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ABSTRACT 
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The star formation history of galaxies is the primary influence on galaxy 

evolution, and hence the evolution of almost all the visible matter in the universe. 

In this dissertation, I present studies of the star formation history of galaxies which 

have come from two distinct perspectives: the study of galaxies that have unusual 

star formation histories, and the se£irch within the general galaxy population for 

galaxies with unusual star formation histories. 

A spectrophotometric atlas of 40 merging and strongly interacting galaxies 

is obtained and analyzed in order to examine their stellar populations and star 

formation histories. Within the sample, the subsample of 10 ultraluminous IRAS 

systems is compared with the optically selected subsample. The population of 

objects in the sample with anomalously strong Balmer absoprtion lines, a spectral 

signature indicative of post-starburst evolution, is examined and compared with 

distant "E+A galaxies" which have similar spectrophotometric properties. 

Spectrophotometry across the entire optical wavelenth range is obtained and 

analyzed for a sample of 8 E+A galaxies, ranging in redshift from 0.09< z <0.54. 

The method of stellar population modeling, widely used with only minor variations 

in the astronomical community, is examined and its strengths and limitations are 

discussed. 

A deep, broad-band multicolor galaxy survey is assembled and analyzed for 

information about the star formation evolution of the field galaxy population. 

A technique is developed to identify the redshifts and spectral types of the 

survey galaxies using the very low-resolution spectrophotometry provided by the 

multicolor data. The red galjixy population is examined for signs of active star 
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formation evolution. The blue galaxy population is analyzed using number counts 

and luminosity functions subdivided by redshift. The two major results are; (1) 

The U-band selected blue galaxy luminosity function in the redshift range 0.02 

< 2 < 0.15 is very steep and very similar to that of local Magellanic spiral and 

irregular galaxies. (2) An excess population of starburst galaxies is observed at 2 > 

0.3 which is not observed at z < 0.3. These galaxies may contribute significantly 

to the observed luminosity function evolution a.t z > 0.3, and then fade and redden 

at lower redshifts. 
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation 

The star formation history of galaxies essentially dictates the evolution of galaxies, 

and hence the evolution of almost all the visible matter in the universe. Clearly, 

then, the study of the star formation history of galaxies all but motivates itself. The 

subject encompasses a vast and grand scale, from the behavior of gas in individual 

molecular clouds to the systematic evolution of the entire galaxy population since 

the beginning of cosmic time. With this dissertation, I hope to contribute to our 

understanding of this inspiring and challenging scientific problem. 

1.2. Background 

To approach the star formation history of galaxies at its most basic level is to look 

at the star formation history of a single galaxy. Three very general scenarios for 

star formation can occur in any given galaxy: (1) an initial burst of star formation 

when the galaxy is first formed; (2) some level of continuous, perhaps slowly 
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declining, star formation which has gone on since the time of formation; and (3) an 

episode of star formation which occurs some time after the formation epoch, and 

lasts only a short time compared to the lifetime of the galaxy. If the star formation 

rate is intense during this episode, it is commonly called a starburst. For any 

galaxy, the interplay between these three processes determines its star formation 

history. 

Historically, the generally accepted paradigm for relating these star formation 

scenarios to the observed galaxy population is a simple one: most early-type, 

i.e. elliptical and lenticular galaxies, had essentially all their star formation 

completed during the initial burst, while most late-type, i.e. spiral galaxies, have 

undergone varying levels of continuous star formation since they were formed. The 

contribution of starbursts in galaxies' star formation histories has been recognized 

for some time as well — for example, by Rieke & Lebofsky (1978) for spiral 

galaxy nuclei, and Larson & Tinsley (1978) in interacting galaxies — and is now 

understood to be a dominant process in any active evolution of the star formation 

rates of galaxies. 

1.3. The Layout of This Work 

When star formation evolution occurs in the galaxy population, it manifests itself 

in several basic ways. One way is that individual galaxies will exhibit unusual star 

formation activity — ongoing starbursts, for example, or the fading remnants of 

recently ended ones. Another way is that galaxies as an ensemble will show diflFerent 

star formation properties at different epochs - perhaps the galaxy population was 

more luminous or had bluer broad-band colors on the average, or contained a 

larger fraction of starbursting galaxies. In this dissertation, I seek insight into 
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the star formation history of galaxies through studies from these two distinct and 

complementary directions. 

1.3.1. Merging, Strongly Interacting and E+A Galaxies 

First, I examine the star formation histories and properties of two kinds of galaxy 

systems that are rapidly evolving: merging and strongly interacting galaxies, which 

are in the process of large-scale dynamical evolution, and poststarburst (or "E+A") 

galaxies, which have had starburst activity in their recent histories. Galaxy mergers 

and interactions are among the most visually dramatic events in the universe; 

E+A galaxies are spectroscopic signposts that maxk the recent occurrence of strong 

starburst activity. The effects of the interaction process on the star formation 

histories of the galaxies concerned are well documented (see Bushouse 1986 and 

references therein; Hibbard 1995 and references therein). The use of E+A galaxies 

as diagnostics to test the star formation histories of galaxy populations, particularly 

in distant rich clusters of galaxies, has also been explored (e.g., Couch & Sharpies 

1987; Barger et al. 1996). However, the spectrophotometric properties of merging 

and strongly interacting systems as a class of objects, and E+A galaxies as a class 

of objects, had not yet been studied. This oversight had to be addressed; how, 

after all, can the merger process and the E+A phenomenon be used as tools to 

study the star formation history of galaxies if mergers and E+A's themselves are 

not understood as a population? 

In collaborations with Robert Kennicutt (University of Arizona) and Richard 

Green (National Optical Astronomy Observatories), I obtain spectrophotometric 

surveys of 40 merging and strongly interacting galaxy systems, and 8 E+A 

galaxies identified in the literature. Then, I examine the spectrophotometric 

properties of the galaxies in the merger survey, with particular emphasis on their 
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cnrrent stax formation rates, their far infrared luminoisities, and their relationship 

to high-redshift E+A galaxies. With the E+A galaxies, I model their stellar 

populations to study the starburst activity that has occurred within them. I also 

test the effectiveness of the modeling procedure used not only by me but by almost 

everyone else in the community. 

1.3.2. Star Formation In The Field Galaxy Population 

Second, I examine the star formation history of the field galaxy population as a 

whole. The goal of such a study is to see how the star formation properties of 

galaxies have evolved as the universe has aged, and to quantify the nature and 

amplitude of such evolution. The basic requirement of such a study is a large sample 

of galaxies obtained in a well-defined way; for the studies in this dissertation, I use 

a deep, multicolor CCD field survey (Hall et al. 1996) obtained by Richard Green 

and Patrick Osmer (Ohio State University) and reduced, calibrated and catalogued 

by Patrick Hall (University of Arizona). 

The other key ingredient to the study of field galaxy evolution is the look-back 

times, and hence their ages relative to the present epoch, of the galaxies in the 

sample. This quantity is obtained for each galaxy by measuring its redshift. In this 

dissertation, I design and test a technique to estimate the redshifts and spectoscopic 

Hubble types of the galaxies in the sample using broad-band, optical multicolor 

photometry, rather than resorting to costly and time-consuming spectroscopy. I 

then search for star formation evolution in galaxies with early-type galaxy colors by 

looking at their near-ultraviolet fluxes. Finally, I quantify the evolution of galaxies 

with late-type galaxy colors by constructing their luminosity functions in various 

redshift ranges, and try to identify any particular sub-populations of galaxies that 

would be significant contributors to star formation evolution. 
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CHAPTER 2 

PRESENT STUDY 

The studies of the star formation history of galaocies that comprise this dissertation 

axe presented in the form of six papers. The main results of each paper are 

summarized below. 

2.1. Appendix A: 

A Spectrophotometric Survey of Merging Galaxies 

We present longslit spectrophotometry of 40 merging or strongly interacting 

galaxy systems in the wavelength range 3650-7100 A. Along with optically selected 

objects, the sample includes 10 ultraluminous IRAS gaJajcies with evidence of 

ongoing merger activity. The data show a wide variety of phenomena, with spectra 

resembling those of isolated elliptical galaxies, early and late-type spirals, AGN, 

starbursts and post-starburst systems. 

2.2. Appendix B: 
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Spectrophotometric Properties of Merging Galaxies 

We present quantitative analysis of longslit spectrophotometry of 40 merging and 

strongly interacting galaxy systems, in the wavelength range 3650-7100A. Along 

with optically selected objects, the sample includes 10 ultraluminous IRAS galaxies 

with ongoing merger activity. The mergers exhibit a very large range of spectral 

properties, ranging from completely evolved stellar populations to emission-line 

dominated starbursts and absorption-line dominated post-starburst systems. The 

spectral types £ire correlated with the morphological types of the merging galaxies, 

as best as they can be inferred. 

The sample has much higher mean star formation rates than isolated galaxies, 

as measured by Ha+[NII] line emission. The distribution of [Oil] equivalent 

widths in the sample is very different from that of local field galaxies, but does 

resemble the EW([OII]) distribution for faint blue field galaxies studied in deep 

redshift surveys. The far-infrared (FIR) luminosities and L(FIR)/L(B) ratios 

of the optically selected subsample are substantially higher than that of field 

galaxies as a whole. The ultraluminous IRAS mergers have distinctly higher 

L(FIR) and L(FIR)/L(B), but are similar to the optically-selected mergers at 

optical wavelengths; on the average, their optical continuum colors are actually 

somewhat bluer than the optical subsample, indicating the presence of a global, 

young stellar population along with heavily dust-enshrouded nuclei. The frequency 

of the appearance of Seyfert nuclei and LINERs in the sample is also discussed. 

A considerable fraction of the mergers exhibit spectra with anomalously strong 

Balmer absorption, when compared to nearby normal galaxies. Many of these 

systems have spectra resembling those of distant "E+A" galaxies. A quantitative 

comparison of the Balmer absorption-dominated mergers with several E-f-A galaxies 
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at high redshift shows that they are indeed similar, and suggests that the two kinds 

of galaxies may be the same class of objects. 

2.3. Appendix C: 

Spectrophotometry and Stellar Population 

Models of "E-j-A" Galaxies 

We present longslit spectrophotometry of eight "E+A" galaxies which have 

been previously identified in the literature. We use a simple two-paxameter 

modeling scheme to test if their stellar populations can be characterized uniquely 

by a decajdng instantaneous starburst of well-determined age superposed upon 

a steady-state galaxy substrate. Five of the objects are well characterized by 

burst-plus-elliptical galaxy models; two others are best fit by burst-plus-spiral 

galaxy models. One object cannot be described by such models, but does resemble 

the spectra of some nearby merging galaxies with E-f-A-like spectra, possibly 

suggesting a multiple-burst scenario. Significant degeneracies, however, combined 

with the finite signal-to-noise of the data, severely limit the effectiveness of using 

optical spectral energy distributions alone to constrain the ages and mass fractions 

of the starburst components. The interpretation of E-l-A galaxies, especially at 

high redshift, must be approached cautiously. 

2.4. Appendix D: 

An Opticeil Multicolor System For Measuring 
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Galaxy Redshiffcs And Spectral Types 

A method of obtaining approximate redshifts and spectroscopic Hubble types of 

galaxies using a photometric system of six broad-bandpass filters is developed. In an 

evalution of its accuracy using two distinct galaxy samples, the photometric redshifts 

are found to have an absolute mean deviation of ±0.05 from spectroscopically 

determined redshifts. Possible systematic errors of the method are investigated, 

including the effects of post-starburst ("E+A") galaxies and attempts to measure 

redshifts with incomplete color information. Applications of the technique are 

discussed. 

2.5. Appendix E: 

A Search For Star Formation Evolution 

In Early-Type Galaxies 

We apply a color-selection criterion to extract red galaxy candidates from the 

deep multi-color survey of Hall et al. (1996). We select the galaxies using red 

colors (V-R-I86 and R-I75-I86), then compare their bluer colors (B-R and V-R 

respectively) to color evolution models of non-evolving and passively evolving 

elliptical galaxy templates. Thus, we attempt to measure directly the excess 

of rest-frame ultraviolet colors in these galaxies, as an indication of their star 

formation evolution as a function of redshift. We see suggestions of ultraviolet 

excess which are inconsistent with no-evolution or passive evolution in the selected 

red galaxy population, and require at least some increase in the massive star 

formation rate since z~0.8. However, the errors in the photometry are sufficiently 

high at the apparent magnitudes of interest (R;^21.5) that our result is not 
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statistically significant. We discuss the improvements to the dataset that would be 

required to confirm our results at a robust statistical level. Specifically, an increase 

of approximately 1.5 magnitudes in the B limiting depth of the sample, and 0.7 

magnitudes in the V and R limiting depths, would be sufficient to achieve the 

desired scientific goal. 

2.6. Appendix F: 

Luminosity Functions and Number Counts of Blue Galaxies 

In A Deep Multicolor CCD Field Survey 

A complete sample of 651 field galaxies with 17.0<U<21.1, each with U-B-V-R-

I7500-I8600 photometry, has been selected from a deep field survey which covers 

0.83 deg^ along six lines of sight. Each galaxy's spectroscopic Hubble type and 

redshift has been measured using the photometric techniques developed by Liu 

(1996). Of these, the 560 galaxies classified as spectral type Sbc or bluer are 

analyzed for signs of evolution with redshift, and for unusual star formation 

histories. Total number counts of the blue galaxies in the U-band give a count 

slope d(logN)/dM~0.55, consistent with previous studies. In the redshift range 

0.3<z<0.5, the slope steepens sharply to 0.9, indicating strong luminosity and/or 

number density evolution at that epoch. 

The luminosity function at 0.02<z<0.15 has a very steep a ~ -1.9 down to 

M(B)~-14. This is consistent with the measurement of Marzke et al. (1994) for 

Magellanic spirals and irregulars, suggesting that this U-limited sample is strongly 

influenced by galaxies which have the spectrophotometric or surface-brightness 

properties of morphologically selected Sm-Im galaxies. The luminosity functions at 

0.15<z<0.3 and 0.3<z<0.5 are consistent with a faint-end slope a ~ -1.5, as found 



20 

by Ellis et al. (1996), and show significant brightening of M* as found by Lilly et 

al. (1995). 

A significant population of very blue (rest frame U-R<0.3) galaxies, with 

spectral energy distributions indicating strong starburst activity, is observed at 

z>0.3 but not at z<0.3. These may be galaxies temporarily brightened by global 

starbursts, which subsequently fade and redden at lower redshifts. 
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Published in The Astrophysical Journal Supplements, 1995, Vol. 100, p. 325. 
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Rectmd 1994 Nonmbtr 22: occrpted 199! March 20 

ABSTRACT 
We present long^t spectrophotometry or40 merging or strongly interacting galaxy systems in the wavelength 

range 3630-7100 A. Along with optically selected objects, the sample includes 10 ultraluminous galaxies 
with evidence of ongoing merger activity. The data show a wide variety of phenomena, with spectra resembling 
those of isolated elliptical galaxies, early and late-type spiral galaxies, active galactic nuclei starbursts. and post-
starburst systems. 
Subject headings: galaxies: interactions — galaxies: stellar content — infrared: galaxies—surveys 

I. INTRODUCTION 

Galaxy mergers have become an increasingly important area 
of study, figuring prominently in a wide range of observed phe
nomena. Since the seminal theoretical work of Toomre & 
Toomre( 1972) and the observational worlcof Larson &Tin-
sley (1978). a steadily growing body of evidence indicates that 
galaxy interactions can aifect almost every aspect of galaxy 
evolution. In a merger event, where the interaction is particu
larly strong, one might expect the interaction phenomena to be 
even more pronounced. Furthermore, the creauon of a single 
galaxy from two original galaxies, if prevalent, would have a 
direct impact on galaxy number counts, luminosity functions, 
and the evolution of clusters of galaxies and lartie^scale struc
ture. Oearly. an understanding the stellar populations, star for-
matioru and nuclear activity in mergers is needed to answer a 
number ofimportant astrophysical problems. 

Surprisingly, very little hard data exist on the spectrophoto-
metric properties of mergers as a dass to answer many funda
mental questions about merging galaxy systems. For example, 
nuclear spectra of some mergers are available from the litera
ture (e.g.. Keel et al. I9gS; Sanders et al. 1988; Sekiguchi & 
Wolstencrofl 1993: Kim et aL 1995: Veilleux et al. 1995). but 
most of these data do not show the spatial extent of star forma
tion. We thus cannot tell how the global star formation prop
erties of mergers compare with their nuclear activity. Detailed 
studies of individual mergers (e.g.. Schweizer 1982; Hamilton 
& Keel 1987; Hippelein 1989; Stanford & Balcells 1990; NefT 
etal. 1990; Bemldhr(I993):PetrQsian<&Burenlcov 1993 land 
purely integrated spectra of mergers (e.g.. Kennicutt I992)are 
enlightening but few in number. The frequency of active galac
tic nuclei (AGNs) and QSOs in mergers is also still uncertain: 
some enhancements in activity have been seen in interacting 
and close-companion galaxy systems (Dahari 1984,1985: Cu-
tri & MacAIary 1985: Keel et al. 1985: MacKenty 1989; Veil
leux et aL 1995). whereas Bushouse (1986) saw a deficiency of 
AGNs in closely interacting disk systems, but it has not yet 
been shown how nuclear activity is distributed among mergers 
in generaL Finally, study of the soolled "poststarburst" or 

' OtHmaiioiH rrponed here wtrc obtained in pan with the Multiple 
Mirror Telescopc. a facihty operated jointly by the Smithsonian Institution 
and the L/nivcmty of Arizona. 

"E+A" galaxies (Dressier & Gunn 1983: Lavery & Henry 
1988;Oegerle, HiU.&Hoessd 1991) has linked their creation 
with merger activity; it is unknown whether merger events 
commonly produce staibursts and/or postburst "E-t-A** sys
tems or do so only occasionally. 

To address these and other issues regarding mergers, we have 
undertaken a comprehensive spectrophotometric survey of 
merging galaxies. Using high-resolution (4-8 A), long-slit 
spectrophotometry, we have obtained data on a sample of 40 
merging and strongly interacting galaxy systems. These data 
have been used to investigate questions about the rates, time-
scales. and spatial distributions of ongoing star formation, and 
the occurrence of starbursts, post-starbuists, and AGN phe
nomena in mergers (Liu & Kennicutt 1995). This paper pre
sents the spectrophotometric data and describes the spectral 
properties of individual objects. 

Z SAMPLE SELECTION AND OBSERVATIONS 

2.1. Sample Selection 
Our objea sample was selected primarily in two ways. The 

bulk of the sample (28 galaxy systems) is an optically selected 
setofmergersfrom the Arp( 1966) Atlas of Peculiar Galaxies, 
after the criteria established by Heckman (1983). These 
mergers were selected visually, and all exhibit severely dis
turbed morphologies indicated by tidal struaures, very pecu
liar galaxy shapes, and superpositions of all or part of the gal
axy bodies. Unlike Heckman (1983). however, this sample 
was chosen without regard to the morphological type of the 
galaxies participating in the merger; thus, metgen of elliptical 
galaxies as well as spiral galaxies were included. Two of the 
objects. 3C 293 and 3C 305. are radio-selected galaxies with 
marked morphological distortions indicative of recent merger 
activity (Heckman et aL 1986). 

The remainder of the sample consists of the 10 most infra
red-luminous galaxies in the local universe, as measured by 
Soifer et aL (1987) in the IRAS Bright Galaxy Survey. As 
shown by Sanders et al. (1988). all 10 of these galaxies are 
strongly interacting or merging systems, also with very dis
torted morphologies. Spectroscopy of these objects in the red 
(specifically on and near Ha) shows evidence that they all have 
active nuclei: Seyfcrt types I and 2. low-ionization nuclear 
emission-line regions (LINERs). and HII nudei. These galax-
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ICS have an average rcdshift of ahout 0.05 and represent the 
most distant members of the sample. Interestingly, a large 
number of the optically selected galaxies (eight out of 28) also 
belong to the IRAS Bright Galaxy Survey; this fact is accentu
ated because the optically selected sample was chosen com
pletely independent ofinfrared luminosity. The infrared prop
erties of the optically selected sample ate discussed further in 
Liu & fCennicutt (l^S). 

It should be stressed that we use the term "merging galaxy" 
primarily as an observational definition rather than an inter
pretive one. Our targets exhibit the charaaeristics of galaxies 
that either have merged or are merging: in some cases, how
ever. it is very difficult to be certain, based on morphological 
evidence alone, that the component galaxies are in fact merg
ing. We do not exclude the possibility that the sample may con
tain projeaed pairs of galaxies that only appear to be mergers. 
Also, a few of our galaxy pairs (e.g., NGC 5257/5258) have 
relatively wide (£1 galuy diameter) projeaed separations. 
For the purposes of this survey, we operationally define a 
"merger" as a system that appears to be in an advanced stage 
of the merging process, based on the selection criteria described 
above. The presence of large tidal structures, distorted mor
phologies, physical superpositions, and similar recessional ve
locities of the component galaxies in our objects increase our 
confidence that we have indeed selected truly merging galaxy 
systems. 

2.2. Observations 

Most of the spectrophotometry of the merging galaxy sam
ple was obtained using the Boiler & Chivens spectrograph with 
a TI800 X 800 CCD. on the Steward Observatory 90 inch (U 
m) telescope on iCitt Peak. These observations were made dur
ing a total of seven nights in the period from 1990 November 
to 19^1 October. A long-slit aperture of 2!5 X 4'was used. The 
mergers in the sample were measured in the wavelength range 
3650-5100 A with a 600 lines mm~' grating for4 A resolutiori; 
17 mergers were also measured from 4850-7100 A with 7 A 
resolution, using a 400 lines mm ' grating. 

The remainder of the sample, primarily the fainter objects, 
was measured in a series of observing runs from 1991 March to 
1993 June with the Red Channel Spectrograph on the Multiple 
Mirror Telescope on Mount Hopkins, "^cse observatiorts cov
ered the wavelen^h range 3650-6000 A or 4600-7500 A with 
approximately 9 A resolution, using a 1125 slit and a 300 lines 
mm"' grating. One object. NGC 3921. was observed in 1994 
March with the Blue Channel Spectrograph on Uie MMT. us
ing a 500 lines mm~' grating, from 3650-7100 A with 5 A res
olution. A complete list of observations and data is given in 
Table I. 

For each observation, the spectrograph slit was placed on 
the sky to cover as much of the merger system, including the 
nucleus, as possible. Where two distinct nuclei or progenitor 
galaxies were visible, both galaxies and nuclei were placed on 
the sliu A number of observations were also made with the 
galaxy trailed across the slit during the integration: these "drift-
scanned" observations, previously used successfully by Kenni-
cutt (1992), provided integrated spectra of those entire galax
ies. to serve as comparison data for the fixcd-long-slit spectra 
and for integrated galaxy speara from the literature. 

. : i . \ • 

Standard data reduction techniques were used to process the 
data, primarily with the CCDRED and LONGSLfT packages 
in the IRAF software sv-stem. Errors in the spectrophotometry 
were dominated by sky subtraction and by uncertainties in the 
calibration, as evidenced by the variations in measured stan
dard star fluxes. Some of the data were obtained on nights that 
were not photometric, and typical residuals from the mean cal
ibration of the standard stars were i%-T% on nights. 
(Standards taken on photometric nights showed much lower 
residuals of l%-2%.) The galaxy speara. especially those 
trailed across the slit, are probably somewhat Irss precise than 
the standards because they are extended objects rather than 
point sources. Night-sky lines also caused some pTt>blems: the 
CCD deteaors in the 90-inch Boiler and Chivens Spearograph 
and the MMT Red Channel have small irregularities in their 
flatness, which create variations in the point-source function 
along the slit (see Kennicutt 1992). Sky subtraction near 
bright sky lines was thus imprecise. In a few cases, a spectral 
feature in the observed galuy was redshifted onto or near 
bright sky lines, particularly in the red (>5000 A) spectra, 
making flux and equivalent width measurements difiiculL For
tunately, the vast majority of sky lines fell far away from im
portant spectral features, and the effects of imperfea night-sky 
line subtractions are essentially negligible. 

The other significant contributor to spectrophotometric er
ror is the eifea of wavelength-dependent atmospheric seeing 
and extinction, in those observations where the spectrograph 
slit was not oriented along the parallactic angle. We estimate 
this error to be small (< 10%) for the majority of the data with 
two exceptions: for the untrailed spectra. NGC 7285/7284 and 
IRAS 05189-2524 were observed with the spearograph slit 
aligned more than 30" away from the parallactic angle and at 
air masses high raough that the differential refraction between 
3650 and 1000 A was comparable to the slit width. In general, 
the nuclear apertures are afTeaed most by the differential re
fraction: comparison with data from the literature (see below). 
however, seems to show that the efTea is not serious. 

Splicing the red and blue parts into a single galaxy spearum 
may have contributed some error as well, but this is likely to 
be small, as there were always several hundred angstroms of 
continuum overlapping to get an accurate overlay. Overall, the 
energy distributions have uncertainties of ~S% in narrow 
wavelength ranges, up to a maximum of about 10%-15% peak-
to-peak over broad wavelength ranges. The averaged rms devi
ations across each entire spearum arc about one-half or one-
third of this value. 

We were able to compare some of our data direaly to those 
of Sanders a al. (1988). Kim et al. (1995). and Veilleux et al. 
(1995), who have published nuclear spectra of 18 objects in 
our sample. Thar spearal coverage does not extend blueward 
of 4000-45(X) A depending on the objea: however, there is 
good qualitative agreement between the two data sets in the red 
porfion ofthe spectrum, in terms of spectral shapes and general 
charaaeristics. Our measurements of observed emission-line 
flux ratios also agree well with theirs the variation is £ 10% in 
the[Olii]/Ha. [Nn)/Hnand(Sii]/Ha line ratios for speara 
where the nuclear apertures are about the same size. The emiv 
sion-line properties of our merger sample are discussed in de
tail in Liu&Kennicutt(l995). 
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No.:. IW5 SLRVE\ OF .MERCJINCi GALWIES 

TABLE I 
GALAXY SAMPLE 

Exposure Exposure 
Name RJV.(I950) decL(l950) cr (Blue) (Red) Other Names/Comments 
(1) ( 2 )  (3) (4) (5) (6) (7) 

NRIR5*>O 01^21-59. +0r3l'5T 2244 1800/SO I800/SO Arp 157. UOC 966 
(Iiilcsraiedspecinim) . . .  1800/SO ISOO/SO 
NGCMV547 01 23 24 -01 3500 5422 1800/SO I800/SO Arp 308. UGC1007/1009 
NCC 750/75! 01 54 38 432 5808 5293 3600/SO 3600/SO Arp 166 
NCC 942/943 02 25 45 -11 0257 4439 3600/50 1800/SO Arp 309 
NCCIJ43/II44 02 52 39 -00 2305 8550 I800/SO Arp 118. UGC 2388 
Nrrf-i •»-»*» 03 06 26 -03 0841 2600 300/SO 300/MMT Mrk603 
(Integrated spectrum) . . .  2400/SO I200/SO 

04 31 35 -08 4058 4745 3600/SO 600/SO Arp 186. Mrk6l7 
IRA505189-2524 05 J8 58 -25 2440 12706 3600/SO 3600/SO IR-selected 
NGCI8M/I889 05 20 14 -11 3243 2334 2400/SO 1200/SO Arp 123 
NCC 7673 08 35 25 425 5551 5508 2400/SO 1200/MMT Arp 243. UGC 4509 
(Integrated spectrum) 2400/SO 
Arp 195 — 08 50 46 4J5 2023 17302 2400/MMT 1800/MMT UGC 4653 
IRAS08572+39I5 08 57 12 439 1541 17480 4800/SO 4800/SO IR-selected 
Unr 510! 09 32 01 461 3447 12000 4800/SO 4SOO/SO IR-selected 
NCC 3303 10 34 19 418 2314 6255 I800/MMT 1200/MNRR Arp 192. UGC 5773 
NCC344fl 10 51 38 454 3425 1360 1200/SO 600/MMT Arp 205. UGC6024 
NCC 1509 11 01 47 405 0607 7699 2400/SO 3600/SO Arp 335. UGC 6134 
NGrV>56 11 20 49 454 0703 2853 2400/SO 3000/SO Arp 155. UGC 6403 
NOCWl 11 48 28 455 2123 5895 1200/MMT 1200/MMT Arp 224. Mrk430 
NCC403S/4039 II 59 21 -18 3601 1499 Arp 244 
(Integrated spectrum) . . .  2400/SO . . .  
Nr.r4iq4 „ 12 11 40 454 4820 2610 2100/SO 300/MMT Arp 160. Mrfc 201. UGC 7241 
IRAS 1211240305 12 11 13 403 0515 21703 1800/MMT 1200/MMT IR-selected 

12 43 44 >31 0015 6610 2400/SO 1200/MMT Arp24Z UGC 7938 
Mrk?31 12 54 05 457 0830 12556 1200/SO 900/MMT UGC 8058; IR-selected 
Arp 238 13 13 41 462 2315 9383 1800/MMT 650/MMT Arp 238. UGC 8335 
Arp 191 13 18 16 434 2406 6894 1800/MMT 900/MMr IC 883. UGC 8387 
NGC5257/S258* 13 37 21 401 0518 6778 2400/SO 900/MMT Arp24aUGC8641/8645 
NGC 5278/5279 13 39 45 455 5544 7585 . . .  600/MMT Arp 239. UGC 8678. Mrk 271 
(Integrated spectrum) . . .  3000/SO 785/MMT 
Mrk273 13 42 51 456 0815 11400 1800/MMT 600/M*4T UGC 8696; IR-selected 

13 50 04 4314111 13466 1800/MMT 900/MMT UGC 8782 
IRAS 14348-1447 14 34 52 -14 4722 24332 1000/MMT 900,MMT IR-selected 
Arp?4i 14 35 42 4304145 10380 1200/MMT 600/MMT UGC 9425 
X* 105 14 48 18 463 2831 12314 2400/MMT 900/MMT IC 1065.UGC9553 
IRAS 1525043609 15 25 04 436 0858 16009 lOOO/MMT 600/MMT IR-selected 
Arp 220 15 32 46 423 4007 5452 . . .  1200/MMT IC 4553. UGC 9913; IR-

selected 
(Integrated spectrum) 3600/SO 750/MMT 
AipUO 17 26 36 458 3358 7§84 (800/SO I800/SO IC 1259. UGC 10867 
NGC662I/667? 18 13 09 468 2050 6490 i800/SO I500/SO Arp81.UGCni75 
NRIR7?5? . 22 17 58 -24 5543 4817 3600/SO 3600/SO Arp 226 
(Integrated spectrum) . . .  1800/SO I800/SO 

Arp 226 

NCC 7285/7284 22 25 48 -25 0613 I99I 3000/SO . . .  Arp 93 
IRAS 22491-1808 22 49 08 418 0824 22807 2400/SO 2400/SO IR-selected 
Knrrm 23 37 16 -12 3339 1953 2400/SO 1200/SO Arp 222 

NOTE.—Col. (41; rr in iuloincten per second: coL (SI: intcgnlion U'me in seconds of llie blue ponion <3650-5100 A| of (he spectrum (SO - Scewitd 
Observatory 2J m: MMT - Multiple Mirror Telescope): col. (6): same as coL (}). but Tor the ltd portion (S100-7300 A) orthe spectrum. The asterisk (*) 
denotes that the ctunponents of NCC S2S7/S2S8 have a projected nudear seiaraiion of—29 kpc. twice as large as the next lantest sepaiation in the sample. 

3. SPECTRAL CHARACTERISTICS 

The spectra of all the galaxies in the sample are presented 
below in Figures I-I6. The spectra plot wavelength in ang
stroms versus flux in unitsof 10""etgscm"-s"' A''. 

We present two or more spectra of most of the galaxy sys
tems: the whole-aperture spectrum of each merger and their 
individual nuclear speara. The whole-apenure spectra were 

obtained by summing all the light from the galaxy into a single 
one-dimensional spectrum. In several cases, an integrated 
(trailed) spearum has been substituted Tor the fixed whole-ap-
enure spectrum. 

The nuclear aperture or each merger system was centered at 
the peak in (he optical surfacc brightness or the system. For 
galaxies with double nuclei, we labeled the brighter one "Nu
cleus I" and the Taimer one "Nucleus 2." The nuclear regions 
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were defined to have fixed linear sizes of I. 2. 4. or 6 kpc in 
diameter. Tor more stiaightforward comparison from one gal
axy to another. (For linear size measurements we adopt =• 
82 km s'' Mpc~'. to be consistent with an //{/45-luminosity 
computation formula used by Rieke& Lebo&ky 1986 and Liu 
& Kennicutt I99S). There were two main reasons Tor the 
diflerent linear size apertures: the amount of spilled light along 
the spatial axis of the spectrograph slits and variations in atmo
spheric seeing variauons from night to night The linear sizes 
chosen are our best estimate of an accurate sampling of the flux 
from each nuclear region. 

In the other spatial dimension, the size of the aperture was 
determined by the width of the spectrograph sliL This meant 
that the widths of the apertures varied from 0.2 to 3.S kpc. 
Thus, each nuclear spectrum has been extracted from a rectan
gular aperture. Depending on the distance of the target, varying 
amounts of the areas surrounding the nuclei (e.g., bulge, disk, 
or circumnuclear gas) are also included; for a few objects, this 
may aSect the observed emission-line properties (see Veilletu 
etal. 1995). However.since the aperturesare small in any case, 
these spectra should represent the true emission from the gal
axy nuclei with high accuracy. Table 2 lists the sizes and orien
tations of the various apenures. 

3.1. The Optically Seteaed Subsampte 

Even a cursory glance shows that these galaxies exhibit a 
wide variety of spectral characteristics. The spectra of the opti
cally select^ portion of the sample can be very roughly divided 
into groups with similar spectral features; there is a continuous 
rangj of observed properties, however, so the oiganization of 
these galaxies is somewhat arbitrary. We present the groups 
roughly in order of increasingly blue continuum colors, as fol
lows. 

Figures 1-2.—These mergers have evolved or very slightly 
active stellar populations. NGC 7SO/7S I. Arp 310. NGC 545/ 
547. and NGC 7727 are well-merged systems of elliptical or 
spheroidal galaxies. Despite apparently deep intermixing of 
their galactic material, and evidence of tidal tails and distor
tions. no efTea on their combined or nuclear spectra is appar
ent Their speara look like those of undisturbed spheroidal gal
axies. (Note that NGC 545/547 has spectral coverage only to 
5100 A: since this merger clearly does not contain a young stel
lar component however, we do not expect it to have any emis
sion lines such as Ha or [N ii].) 

NGC 7284/7285 and NGC 1888/1889 are mergers of an 
elliptical galaxy with a spiral galaxy, probably type Sa or Sb. 
The old stellar population remains dominant but we also be
gin to see weak line emission in [O ll] X 3727, [O III) AA4959. 
5007. and Ha and (N li] \X 6548. 6584. The nuclear spectra 
show that one galaxy out of each pair (i.e.. the spiral) contri
butes almost ail the line emission. 

Figures J-5.—These mergers have relatively red continuum 
colors, containing at least one component with a strong 4000 
A break. Wavelength coverage for NGC 1143/1144 is in the 
blue only; the analysis of Veilleux et al. (1995) shows this sys
tem to contain a S^fert nucleus. NGC 3303 and possibly Arp 
195 seem to conuin aaive nuclei as well. The spectra of the 
other systems in this group—NGC 942/943. NGC 6621/ 
6622. and NGC4676—seem to be combinations of early- and 
bte-type spiral galaxy spectra (see Kennicutt 1992). 

Vol. IWt 

TABLE : 
APERTURE SIZES AND DIME-NSIONS 

Whole Nudear Secondary 
Name PA. Aperture Apenuie Nucleus 
(I) (2) (3) (4) (5) 

130 X 2.5 7JX2J 
IIIX2J I2.4X2J 29-SE 
85X2J 6JX2J rrS 
82X2J 3.8X2J 3rS 
II6X2J 7.9X2J 75'NW 
4IX2J 6JX2J 
30 X 2.5 3.6 X 2J II*W 
24 X 2.5 8.0 X 2J 
44X2.5 72X15 16'NE 
46X2.5 6JX2J 
48XIJ5 4.7X1J5 irN 
3IX2J 4.0X2J 
62X2.5 8JX2J 
54X1.25 5JX1.25 irNW 

120 X2J 11.4X2J 
29X2J 8.8 X2J irS 
78X2J I1.7X2J ll'E 
4 I X I J  5 . 8  X I J  
38X2J I3.4X2J 
23X1.25 4.7XIJ5 
93X2.5 IOJX2.5 44-S 
33X2.5 5.4X2J 
61 X1.25 3.6X1J5 37* W 
48X1.25 5.0XIJ5 I5"SE 

130x2.5 10.0X2J 9I*E 
4JXI.25 40-E 

40X 1.25 3.0XIJ5 
57x 1.25 5.IXIJ5 
35X1.25 4.2X 1J5 
45X 1.25 3JX1J5 irNW 
29X2J 5.4X2J 
34X1.25 4JX1.25 

6JXIJ5 
62X2.5 8JX2J irw 
85X2J 10.4 X2J 4rSE 
78X2J 14.0 X2J 
77x2.5 17.0 X2J 31'SW 
13X2.5 4JX2J 
78X2J 8.7X2J 

119X40 
60X30 
46X30 

150X60 
82x30 
77x20 
27x70 

NOTE.—CoL(2); PDsiiionaiitleorihespecuognphilic0*isN'S.45*is 
NW.SE. and 90* a E-W. Call. (3.4); Apenure sizes are in arcseconds the 
fim dimension is Uie length along the spatial diieciion of the spccirogiaph 
slit.Uiesccondi$llic width ofthesliLCol. (5): Location of secondary nu
cleus in a system, expressed as the angular setaraiion and direction along 
the spectrajpaph slit from the primary nucleus. Integrated spectra: aper
turesare E-W t)y N-S. 

Figures 6-5.—These meigen have spectra chaiacteristic of 
so-called poststarburst galaxies. NGC 3656. NGC 2623. NGC 
520. NGC 3921. NGC 3921. and NGC 7252 are evolved 
mergers whose original merging participants can no longer be 
unambiguously distinguished. (It is possible to discern a dou
ble nucleus in NGC 3656.) Their spectra show hints of an 

NGC 520 36* 
NGC 545/547 58 
NGC 750/751 10 
NGC 942/943 27 
NGC 1143/1144 69 
NGC 1222 90 
NGC 1614 80 
IRAS 05189-2524 90 
NGC 1888/1889 120 
NGC2623 90 
Aipl95 177 
IRAS 08572+3915 90 
UGC5I0I 90 
NGC3303 55 
NGC3448 118 
NGC3509 18 
NGC3656 90 
NGC 3921 90 
NGC4I94 90 
IRAS 12112+0305 160 
NGC 4676 25 
Mrk23l 90 
Aip238 90 
Atpl93 149 
NGC 5257/5258 71 
NGC 5278/5279 108 
Mrk273 178 
3C 293 60 
IRAS 14348-1447 0 
Arp24l 38 
3C 305 90 
IRAS 15250+3609 0 
Afp220 155 
Aip3IO 86 
NGC662I/6622 39 
NGC 7252 0 
NGC 7285/7284 120 
IRAS22491-I808 160 
NGC 7727 160 

Integiaied spectra: 
- NGC520 90 

NGC 1222 90 
NGC 2623 90 
NGC 4038/4039 90 
NGC 5278/5279 90 
Arp220 90 
NGC 7252 90 
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older, evolved populatioa. but superposed upon that signature 
are very strong Balmer absorption lines, indicative or a signifi
cant B and A star population. Weak line emission is visible in 
the cores of the ^ and Hy line profiles. Weak to moderate 
(O II] (EW - 6-12 A) and Ho (EW = 9-31 A) emission is 
apparent, and occasionally [O m] is as well. These mergers are 
perhaps the results of massive staAursts which occurred some
time in the recent past (10*-t0' yr ago) and has since ended 
or greatly &ded in intensity. 

The blue portions of these galaxies, especially those of the 
integrated spectra, resemble the spectra of "E+A" galaxies seen 
at high ledshift (Dressier & Gimn 1983; Lavery & Henry 
1988). "E-t-A" galaxies are also believed to be poststarburst 
otgects, possibly caused by meigets and interactions. Previous 
observations of "E+A" galaxies have not shown strong [O n] 
or [O III ] emission, but a slight degradation in resolution, com-
bitied with the blurring of detail encountered with integrated 
spectra, can easily account for the moderate-to-weak oxygen 
forbidden lines' not being observed. This effect is apparent in 
the integrated spectra of NGC 2623. NGC 520. and NGC 
7252. The connection between these mer^ and "E+A" gal
axies is examined further in Liu & Kennicutt (1995) and Liu 
&Gieen(199S). 

ihguns 9-10.—These blue-continuum galaxies (NGC 
4038/4039. NGC 5T7S/52T9. NGC 3509. NGC 5257/5258, 
Arp 241. Arp 193) have strong Balmer emission lines and 
[O II] indicating large amounts of star Ibnnation. Some of 
these systems also probably contain active nuclei, which wouki 
further augment their emission-line strengths. Thetrspectra re
semble those of late-type spiral galaxies and some Magellanic 
irregulars (see Kenm'cutt 1992); indeed, most of these systems 
are in &ct mergers of disk galaxies. NGC 3509 is an interesting 
case: one nudeus is typical of an Sb-type galaxy, wfaiie the 
other contains a nudear starburst. Arp 193 also has two very 
different nuclei: one is strongly star forming, wfaiie the oiher 
(possibly a subnudear knot of emission) has a deep Balmer 
absorptian spectrum similar to the poststarburst objects de
scribed above. 

pgura /I-U—Aip 238. NGC 3448. NCC 4194. NCKT 
1614, and NGC 1222 ate examples of starbuist or HII galaxies. 
Their light is dominated by very strong emission linesand very ~ 
blue continuua of young, massive stars and thdr H ii regions. 
The starbursts are primarily nuclear, as can be seen from their 
nuclear spectra. NGC 1614. however, bas a small subnucleus 
that is just spatially resolved; its spectrum is again reminiscent 
of a postburst. Balmer absorption profile with some line emis
sion. 

3.2. The Radio and Infrared-Selected Subsampte 

The two radio sources 3C 293 and 3C 305 were identified by 
Heckman et al. (1986) to be merging systems with severely 
distorted optical morphologies and were induded in our sam
ple as compaiison objects. Their optical spectra (13) show 
them to have AGN-like nudei. which is not surprising. 

The //USselecled subsample all have far-infrared luminos
ities exceeding 10" Zo in the energy regime of 8-l(X)0 iiiit 
(Sanders et al. 1988: Kim et al. 1995). Optical imaging shows 
them to be merger systems as well, with the typical tidal uils 
and distorted morphologies. Their infrared luminosities ex
ceed anv of the othff mergers in the sample by at least a factor 

iI\G UALA.MtS 

of 2. How do their optical spectra compare to the optically se
lected galaxies? 

Figures 13-14.—Markarian 231 and 273 have strong Sey-
fert nudei. The high percentage of AGN in this ultraluminous 
/A45samplesupportsthehypothesis(Sandeisetal. I988)that 
the dust-enshrouded nudei of deep mergers may be the birth-

of 
Figures /4-/S.—Galaxies IRAS 08572+3915. 22491-

1808. 12112+0305. I4348-I447 and 15250+3609 resemble 
the blue-continuunu strong emission-line mergers of Figures 
8-10. They exhibit low-ionization (UNER) and H ll-type 
nudear spectra. 

Figure /«.—IRAS 05189-2524. UGC 5101 and Atp 220. 
like the other IRASsdeaeA mergers, have strong line emis
sion. suggesting nudear activity and/or high star (brmauon 
rates. These objects are interesting in that their Balmer absorp
tion features are also particularly strong. (The fixed;slit spec
trum for Arp 220 does not extend blueward of 4A00 A. but the 
integrated spectrum dearly shows the Balmer absorption.) It 
seems that, outside their nudear regions, these mergers may 
have a poststarbutst stellar population. 

The IRAS subsample has. on the average, bluer continuum 
colors and stronger line emission (patticularfy Ha) than the 
optically sdected sample. Taken individually, on the other 
hand, their spectra are not significantly different from those of 
other individual mergers and share many similarities with a 
number of the optically selected objects. This suggests that 
/Ji/ISsdected mergers may just be examples of the brightest 
and most active merging galaxy systems and not necessarily a 
distinct class of objects. 

4. DISCUSSION 

As can easily be seeru merger phenomena produce a very 
wide range of spectra. The optically selected mergers, which 
were chosen irrespective of the Hubble type of the galaxies in 
the merging pair, show spectra that could easily have come 
from inactive elliptical galaxies (e.g.. NGC 750/751). strongly 
star-forming Sb and Sc spiral galaxies (e-g.. NGC 3509). and 
starburst galaxies and AGNs {e.g_ NGC 1614. NGC 3303). 
Qeariy. the resultant star formation from a merger event varies 
widdy depending on the conditions of each merger. Not sur
prisingly. there is a general correspondence between the Hub
ble type of the merger partidpants; mergers between two dlip-
tical galaxies, for example, tend to produce elliptical-like 
mei^ spectra. On the otfier hand, such correspondence is par
tial at be^ because the optical morphologies of the merger par
tidpants can be very deceptive; the optical pictures of NGC 
7727 and NGC 3921 are similar, for example, but are spectro-
scopically very different. 

A deuiled quantitative analysis of the spectra presented here 
is given in Liu & Kennicutt (1995). Among the issues dis
cussed there are the similarities and differences between the 
/RASsdKied and optically selected subsamples. a statistical 
comparison of mergers as a class with the isolated field galaxy 
population, and the relationship between "E+A" galaxies and 
the poststarburst-type objects in this sample. 
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perb support. We especially thank the 2.3 m and MMT tele
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SPECTROPHOTOMETRIC PROPERTIES OF MERGING GALAXIES' 

CHARLES T. UU AND ROBERT C KENNIONR. JR. 
Siewint Obaemtocy. Univenity of AnzDi».TucfOfi. AZ SS721 

iUeeutd 1994 Naotmb«r22:accrpttd i99S MankJO 

ABSTRACT 
We preseni quanutative analysis of long-slit spectiophotometry of 40 mergiDg and strongly interacting 

galaxy systems, in the wavdengtb range 3650-7100 A. Along with optically selected objects, the sample 
mdudes 10 ulti^mninous IRAS galaxies with ongoing merger activity. The mergers exhibit a very large range 
of spectral properties, ranging from completely evolved stellar populations to emission-line dominated star-
bursts and absorption-line dominated poststarbunt systems. The spectral types are correlated with the mor
phological types of the merging galaxies, as best as they can be inferred. 

The sample has much higher mean star-formation rates than isolated galaxies, as measured by Ha + [N n] 
line emissioa The distribution of [O n] equivalent widths in the sample is very diflerent from that of local 
field but does resemble the EW(£0 n]) distribution for faint blue field galaxies studied in deep red-
shift surveys. The far-infirared (nR) luminosities and UFIKVUB) ratios of the optically selected subsample are 
substantially higher than that of Md gala^ as a whole. The ultraltuninous IRAS mergers have distinctly 
higher UFIR) and IXFIRI/UB), but are similar to the optically selected mergers at optical wavdeng^; on the 
average, their optical continuinn colors are actually somewhat bluer than the optical subsample. indicating the 
presence of a global, young stellar population along with heavily dust-enshrouded nuclei. The frequency of the 
appearance of Seyfert nuclei and LINERs in the sample is also discussed. 

A considerable fraction of the mergers exhibit spectra with anomalously strong Balmer absorption, when 
compared to nearby normal galaxies. Many of these systems have spectra resembling those of distant 
"E + A' galaxies. A quantitative comparison of the Balmer absorption-dominated mergers with several 
E -t- A galaxies at high redshift shows that they are indeed similar and suggests that the two kinds of galaxies 
may be the same class of objects. 
Subject headmgs: galaxies: interactions — galaxies: stellar content — infrared: galaxies 

1. INTRODt;CnON 

The merger of two galaxies into a single system has long 
been recognized as an bnportant process in the evolution of 
galaxies and their stellar populations. Observations of stron^y 
interacting and merging galaxy systems have revealed a wide 
range of phenomena, indicating a grat deal of evolutionary 
activity on both long and short timescales; these include 
oudear and global starbursts (Bushouse 1986; Kennicutt et aL 
1987), poststarburst galaxies (Schvreizer 1990), increased radio ' 
Soxes (Ueckmaa 1983). high molecular gas contents and con
centrations (Aalto 19M). and very high lar-infrared lumi
nosities (Lonsdale. Peisson. & Matthews 1984; Joseph & 
Wright 1985). From the other direction have come studies of 
luminous IRAS galaxies (see, e.g.. Sanders et aL 1988; Armus. 
Heckman, & MQey 1990; Hutchings & NefT 1991; Andreasian 
& AUoin 1994; Kto et aL 1995; Veilleux et aL 1995), starburst 
galaxies (see. e.g^NefretaL 1990; Peuosian & Burenlcov 1993). 
and blue galaxies in rich clusters (see. e.g, Lavery, Pierce. & 
McQure 1992; Dressier ft Gunn 1992; Dressier et aL 1994a; 
Couch et aL 1994; Wirth. Koo. & Kron 1995); studies of these 
objects have revealed a preponderance of mergers and strongly 
interacting galaxies. 

Despite this wealth of circumstantial evidence, there are rela
tively few comprehensive observations of the stellar popu-

' Ofatemiiou itpofled bov wtre obtained in pan with the Multiple 
Mirror Tdcnpe. • bcOity opmted jointly bjr the Smitluoiiian luutunon 
and the Unnenitr o( Atimu. 

laaons and star-formation properties of mergen as a dass of 
objects. The merger pnxess has often been invoked as the 
cause of phenomena s^ as starbursts. AGN creation, ultralu-
minous IRAS emission, ftot blue galaxy excesses, and the 
Butcher-Oemler effect. However, to lend credence to these 
hypotheses, we need to answer some basic questions: How do 
the stellar populations, star-fonaation rates, and nuclear 
properties of mergers compare with those of isolated galaxies? 
How common are starbursts in mergers, compared to non-
starbursts? How are ultraluminous IRAS mergen different 
from mergers without powers far-infrared emission? What 
effect does the galaxy type of the merger components have on 
the resultant mergers' properties? The bard data to answer 
these questions do not yet exist in the literature. 

To address the lack of data and begin to answer these ques
tions. we have conducted a long-slit spectrophotometric survey 
of 40 merging galaxy systems. A detailed description of the 
observations, along with the spectra themselves, are presented 
in a companion paper (Uu & Kennicutt 1995. hereafter Paper 
I). In this paper we give a quantitative overview of the surv^. 
including detailed discussions on the continuum characteristics 
and emission-line features. 

2. THE DATA 

In Paper L we presented a comprehensive spe^ral atlas of 
the observations, along with d^iled discussions of the 
merging galaxy sample, the spectrophotometric accuracy of 
the data, and the survey's qualitative characteristics. In this 
section, we summarize the main points of the sample selection. 
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observations, and aperture extraction, and we refer tiie reader 
to Paper I for a more tiiorough description. 

2.1. Sample Selection 
Most of our merging galaxy sample (28 galaxy systems) was 

optically selected from the Arp (1^) Atlas of Peculiar Gal
axies. These mergers were selected visually and exhibit severely 
disturbed morphologies indicated by tidal structures, peculiar 
galaxy shapes, and superpositions of all or part of tte galaxy 
bodies. The sample was chosen without regard to the morpho
logical type of the galaxies partidpating in the merger; thus, 
mergers of elliptical galaxies as w^ as spirals were included. 
Two of the objects (3C 293 and 3C 305) are radio-selected 
galaxies with marked morphological distortions mdicative of 
tecent merger activity (HeckmanetaL 1986). The remainder of 
the sample consists of 10 of the most infrared-luminous gal
axies in the local universe, as measured by Soifer et. aL (1987) 
in the IRAS Blight Galaxy Survey. As shown by Sanders et aL 
(1988)^ an 10 of these galaxirr are strongly interacting and 
merging systems, also with very distorted morphologies. 

As we emphasized in Paper I. the term "merging galaxy' is 
primarily an observational defim'o'on rather than an interpre
tive one. Our targets exhibit the characteristics of galaxies that 
either have merged or are merging; in some cases, however, it 
is very difficult to be certain, based on morphological evidence 
alone, that the component galaxies are in bet merging. We do 
not exclude the possibility that the sample may contain pro
jected pairs; we have also induded one object (NGC 5257/ 
5258) that is strongly mteracting, but still has a large (~ 1 
galaxy diameter) projected separation between the two com
ponents. For the purposes of this survey, we operationally 
defiite a'merger" as a system that appears to be in an ongoing 
stage of the merging process, based on the selection criteria 
described above. Tte presence of large tidal structures, dis
torted morphologies, physical superpositions, and similar 
recessional velocities of the component galaxies in all of our 
objects increase our confidence that we have indeed selected 
tr^y merging galaxy systems. 

2.2. Obsenxuions 
Most of the spectrophotometry of the merging galaxy 

sample was obtained using the Boiler and Chivens spectro
graph with a TI800 x 800 CCD, on the Steward Obserratory 
90 inch (23 m) telescope on Kitt Peak. A long-slit aperture of 
2T5 X 4'was used. The mergers in the sample were measured in 
the wavelen^ range 3650-5100 k with a (€0 lines mm'* 
grating for 4 A resolution and were also measured from 4850 to 
7100 A with 7 A resolution, using a 400 lines mm'* grating. 
The remainder of the sample, prirmirily the Irater obje^ was 
measured with the Red Channel Specttt>graph on the Mul^e 
Mirror Telescope on Mount Hopkins. These observations 
coveted the wavelength range 3650-6000 A or 46(X)-7500 A 
with approximately 9 A resolution, using a IT2S x 180* slit 
and a 300 lines mm*' grating. One object. NGC 3921, was 
measured with the Blue Channel Spectrograph on the MMT. 

Along with the standard fixed-location long-slit apertures, a 
number of observations were also made with the gal^ trail^ 
across the slit during the integration; these "drift-scanned" 
observations, previoi^ used suocessiiilly by Kennicutt (1992), 
provided infected spectra of those entire galaxies while pre
serving spectral resolution. Seven objects in the sample were 
observed this way. to serve as comparison data for integrated 
galaxy spectia firm the Uterature and the fixed-sUt spectra of 
this survey. 

Standard data reduction techniques were used to process the 
data, primarily with the CCDRED and LONGSLIT packages 
in the IRAF software system. OveralL the energy distributions 
have uncertainties of ~ 5% in narrow-wavelength ranges, up to 
a maximum of about 10%-IS% peak-to-p^ over bn^-
wavelength ranges. The averaged rms deviations across each 
entire spectrum are approximately half or a third as large. 
Apertures along the slit were tra^ and extracted with & 
APEXTRACT package; for each galaxy, all the flux along the 
slit was combined to create a " whole-aperture " spectrum, and 
smaller apertures of 1-6 kpc linear size were extracted to 
obtain spectra of the galaxy's nucleus or nudcL For the trailed 
(integrated) spec^ where most of the spatial information is 
lost while the slit is trailed along the galaxy, all of the flux 
collected along the slit was coUaps^ into a single aperture. 

2J. Measurement of Spectral Features and Coiuumum Color 
We used the SPLOT task in IRAF to measure the spectral 

features of the extracted spectra. For both the whole-aperture 
and nuclear spectra, we used direct integration to measure the 
line fluxes and equivalent widths for [O n] 3727 A. Hf. Hy, H^, 
[O ra] 4959.5007 A. [O I] 6300 A. [N 0] 6548.6583 K [S n] 
6717,6731 A. and Ho. The relatively high spectral resolution of 
our data allowed us to pii^ out the more closely clustered lines 
without difBculty except in only a few cases; these (primarily 
the Ha -I- n] complex) were deblended with the algorithms 
provided in the SPLOT task. In many galaxies the Balmer 
lines were observed in absorption, and we measured the equiv
alent widths of these absorption lines as welL 

The uncertainties in our line measurements are dominated 
by sky subtraction errors and shot noise; we estimate the 
t]^cal error to be ± 5^-10%. Measurements of emission lines 
with equivalent widths less than 2-3 A are less precise, typi
cally with ±25% error, primarily because of the systematic 
eflixts of finite resolution on measuring and detecting weak 
features (see Kennicutt 1992). We were also able to c^brate 
our emission-liiie meastirements externally using the data of 
Kim et aL (1995) and VeiOeux et aL (1995). who have published 
nuclear spectra of 18 objects in our sample. For the common 
objects in the two samples, our nuclear measurements of the 
observed emission-line flux ratios [O m]/Ho^ [N n]/Ha and 
[S a]/Ha (before extinction and steUar absorption corrections) 

- agree with theirs with S10% variations. 
The continumn colors of a galaxy are also important in 

determining the nature of its stellar population. We selected as 
our continuum color measure a "41-50* color index 
(Keimicutt 1992). This color was derived by measuring the 
relative continunm fluxes around 4100 and 5000 A rest wave
length; 

41-50 2.5 log 
/U5000) 
mm • 

(I) 

The 41-50 color for the whole-aperture and integrated 
spectra, along with HS equivalent widths and Ha [N n] and 
[O n] fluxes and equivalent widths for these apertures, are 
listed in Table 1. These apertures cover a large area of the 
galaxy, and whatever extinction effects caused by dust certainly 
could not be modeled as a uniform obscuration; so we did not 
attempt to correct these measurements for internal reddening 
due to extinction. 

For the nuclear apertures, however, effective correction for 
the reddening effects of dust is cruciaL especially if we are to 
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TABLE 1 

WHOU-AKXTVU MBiaiit SKCTU 

Obiect T<Uiiie 
[OulEW 

(A) 
Ha -h [N D] EW 

(A) 
HaEW 

(A) 41-50 Cotor anR|iof(Lt3i Morpboloficil Type 

ARP 193 12 52 -7.7 a40 11.40 
ARP 195 22 34 16 069 11.41 t 
ARP 230* 11 18 -4J 0J5 1135 2 
ARP 238 61 264 -13 029 11 JO 3 
ARP 241 19 76 -5J 040 1097 3 
ARP 3!0 089 
3C 293 4( 31 072 1040 
3C 305 66 37 -16 068 I0L36 2 
IRAS 05189- 2S24 13 60 -&6 035 11J7 
IRAS(W572+39I5» 19 39 -6l2 036 tlJ4 3 
IRAS 12112 •fQ30S 57 97 034 1107 3 
IRAS 14348-1447 33 98 - 11 035 1106 3 
IRAS I52»4>3609 19 57 -4i> 032 11.76 3 
IRAS 22491-1808 24 100 -48 026 1119 2 
Mrk 231 3 221 -15 062 1125 3 
Mrk 273 36 136 -5.1 047 im 2 
NCCS20 6 9.7 -6.6 035 I072 2 
NGC 545/547 083 
NGC 750/751 09S 
NCC 942/943 13 is 081 9^62 1 
NGC 1143/1144 8 075 11 JO I 
NOC 12r 38 138 U 020 I046 3 
NGC I6I4 19 211 u 043 11.40 3 
NGC 1888/1889 3: 078 9J8 I 
NGC 3623 8 23 -6.1 045 IU3 2 
NGC 3303 48 23 -11 092 I 
NGC 3448 50 99 009 9.60 3 
NGC 3509 26 39 050 1055 2 
NGC 3656 8 9 062 919 2 
NGC 3921 14 17 -U 056 lOlO 
NGC 4038/4039 21 - 1.0 026 1052 3 
NGC 4194 30 160 16 021 107{ 3 
NGC 4676 22 21 066 (066 3 
NGC 5257/5258 16 35 -3.1 036 11.24 3 
NGC 5278/5279* 14 27 -13 046 1063 3 
NGC 6621/6622 7 31 051 IIJ02 3 
NGC 7252 6 31 -60 038 1053 
NGC 7285/7284 084 854 I 
NGC 7727 2; 086 
UGC 5101 15 53 -M 049 11.^ 2 

Non.—Eqithnknl widUis presauM •bove are pontive Cor rmhtiiin linei and negslive for ibaorptioQ Imes. Agcriiki (*1 denote intcfimied 
ifift mini 

conduct accurate nuclear emission-Une diagnostics (o identify ^ 
AGNs. The emission-line Balmer decrement between Hs and 
H/I is the best indicator of internal dust content and its result-
ant reddening of the spectrum, and we use it in this work. As 
empbasiied by Veilleux et aL (199S). however, correcting the 
observed Baimer decrement for the underlying stellar absorp
tion is important for distinguishing Seyfert 2 nuclei from low-
ionization. narrow emission-line (LINER) nuclei Since the 
underlying Balmer absorption is masked by the line emission, 
it is very difiknlt to measure and correct for the absorption 
accurately. 

The hi^ resolution and signal-to-noise of our data set gave 
us an opportunity to use Hy as an additional tool to measure 
extinction and stellar absorpUon for many of our galaxy nuclei. 
We first assumed an intrinsic Ht/Hff ratio of 2JS and an 
Hr/Hfi ratio of 0.469 (the decrements for case B Balmer recom
bination at T » 10* KV We also assumed that the equivalent 
width of the stellar at»orption was the same in the Hx. Hff. and 
Hr lines. We then used the net (emission + absorption) flux 
measured for those three Unes. and computed reddening for 
various values of stellar absorption using both Hoc versus Hff 

and Hp versus Hy. We adopted the solutions which converged 
to the same values of stellar absorption, in units of equivalent 
width in A. and reddening, as measured by E(B — V). 

For galaxies where the solutions did not converge, or for 
galaxies with insufficient signal in Hy, we adopted an under
lying absorption equivalent width of 4.7 A, which was the 
mean absorption measured in the galaxies where Hy was 
usable. We then computed £(B— VO using that value. Finally, 
there were a number of galaxies in which the Balmer absorp
tion was so strong that accurate measurement of line emis
sion was essentially impossible; for these objects, no extinction 
correction was attempted. The computed values of underlying 
stellar Balmer absorption and £(fi—10 for the nudear speora 
are given in Table 2. 

Once an extinction value £(B— V) was derived, we used it to 
correct the various line fluxes with the reddening curve provid
ed by McCall (McCalL Rybski. & Shields 1985). The observed 
and corrected line Dux ratios for the nuclear spectra are pre
sented in logarithmic form in Table 2. Aside from the possible 
systematic errors introduced by inaccurate corrections for 
extinction and stellar Balmer absorption, the primary error 
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TABLE 2 

Nvcua* SKCTXA 

Aperture 
ni 

Balmcr 
Abaorpcion* 

a» 
flB-K) 

<3) 

[Ool EW 
(A) 
(4) 

Hs CN 0] 
EW 
(A) 
(5) 

41-SO 
Color 

(6) (7) (8) (9) (10) ( I t )  

ARP 193-1 8.4 a76 17 105 -020 -019 012 -1.23 -032 -058 
ARP 195-1 8.0 a i l  27 51 057 -034 -003 -085 -026 -on 
ARP 195-2 4.7 a56 31 65 047 -006 016 -liM -025 -030 
ARP 220-1 5.2 108 -081 Oil -018 
ARP 238-1 4.7 0.54 74 357 -017 -021 007 -I JO -043 -056 
ARP 238-2 5.8 a63 20 79 -016 004 012 -1.45 -039 -048 
ARP 241-1 4.7 ai6 16 129 017 -050 -0.66: -4.45: -032 -063 
ARP 241-2 4.7 a45 36 65 on 016 035 -093 -035 -031 
3C 293-1 4.7 066 64 45 040 035 053 -079 -024 -009 
3C 305-1 ao 040 71 44 041 066 QL86 -058 028 002 
IRAS 05189-1 6J 13 57 034 -057 >IJ0 -liM -012 -042 
IRAS 08572-1 0.2 049 23 53 002 OlO 008 -1J15 -047 -033 
IRAS 12112-1 4.7 072 46 111 -022 030 049 -liU -038 -035 
IRAS 14348-1 lOJ 053 33 150 012 -026 020 -IJK -025 -041 
(RAS 15250-1 00 060 20 64 -023 027 016 -1.07 -033 -035 
IRAS 22491-1 OJ 039 23 105 -OlO -008 -003 - I J l  -037 -0.69 
Mfk 273-1 4.7 li)9 64 272 -036 045 056 -ti)9 -006 -030 
NGC 520-1 6l6 12 23 021 -034 -li)t -0Q8 -012 
NGC 942-1 1.4 23 10 082 Oil 041 -051 -OI7 -017 
NGC 1222-1 4.7 022 38 127 -OOI -027 040 -1.70 -073 -081 
NGC 1614-1 4.7 075 31 260 005 -044 -OlO -1.66 -026 -071 
NGC 1614-2 5J 11 47 009 -032 014 -1J8 -038 -052 
NGC 2623-1 6.1 7 37 046 -085 ... -094 -005 -033 
NGC 3303-2 4.7 004 70 31 079 007 027 -057 -003 -022 
NGC 3448-1 ao 59 67 017 009 038 -5X0: -082 -048 
NGC 3509-1 a9 21 13 082 0(3 -040 005 -029 
NGC 3509 - 2 4.7 a» 26 143 -015 -ai4 -ai8 -1.77 -054 -059 
NGC 3656-1 18 8 12 067 -043 020: -0.62 -037 -021 
NGC 3656- 2 15 11 16 058 -033 OJl -064 -030 -017 
NGC 3921-1 8.1 15 17 054 OOI -044 -026 -038 
NGC 4194-1 4.7 OL^ 32 181 Oil -OI4 005 -1.41 -032 -061 
NGC 4676-1 1.7 33 19 082 002 019 -073 -024 -028 
NGC 4676- 2 1.4 11 16 oa -020 015 -083 -020 -057 
NGC 5257-1 3.1 6 22 050 -088 -OJO -4J3: -051 -1.12: 
NGC 5258-1 ao 28 28 014 OOI -ai7 -095 -088 -4.68 
NGC 5278-1 4.7 006 36 ... 032 -069 -007 -025 
NGC 5279-1 4.7 030 34 068 -3.70: -023 -089 
NGC 6621-1 4.7 069 6 61 023 -048 -024 -IJ4 -038 -088: 
NGC 7252-1 6.0 6 35 035 -083 ... -IJ9 -029 -062 
UGC 5101-1 9J 036 18 74 031 -OS2 025 -1.23 -017 -054 

Nons.—Cob.(4)«iid(5):aiiissk)ii-^iiiccqiuvakntwidtiisuiioofTecied£xabaoip(ianoratiiiclioii.Cols.(6HIl);coaliiitttinioolofiudemiiitooliiielluxntios 
correclcd Ibr absorpuon and exlinctjoa. Emissioa liiie nlioi are gmn tn logahUunic rofitt. 

* Uiidet1yt]]gsldiarB«Iiiier«biorptianequnalentwidUuofHx.H^aiidHrmA. 

source for these ratios are the line flux measurement errors. 
Typical uncertainties are thus ±7%-15%. Those values 
marked by a colon (:) have uncertainties or ±40% or larger. 

3. RESULTS 

The spectral characteristics of our merging galaxy sample 
varies tremendously. A representative sampling of the wide 
range of observed phenomena is given in Figure I. We observe 
completely inactive stellar populations, slightly and aaively 
star-forming systems, starburst and poststarburst galaxies, and 
Seyfert nuclei. This general result is of course expected: since 
we have chosen mergers which have progenitors of all Hubble 
types, we should see a variety of spectra at least as wide as that 
of isolated galaxies of all Hubble types. In this section of the 
paper, we organize the results into quantifiable categories for 
comparison: star-formation rates, merger morphologies, infra
red luminosities, AGN activity, and the poststarburst pheno
menon. 

3.1. Star-formation Rates: IRAS versus non-lRAS Mergers 
We first consider how this merger sample compares with 

other galaxies in terms of current star-formation rate (SFR). 
The relative amount oT global star formation in a galaxy 
system is well represented in the optical regime by the strength 
of the Ha -I- [N n] emission lines (Kennicutt 1983); [O n] 3^7 
A (Gallagher, Bushouse, & Hunter 1989; Kennicutt 1992): and 
continuum colors in the blue, measured in this case by the 
41-50 index. 

Figure 2 shows the distribution of SFRs for the merger 
sampe, as indicated by Ha + [N n] emission and 41-SO color. 
We have also plotted a sample of isolated galaxies measured by 
Kennicutt (1992). ranging in Hubble type from E to Scd.This is 
not meant to be a complMe comparison sample, but rather as a 
reference for where isolated galaxies tend to lie on this plot 
Most of the mergers lie rou^ly in the zone occupied by the 
isolated galaxies. A few systems lie significantly above this 
zone; three of them have strong nuclear surbursts (Arp I9S. 
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«larbursl(NGC4l94)and posltiarbur»l(NGC 2623) galaikf, and plaxiesdominai^ by active nuclei (IRAS 0)189-2S24). 



AZ 04 oe oa i 
4I-M 

Fia 2.—41-SO cooimitiim color VL (HS [N D]) equmlaii width for the 
who4e-«pamie ipectrm. Open drdts: optically idected wettus. FlOtd drela: 
oluiliiiiniious/iti45 moien. Croasis: isolated galaxies firom ICemiicuit (1992). 

Aip 238. and NGC 1614), three contain Seyfert nuclei (Mrk 
231, Mrk 273. and 3C 30S), and two contain LINERs (3C 293 
and NGC 3303). Only one system. NGC S20. lies well below 
the isolated galaxy zone; this is an advanced merger system 
withapoststarburstspectnmi(see§ 3J). 

The mean EW(Ha + n]) for the merger sample is S9 A. 
indicating significantly enhanced SFRs compared with isolated 
galaxies, For comparison, a sample or 72 Sc and SBc galaxies 
observed by Kenm'cutt & Kent (1983) bad a mean 
EW(Ho[ -i- [N n]) of 29 A. The enhancement is particularly 
strong in the ultraluminous IRAS mergers (ULICs: fiUed 
circles); their mean EW(Ha + [N n]) is 88 A. compared to SO 
A for the optically selected mergers (open circles). The line 
strengths in our sample may be aifect^ by contamination 
from Seyfeit nudei, and also by our long-slit apertures, which 
undenample the noimudear part of the merger systems and 
thus give excessive wdght to the merger nudd in the whole-
aperture spectra (Kennicutt & Kent 1983). These efiects alone, 
however, cannot account for the amount of excess Ha + [N n] 
observed; the global SFR is at least a factor of 2 higher among 
these mergers than among isolated galaxies. This r^t is con
sistent with those of Bu^ouse (1987) and Kennicutt et al. 
(1987), who also found systemau'̂ y higher SFRs in strongly 
interacting galaxies 

In Figure 3 we compare the [O n] equivalent width distribu-
tions of this merger sample with that of a complete, magnitude-
limited sample of local galaxies from Kennicutt (1992): 
Visually, the two distributions are dearly not the same; a K-S 
test shows that they are not drawn from the same parent popu
lation at the 98% confidence leveL The mean EW[0 n] for the 
merger sample is 19 A. compared to II A for thelocal complete 
sample. Here again, the ULIG mergers Ishaded boxes) have 
larger mean EW^O D] than the optically sdected mergers (23 
vs. 17 A). 

Figure 3 is also useful for examining how merger events may 
relate to fidd galaxy evolution. Mergers are often invoked as 
an important mechanism driving the evolution of field galaxies 
at z < I (see. e.g.. Rocca-Volmerange & Guiderdoni 1990; 
Broadhurst. Ellis. & Glazebrook 1992: Colless et aL 1993). One 
key population of objects, faint (20 £ 6^ £ 22.S) blue galaxies, 
ate beUeved to hold important information about both the 
implitude of the evolution, as well as the physical processes 

Q 10 n 30 4a M an 
wool 

Flo. 3.— CO a] equvaleol width distributions for the wbofe-apertun 
ipeoxa. Hixognm: Ite sample: shaded ban are the oltralnminous IRAS 
nergen. So^ Unt: tsolatcd galaxies rrom Kenaicuit (1992V Dashti tute: liunt 
Moe galaxy sample Inn Bnadhutsi et aL II981II and CbOess et aL (1990). 
About 3H of the galaxia in this sample lie to the right of the plot. 

involved. This population has been studied extensively in deep 
redshift surveys (Broadhurst et aL 1988: Colless et aL 1990, 
1993). and have been shown to possess an [O n] 3727 A line-
emission distribution very different from that of local galaxy 
samples. It has often been suggested that these faint blue gal
axies may be merging and/or interacting systems: recent 
observations with tte Hubble Space Telescope (Griffiths et aL 
1994) support this picture. 

To test this hypothesis, we have also plotted in Figure 3 
(dotted line) the 1^[0 n] distribution of the combined faint 
blue galaxy samples of Broadhurst. Ellis. & Shanks (1988) and 
CoUra et aL (I^). Statistically, the samples are too small to 
determine if the distribution is the same as that of the merger 
sample (both and K-S tests are incondusive): it should also 
be noted that local analogs of the laint blue ^axy EW[0 n] 
distribuuon can easily be found (e.g, Marka^n galaxies; see 
Kennicutt 1992). Nonethdess, the qualitative similarity of the 
two distributions is striking, especially because the merger 
sample was selected independent of EA^O n] or any contin
uum color criteria. 

Figures 2 and 3 also show how the ULIG mergers compare 
with the optically sdected mergers, in terms of thdr optical 
colors and SFR. Even though the IRAS olqects have huge 
amotuts of dust (Sanders et aL 1988). which serves to extin
guish much of the blue luminosity of these galaxies, their 41-SO 
colors nonethdess GUI among the bluer half of the optically 
selected mergers, indicating the presence of young, massive 
stars. Further support for this interpretation comes from the 
presence of strong Balmer absorption lines in many of the 
ULIG mergers (see Paper I). This provides direct evidence that 
a starbuist is re^nsible for at least part of the high bolo-
metric luminosities of these objects. There is probably some 
coiitamination of these results from Seyfert nudei in several of 
these galaxies (see § 3.4); even so. regardless of what is going on 
in th^ nudd in terms of QSO or AGN activity, there is 
apparently a great deal of global star formation going on in 
thm ULIG mergers. 

On the other tend, the IR-selected objects' colors and Hs + 
[N n] charaaeristics lie well within the bounds of the optically 
sdected mergers. In other words, at optical wavelengths the 
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ULIG mergers do not appear to be spectroscopically distinct 
from other merging gal^es with enhanced SFRs and blue 
colors. Perhaps whatever processes distinguish ULIGs from 
optical mergers in the infrared occur primarily in their nuclear 
regions, whkb may be so heavily ob^red by dust tiiat their 
effect is not detectable at visible wavelengths. This ptauie is 
supported by the bet that the reddenings we derive for the 
ULIG spectra (Table 2) are much lower than the nnplied 
extinctions firom the FIR data obtained by IRAS. It is likety 
that we are observing relatively imobscured star-forming 
regions outside the dusty cores of these galaxirt 

3 J. Merger Morphology and Line Emission 
The dependence of Ha and [O n] emission on a galaxy's 

morpholog^ type is well documented for isolated galaxies 
(Kennicutt & Kent 1983; Kennicutt 1992). To see if the mor
phological type of a merger's progenitor galaxies affected its 
line emission properties, we assigned to each system a " merger 
morphological type' as follows: type 0 •• a syston with two 
elliptical galaxies; type 1 = a system with an elliptical and a 
disic galaxy; type 2 > an advan^ merger, where the progeni
tors' morphological types are no longer distinguishable and 
appear to be a single, n^y coalesced galaxy body; type 3 <• a 
system of two disk galaxirv The type das^fications for each 
galaxy are listed in Table 1. 

The distribution of EW(Hot + [N n]) for each merger mor
phological type is shown in Figure 4. For comparison, the plot 
also shows ^ ranges of EW(Ha + [N n]) grouped by Hubble 
type for the sample of some 200 field and Virgo duster galaxies 
from Keimicutt & Kent (1983). It is dear from Figure 4 that a 
merger retains some memory of the characteristics of its com
ponent galaxies. Quiescent ellipticals do not suddenly flare into 
heavy star formation solely because of merging; this is 
expected, given the low gas contents of E/SO systems. Similariy. 
mergers of already star-forming disk galaxies continue forming 
stars. What does seem to change, particularly in disk-disk 
mergers, is that the scatter of EW(Ha + [N n]) is significantly 
increased by the merging process. This eiTect supports the 
notion that the coalescence of two gas-rich galaxies often trig-
gets starbursts. 

ll*ri«T HarptaMfMal fypr 
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disk-disk nericr. Venial tan u Idt of plM ue lypial tufo lot isoUied 
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Type 2 mergers, which have progressed far enough in the 
merpng process that most of the original morphological infor
mation is lost, also exhibit a wide scatter in EW(Hx + [N ••]); 
the scatter is smaller, though, than the two-disk mergers. Note 
also that if we exdude the UUG mergers ifilled circles), the 
optically selected type 2 objects have a much narrower range 
and lower median EW(Ha + [N n]). (The exception is the 
starbursting galaxy NGC 4194.) One reasonable interpretation 
is that type 2 mergers are bdng observed after the epoch of 
peak star formation has passed. This interpretation is sup
ported by the presence of strong Balmer- absorptioti-
dominated, poststarburst spectra in many of these objects 
(§ 3 J). This raises the possibility of using dytuunical mod^g 

the morphology of these systems to constrain the timwcalw 
of their star-formation bursts. (Detailed investigation of this 
issue is beyond the scope of this paper.) 

3 J. Infrared Ltammsities 
Even though the optically selected mergers in our sample 

were chosen without any knowledge of th^ iniirared proper
ties, a surprisingly large fraction (eight out of 28) belong to the 
IRAS Bright Galaxy Survey (Soifer et aL 1987). That, and the 
Esct that the IR-selected mergers exhibit optical properties 
similar to the optically chosen systems, led us to examine the 
infrared properties of the entire sample. We searched through 
the IRAS Faint Source Catalog (Moshir et aL 1989) for detec
tions of the non-ULIG sample members and found that all but 
five otjects (the four meigeis of two ellipticals each, and NGC 
3303) were detected and measured by IRAS. 

We then used two methods to compute the far-infrared limii-
nosity, L(FIR), of each galaxy. One was derived by Perrault 
(1989) and used in the Kim et aL (199S) spectroscopic survey of 
IRAS-bri^t galaxies; the other was used by Rieke& LeboCtky 
(1986) to determine the luminosity fimction of IRAS galaxies in 
the fi^ Both methods produced very similar results, with the 
Imninosity of any individual galaxy differing by no more than 
23% between the two computations, and a mean difference 
among the entire sample of less than 10%. In this paper, we 
present the luminosities computed with the Rieke & Lebofsky 
(1986); for convenience, we also adopt their value of Ho " 82 
kms"' Mpc"'. 

Figure Sa shows the distribution of log UFIR). in units of 
solar lumiiiosities. Rieke & Lebolsky (1986) found in their 
complete sample of /R^5-detected Shapley-Ames galaxies that 
- 10% oflocal field galaxies had L(FIR) greater than 10'° Lq. 
For the optically sdected mergers, the figure is 67% (20 out of 
30). Another measurement of the mergers' infrared power is 
shown in Fi^re 5b, where we plot L(FIR)/L(B) plotted against 
sample fractioiL Also shown in the figure is the same function 
for the 324 galaxies in the entire IRAS Bright Galaxy Survey 
(Soifer et aL 1987) and a sample of 2710 UGC galaxies detected 
by IRAS in both the 60 and 100 /an bands (Bothun. Lonsdale, 
& Rice 1989). 

Figure 56 shows that the mergers are /RXS-bright not just 
because they contain more stars and are thus more luminous. 
The L(FIR)/L(B) distribution is deariy shifted toward higher 
L(FIR) for the same blue luminosity, even if we remove the 
ULIG mergers (shaded bars). The r^tively small number of 
objects in our sample makes statistical comparisons somewhat 
uncertain; K-S tests show that the optically selected merger 
sample differs from the Bothun et aL (1989) distribution at the 
90% confidence levd and cannot be distinguished from the 
Soifer et aL (1987) sample. Both of the comparison samples 
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(espedaOy the Soifer et aL sample) are biased toward FIR-
bright pil«Tif< due to their selection criteria, so our compari
son still confirms the very significant UFTR) excess exhibited 
by the optically selected mergers. Our results support the con-
dusions of Lonsdale et aL (1984), Joseph & Wright (1985), 
Bushouse, Lamb, & Werner (19^), and others, who have 
reported enhanced IR emission in nrongly interacting galaxies. 

Not surprisingly, the ULIG mergers, though individually 
very similar to members of the non-ULIC submmple in terms 
of their optical properties, all have distinctly higher L(FIR) per 
unit blue lominosi^ that their non-ULIG counterparts. Only 
four optically selected mergers have L(FIR)/L(B) as high as the 
ULIG mergers: they are NGC 1614, Arp 23^ Arp 193 (all 
starbursts) and NGC 2623 (a poststarburst gal^). This sug
gests that the ULIG mergers may have ongoing or recently 
completed starbursts whose energy outputs are being chan
neled disproportionately into inirared wavelengths, perhaps by 
large amounts of surrounding dust and moleciUar gas. The IR 
luminosity could be further enhanced by recently formed, 
beavOy dust-enshrouded AGNs in the mergers' nuclear regions 
(Sanders et aL 1988). 

3.4. Occurrence rfNuclear Activity 
The eiTect of galaxy interactions, particularly strong ones, on 

the appearance of AGN activity is a complicated issue (see the 
review by Heckman 1990). Cutri & MacAlary (I98S). Dahari 
(198S). Ked et aL (198S), MacKenty (1989), VeiUeux et aL 
(I99S). and others have found that Seyfert nuclei appear in 
interacting galaxies more frequently thu in isolated galaxies, 
but Dahari (I98S). Keel et aL (1985). and Bushouse (1986) have 
also found a deficiency of AGNs among advanced mergers and 
strongly interacting systems. 

Figure 6 shows three emission-line diagnostic diagrams 
which are commonly applied to characterize the nuclear emis-
sion from galaxies: [N n] 6583 A/Hx versus [O m] 5007 A/H0, 
[S n] 6717 + 6730 A/Ha versus [O ni]/H/;, and [O i] 6300 
X/Hs versus [O The line ratios are computed using the 
Balmer absorption and extinction-corrected line fluxes 
described above and presented in Table 2. In alL 36 nuclear 
apertures had sulHcient line emission to perform these diagnos
tics eflectively. Thirteen apertures (including eight nuclei from 

two-elliptical mergers) had insuflident line emission, indicating 
no active nucleus, and were excluded from the diagnostics. 
Finally, seven nuclei had such strong Balmer absorption that 
measuring the flux of emission was unfeasible. For one of 
those nuclei (IRAS 05189 —2524) a lower bound is plotted: for 
the remainder (Arp 220, NGC 52a NGC 2623. NGC 3509. 
NGC 3921. and NGC 7252). their horizontal positions are 
plotted on the charts assuming a Balmer absorption equal to 
the observed Hfi absorption in the spectrum, but accurate 
placement in the vertical ([O m]/H0) axis was not attempietl 

The diagnostic charts are separated into zones, the borders 
of which are taken from Veilleux & Osterbrock (198'̂  Nuclei 
that lie to the left of the curve have line emission originating 
predominantly from H n regions, while those to the right ate 
AGNs (Seyfert nuclei) and low-ionization. narrow emission-
line regions (LINERs). The latter two classes are generally 
divided by the strength of the [O taJ/Hff ratio; a dashed line is 
drawn in the plots at [O m]/Hfi • 3. and the nuclei above that 
line can be consider^ S^ert nuclei while those below ate 
LINERs(Shuder&Osterbrock l981;KeeletaL 1985). 

As a check, we compared our corrected line fluxes and 
nuclear categorizations with those of the luminous /J14S gal
axies from ^ders et aL (1988) and Veilleux et aL (1995). For 
the common objects in the three samples, most of the corrected 
line ratios measured agree to within ~I0%. which is the 
expected variation given the accuracy of the observations. 
However, the [O m]/Hfi ratios are often significantly 
diSerent—as mu^ as 50% from those derived by Veilleux et 
aL (1995) and up lo a factor of 2 from those derived by Sanders 
et aL (1988). The diflerences can be attributed lo the diflerent 
corrections for underiying Babner absorption in (he Hff line: 
(his is an illustration of how diflicult it is to correct for (he 
underlying absorption accurately. These systematic diflerences 
affect the vertical placement of the data points on the diagnos
tic charts; as discussed by Veilleux et aL (1995). this has an 
fanpact on the number of objects classified as LINERs versus 
Se^ert nuclei. It is also possible that in several cases, especially 
if nuclear starbursts are occurring, we may be observing com
posite spectra of AGNs and nuclear H n regions. These effects, 
along with the typical accuracy limits of (he line measuremen(s 
(±7%-IS%). should be kept in mind when comparing the 
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relaiive fractions of Seyfert nuclei. LINERs. and oon-AGN 
nudei. 

From the charts, we see four nuclei that fit in the Seyfert 
category: they arc the UUGs Mrk 273, IRAS 05189— 2524, 
and IRAS 121I2-(-0305, and the radio-bri^t objM 3C 305. 
Also in the Seyfert category is Mrk 231, which is a broad-lioe 
Seyfert 1 by inspection of its Ha -I- [N n] complex (Hamilton 
& Keel 1987) and is not plotted on the charts. NGC 3303B and 

-1.5 -I -0.5 0 
log([Nn]65M/Ha) 

-1 -0.5 0 
log(ISn]67I7+a731/Ho) 

•-0.S 

-2 -1.5 -I -0.5 0 
log([0l]6300/Ha) 

FiCu 6.~EiiNssiofi4iac dayaomc plots for nudear spectn in the merger 
tampk. Opfn pomts: opuolly selected mergen. Filled pemts: ultnUiimiiiottft 
IRAS mergers. S^uam: nudei of morphefofiGal type I giliiiw, ss in Fig. 4. 
TrumgUs: lype 2 piliiie*. Cinles: type 3 galaiics. lor whidi 
[O ml H/l could not be computed due lo ctcemve undertymg stellar Balmer 
absorptioa are plotted at the bottom of each panel The k>Ik1 and dashed lines 
divide H n regMm-lifcc. LINER, and Seyfcrt spectra as descnbed in the texL 

3C 293 are near the border between Seyfert nuclei and 
LINERs. There are also 10-15 nuclei that Cill in the LINER 
category (depending on the diagnostic chart used), excluding 
the galaxies at the bottom of each chart: of those six objects, 
either three or four of them are also Seyfert nudei or LINERs. 

Of the 36 measured nudei, at least 18 and as many as 24 
(50% and 67%, respectively) have Seyfert or LINER nudei. 
Considered separatdy, Seyfert nudei are contained in five 
objects out of the sample of 40 systems (13%), and the UNERs 
total 13 objects (33%): Ifweconsideroiily the optically selected 
objects, we find no Seyfert nuclei and nine LINEfo (32%). 
There are also one /iMS-sdected and three optically selected 
systems plotted at the bottom of the charts, whose horizontal 
positions imply that they are either Seykrt nudd or LINERs; 
these "unknown* nudd create uncertainties in the percent
ages of nudd in the various categories. For comparison, the 
inddenoe rate of Seyfert nudd is about 5% in isolated spirals 
(PbOlips et aL 1983). It is interesting that no confirmed S^ert 
nudei at all were detected among the optically selected objects; 
there is on the other hand a significant excess of Seyfert nudd 
in the radio- and f/L/4S-selected objects, which is not sur
prising. However, our results are not statistically significant 
because of our small sample size, and we thus hesitate to draw 
any condusions about enhanced or defident AGN popu
lations in merging galaxies based on these data alone. Gener
ally, the percentages we see appear to be consistent with those 
observed m samples of interacting galaxies studied by Keel et 
aL (1985), Dahari (1985), Bushouse (1986), Sekiguchi & Wol-
stencroft (1993), Veilleux et aL (I99S)k and othen. 

We have alw attempted to distinguish the differences in 
nudear activity with respect to merger morphological type. No 
nudd in type 0 mergers were observed to have line emission 
stronger tton 2-3 A equivalent width; we exdude the possi-
bihty of AGNs in them. The two type 1 mergers {squares) with 
nucl^ activity contain LINER nudei Only one of the Seyfert 
nudd was in a type 2 {trUmgles] merger, with all the rest 
appearing in type 3 (circles) mergers. Tte relative absence of 
S^ert nudei in type 2 systems, which are the most advanced 
mergers, ate consistent with the reduced Seyfert fluency in 
the most strongly interacting galaxies seen by Keel et aL (1985) 
and Bushouse (1986). This r^t has two caveats, however: the 
number of objects is relatively smaU, and the classification dif
ference between type 2 and type 3 mergers is somewhat subjec
tive and could have affected the results. 

It should be mentioned that the LINERs may not have to be 
produced only by compact massive objects, as is the case for 
Seyfert nudd Veilleux et aL (1995) has shown observational 
evidence that LINERs in FIR-bright [KFIR) S lO" ' 
galaxies are produced predominantly by shock ionization, 
rather than photoionization from a true AGN. Also, recent 
ionizau'on models (see, e.g_ Shidds 1992) suggest that LINERs 
can be produced by massive stars in dense dust and gas 
environments. The violent stellar and gas kinematics in and 
around merger nudei, along with starburst activity and their 
associated winds and supemovae, suggest that these non-AGN 
processes may well be responsible for many of the LINERs 
among the optically selected mergers (see. e.g.. Harwit et aL 
1987: Heckman, Armus, & Miley 1990). 

3S Poststarburst Systems and E + A Galaxies 
Perhaps the most striking result of our survey is the prepon

derance of Balmer absorption-line dominated spectra. These 
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are observed only rarely, if at alL in nearby noninteracting 
galaxies (Kennicutt 1992). Many of these speinra are remark
ably similar to those seen in high-redshifi" poststarborst ** gal
axies (Couch & Sharpies 1987; Schweizer 1990) and ~E -f- A" 

(Dressier & Gunn 1983; Oegerle. Hill. & Hoessel 
1991; WitthetaL 1995). These dases of olqects, whose names 
are often used inteicbangubly. ate characterized by strong 
ii«ini>r absorption (geoetilly 2 6 A equivalent width in each of 
the HP, Hr, a^ H j lines), bine (thou^ not the bluest) contin-
aum colors, and weak (typically less than IS k equivalent 
width) [O D] emission. 

Under the observational definition of an E A galaxy 
described above, a disproportionately large number ^ our 
merging galaxies fit into the category. If we look in the spectral 
region of 3fi00-si00 A rest wavelength, where most E + A 
galaxies are identified, at least six whole-aperture or integrated 
spectra (Arp 193, IRAS 05189 -2324. NGC 520. NGC 2623, 
NGC 3921. and NGC 7252) and two audear spectra (Arp 
193 — 2 and NGC 1614—2) fit the qualitative criteria of E A 
pi'Tifc This supports the noonting observatioiial evidence 
(Lavery et aL 1992; Drealer et aL 1994a, b; Couch et aL 1994) 
that one way E + A's are ronned is through galaxy mergers. 

A qualitative comparison of at least one of our mergers with 
previously identified E -t- A galaxies is illustrative. Spectropho
tometry of three E 4- A otgects obtained by Uu. Green. & 
Kennicutt (1995>—G515 (Oegerle et aL 1991) at i" 0.09, 
A963-2I (Uvery & Henry 1988) at z"a.2a and CL 3C 
295 —92 (Dressier & Guon 1983. 1992) at i = 0.45—are pre
sented in Figure 7. along with (he integrated spectrum of NGC 

2623. The spectral region from about 3650 to SOOO A (rest 
wavelength) is shown for each otqecl. and the spectra have 
been smoothed to the same rest wavelength resolution (about 
6J A pixel'Aside from the diiferences in signal-to-noise for 
the four spectra, their continuum shapes and absorption-line 
characteristics are strikingly similar. 

A more quantitative comparison is presented in Figure 8. 
We have plotted here the Hj absorption equivalent width 
against 41-50 continuum color and the equivalent width of 
[O n] emission for the whole-aperture spectra in the merger 
sample (eirela), a comparison sample of isolated galaxies 
(crosses) from Kennicutt (1992), and the three distant E -f A 
galaxies from Figure 7 (filled triangle^ In both plots, six 
mergers (the objects listed above with E -i- A-Uke spectra) and 
the three distant E + A's surpass all the other olqects in 
EW(Hj); their 41-50 colors range from OJ to 0.6. and have 
EW([0 B]) < 15 A. Two other ULIG mergers. IRAS 
085^+3915 and VGC 5101. also have very strong Balmer 
absorption (with HS equivalent width greater than 6 A), but 
with stronger [O n] emission (EW a: 19 and 15 A. 
respectively). On the other hand, none of the isolated compari
son galaxies have EW(Hf) > 6 A. 

When comparing the spectra of the distant E + A's with our 
nearby mergers, it should be kept in mind that both the lower 
resolution and lower sign^-to-noise of the distant objects' 
spectra can cause some significant systenutic errors. Com-
bmed. they serve to blend the Hj and Hy lines with the Fe ii 
4046 A ai^rption feature and the CH " G band 'at ~4310 A. 
respectively, both of which can be quite strong. They also 

Aa83-21 

5000 

4000 «soo S500 SSOO 8000 

FIG. 7.—Conparaoo of Pcrfct syitcm NCC 2623 IS > 0.01S) with known A* plmie* U R « 0L09 (icmcr Itfil s m (120 {upprr and : 
ritftek Mafor tpeoral featwcs ha*c noted. Wavden|ib a in tmtts of A. Fltu is ta umts of normalized to unity at 4S00 A rest wavcieoKih. 
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smear oatamounts of emission embedded in the Balmer 
absorption line cores and obscure any weak [O n] emission 
among strong higher order Babner lines. Some of thm efiects 
are' apparent, for example, when comparing the whole-aperture 
spectra of objects like NGC 7252 and 520, obtained at 
&ted positions on the sky, with their integrated spectra, which 
are trailed across the spectrograph slit and are somewhat 
blended as a result (^per 1). Thus, measurements of distant 
E -i- A*s will systematic^y underestimate [O n] line emission 
and overestimate Babner absorption. 

Even without compensating for this effect the Balmer 
absorption-dominated mergers are still closer to the distant.. 
E-f A'son Figures 8a and 8fr than any of the isolated galaxies. 
This suggests that these merging systems may be in an inteime-
date evolutionary stage between E -f A's and other galaxies. If 
we do account for this eSect by sh'ghtly increasing the [O n] 
emission and decreasing the EW(H^ of the distant E -t- A's. 
they and the Babner absorption-dominated mergers would 
occupy approximately the same repon of both Figures 8a and 
86. Combined with their nearly identical spectral shapes as 
shown in Figure 7. it is tempting to suggest that the two groups 
are in lact the same class of objects. If so. it is noteworthy tlut 
most of the E -t- A-like mergers have substantial Hot emission, 
indicating active ongoing star formation. The Ha line strength 
has not been measured in observations of distant E + A's in 
the Hterature. primarily because Hz is redshifted into heavily 
obscuring m'̂ t-sky line complexes at z ^ QJ and out of the 
optical window at z 2 OJ. As the nearby mergers show, their 
characterization as "poststarburst" galaxies may be prema
ture. since their ongoing SFRs may still be quite high. 

The link between mergen and E + A's. though tantalizingly 
suggested by these results, is almost certainly far from straight
forward. The nature of the origins, stellar populations, and 
heterogeneity of E -f A's as a clw of objects are all complex 

issues, and beyond the scope of this paper; we defer these issues 
to Liu et aL (199S). where they will be addressed in greater 
depth. 

4. CONCLUSIONS 

This swvey of merging galaxies, though only exploratory, is 
enlightening. Our spcctrophotometric data show that mergen 
exhibit a wide range of spectral characteristics, from dormant, 
old stdlar populations to starbursts, poststarbursts. and gal
axies with active nudeL We have con&med a number of char
acteristics often seen in mergers, including enhanced 
star-formation rates and higher f^-infirared luminosities. We 
see that ultraluminous IRAS mergers tend to have blue optical 
colors typical of actively star-forming galaxies and. on the 
average, tove even stronger ongoing star formation than opti
cally selected mergers; taken individually, however, their 
spectra are similar to those of many other mergers and do not 
form a dass distinct from optically selected merging galaxy 
systems. We have also presented evidence that the morphologi
es types of a merger's progenitor galaxies have a direct effect 
on the observed characteristics of the resultant merger; and we 
have shown that nearby mergers in the field can produce 
spectra analogous to E + A or poststarburst galaxies seen in 
rich galaxy dusten at high redshihs. 
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SPECTROPHOTOMETRY AND 

STELLAR POPULATION 

MODELS OF "E+A" GALAXIES 

Published in The Astrophysical Journal, 1996, Vol. 458, p. L63. 
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November 15, 1996 

To Whom It May Concern, 

This letter regards the following three published works: 

[1] "A Spectrophotometric Atlas of Merging Galaxies," The Astrophysical Journal 

Supplements, Volume 100, p. 325; 

[2] "Spectrophotometric Properties of Merging Galaxies," The Astrophysical 

Journal, Volume 450, p. 547; 

[3] "Spectrophotometry and SteUar Population Models of 'E+A' Galaxies," The 

Astrophysical Journal, Volmne 458, p. L63. 

As the lead author for each of these three papers, I hereby exercise my copyright 

and allow them to be pubUshed in my dissertation. For any further clarification, 

please contact the Astrophysical Journal OflBce in Tucson, Arizona at (520) 318-8000. 

Sincerely, 

Charles T. Liu 
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ABSTRACT 
We present long-slit spectrophotometry of eight "E -i- A" galaxies which have been previously identified m the 

literature. We use a simple two-parameter modeling scheme to test if their stellar populations can be 
characterized uniquely by a decaying instantaneous starbtirst of well-determined age superposed upon a steady 
state galaxy substrate. Five of the oiqects are well characterized by burst-plus-eUiptkal gala:^ models two others 
are best fit by borst-plus-spiral galaxy models. One object cannot be described by such models, but it does 
resemble the spectra of some nrarby merging galaxies with E -l- A-like spectra, possibly suggesting a multiple-
burst scenario. Sigiificant degeneracies, however, combmed with the finite signal-to-noise of the data, severely 
limit the effectiveness of using opdcal spectral energy distnbutions alone to constrain the ages and mass Gractions 
of the statburst components. The interpretation of E -t- A galaxies, especially at h^ redshift, must be 
approached cautiously. 
Subjea headings: galaxies; evolution—galaxies: peculiar—galaxies: starburst—galaxies: stellar content 

1. DJTRODUCnON 

Since their identificatiou by Dressier & Gmm (1983), the 
oiqects known as "E -t- A" or "poststarburst" ga^es have 
received a great deal of attention. Typically cbazactaized by 
strong Bah^ absorption lines and w^ or no line emission, 
the spectral signature of E 4- A galraes is generally believed 
to be caused vigorous star formation recently preceding the 
epoch of observation (~ lO'-lO' yr), which has since decrrased 
significantly or ceased altogether. It has become dear that 
E -f- A galades could potentially be powerfiil indicators of 
galaxy evohition. Since the poststarburst phase lasts an order 
of magnitude longer than the starburst that created it, mea
suring the faction of E A's in a given population of galaxies 
may well be a feasible and statistically si^ifiiant way to gaiy 
the amount of increased star formation activity in the prior 
bOlicn years or so. 

Toward this end, a number of evolutionary models have 
been developed to quantify various observable parameters 
of E A ^axies (see, e.g.. Couch & Sha^les 1987; 
MacLaren, Ellis, & Couch 1988; Newberry, Boroson, A 
Kirshner 1990; Chariot & Silic 1994; Belloni et al. 199S; 
Barger et al. 199S; Poggianti & Barbaro 1996). These 
models have allowed the use of broad- and intermediate-
band filter systems to make identification of E A's at high 
redshifts more feasible (see, e.g., MacLaren et al. 19M; 
Thimm & Belloni 1994; Belloni et al. 199S). The multifilter 
methods, along with spectroscopic surveys (see. e.g.. Shar
pies et ^ 1985; Lavery & Heiny 1986, 1988; Fabricant, 
McQintock, & ^ntz 1^1; Oegerle. Hoessel, & Hill 1991; 
Dressier & Gunn 1992; Caldwell et al. 1993), have identified 
significant numbers of E A galaxies in clusters of galaxies 
from Coma to beyond z > 0.8. Among nearby field galaxies, 

• ObservBtioa* reponed here were obtained with the Multipfe Mirror 
Telocope. a flKiliiy openied jointly by the Smitlisontan Institution and the 
l/nivcntiy of Ariaona. 

smdies of merging galaxies (see, e.g., Schweizer 1990; 
Sekiguchi & Wolstencroft 1993; Liu & Kermicutt 199Sa, 
199^) have revealed surprisingly large fractions of E A-
like spectra among mergers. 

While the number of known E -t- A galaxies is steadily 
increasing, the fundamental characteristic of these olqects has 
still not been quantified: Are these galaxies m foct a distinct 
dass? In other words, are all E -f A's created by a recent 
starburst superposed upon a quiescent spheroidal population? 
Equaify important to the understanding of these em'gmatic 
galaxies is the question: If all E -i- A's are in tact galaxies with 
recently concluded starbursts, bow accurately can the burst 
ages and strengths be determined from starburst models? 

A large part of this problem lies in the broad usage of the 
term "E A galaxy" in the literature. Couch Jt Sharpies 
(1987) identified two well-defined categories of E + A's: 
blue, poststarburst galaxies (PSGs) and red, HS strong 
galaxies (HDSs); nevertheless, almost every study of 
E A's seems to have a slight different definition and 
selection criterion. Couch & Sha^les (1987), Barger et al. 
(1995), and others have shown that starburst models can 
accurately reproduce the observed properties of both PSGs 
and HDSs, espedally their broadband colors and Balmer 
absorption line strengths. However, whether such models 
can r^roduce in detail the spectral energy distributions of 
all E + A's across a wide wavelength range (espedally in 
the rest frame near-UV), is uncertain. 

In this Letter, we address these questions with long-slit 
spectrophotometry of eight E -i- A galaxies spectroscopi-
ally identified in the literature, induding two of the three 
objects with which Dressier & Gunn (1983) defined the 
dass. We then model the stellar populations of these 
galaxies with a simple two-parameter scheme to examine 
the effectiveness of using such models to determine the 
galaxy mass fraction consumed and the burst ages in our 
E -*• A sample. 
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2. SAMPLE SELECTION AND OBSERVATIONS 

Our sample was chosen to reflect the population of E -t- A 
fin the broadest sense, as defined different faivcsti-
gators and at a wide variety of redshifts. We chose the 
relatively nearby (z = 0.09) object GSIS, near Abell 2063 
(OegeiJe et aL 1991); two objects in the cluster Abell 963 
(z = 0.20), identified by Lavery A Henry (1988); two "red 
E A galaxies" in the duster CL 13S8-t-624S at z = 032 
(Fabricant et aL 1993; Luppmo et aL 1991); two m the duster 
of galaxies arotmd 3C 29S at z = 0.46 (Dre^er & Gunn 1983, 
19%); and one oiqect m the cluster CL 1601-t-42S3 atz = 0j4 
(Dressier & Gmm 1992). 

All of the targets were observed with the Red Channel 
Spectrogr^h at Uie Multiple Mirror Tdescope between 1993 
June and 1994 July. We used a 300 lines mm'* gratine for the 
wavelength region 3SOO-6000 A and a 270 lines mm"'grating 
for the wavdength region SSOO-9SOO A. Our aperture was a 
5' X 180" slit; the large slit width allowed us to obtain inte
grated spectra of the oiqects and avoid problems with differ
ential atmospheric reaction. Spec^ resolution was 
therefore usually not limited by the slit width and ranged 
typically Ccom 20 to 30 A. Standard data reduction techniques 
using the IRAF software system were used to process the 
long^t data, primarily with the CCDRED and LONGSUT 
parages. Apertures along the slit were traced and extracted 
with the AFEXTRACr package. The integration times for aH 
the long-4Ut observations are presented in Table 1. 

The spectral energy distributions (SEDs) of the eight E A 
galaxies m the sample are presented in Figure 1 (Plate LIO). 
All of the galaxies have been deredshifted using the 
NEWREDSIQFT task m IRAF, rebinned to a rest wavdength 
dispersion of 10 A pixd~', and normalized to unity at 4500 A 
rest wavelengtb. Wbm applicable, major night sigr feanires (eg, 
those at 5577,5889 A, and the "B" aoA "A" bands at 6900 and 
7600 A) have been removed from the spectra. In some cases, 
the far red or blue portions of the spectra have been binned 
mto 40 A channels to improve the overall accuracy of the 
continuum shapes. 

The large range in redshift and apparent magnitude 
(15.2 < m* < 21.6) of the sample meant that the sipial-to-
noise of the spectra varied tremendously as well, tram ~60 per 
resolution dement in G515 to ~7 for the faintest objects. 
Similarly, the peak-to-peak uncertainties of the spectropho
tometry over broad vravdength ranges vary from ~S% to 
~3S%; the averaged rms deviations are ^ut half those 
values. 

3. STELLAR SYttlHESIS MODELS 

The two-parameter stellar spthesis models we used to fit 
the observed SEDs of the galaxies in the sample were designed 
to be as straightforward and general as possible. The first 
("^ component was a composite spectrum of either an E/SO 
or Sbc galaxy template; these were created by combining the 
E/SO and Sbc SEDs of Coleman. Wu, & Weedman (1980) 
with the spectrophotometry of NGC 750 (Uu Sc. Keim'cntt 
1995a) and NGC5248 (Kemicntt 1992). respectively, to create 
spectral energy distributions in the wavdength range 2000-
10000 A 

The second ("A") component was a starourst of finite age, 
as computed by the GISSEL stellar synthesis code of Bruzual 
&. Chariot (1993). We adopted an instantaneous starborst 
model with a Salpeter IMF and used bursts between 10' and 
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TABLE 1 

SAMitE E -I- A OALAXICS 

Cipuiuig 
(Blue/Red) 

Nunc z (s) Refereooe 

GSt5 OHM WOMOO OetellectaLim 
A963-7I OJW 360a<4200 Lirar tad Hauy 19SS 
A9S3-21 0207 54003000 Limy and Hour IKS 
CX US8-13S 0320 720(V3<aO CUncuu et aL 1992 
CXUSS-IIZ 0322 TaiOMOD Fabricant et aL 1992 
CX3C29S-92 0.4S0 0000400 Drearier ft Gum 1992 
aJC29S-106 a470 63005400 Drearier ft Gunn 1992 
CL 1601-19S 0545 lOSOOeUX) Drealer ft Gunn 1992 

2 X 10' yr old for our models. To preserve generality, we used 
models produced direct^ by GISSEL, without interpola

tion; the mo^ ages are thus spaced in appraximately 10' yr 
mtervals. Each n^d is labd^ by its precise burst age as 
output by the GISSEL program. The burst models assume 
sol^ mebUlidty, with no cherniral evolution; these limitations, 
however, are not likely to affect our results significant^ 
because (1) all the E -t- A galaxies we are modeling are large, 
bright systems (My S -20), where metallidties are expected 
to be approximately solar; and (2) the startiurst ages are all 
short compared to the timescales where metaU^ty would 
sigmficantty affect the burst SED. 

The fimily of modd E + A spcctra were created by simple 
linear combination of the E and A components described 
above, at differing relative flux levels. The models were fitted 
to the observed SEDs of the E A galaxies with a weighted, 
non-negative least-squares algorithm. 

Five of the eight galaxies were best fitted by an E/SO plus 
burst modcL The b^-fit burst ages were 0.2550 Gyr (A963 
21), 0.7187 Gyr (CL3C 295-92), 1.015 Gyr (G515), 1.609 Gyr 
(CL 1601-195), and 1.434 Gyr (CL 1358-135). However, the 
other three galades could not be fitted with this combination; 
while good-fitting models could be found m the wavdength 
range 3700-7000 A, their continuum shapes Uueward of 3700 
A were all too red to be matched with the observed SEDs. The 
implication that some ongoing star formation was taldng place 

^ in the galaxi^ increasing the flux in the far blue portions of 
the spectra, led us to use the Sbc plus burst combination to fit 
these three objects. Two ut' them were fitted well by this model, 
with 0.2026 Gyr (A963-71) and 1.278 Gyr (CL 1358-112) old 
starbursts, respectivdy. However, as diviissed below, severe 
degeneracies render the age determinations for these best-fit 
m^ds rather uncertain (±30% or more). The best-fit models 
are presented in Figure 1, superposed (thick lines) upon the 
obsarved SEDs of the sample gal^es. 

The final object, CL3C 295—106, defied successful fitting 
with either modd. Its spectrum is very blue shortward of 3500 
A rest wavdength and exhibits very strong [O n} 3727 A line 
emission (rest EW - 31 ± 3 A) indicative of active ongoing 
star formation. These two spectral features make it impossible 
to characterize this object's stellar population with our modd 
parameters. 

4. DISCUSSION 

4.1. Have AUE + A GaladesHadSlarbursts? 

These eight E A galaxies form a rather inhomogeneous 
sample; dearly, it would be inappropriate to claim that they 
have all been formed by a single, recent starburst occurring in 
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Flo. Z—S|ieaiaoCCUC»S-106(aM&K).G2U930-)-040451aiidNGC 
SlOlS^Bna). 

a quiescent spheroidal population. This b not surprising, since 
we selected them Crom diverse parent samples and defi^ons 
to reflect the population of E A galaxies in the broadest 
possible sense. Even so, seven out of eight share the charac
teristic that their SEDs are well desoibed across a wide 
wavelength range by an underlying steady state galaxy stellar 
populate of some land (E/SO or Sbc) plus one decaying, 
instantaneous starburst 

The one olqect that could not be fitted by the simple 
two-parameter model, CX3C 295-106, may also in the post-
burst dass, albeit in a more complex way. This galaxy is an 
excellent example of how difficult it can be to das^E A's; 
Dressier Sc. Guim (1983) detected the [O n] line emission bom 
this otqect when they classified it, but they were unable to 
measure the equivalent width of the emission line (31 ± 3 A) 
because the redshifted [O n] line was contaminated by the 
5577 A night sky feature in their low-resohition spectra. The 
strong Baimer Ibe absorption they measured, however, does 
imply the presence of a decaying starburst. There are m fact 
weU-known analogs of this type of galaxy: many advanced 
merging gala:^ systems exhibit both significant [O n] emission 
and B^er absorption (see, e.g., Liu & Koinicutt l99Sa, 
1995b, and references therein). Also, Lavery, Pierce, & Mc-
•ure (1992), Lavery & Henry (1994), Couch et aL (19M), and 
Barger et aL (1995) have shi^ that the bhie PSGs in dikant 
clusters of galaxies are often mergers or niteracting systems. 

We illustrate in Figure 2 the qualitative similarity of CL3C 
295—106 with two blue, E + A-l^ merger systems: NGC 520 
(Liu & Kennicutt 199Sa) and G213930-<-0404Sl (Liu et aL 
1996), atz - OXIlandz = 0.13, respectively. Althou^ the blue 
eixls of the comparison galxqr SEDs are needed to confirm 
that the starburst properties of these three objects are indeed 
the same, it would seem that the SED of CL3C 295—106 could 
be characterized by some combination of NGC 520 and 
G213930-I-040451. Detailed models of the stellar population 
of NGC 520 by BemlShr (1993) have shown that it contains 
two starburst components: one decaying and the other ongoing 
and somewhat emhrouded by dust If CL3C 295—106 is also 
such an oiqect, then an eight E -t- A's in our sample contain at 
least one recent, decaying starburst This would lend support 
to the picture that, d^ite their many differences, all E A 
galaxies have had a st^urst event in their recent histories. 
Our results confirm and extend the conclusions of Couch &. 
Sharpies (1987), Barger et aL (1995). and others, who have 
successfully modeled observed E A galaxies with starburst 
models similar to those we have used. 
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OJ064, and 0.9D4S Gyr. (6) AofQpnm. the spectral eoeTgjr diitr t̂ion of CUC 
295—fines, the same modeJs as given in (a). Models are nonnaiized lo 
unity at 4500 A. 

4.2. Modeling Btirst /Iges and Strengths: Degaiemdes and 
Their Impliauions 

Despite this apparent similarity in their origms, the accurate 
modeling of the burst ages and strengths of the E -(• A burst 
components proved to be extremely problematic because of 
serious degeneracies in the model S^ combmations. These 
degeneracies strongly affect the reliability of this type of 
modeling in determining burst parameters and must con
sidered carefully when such models are interpreted. 

Age degeneracies are well known in pure stellar synthesis 
models, especially in the optical wavelerii^ regime (see, e.g., 
Brtizual & Chariot 1993); any semi-empir^al method of stellar 
population modeling, uicluding the one we used, also suffers 
from these difficulties. In all seven galaxies fitted by our 
two-parameter modeL their burst component ages cotild be 
varied as much as ±30% or more with almost no loss of 
statistical significance in the fits. This degeneracy allowed for 
very large uncertainties in the mass faactions consumed by the 
staAuist, up to bctors of 5 or more! 

Figure 3 illustrates this problem for just one example. We 
have plotted the SED of CL3C 295—92 at intervals of ~200 
A along with the representative ±10- error bars of the data 
at those wavelengths, in Figure 3a. Superposed upon those 
data points are the best-fit models for this galaxy normal
ized at 4500 A, with an elliptical substrate and instanta-
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TABLE 2 
STAiuuiisr MooeuNO Resutn 

Best NQnimnoi Maxtraura Kfimainn 
Nunc Sufastme Aft Age Age SI  ̂ SF% 
0) (2) P) (4) (5) W (7) 

GS15 E60 U)IS0 06405 U390 QJ9 LOO 
A963-71 SBC 03026 CU434 03210 001 002 
A963-21 E/SO 02550 02026 03210 003 OOS 
CL1358-135 E/SO U340 U)150 2JXJ00 007 020 
CL1358-112. SBC U780 071B7 L6090 OIL 093 
CL3C 295-92 E/SO 07187 05088 09048 OIL 07L 
CL 1601-195 E/SO L6090 IJKTSO 2MJ0 018 036 

NOTE.—COIL (3>-(5): SIVBTTM <(ES IO GYR. COB. (6) AND (7): STAXBAM NUN FRIETIAM WITH GOO(T>FIT 
BUM ACES. 

DCOUS starbuists of 0J088, 0.5709, 0.640S, 0.7187, 0.8064, 
and 0.9048 Gyr. All the models Ue within 1 o-of almostevciy 
data point in the SEO. The signal-to-noise reqoiied to 
distinguish between thae models at 2600 A rest wavelength 
(whete the models are furthest apart in our wavelength 
range) at the 2 <r level is about 90—an extremely diffi(^t 
observational constraint for a galaxy at z = 0.46. 

In Figure 36 we have olotted the same gakn^s SED in detail 
&om 3WOO to SlOO A, again superposing the models as 
described above. Ibis is the spectral t^on most often used to 
identify E -t- A galaxies; but as the figure deariy shows, it is 
essentially impwsible to tell what the true start>uist age is 
without nearly infinite signal-to-noise. Dq>ending on the age 
of the mstantaneous burst, the fractional mass of the galaqr 
consumed in the burst ranges from 71% for the 0.9048 G]T old 
burst (an improbably high fraction) to 11% for the 0.50^ Gyr 
old burst (a Cutor of 2 below most E -t- A models in the 
literature). 

Such severe degeneracies in age and burst mass fiactkm dearly 
cannot be ignored m any serious attempt to modd E-)-A 
galaxies. Almost all the EA ̂ nthesis models in the Uteiatuie 
have been simple two-parameter models much like the one we 
have used, wfth a galaay substrate and a single staiburst of fixed 
intensity; using suA models to estimate burst ages and mass 
bactioas m bigb-redshift E-t-A should be done only 
with great care and with the understanding that neaziy identical 
SEDs and line strengths can be generated with wid^ varying 
initial conditiaas. The good-fit tanges of age and starburst mass 
fraction fiir the sample galaxies are given in Table 2. 

5. CONCXUSIONS 

The spectrophotometry and modeling we have presented in 
this wo^ confirm that E + A galaxies are a heterogeneous 

class of oiqects with a wide range of spectral characteristics. 
Attempts to determine the burst ages and ma« fractions of 
high-redshift E A's using simple staiburst-plus-galai^ mod
els are dearfy madequate and could lead to serious systematic 
enois if inteipRted too boldly. 

Despite the diversity of the population and degeneracy of 
the models, our results support the picture that all the 
E A's in our sample have undergone a massive starburst 
in their recent past. Also, as Table 2 shows, at least some 
members of the sample—especially those with the most 
recent starbursts (e.g., A963—71)—have burst ages and 
strengths that are constrained to reasonabfy narrow ranges. 
Although detailed probes of high-redshift E + A galaxies 
may not be possible with these techniques, studies of 
low-redshift E + A's, with carefiiUy defined samples, very 
high signal-to-noise and resolution, and more complex 
modeling schemes (see, e.g., Leonard! & Rose 1996; OUd-
well et 1996) show more promise in unraveling some of 
these difficulties. 
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invaliuU>le help with the CISSEL stellar synthesis models. 
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E -t- A galaxies in Abell 963. We also thank Nelson Cald
well, Michael Gregg, David Koo, Greg Wirth, and Ann 
Zabludoff for valuable discussions, and the anonymous 
referee for constructive comments. We thank the staff of the 
Multiple Mirror Telescope Observatoiy for their superb 
support and assistance. C. L. gratefully acknowledges sup
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ABSTRACT 

A method of obtaining approximate redshifts and spectroscopic Hubble 

types of galaxies using a photometric system of six broad-bandpass filters is 

developed. In an evalution of its accuracy using two distinct galaxy samples, the 

photometric redshifts are found to have an absolute mean deviation of ±0.05 from 

spectroscopically determined redshifts. Possible systematic errors of the method 

are investigated, including the effects of post-staxburst ("E+A") galaxies and 

attempts to measure redshifts with incomplete color information. Applications of 

the technique are discussed. 



73 

D.l. Introduction 

The traditional method of obtaining redshifts through spectroscopy, though 

accurate, is by far the most time-consuming task in any observational study of faint 

extragalactic objects. This is especially true for galaxies, most of which do not have 

spectral features so dominant as to lend themselves to quick, unambiguous redshift 

measurements. The need to obtain large numbers of redshifts for large samples 

of galaxies, however, has never been greater. Many have therefore attempted to 

design methods to obtain accurate redshifts of galaxies with very low spectral 

resolution (see, e.g., Koo 1985; Loh & Spillar 1986; Connolly et al. 1995). 

We present here a photometric redshift technique we have developed, using 

model galaxy spectral energy distributions and a system of six optical and 

near-infrared broad-band filters. The technique is optimized for the analysis 

of galaxy data obtained from the deep multicolor survey of Hall et al. (1996a, 

hereafter HOGPW); and the results of this work are being applied to the data in a 

companion paper (Liu et al. 1996). 

D.2. Model Galaxies and Colors 

The six-band filter system of HOGPW consists of standard Johnson U, B and V 

filters, and non-standard R and I filters (called R, 175, and 186) with approximate 

effective wavelengths of 6620A, 7430A, and 8580A respectively, and FWHM of 

~1000A each. Together, the system covers the wavelength range 3000-9000A in 

approximately lOOOA intervals. The detector response included in the model colors 

was also that of the one used in the HOGPW survey, i.e. an engineering grade 

Textronix 2048 x 2048 CCD that was not thinned or coated. The transmission 
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functions of the filters, and the quantum efficiency curve of the CCD, are presented 

in Figure 1. 

The model galaxy spectral energy distributions (SEDs) were assembled 

using the integrated spectrophotometry of Kennicutt (1992) and Coleman, Wu Sc 

Weedman (1980), for spectra representative of E/SO, Sbc, Scd and Irr (starburst) 

galaxies. The higher-resolution spectra from Kennicutt (1992) were spliced together 

with the Coleman et al. data — NGC 5248 with the Sbc galaxy, NGC 6181 with 

the Scd galaxy, and NGC 4449 with the Irr galaxy — to create continuous spectral 

energy distributions from 2000A to lOOOOA. The SEDs are presented in Figure 

2. We will be using the terms "spectroscopic Hubble types" eind "galaxy spectral 

types" often in this paper; this simply means we are referring to galaxies with 

the same SEDs, and hence the same implied star formation rates, as those of the 

representative galaxies mentioned above. 

Our approach to computing the colors of our template galaxies was to place 

them onto a standard photometric system, to derive colors that could be used to 

test data on that system. Thus, we used the spectrophotometry of Hamuy et al. 

(1994), who have produced SEDs of a number of Southern Hemisphere standard 

stars across the UBVRI wavelength range. We convolved the SEDs of 14 of these 

stars with our filter and CCD response functions, to produce an "instrumental 

flux" through each filter, Ij: 

I j  =  j  T j { X ) D { X ) F { X ) d X  (D.l) 

where r/(A) is the transmission of filter /, D { X )  is the quantum efficiency of the 

CCD, and F{X) is the flux of the star. In other words, we were measuring a net 

flux from each star as if it had been observed through a telescope with a flat 
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wavelength throughput of unity, with the exception of the filter and detector, and 

with no atmospheric extinction. 

For the UBVR filters, we then used the photometric calibration of those stars 

by Landolt (1992) to run the PHOTCAL package in IRAF. Using this procedure, 

we obtained the photometric zero points and color terms with which we could 

transform any data simulated by our models onto the same standard UBVR 

system as HOGPW. The 175 and 186 filters are calibrated onto an absolute scale 

by HOGPW using the standard star Wolf 1346. To determine the transformation 

coefficients for these two filters, we processed the SED of Wolf 1346 through 

our procedure, and compared the instrumental flux with the absolute calibrated 

magnitudes defined in HOGPW to obtain the zero points. (Color terms were not 

used in the calibration of the 175 and 186 filters.) 

The final derived parameters of the transformation firom an "instrumental" 

magnitude to the HOGPW UBVRI75I86 photometric system, calibrated onto an 

absolute scale with Wolf 1346, is as follows: 

Ui„5t = U - 17.79 - 0.042(U-B) 

Bi„5t = B - 19.13 - 0.047(B-V) 

Vinst = V - 20.02 - 0.042(V-R) 

R,„,j = R - 19.74 - 0.042(V-R) 

I75i„,t = 175 - 19.58 

I86i„,t = 186 - 19.26 

The formal errors for the transformation, as computed by PHOTCAL, are 

less than ±0.006 in magnitude and ±0.013 in the color term for each individual 

bandpass. Each model magnitude thus has an error of at most a few percent. The 

same is true for any color we choose to compute from these magnitudes. 
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The expected observed colors as the galaxies increase with redshift from z=0 

to 1.1, in steps of Az=0.05, were produced by applying K-corrections to the rest 

frame colors. The corrections were computed with direct numerical integration in 

the standard way: 

„ /F(A)r,(A)g(AW(A) 
K, 2.5 ioj (l+z)+2.5 ios J.{D.2) 

We present our computed model galaxy colors for the four galaxy spectral types 

in Tables 1-4. To check our models, we compared them with the galaxy color 

indices from the large photometric surveys of and Poulain & Nieto (1994), Buta 

& Williams (1995), and de Jong (1995). The template colors agree very well with 

median and mean color indices for the corresponding Hubble types, with at most 

±0.05 magnitude variations. 

D.3. The Photometric Redshift Method 

The photometric redshift method should, in principle, output both a redshift and a 

galaxy spectral type for each set of input from a galaxy. As demonstrated by Koo 

(1985), Connolly et al. (1995) and others, a combination of sufficient wavelength 

coverage (i.e. near-UV to near-IR) and data from at least four filters, such as 

U/BJ/RP/IAT, is sufficient to obtain redshifts with roughly z ± 0.05 accuracy. 

Thus the filter set we use here, which contains six filters and roughly the same 

wavelength coverage, is theoretically more than sufficient for the task of finding 

photometric redshifts. Additionally, the division of the Johnson I-band into two 

narrower bandpasses (175 and 186) gives us additional leverage at higher redshifts, 

as prominent spectral features (especially the 4000 A break) are redshifted into 

that wavelength range. 
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As a first step, we need to know how well the various types of galaxies are 

separated in our multi-dimensional color space. In other words, how unique are 

the UBVRI75I86 colors of a galaxy with a given redshift and spectral type? A 

straightforward analysis shows that, in the (U-B)/(B-V)/(V-R)/(R-I75)/(I75-I86) 

color space, every galaxy redshift-spectral type pair on the previously stated 

bitming interval is separated from every other such pair by at least 0.1 magnitude 

in at least one color; and the distinctions across broader wavelength ranges (e.g. 

B-R or R-I86) are even more pronounced. 

The separation of SEDs in the multicolor space is most easily illustrated by 

tracing where the redshift-spectral type pairs lie on color-color diagrams. Figure 

3 shows two color-color cuts in the multicolor space of the filter system, and the 

locations of the galaxy redshift-spectral type loci on them. These tracks can be 

thought of as color evolutionary tracks for non-evolving galaxies as a function 

of redshift. In the (U-B)/(B-R) plane, galaxies with redshifts z <0.7 are well 

separated. Similarly, in the (B-V)/(R-I86) plane, galaxies with z >0.4 are well 

separated. A representative shift in the colors that would be created by extinction 

is shown with a reddening vector for E(B-V)=0.1. 

These diagrams are also useful because they show the situations where the 

photometric redshift method is most and least effective. Early-type (E/SO) galaxies 

are very easily separated from other types, and move significantly in color space 

as a function of redshift; clearly, these galaxies are the ones most easily identified 

with this technique - a well-known fact that has been used by many authors (e.g. 

Im et al. 1996) and which we also use in Liu (1996). Higher-redshift blue galaxies 

(especially irregulars), on the other hand, are somewhat problematic; increases in 

redshift around 0.4;^ z ^0.6, and near z =1, only slightly change the observed 
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colors of these galaxy types. They are still unlikely to be confused with different 

galaxy spectral types; the intrinsic errors of their redshift determinations, however, 

will be larger. Some scatter can also come from variations in emission-line strength, 

particularly the Ha+ N[II] complex for starburst galaxies; but the overall effect is 

unlikely to be more than 0.05-0.1 magnitude in any given color, which is less than 

the difference seen between almost all of the different redshift-type pairs on our 

grid of models. 

D.4. Compeirison with Spectroscopy 

The acid test of our photometric redshifts is to compare them with spectroscopic 

redshifts. We used two distinct samples of galaxies, obtained independently and in 

different ways, and examined how well the photometric measurements match the 

spectroscopy separately and as a whole. This was done to see if our system 3delds 

the same results with different datasets obtained with this filter set, which is what 

we expect. 

D.4.1. Cluster Galaxy Data 

UBVRI75I86 photometry were obtained for four rich clusters of galaxies: Abell 

963 {z =0.20), CL1358-h6245 {z =0.32), CL3C295 {z =0.46), and CL1601+4253 

{z =0.54). These clusters have numerous spectroscopic redshift measurements of 

cluster members of all spectral types, as well as some foreground and background 

galaxies (cf. Lavery & Henry 1988; Fabricant, McClintock &: Bautz 1991; Dressier 

& Gunn 1992), and a large range of redshifts, making them very desirable for 

testing the photometric redshift technique. 

CCD imaging observations were made with the Steward Observatory 2.3-m 
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telescope on Kitt Peak. The central 2'x 3' of each cluster were imaged in UBV 

with a thinned, blue-sensitive 800x1200 CCD, and the central 5'x 5' were observed 

in RI75I86 with a 2048x2048 CCD. Landolt (1992) broad-band standards and 

Massey et al. (1988) spectrophotometric standards were observed in every bandpass 

across all the airmass ranges observed for each night, and Wolf 1346 was always 

observed in RI75I86 to calibrate the nonstandard I-filters. The data were reduced 

and calibrated in the usual manner with IRAP; aperture photometry was then 

measured for the objects in those fields with published redshifts using APPHOT. 

We obtained photometry with 0.1 magnitude error or better in all six passbands 

for 42 of these galaxies. 

D.4.2. Field Galaxy Data 

Spectroscopic redshifts were obtained for galaxies in the HOGPW survey, using 

the Kitt Peak 4-meter telescope, in parallel with observations of quasar candidates 

in the survey fields (Hall et al. 1996b). We refer the reader to that work for the 

details of data acquisition and reduction. In summary, a number of observational 

setups were used: a single longslit, multislits, and the HYDRA multifiber positioner 

and bench spectrograph. Again, the usual procedures in IRAF were used for data 

reduction and extraction of spectra. Redshifts were obtained by inspection of well 

known emission and absorption features (such as the Balmer lines, [On]A3727A, 

[Oin]AA4959,5007A, and the 4000A break) or by cross-correlation using the XCOR 

task in IRAF. 38 redshifts were measured in this way; all of these objects also have 

UBVRI75I86 photometry, which axe calibrated with the procedures and parameters 

described in HOGPW. 
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D.4.3. Photometric Redshifts 

The algorithin we developed to determine the photometric redshift-spectral type 

identification for a given galaxy is a straightforward, two-step procedure. First, the 

U-B, B-V, V-R, R-I75, and 175-186 colors for each galaxy were compared to the 

color-redshift grids for each of the four template spectroscopic Hubble types; grid 

locations with template colors that differed from the galaxy data by 0.3 magnitude 

or greater in at least two colors were designated as non-matching templates, and 

excluded from further consideration. This procedure typically eliminated most 

(~90%) of the potential template matches. 

The remaining redshift-type templates were then analyzed with greater care 

to find the best overall match in color to the observed galaxy. Clearly, the simplest 

definition of a match is that the model SED matches the data more closely than 

any other model. This is rarely a trivial criterion to meet, however, since every 

real galaxy is at least slightly different from any model galaxy. In each color, there 

is a difference between a model SED's color and the observed color. Examination 

of the color distributions of the model SEDs, combined with empirical tests of 

choosing matches using various selection methods, led us to the following criteria 

for selecting matches most accurately: 

<i> Each model-vs.-data comparison jaelds a set of A,_j = 

{i - j)gaiaxy " (« " j)modei, where i-j = U-B, B-V, V-R, R-I75, 175-186. The 

most likely match is the comparison that yields the minimum largest Ai-j. The 

value of such a maximum for an accurately matched redshift-tj^e pair is typically 

Ai-jmax ~0.1 to 0.2 magnitude. 

<ii> If Ai-jTuax is large (i.e. >0.2) for all possible matches, the comparisons 

that yield the minimum second — largest A,_j are also reviewed. This step 



81 

takes into account the possibility that photometry for that g£daxy may have been 

anomalously affected in one filter, perhaps by an emission line or other spectral 

feature. Comparisons which jdeld very large values of Ai-jmax (>0.5), however, 

are not considered possible matches. 

<iii> If two or more matches have similar Ai-jmax, the best match is usually 

the one where the sxmi of A,_j's is closest to zero. In almost all cases where this 

criterion is applied, adjacent colors are offset the with about the same amplitude, 

but with opposite signs; this is usually caused by an imusually strong spectral 

feature (such as aji emission line) in the passband shared by the two colors. 

Matches with similar A,_j characteristics are almost always of the same galaxy 

spectral type, with slightly different redshifts; in cases where it appears S A,_j 

would be closest to zero in an interpolation between two adjacent redshift steps, 

the midpoint between those two steps is designated the most likely redshift. 

<iv> Finally, if two matches meet the above criteria with the same accuracy, 

the one most closely matching in (U-B) or (175-186), for objects with likely redshift 

less than or greater than 0.5 respectively, is designated the more likely match. This 

condition is based on the fact that the separations in Fx of galaxy SEDs are widest 

in the UV and far-red wavelengths (see Figure 1). 

A computer program called "GetZ" was written which automates the above 

analysis and outputs the four most likely best-fit matches to the data SED. The 

colors of the 80 sample galaxies were input into the program; inspection of the 

computer-generated matches yielded the final values of the galaxy spectral type 

and redshift identification. In all but a few cases, the program's best-fit match was 

selected as the final value; in the other cases, the program's best-fit match were at 

most one Hubble type and 0.05 in redshift away from the final values. 
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D.5. Discussion 

We present in Figure 4 a direct comparison of Zp, the photometrically determined 

redshift, with the spectroscopically measured redshift for the galaxies in the 

sample. The diagonal line is not a fit to the data, but the locus of exactly perfect 

correspondence (i.e. Zs = Zp)- The dispersion measure Zp — Zs for the entire sample 

is plotted in histogram form in Figure 5. 

The absolute mean deviation of all the galaxies in the sample, 

= S(|2p — Zs\ ) / N ,  is 0.049. (This value corresponds to <r in a Gaussian 

error distribution.) 85% of the galaxies have \zp — 2s| < 0.1. As Figure 5 shows, 

the distribution oi Zp — Zj is essentially symmetric about Zp — Zg = 0; in fact, 

T,{zp — Zs) = 0.0007, and the error distribution is consistent with a Gaussian 

distribution. These results are consistent with the accuracy we expected, and with 

those in the literature. 

D.5.1. The Effects of "E+A" Galaxies 

The cluster galaxy subsample had a slightly higher than the HOGPW 

subsample (0.054 vs. 0.043). The lower accuracy of the cluster sample is not 

statistically significant, but it is instructive to examine the cause of this slight 

discrepancy. 

The cluster samples were all taken near the centers of rich clusters of galaxies 

which exhibit the so-called Butcher-Oemler eflfect (Butcher & Oemler 1978). Not 

surprisingly, a number of post-starburst, or "E+A" galaxies (Dressier & Gunn 

1983; Couch & Sharpies 1987; Liu & Green 1996), were observed in the CCD 

image fields which we used to obtain photometry of the sample galaxies. E+A 

galaxies have a spectrum characterized by strong Balmer absorption, weak or no 
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line emission, and the earmarks of an old stellar population. Their spectral energy 

distributions are thus a hybrid, typically with colors bluer than ellipticals but 

redder than late-type spirals. A priori, then, it seems plausible that E+A galaxies 

could systematically confuse the redshift-spectral type comparison scheme, since 

their colors are neither truly spiral nor truly elliptical. 

To test this hypothesis, we have selected the E+A galaxies in the cluster sample 

- those objects which were designated "a" or "A" by Dressier & Gunn (1992), or 

"E+A" by Fabricant et al. (1991) - and plotted their Zp—Zs distributions separately 

(with shaded bars) on Figure 5. The E+A's are clearly less accurately identified 

than the other galaxy types. Am for the E+A's is 0.087 for 13 objects; and it is 

half that value (0.038 for 29 objects) for the rest of the cluster sample if the E+A's 

axe excluded. Figure 5 shows also that the z^s which are the worst underestimates 

of the true redshifts (i.e. the four objects where Zp — Zg < —0.12) are all E+A 

galaxies. Although about half (6/13) of the E+A's were successfully measured 

to within 0.05 of their spectroscopic redshifts, our results demonstrate that E+A 

galaxies can increase the uncertainty of photometric redshift measurements and 

cause systematic underestimates of Zp. 

D.5.2. Identifications With Incomplete Data 

In any galaxy survey where a photometric redshift scheme such as ours is likely to 

be applied, some portion of the galaxies will have incomplete color information, 

such as a non-detection in one or more filters. This is especially likely for faint 

early-type galaxies; as Table 1 shows, if an unevolved elliptical is detected in R at 

a given apparent magnitude, the survey data must extend at least two magnitudes 

fainter in U to be detected if the galaxy is at z=0, and four magnitudes if it is 

at z=0.4. It is important to know if redshift identifications are still accurate or 
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possible with missing information, particularly U-band. 

We can get some idea of what results to expect with color-color diagrams. 

From Figure 1, it is clear that lack of U-band data does not significantly affect the 

separation of high-redshift galaxies from each other; the problem with losing blue 

and UV data lies in confusing low-redshift, redder galaxies from higher-redshift 

bluer galaxies. If we exclude U-band data and use all the photometry from B 

redward (see Figure 6), the colors of E/SO galaxies from O^z^O.25 are essentially 

degenerate with those of Sbc galaxies from 0.1;^z^0.4 and Scd galaxies from 

0.2;;^z^0.6. If both U and B data are missing, the risk of low-redshift confusion is 

even greater. 

Empirical tests confirm the problems with measuring photometric redshifts 

which are suggested by the color-color plots in Figure 6. The BVRI75I86 colors for 

the sample galaxies were input into the "GetZ" program, and Zp was determined 

for each object as before. This time. Am = 0.093, double the value of Am computed 

with U-band data. Furthermore, galaxies which were identified as spiral or irregular 

with z<0.4 had = 0.152; the scatter is much larger, and there is a systematic 

tendency to misidentify Scd and Irr galaxies near z~0.3 as Sbc galaxies near 

z~0.05. 

On the other hand, Am for all galaxies with z>0.4 and for early-type galaxies 

with z>0.25 were 0.048 and 0.051 respectively. Apparently there is little reduction 

in the typical accuracies of Zp for those subsamples despite the lack of U-band data; 

this is also predicted by the color-color plots, and is the fortuitous result of the 

4000A break being redshifted into the V and R bands, away from the U-band. If 

it were possible, then, to select galaxies which are definitely early-type or at high 

redshift, our photometric method can still be effective for determining redshifts. 
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even without the U-band data which is so critical for measuring later-type galaxies 

at lower redshifts. We exploit this fact in Liu (1996), in which we pinpoint 

early-type galaxies in the redshift range 0.4;:^z^0.8 to investigate luminosity 

evolution in that population. 

D.6. Conclusions 

We have shown that a photometric redshift method based on the broad-band colors 

UBVR, 175 and 186 can determine redshifts to a typical accuracy of z = ± 0.05 

for field and cluster galaxies, and approximate their spectroscopic Hubble types 

as well. This result extends the increasing amount of literature that confirms the 

validity of using multicolor broad-band photometry to obtain a redshift distribution 

for samples of galaxies. Since our system relies on colors alone, it is somewhat 

more versatile than systems which are dependent on other galaxy parameters such 

as apparent magnitude. Thus, it can be (and is being - Liu 1996; Liu et al. 1996) 

applied to a wider range of astrophysical problems, such as field galaxy evolution 

as a function of redshift. 

It should be emphasized that any photometric redshift system is most effectively 

used as a statistical tool for measuring the redshift distribution of a galaxy sample, 

rather than for assigning unambiguous redshifts to individual galaxies. Just 

as a significant fraction of galaxies defy straightforward classification on the 

morphological Hubble sequence, galaxies which are not spectrophotometrically 

"normal" - such as E-l-A galaxies - can cause systematic errors in redshift 

and spectral type determinations. Incomplete data, such as a lack of U-band 

photometry, can also produce serious mistakes in Zp measurements; this can be 

overcome, however, by selecting samples of higher-redshift and/or early-type 
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galaxies for study. With a healthy awareness of the method's strengths and 

weaknesses, and a careful attention to detail, using multicolors to obtain galaxy 

redshifts and spectral types is a feasible and powerful technique for use in the study 

of galaxy populations. 



Table D.l. E/SO Model Galaxy Colors 

z  U-B B-V V-R R-I75 175-186 

0.00 0.54 0.92 0.59 0.14 0.24 

0.05 0.43 1.11 0.61 0.15 0.23 

0.10 0.36 1.31 0.64 0.18 0.23 

0.15 0.34 1.45 0.70 0.19 0.28 

0.20 0.41 1.54 0.76 0.24 0.28 

0.25 0.57 1.56 0.87 0.26 0.30 

0.30 0.77 1.51 1.06 0.25 0.33 

0.35 0.97 1.46 1.22 0.27 0.35 

0.40 1.12 1.43 1.35 0.28 0.40 

0.45 1.15 1.46 1.42 0.35 0.43 

0.50 1.04 1.55 1.45 0.45 0.41 

0.55 0.81 1.69 1.41 0.61 0.40 

0.60 0.54 1.83 1.32 0.75 0.42 

0.65 0.29 1.97 1.27 0.80 0.48 

0.70 0.07 2.07 1.23 0.81 0.60 

0.75 -0.08 2.12 1.24 0.81 0.75 

0.80 -0.17 2.10 1.28 0.77 0.90 

0.85 -0.21 2.01 1.37 0.66 1.05 

0.90 -0.21 1.85 1.50 0.54 1.17 

0.95 -0.19 1.66 1.63 0.43 1.25 

1.00 -0.18 1.46 1.75 0.44 1.21 



Table D.2. Sbc Model Galaxy Colors 

2 U-B B-V V-R R-I75 175-186 

0.00 0.06 0.66 0.49 0.07 0.27 

0.05 0.14 0.76 0.51 0.06 0.27 

0.10 0.18 0.88 0.53 0.12 0.20 

0.15 0.17 1.00 0.55 0.13 0.20 

0.20 0.10 1.13 0.55 0.13 0.22 

0.25 0.01 1.23 0.60 0.17 0.22 

0.30 -0.10 1.29 0.68 0.18 0.27 

0.35 -0.20 1.31 0.77 0.17 0.28 

0.40 -0.28 1.30 0.86 0.15 0.29 

0.45 -0.35 1.25 0.95 0.16 0.34 

0.50 -0.40 1.18 1.04 0.21 0.34 

0.55 -0.44 1.09 1.11 0.29 0.32 

0.60 -0.47 1.00 1.16 0.36 0.29 

0.65 -0.49 0.91 1.18 0.40 0.30 

0.70 -0.51 0.82 1.18 0.46 0.34 

0.75 -0.53 0.75 1.16 0.51 0.41 

0.80 -0.54 0.69 1.12 0.56 0.48 

0.85 -0.54 0.64 1.06 0.59 0.56 

0.90 -0.54 0.60 1.00 0.60 0.63 

0.95 -0.52 0.57 0.93 0.58 0.69 

1.00 -0.50 0.55 0.85 0.57 0.75 



Table D.3. Scd Model Galaxy Colors 

z U-B B-V V-R R-I75 175-186 

0.00 -0.08 0.60 0.47 -0.02 0.14 

0.05 -0.04 0.67 0.50 -0.01 0.15 

0.10 -0.08 0.77 0.51 0.11 0.07 

0.15 -0.15 0.87 0.52 0.14 0.08 

0.20 -0.23 0.98 0.50 0.13 0.14 

0.25 -0.30 1.06 0.51 0.17 0.19 

0.30 -0.36 1.08 0.56 0.18 0.28 

0.35 -0.41 1.06 0.65 0.16 0.30 

0.40 -0.46 1.00 0.74 0.13 0.30 

0.45 -0.51 0.92 0.83 0.11 0.35 

0.50 -0.57 0.84 0.92 0.12 0.36 

0.55 -0.62 0.77 0.97 0.19 0.32 

0.60 -0.67 0.71 0.97 0.26 0.28 

0.65 -0.71 0.66 0.95 0.32 0.26 

0.70 -0.74 0.60 0.89 0.40 0.27 

0.75 -0.76 0.55 0.83 0.47 0.30 

0.80 -0.77 0.50 0.78 0.52 0.36 

0.85 -0.77 0.45 0.73 0.52 0.43 

0.90 -0.76 0.40 0.69 0.49 0.51 

0.95 -0.74 0.35 0.66 0.42 0.61 

1.00 -0.72 0.32 0.63 0.35 0.69 



Table D.4. Irr Model Galaxy Colors 

z U-B B-V V-R R-I75 175-186 

0.00 -0.42 0.27 0.34 -0.09 0.19 

0.05 -0.34 0.35 0.30 -0.08 0.17 

0.10 -0.34 0.44 0.27 0.07 0.01 

0.15 -0.41 0.53 0.25 0.08 0.00 

0.20 -0.49 0.62 0.25 -0.03 0.10 

0.25 -0.57 0.70 0.32 -0.08 0.15 

0.30 -0.66 0.74 0.36 -0.08 0.26 

0.35 -0.72 0.77 0.39 -0.10 0.23 

0.40 -0.76 0.71 0.47 -0.10 0.13 

0.45 -0.78 0.63 0.56 -0.01 0.05 

0.50 -0.80 0.55 0.64 0.01 0.03 

0.55 -0.81 0.47 0.70 0.05 0.01 

0.60 -0.82 0.39 0.74 0.04 0.04 

0.65 -0.82 0.33 0.77 0.05 0.08 

0.70 -0.82 0.28 0.72 0.13 0.15 

0.75 -0.82 0.25 0.66 0.21 0.19 

0.80 -0.82 0.23 0.59 0.28 0.17 

0.85 -0.81 0.21 0.53 0.31 0.18 

0.90 -0.80 0.20 0.47 0.34 0.21 

0.95 -0.78 0.19 0.42 0.34 0.25 

1.00 -0.77 0.19 0.38 0.27 0.36 



91 

REFERENCES 

Baum, W. A. 1962, Problems of Extragalactic Research, lAU Symposium No. 15 

(MacMillan, New York), 390 

Buta, R., & Williams, K. L. 1995, AJ, 109, 543 

Butcher, H., & Oemler, A., Jr. 1978, ApJ, 219, 18. 

Colemaji, G. D., Wu, C.-C., & Weedman, D. W. 1980, ApJS, 43, 393 

Connolly, A. J., Csabai, I., Szalay, A. S., Koo, D. C., Kron, R. C., & Munn, J. A. 

1995, AJ, 110, 2655 

Couch, W. J., & Sharpies, R. M. 1987, MNRAS, 229, 423 

Dressier, A. & Gunn, J. E. 1983, ApJ, 270, 7 

Dressier, A. & Gunn, J. E. 1992, ApJS, 78, 1 

Fabricant, D., McClintock, J., & Bautz, M. 1991, ApJ, 381, 33 

Hall, P. B., Osmer, P. S., Green, R. F., Porter, A. C., k Warren, S. J. 1996a 

(HOGPW), ApJS, 104, 185 

Hall, P. B., Osmer, P. S., Green, R. F., Porter, A. C., & Warren, S. J. 1996b, ApJ, 

462, 614 

Hamuy, M., Suntzeff, N., Heathcote, S., Walker, A., Gigoux, P, & Phillips, M. 

1996, PASP, 106, 566 

Im, M., GriflSths, R., Ratnatunga, K., & Sarajedini, V. L. 1996, ApJ, 461, L79 

de Jong, R. S. 1995, Ph. D. Thesis, University of Groningen. 

Kennicutt, R. C. 1992, ApJS, 79, 255 

Koo, D. C. 1985, AJ, 90, 418 

Landolt, A. U. 1992, AJ, 104, 372 



Lavery, R. & Henry, J. 1988, ApJ, 330, 596 

Liu, C. T. 1996, Ph. D. Thesis, University of Arizona 

Liu, C. T., & Green, R. F. 1996, ApJ, 458, L63 

Liu, C. T., Green, R. F., Hall, P. B., & Osmer, P. S. 1996, AJ, submitted 

Loh, E. D., &: Spillar, E. J. 1986, ApJ, 303, 154 

Massey, P., Strobel, K, Barnes, J. V., & Anderson, E. 1988, ApJ, 328, 315 

Poulain, P. k Nieto, J.-L. 1994, A&AS, 103, 573 

This manuscript was prepared with the AAS macros v4.0. 



93 

FIGURE CAPTIONS 

Fig. 1 Filter transmissions and CCD quantum efficiency vs. wavelength. 

Fig. 2 Spectral energy distributions of the template galaxies, in units of FA 

normalized to unity at 5500A. 

Fig. 3 Color evolutionary tracks for the template galaxy spectral types. The 

tracks assume no luminosity evolution with redshift. Each point on the tracks 

represents a stepwise increase in z of 0.05. 

Fig. 4 Estimated photometric redshift vs. spectroscopically measinred 

redshift for galaxies from high-redshift clusters () and gala-xies in the HOGPW 

survey ("x"). The diagonal represents the locus of perfect agreement between the 

two different measurements. 

Fig. 5 Distribution of photometric redshift errors. Shadedbars : E+.A. 

galaxies in the sample, identified as described in the text. 

Fig. 6 Same as Fig. 3, but with color-color slices without U ( l e f t )  or U and 

B {right) data. Although degeneracies at low redshift are serious, high redshift 

galaxy types are still well separated. 
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ABSTRACT 

We apply a color-selection criterion to extract red galaxy candidates from 

the deep multi-color survey of Hall et al. (1996). We select the galaxies using 

red colors (V-R-I86 and R-I75-I86), then compare their bluer colors (B-R and 

V-R respectively) to color evolution models of non-evolving and passively evolving 

elliptical galaxy templates. Thus, we attempt to measure directly the excess 

of rest-frame ultraviolet colors in these galaxies, as an indication of their star 

formation evolution as a function of redshift. We see suggestions of ultraviolet 

excess which are inconsistent with no-evolution or passive evolution in the selected 

red galaxy population, and require at least some increase in the massive star 

formation rate since z~0.8. However, the errors in the photometry are sufficiently 

high at the apparent magnitudes of interest (R;^21.5) that our result is not 

statistically significant. We discuss the improvements to the dataset that would be 

required to confirm our results at a robust statistical level. Specifically, an increase 

of approximately 1.5 magnitudes in the B limiting depth of the sample, and 0.7 

magnitudes in the V and R limiting depths, would be sufficient to achieve the 

desired scientific goal. 
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E.l. Introduction 

The evolution, as a function of redshift, of ellipticals and early-ts^pe spirals -

referred to hereafter collectively as "early-type galaxies" - has been carefuUy 

examined by numerous authors. The increasingly large body of observational 

data that has been assembled suggests a lack of active evolution in the early-type 

population, and points to at most "passive" color evolution, where a galaxy fades 

and reddens as its stellar population ages (see, e.g., Steidel, Dickinson & Persson 

1994; Lilly et al. 1995; Rakos &: Schombert 1995; Ellis et ai. 1996; Heyl et al. 1996; 

Im et al. 1996). This result would suggest that early type galaxies formed at high 

redshift, and have not had strong episodes of star formation since that time. 

One very important point, however, seems not to have been strongly 

emphasized in most studies of early-type galaxy evolution. Most early-type 

galaxies in deep samples have been selected either by their eUiptical or lenticular 

morphology, or by red continuum colors which extend into the galaxies' rest-frame 

near-UV wavelengths. Such objects have, in the process of their selection, already 

been biased toward a lack of observable active evolution. It is definitely true that 

the above studies have shown that a non-evolving or weakly evolving population 

exists; but the question they have not truly addressed is if early-type galaxies 

at the present epoch as a population have evolved only passively since their 

formation. Have all early-type galaxies always been early-type galaxies, either 

morphologically or spectrophotometrically? The answer, in light of numerous 

theoretical and observational studies of merging galaxies (see, e.g., Barnes 1988; 

Liu k. Kennicutt 1995; Schweizer 1996), is almost certainly no. What about most 

early-type galaxies? Given the strong evolution of the field galaxy luminosity 

function observed by Ellis et al. (1996) and others in every other galaxy type, it is 
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not at all unlikely that a non-negligible fraction of galaxies which were blue at the 

epoch of observation have since become red. 

When this question is addressed in reverse - that is, can we find evidence of 

past evolution in present-day ellipticals and SO's? - the picture becomes even more 

complicated. Evidence of shells in early-type spiral galaxies (e.g., Schweizer & 

Seitzer 1988) and stellar population synthesis studies of nearby ellipticals (e.g., Rose 

et al. 1994; Fritze-van Alvensleben & Gerhard 1994; Worthey 1996) suggest that 

many nearby early-type galaxies may contain intermediate-age stellar populations; 

this would imply significant evolutionary episodes several billion years before the 

epoch of observation. Such activity has not been widely observed in early-type 

galaxies at higher (2 ~0.5—1) redshift; but that may perhaps simply be the case 

because such local early-type galaxies did not have eaxly-type morphologies at that 

time, or because observing subtle indicators of past evolution is very difl&cult with 

current observing facilities. 

In this work, we approach the question of evolution of early-type galaxies from 

a spectrophotometric point of view, using a deep multicolor dataset of field galaxies. 

By selecting high- redshift (0.4;:^ z ;$0.8) galaxies using red observed colors, we 

hope to choose red galaxies using roughly the same rest-frame color criteria; then by 

looking at the selected objects' shorter-wavelength observed colors, we can measure 

directly the contribution of hot, young stars to their near-ultraviolet fluxes, and 

infer the rate of star formation evolution between z ~0.8 and the present. 

E.2. Galaxy Selection and Photometry 

The multicolor photometric data analyzed in this work is extracted from the 

Deep Multicolor Survey (DMS), a CCD photometric survey of 0.83 deg^ in six 
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lines of sight, obtained with the Mayall 4-nieter telescope at Kitt Peak National 

Observatory. Details of the survey are described in Hall et al. (1996, hereafter 

HOGPW). Briefly, the six-band filter system of HOGPW consists of standard 

Johnson U, B and V filters, and non-standard R and I filters (called R, 175, 

and 186). Together, the system covers the wavelength range 3000-9000A in 

approximately lOOOA intervals. Galaxy detection and photometry were performed 

as described in Appendix I of Liu et aJ. (1996, hereafter Paper II). A total of 9,431 

objects, all of which were identified as galaxies in at least three bandpasses, were 

detected and measxired. 

The number counts in the six passbands are presented in Figures 1 (a) - (/). 

We use these counts to estimate the completeness of our galaxy sample, in terms 

of numbers of galaxies detected and the magnitude limits in each color. Based 

on the turnover locations in the slope of the counts, dlogN/dM, we estimate 

the 90% completeness limits to be U~22.2, B~23.0, V~22.6, R~21.5, I75~21.5, 

and I86~21.2. For comparison, the 90% completeness limits for point sources in 

the survey from HOGPW are, respectively, 22.8, 23.8, 23.5, 23.0, 22.4 and 22.1. 

These numbers are consistent with the expected ;;^1 magnitude increase in limiting 

brightness between the stars and the galaxies in a faint survey. 

Since we wish to examine the galaxies that have red observed colors which 

correspond to early-type galaxies, we inspected Figures 2 and 3 (see below) and 

looked for a general red color criterion that should include all early-type galaxies 

with z 0.3 but few blue galaxies of any redshift. Thus we selected all galaxies 

redder than (V—R)>1.1 and R<22.5 for further scrutiny. There were 659 such 

objects in all. Each object's image was inspected visually, to confirm that the 

aperture size chosen by our automatic optimization algorithm (Paper II) was 
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indeed appropriate, and that no undetected cosmic rays, chip defects, or intruding 

objects were within the aperture. In those cases, the aperture size was adjusted 

and the photometry recalculated accordingly. 

E.3. Galaxy Color Evolutionary Tracks 

To determine the color criteria that will optimally select early-type galaxies, we 

predict the color-color loci of red and blue galaxies in our sample using the observed 

spectral energy distributions (SEDs) of template local galaxies. The SEDs were 

assembled as described in Liu & Green (1996, hereafter Paper I), by splicing the 

integrated spectrophotometry of Kennicutt (1992) and Coleman, Wu & Weedman 

(1980), for spectra representative of E/SO, Sbc, Scd and Irr (i.e. starburst) galaxies, 

to create continuous spectral energy distributions from 1400A to lOOOOA. We will 

be using the terms "spectroscopic Hubble types" and "galaxy spectral types" often 

in this paper; as discussed in Paper I, this simply means we are referring to galaxies 

with the same SEDs, and hence the same implied star formation rates, as those 

of the representative galaxies mentioned above; unless otherwise noted, we will be 

discussing strictly spectral types and not morphological types. 

We model the colors of these template SEDs as a function of redshift following 

the procedures discussed in Paper I. Very briefly, we convolve the SEDs with 

the filter transmission and CCD sensiti\'ity functions, and factor in K-corrections 

computed from the SEDs. In this way, we map out the expected colors for galaxies 

with those SEDs as the redshift increases from z = 0 to 1. In Figiures 2 (a) — (rf), 

we present the tracks in the color-color planes of interest in this study: (B—R) vs. 

(R-I86), (V-R) vs. (R-I86), (V-I75) vs. (175-186), and (R-I75) vs. (175-186.) 

The other theoretical track we need to compute is that of a passively evolving 
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elliptical galaxy. We compute this track using the color evolutionary models 

of Bruzual & Chariot (1993, hereafter BC93). We first use the SED of an 

instantaneous burst with a Salpeter initial mass function which has passively 

evolved for 1.22 x 10^° yr since its formation; we choose this age because the 

resultant SED from the BC93 models matches the rest-frame UBVRI75I86 colors 

of our template E/SO galaxy to within 0.05 magnitude. In a galaxy at redshift 

zero, this age corresponds to a formation epoch of 2 > 10 in a universe with Ho 

= 80 km/s/Mpc and qo = 0. Then in steps of Az = 0.05, we adjust the age of 

the galaxy by the look-back time implied by this cosmology, until  we reach 2  =  

1. At each age on the grid, we use the BC93 models to determine the expected 

SED of that instantaneous burst, and compute model colors and K-corrections 

accordingly. Meanwhile, we also compute the colors and K-corrections for a 1.22 

X 10^° yr model redshifted from z = 0 to 1 in steps of 0.05 without adjusting 

its age, to represent a no-evolution model. The difference in color between the 

no-evolution model axid the age-adjusted model at a given redshift is thus due to 

passive evolution. 

In Figure 3, we plot the no-evolution tracks of our E/SO and Sbc templates 

with the E/SO track adjusted for the passive evolution computed above. As 

expected, the points at each redshift for the evolving tracks tend to be bluer in 

each color by ~0.1 magnitude than the non-evolving tracks. The exception is in 

B-R, where the evolving track becomes redder after z ~ 0.6. The passively evolving 

tracks are generally closer to the Sbc tracks than the non-evolving ones, but are 

still suflBciently well-separated that our color analysis is feasible. 
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E.4. How Many Early-Type Galaxies Do We Expect? 

We would like a rough idea of how many early-type galaxies we are likely to find 

in our sample. We estimate this number using the luminosity function of Lin 

et al. (1996), computed from the Las Campanas Redshift Survey for galaxies 

with [0II]A3727A line emission less than 5 A equivalent width - a reasonable 

spectroscopic criterion for selecting early-tjrpe galaxies. This dataset is more 

appropriate for our purposes than most of the other early-type galaxy luminosity 

functions in the literature (e.g. Loveday et al. 1992; Marzke et al. 1994) because it 

is measured in the R-band, the color we axe using to identify our galaxies. In the 

standard parameterization of Schechter (1976) for galaxy luminosity functions, 

<i){M) = (0.4 hi 1O)0*(1O°''(*'—exp(-10°-''(^—^)), 

M* = -20.3 + 51og(Ho/100 km s"^ Mpc"^), a = -0.3 and (f>* = 0.011 (Ho/100 

km s~^ Mpc~^)^ Mpc~^ for this early-type galaxy luminosity function. We can 

compute directly the number of such galaxies we expect to see in a given redshift 

range for a given apparent magnitude Umit, by multiplying this luminosity function 

with the comoving volume in the redshift rzmge included in our survey. As a 

check, we compute first the number of early-type galaxies we expect to see in 

the U-limited subsample analyzed in Paper II. From 0.02< z <0.15, the U-band 

magnitude limits from Paper II of 17.0<U<21.1 are shifted to 15.0<R<19.1, since 

rest frame (U—R)~2.0 for an early-type galaxy; with these limits on the Lin et al. 

luminosity function, we predict 52 galzixies will be observed in our survey. This 

is very close the the 50 early-type galaxies we actually see. Prom 0.15< z <0.30, 

the faint R-limit in the Paper II sample moves to 18.6 for early-type galaxies, 

because a.t z = 0.15 (U—R)~2.5; we predict 37 galaxies, exactly the number we see. 

Finally, from 0.30< z <0.50, our R-limit reduces to 17.8; the Lin et al. luminosity 
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function predicts 1 observed galaxy, while we see 2. We are therefore confident that 

using this luminosity function will give us a reasonable estimate of the number of 

early-type galaxies we would observe in the survey, given a non-evolving population. 

With an apparent R magnitude limit of 21.5, the Lin et al. luminosity function 

predicts 220 early-type galaxies in the redshift range 0.4< z <0.5, 78 galaxies in 

0.5< z <0.6, and 8 galaxies in 0.6< z <0.8. In the inclusive red galaxy sample 

described above, our original color selection criterion of (V—R)>I.l should include 

all of these galaxies; in fact there are 409 objects in that sample with R<21.5. This 

total is consistent with having all 306 predicted galaxies in the sample, plus some 

additional contribution to the observed R-band counts due to evolution. (Much of 

the excess may also be galaxies of lower redshifts and bluer spectral types being 

scattered into the sample from variations in the SEDs of real galaxies, or from 

photometry errors.) This is another consistency check, that we are complete to 

R~21.5 in our early-type galaxy selection. 

Since eight objects comprise a rather small sample with which to measure the 

statistical eflfects of evolution from z =0.6 to 0.8, we now check to see now many 

early-type galaxies we would see if we increase the magnitude limit to R<22.5. 

We predict 147 galaxies in 0.6< z <0.8 at that limit; this is an ample number 

of objects. However, we also predict a total of 660 objects in 0.4< z <0.8 and 

2L5<R<22.5; we only see 237 such objects in the survey. Thus we are apparently 

only 30-40% complete in that magnitude range. At any rate, the errors in the 

colors at that apparent magnitude are large enough to cause serious problems in 

the interpretation of those data, as we discuss below. 
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E.5. The Color-Color Distributions of the Sample Galaxies 

The method we adopt to search for evolution in the early-type galaxy sample is 

conceptually simple. We first find all the galaxies that can be conclusively identified 

as early-type galaxies using relatively red continuum colors; then, we look at their 

bluer continuum colors. If those blue colors do not lie on the no-evolution color 

tracks, we may attribute the differences to some kind of evolution. Specifically, if 

the blue observed colors show an excess over the no-evolution tracks, the excess 

is likely to be produced by massive, young stars produced by recent, active star 

formation. 

We first try this method with the (V—R)/(R—186) diagram in Figure 4. 

We have selected all of the galaxies in the sample within 0.05 magnitude of the 

no-evolution E/SO track in the (V—R)/(R—186) plane. All of these objects with 

better than signal-to-noise of 3 in their B photometry are then plotted onto the 

(B—R)/(R—186) plane in Figure 4a, and onto the (V—R)/(R—186) plane in Figure 

4b. This pair of diagrams gives us information on early-type galaxies primarily in 

the range 0.4;^ z ^0.6. The color selection we use here is rather restrictive; so if 

evolution away from the no-evolution locus is visible, it is more likely to be due to 

a systematic effect (such as evolution) rather than a random one (such as noise or 

cosmological scatter in galaxy colors). The result we see in Figure 4a seems very 

indicative of such evolution; of the ~40% of galaxies with 3cr B detections, most 

of them have B—R colors which Ue significantly off the E/SO tracks, and scatter 

blueward toward the Sbc track provided for reference. As shown by the error bars, 

however, the photometric errors are large; thus we defer interpretation of these 

results until a careful consistency check is done below. 

We construct a similar pair of plots in Figures 4c and 4d. This time, we use 
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the (R—I75)/(I75—186) plane to select red galaxies whose colors are within 0.20 

magnitude of the no-evolution E/SO track. This color selection gives us color 

information on galaxies primarily in the range 0.6^ z ;^0.8. These points are 

plotted in the (V—I75)/(I75—186) plane in Figure 4c, and in the (R—I75)/(I75—186) 

plane in Figure 4d. The effect we saw in Figures 4a and 4b are qualitatively 

reproduced; about a third of the objects have (V—175) which are bluer than the 

no-evolution E/SO track by la or more. The errors in this pair of plots, however, 

are even larger than in the previous pair. 

The magnitude of the errors in our photometry compels us to test these results 

with an independent color cut of the data. The reasoning is as follows: if we choose 

objects that trace the non-evolving E/SO color tracks in a blue color-color plane, 

they are clearly very likely to be early-type galaxies; then, if we plot those points 

on a redder color-color plane, they should follow the early-type galaxy tracks. If 

they do not, the implication is that we are not actually selecting the early-type 

galaxies reliably, probably because of the errors in our photometry. 

Figures 5a-d show the results of this test in the two pairs of color-color planes. 

We have plotted in Figure 5a the objects from the (V—R)>1.1 sample which lie on 

and redward of the E/SO track in the (B—R)/(R—186) plane. These same galaxies 

are plotted in Figure 5b on the (V—R)/(R—186) plane; the points do not Ue along 

the E/SO track as expected, but are scattered blueward toward the Sbc track. 

When we plot a similar population of red galaxies on the (V—I75)/(I75—186) plane 

(Figure 5c), and look at their distribution on the (R—I75)/(I75—186) plane (Figure 

5d) ,  the  e f fec t  i s  even  more  pronounced;  on ly  a  few of  the  ob jec t s  a re  wi th in  la  

of the no-evolution E/SO track, and the rest are scattered blueward. This leads 

us to believe that our selection of early-type galaxies from this dataset is indeed 
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unreliable, and that our previous evidence of blue-color evolution in Figures 4a-d is 

not likely to be a statistically robust result. 

E.6. Discussion 

Ultimately, we are limited in our ability to measure evolution in the early-type 

galaxies of our sample by the limited depth of our survey. A straightforward 

calculation demonstrates this fact. At our 90% completeness limit of R~21.5, we 

achieve a signal-to-noise of about 10 in our photometry; for a typical early-type 

galaxy at 2 = 0.4, the observed (V—R)~1.4; thus an E/SO at the R-limit for our 

sample has V~22.9. The typical signal-to-noise in V is about 8 at that magnitude; 

thus the (V—R) color will have a photometric error of ~0.15 magnitude. Since 

(V—R) for this galaxy is about 0.2 magnitude redder than (V—R) for our template 

Sbc galaxy at z~0.6, standard statistics predict a fairly large (~10%) probability 

that a "bad luck" measurement of an Sbc galaxy at z~0.6 will produce the same 

(V—R) color. The situation is similar for galaxies selected by (R—175) color, 

because the no-evolution color tracks are separated by about the same amount 

0.2 magnitude). 

We can estimate the increase in photometric accuracy we would need to make 

this study successful. As we noted above, there are several hundred early-type 

galaxies in the redshift range 0.4< z <0.6 brighter than R~21.5; so we are not 

limited by the number of potential objects to study. If we can reduce the random 

photometric error in V and R to ~5% each, our early-type galaxy identifications 

with the (V—R) color would be distinguishable from (V-R) measurements of Sbc 

galaxies at the 3a level. We can achieve this by going ~0.7 magnitudes deeper in 

our photometry - that is, increasing our total exposure times in V and R by about 
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an hour in all 6 of the survey lines of sight at a 4-nieter telescope (cf. HOGPW). 

We would then need to augment the B-band photometry as well. The tjT)ical 

observed (B—R)~3 for an early-type galaxy at 2 > 0.4; the difference in (B—R) 

between an early-type galaxy and the Sbc color track is larger, however (~0.5 

magnitude). Thus we need to achieve ~10% photometry at B = 24.5, or about 

1.5 magnitudes deeper than the present survey limit, to separate at the 3<T level 

measurements of early-type galaxies from Sbc galaxies. This would mean an 

increase of total B-band exposure time by about six hours for each survey line 

of sight at a 4-meter telescope. With these improvements to the dataset, we are 

confident that we will be able to achieve our original scientific goal of measuring 

star formation evolution in early-type galaxies. 

Finally, we consider the ability of our color-comparison technique to 

measure passive evolution with this multicolor survey. As Figure 3(a) shows, 

the (B—R)/(R—186) color-color tracks for no-evolution and passive evolution run 

almost on top of each other for z < 0.6; so we cannot distinguish a passively 

evolving early-type galaxy population from a non-evolving one. However, this also 

means that detection of active star formation evolution in our redshift range of 

interest can be detected with essentially the same effectiveness whether or not the 

early-type population is passively evolving. 
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FIGURE CAPTIONS 

Fig. 1 Raw nnmber counts of the galaxies in the Deep Multicolor Survey, in 

the (a) U, (b) B, (c) V, (d) R, (e) 175, and (f) 186 passbands. 

Fig. 2 Color evolutionary tracks in the color-color planes (B-R)/(R-I86) 

(a), (V-R)/(R-I86) (b), (V-I75)/(I75-I86) (c), and (R-I75)/(I75-I86) (d), for the 

template galaxy spectral types E/SO (triangles), Sbc (squares), Scd (pentagons) 

and Irr/starburst (hexagons). The tracks assume no luminosity evolution with 

redshift. Each point on the tracks represents a stepwise increase in z of 0.05. The 

small numbers indicate the redshift of the nearest point on the nearest track. 

Fig. 3 Color evolutionary tracks in the same planes as in Figure 2, for the 

non-evolving Sbc (squares), non-evolving E/SO (open triangles), and passively 

evolving E/SO (filled triangles) templates. 

Fig. 4 (a) (B-R)/(R-I86) data for the galaxies vo. (b) which have 3cr or better 

detections in the B-bajid. (b) (V-R)/(R-I86) data for all galaxies in the red sample 

(see text) with (V-R) color within 0.05 magnitude or redder than the non-evolving 

E/SO color track, (c) (V-I75)/(I75-I86) data for the galaxies plotted in (d). (d) 

(R-I75)/(I75-I86) for all galaxies in the red sample with (R-I75)>0.7. The color 

evolutionary tracks are drawn to the same scale as those in Figure 3. 

Fig. 5 (a) (B-R)/(R-I86) data for all galaxies in the red sample with Scr or 

better detections in the B-band, with (B-R) color within 0.05 magnitude or redder 

than the non-evolving E/SO color track, (b) (V-R)/(R-I86) data for the galaxies in 

(a), (c) (V-I75)/(I75-I86) data for all galaxies in the red sample with (V-I75)>2.0. 

(d) (R-I75)/(175-186) for the galaxies in (c). The color evolutionary tracks are 

drawn to the same scale as those in Figure 3. 
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ABSTRACT 

A complete sample of 651 field galaxies with 17.0<U<21.1, each with 

U-B-V-R-I7500-I8600 photometry, has been selected from a deep field survey which 

covers 0.83 deg^ along six lines of sight (Hall et al. 1996, ApJS, 104, 185). Each 

galaxy's spectroscopic Hubble type and redshift has been measured using the 

photometric techniques developed by Liu (1996, Ph.D. Thesis). Of these, the 560 

galaxies classified as spectral type Sbc or bluer are analyzed for signs of evolution 

with redshift, and for unusual star formation histories. Total number counts of the 

blue galaxies in the U-band give a coimt slope d(logN)/dM~0.65, consistent with 

previous studies. In the redshift range 0.3<z<0.5, the slope steepens sharply to 

0.9, indicating strong luminosity and/or number density evolution at that epoch. 

The luminosity function at 0.02<z<0.15 has a very steep a ~ -1.9 down to 

M(B)~-14. This is consistent with the measurement of Marzke et al. (1994, AJ, 

108, 437) for Magellanic spirals and irregulars, suggesting that this U-limited 

sample is strongly influenced by galaxies which have the spectrophotometric or 

surface-brightness properties of morphologically selected Sm-Im galaxies. The 

luminosity functions at 0.15<z<0.3 and 0.3<z<0.5 are consistent with a faint-end 

slope a ~ -1.5, as found by Ellis et al. (1996, MNRAS, 280, 235), and show 

significant brightening of M* as found by Lilly et al. (1995, ApJ, 455, 108). 

A significant population of very blue (rest frame U-R<0.3) galaxies, with 

spectral energy distributions indicating strong starburst activity, is observed at 

z>0.3 but not at z<0.3. These may be galaxies temporarily brightened by global 

starbursts, which subsequently fade and redden at lower redshifts. 



F.l. Introduction 

The evolution of field galaxies with redshift is a phenomenon that has been 

intensely scrutinized, especially recently. It is a subject of debate at every level, 

including the most basic: what is the zero-redshift galaxy luminosity function? 

The common approach to this question is to model the luminosity function (LF) 

using the parameterization of Schechter (1976), which contains a characteristic 

luminosity M*, a galaxy space density parameter 0*, and a faint luminosity end 

with power-law slope a. Thanks to the work of nxmierous authors on samples 

of galaxies now totaling upwards of lO"* objects, a reasonably consistent picture 

is gradually forming regarding at least two facets of the local LF - with the 

understanding, of course, that many important details have yet to be reconciled. 

First, a is probably roughly —0.95 ± 0.3 for the sample of all galaxies in the local 

universe (see, e.g., Loveday et al. 1992; Marzke et al. 1994a,1994b; da Costa 

et al. 1994; Lin et al. 1996). Second, the luminosity functions of blue galaxies, 

emission-line galaxies and morphologically later-type galaxies tend to have steeper 

a than redder, non-emitting and earlier-type ones, with estimates ranging from 

-i-0.2 (Loveday et al. 1992) for early-type galaxies, to —0.9 for galaxies with 

[OII]A3727 > SA (Lin et al. 1996), to —1.87 for morphologically identified Sm-Im 

galaxies (Marzke et al. 1994b). 

As we look at more field galaxy samples with fainter apparent magnitude 

limits, the key question becomes: how does the luminosity function, and by 

inference the field galaxy population, evolve with redshift? In the absence of 

redshift information, faint galaxy counts have been the primary tool for measuring 

evolution. The case for strong evolution in the field galaxy luminosity function 

was made, among others, by Maddox et al. (1990), who used number count data 
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- specifically, a steep number count slope dlogN/dM - to show that significant 

evolution may be occuring in galaxies at 17<B<21. Multicolor surveys such as 

those of Koo (1986) and Jones et al. (1991) have added dimensions to number 

count studies by examining the color distributions of galaxies over long wavelength 

and magnitude baselines. The consensus appears to be that dlogN/dM steepens 

with decreasing wavelength, suggesting stronger evolution in blue galaxies than red 

ones. Koo (1986) also used his multicolor data to estimate redshifts in his galaxy 

population - the so-called photometric redshift technique, which has since been 

extensively developed - and concluded that aJi excess of star formation is present 

in the field galaxy population by z ~ 0.4. 

Ideally, redshifts for all the galaxies in a survey should be obtained when 

studjdng the evolution of those galaxies, because they provide critical information 

about the distances and absolute magnitudes of each object. Broadhurst, Ellis 

& Shanks (1988) and Colless et al (1990; 1993) suggested that evolution of 

the field galaxy luminosity function, probably in the form of increased number 

density with redshift, was necessary to explain the redshift distribution of their 

magnitude-limited, 20 < Bj < 22.5 survey. Other redshift surveys by Lilly, Cowie 

& Gardner (1991), Songaila et al. (1994) and Cowie et al. (1996) have concluded 

that little or no luminosity evolution occurs from z = 0 to z ~ 1, but suggest the 

appearance of an additional, starbursting population of objects at high redshift 

which have since faded - in essence, another sort of number density evolution. 

Two recent studies have broken new ground in the study of faint galaxy 

luminosity functions, by obtaining redshifts for ~10^ objects in complete samples 

of faint galaxies. The Canada-France Redshift Survey (Lilly et al. 1995, hereafter 

CFRS VI) used an I-band selection criterion to study 730 galaxies with median 
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redshift < z > = 0.56, aaid found strong, uniform brightening of the luminosity 

function among the blue (i.e., with colors of a template Sbc galaxy or bluer) 

galaxy population. The Autofib Redshift Survey (Ellis et al. 1996; Heyl et al. 

1996) assembled over 1700 redshifts from a number of B-band selected samples to 

study an impressively large magnitude range of 11.5 Bj 24. They also found 

significant evolution of the blue galaxy luminosity fimction; the faint-end slope of 

their Schecter function parameterization was a steep a ~ —1.5 in their mediimi 

and high-redshift bins (0.15 < z < 0.35 and 0.35 < z < 0.75, respectively). 

Deep spectroscopic surveys such as these are extremely powerful datasets with 

which galaxy evolution can be studied in detail. An ideal faint galaxy survey, then, 

would combine faint limits, large numbers, multicolor photometry and redshifts 

to look at the evolution of a complete galaxy sample from many directions -

luminosity functions, number counts, and spectrophotometric distributions. The 

primary limiting factor for obtaining such a sample is the enormous amounts of 

telescope time required to measure redshifts with spectroscopy; if reliable redshifts 

for the survey galaxies could be obtained with colors alone, such a project becomes 

much more observationally feasible. 

In this work, we present the results from a complete U-band selected sample 

of galaxies from a deep, multicolor CCD survey in six optical and near-infrared 

passbands. We use a photometric technique to estimate the redshift and 

spectroscopic Hubble type of each galaxy; and with those data, we compute 

number counts and luminosity functions of the 560 blue galaxies in the sample. 

The multicolor photometry we have measured for each galaxy gives us additional 

leverage: we minimize possible systematic errors from K-corrections, and we can 

examine the relative contributions of different-colored galaxies at different redshifts 
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to the observed galaxy population. Our primary goal is to examine the evolution 

of field galaxies; particularly, we will address the star formation histories of blue 

field galaxies, to which our U-band selected sample is more sensitive than samples 

chosen with longer-wavelength passbands. Throughout this paper we use Ho = 

lOO/i km/s/Mpc {h — 0.8), and qo=0. 

F.2. Sample Selection; Photometric Measurement of 

Redshifts and Spectral Types 

Our sample has been assembled from the Deep Multicolor Survey (DMS) of 

Hall et al. (1996, hereafter HOGPW). The extracted dataset is a complete, 

magnitude-limited sample of 667 objects identified as galaxies of all types, with 

17.0<U<21.1 and ~10% photometry or better in the six DMS passbands U, B, 

V, R, 175 and 186. The procedures used for galaxy selection and photometry of 

the survey objects are detailed in Appendix I. We then apply the photometric 

techniques developed in Liu & Green (1996, hereafter LG96) to all the galaxies, 

to measure their redshifts and spectroscopic Hubble t3rpes. We refer the reader to 

LG96 for a thorough discussion of the method, and present only a brief summary 

here. 

The photometric redshift/typing system we use is grounded on the basic 

priciples first shown by Baum (1962) and later developed further by Koo (1985), 

Loh &: Spillar (1986), Connolly et al. (1995) and others. Essentially, all galaxies 

not dominated by active galactic nuclei have spectral energy distributions 

(SEDs) in the near-UV to near-IR wavelength range distinctive enough that, 

even as they are redshifted into redder observed passbands, their SEDs can be 

distinguished from galaxies of other types and/or other redshifts with a high level 
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of acciuracy with broad-band colors alone, given snflScient wavelength coverage. 

Although a photometrically determined redshift cannot compare to spectroscopy 

for measurements of individual galaxies, it can be an excellent statistical tool to 

examine galaxy populations in large surveys, for which obtaining spectroscopic 

redshifts is by far the most difficult and telescopically expensive task. 

The photometric method of LG96 uses the UBVRI75I86 data to place galaxies 

into four spectroscopic categories: early-type galaxies (little or no star formation), 

Sbc (active star formation), Scd (strongly active star formation), and irregular 

(starburst). Simultaneously, the method allows us to estimate galaxy redshifts 

to lc7 accuracies of A2 ~ 0.05, and spectral types to within ±1 spectroscopic 

Hubble type, in the redshift range 0 < z < 1. This is essentially the same precision 

achieved by previous authors with UJFN photographic photometry (e.g., Koo 1985; 

Connolly et al. 1995) and multicolor photoelectric and CCD photometry (e.g., 

Loh k Spillar 1986). Additionally, the six-filter dataset slightly "overdetermines" 

the principal components of most galaxies (Connolly et al. 1995); thus, we can 

avoid using the apparent magnitude of a galaxy in our redshift determinations. 

Furthermore, the division of the standard I-band into two narrower bandpasses 

(175 and 186) gives us more leverage than the broad I or photographic at higher 

redshifts, as prominent spectral features such as Ha (at z ~ 0.3) and the 4000 

A break (at z ~ 0.9) are redshifted into that wavelength range. Finally, LG96 

uses a semi-empirical algorithm, so incompleteness problems caused by "negative 

redshift" determinations, which occasionally happen for the Connolly et al. (1995) 

technique, do not occur. 

As discussed in LG96, we emphasize again the difference between the 

spectroscopic Hubble type of a galaxy and its morphological Hubble type. 
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Although there is generally good correspondence between the SED of a galaxy 

and its position on the Hubble sequence, there are many exceptions to this rule, 

especieilly among peculiar galaxies, strongly interacting systems or mergers (see, 

e.g., Kennicutt 1992; Liu & Kennicutt 1995). In our analysis, we use the derived 

spectroscopic Hubble sequence only as a sequence of relative star formation rates 

and broad-band colors. Except where noted otherwise, we use in this work the 

terms "spectral tj^ie" and "galaxy type" to describe not the morphology of a given 

galaxy, but rather spectrophotometric properties. 

Each galaxy in the sample was processed using the "GetZ" program as 

described in LG96. "GetZ" implements the photometric redshift-classification 

algorithm, and outputs a redshift (in discrete multiples of A.z = 0.05) and a 

spectral type (Early, Sbc, Scd, or Irr). Each redshift-type estimate was examined 

individually to make sure the algorithm had not been driven to produce an 

unreasonable solution by some unusual combination of colors, and adjusted 

where necessary to reflect a true best-fit to the data. In all, the redshift-type 

determinations were adjusted by more than Az = 0.025 for 15 galaxies (out of 

667, or ~2%) in the 17.0<U<21.1 subsample. "GetZ" did not find an acceptable 

solution to 8 objects; visual inspection showed that all of these objects appeared to 

be point sources or nearly so. These objects were taken to be misclassified stars, 

and removed from the sample. There is a small possibility that these objects were 

AGN, whose colors are sufficiently diSerent from the template galaxies that "GetZ" 

could not find redshift-type matches. Their removal in any case should not affect 

our conclusions, since their numerical contribution to the total sample is so small 

(barely 1%). 
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F.3. Number Counts 

The basic yet informative technique of galaxy nmnber coimts is easily applied to 

our final, complete U-selected dataset, and we do so here. We note that 651 of the 

659 galaxies lie in the redshift range 0<z<0.5; thus it is reasonable to adopt z = 

0.5 as the upper redshift limit for our subsequent analysis. Essentially the entire 

sample is used, and we will be working with a well-defined, well-populated volume. 

F.3.1. Total Counts 

We present the plot of the number of galaxies per square degree vs. apparent U 

magnitude in Figure 2. Also plotted for comparison are number counts from the 

photographic U-band surveys of Jones et al. (1991), which cover the magnitude 

range 18<U<21, and Koo (1986), which cover U>19. Those two surveys agree at 

Uc^21, but are about a factor of two apart at U~19. (Jones et al. attributed the 

difiierence to local large-scale structure.) Our absolute mmiber counts agree very 

well with Koo (1986), suggesting that the mean field density of the lines of sight 

covered by the DMS is similar to the SA57 and SA68 fields observed by Koo; that 

is, we are not likely to be strongly contaminated by clustering at z<0.5. 

We can compute the slope of the number counts with magnitude, dlogN/dM, 

using an error-weighted least squares fit algorithm; we derive dlogN/dM = 0.55 

± 0.05, an intermediate v£due between the Jones et al. (1991) and Koo (1986) 

measurements of 0.49 and 0.68 respectively. These consistency checks give us 

confidence that our sample is indeed complete and unbiased by serious selection 

effects or systematic errors. 
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F.3.2. Blue Galaxy Counts vs. Redshift 

A U-band selected sample such as ours is particularly sensitive to actively 

star-forming galaxies; on the other hand, it samples a much smaller volume of 

red, early-type galaxies. A quick redshift census confirms this statement: of the 

651 galaxies in the sample, 91 are classified as spectrophotometrically eaxly-type 

galaxies. Of these, only two are at z>0.275. If we are trying to examine the star 

formation evolution of galaxies out to z=0.5, we could not assess the contribution 

of the early-tjT>e galaxies to any evolution at z>0.275 with this sample. Perhaps 

more importantly, the early-type objects were identified as such precisely because 

they have little or no star formation; by definition, then, their inclusion in our 

analysis is unlikely to be meaningful. Since we wish to compare the same kinds 

of objects - that is, star-forming galaxies to other star-forming galaxies - at all 

redshifts, we elect to set aside the early-type objects for the bulk of our analyses of 

these data, and discuss in detail the blue galaxies - those classified as Sbc, Scd, or 

starburst. 

To examine the change in the blue galaxy population with redshift, we divide 

our sample into three redshift bins: 0<z<0.15, 0.15<z<0.30, and 0.30<z<0.50. 

They contain 171, 179, and 210 blue galaxies respectively. We compute the 

number counts in each redshift bin, and the entire blue galaxy sample collectively, 

and present them in Figure 3. The magnitude bins' widths and centers have 

been adjusted for each plot to account for the various distributions in apparent 

magnitude in each redshift bin. 

The progression of dlogN/dM with redshift is immediately evident from Figure 

3. There seems to be a 2cr enhancement over a constant slope in the 19.0<U<19.5 

bin, which appears in the low-redshift and total blue galaxy number count plots. 
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Inspection of the data shows that in two of the six survey lines of sight, there 

is a factor of ^2 overdensity in that apparent magnitude range. It is likely that 

large scale structure is evident here, or perhaps a cluster of galaxies has appeared 

at z~0.1; we account for this effect when fitting dlogN/dM by assigning a lower 

weight to those two data points. 

The best-fit value of dlogN/dM for the 560 blue galaxies is 0.64±0.06. For 

the three redshift bins, the best-fit values are 0.35±0.10 in the low-redshift bin 

(z<0.15); 0.60±0.10 in the medium-redshift bin (0.15<z<0.30), and 0.90±0.10 in 

the high-redshift bin (0.30<z<0.50). It is well known (e.g.. Green & Schmidt 1978) 

that dlogN/dM ~ 0.35-0.40 for a uniform distribution in a Friedmann universe with 

qo = 0, and that dlogN/dM = 0.6 for a uniform distribution in Euclidean space. 

Thus the implication is clear; whereas blue field galaxies appear to be uniformly 

distributed and at roughly constant luminosity since z<0.15, the population was 

definitely evolving around z~0.2; between z=0.3 and z=0.5, very strong evolution 

must take place in either the number density, luminosity distribution, or both. Our 

result is consistent with those of other authors such as Ellis et al. (1996), who also 

found that the bulk of evolution sets in beyond z ~0.3. 

F.4. Redshift Dependent Luminosity Functions 

Constructing the luminosity function of these blue galaxies as a function of 

redshift is perhaps the best way of quantifying the strong evolution indicated by 

the number counts. With our data, an added complication must be taken into 

account when computing the absolute magnitude of each galaxy: the redshift 

determined has a large enough error (CT = 0.05) to aiffect the luminosity calculation 

significantly. The method we use to compensate is to treat each galaxy as if it 
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had a probability-weighted distribution in redshift. A similar conceptualization 

of the problem is dicussed in SubbaRao et al. (1996); using the UJFN-derived 

photometric redshifts of Connolly et al. (1995) and a modified version of the 

C-method (Lynden-Bell 1971), they are able to reproduce a spectroscopic-redshift 

lunainosity function rather well. In this work we adopt a modified version of the 

1/Vmai formalism (e.g., Schmidt & Green 1986) to compute our redshift-dependent 

luminosity functions. 

F.4.1. The Probability-Smoothed Luminosity Distribution 

Consider a galaxy with an apparent magnitude m/ in a passband /, and redshift 

2 ± cr. If (7=0, then the absolute magnitude is simply 

M f  = 771/— 5 log(d£,(z)) — 25.0 — k { z )  

where d L { z )  is the luminosity distance in megaparsecs, and k { z )  is the K-correction 

in that passband for the spectral energy distribution of the galaxy. The contribution 

of that galaxy to the relative limiinosity distribution is then a delta function of 

amplitude unity at redshift z. 

In the case where cr > 0, and the error distribution is Gaussian, the galaxy 

can be thought of as adding a series of fractional contributions to the luminosity 

distribution in the redshift space surrounding z. Such a fraction at, for example, 

redshift z + Az and with a differential redshift width dz, would have an absolute 

magnitude 

Mj = nif — 5 log(d£,(z + Az)) — 25.0 —k{z + Az) 

and have an amplitude 

Nz+ a2 =  PG{ Z +  Az, z ,  a ) d z  / A . G{ Z + Az, z ,  a )  

where Pc and Ac are the Gaussian probability function and its integral, respectively 
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(see, e.g., Bevington & Robinson 1992). 

This "fuzzing" of a galaxy's luminosity distribution in redshift space is 

straightforwardly achieved numerically, with a choice of dz << a to minimize 

random magnitude errors. For our dataset, a = 0.05; our choice of dz — 10"^. Our 

computational algorithm divides each galaxy into a Gaussian-weighted limiinosity 

distribution with 300 bins, from z—Za to 2+3a (i.e. z± 0.15). The entire 

distribution for each galaxy is normalized to unity. 

With the methodology described above, in some cases the luminosity distance 

is supposed to be computed with redshifts that are close to zero. As noted by 

SubbaRao et al. (1996), this can contribute large systematic errors, because near 

2 = 0 a small variation in redshift can imply an enormous change in distance 

modulus and in the accesible volume V„^. We therefore consider any fractional 

luminosity contributions with z < 0.02 as sampling the volume within that radius, 

and make z = 0.02 our low redshift cutoff when computing the luminosity fimction 

in the low-redshift bin. In any case, galcixies within that volume, corresponding 

to a recessional velocity cz < 6000 km/s, are subject to systematic effects from 

local large-scale structure and the local supercluster; accounting properly for those 

effects would be a task in itself, and does not lie in within the scope of this work. 

Our multicolor survey gives us an additional measure of accuracy when 

computing the absolute magnitudes of our galaxy. As redshift increases, the 

accuracy of the magnitude measurement becomes increasingly affected by the 

inaccuracy of the K-correction - in other words, on the precision with which the 

SED of the galaxy is actually followed by the SED fitted to it. We can reduce 

our dependency on this parameter by computing the absolute magnitude of one 

rest-frame passband using the flux through a observed redder passband for high 
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redshift objects. As an example, the rest effective wavelength (Ag//) of our U-filter 

is the same as the observed Xe/f of our B-filter at 2 = 0.200, and of ovu: V-filter at 

z = 0.513. Thus, to compute the fractional galaxy contribution to the rest-frame 

U-band luminosity function of an object in the range 0.15> z >0.40, we use the 

flux through the B-filter, normaUzed to the rest-frame U-band flux expected for this 

galax}', and the appropriate K-correction to the B-filter to compute the absolute 

U magnitude (cf. CFRS VI). Then for z >0.40, we use the V-filter in the same 

way to measure the absolute U magnitude. We are thus measuring the rest-frame 

U-band wavelength range much more directly than if we had to rely on a large 

K-correction. 

We compute the probability-weighted luminosity distribution for the entire 

sample of blue galaxies in absolute U, B, and R magnitudes. In this computation, 

we also include galaxies with photometric redshifts greater than 0.5, so their 

fractional contributions that fall within z<0.5 are included in the luminosity 

functions shown below. 

F.4.2. The Modified 1/Vmax Method 

In the standard 1 /Vmax method, each galaxy contributes a weight to the luminosity 

function equal to the inverse of the accessible volume within which it can be 

observed. The accessible volume, referred to here as Vmaii is the total comoving 

volume within the redshift boundaries of the sample, where the given galaxy could 

be and fall within the selection criteria of the sample. In our case, the relevant 

criterion is that its apparent U magnitude lies between 17.0 and 21.1. The aveiilable 

volume is based on the effective solid angle of 0.830 square degree covered by the 

survey. A disadvantage of the 1/V„,aj; method for deriving a spatially smoothed 

luminosity function is that it is sensitive to clustering within the volume; as our 



142 

number counts above showed, however, our sample is not likely to be strongly 

contaminated by clusters. On the other hand, a useful advantage of the l/V^oi 

method is that random errors can be accurately computed using Poisson counting 

statistics. 

In the case of a probability-weighted luminosity distribution for individual 

objects, it is straightforward to compute Vmax for each fractional galaxy; 

correspondingly,  i ts  contribution to the It iminosity function is  ( l /Vmax) x N j+az-

Assembling the luminosity function (LF) is then a matter of summing those 

contributions within absolute magnitude bins. The error in each magnitude bin is 

the square root of the total number of galaxies in the bin, (S Nz+^r)" ®. 

The obvious systematic error that comes from creating a luminosity function 

with "fuzzy" redshifts is that objects near the peak of the distribution will have 

some part of their light distributed toward brighter magnitudes. Similarly, galaxies 

toward the bright and faint ends of the absolute magnitude distribution will have 

some part of their partial contributions scattered into regions which otherwise 

would have few or no galaxies. This effect will cause us to underestimate slightly 

those parts of the LF that contribute the most light, and overestimate those 

parts which contribute the least. SubbaRao et al. (1996) examine this error by 

introducing Gaussian redshift-error spreads into Monte Carlo simulations of LFs 

which have an ideal Schechter (1976) function parameterization. They find that 

for a(z) ~ 0.05, M* can be underestimated (i.e. be too bright) by as much as 0.5 

magnitude and a by as much as —0.25 for a shallow (a = —1.0) Schechter LF. For 

a steeper, a = —1.5 luminosity function, the errors are reduced to ~0.3 mag in M* 

and —0.15 in a. SubbaRao et al. (1996) attempt to correct for this bias, but even 

the corrected values' 90% confidence contours do not include the original Schechter 
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function parameters. We choose not to attempt such a correction for our results. 

With this caveat in mind, we use the above methodology to compute luminosity 

functions for our blue galaxy sample in three redshift bins in each of three colors 

U, B, and R: low-redshift (0.02 < z < 0.15), mid-redshift (0.15 < z < 0.30), and 

high-redshift (0.30 < z < 0.50). 

F.4.3. The Low-Redshift U-Selected Luminosity Function 

In Figure 4, we present the low-redshift luminosity functions computed in U, 

B and R. The faint end slope is clearly very steep compared to the derived 

Schechter-parameterized or's of ~0.9 ±0.1 found in the local blue galaxy luminosity 

function measurements of Lin et al. (1996), Marzke et al. (1994), Loveday et 

al. (1992) and others. A Schechter function fit to the data implies a ~ —1.9. 

The Malmquist-like bias described above cannot by itself account for the large 

difference; such a steep slope, even if corrected for the maximum bias in a suggested 

by SubbuRao et al. (1996), would still be far steeper than —1. 

Interestingly, we note that Marzke et al. (1994) computed Schechter function 

parameters for morphologically selected Sm-Im galaxies in the CfA Redshift 

Survey, and derived a value of a = —1.87. To test the hypothesis that their Sm-Im 

sample and our U-band selected sample are somehow similar, we fit our luminosity 

functions in all three passbands using a = —1.87, first finding a common 0* and 

then allowing only M* to vary in the fit. The fit results are plotted as dashed lines 

in Figure 4. 

The agreement is excellent in all three passbands, across the entire range of 

absolute magnitudes, for M*(U) = —20.6 — 51og/i, M*(B) = —20.5 — 51og/i, and 

M*(R) = —21.5 — 51og/i. Because of our Malmquist-like bias, and the very few 
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galaxies at the bright limit in the low-redshift bin, M* for these LFs should be 

taken in a comparative rather than absolute sense. In that case, we can state that 

to first order, the low-redshift blue galaxies in our sample have average rest-frame 

colors (U—B) ~ —0.1 and (B—R) ~ 1.0 - very nearly the rest-frame colors of our 

Scd template galaxy, which axe —0.08 and 1.07 respectively. The fact that our 

U-band selection has chosen gzilaxies with average Scd colors is expected; this is a 

strong consistency check, and is convincing evidence that our probability-weighted 

luminosity distributions and modified 1/Vmax method can produce luminosity 

functions which, although systematically biased, are reproducible and consistent 

enough that they can be trusted to reflect accurately any relative changes in the 

galaxy population. 

The fact that the LF faint-end slope is so similar to that of local Magellanic 

spirals and irregulars suggests that we are seeing objects with spectrophotometric 

properties typical of Magellanic galaxies - that is, blue and actively forming stars. 

Aside from color selection, we may also be selecting more low-surface brightness 

galaxies than a typical one or two-passband sample; by using any three of six 

passbands to identify a galaxy, selecting an aperture size with a redder passband, 

and then measuring all the U-band flux in that relatively large aperture, we may be 

allowing more objects with low U-band surface brightness into the sample. Since 

low-limiinosity, low-surface brightness galaxies tend to be bluer and may be quite 

numerous (De Jong 1995; McGaugh, Bothun & Schombert 1995), and Magellanic 

galaxies tend also to have lower surface brightness, the similarly steep slope of our 

LF and the Marzke et al. (1994) Sm-Im LF may be due in part to a less severe 

surface brightness selection effect in these samples compared to other samples used 

to compute LFs. 
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F.4.4. The U-selected Luminosity Function From z = 0.15 to 0.50 

In our medium-redshift and high-redshift bins, the U-band apparent magnitude 

limit allows us to sample only relatively bright galaxies (M(U) ~ —18 or brighter). 

Schechter function fits to these bright-end segments of the LPs, therefore, do not 

constrain a very rigorously. We can, however, measure the relative changes in M* 

and by fixing the LF segments to a's consistent with both redshift bins, and 

finding the best fit to the other two parameters. 

The fits to the data were all obtained using an error-weighted least squares 

algorithm. The first step of finding a common a was achieved by fitting all six LF 

segments (2 each in U, B, and R) with a wide range of a's, and determining which 

values allowed the best fits to all the data as a whole. It turned out that excelleat 

fits were possible for all six segments in the range —1.40< a < —1.70; so we 

adopted the value in the center of that range, a = —1.55. According to SubbaRao 

et al.'s (1996) error analysis, this value could be systematically underestimated 

from the true value by as much as Aa ~ —0.15; and if it were not, the random 

error is clearly at least ± 0.15. For comparison, we note that Ellis et al. (1996) 

found in the Autofib redshift survey a = —1.41[-0.07,-1-0.12] from 0.15 <z < 0.35 

and OL = —1.45[-0.18,4-0.16] from 0.35 <z < 0.75, consistent with our chosen value 

given a moderate systematic Aa. 

Next, the best fits for the mediimi-redshift bin, with M* and 0* as free 

parameters, were computed with fixed a for the U, B and R data. (Again, since 

these LF segments only cover the few magnitudes around M*, these values are not 

meant to be "measurements" of these parameters. Our intent is to use them as 

benchmarks, to quantify our comparison of the medium and high-redshift LFs.) 

Finally, for each passband we started from these values and moved M* and (f)* 
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until a good fit to the data was achieved with the high-redshift LF segment in that 

passband. The two faintest lunoinosity bins in the high-redshift R-band LF segment 

are affected by incompleteness; this is expected due to our U-band selection, and 

we do not include them in the fits. Since the high-redshift segments barely reach 

M*, 0* can easily be varied as much as a factor of 50% or more (with a smaller 

corresponding move of M*) and excellent fits can still be achieved; we thus chose 

the smallest possible change in 0* that produced a good fit to the data. In this 

way, we can give a lower bound to the number density evolution we might expect 

as the average redshift of our sample increases from < z >~0.2 to < 2 >~0.4. 

The six LF segments in the two higher redshift bins, along with their fitted 

Schecter functions in the relevant luminosity ranges, are presented in Figure 5. 

(The values for the Schechter fits shown in Figures 4 and 5 are for /i = 1.) The data 

in all three colors shows a consistent evolutionary picture from our medium-redshift 

to high-redshift bins: M* brightens by 0.3 magnitude, and 0* increases 15-30% 

in each bin. The formal errors to these fits are relatively large - ~10% in M*, 

~20% in 0* - but the trend is clear, even upon visual inspection of Figure 5. Our 

fitting procedure, which attempts to produce the smallest possible shift in 0*, also 

supports the idea that we are seeing real evolution in the galaxy population. 

Comparison with the CFRS and Autofib data shows that our results are 

consistent with the evolution observed in those surveys. In CFRS VI, M* in their 

blue galaxy luminosity functions brightens by about 1 magnitude, assuming no 

change in 0*, between their redshift bins 0.2 < z < 0.5 and 0.5 < 2 < 0.75. Our 

brightening of 0.3 magnitude occurs largely within their low-redshift bin; it can 

be increased to ~0.5 magnitude if we fit the parts of our LF that correspond to 

the same magnitude ranges observed in the CFRS and hold (f>* fixed. Both these 
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values are consistent with an incremental brightening of M* from < z >~0.2 to 

< z >~0.4, which leads to a total brightening of ~1 magnitude by < z >~0.6-0.7. 

Heyl et al. (1996) parameterized the Autofib data with redshift-dependent 

evolving luminosity functions as a function of galaxy spectral type (determined 

by cross-correlation of spectral features with gedaxy templates); based on those 

models, we can estimate the expected evolution in the combined population of 

Sbc, Scd and Sdm/starburst spectral types from < z >~0.2 to < z >~0.4. For 

that interval, M* would brighten by ~0.1 magnitude and (j)* would increase ~50%. 

This solution is also allowed by our fits, which as we mentioned above can easily 

accommodate an increase in <{>* by reducing AM*. 

F.5. A Transient Starbursting Population At z>0.3 

All of our measurements of the evolution of the blue galaxy LF with redshift are 

consistent with those observed by other workers using deeper surveys. We can now 

use the added dimension of multicolor observations in our survey to examine the 

spectrophotometric properties of the galaxies themselves, and see which kinds of 

galaxies are contributing most to the evolution. 

We can glance at the distribution of color vs. magnitude for the entire blue 

galaxy sample in Figure 6. The rest frame (U-R) color is effective as a rough 

indicator of star formation, and has a large enough range (in our templates: 1.2 for 

Sbc, 1.0 for Scd, 0.2 for starbursts) to spread the galaxies in color space to avoid 

confusion between galaxy spectral types. We plot rest frame (U-R) vs. absolute 

R magnitude, with different symbols representing the different redshift bins. The 

majority of the sample objects lie around (U-R) ~ 0.9, as expected for a population 

dominated by late-type spirals and starburst galaxies. The reddest galaxies in the 
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sample have (U-R) ~1.5; this is determined by our blue galaxy selection criterion. 

As (U-R) decreases, a progressively stronger yoimg stellar population dominates 

the luminosity, implying increasingly active star formation. A dotted line at (U-R) 

= 0.3 is provided in the figure, to maurk the approximate color of a global starburst 

or HII galaxy such as NGC 4449, the basis of our starburst galaxy template. 

Near and below this line at (U-R) = 0.3, objects from the high-redshift bin 

appear to outnumber objects from the lower-redshift bins by factors of several. At 

first glance this may not seem surprising, since the high-redshift bin samples a 

comoving volume about twice that of the two lower redshift bins combined. The 

respective fractions of these objects in their bins, however, is significantly different: 

~5% for the low-redshift bins, compared to ~15% at high redshift. The difference 

cannot be attributed to random errors alone. 

A quantitative display of this effect is shown in Figure 7. The galaxies have 

been placed into 15 bins - five R-band luminosity bins, in each of the three 

redshift bins - and plotted in histogram form. (Bins with no galaxies are not 

plotted.) In the vertical direction, going down, the galaxies in the same redshift bin 

increase in luminosity. Down each column, in each redshift, we see the well known 

color-magnitude relation, where brighter galaxies tend to have redder colors. But 

in the second and third rows the magnitude bins remain constant, and only redshift 

changes; although the number of galaxies in each bin varies widely, the color 

evolution with redshift is evident and dramatic. The median (U-R) color of the 

high-redshift bins from —16.5<M(B)< —21.5 are about 0.5 magnitude bluer than 

those at medium-redshift, and ~0.8 magnitude bluer than those at low-redshift. 

We test the possibility that this is a magnitude-limited selection effect by 

plotting the same figure with a brighter limiting magnitude of U<20.8 instead of 
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U<21.1, and present it in Figure 8. The number of galaxies is reduced, so the 

statistics are less reliable. Nonetheless, the same effect is observed, and the median 

colors for each bin are essentially unchanged. We also check that the effect is not 

somehow caused by the (U-R) color by plotting the same histograms for (U-B), in 

absolute B magnitude bins (Figure 9). The colors are compressed somewhat, as 

the range of (U-B) from Sbc to starburst is about half that of (U-R); but again the 

effect is obvious, especially in the third row, where the median (U-B) color moves 

from —0.25 at high-redshift to —0.05 at medium-redshift to +0.05 at low-redshift. 

Finally, we examine the U, B, and R images of these galaxies in the photomeric 

survey; each galaxy appears to have an atypically bright U-band image, with no 

signs of undiscovered cosmic rays, uncorrected bad pixels, or other problems in the 

data that would have artificially caused the colors to be so blue. The implication 

seems to be that a significant population of very blue, probably starbursting 

galaxies appears at z ;^0.3 which are not observed at z <0.3. 

F.6. Discussion 

The idea of a bursting population at relatively high redshift that has since faded 

has been put forth, among others, by Broadhurst, Ellis k. Shanks (1988), Lacey k. 

Silk (1991), Babul & Rees (1992), and Cowie et al. (1996). The application of those 

models, however, is primarily to the so-called "faint blue galaxy problem," where 

galaxy counts beyond B~22 are much greater than expected for a non-evolving 

population. Our blue galaxy survey from the DMS only reaches B~21; thus it is 

probably inappropriate to call the excess starburst galaxies in our high-redshift bin 

"faint blue galaxies" in the above sense. We will not try to address that problem 

here, though it is certainly possible that our staxbursts may be related to that faint 
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blue galaxy population. 

What these high redshift starburst galaxies can help explain may be the 

general evolution of the blue galaxy luminosity function. We have confirmed the 

results of Maddox et al. (1990), CFRS VI, Ellis et al. (1996), Heyl et al. (1996) 

and others that evolution does occur in the blue field galaxy population, and that 

the evolution is observationally discernible by z ~0.3. The number density and/or 

luminosity increases we are seeing may in fact be caused in part by the appearance 

of these starbursting objects. No galaxy can long sustain the gas consumption rate 

required to produce the strong global star formation implied by their (U—R) and 

(U—B) colors; so these objects should eventually fade, then redden, and eventually 

blend into the more numerous population of galaxies with lower, steady-state star 

formation. 

Can such starburst galaxies fade into the background of more quiescent 

galaxies in the time between our high-redshift and medium-redshift bins? We 

examine this question using the population synthesis models of Bruzual &: Chariot 

(1993), which give us quantitative estimates of the colors and magnitudes of aging 

starbursts. We first consider the most extreme case, of a galaxy starbursting so 

strongly that its underljdng stellar population contributes negligibly to the total 

luminosity of the galaxy. For this case, we use an instantaneous burst model 

with a Salpeter initial mass ftmction. In our chosen cosmology, 1.4 x 10® years 

elapse between 2=0.4 and z=Q.2, roughly the mean redshift of the galaxies in our 

high-redshift and low-redshift bins respectively. We assume that we are observing 

the burst at an age where the rest frame (U-B) and (U-R) colors most closely 

match those of the starburst galaxies in the high-redshift bin. That age would be 

6 X 10^ years, when (U-B) = —0.49 and (U-R) = 0.28. After 1.4 x 10® yr the 
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R magnitude of the bmst will have faded some 4.4 magnitudes according to the 

Bnizual & Chariot (1993) models, and the colors will have reddened to (U-B) = 

0.24 and (U-R) = 1.3. If M(R)~ —21 at 6 x 10^ yr, the post-burst evolution moves 

the galaxy well into the middle of the locus where most of the low-redshift galaxies 

lie in Figure 6. Oiu: survey would not be able to detect such an object at 2 ~ 0.2. 

A somewhat less extreme case would be a galaxy which has a global starburst 

triggered in it. In one possible scenario, explored by Chariot & Silk (1994), Belloni 

et al. (1995), Barger et al. (1996) and others, the starburst continues at a constant 

star formation rate for a short time (typically 10® to 10® yr), then stops after 

converting into stars a gas fraction equal to some percentage (typically 10-20%) 

of the final mass of the galaxy. After this burst is over, all star formation is 

truncated. We choose for our comparison a late-type spiral galaxy which undergoes 

a Salpeter-IMF starburst lasting 10® yr that consumes 10% of the final galaxy 

mass. If we select a time after the stjirburst begins when the galaxy has UBR 

colors similar to our template starburst, these authors show that (U-R) will again 

be ~1.3 after 1.4 Gyr; the R-band fading would be a more modest 1.3 magnitudes. 

This burst scenario would move our M(R)~ —21 bursting galaxy into the middle 

of the medium-redshift galaxy locus, again becoming largely anonymous within a 

large reservoir of ordinarily-colored blue galaxies. 

If fading and reddening of the burst is indeed the mechanism for removing 

starburst galaxies from view nearward of z~0.3, one strong test of this population's 

effect on the blue galaxy luminosity function would be to see if removing the 

excess starburst galaxies leads to a luminosity function consistent with a passively 

evolving galaxy population since < z >~ 0.4. Our data do not go faint enough 

to let us conduct this test rigorously; however, if we remove those galaxies from 
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the high-redshift bm altogether - that is, assign a color cutoff of (U—R)>0.5 - and 

re-compute the luminosity fimction with the remaining galaxies, we get what is 

presented in Figure 10. We are able to fit the LF with a = —0.9, measured for local 

blue galaxies by Lin et al. (1996), and <l>* = 0.0075, about the number for the sum 

of local late-tjrpe spirals as measm-ed by Marzke et al. (1994). By no means should 

this successful fit be taken as evidence that the LF would only evolve passively if 

the z >0.3 excess starburst population is removed; the lack of lower-luminosity 

data points means that the fit is not at all strongly constrained, especially the 

value of a. What we illustrate in Figure 10 is that our data are consistent with the 

hypothesis that the fading-burst picture can account for much of the evolution in 

the blue galaxy luminosity function. A firm conclusion can only be drawn when 

additional data for galaxies at fainter absolute magnitudes become available. 

F.7. Conclusions 

We have shown that an optical multicolor survey of field galaxies, such as the Deep 

Multicolor Survey, can be a very powerful tool for studying galaxy evolution. Such a 

survey offers concrete advantages over siu^eys with only one or two passbands: the 

two most relevant in this work are our decreased dependence on K-corrections for 

accurate absolute magnitude determinations, and the additional leverage we obtain 

from examining the spectral energy distributions of each galaxy. In addition, while 

there is ultimately no substitute for secure spectroscopic redshifts, we can extract 

almost as much information about luminosity functions and evolution as a function 

of redshift as true redshift surveys by using a photometric redshift-classification 

technique such as we have, with orders of magnitude less telescope time. We have 

developed a modified version of the l/Vmax method for computing luminosity 
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functions using galaxies with photometrically determined redshifts. The method's 

systematic errors make absolute determinations of M* and a difficult; but relative 

changes in the luminosity functions are reliable, and can be used to measure 

differential evolution effectively. 

We have assembled a complete, magnitude limited sample of 560 galaxies 

with rest-frame multicolors as blue as, or bluer than, a typical Sbc galaxy. The 

low-redshift (0.02 <z< 0.15) limiinosity function for this sample has a very steep 

faint-end slope, which turns out to be exactly consistent with the measurement of 

a for Magellanic spirals and irregulars from the CfA Redshift Survey (Marzke et 

al. 1994). The implication is that our blue galaxies and those Sm-Im galaxies are 

drawn from essentially the same steep-sloped population. Whether that population 

is defined by its spectrophotometric, morphological or surface-brightness properties 

is uncertain, and merits further investigation. 

U-band number counts vs. redshift, and comparison of the luminosity function 

segments in medium-redshift (0.15 < z < 0.30) and high-redshift (0.30 < z < 0.50) 

bins, demonstrate significant evolution in the galaxy population which is clearly 

visible by z 0.3. The nature, amplitude and epoch of the evolution we observe 

are consistent with those found by the Canada-France Redshift Survey and the 

Autofib redshift survey. Using the broad wavelength coverage for each galaxy in 

our survey, we use color-magnitude diagrams and histograms in (U—B) and (U—R) 

vs. absolute magnitude to identify an excess population of apparently starbursting 

galaxies in the high-redshift bin which does not appear at lower redshift. It is 

plausible that these objects have been temporarily brightened by their global 

starbursts, and will redden and fade into obscurity by 2 ~ 0.2. These galaxies may 

be contributing significzmtly to the observed evolution of the blue galaxy luminosity 
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function at 2 0.3. If this is true, what makes the particular epoch z ~ 0.3 the 

threshold past which these starbursts are no longer produced? The answer to that 

question will contribute greatly to our understanding of field galaxy evolution. 

F.8. Appendix I 

The Deep Multicolor Survey: Galaxy Detection and 

Photometry 

A detailed description of the Deep Multicolor Survey (DMS) is given in HOGPW. 

Here, we summarize its characteristics, and describe how the galaxy sample is 

derived. 

The DMS was obtained with the Mayall 4-meter telescope at KPNO, in direct 

imaging mode at prime focus, with an engineering quality 2048x2048 Tektronix 

CCD. The survey covers 0.83 deg^ along six lines of sight at high galactic latitude. 

Each field was observed with six filters: standard Johnson UBV; a custom R filter 

calibrated to the Kron-Cousins system; and two custom I filters with Ag// = 7430 

A and 8520 A respectively, referred to hereafter as 175 and 186. Reduction and 

calibration of the images, and the establishment of the photometric system for the 

nonstandard filters, was performed as described in HOGPW. 

The assembly of the object catalog was performed in several steps. First, 

the Faint Object Classification and Analysis System (FOCAS; Valdes 1982a) was 

used to identify objects using its default ("built-in") detection filter. The detected 

objects were classified using the "resolution" task in FOCAS (Valdes 1982b) as 

star, fuzzy star, galaxy, diflFuse object, or noise, using templates generated from a 

point source function empirically determined from the CCD image. An inclusive, 
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automatically generated galaxy catalog was then assembled using all the objects 

classified as galaxies in at least three filters. In all but one of the surveyed lines of 

sight, two exposures were taken in each passband; in those cases, "resolution" had 

to classify an object as a galaxy in both exposures for it to be declared a galaxy in 

that passband. This incltisive catalog contained 9,431 objects. 

The second step was to use the IRAF package APPHOT to obtain aperture 

photometry of each object in the catalog described above. Each galaxy's flux was 

measured with concentric circular apertures ranging from 10 to 30 pixels (5".3 

to 15".9) in diameter. Instnunental magnitudes and Poisson signal-to-noise were 

measured for each aperture; the sky value was computed separately for each object 

by taking the mode of the pixel values in an annulus aroimd the aperture center, 

typically with inner diameter 32 pixels (17".0) and outer diameter 50 pixels (26".5). 

An aperture optimization technique, similar to the growth curve optimization 

method used by Yee, Green k. Stockman (1986), was then applied to each object. 

The fiinction of the object's Poisson signal-to-noise vs. aperture radius was 

examined and the optimal size was determined to be either: (1) at the 30 pixel 

diameter (15".9) limit; or (2) where the next largest aperture showed an inflection 

point, indicating an intruding object or cosmic ray, or a decrease much larger than 

expected from the addition of random sky noise. The aperture size selection was 

performed using the R-band data, the passband with the greatest depth, for each 

object; extinction and color-corrected magnitudes were then extracted with the 

same aperture size in all six passbands. 

The U-band magnitude selection limit for our blue galaxy sample was 

determined by our desire to have photometric errors of ~10% or less in all 

passbands for each galaxy. In the DMS, this meant a typical magnitude of U 
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^ 21.1 for a galaxy with surface brightness levels typical of a Magellanic spiral. 

Visual inspection of the raw number counts, presented in Figure 1, shows that 

this is over a magnitude brighter than the U-band completeness limit of UKTU ~ 

22.2; thus we are confident that such a selection limit would aJso be a complete, 

magnitude-limited sample. 

To make sure all the galaxies within our magnitude limit would be included, 

we took the subset of all the objects in the inclusive sxirvey brighter them U=21.2 

- the magnitude limit desired, plus the typical la photometric error at that limit -

and inspected them visually. Using the IMEXAM task in IRAF, we checked that 

the automatically optimized aperture for each galaxy was indeed appropriate - that 

is, inclusive of all the galaxy light within the sky-limited isophotal magnitude, and 

not inclusive of nearby objects. Objects with stars or very large (>6 contiguous 

pixels) cosmic rays within the radius of our minimum aperture size (2".6) were 

removed from the sample; these objects comprised about 5% (44 out of 953) of 

the original subsample. In cases where the aperture optimization algorithm was 

"deceived" (e.g., by a highly edge-on galaxy, or a strongly interacting system), the 

aperture size was adjusted appropriately. 

The instnunental fluxes for the visually adjusted apertures were then extracted 

from the photometry database. Smaller, visually obvious cosmic rays in or near the 

apertures that were not removed in the initial calibration and reduction of the image 

frames (see HOGPW) were removed by hand using the FIXPIX task in IRAF, 

which replaces the afiected pbcels with a value interpolated from the surrounding 

pixels. Extinction and color-corrected magnitudes were again computed. In the 

lines of sight where two frames were available for each passband, a final additional 

check was made for cosmic rays and bad pixels: if the signal-to-noise of one image 
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in a given filter was more than 150% of the other image, it was assumed that a 

cosmic ray, chip defect or other systematic error was contaminating that image, 

and the uninflated measurement was used. Otherwise, the final magnitude for 

each bandpass was computed as a signal-to-noise weighted average of the two 

measurements. Finally, all the objects with 17.0<U<21.1 were extracted. This 

subsample contains 667 objects, each of which has ~10% or better photometry in 

all six passbands. 
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FIGURE CAPTIONS 

Fig. 1 Total raw U-band galaxy number counts for the Deep Medium 

Survey. The dotted line at U=21.1 denotes the magnitude limit for the U-selected 

subsample. 

Fig. 2 U-band number counts in the U-selected subsample (dark circles). 

Also plotted are the photographic U-band number counts of Koo (1986) and Jones 

et al. (1991). 

Fig. 3 U-band number counts for the blue galaxies in the U-selected 

subsample, divided into low, medium and high-redshift bins. 

Fig. 4 Luminosity functions constructed from the probability-weighted 

luminosity distributions of the blue galaxy subsample. The parameters of the 

Schechter function fits (dashed lines) are listed for each fit. The vertical axis is in 

units of log galaxies/magnitude/Mpc~^. 

Fig. 5 Limiinosity function segments in the 0.15 < z < 0.30 (squares) 

and 0.30 < z < 0.50 (pentagons) redshift bins. The parameters of the Schechter 

function fits (dashed lines) are listed for each fit. The vertical axis is in units of 

log galaxies/magnitude/Mpc~^. Open symbols denote magnitude bins afiFected by 

incompleteness. 

Fig. 6 Absolute R magnitude vs. rest frame (U—R) color for the blue galaxy 

sample. The symbol for each galaxy denotes its location in the low (triangles), 

medium (squares) or high (circles) redshift bin. 

Fig. 7 Histograms of (U—R) vs. galaxy number for the blue galaxy sample 

in three redshift bins and five absolute R magnitude bins. Each column contains 

galaxies in the same redshift bin, while each row contains galaxies in the same 
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magnitude bin. 

Fig. 8 Same as Figure 7, but with apparent magnitude limit reduced to U < 

20.8 instead of 21.1. 

Fig. 9 Same as Figure 7, but with (U—B) colors and absolute B magnitude 

bins. 

Fig. 10 The B-band liuninosity function for the blue galaxies in the 

high-redshift bin, with all objects included (solid points) and with staxbursting 

galaxies (U—R<0.5) removed. The parameters of the Schecter function fits for each 

set of points are listed for each fit. 
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Figure F.5 
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