spiral arm structure. It is very blue
with strong [O 11] emission, suggesting recent star formation.

11. 171220.8 +333559.—At a redshift of 0.837, this is the most distant galaxy in our sample. It is also extreme in its
rest-frame [O 11] equivalent width (~ 150 A). Visually, it appears to be asymmetric.

12. 1712214+ 333556.—This is a nearby (z = 0.256), asymmetric, and blue Sb spiral. Its luminosity is close to I*. The
[O 1] A3727 line is blueward of our wavelength coverage, but the visual morphology and blue color suggest a recent burst of
star formation across the disk.

13. 171227.1+ 333549 —Images of this galaxy show distortions with a possible faint companion. The galaxy is distant
(z =0.759) and luminous (M = —21.1).

14. 171227.0 + 333558 —The morphological type of this galaxy is somewhat uncertain; we have classified it as an interme-
diate type, but the surface brightness profile is well fit by a single exponential disk. The galaxy is also quite blue.

15. 171229.5+333626.—1In this case, the slit lies close to the minor axis of the galaxy, and a fairly large correction to the
measured velocity width was required. The image suggests spiral arms and ongoing star formation. The luminosity
(M = —20.3) and scale length (r4;,, = 4.1 kpc) are close to I* and the average disk scale length for local galaxies of 3.5 kpc
quoted by Mutz et al. (1994).

16. 171229.5+333634—We have not managed to determine a convincing redshift for this galaxy (the only one in our
sample without a redshift). Comparing the angular half-light radius and apparent I magnitude with the latest mild luminosity
evolution models of Gronwall & Koo (1995) suggests that z ~ 0.4. This is consistent with a 4000 A break in the spectrum at
~ 5600 A. The resulting absolute magnitude Mz = — 18.9 would place it at the low-luminosity end of our sample. The galaxy
shows evidence for a weak bar along the major axis, and the outer isophotes are clearly distorted, suggesting an interaction,
possibly with a faint companion just visible in Figure 1.

17. 171229.3 +333636.—This is the only clear case of a bulge-dominated galaxy in our sample (z = 0.324), and it has been
discussed in detail in § 4.2.

18. 171229.9 4+ 333644.—Close to face-on, this galaxy shows asymmetric structure and possible off-nucleus star formation.
The rest-frame [O 1] equivalent width is 34 A. It is a highly luminous (M = —21.3), distant (z = 0.754) galaxy.
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