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Abstract - 

We have measured spectral indices for -- 2000 galaxies in the CNOCi 

redshift survey of 15 X-ray luminous clusters at 0.2 < r < 0.55. A detailed 

cornparison is made between the star formation histories of galaxies in t hese 

clusters with an identically selected sample of galaxies in the lower density 

field population, to es tablish the effects t hese clus t er environment s have on 

galaxy evolution. We find that the mean star formation rate, as determined 

from the [OII]X3727 emission line, is suppressed in all cluster galaxies, out 

to and even beyond the virial radius. The number of actively star forming 

galaxies, and the mean star format ion rate among clus t er galaxies increases 

with increasing distance from the cluster centre. This correlation is not 

completely due to the morphology- radius relation, as cluster galaxies of a 

given physical size, fiactional bulge luminosity and redshift have lower star 

formation rates than similar galaxies in the field environment. 

We find no evidence t hat the cluster environment induces star formation 

in its constituent galaxies. Galaxies wit h positive W, (OII), of any strengt h, 

are more common in the field t han t hey are in the dusters. In particular, the 

A+em galaxies, which have spectra that may reflect dust obscured starburst 

activity, make up only 6.312.1% of the field population, and are twice as 

comrnoa there as t hey are in the cluster sample. 

If star formation is terminated in a galaxy after a short starburst, the 

spectrum will show strong Balmer absorption Lines without [OH] emission; 

we find that less than -5% of ail galaxies have such a spectrum, and there 

is no evidence that they are preferentially found within the cluster sample. 

S pectrophotometric mode1 result s suggest that many of t hese galaxies may 

have had t heir star formation abruptly truncated without such a starburst . 
Alternatively, Ha observations of Abel1 2390 cluster galaxies suggest that the 
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Chapter 1 

Introduction 

1.1 Justification 

One of the most active fields in astronomy today is the study of gdaxy 

formation and evolution. Recent years have seen the cliscovery and study 

of galaxies at very hi& redshifts, z > 1 (e.g., Steidel et al. 1996a, 1996b; 

Giavalisco et al. 1996), at an epoch when they are observed soon after 

formation and probably only indirectly related to the galaxies we see around 

us today. Individual galaxies must undergo dramatic changes over their 

Metirne, if' oniy when they create their f i s t  generation of stars out of the 

primordial hydrogen gas. When and where these stars form is currently 

unknown, but clearly varies from galaxy to galaxy, as the Local universe 

is füled with galaxies with different structures, steUar populations and gas 

contents. The largest , most luminous galaxies are structurally composed of a 

disk and/or bulge component, and can be foundwith any and al1 intermediate 

bulge/disk ratios. The stellar populations in these galaxies range hom very 

old (i.e., no new stars have formed for many billions of years) to very young 
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(Le., stars are currently being created) . There are strong relations between, 

though g e a t  ranges in, galaxy luminosity, size and surface brightness (e.g. 

Kormendy 1985). Dwarf galaxies of almost arbitrarily low luminosity also 

exist, and have a wide variety of morphologies and surface brightnesses; these 

objects are of particular importance in the universe, as they may be the 

building blocks out of which larger galaxies are built (White and Rees 1978). 

It is clearly of interest to determine how such a wide variety of galaxy types 

can exist at this time, given the homogeneous nature of the gas out of which 

t hey must have formed at early times. 

Most galaxies are found in loose groups; the Niilky Way itself is one of 

two large galaxies that make up the Local Group, a bound association which 

includes - 30 low luminosity dwarfs (e.g., van den Bergh 1994), within about 

1 Mpc3 of space. Large clusters of galaxies, which contain several hundred 

galaxies of blilky Way size within the same volume, are relatively rare, but 

visudy striking regions of the universe. One of the strongest correlations 

with galaxy type (almost independent of how "type" is defined) is found 

with the environment in which it is located; i.e., whether it is in a loose 

goup, a rich cluster, or isolated. If we can understand how local, gaiaxy 

specific properties such as morphology and star formation can depend on the 

space densit y of neighbouring galaxies, we wiU learn somet hing fundament al 

about which physical processes are responsible for the evolution of galaxies. 

It is the purpose of this dissertation to investigate some aspects of these 

correlations. In this introduction, we will discuss the previous work that has 

led to the ciment understanding of how and why galaxy evolution depends on 

environment. A brief description of galaxy clusters is presented in 51.2. We 
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discuss evidence for the dependence of galaxy morphology on environment in 

91.3, and consider further correlations with star formation rates in 51.4. The 

evolution of these correlations with time provides usefd constraints on the 

mechanisms responsible for the observed diversity of galaxies; observational 

evidence for such evolution is presented in 51.3. Important dues on the 

history of galaxy populations may be present in a rare class of galaxy which 

may have only recently ceased strong star formation activity; this galaxy 

type is discussed in 51.6. The objectives of this dissertation. and the data 

on which it is based, are introduced in 51.7. F indy,  the structure of the 

remainder of this document is outlined in 51.8. 

1.2 Galaxy Clusters 

A srnail fraction ( - 5%) of the total number of galaxies in the universe are 

found in rich clusters of galaxies; the high surface density of bright galaxies 

in these clusters d o w s  them to stand out markedly in surveys, and to be 

observable out to large distances. Because of this ability to study clusters 

over large redshift ranges, they have long been considered useful tools for 

the study of the cosmological parameters and large scale structure of the 

universe (e.g., Hubble 1936; Zwicky 1938; Henry and Arnaud 1991; Lauer 

and Postman 1994; Eke et al. 1996; Carlberg et al. 1996; Hudson et al. 

1999). 

Abell (1958) constructed the h s t  large catalogue of clusters, by identify- 

ing concentrations of galaxies on the Palomar Sky Survey plates. He classified 

these clusters according to their "richness", a classification which is still in 
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wide use today. Richness class is assigned by counting the number of galaxies 

which are not more than 2 magnitudes fainter than the third brightest clus- 

ter member, within an arbitrarily chosen radius of 1 h-' Mpc. This integer 

classification ranges fiom O (30-49 galaxies) to 5 (more than 300 galaxies). 

Velocity dispersions of the richest clusters are typicdy - 1000 krn/s, which 

imply mass-to-light ratios of several hundred (e.g., Carlberg et al. 1996); in 

fact, this type of analysis provided the first observational evidence for large 

amounts of unseen matter in the universe (Zwicky 1933). 

Galaxy clusters are U e d  with hot (-- 10' K )  gas which emits strong 

X-ray radiation. This allows for easy and uniform selection of clusters, in- 

dependent of projection effects, which is important for the study of the evo- 

lution of cluster abundances (e.g., Abramopoulos and Ku 1983; Gioia et al. 

1990; Kaiser 1991; Ebeling et al. 1997; Nichol et al. 1997; Eke et al. 1998). 

Furthermore, measurements of the gas temperature and luminosity profiles 

provide a nearly direct probe of the total cluster potential, as weU as its 

shape, and confkm the very high mass-to-light ratios (e.g., Cavaliere and 

Fusco-Femiano 1976; B a h c d  and Sarazin 1977; Fujita and Takahara 1999; 

Lewis et al. 1999). These mass determinations are somewhat complicated 

by the fact that an early injection of energy into the gas provides it with a 

minimum entropy such that the temperature is no longer a direct reflection 

of the gavitational potential (e.g., Ponman et al. 1999; Balogh et al. 1999a). 

Galaxy clust ers provide an excellent laboratory for studying the distribu- 

tion of galaxy properties, in particular the morphoiogy-dependent luminosity 

function (e.g., Trentham 1997; Smith et al. 1997; Phillipps et al. 1998), as 

the relative properties of galaxies within a cluster can be determined without 
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a knowledge of their individual distances, since the distance to a cluster is 

generally much larger than the distance between its constituent galaxies. 

1.3 The Dependence of Galaxy Morphology 
on Environment 

Even before it was recognised that many of the diffuse nebulae observed in 

the skies are external to the Milky Way, it was known that their morpholo- 

gies Vary with environment. Curtis (1918) observed 304 s m d ,  diffuse and 

feat ureless nebulae in the Coma cluster which looked quite different from 

the spiral-shaped nebulae observed elsewhere. However, he incorrectly at- 

tnbuted these observations to an inability to resolve spiral structure in such 

s m d  objects; it was later recognised that rich clusters of galaxies are in fact 

dominated by early type galaxies (particularly SO and dwarf spheroidals) , 
while spiral galaxies dominate the low-density field, (e.g., Hubble and Hu- 

mason 1931; Spitzer and Baade 1951; Morgan 1961; Abell 1965). 

Spitzer and Baade (1951) appeer to be the first authors to suggest that 

the collision of two spiral galaxies will result in a galaxy which looks, morpho- 

logicdy, like an SO. At the time, it was thought that the velocity dispersions 

of clusters were low enough to allow efficient galaxy merging and, hence, the 

destruction of spirals in this manner could explain the relative overabundance 

of SO galaxies in clusters. However, revision of the extragalactic distance scale 

resdted in the discarding of this theory, as typical cluster galaxy velocities 

are a c t u d y  on the order of - 1000 km/s, much too high for effective merg- 

ing to occur. However, the numerical simulation work of Moore et al. (1996, 
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1998) showed that complete merging rnay not be necessary to effect morpho- 

logical change. Cluster galaxies will undergo many high velocity encounters 

with ot her galaxies in their lifetirne, and Moore et al. found that these en- 

counters alone, though not resulting in a merger product, rnay transform a 

spiral galaxy into the dwarf spheroidal type commonly found in clusters. 

The constituent galaxy population depends strongly on the cluster type, 

as first effectively shown in the study of Oemler (1974). In this survey of 

fifteen rich galaxy clust ers, he showed t hat the most centrally concentrated 

clusters (which contain a central CD galaxy) are rich in ellipticals and strongly 

deficient in spirals within the core (also noted by Abeu, 1965). On the other 

hand, less concentrat ed, irregular clusters have a large fraction of spiral galax- 

ies, though it is still not as large as the fraction found in the low density field. 

Oemler interpreted this as a reflection of the different dynamic states of the 

clusters, as first detailed in Gunn and Gott (1972): the irregularly shaped, 

loosely concentrated clusters have not yet collapsed, while the CD clusters 

have. In this case, Oemler speculated that spiral galaxies are transformed 

into EjSO types d ~ n n g  the cluster collapse. The most likely mechanism for 

dect ing this change seemed to be the expulsion of the cold gas found in the 

disks of spiral galaxies, by the ram-pressure exerted by the hot, M u s e  intra- 

cluster medium (ICM, Gott and Gunn 1972; Fujita and Nagashima 1999), 

even though the existence of this medium would not be confirmed for two 

more years (Scheepmaker et al. 1976; Mitchell et al. 1976). From a sample 

of six concentrated, X-ray luminous clusters, in which ram-pressure forces 

might be the most effective, Melnick and Sargent (1977) found that the pro- 

portion of SO galaxies relative to spiral galaxies increases toward the cluster 
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centre (where the gas density is highest), and correlates with cluster velocity 

dispersion in the sense that clusters with the largest velocity dispersion (the 

most massive) have the largest SO/Spiral ratio. If' ram-pressure is able to 

eficiently remove the gas from spiral galaxies, the lack of stellar fuel may 

d o w  the gdaxy to evolve into an SO morphology, with a smooth, faint disk 

in which there is no ongoing star formation. The anaemic spirals observed 

in the Virgo cluster (van den Bergh 1960, 1991) may be the result of such 

stripping; also, recent H a  images of spiral galaxies in the Virgo cluster show 

strong signs that gas is being stripped from the disk (Veilleux et al. 1999; 

Kenney and Koopmann 1999). For ram-pressure stripping to be effective, 

however, galaxies must encounter the hot gas in a nearly face-on orientation 

and a t  a high relative velocity. Alternatively, Nulsen (1982) showed that 

other types of galaxy-gas interactions (such as viscous stripping, thermal 

conduction and turbulence effects) may be even more effective at removing 

disk gas at lower velocities, independently of orientation. 

A third explanation for the observed morphological segregation was pro- 

posed by Larson, Tinsley and Caldwell (1980). The star formation rates 

(SFRs) in normal, field spiral galaxies like the Milky Way are sufficiently 

high that the gakxies will deplete their entire gas supply in about 1-2 Gyr 

(e-g., Gallagher et al. 1989). There must therefore be some method for "re- 

fueiling" the disk, if we are not to consider ourselves to be in a special epoch 

where star formation is dying out. Larson et al. proposed that the disk gas 

is replenished by infaIl from gas in a large, diffuse envelope surroundhg the 

galaxy. Recently, Blitz et al. (1999) argue that the numerous high veloc- 

ity clouds of HI are Local Group objects, and the primeval building blocks 
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of galaxies. Their simulations suggest that clouds like these will have been 

accreted by the Milky Way over its lifetime, a t  a rate of about 1 MOyr-L, 

enough to keep star formation active in the disk over the Galaxy's lifetime. 

The numerical simulations of Larson et al. (1980) showed that it is very easy 

to strip away this loosely bound gas during cluster collapse; thus, cluster 

spirals can be expected to exhaust their gas supply shortly after cluster for- 

mation, after which the dis k will fade, and transform the galaxy morp hology 

into that of an SO galaxy. 

If spiral gdaxies are indeed destroyed during cluster collapse, then the 

global cluster morphology (if it is indicative of dynamical state) should be 

the best determinant of the  morphological composition of its galaxy popu- 

lation. However, Dressler (1980) showed that the fraction of galaxies of a 

given morphological type (E, SO or Spiral) correlates verj  well with the local 

galaxy density (defined as the background-corrected surface density within 

an area containing the 10 nearest neighbours of each galaxy). He found in 

particular that, over a large range in density, the fraction of spiral galaxies 

decreases with increasing density, and that this is almost exactly matched 

by a corresp~nding increase in the fraction of SO galaxies. Elliptical galaxies, 

on the other hand, only become important in the regions of highest density. 

Perhaps the most important result of this work is the discovery that the cor- 

relation is universal, in the sense that it holds for irregular clusters as well 

as concentrated clusters; it was subsequently also shown to hold in the less 

massive group environment, which can actually cover a similar range in local 

densities (Bhavsar 1981; Postman and Geller 1984). However, Dressler also 

found that the absolute bulge sires and the b u l g e - t d s k  ratios of SO gdaxies 
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are systematically larger than the corresponding properties of spiral galax- 

ies, at al local densities. Furthermore, ram-pressure forces should not play 

a role in the diffuse, irregular clusters or groups, since the ICM is less dense 

and galaxy velocities tend t O be lower; t herefore Dressler concluded t hat 

ram pressure stripping is probably not the only cause of the morphology- 

density relation. He suggested instead t hat disk formation, which is t hought 

to occur slowly over long timescales, might be strongly inhibited in dense 

environments, so that spiral galaxies rarely, if ever, a c t u d y  form in these 

regions of the universe. In this case, the morphological composition of a 

cluster is due ro conditions at the time of galaxy formation, rather than to 

evolut ionary effect s which take place later. 

More recent, Hubble Space Telescopr (HST) based observations of clusters 

at z z 0.5 have shown that these objects are strongly deficient in the SO 

galaxies that dominate local clusters; from this, it was concluded that at  l e s t  

6aI.f' of the SO galaxies in local clusters are probably the remnants of stripped 

spiral galaxies (Dressler et al. 1997). Furthermore, this study revealed a 

strong difference in the morphology-density relation as a function of cluster 

type; unlike their low redshift counterparts, kegular clusters at  r = 0.5 do 

not show a strong correlation of galaxy type with local density. This suggests 

t hat the mechanisms responsible for producing the morphological segregation 

may operate with different effectiveness in different types of clusters (c.f. 

Kauffmann 1995). 

A number of objections have been raised against Dressler 's suggestion 

that the rnorphology-density relation is universal (Giovanelli and Haynes 

1985; Salvador-Soleé et al. 1989; Sanromà and Salvador-Soleé 1990). In par- 
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ticular, Whitrnore and Gilmore (1991) and Whitmore et al. (1993) showed, 

using Dressler's data sample, that a better correlation could be found be- 

tween morphology and radius, where the radius is taken to be the distance 

hom either the X-ray centre or the brightest cluster galaxy (BCG), instead 

of the centroid of the gdaxy distribution. In particular, within the central 

0.2 Mpc, the surface density of spirals drops precipitously; this led Whitmore 

et al. to suggest t hat the central regions of clusters have a particularly strong 

effect on galaxy morphology. This issue has been re-addressed in Dressler 

et al. (1997), who explicitly show that the correlation between morphoiogy 

and radius is weak for irregular clusters; however, these authors stiU take 

the centroid of the galaxy distribution as their choice of centre and, chus, do 

not appropriately consider the main source of discrepancy as suggested by 

Whitmore et al. (1993). 

Whitmore et al. proposed a galaxy evolution model in which the fwst 

galaxies to form are the ellipticals, and that their formation occurs before 

the epoch of cluster collapse. This is consistent with recsnt analysis of the 

colour-magnitude relation of ellipticals in clusters, which show t hat t hese 

galaxies formed at least 5 Gyr ago, and have only evolved passively since 

(e.g., Ellis et al. 1997; Bower et al. 1998; Barger et al. 1998). SO and spird 

galaxies, on the other hand, form after cluster collapse (and the more massive 

SOS form before the spirals). If? during cluster collapse, all proto-galactic gas 

clouds are destroyed, then spirals would be rare within clusters, and the gas 

out of which they would have formed would contribute to the K M .  Like in 

Dressler 's ( 1980) model, spiral galaxies are not transformed into SO galaxies, 

so the discrepancy between their bulge sises is no longer a problem. However, 
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there are other problems with this model, of which one of the most important 

is that the ICM is known to be metal-rich (e.g. Mitchell et al. 1976; David 

et al. 1991; Arnaud et al. 1992; Mushotzky et al. 1996; Markevitch et al. 

1998), whereas Whitmore et al. propose that most of this gas cornes h m  

the destruction of proto-galactic clouds, in which no star formation has yet 

occured. 

1.4 Star Formation 

Since the hottest, most massive stars have very short Lifetimes (5 20 Myr), 

their presence in a galaxy indicates that formation of new stars must be 

occuring at the epoch of observation; from their abundance, then, the star 

formation rate of massive stars can be determined. These stars emit much 

of their light in the ultraviolet spectrum, at wavelengths shorter than that of 

Lya; this Light is readily absorbed and reemitted by the surrounding gas out 

of which tbey must have formed; this process will produce an unmistakable 

signature of Balmer emission lines in the galaxy spectrum. The flux in these 

lines can then be related to a total star formation rate (e.g., Osterbrock 

1989). The most serious complication is that the emission line flux arises 

from only the most massive stars and, thus, some form of the initial mass 

function (IMF) must be assumed before the total star formation rate can be 

determined; Kennicutt (1983) and Gdagher et al. (1989) have shown that 

the form of the IMF can be constrained to something similar to a Salpeter 

(1955) function, from the broad band galaxy colours, which are sensitive to 

the longer term star formation history of the galaxy. 
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Kennicutt (1992a) showed that the Ha  emission line is the best spectro- 

scopie indicator of star formation; however, this line is redshifted out of the 

visual band at moderate redshifts, z 2 0.5. In this same work, Kennicutt 

showed that the [0111X3727 emission line is the blue feature which best cor- 

relates with Ho, and is thus useful for measuring SFRs in redshift surveys 

(e.g., Lin et al. 1996; Lilly et al. 1998; Hogg et al. 1998). 

From the Ha  emission lines in local galaxy spectra, Kennicutt (1992a) 

and Kennicutt et al. (1994) have determined star formation rates for a large 

sample of local galaxies. They found a strong correlation of SFR with galaxy 

morphology, in the sense that spiral galaxies show large amounts of star 

formation, mostly within the disk and spiral arms, whereas elliptical galaxies 

show little or no star formation. In particular, Kennicutt et al. (1994) showed 

that SFR is predominantly a property of galactic disks, and is insensitive to 

dis k / bulge morphology. 

Early observations by Osterbrock (1960) and Gisler (1978), for exam- 

ple, showed that emission line galaxies are less common in clusters than in 

the field, which demonstrates t hat morphology, star formation and global 

environment are all somehow interrelated. This provokes several questions; 

in particular, which has the dominant influence on a galaxy's SFR - mor- 

phology or environment? Pressing this further, do changes in environment 

influence star formation rates, morphology, or both? Do changes in star for- 

mation rate influence morphology? Dressler et al. (1985b) showed that the 

deficit of emission h e  galaxies in clusters could not be entirely accounted for 

by the difference in morphological composition relative to the field; this was 

confirmed by Koopmann and Kenney (1998), who showed that spiral galaxies 
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in the VKgo cluster have reduced star formation relative to similar galaxies 

in the field. However, h m  Ha  images taken of eight nearby Abell clusters, 

Moss and Whittle (1993) concluded that, although this is true for late-type 

spirals (Sc and Sc-In), Sa and Sab spirals can a c t u d y  show enhanced star 

formation in clusters. Finaiiy, it has been established t hat galaxies in clust ers 

contain less HI gas (as determined from 21 cm radio observations) than their 

field counterparts (e.g. B a h c d  1977; Giovanelli and Haynes 1985; White 

and Sarazin 1991). Thus, it seems clear that morphology is not the sole de- 

terminant of a galaxy's gas content and star formation properties. However, 

it is unlikely that the evolution of morphological and star formation prop- 

ert ies are complet ely unrelated; for example, t ermincrting star format ion in 

a spiral galaxy may lead to subsequent morphological evolution (as deter- 

mined by the light distribution) due to the surface brightness fading which 

will  inevitably follow (e.g., Bothun and Gregg 1990; Abraham et al. 1996). 

1.5 The but cher-Oemler Effect 

The fvst strong evidence for the evolution of cluster properties wit h time was 

found by Butcher and Oemler (1978a). They compared two-colour photom- 

etry of two rich, high concentration clusters at z=0.39 (Cl 0024+1654) and 

z=0.46 (Cl 3C295) with similar observations of local clusters (Butcher and 

Oemler 1978b), and found that the fraction of blue galaxies in the higher 

reds hift clust ers was significantly larger t han the fraction in local clust ers. 

Since larger redshifts are associated wit h longer lookback times, t his im- 

plies strong evolution in the star formation properties (which affect galaxy 
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colour) over about 6 Gyr. Butcher and Oemler pointed out that it was not 

clear whether this evolution was restricted to rich clusters, or a reflection 

of galaxy evolution in the universe as a whole; this question is still largely 

unresolved, 

The most serious problem with photometric studies like that of Butcher 

and Oemler is one of background subtraction, which must be done statisti- 

cally from observations of nearby fields. Since non-cluster members will tend 

to look bluer than the red sequence formed by elliptical cluster members, due 

to the redshift effect, incorrect field subtraction could lead to anomalously 

high blue galaxy fractions. In hc t ,  Mathieu and Spinrad (1981) and Dressler 

and Gunn (1982) showed that the cluster 3C295 was contaminated by a 

foregound cluster which, when accounted for, reduced the fraction of blue 

cluster galaxies to local levels. However, the high blue galaxy fraction was 

confirmed (though reduced in significance) in Cl 0024 (Dressler and Gunn, 

1982). The issue was f indy decided in a more careful study of 33 clusters, 

where a strong increase in t be fraction of blue galaxies with redshift (out 

to r = 0.5) was observed (Butcher and Oemler 1984). The scatter in this 

relation is large, and there are examples of high redshift clusters with very 

low blue galaxy fractions, most notably cluster Cl 0016+16 at z = 0.54 (see 

also Koo 1981). The strongest evidence of evolution is the appearance of 

concentrated clusters at  t z 0.2 in which 20% of the galaxies are blue; such 

a large fraction is not seen in any local, concentrated cluster. Rakos and 

Schombert (1995) showed that the increase in blue galaxy fraction extends 

out to z - 1 and is, perhaps, even steeper than determined from the original 

Butcher and Oemler study. In particula~, t heir data show no clusters beyond 
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z > 0.4 wit h blue fiactions less than 30%. However, t heir clusters are selected 

from the sample of Gunn et. al (1986), and not in any way selected based on 

central concentration. In the original Butcher and Oemler (1978b) study, it 

was clearly shown that up to 50% of the galaxies in many local clusters may 

be blue; it is only the most centrdy concentrated, CD clusters that have low 

fractions of blue galaxies. Furthermore, it is likely that the type of cluster 

selected in the Gunn et al. (1986) survey varies strongly with redshift (Le., 

it is more difficult to find loose, poor clusters at higher redshifts); thus, it is 

not clear that the same types of clusters are being compared at ail redshifts. 

Motivated by the appearance of these blue galaxies at moderate redshifts, 

Dressler and Gunn (1983) suggested that, instead of stripping the gas from 

the disk, interaction with the ICM might "shock or squeeze" the interstellar 

medium into forrning many stars in a short period of time. Thus, in this 

interpretation, galaxies observed at high redshift are undergoing short star- 

bursts which will shortly cease, and following which the galaxies wiU evolve 

without further star formation to the present epoch. As the disks fade and 

stars age, the clusters quickly grow to be dorninated by red galaxies, as ob- 

served locally. A theoretical mode1 in support of this was constructed by 

Gavazzi and JaEe (1987); Byrd and Valtonen (1990) and Fujita (1998) later 

showed that interactions with the cluster tidal field could be even more effec- 

tive at  triggering nuclear and disk star formation activity. An intense burst 

of star formation might be able to consume al3 of the cold disk gas; thus, the 

net effect, following termination of the starburst, may be quite analagous to 

that of gas stripping. 

More recently, images taken with the HST (Dressler et al. 1994; Couch 
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et al. 1994, 1998) have shown that, though there appears to be a higher 

incidence of disturbed and (apparently) 

seen locally, most of the blue galaxies in 

spirals or irregular galaxies with normal 

or absent in local, concentrated clusters 

interactinglmerging gakxies t han 

moderat e redshift clust ers are late 

star formation rates, that are rare 

[see also Rakos et al. 1997). This 

suggests that these blue galaxies (which have negligible spheroid components) 

will not evolve into the large-bdge SO gaiaxies which dominate clusters at 

low redshift. It has been suggested that they are bursting dwarf's (Koo et 

al. 1997) or low-surface brightness (LSB) galaxies (Rakos and Schombert 

1995, Rakos et al. 1997) that fade to become either dwarf spheroidals or 

LSB galaxies below local detection limits, respectively. 

It is clearly of importance to determine whether or not the Butcher- 

Oemler effect is characteristic of rich clusters, or is independent of environ- 

ment. In particular, redshift surveys of the field (e.g. Broadhurst et al. 

1988; Lay et al. 1995; Cowie et al. 1996, 1999) suggest that the fraction of 

blue, star forming galaxies, as well as the mean star formation rate, increases 

strongly with redshift, an effect that might be analagous to the Butcher- 

Oemler effect ohserved in clusters. On the other hand, Allington-Smith et 

al. (1993) found that the poorest galaxy groups found around radio galaxies 

are not significantly bluer a t  z = 0.4 than they are locally. More recently, 

Smail et al. (1998) presented a deep CCD survey of 10 high X-ray luminous 

clusters at 0.22 < z < 0.28, and did not find a large population of star form- 

ing galaxies in the cores of these clusters. Both of these observations suggest 

that, a t  least, the strength of the Butcher-Oemler effect may be dependent 

on the type of cluster being considered (c.f. Kauffmann 1995). 
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Before the above, often discrepant, results can be correctly interpreted, 

the connection between high and low redshift clusters must be determined. 

In particular, selection effects can be responsible for generating samples in 

which the highest redshift clusters a i s e  from larger density fluctuations t han 

the lower redshift clusters. Clusters of different mass have different merger 

histories (e.g. KaufFmann 1995) and, thus, if the mass function is not equaily 

sampled at aU redshifts, the interpretation of correlations with redshift as 

evolutionary effects rnay be incorrect. Recently, Andreon and Ettori (1999) 

have shown that the higher redshift Butcher-Oemler clusters are more X-ray 

luminous than the low redshift clusters. Since fair samples show either no 

evolution, or even negative evolution in the X-ray luminosity function (e.g. 

Henry et al. 1992; Collins et al. 1997; Vikhlinin et al. 1998; Rosati et al. 

1998), this confirms that the two sets of clusters may not be evolutionarily 

linked in a direct way. 

1.6 Evidence for Young S t ellar Populations 

Since (and prior to) the confirmation of the Butcher-Oemler effect in 1984, 

concentration has focussed on the nature of the blue galaxies. The ground- 

work for this was laid by Dressler and Gunn (1983) who showed that, of the 

six confirmed blue member galaxies of 3C295, three possibly contain active 

galactic nuclei (AGNs; one Seyfert 1 and two Seyfert 2 4 ,  which are rare in 

local clusters (though Koo et al. (1997) show that Dressler's criteria for se- 

lecting AGNs are generally unsuccessful). The remaining three blue cluster 

members have no emission Lines, but very strong Balmer absorption lines 
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lar emission contributions from massive stars dominate the spectrurn; thus, 

galaxies of any colour with emission lines and strong W,( H6) lines are also 

considered unusual. The important types are: 

a K+A Gdaxy: This is an HDS galaxy of any colour, but with no 

detectable nebular emission Lines. This implies the presence of recent 

star formation, which gives rise to a dominant A-star population, but 

without any current star formation, which would result in OB stars 

and, hence, strong emission lines. 

Post-Starburst (PSB): These are the bluest K + A  galaxies, with the 

strongest W,(H6), as originaily identified by Dressler and Gunn (1983). 

Alt hough the absence of OB-stars requires only t hat star formation has 

recently terminated, models show that the blue galaxies with W,(HG)X 

7A must have undergone a strong, short-lived starburst just prior to 

the termination of star formation. 

a Post-Star Formation (PSI?): First identified by Couch and Sharples 

(1987), these are red K+A galaxies. Although these galaxies require 

star formation to have terminated recently, the activity need not have 

occurred via a strong, short-lived starburst (e.g. Newberry et al. 1990; 

Abraham et al. 1996; Morris et al. 1998). The PSF galaxies with the 

strongest W,(H6)2 SA, present in the data of Couch and Sharples (see 

§1.6.2), have not been successfdy matched by any reasonable mode1 

of star formation history. 



O Afem Galaxies: This classification applies to the HD S galaxies wit h 

emission lines. Although t hese galaxies have shown up in most previous 

studies, t hey are not easily explained. Strong [OII] emission lines alone 

imply that the H6 absorption strength should be greatly reduced by 

emission-filling (e.g. Barbaro and Poggianti 1997). Secondly, a popu- 

lation of OB-stars must be present to give rise to the emission lines, 

and the high intrinsic luminosity and low intrinsic W,(HS) strength of 

these stars should further reduce the global W,(HS)  value. Poggianti 

et al. (1999) have recently suggested that the most massive stars may 

be strongly obscured by the dense dust clouds in which they are embed- 

ded, which reduces both their emission line and continuum flux. The 

A stars, on the other hand, iive long enough to migrate out of these 

dusty environments, and their light can dominate the galaxy spectrum. 

In t his scenario, A+em galaxies are currently undergoing massive star 

formation, but the light frorn the most massive stars is strongly sup- 

pressed. 

Since the original Dressler and Gunn (1983) discovery, HDS galaxies have 

been found both locally (Caldwell et al. 1993; Zabludoff et al. 1996) and 

at rnoderate redshifts (e.g., Sharples et al. 1985; Lavery and Henry 1986; 

Couch and Sharples 1987; MacLaren et al. 1988; Broadhurst et al. 1988; 

Fabricant et al. 1991; Fisher et al. 1998; Dressler et al. 1999), in both cluster 

and field environments. However, the only large, statistically representative 

survey used to address this problem was the LCRS, at  z .- 0.1, analysed 

by Zabludoff et al. (1996). Furthemore, galaxies have been classified in 
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an inconsistent manner, due to a wide variety of data type and quality. 

Thus, it is still unclear what the true abundance of these galaxies is, and 

in what environments they are most iikely to be found. As these galaxies 

may be in caught in a short-lived transition state between galaxy types, it 

is important to determine where they are preferentially found, and what 

possible mechanisms may give rise to their appearance. 

1.6.2 Starbursts or Truncated Star Formation? 

Couch and Sharples (1987) obtained spectra for 152 galaxies in the fields of 

three rich clusters at z - 0.31. These data show that galaxies with "abnor- 

m d y "  high Balmer absorption lines have a large range of colour, including 

the bluest and the reddest galaxies. Using the spectrophotometric models 

of Bruaual (1981), they constructed models of galaxy evolution for different 

star formation histories. In particular , t hey showed t hat the larges t values 

of W,,(H&) were obtained in model galaxies shortly after a brief (- 1 Gyr) 

episode of star formation, in which a significant fraction (2 30%) of the 

galaxy's mass is converted into stars. After the end of the starburst, these 

galaxies remain fairly blue (similar to normal spirals) for a few hundred Myr, 

and gradually redden while Wo(H6) decreases with time. 

Couch and Sharples claim that all of their HDS galaxies are matched by 

the model in which a short, strong burst of star formation has just ended. 

However, none of their models match the reddest galaxies with W0(H6)> 3A. 

Secondly, they d e  out models in which star formation is truncated without 

a starburst, as these do not reach W,(HJ)> 7A. However, their Io uncer- 

tainties on W0(H6) are about 1.5-2 A, and some of the strongest absorption 
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line measurements may simply be a reflection of these uncertainties. Even if 

the errors are ignored, it is only a s m d  number of galaxies that require an 

initial burst of star formation to explain their Line indices. 

The Couch and Sharples data were modelled in more detail by Barger et 

ai. (1996), who attempted to reconcile the number of galaxies in each of five 

regions wi t hin the W, ( H6)-colour plane wi t h a single star formation history. 

They used the GISSEL (Brusual and Charlot 1993) models to construct mock 

galaxy populations for different histories, and compared their spectral index 

and colour distributions with the data. Barger et al. concluded that the 

data were consistent with a model in which about 30% of the cluster galaxies 

have undergone a strong starburst (lasting about 0.1 Gyr) in the past 2 G y .  

They admit that this mode1 is not unique but do not explicitly show that 

a model of truncated star formation cannot also match the observations. 

F indy,  Poggianti and Barbaro (1996) also daim that only thek starburst 

models can match the Couch and Sharples data, though this is perplexing, as 

their models ail have W,(H6)< 5A and do not match most of the data with 

the strongest H6 lines. It is likely t hat the model W, ( H6) measurements are 

made with an index definition that differs from that used to analyse the data 

and, thus, it is not clear t hat t heir conclusions are as strong as they suggest . 
A strong challenge to the starburst scenario described above was pre- 

sented by a detailed analysis of the radial gradients in the Abell cluster 

A2390 (Abraham et al. 1996), as part of the f i s t  Canadian Network for 

Observational Cosmology (CNOC1) redshift survey. They showed that the 

radial gradients in galaxy colour, morphology (central concentration) and 

the fraction of HDS galaxies were ail consistent with an age gradient, in the 
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sense that the last episode of star formation occurred more recently for the 

galaxies fart hest from the centre of the cluster. No evidence for excess [OII] 

emission arnong cluster galaxies was observed, relative to the field, and t hey 

found that the distribution of HDS galaxies could be modeiled wit h a simple 

truncation of star formation; that is, the blue galaxies are an infalling field 

galaxy population in which star formation is abruptly quenched. This would 

cause the disks to fade by about 1 magnitude after 1 Gyr, increasing the 

bulge-to-disk ratio by more than a factor of two. In this case, galaxies need 

not undergo a starburst; however, if' st arburst act ivity is episodic, or obscured 

by substantial dust reddening (which Abraham et al. rule out based on the 

fact that only 2-3 of the cluster members are detected in the radio band), 

galaxies undergoing such a phase would be rare and difficult to detect. 

1.7 Goals 

The nature of galaxy evolution in clusters is still very much uncertain. Two 

facts, however, seem reasonably secure. First , there does appear to be a 

strong increase in the mean star formation rate with redshift, in both cluster 

and field galaxy populations. Secondly, if clusters are largely built up of 

infa.iling field galaxies, as seems likeiy, than the large merence in galaxy 

morphologies and stellar populations between these two environments at the 

present time requires a strong mechanism to drive differential evolution. To 

what extent can we relate these two effects to each other? The answer to 

this question will tell a great deal about what physical rnechanisms dominate 

galaxy evolut ion. 
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An important investigation which will lead to these answers is a cornpar- 

ison of the stellar populations in cluster and field galaxies in a large, statis- 

tically complete sample at moderate redshins, z 5 0.3, where the Butcher- 

Oemler effect is evident. The purpose of this dissertation is to address three 

fundamental questions from such a study: (1) How do curent galaxy star 

formation rates depend on environment and morphology at these redshifts? 

(2)  1s the Butcher-Oemler effect related to a cluster-specific evolutionary 

mechanism, or does it reflect universal phenornena? (3) To what extent can 

differential gdaxy evolution be explained by the quenching of star formation. 

without a starburst? 

The data that will be considered in Chapters 2-4 is drawn from the 

spectra taken in the CNOCl survey. The goal of this redshift survey was to 

measure the mass density of the universe by determining the mass-t O-light 

ratio of rich clusters (Carlberg et al. 1994). This requked the acquisition of 

over 2000 spectra for galaxies in 16 rich clusters, over a redshift range 0.2 to 

0.55 (Yee et al. 1996). From this analysis, a measurement of R, = 0.2 f 0.1 

was obtained (Carlberg et al. 1996, 1997a), and the m a s  and light profiles 

of the clusters were determined (Carlberg et al. 1997b, 1997~). This analysis 

requires that the differential evolution between cluster and field galaxies be 

constrained, to correct the measured mass-to-light (M/L) ratio of the cluster 

to that of the field, for the determination of no (Carlberg et al. 1997b). 

In addition to the redshifts required for the dynamical analysis which 

was the primary goal of the CNOCl survey, each galaxy spectrum contains 

information about the stellar populations which contribute to its luminos- 

ity. Irnportantly, spectra were obtained for not only cluster members, but 
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field galaxies in the foreground and background of these clusters, which are 

projected on top of them. These field galaxies are sampled in a manner 

identical to the cluster galaxies; thus the survey consists of a large sample of 

directly comparable cluster and field galaxies, in the redshift range at which 

the Butcher-Oemler effect is observed. Any differentiai effects between the 

stellar populations of cluster and field galaxies at these redshifts can then be 

observed. 

To answer the questions outlined above, we will  use the CNOCl spectra 

to compare the relative, current star formation rates among cluster galaxies 

with those of field galaxies, as a function of morphology and distance from 

the cluster centre. We also describe a more comprehensive search for mas- 

sively s t arburs ting galaxies in A2390, t o det ermine how many such galaxies 

may have been missed by the CNOCl survey. Findy,  spectrophotornetric 

models are used to determine the star formation histories (i.e., over the past 

1 Gyr) of CNOCl cluster and field galaxies, to try to distinguish between 

the starburst (e.g. Barger et al. 1996) and truncation (e.g. Abraham et al. 

1996) mechanisrns of ending star format ion activity. 

The following three chapters in this dissertation are alrnost exact reproduc- 

tions of work that has either been published by (Chapters 2 and 3) or sub- 

mitted to (Chapter 4) a refereed astronomical journal. These chapters are 

based on the CNOCl data, which was obtained and reduced by that col- 

laboration; for this reason, R. G. Carlberg, H. K. C. Yee and E. EKngson 
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are listed as ceauthors on these three papers. In addition, D. Schade pro- 

vided the morphology measurements used in Chapter 3. Chapters 2 and 3 

were published in the Astrophysical Journal Letters and, due to page length 

restrictions, some important detail was omit ted. The relevant details are 

included in Chapter 4, which is a more comprehensive analysis of the same 

data. 

FKst , we consider the relative distribution of star formation rates be- 

tween galaxies in the cluster and field environment, based on measurements 

of the [O111 equivalent width (Chapter 2, Balogh et al. 1997). I n  Chapter 

3 (Balogh et al. 1998), we consider how the dependence of SFR on mor- 

phology is affected by the global environment. A more detailed analysis of 

the spectral properties of CNOCl galaxies is presented in Chapter 4 (Balogh 

et al. 1999b). In particular we attempt to identify populations of K+A or 

post-starburst spectra, to accurately determine their abundance and envi- 

ronrnent al preference. 

The analysis of Chapters 2-4 is largely dependent on the use of [OII]X3727 

as a star formation indicator, and it is known t hat this index is sensitive to 

the presence of dust. To estimate how much star formation may be obscured 

in the CNOC i galaxies, we present measurements of the H a  emission line in 

AbeU 2390 in Chapter 5. 

Finaüy, a summary of our conclusions are presented in Chapter 6. 



Chapter 2 

The Relative Star Formation 
Rates of Cluster and Field 
Galaxies 

Introduction 

It is well established that galaxy populations Vary with the density of neigh- 

bouring galaxies (e.g., Dressler 1980; Whitmore et al. 1993); however, the 

physical mechanisms responsible for the variation are not known. It has also 

been o bserved t hat cluster galaxies have, on average, older s tellar popula- 

tions than field galaxies (e.g., Bower et al. 1990; Rose et al. 1994). Thus, 

if clus ters evolve by accreting field galaxies, star format ion in the infalling 

galaxies must be truncated prematurely, relative t O isolated field galaxies. If 

clusters are to be used to determine the mass density of the universe (e.g., 

Carlberg et al. 1996), the effect of this differential evolution between cluster 

and field galaxies on the average galaxy stellar mass must be understood. 

Star formation may be truncated following an increase in star forming 



CHAPTER 2 : Relative Star Formation Rates 28 

activity which rapidly consumes and/or expels the available gas in a galaxy. 

Several physical processes have been proposed which may have such an ef- 

fect, including shocks induced by ram pressure from the intracluster medium 

(ICM, Bothun and Dressler 1986; Gavazzi and JafKe 1987), effects of the 

cluster tidal field (Byrd and Wtonen NgO), and galaxy-gdaxy interactions 

(Barnes and Hernquist 1991; Moore et al. 1996). The increase in the fraction 

of blue, star forming cluster galaxies with redshift (BO effect, Butcher and 

Oemler 1984), has been well established, and several authors (e.g., Couch 

and Sharples 1987; Moss and Whittle 1993; Caldwell et al. 1996; Barger 

et al. 1996) have shown that there are cluster galaxies, even at low redshift, 

in which significant star formation has occurred in the last 2 Gyr. It is not 

yet clear, however, whether or not this activity is in excess relative to the 

field. 

Alternatively, star formation may be halted in infalling galaxies wit hout 

an initial increase, as suggested by the results of the analysis of colours, spec- 

tral features and morphologies of galaxies in the Abeu2390 cluster (Abraham 

et al. 1996). This rnay be achieved by interaction with the hot ICM by ram 

pressure stripping (Gott and Gunn 1972) or transport processes such as vis- 

cous stripping and thermal evaporation (Nulsen 1982). In this case, cluster 

galaxies can be treated as representative of the field at  the epoch of i d ' ,  

and the BO effect is interpreted as an increase in the infd rate of field galax- 

ies, which t hemselves show evidence of more star forming activity at higher 

redshift . 
The luminosities of Balmer emission lines in galaxy spectra are directly 

related to the ionising flwes of hot stars embedded in HI1 regions, and thus 
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can be used to determine the star formation rate (SFR) in the observed 

region of the galaxy (Kennicutt 1992a). Although H a  is the best observable 

indicator of SFR, it is redshifted out of convenient observing bands at even 

moderate redshifts. The [OII]X3727 emission line is then the feature of choice, 

as its strength is found to be correlateci wit h H a  in local samples (Kennicutt 

1992a; Guzman et al. 1997, but  see Hammer et al. 1997). It has been clearly 

shown (e.g., Dressler et al. 1985a; Hill and Oegerle 1993; Abraham et al. 

1996; Biviano et ai. 1997) that the fraction of galaxies with strong emission 

lines is much smaller in clusters than in the field, Since emission Lines are 

much more cornrnonly found in late spirals than in early type galaxies (e.g., 

Kennicutt 1992a; Biviano et al. 1997), this effect may be consistent with 

the morphology-radius relation, if' the fraction of spiral galaxies is lower in 

clusters by the amount necessary to account for the decrease in observed 

emission. However, if star formation is truncated in field galaxies falling 

into the cluster, the number of galaxies with [OII] line emission will be lower 

than expected from the morphological composition at a given cluster-centric 

radius, as the [011] feature disappears shortly after star formation ceases, 

whereas morphological change due to disk fading occurs on timescales of 

about 1 Gyr (Abraham et al. 1996). 

In this work, the dependence of (0111 iine strength on distance from the 

cluster centre is presented and compared with the field sample. In Section 

2.2 the data sample is described, selection effects are considered, and cluster 

membership and cluster-centric radius are defined. In Section 2.3 the emis- 

sion Iine properties of cluster galaxies are compared with the field sample. 

The results are interpreted in Section 2.4 by computing star formation rates 
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and comparing the fraction of emission line galaxies with the colour-radius 

relation. The conclusions are summarised in Section 2.5. Throughout this 

Letter, a cosmology of q. = 0.1 is assumed for distance dependent calcula- 

tions, which are given in terms of h = H,/100. 

2.2 Sample Select ion and Measurements 

The galaxy sample was selected from the Canadian Network for Observa- 

tion& Cosrnology (CNOC, Yee et al. 1996) spectroscopic sample of Uteen' 

rich, X-ray luminous clusters a t  moderate redshift (0.2 < 2 < 0.55). This 

sample consists of about 2500 cluster and field galaxies with determined red- 

shifts, for which selection effects are weil understood (Yee et al. 1996). 

For each spectrum the rest frarne [011]X3727 equivalent width, W, (OII), 

was automaticdy computed by summing the flux above the continuum in 

pixels between 3713 < X < 3741 A. The continuum level was estirnated by 

fitting a straight Line to the flux between 3653 < A < 3713 A and 3741 < 

X < 3801 A using weighted linear regression, with weights from the Poisson 

noise vector generated by op t imdy  extracting the spectra with IRAF2. The 

error in Wo(OII) is computed from equation A8 in Bohlin et al. (1983). An 

average Wo(OII), weighted by this error, is adopted for multiply observed 

galaxies in the sample. The  mean and median error in W,(OII) is 5 A and 3 

A, respectively, for the full sample. The accuracy of the measurements and 

errors was verified by comparing measurements made on artificial spectra 

'Omitting cluster E0906+1i, for which a velocity dispersion could not be computed 
(Carlberg et al. 1996). 

'IRAF is distnbuted by the National Opticai Astronomy Observatories which is oper- 
ated by AURA Inc. under contract with NSF. 
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which consist of a power law continuum component (f, a va.') added to the 

spectrum of M31 (making the bdge  spectrum mimic a late type spiral in the 

continuum), and a Gaussian emission line at X = 3727 A with a velocity width 

of 5A (400 km/s) FWHM. The standard deviation of WJOII) measurements 

for each set of 250-1000 spectra ai the same signal-to-noise ratio (SNR) and 

W,(OII) was found to compare well with the average error estimate. In 

addition, the difference between two independent measurements of the same 

(real) galalaxy, when available, was compared with a, the quadrature sum of 

the two error estimates. This analysis indicates that the W,(OII) errors do 

not represent a normal distribution, as only about 50% of the Merences 

between two measurements are less than lu,  and o d y  92% are less than 30. 

The quoted error estimates are still meaningful, however, so long as t hey are 

interpreted in this sense. A copy of the FORTRAN code used to measure 

W,(OiI) and its error (as well as several other indices) can be obtained From 

the h s t  author, 

The CNOC selection procedure is described in Yee et al. 1996, and is 

designed to sample the cluster galaxies to M. s - 18.5 + 5 log h with a t  least 

an 80% success rate. A magnitude weight W,, which is the ratio of the total 

number of galaxies to the number of galaxies with redshins in a magnitude 

bin centred araund the gdaxy, is calculated for each galaxy in the sample to 

correct for incompleteness. To ensure that the sample is not biased toward 

emission line objects, galaxies with W, > 5 are excluded. The remaining, 

magnitude weighted sample is complete to about M t  = - 18.5 + 5 log h; 

galaxies less luminous than this limit are excluded from the sample. 

Cluster velocity dispersion profiles of the form oZ(~) = B/ (T  + b), where 
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r is the projected radius from the cluster centre, are calculated by Carlberg, 

Yee and Ellingson (1997b), based on a volume density function of the form 

v(r)  = Air-'(r + and an anisotropy parameter P = 0.5. Galaxies 

with a velocity difference relative to the cluster mean of less than 3 4 7 9  are 

considered to be cluster members. The field sample is selected from galaxies 

with a velocity clifference greater than 6a(r ) ,  and which Lie within a filter 

dependent redshift range which minimises selection effects (Yee et al. 1996). 

The population with intermediate velocities is classified as '&nez-field", and 

may contain infalling field galaxies. These galaxies are not included in the 

present analysis to  ensure as clear a differentiation between field and cluster 

galaxies as possible. The WJOII) properties of this population are not, 

however , statisticdy different from t hose of the field. 

The cluster-centric distance R for cluster members is defined as the 

project ed distance from the bright est cluster galaxy (BCG). For field galaxies, 

R is the redshift difference from the cluster average assuming Hubble flow. 

Since the sample consists of clusters of different richness, R is normalised by 

Rzoo, the radius at which the cluster mass density is 200 times the cntical 

density3. For these clusters, Rlw is typicdy 1-1.5 h-' Mpc (Carlberg et al. 

1996). There is an apparent absence of field galaxies in the sample at 3 < 

< 20, due to the face that field galaxies at  t hat redshift, projected in 

front of and behind the cluster, have a velocity offset hom the BCG less than 

~ Q ( T )  and are hence included in the cluster sample. Limited spatial coverage 

on the sky restricts the observed projected distance of galaxies in the sample 

3The overdensity of Wiaiisation is approximately d p j p  = 178W0v6, which corresponds 
to a radias of about 1.5Rzoo for fl = 0.3. 
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to less than about 3RZo0. For statistical analysis, each galaxy is weighted by 

W, * W,,, where Wn,, is a geometrical correction to account for the fact 

that the clusters are not uniformly sampled as a function of radius. 

The restricted sample considered in this analysis consists of 727 cluster 

galaxies and 346 field galaxies, w hereas Wo ( OII ) rneasurements are aiailable 

for a total of 1169 ciuster and 783 field galaxies. The BCGs are considered 

atypical cluster members, and are excluded from ail analysis. Also, no at- 

tempt was made to identify active galactic nuclei (AGN), as the Ho and 

[O1111 A5007 Lines, w hich are common diagnostics, are usuaily redshifted out 

of the observed spectral range. 

2.3 Results 

Figure 2.1 shows the distribution of W, (011) as a function of R/Rloo, where R 

is defined in Section 2.2. The dashed line separat es the (inner ) cluster galaxies 

from the field galaxies. As expected, emission line galaxies are clearly less 

common in clusters than in the field. The weighted mean W,(OII) (and lu 

uncertainty) in the field is 11.210.3 A, compared with 3.5k0.4 A in the outer 

cluster regions (0.3 < R/Rloo < 2) and 0.3 k 0.4 A in the central regions 

(R/RZOo < 0.3). The mean error of an individual measurement, indicated 

by the sample error bar in the Figure, is 3.5 A. (Forty of the 1073 galaxies 

in the selected sample have (formal) uncertainties in Wo(OII) geater  than 

10 A and 117 have uncertainties less than 1 A). There is no evidence of a 

population of cluster galaxies with excess ernission relative to the field at any 

distance fiom the cluster centre, out to R 2RZoo. 
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Figure 2.1: W,(OII) as a function of cluster-centric distance R, for the se- 
lected subsample. The point s to the left of the dashed line are cluster galaxies, 
for which R is the projected distance from the cluster centre. T h e e  is one 
cluster galaxy, with W,(OII)=150 A, which is off the scale. The more distant 
points are field galaxies, for which R is the Hubble flow distance determined 
from the redshift difference between the galaxy and the cluster mean. The 
solid line is the weighted mean in the field and three cluster radial bins. The 
sample error bar displayed is representative of the mean lu uncertainty in 
W,(OII), 3.5 K .  
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The difference between the cumulative Wo(OH) distributions of the clus- 

ter and field is shown in the top panel of Figure 2.2. The cluster galaxies 

at  R >_ 0.3Rzoo are represented by the solid line, the inner cluster galaxies 

(R  < 0.3R200) by the long dashed line and the field galaxies by the dotted 

Line. The cluster sample shows a ciear deficiency in emission line galaKies 

relative to the field in both the inner and outer cluster regions at all line 

strengths. There is no evidence of a population of cluster galaxies with 

stronger W,(OII) than is observed in field galaxies. Since the cluster Sam- 

ple is partially contaminated by field galaxies projected on the cluster, the 

measurements of the mean Wo(OII) and SFR in the cluster are overestimates. 

2.4 Discussion 

Star formation rates (SFRs) have been calcuiated from Kennicutt's (1992a) 

relation with his adopted extinction correction of E(Ha) = 1 mag: 

where LB ILB ( O )  = 10°.4(5.48-M8) depends on the absolute B band luminosity 

of the gdwy, which must be obtained from the a d a b l e  Gunn g and r 

photometry: Mg = M, + ( g  - r ) ,  - ( g  - B)o.  Rest hame (g - r ) ,  colours 

are computed from the colour-redshift relations in Patton et al. (1997; their 

figure 7), which are fits to the colour k-corrections of Yee et al. 1996, and the 

corresponding rest kame (g - B ) ,  colour is found by linearly interpolating 

the published values in Fukugita, S himasaku and Ichikawa (1995; t heir Table 

3f). The cumulative SFR distributions for the cluster and field populations 

are shown in the bottom panel of Figure 2.2. For the inner cluster members, 
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Figure 2.2: Top panel: The cumulative distribution of W,(OII) in the inner 
cluster < 0.3, long dashed line), outer ciuster (0.3 < R/R1OO < 1, 
solid line) and field (dotted line) populations. Bottom panel: The cumulative 
distribution of star formation rates for the same t hree populations, calculated 
from the W. (011) and Kennicutt 's (1992a) relation as described in the text. 
Note that galaxies with negative W,(OII), produced by random errors about 
zero, correspond to negative SFRs; thus, the cumulative functions do not 
reach unity on this plot. 
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less than 35% have a SFR>O.Ol h - 2 M g ~ - 1 ,  whereas the median SFR in 

the field is about 0.2 h-' Mgyr-'. The SFR calculated in this rnanner is 

most usefd as an indication of the relative difference between the cluster 

and field; Guzman et al. (1997) suggest that the coefficient in equation 2.1 

may be about three times lower than is used here. 

It has been clearly shown (e.g., Couch and Sharples 1987; Moss and 

Whittle 1993; Caldwell et al. 1996; Barges et al. 1996) that a significant 

fraction of cluster galavies have undergone episodes of star formation in the 

last 2 Gyr. In particular, Barges et al. (1996) suggest that 30% have under- 

gone a 0.1 Gyr burst in the last 2 Gyr, which implies that 1.5% of cluster 

gaiaxies should be in such a state a t  any one time. There are cluster galaxies 

in the present sample with non-zero W,(OII); however, they are less corn- 

mon than in the field population. Fos example, 4.3% of field galaxies have 

Wo(OII)> 40 A, compared with only 1.4% of cluster galaxies. Thus, it seems 

unlikely t hat significant additional star formation activity in cluster galaxies 

is caused by the i n f d  process or internai tides in the cluster. The weighted 

mean Wo(OII) of the cluster galaxies with W,(OII) > 40 A is 59 A, which cor- 

responds to an increase in stellar mass of only 4% over 0.1 Gyr fiom equation 

2.1, assuming a stellar mass-telight ratio of unity. No galaxy anyw here in the 

sample is observed to have W,(OIi)> 150 A, or S FR > 4Mg Y T - ' ;  if there 

are galaxies with SFR z 30Mg YT-' as suggested by Couch and Sharples 

(1987) and Barger et ai. (1996), they may be located outside the sample, a t  

R > 2Rzoo. 

It is instructive to compare the W,(OII)-radius relation with the well 

known morphology-radius relation, to determine whether or not they are 
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Figure 2.3: The fraction of cluster galaxies with W,(OII)> 10 A as a function 
of normalised distance from the cluster centre (solzd line), compared with the 
&action that would be expected from the colour-radius relation (long-dashed 
line). The horizontal, short-dashed line is the fraction in the field galaxy 
sample. See Section 2.1 for details. 
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consis tent wit h one ano t her . Unfort unat ely, morphological classifications are 

not yet available for the full CNOC sample. For now, the colour-radius re- 

lation is considered, as galaxy morphology is expected to be correlated with 

colour. The rest frame (g - r ) ,  colours, computed as described above, are 

used to divide the sample into four classes, which correspond roughly to E, 

Sbc, Scd and Im morphological types, as in Patton et al. (1997). The fraction 

of field galaxies with W,(OII)> 10 A is 0.1210.04, 0.29k0.06, O.72f 0.13 and 

O.78kO. 17 for the E, Sbc, Scd and Im classes, respectively. From the colour- 

radius relation of the cluster sample, the fraction of cluster galaxies with 

W,(OII)> 10 A in a given radial bin is predicted; this is shown as the dashed 

line in Figure 2.3. The observed fraction is shown as the solid line; it is 

significantly lower than expected from the colour-radius relation alone, for 

R < 2RZoo. The fraction of galaxies with W,(OII) > 15 A, however, is consis- 

tent with the colour-radius relation; this may suggest that star formation is 

not truncated equally for all galaxy types, as already suggested by the results 

of Moss and Whittle (1993). 

2.5 Conclusions 

The mean W, (011) of cluster galaxies more luminous than M,! < - 18.5 + 
5 log h in the CNOC spectroscopie sample of rich clusters a t  0.2 < r < 0.55 

is 3.8 k 0.3 A, significantly less than the field galaxy mean of 11.2 k 0.3 

A. The average SFR among cluster galaxies is less than the average in the 

field out to 2R200, which implies that whatever mechanism is responsible 

for t m c a t i n g  star formation in cluster galaxies is taking place at a large 



CHAPTER 2 : Relative Star Formation Rates 40 

distance from the cluster centre. Cluster galaxies of a given colou are less 

likely to show signs of significant star formation than their counterparts in 

the field at any distance from the cluster centre. Of cluster members, 1.4% 

have W.(OII)> 40 A, with a weighted mean of 59 A, corresponding to an 

increase in steilar m a s  of less than 4% if the activity is due to a 0.1 Gyr 

burst . Many more (4.3%) field galaxies have W.(OII)> 40 A, suggesting t hat 

star formation in cluster galaxies is Likely not induced by the i n f d  process 

or interna1 tides. This supports the conclusions of Abraham et al. (1996) 

that star formation is truncated in infalling field galaxies without an initial 

increase. The BO effect in these clusters may then be due to the increased 

rate of i n f d  of bluer field galaxies at  higher redshift. 



Chapter 3 

The Morphological Dependence 
of Star Formation Rates 

3.1 Introduction 

In the hieraschicai cold da& matter mode1 of structure formation, galaxy 

clusters form by the collapse of rare, highly overdense regions of the universe 

and continudy accrete mass from the surroundhg regions as they evolve. 

The cluster population may consist of galaxies that formed long ago within 

the high density region, as well as those that formed in the less dense field 

environment and were subsequently accreted. In either case, there is am- 

ple reason to suspect that galaxies within clusters will be quite Werent 

fiom those in the field. A galaxy that forms in a high density region of the 

universe may be subjected to harassrnent and distortion from nearby pro te  

galaxies (Dressler 1980; Whitmore et al. 1993; Ghigna et al. 1998), while 

one that foms in a low density environment and is subsequently accreted 

rnay be subjected to tidal forces due to the large gravitational potential, or 

interactions with other galaxies and the intra-cluster medium (Bothun and 
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Dressler 1986; G a w z i  and Jaffe 1987; Byrd and Valtonen 1990; Barnes and 

Hernquist 1991; Mushotzky et al. 1996; Ghigna et al. 1998; Moore et al. 

1998). 

It is not surprising, then, that cluster galaxies are observed to differ 

fiom field galaxies in their morphologies, colors and star formation rates 

(e.g., Dressler 1980; Whitrnore et al. 1993; Abraham et al. 1996; Dressler 

et al. 1997; Balogh et al. 1997; Hashimoto et al. 1998; Fisher et al. 1998; 

Koopmann and Kenney 1998; Morris et al. 1998). Although it has been 

shown that the mean star formation rate (SFR) in cluster galaxies is always 

less t han in field galaxies (Balogh et al. 1997), it is important to determine 

if this remains true when the different morphological composition of the two 

populations is accounted for, since SFR is known to be strongly correlated 

wit h morphological type (e-g., Kennicu t t 1 9 9 2 ~ ~ ) .  This will distinguish be- 

tween two simple scenarios: l) the cluster environment favors galaxies of a 

certain morphological type, in terms of their sise and relative bulge and disk 

components, but the SFR of these galaxies is statistically equivalent to that 

of simiiar galaxies in the field; or, 2) the SFR of a gdaxy depends on its 

environment as well as its morphology. The results of this work will provide 

strong support for the second hypothesis. 

The plan of this paper is as follows. In 3 3.2 the data sample is de- 

fined, select ion effect s are considered, and the measurement t echniques are 

described. In 5 3.3 the emission Line properties and morphologies of cluster 

galaxies are compared with the field sample. Implications are discussed in 

5 3.4, and the conclusions are summarized in 3 3.5. A cosmology of q. = 0.1 

is assumed for distance dependent calculations, which are given in terms of 
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h = H,/100 throughout. 

3.2 Sample Selection and Measurements 

The CNOC 1 cluster samplel consists of fifteenZ X-ray luminous clusters, 

observed with MOS at CFHT, in the redshift range 0.18 < z < 0.55. Red- 

shifts were obtained for about 2500 galaxies, and observations extend as far 

out as 1-2 Rzoo in projected distance for most clusters, where Rzao is the 

radius at  which the mean interior mass density is equal to  200 times the 

critical density, and within which it is expected that the galaxies are in virial 

equilibrium (Gott and Gunn 1972; Crone et al. 1994). The observational 

strategy and details of the survey are detailed in Yee, Ellingson & Carlberg 

(1996). Cluster members are considered to be those galaxies with velocity 

differences from the brightest cluster galaxy (BCG3) less t h an  3 4 4 ,  where 

u ( r )  is the cluster velocity dispersion as a function of projected radius r, 

as detennined from the mass models of Carlberg, Yee & Ellingson (1997b). 

Field galaxies are selected to be those with velocities greater than 6 4 r ) .  

The cluster-centric distance parameter R is the projected distance From the 

cluster BCG, and will be normalized to R200, since t here is a small range in 

the mass and linear size of the clusters in this sarnple. 

The equivalent width of the [O11]X3727 emission Line, W,(OII), was au- 

'The measured parameters discussed here, as well as others and the raw data itseif, 
WU soon be available fkom the CADC data archive, 

*Omitting clustu E0906+11, for which a velocity dispersion could not be computed 
(Carlberg et al, 1996). 

lExcept for cluster MS 0451.5+0250, for which no redshih is available for the BCG. 
The velocities are measured relative ta the mean for this cluster. 
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tomatically computed by summing the observed flux above the continuum in 

pixels between 3713 < X < 3741 A. The continuum level was estimated 

by fitting a straight line to the flux between 3653 < X < 3713 A and 

3741 < X < 3801 A using weighted linear regression, with weights from 

the Poisson noise vector generated by optimdy extracting the spectra with 

IRAF4. The enor in W,(OII) is computed from equation A8 in Bohlin et 

al. (1983) and an average W,(OII), weighted by this error, is adopted for 

multiply observed galaxies in the sample. The mean and median error in 

%(OU) is 5 A and 3 A, respectively, for the fuil sample. These error esti- 

mates were found to be reasonably representative of the reproducibility of 

multiple W,(OII) measurements, as desmibed in Balogh et al. (1997). 

Morphological parameters for the Gunn r band MOS images were mea- 

sured by fitting two dimensional models of exponential disk and R114 law 

profiles to the symmetriaed components of the light distribution. as described 

in Schade et al. (1996a; 1996b). The images are symmetrized to minimize 

the effects of nearby cornpanions and asymmetric structure, and a X 2  mini- 

mization procedure is applied to the models, convolved with the image point 

spread function, to obtain best fit values of the galaxy size, surface brightness 

and fractional bulge lurninosity (bulge-to-total, or B /T ratio). Simulations 

show that the B/T rneasurements are reliable within about 20% for images 

of this quality (Schade et al. 1996b). 

The data are weighted by two factors: a magnitude weight W, which 

compensates for the fact that it is more difficult to obtain redshifts for faint 

4 ~ ~ A F  is distributed by the National Optical Astronomy Observatories which is oper- 
ated by AURA Inc. under contract with NSF. 
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galaxies, and W,*,, which corrects for non-uniform sampüng as a function 

of distance from the cluster center (Yee et al. 1996). The latter weight is 

only important when global cluster properties are considered such t hat the 

properties of galaxies at large radii are averaged together with those at s m d  

radii. Good fits to the light profiles were obtained for 1143 (712 cluster, 373 

field, 58 near-field) of the 1515 galaxies with W,,, 5 5 and errors in W,(OII) 

of less than 10 A, and these comprise the selected subsample5. The emission 

line properties and relative abundance of the galaxy population with poorly 

fit luminosity profdes are not significantly correbted with radial distance or 

cluster mernbership, and thus the exclusion of these galaxies from the sam- 

ple is unlikely to bias the results. The selected sample includes galaxies with 

absolute Gunn r magnitudes less t han about - 17.5 + 5 log h, and is cornplete 

to hl' = -18.5 + 5 log h. The absolute magnitude distribution of the cluster 

sample is not significantly different From that of field. Furthermore, the abso- 

iute magnitude distribution is similar for the low and high redshift galaxies, 

a result of the longer exposure times in the high redshift cluster images (Yee 

et al. 1996). Although a proper treatment of the redshift evolution is not the 

present focus, it is noted that there is no significant difference in the results 

of this investigation between the low and high redshift clusters in the sample. 

The sample is divided into three classes (hereafter referred to as BiT 

classes) based on the measured B/T value. The bulge dorninated class (B) 

'The BCGs are also omitted tiom the sample, as they are cIeerly non-typical cluster 
members. Only eight of the fourteen BCGs with redshîfts are well fit by the simple two 
component mode1 light profde, due to significant crowding and superposition of galaxies 
near the center of the cluster, and eight show strong emission lines, indicating very strong 
SFRs of between 1.8 and 21 h - 2 ~ a y r - 1 .  
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consists of those galaxies with BIT > O.?, the disk dominated class (D) those 

with BIT < 0.4, and intermediate galaxies are classified %tn. These classes 

should not be coafused with or forced to conform to more familiar Hubble 

types, which depend partly on star formation properties and the presence of 

spiral structure. The B/T ratio and the sizes of the disk and bulge compo- 

nents are more stable properties that reflect the true "morphology" of the 

galaxy and are less dependent on its star formation properties. However, the 

measured B/ T may somewhat underestimate the "intrinsic" (Le. representa- 

tive of the mass distribution) value in star forming galaxies, as star formation 

takes place preferentially in the disk. 

3.3 Results 

The BIT-radius relation for the cluster sample is shown in the top panel 

of Figure 3.1. The fraction of field galaxies in each B/T class is shown at 

R/R200 = 10, strictly for display purposes. The radial bin sizes are equal 

in logarithmic intervals, except for the innermost bin, which represents all 

galaxies at R < 0.16R200. The fraction of disk dominated galaxies, fD(r), 

decreases fairly steadily toward the center of the cluster, as expected, hom 

about 70% in the field to 30% in the cluster center. The radial gradients 

of the B and Int populations (fB(r), f&)) are nearly identical, and their 

proportions increase by about 15% between the outer and central cluster 

regions. 

The bottom panel of Figure 3.1 shows the mean W,(OII) for galaxies 

in each B/T class as a function of radius. The field value, again shown at 
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Disk IB 

Bulge I 
Int 5 

Figure 3.1: The top panel shows the fraction of galaxies in each B /T class as a 
funct ion of cluster-centric radius. Open squares, connected by the solid line, 
represent the D class (BIT < 0.4). The solid squares (dotted line) represent 
the B class (BIT > O.ï), and the triangles (dashed line) the Int class. The 
field d u e s  are plotted at R/R200 = 10 for display purposes only. Shown in 
the bottom panel is the weighted observed =(OII) for each class of galaxy 
as a function of radius, with the field values again plotted at R/Rmo = 10. 
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R/Rzoo = 10, for galaxies of class B, Int, and D is % ( O I I ) ~  = 5.1 k 0.6 A, 
- 
We(OII)r,t = 2.1 f 0.9 A, and K(OII)D = 15.8 f 0.3 A respectively. The 

non-zero K(011) for the B class is significant a t  the 30  level, and many 

B galaxies have quite strong emission lines (10% have W,(OII) > 14.0 A). 
Thus, signs of significant star formation are found in galaxies with little or 

no disk component, though this may partly reflect the uncertainty in BIT. 

Within the cluster the K(OII) For B and Int class galaxies is consistent with 

zero, and there is little variation with radius. The K ( O I I )  of D galaxies is 

only consistent with the field at 2R200; at s m d e r  radii it is always less than 

the field value by at least 10 A. The value of K(011) depends not only on 

the B/T parameter, but also on ~he:  environment, in the sense that it is lower 

for galaxies in clusters t han for galaxies wit h the same B/ T ratio in the field. 

The actual SFR of a galaxy is directly related to the luminosity of 

the [OII] emission line (Gdagher et al. 1989; Kennicutt 1992a; Barbaro 

and Poggianti 1997), dthough the constant of proportionaiity is somewhat 

uncertain. The relation proposed by Barbaro & Poggianti (1997) will be 

used here, but since the present concern is the relative SFR of cluster and 

field galaxies, the constant of proportionality is unimport ant . The lumi- 

nosity of the (0111 Line is calculated from the equivalent width and the 

galaxy 's rest frame B magnitude following Kennicut t 's (1992a) relation, wit h 

the suggested extinction at Ha of 1 magnitude. The mean SFR for field 
- 

gdaxies in each B/T class is SFRB = 0.14 iz 0.02, SFRrnt  = 0.10 I 0.02 
- 

and SFRo = 0.52 iz 0.02, in units of h-2Moyr-L. If cluster galaxies of a 
- 

given B/T type had identical SFRJ to conesponding field galaxies, then 

the mean cluster SFR at radius r could be determined £rom the relation 
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- 
S F R ( r )  = f ~ ( + )  x SFRe + fInr(t) Y SFRrnt + fD(+) x S F R D .  This "pre- 

dicted" relation is shown as the solid line in Figure 3.2. The error bars 

displayed include both the error in the S F R  values of each BIT class, and 

the uncertainty in the population fractions in each radial bin. The observed 

S F R  is shown as the dotted line; it varies by 0.2h-24%Za~~-1 over the observed 

radial range, but for R < RIoo it is always less than the  field value (corrected 

for the BIT-radius relation) by more than 30. At 2Rzoo the cluster galax- 

ies still have lower star formation by more than a factor of two, although 

the difference is only significant at the 1.9 o level. This suggests t hat large 

changes in SFR may occur weU outside the virial radius. 

3.4 Discussion 

It was shown in Balogh et al. (Balogh et al. 1997) that, on average, clus- 

ter galaxies have less star formation t han field galaxies, and t hat t here is 

no evidence for ongoing star formation in excess of the field at any radius. 

Figures 3.1 and 3.2 show that this result cannot be accounted for by as- 

suming a universal dependence of SFR on B/T. The B/T measure, however, 

is not sufficient to characterize a galaxy's physical structure, as there is a 

large range of physical bulge and disk sizes for a given BIT. To account for 

a dependence of W,(OII) on galaxy size, cluster galaxies are compared with 

an analogous field sample in the following rnanner. For every class D cluster 

galaxy, a corresponding field galaxy is found which has a similar redshift, 

B/T, and disk scale length. Only those galaxies for which a match exists 

are considered. Thus, a cluster and matched field sample are chosen such 
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Figure 3.2: The weighted observed SFR (dotted line, open symbols) as a 
function of radius. The field value is represented as the large star at R/Rzoo = - 
10. The solid points (connected by the solid line) represent the SF R that - 
would be observed at each radius if the S F R  of galaxies in the B, Int and D 
classes was equal to its correspondhg value in the field, SF RB = 0.14 f 0.02, 
SFRInt = 0.10I0.02 and S F R o  = 0.52i0.02, in units of h-2Moyr-i. (see 
5 2.3 for details). 
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t hat the only significant difference in the selection of the two samples is the 

global environment of the galaxies. The Wo(OII) distributions of the cluster 

and matching field disk sample are shown in the top panel of Figure 3.3. A 

similar procedure is followed for the B class galaxies, where the field galaxies 

are chosen to match the cluster sample in redshift, BiT and physical bulge 

size; these distributions are shown in the bottom panel. For both B and D 

objects, the hypothesis that the cluster and field distributions of Wo (011) are 

&awn from the same population is rejected with more than 99% significance 

by a standard Kolmogorov-Smirnov test. For the B galaxies, the difference 

is due to an excess of field galaxies with weak emission lines ( W,(OII) < 10 

A)  relative to the cluster; few galaxies are seen in either the cluster or field 

wit h stronger lines. The D galaxies, on the ot her hand, show a significant 

excess of emission lines of ail strengths in the field, relative to the cluster. 

In the mean, galaxies in clusters have lower SFRs than galaxies in the field, 

independent of their B/T ratio or physical size. 

Figure 3.2 indicates that the mean star formation rate in cluster galaxies 

is still lower than that in the field around 2 Rzoo, which is approximately the 

virial radius in an 0 = 0.2 universe. If cluster galaxies have undergone strong 

bursts of star formation in the past 1-2 Gyr, as suggested by several aut hors 

(e.g., Couch and Sharples 1987; Moss and Whittle 1993; Barger et al. 1996; 

Caplan et  al. 1996; Koo et ai. 1991; Couch et al. 1998), then the elusive 

population of starbursting galaxies may be present beyond this radius. Ram 

pressure or t idd  stripping may still be viable mechanisms for reducing the 

star formation in these galaxies without a burst if they have already passed 

through the cluster center at least once, a scenario for which there is some 
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- - - -Field Bulges 

Figure 3.3: The top panel shows the WJOII) distributions for D galaxies in 
the cluster (solid Line) and a morphologically matched field sample (dashed 
line, see 3 2.4 for details). Similar distributions are shown for B galaxies 
in the bottom panel. For both B and D galaxies, the ciifFerence in Wo(OII) 
distributions between morphologically analagous clust er and field galaxies is 
significant with more than 99% confidence as determined by a standard K-S 
test. 
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support (Ghigna et al. 1998; Ramirez and de Souza 1998). 

Alternatively, the star formation properties of galaxies may have been 

altered before they became bound to the cluster. In pa r t i cda ,  Hashimoto 

et al. (1998) and Couch et al. (1998) suggest that galaxy-galaxy interac- 

tions and mergers are responsible for inducing starbursts in lower d e n s i t ~  

environments. Such interactions would be fav ared in galaxy groups, w hich 

have relatively low velocity dispersions. In the hierarchical mode1 of struc- 

ture formation, groups will merge to form clusters, and it may be that the 

reduced star formation observed arnong some cluster galaxies today is the 

result of thek previous existence in a group environment. In this case, the 

population of strongly star forming galaxies may be found in such groups, 

and not within clusters at all. 

Summary 

The result of Balogh et al. (EW), that current star formation arnong cluster 

galaxies is suppressed relative to an identically selected field sample, is not 

simply a reflection of a different morphological composition of the two popu- 

lations. Although the fraction of galaxies with a significant disk component 

decreases from about 70% in the field to 30% in the cluster center, the S F R 

of cluster galaxies is much less than can be explained by this correlation 

done, significant at more than the 30 level. Cluster galaxies have less star 

formation than field galaxies of similar physical size, fractional bulge lumi- 

nosity and redshift. Even at the virial radius, around 2 R2(10, the amount of 

star formation in cluster galaxies is less t han that in the field, which suggests 
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either that the global environment is decting galaxy star formation at or 

beyond this radius (or within a group environment), or that a significant 

number of cluster galaxies near the virial radius have already passed through 

or near the cluster interior. 



Chapter 4 

Evidence for Recent Star 
Format ion 

4.1 Introduction 

The formation and evolution histories of the galaxies t hat populate rare, 

rich clusters are currently unknown; however, it seems unlikely that a single 

history can accurately describe the whole population (e.g., Hashimoto et al. 

1998). The giant elliptical galaxies which dominate the central regions of 

rich clusters seem to have been in place for well over 5 Gyr, and have only 

evolved passively since (e.g., Ellis et al. 1997; Bower et al. 1998; Barger 

et al. 1998). The remainder of the population is dominated in numbers by 

dwarf spheroidal galaxies and in m a s  by early type galwies (E, SO, early 

spirals). There is strong t heoretical (e-g., Gott and Gunn 1972; Antonucci* 

Delogu and Colafrancesco 1994; van Haarlem and van de Weygaert 1993; 

Torman 1998) and observational (e.g., Zabludoff and Fr- 1993; Henriksen 

and Jones 1996) evidence that much of the cluster galaxy population has been 

built up by the accretion of galaxies from the surrounding, low density, field 
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environment, which implies that the rich cluster environment has d e c t e d  a 

morp hological change in t hese galaxies. A clear correlation between galaxy 

morphology with local density (Dressler 1980; Dressler et al. 1997) and 

cluster-centric radius (Whitmore et al. 1993) has been observed. The well- 

known lack of emission tine galaKies in clusters (Osterbrock 1960; Gisler 1978; 

Dressler et al. 1985b) has also been shown to correlate with cluster-centric 

radius (Balogh et al. 1997) and to be not entirely accounted for by the 

morphology-radius relation (Moss and Whittle 1993; Balogh et al. 1998). 

Recently, Abraham et al. (1996) and Morris et al. (1998) showed that these 

various effects could be interpreted as an "age" gradient, in the sense that 

galaxies farther from the cluster centre formed part of their stellar component 

more recently than the central galaxies. 

Another key piece of evidence that cluster galaxies are evolving strongly 

is the observation t hat the fraction of blue, spiral galaxies in clusters increases 

with redshift (e.g., Butcher and Oemler 1978a, 1984, Dressler and Gunn 1983; 

Dressler et al. 1994; Couch et al. 1994; Rakos and Schombert 1995; Yee et al. 

1995; Couch et al. 1998, but see Smail et al. 1998). This is usudy  referred 

to as the Butcher-Oemler (B-O) effect. To avoid possible misunderstanding, 

we will always refer to the B-O effect as this exclusively, a separate effect 

from the above problem of differentid evolution between the cluster and 

field, though the two phenomena may be related. It has been shown that 

the star formation rate in the field also increases wit h redshift (Broadhurst 

et al. 1988; Lilly e t  al. 1995; Rowan-Robinson et al. 1997; Tresse and 

Maddox 1998; Lin et al. 1999); thus, the B-O effect as we consider it here 

rnay not be an exclusively cluster-specific effect and cannot naïvely be used 
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as an explanation of the different populations which inhabit cluster and field 

environments. Fut hermore, it is not clear t hat the B-O effect can be directly 

interpreted as an evolutionary effect; K a d m a n n  (1995) has shown that rich 

clusters at z z 0.4 are not the direct progenitors of low redshift, comparably 

rich clusters. More recentiy, Andreon and Ettori (1999) have shown that 

the higher reds hift but cher-Oemler clust ers have higher X-ray luminosities 

than their low redshift counterparts. Since fair samples of clusters generally 

show either no evolution, or even negative evolution in the X-ray luminosity 

function (e.g., Henry et al. 1992; Collins et al. 1997; Vikhlinin et al. 1998; 

Rosati et ai. 1998), this confirms that the high redshift Butcher-Oemler 

clusters may not be the evolutionary predecessors of the low redshift clusters. 

Various mechanisms may be responsible for the transformation of a star- 

Forming field galaxy to a passively evolving cluster member. An infalling 

galaxy which passes through or near the centre of the cluster may have much 

of its gas content stnpped by the hot intra-cluster medium (ICM), follow- 

ing which star formation will cease (Nulsen 1982; Bothun and Dressler 1986; 

Balsara et al. 1994). If only gas in an extended, diffuse halo is stripped, 

star formation may be allowed to continue by consuming the remaining disk 

gas but, without i n f d  to re~lenish this supply, star formation will die out 

on timescales of a few Gyr (Larson et al. 1980). Interaction with the ICM 

near the virial radius, where the ICM density is not high enough to corn- 

pletely strip the galaxy of its gas, may induce intense bursts of star formation 

(Dressler and Gunn 1983; Evrard 1991; Gavazzi and Jaffe 1987) which use 

up the remaining gas supply. Such bursts may also be induced by interac- 

tions with nearby galaxies (Moore et al. 1996,1998, Fujita 1998) or, near the 
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cluster centre, by interactions with the tidal field of the cluster (Byrd and 

Valtonen 1990; Valluri 1993; Henriksen and Byrd 1996; Fujita 1998). 

Understanding the mechanisms res~onsible for this change in star forma- 

tion history is necessary to appropriately correct the CNOC 1 universal mass 

density estimate (Carlberg et al. 1996) for the ciifference in mass-to-light 

(MIL) ratio in clusters, compared with the field. The correction applied in 

Carlberg, Yee and Ellingson (1997b) could be compromised if a large num- 

ber of cluster galaxies underwent strong starbursts which do not occur in the 

field population. 

Dressler and Gunn (1983) identified a galaxy population which they later 

termed E+A galaxies, that have strong Balmer lines but no detectable emis- 

sion lines. These galaxies (which we will hereafter term K+A to be consistent 

wit h curent  nomenclature) appear to have recently terminated star forma- 

tion, wit hin the 4 Gyr prior to observation. As such, t hey play an important 

part in understanding the evolutionary hist ory of galaxy populations. Evi- 

dence for these (and related) galaxies have been found both l o c d y  (Caldwell 

et al. 1993; Zabludoff et al. 1996) and at moderate redshift (e.g., Sharples 

et al. 1985; Lavery and Henry 1986; Couch and Sharples 1987; MacLaren 

et al. 1988; Broadhurst et al. 1988; Fabricant et al. 1991; Abraham et al. 

1996; Fisher et al. 1998; Morris et al. 1998; Dressler et al. 1999), in both 

cluster and field environments. Many authors have interpreted the presence 

of these galaxies as evidence that a large percentage of duster galavies re- 

cently underwent strong starbursts (e.g., Dressler and Gunn 1983; Couch 

and Sharples 1987; Barger et al. 1996; Poggianti and Barbaro 1996; Couch 

et al. 1998; Poggianti et al. 1999). However, it is still debatable whether 
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or not starburst and post-starburst galaxies observed in clus ters are unique 

to t hese environrnents. Furt hermore, ot her authors have claimed that most 

K+A galaxies c a n  largely be explained as the result of truncated star for- 

mation, without a large, initial burst (Newberry et al. 1990; Abraham et al. 

1996; Morris et ai. 1998). It is necessary both to distinguish between these 

two scenarios, and to compare their relative importance in the cluster and 

field environment s , to determine w hich physical processes are plausible ex- 

planations for the differentid evolution of cluster and field galaxies, and to 

determine how these processes will affect the M/L ratio in these environ- 

ment s. 

The CNOCl survey (Yee et al. 1996) provides an excellent sample of 

galaxy spectra for which a reliable estimate of the star formation history for 

clusters at z z 0.3 can be determined. This is a result of (1) a large sample 

size (over 2000 spectra); (2) well understood, and properly correctable, se- 

lection eRects; (3) an identically selected field galaxy sample over the same 

redshift range; (4) objective measurements of spectral indices with well un- 

derstood and empirically calibrated uncertainties; and (5) consistent compar- 

ison between data and spectrophotornetric models. From these data, we will 

attempt to specifically address the following questions. First , what fraction 

of galaxies in the CNOC l sample, regardless of environment, had significant 

star formation truncated in the last billion years or so? If t his is truly larger 

than the Iow redshift fraction, it suggests a link with the B-O effect. Sec- 

ondly, how does the abundance of these galaxies in the field compare with 

the abundance in clusters? An overabundance in clusters would suggest that 

the mechanism responsible for generating these galaxies may be what leads 
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to the differential evolution of cluster and field galaxies. Finally, how is the 

star formation in these galaxies truncated? We will use spectrophotometric 

models to try to distinguish between a) truncation following a short burst; 

or, b) abrupt truncation without a burst. 

The paper is organised as CoUows. In 84.2 we define our data sample 

and spectral index measurements. In particular, we discuss the details of our 

sample select ion, stat istical corrections, magnitude limits, and index uncer- 

tainties. Interpretation of our line indices is made based on a cornparison 

wit h PEG ASE (Fioc and Rocca-Volmerange 1997) spectrophotometric mod- 

els, described in 54.2.4. Our galaxy classification scheme is presented in 54.3, 

and is based on the line indices of local galaxies and results of the PEGASE 

models (detailed in the Appendix). We present our results in various forms 

in 54.4, and take care to explore systematic effects which result from the large 

uncertainties on our line indices. In 94.5 we compare our results with the 

work of Zabludoff et al. (1996), Barger et al. (1996), Dressler et al. (1999) 

and others, and show that there is some consistency of results, though con- 

siderable variety in interpretation. We discuss some of the implications of 

these results in $4.6, and summarise our findings in 94.7. 
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4.2 Observations and Measurements 

4.2.1 A Review ofthe h l 1  CNOCl Sample 

The CNOCl cluster sample consists of CFHT MOS images (Gunn g and r )  

and spectra of galaxies in the fields of Mteen' X-ray luminous clusters in 

the redshift range 0.18 < 2 < 0.55, selected from the EMSS survey2 (Gioia 

and Luppino 1994). The observational strategy and full details of the survey 

can be found in Yee et al. 1996. In particular, Yee et al. carefully consider 

and detail the selection effects of this sample, and desaibe how these are 

corrected for. For convenience, we repeat here some of the d e t d s  in that 

paper relevant to the present analysis. 

The spectra are obtained wit h the 0300 g i s m  in place, which results in a 

dispersion of 3.45A per pixel and covers the rest -frame wavelengt h range from 

(approxirnately) [0II]X3727 to the G-band ( A  =z 4300A) in most galaxies. 

Slits are 11!5 wide, which results in a spectral resolution of about 16.5A 

FWHM. Images and spectra of galaxies in each cluster are obtained from 

either one, three or five MOS fields mosaiced east-west or nort h-south, which 

provide non-uniform coverage as far out as 1-2 Rloo in projected distance 

for most clusters, where RZW is the radius (- 1.2 h-L Mpc) at which the 

mean interior mass density is equal to 200 times the critical density, and 

within which it is expected that the galaxies are in virial equilibrium (Gott 

and GUM 1972; Crone et al. 1994). For 0, = 0.2, the cluster virial radius 

lOmit ting cluster EOgO6+ 11, for which a velocity dispersion could not be computed 
due to an apparent double component structure(Car1berg et al. 1996). 

2~xcept  AbeU 2390, whkh is not in the EMSS sample, but of comparable richnas and 
X-ray luminosity to the other CNOCl clusters (Abraham et al. 1996). 
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is equal to approximately 1.2R2ao. The final catalogue contains redshifts for 

about 2500 galaxies, including field galaxies located in front of and behind 

each cluster. 

In order to average over effects of non-sphericity, we will combine all 

fdteen clusters to produce a single sample, hereafier referred to as the clus- 

ter. Cluster membership is determined based on the observed radial velocity 

difference from the brightest cluster galaxy (BCG3). We use the mass model 

of Carlberg et al. (1997~)  to determine the (projected) radial dependence of 

the cluster velocity dispersion, o ( r ) ,  from the average, measured dispersion, 

ut. In Figure 4.1 we plot the galaxy velocities, normalised to al, against 

their projected radius from the BCG, normalised to Rzoo. The 30  and 60 

contours of the m a s  model are shown as the solid and dashed lines, respec- 

t ively. Galaxies wit h normalised velocit ies less t han 3 4 4  are considered 

clus t er members (squares), w hile t hose wit h norrnalised velocities great er 

than 6 4 4  comprise our field sample (circles). The population with inter- 

mediate velocities is represented by the solid triangles, and are considered 

"near-field". The extent of the vertical axis in this figure is Limited for clar- 

ity; hence only a s m d  fraction of the total field population is displayed. The 

cluster population appears well separated h m  the field in this figure, and 

exhibits a rising velocity dispersion toward the cluster centre. We will only 

include galaxies within 2RloO in our cluster sample, as larger radii are much 

more sparsely sampled. 

By extracting the spectra with standard IRAP routines, an error vec- 

'ExcePt for duster MS 0451.5+0250, for which no redshih is available for the BCG. 
The velocities and positions are rneasured relative to the mean for this cluster. 

'IRAF is distributed by the National Optical Astronomy Observatories which t oper- 
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Figure 4.1: This figure shows how we define our cluster and field samples. 
The data plotted are radial velocity differences from the BCG, normalised to 
the cluster velocity dispersion, B I ,  against projected radii from the BCG, in 
units of R200. The solid and dashed lanes are the 3 4 ~ )  and 6 4 ~ )  contours, 
respectively, of the cluster mass mode1 of Carlberg et al. (1997~). We define 
cluster members (squares) as those which lie within 34(r) ,  and field galaxies 
(cardes) as those with velocities geater than 6 4 ~ ) .  The intermediate pop- 
ulation (solid triangles) are termed "near-field". The extent of the vertical 
ax is  is lirnited to clearly show the cluster population; only a small fraction 
of the field sample is shown in this figure. 
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tor is created which includes Poisson errors, read noise and sky subtraction 

uncertainties. This d o w s  a good determinat ion of bot h the signal-to-noise 

(SIN) ratio of the data, and also reliable errors on any measured quantities 

(see 94.2.2). The SIN ratio is defined as the mean value of the flux per pixel 

divided by the error per pixel, in the wavelength range 4050 < XIA< 4250. 

The resdting S/N distributions for the cluster and field samples are shown 

in Figure 4.2. The mode of the distribution is at  S/N=7 per pixel (or 15 per 

resolution element), and 94% of spectra have SIN> 3. 

The entire CNOCl data sample, including the raw data and all measured 

quantities included in this paper, will soon be avdable from the Canadian 

Astronomy Data Centre (http://cadcwww.hia.nrc.ca/). AU cosmologicdy 

dependent calculations in t his paper are made assuming q, = 0.1, A = O. The 

Hubble constant is parameterised as usual by h = H,/100 km s-l Mpc-l. 

4.2.2 Spectral Index Definitions 

We will  consider three spectral indices, tabulated in Table 4.1, which are au- 

tomatically measured by an IRAF IMFORT routine available from the first 

author on request. The break strength st ~ O O O A  (D4000) is defined as the 

ratio of the flux in the red continuum to that in the blue continuum. We 

have chosen a much narrower definition of tbis break than the standard def- 

inition (Hamilton 1985). There are two principal reasons for this. First, the 

uncertainty in the standard index value, assuming Poisson noise, was found 

to be a poor representation of the difference between multiple measurements 

of the same galaxy (this analysis is discussed further in 54.2.2.1). Reducing 

ated by AURA Inc. under contract with NSF. 
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1 - Cluster , 
- - Field 

Figure 4.2: The distribution of signal-to-noise per pixel is shown for the 
cluster (solid line) and field (doshed line) samples. The number of galaxies 
in each bin is weighted as described in 54.2.3.1 and, thus, represents the 
number of galaxies in the photometric sample, though the distribution is 
computed fkom the spectroscopie sample. 
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Table 4.1: Line Index Definitions 

Index Blue continuum Line Red continuum 

(A)  (4 
- 

(A)  
D4000 3850-3950 4000-4100 

[011]X372ï 3653-3713 3713-3741 3741-3801 
HS 4030-4082 4082-4122 41224170 

the width of the continuum definitions significantly improved this correspon- 

dence. Secondly, the new index is much less sensitive to reddening effects, 

which may be important (see 94.4.4). 

There are considerable advantages in using D4000 instead of the available 

g-r colour. Most importantly, computing a rest frame colour from the ob- 

served photornetry requires calculating K-corrections from the very models 

we will be using to determine star formation histories and, thus, introduces 

a circular argument. Furt hermore, the galaxy spectra are obtained from slit s 

which only sample the central regions of the galaxy, while the photometry 

represents the integated Light fiom the whole galaxy. Thus, the photometric 

colours and observed spectral features rnay not a i s e  from the same environ- 

ments. (However, at  2 = 0.3, the slit width of 11!5 corresponds to a linear 

size of 4.lh-' kpc, which is a sizable region). In addition, especidy for our 

unusually narrow definition of D4000, this index is very reddening insensi- 

tive. The principal disadvantage is that the measurement uncertainties in 

the D4000 measurements are generdy larger than those of the 9-r colours. 

The rest frame equivalent widths of the H& Balmer absorption line, 

WO(Hb), and the [OI1]X3727 ernission line, Wo (011) , were automaticdy corn- 
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puted by summing the observed flux (accounting for partial pixels) above 

( W, (011)) or below (W,(HJ)) the continuum level, which itself is estimated 

by fitting a straight Line to the flux in the continuum regions. The contin- 

uum data are weighted by the inverse square of the noise (from the IRAF 

noise vector), and the fit is then constructed by weighted iinear regession. 

The blue and red continuum regions are defined in Table 4.1; the line flux 

is summed over the region defined "Line" in the same table. Note that the 

W, (OII) index is positive when the line is in emission, while the Wo(H6) 

index is positive when the line is in absorption. 

It must be noted that the indices defined above (or, indeed, any such 

indices) are not necessarily related simply or direct ly to physicai quant ities. 

The value of the Wo(H6) index is very sensitive to the line and continuum 

definitions, and also on the spectral resolution and sampling. In particular, 

negative values of WJH6) do not always indicate emission, since absorption 

lines in the continuum regions (especially in galaxies with old steilar pop- 

ulations) may result in negative W, (HG) index values. Thus. caution must 

be taken when comparing these measurements with those of other authors; 

in fact, the index definition here Mers slightly From that used by our own 

collaboration in Abraham et al. 1996. 

4.2.2.1 Index Uncertainties 

Errors on the spectral indices are determined fiom the noise vector generated 

from the optimal IRAF extraction. The D4000 index is simply a flux ratio 

and, hence, the error is determined horn standard propagation techniques. 

Errors on equivalent width measurements are computed from equation A8 
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in Bohlin et al. 1983; this makes use of the uncertainties of the weighted, 

linear continuum fit, and the uncertainties of each pixel defined as comprising 

the line itself. Often, spectral regions contaminated by bright night sky line 

emission are very noisy, or interpolated over by hand. Since the computed 

error vector reaches very large values at the wavelengths of night sky lines, 

this effect will be reflected in the index uncertainties. Excluding from the 

sample all galaxies in which either of the lines at 5577 A, 5890 A, or 6300 A 
lands within the index definitions of H6 or (0111 does not significantly change 

our main results. 

Since spectra were obtained with up to three masks for each cluster 

and, also, since adjacent fields overlap by about 15", some galaxies were 

deliberately observed more than once. This d o w s  us to test the reliability of 

our error estimate, by comparing the ciifference between two measurements 

(rl - ta) with the quadrature sum of their mors ,  do: + cg. In Figure 

4.3 we plot the distribution of the ratio of these two numbers, E = ( x I  - 

tz) / do: t O;, for each of the three indices. If the true errorç are Gaussian 

distributed with a variance given by our error estimate, the distribution of E 

should be Gaussian with a mean of zero and variance of unity; this is shown 

as the solid curve for reference. AU of the e distributions have a variance 

greater than 1, and are inconsistent with the solid cuves. This implies 

that our raw uncertainties are underestimated, which may reflect the s m d  

but inevitable systematic error resulting from the subtraction of incorrect 

sky levels in some cases. The 3 0  clipped variance of each e distribution is 

1.44 for WJOII), 1.42 for Wo(H6) and 1.96 for D4000. The distributions 

are better represented by a Gaussian of the corresponding, wider variance, 
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shown as the dashed lines. To compensate for this effect, we multiplied all 

error estimates by the appropriate value. The final index value adopted for 

multiply observed galaxies is the average, weighted by the square of the error, 

of all independent measurements (up to three). 

4.2.3 The Data Sample 

In order to carry out our analysis, statistical weights must be computed for all 

galaxies, to correct for the incompleteness of the spectroscopic sampling; t his 

procedure is reviewed in 54.2.3.1. We then proceed to define a luminosity- 

Limited sample, in 84.2.3.2, which will be considered for t hose analyses which 

are sensitive to such a limit. For the remainder of the analysis, for which the 

primary purpose is to compare properties in the cluster and field samples, 

we define a larger sample which is not luminosity limited, but in which the 

lowest quality data are excluded, in 84.2.3.3. Unless otherwise specified, this 

latter is the data sample that will be discussed in the remainder of the paper. 

4.2.3.1 Data Weights 

Since spectra are not obtained for all of the galaxies observed photometrically, 

we must correct for this incompleteness and any selection effects that may 

arise as a result. These effects, and the calculation of compensating statistical 

weights, are considered in detail in Yee et al. 1996; we review them briefly 

here. The main selection criterion is apparent magnitude; a smaller fraction 

of faint galaxies are observed spectroscopically, relative to brighter galaxies. 

The magnitude weight W, compensates for this effect. A second order, 

geometric weight W, is computed which compensates for such effects as 
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Figure 4.3: For multiply observed galaxies in the sample, we plot the ratio of 
the difference between two independent measurernents of each index and the 
quadrature sum of the estimated index errors. If the true errors are normally 
distributed and well represented by the estimated errors, the distribution will 
be Gaussian with a mean of zero and miance of unity, shown by the solid 
line. The distributions are wider t han t his Gaussian, but consistent wit h one 
of Miiance 1.44 (W,(OII)), 1.42 (W,(Hd)) and 1.96 (D4000), shown as the 
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the under-sampling of denser regions, and vignetting near the corners of the 

chip. Findy, a colour weight W, is computed to account for the fact that 

bluer galaxies are more likely to show emission lines, faeilitating redshifk 

determination; however, this is a s m d  effect, and we have checked that 

the inclusion of this weight does not significantly affect any of the results 

discussed in the present paper. Both W, and WC are normalised so that 

th& mean is 1.0 for the full sample. In all of our statistical analysis, each 

galaxy in our sample is weighted by WSp, = W, x W, x W. to statistically 

correct for these selection effectss. We have also computed a "ring" weight, 

which is meant to correct for the fact that, due to the geometry of the duster 

mosaics, the outer regions of dusters are less weil sampled (in area) than the 

central regions. This correction is only important in the presence of radial 

gradients, if a globally averaged duster quantity is sought. We will not use 

this weight in the present analysis, though we have verified that its use does 

not change any of the results ( r e d  that we restrict the duster sample to 

those galaxies within R < 2R2rn). 

4.2.3.2 Luminosity Limited Sample 

Wt will h s t  dehe  a sample limited only in luminosity. Absolute r magni- 

tud& (M,) are calculated from the photometry, and k-corrections are made 

based on the g-r colours and the mode1 spectral energy distributions of Cole- 

man, W u  and Weedman 1980, convolved with the filter response funetion, for 

four, non-evolving spectral types (E/SO, Sbc, Scd and Im). We &O correct 

AIl nncataintier in thia papa that arc based on \/N Poison rtatistics arC cprnputed 
nom the unweighted number of gahies  u d e r  consideration. 
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MF for redshift evolution by assuming galaxies brighten by a factor ( l+z )  

(LiUy et al. 1998; Abraham et al. 1998); thus, we correct all luminosities to 

the corresponding z = O values by dividing them by ( l + z ) ,  though this does 

not significantly affect o u  results. We chose an absolute magnitude limit 

of MF = - 18.8 + 5 log h, since this exchdes most of the galaxies with large 

magnitude weights, W, > 5; this limit corresponds to 1.8 mag below M* in 

r (King and Ellis 1985). The absolute magnitude distribution of the cluster 

sample (weighted by W.,.,) is compared with that of the field in Figure 4.4. 

There are 1125 galaxies in t his sample (omitting the BCGs and cluster mem- 

bers 1. eyond 2R200), including 710 cluster members, 343 field galaxies and 72 

near field galaxies. 

The absolute magnitude distributions of the low ( z  5 0.33) and high 

( r  > 0.33) redshift galaxies in this sample are shown in Figure 4.5. As a 

result of the fainter apparent magnitude limit in the high redshift cluster 

samples (Yee et al. 1996), and the luminosity evolution correction, the two 

distributions axe comparable. 

4.2.3.3 The Maximal Sample 

For the purposes of comparing cluster and field galaxy populations, it is desir- 

able to use as much of the data as possible, excluding only that of the poorest 

quality, and ensuring that the luminosity distributions of the cluster and field 

samples remain sirnilar. From the 1823 galaxies for which both [01I]X3727 

and Hb lie within the observed redshift range (excluding the BCGs and clus- 

ter members beyond 2RZoo), we first select the 1572 which have W, 5 5, so 

that the lowest quality data do not dominate our results; this is equivalent to 
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Figure 4.4: The evolution and k-corrected, absolute Gunn r magnitude dis- 
tnbutions of the cluster (sohd line) and field (doshed h e ) ,  luminosity limited 
galaxy samples. Each bin is weighted by WspeC, discussed in $4.2.3.1; thus, 
the height of each bin represents the number of galaxies in the photometric 
sample, as detedned  fiom the spectroscopic sample. 
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Figure 4.5: The evolution and 
tributions of the low redshift 

k-corrected, absolute Gunn r magnitude dis- 
(solid line) and high redshift (dashed line), 

luminosity Limit ed galaxy samples. Due bot h t O the luminosit y evolution 
correction, and to the fact that longer exposure times were used for the 
higher redshift clusters, the two distributions are similar. The histograms 
are weighted by W,,.,; see the caption of Figure 4.4. 
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imposing a magnitude limit which varies from cluster to cluster. It is further 

desirable to remove those galaxies from the sample which have extraordinar- 

ily large uncertainties in the measured spectral indices, which often result 

from poor subtraction of bright night sky lines. The distribution of the er- 

ror estimates for each index, scaled as discussed at the end of the previous 

subsection, are shown in Figure 4.6. Based on these distributions, we have 

chosen to exclude an additional 159 galaxies with errors greater than 15A, 

SA, and 0.5 for W,,(OII), W,(H6) and D4000, respectively. This selection 

introduces another second order correction to Wsp,,, as galaxies with index 

errors exceeding our limit tend to be fainter. We calculate, in bins of ab- 

solute lurninosity, the fraction of galaxies, weighted by W.,,, rernoved from 

the sample by this selection. The remaining galaxies are weighted by the 

inverse of t his number, which we will cal l  W,,,, multiplied by W,,.,. W,, 

m i e s  from 1 for galaxies wit h M, < - 19.8 + 5 log h, to -- 2 for galaxies 

with M, z -17.1 + 5log h. The maximal sample consists of 1413 galaxies: 

924 cluster, 407 field and 82 near field. The absolute magnitude distribu- 

tion of the cluster sample (weighted by W,,., x W,,) is compared with that 

of the field in Figure 4.7. Although the two distributions are similar, the 

cluster sample is biased toward less luminous galaxies, and the weights do 

not sufficiently correct the spectroscopic numbers (to be representative of 

the photometric sample) below M, = -18.8 c 5 log h, due to the removal of 

galaxies with W, > 5. 
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Figure 4.6: The distribution of lu errors on each of the three indices consid- 
ered. In each case, the tail of the distribution extends to errors much greater 
than the mean. To avoid including data with very large uncertainties, we 
exclude the -- 10% of galaxies with enors g e a t u  than 15A, SA, and 0.5A 
for W,(OII), W,(Hif) and D4000, respectively, in the maximal sample. This 
selection criteria is compensated for by a statistical weight, W.,, discussed 
in 54.2.3.3. 
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Figure 4.7: The evolution and k-corrected, absolute Gunn r magnitude dis- 
tributions of the cluster (solid line) and field (dashed lzne) maximal galaxy 
samples (54.2.3.3). The histograms are weighted by W,,, x W,,, as discussed 
in the text. The cluster sample is biased to lower luminosities relative to the 
field sample, and a standard K-S test rejects the hypothesis that the two are 
drawn from the same popdation with -34 confidence. 
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4.2.4 The PEGASE Mode1 Parameters 

As discussed in 5 4.2.2, the W, (Hd) index is sensitive to its definition and the 

manner in which it is measured. Thus, its interpretation depends on compar- 

ing it with models in which the index is measured in an identical manner. It 

is not possible to use model results published by other authors (e.g., Couch 

and Sharples 1987; Barbaro and Poggianti 1997) to interpret data unless it 

is shown that the indices defined for those models are comparable to those 

defined for the data. In light of this, we will reconstruct models in $4.3 which 

have been explored by other authors, but based on our index definitions. 

The evolution of W,(HJ) and D4000 with star formation history for so- 

lar metallicity galaxies is obtained from the PEGASE population synthesis 

code (Fioc and Rocca-Volmerange 1997), based on their UV to NIR spectral 

library. The PEGASE models predict results sirnilar to those of the updated 

GISSEL96 models (Bruzual and Charlot 1993), but provide more freedom 

in constructing spectra wit h complex star formation histories; in particular, 

different initial mass functions (IMFs) are readily implemented. The draw- 

back is that the models are solar metallicity; to investigate metallicity effect s, 

we will consider the GISSEL96 models. The standard IMF adopted here is 

that of Salpeter (1955); the efTect of adopting a truncated IMF model will 

be discussed in $4.4.4. 

Spectral indices are determined from the model spectra in the same man- 

ner as from the CNOCl data; that is, the same code, with the same line def- 

initions, are run on the spectra output by PEGASE. We have not included 

Balmer-filling due to nebular emission; thus, the model W0(H6)  indices rep- 
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resent an upper limit on the equivalent width one expects to observe when 

massive stars are present. 

Care was taken to ensure that the iine indices we obtain from the mod- 

els correspond to the line indices measured on the data; in particular, the 

W0(H6) index is quite sensitive to both the resolution and the sampling of 

the spectra. The (rest frame) resolution of the model spectra is 10A, compa- 

rable to the resolution of o u  data (about 15A at r=0.3).  However, the model 

spectra are more coarsely sampled than the CNOCl data (every 10A instead 

of every 2.6A, rest frame), so we resample them to 2.6A, interpolating using 

a fifth order polynomial fitting routine. We verified t hat each line index we 

measure on the CNOCl  spectra is unchanged if we first smooth the spectra 

by averaging every four pixels, and then resample using our interpolation 

algorit hm. 

4.3 Galaxy Classifications 

There is, as yet, no clear consensus in the Literature about what type of 

galaxy is called, for example, a "s tarburst" , "HS-strong" , "post-starburst" , 
'4E+A/K+A", etc. This is because the diagnostic indices are not all defined 

in the same way, the spectra used Vary in terms of S /N and resolution, and 

the physical phenornena one is trying to isolate varies from aut  hor t O aut hor . 
In any case, such classifications are somewhat arbitrary, and there can be 

no objectively correct choice. For reasons discussed in 94.5, we have cho- 

sen not to  use the most recent classification scheme (Dressler et al. 1999), 

and thus wish to state clearly how our classes are defined. These should be 
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compared and contrasted not only with that paper, but also, for example, 

the mering definitions in Couch and Sharples 1987, Barbaro and Poggianti 

1997, Barger et al. 1996 and Morris et al. 1998. In most cases, the differ- 

ences in classification are ones of detail, and refined precision of the evolving 

nomenclature. 

4.3.1 Determination of the H6 Threshold 

One of the main goals of this paper is to identify a population of galaxies 

which were forming stars a short tirne (< 1 Gyr) ago, but have since stopped. 

These must be distinguis hed from galaxies which are current ly undergoing 

star formation, and those which have not done so for a long tirne. We wiU 

make this distinction partly based on the spectra of local galaxies (see §4.3.2), 

and partly on mode1 predictions, which is the purpose of this subsection. 

In Figure 4.8 we show, as the dashed line, the evolution of the Wo(H6) 

index for a galaxy with a constant star formation rate. As long as massive 

stars are present, nebular emission W n g  of HS will reduce the index by 

between about IA and 3.5A (Barbaro and Poggianti 1997); thus, such a 

spectrum will not reach w,( ~6)25A. AU normal, star-forming galaxies are 

t herefore expected to have W, ( H G ) s  SA, and nebular emission lines. This is 

confvmed by the line indices of normal, spiral galaxies, as we show in 84.3.2. 

To ~ a c h  W,(H6)> SA, the spectral light of a galaxy must be dominated 

by A- and early F-type stars. The presence of 0- and B-type stars, which 

have weak intrinsic H6 absorption and can dominate the galactic light, is 

the reason why the dashed line in Figure 4.8 does not reach Wo(H6)>  6.5A, 

even without considering nebular emission contributions. For illustrative 



CHAPTER 4 : Evidence for Recent Star Formation 

Figure 4.8: The evolution of W0(H6) with tirne, as determined from PEGASE 
models. The dashed line traces the evolution of a gaiaxy with a constant 
star format ion rate, neglecting nebular emission, which will reduce Wo (H6) 
by - 1 - 3.5 A. The solid line is the same model, but without stars more 
massive than 2.7Ma; there will  be no emission contribution in this case. The 
horizontal line at W, (HS)=~A is the lower W,(H6) limit for our K+A galaxy 
deîmit ion. 
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purposes, we show the evolution of W,(H6) in Figure 4.8 for a mode1 galaxy 

with a constant star formation rate, but with no stars more massive than 

2.7RlQ (corresponding to an A0 star, B6hm-Vitense 1992). There will be no 

emission contribution to such a spectrum, which therefore has Wo (H6)> 5A 

for up to 7 Gyr; after that the accumulation of iess massive stars, which 

have weak W, ( HJ) absorption, begins t O contribute significant ly t O the light . 
Clearly the absence of OB-stars d o w s  W,(H6) to reach much higher levels. 

As we will  discuss in more detail in 54.3.3, strong W,(HB) indices may be 

observed following the abrupt termination of star formation, due to the al- 

most immediate death of the 0- and B-type stars. This can be visualised in 

Figure 4.8 as follows. A constantly star-forming galaxy will evolve at  least 

- 1 A below the das hed line; as soon as star-formation terminates, Wo (HJ) 

will increase approximately to the height of the solid line (which is an A-star 

dominated spectrum). For this reason, terminating star formation after 3 or 

4 Gyr results in only a weak increase in Wo(H6), while terminating a short 

burst of a few hundred Myr results in a much larger increase. In either case, 

emission lines will be absent in the spectrum. 

Based on the results of these models, we adopt a t hreshold of W, (HS) =5 

A as an acceptable division between galaxies with normal rates of star for- 

mation, and those with recently truncated (or otherwise anomalous) star 

formation. This threshold is conhmed by the line indices of normal Local 

galaxies, as discussed in the following subsection, and may be lowered to 

W, ( ~ 6 ) = 3 A  for the reddest galaxies, as we demonstrate in 54.3.3. 
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4.3.2 Definitions Based on W0(O~1) and W,(HS) 

We will classify the galaxies in o u  sample based principaüy on their position 

in the W,(OII)-W,(H6) plane relative to the PEGASE models, and to local 

galaxies. We show this plane in Figure 4.9. The data plotted are indices 

measured by running our code with our line definitions on the local data of 

Kennicutt (1992b, open symbols) and Kinney et al. (1996, filled symbols). 

The different symbols represent the different morphoiogical classifications as 

shown on the figure. The diamonds include any galaxy classified as peculiar, 

irregular or starburst ; d ot her points correspond t O "normal", local galaxies. 

The plane is divided into five regions, each of which we wiU discuss separately. 

Passive Galaxy: This is a galaxy that is not currently undergoing 

significant star formation, and thus evolves passively. Spectrally, we 

identify such a galaxy as one with W,(OII)< SA, which is roughly our 

detection Limit, and W,(HJ)< 5A. The local galaxies in this category 

are mostly elliptical, SO or early type spirals; the presence of these 

normal galaxies with Wo(H6) as large as nearly 5A justifies the need 

for a threshold of at l e s t  this strength to clearly isolate galaxies with 

anomalous star format ion histories. 

O Star Forming (SF) Galaxy: This is a galaxy that has been un- 

dergoing significant star formation for at least several hundred million 

years. Unless heavily obscured by dust, the [OII]A3727 emission line 

should be prominent, so W,(OII)> 5A. Furtherrnore, models show that 

O < W, (H6)< 5A; the lower limit is determined from the results of Pog- 

gianti and Barbaro 1996 and Barbaro and Poggianti 1997, which show 
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Figure 4.9: Local data of Kennicutt (1992b, open symbols) and Kinney et al. 
(1996, filled symbols) presented in the Wo (011)- W, (HG) plane. Positive values 
of W,(OII) and negative values of W,(H&) represent emission in these indices. 
The plane is divided into five regions according to the definitions in 94.3.2: 
Star-forming (SF) galaxies are those which have undergone significant star 
formation for at least several hundred Myr, while star formation in short 
starburst (SSB) galaxies has begun within about 200 Myr. The origin of 
A+em galaxies, which exhibit a strong A-star spectnun with emission lines, 
is uncertain; some may be dusty starbursts, or host an AGN. Of galaxies with 
Wo(OII)< SA, K+A galaxies may have recently had their star formation 
truncated, while those galaxies with weaker W,(H6) indices are evolving 
passively, with little or no star formation. 
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that, if star formation has been ongoing for at least several hundred 

million years, the stellar absorption will dominate any nebular emission 

of this feature. Local galaxies that lie in this category are both late 

Spirals (Sc) and some galaxies that have been classified "starburst", 

based on the presence of strong emission iines. 

Short Starburst (SSB): We define a short starburst as a short Zived 

(< 200 Mgr), large increase in star formation rate. A galaxy that 

has had a high star formation rate for more that a few hundred Myr 

will be considered a SF and not a SSB galaxy. In this case, nebuiar 

emission will dominate the W0(H6) feature and, hence, both W,(OII) 

and W,(Hd) will be emission features (Poggianti and Barbaro 1996; 

Barbaro and Poggianti 1997). 

r K+A Galaxy: This type of galaxy is one with no detectable (0111A3727 

cmission (defined as W, (OU) < 5 4 ,  but strong Hd absorption ( W, (HJ) > 

5 4 .  Such a spectrum, which requires the presence of spectral t y p t A  

stars wzthout more massive stars (which would give rise to [OII] emission 

Lines), rnay be the result of a recently terminated episode of star forma- 

tion, most likely following a short s ta rbwt  (see, for exarnple, Dressler 

and Gunn 1983, and 54.3.3). Altematively, some of these galaxies rnay 

be extreme examples of the dust-obscured starburst scenario advocated 

by Poggianti et al. 1999 to describe the A+em galaxies (see below). 

This simple classification is based on only two Line indices, and our K + A 

galaxies do not comprise a completely homogeneous class in terms of 

other spectral features, including the strength of other Balmer lines, or 
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the Ca11 H and K lines. This must be kept in mind when cornparisons 

are made with ot her work in which these features are considered. 

Afem Galaxy: Our final category consist s of galaxies wit h Wo(OII) > 

5A and W,(H6)> 5A. This corresponds to a galaxy with Balmer ab- 

sorption lines as strong as those found only in A- and early F-type 

stars, but wit h [O111 A3727 emission lines indicating the presence of more 

massive 0- and B-type stars. There is not yet a clear interpretation of 

these spectra; the presence of OB-stars should keep W, ( ~ 6 )  <5A due 

both to emission-filling and the weaker, intrinsic Wo (H6) absorption of 

these luminous stars. It is possible that some of the observed emission 

Lines are due to an active nucleus; the useful diagnostic emission lines 

( H a , H P ,  [NII] ,[O1111 X5007) are generally redshifted out of our spectral 

range, so that we are unable to confirm this possibility. Alternatively, 

Poggianti et al. 1999 suggest that these galaxies (which they cal1 e(a)) 

may be dust-obscured starbursts; we discuss this point further in 34.6, 

and note that the same interpretation may hold for the previously dis- 

cussed K+A class of galaxy. The lone point in the Kennicutt 1992b 

sample which lies in this region, shown on Figure 4.9, is NGC 3034, 

which is in fact a very dusty, star-forming galaxy. It has been classified 

"starburst" (e.g., Rieke et al. 1993) based on its strong H a  emission, 

but has long been known to have an integated stellar spectrum analo- 

gous to A-stars (e.g., Humason 1956); this galaxy would thus seem to 

be of the type advocated by Poggianti et al. 1999. 
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4.3.3 Additional Definitions Based on D4000 

To investigate the physical origin of the K+A galaxies, we will compare 

our observations with the PEGASE spectrophotometric models to predict 

how Wo(H6) evolves with galaxy colour, as determined by the Il4000 index. 

This largely follows the method outlined by Couch and Sharples 1987 and 

Barger et  al. 1996, applied to the PEGASE modeis with our curent  index 

definit ions. 

Barger et al. 1996 divided their sample into red and blue halves at  B- 

R=2 (observed at  2 = 0.31). To convert this to an equivalent cut in D4000, 

we calculate observed-frame ( z  = 0.3) B-R and rest frame D4000 for two 

different star formation histories, using the PEGASE models. We show the 

results in Figure 4.10; the models are desnibed in the caption. From this 

figure, we adopt D4000=1.45 as the value corresponding to 8-R=2;  this value 

is fairly independent (wit hin 0 .Os) of the mode1 considered. 

We now plot the output of five different models in the D4000-Wo (H6) 

plane, shown in Figure 4.11 and described briefly in the caption; we defer 

detailed discussion of these models to the AppendUr. The local data plotted 

on this Figure are the same as those shown in Figure 4.9. The plane is 

divided into five regions similar to those defined by Barger et al. 1996, with 

the help of the D4000=1.45 division justified above. We have also renamed 

some of the classifications to correspond with o u .  present terminology. The 

Passive, SF and SSB regions are expected to contain galaxies similar in star 

formation history to those of the same name defined in 54.3.2. Galaxies 

with unusuaily strong W0(H6) indices are defined as either red or blue Hd- 
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Figure 4.10: Observed frame B-R is plotted against rest frame D4000 for two 
Merent PEGASE models. The solid line represents the evolution of a galaxy 
which formed all its stars in an initial, instantaneous burst . The dushed line 
corresponds to a galaxy with an exponentidy decaying star formation rate, 
with an e-folding timescale r = 2 Gyr. The vertical line represents the 
division adopted by Barger et al. 1996, at B-R=2; we find this corresponds 
to D4000z 1.45. 
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strong (rHDS or bHDS); these will include both K+A galaxies and A+em 

galaxies. Furtherrnore, normal galaxies in the red half of this plane generdy 

show little or no sign of star formation; both the models and real data of 

galaxies redward of D4000=1.45 have W, (H6) < 3A, and any contribution 

from nebular emission should be srnall. Therefore, we lower our Wo(H6) 

t hreshold to 3A for the rHDS galaxies, as only the truncated star formation 

models pass through this part of the plane. 

Both HDS categories wiU contain A+em galaxies, which have W, (011) > 

5A. We discuss the suggestion by Poggianti et al. 1999, that t hese are dusty 

starbursts, in $4.6; whatever their origin, the A+em galaxies are not the 

result of truncated star formation, since such activity is still present. To 

isolate those spectra which most likely result from truncated star formation, 

we define two more galaxy classes, subsets of the rHDS and bHDS types: 

Post-Starburst (PSB) Galaxies: We define these to be bHDS 

galaxies with W,(OII)< 5A. The PEGASE models shown in Figure 4.11 

demonstrate that such a spectrum requires the termination of a short 

burst of star formation. Following this event, the galaxy spectrum will 

remain of the PSB type for about 300 Myr. Tmncated star formation 

without a burst (the solid line) causes the spectrum to evolve quickly 

(< 100 Myr) through this region, and during much of this time emission 

lines will be present, reducing W,(Hb) to values less than 5 A. Thus, 

few (if any) bHDS galaxies are expected to result from truncated star 

formation without an initial star burst . 

Post-Star Formation (PSF) Galaxies: These are rKDS galaxies 
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Figure 4.11: PEGASE models in the D4000-Wo (Hd) plane, for four different 
star formation histories which are discussed in the Appendix. Nebular emis- 
sion contribution, not included in the models, will lower the Wo(HS) index 
of any track with ongoing star formation, by at least 1A. A gakxy with a 
constant star formation is at the locus indicated by the star; an exponentially 
declining SFR gives rise to the evolutionary track traced by the long-dashed 
line. Truncating star formation in a galaxy with constant star formation 
at 4 Gyr causes it to evolve dong the solzd line. The dmhed lane shows 
an initial, instantaneous burst of star formation, while the dotted làne repre- 
sents a 200 Myr burst , involving 30% of the stellar population of a constantly 
star forming galaxy (dl star formation is truncated following the bnrst). The 
plane is divided into SSB (short starbnrst), rHDS (red HJ-strong), blue HDS 
(blue Hb-strong), SF (star-forming), and Passive. The local data are from 
Kennicutt (1992b, o?en symbols) and b e y  et al. (1996, filled symbokr). 
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Table 4.2: Definitions of Unusual Galaxy Types 

Type W,(OII) W,(H6) D4000 Lnterpretation 

(A)  (A) 
K+A < 5 > 5 - T,TSB 
A+em > 5  > 5 - U 
bHDS - > 5  ~ 1 . 4 5  TSB,U 
rHDS - > 3  >1.45 T,TSB,U 
PSB < 5 > 5  d . 4 5  TSB 
PSF c 5 > 3  ~1.45 TSB,T 

with W,(OII)< SA, and thek speetra can be matched with either a 

recently terminated starburst episode, or  through the abrupt cessation 

of longer terrn star formation. Galaxies evolving dong either mode1 

track will spend about 300 Myr as a PSF galaxy; From the D4000 and 

W,(HJ) indices alone, it is not possible to distinguish between these 

t wo possibilities. 

4.3.4 Summary of Definitions 

We have now defined six different types of "unusual" spectral types, based 

on models and the indices of local galaxies. AU six of these types are rare, 

and can usually be matched by models in which star formation is truncated 

(T), sometimes following a short starburst (TSB); the galaxies wit h emission 

lines are not matched by either of these models, and are of uncertain origin 

(U). These six types, their definitions and interpretations are summarised in 

Table 4.2. 
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4.4 Results 

4.4.1 Spectral Index Dependence on Cluster-Centric 
Radius 

The measured values of W J H S ) ,  D4000 and W. (011) in the maximal sample 

(54.2.3.3) are shown in Figure 4.12, as a function of cluster-centric radius, 

RI RZo0. Field galaxies are shown in the right hand panel of each graph, 

plotted against an arbitrary abscissa. The solid lines in each graph are 

the weighted median value for the field (right panel) and every 150 cluster 

points (left panel), with Su jackknife errors (Efron 1981; Efron and Tibshi- 

rani 1986). In the central regions, all three indices are inconsistent with the 

corresponding field value with a t  least 20 confidence, and they become in- 

crea~ingly field-like with increasing radius. The W,(H6) index shows a srnaii 

increase fiom the centre of the cluster out to Rzoa, significant at about the 

2 0  level; the decrease in D4000 over this range is measurable with about the 

same confidence. The median value of W. (011) is roughly constant t hrough- 

out the cluster, within 2 0  limits, but clearfy the total distribution changes 

more strongly; particularly striking is the near total absence of galaxies with 

W.(OII) > 20A within 0.1 R200, as shown previously in Balogh et al. (1997; 

1998). These trends are consistent with those observed in the individual clus- 

ters Abell 2390 (Abraham et al. 1996) and MS1621.5+2640 (Morris et al. 

l998), and are qualitatively consistent with a mode1 in which most cluster 

galaxies evolve passively, and the mean age of the galaxy stellar population 

decreases with increasing distance from the cluster centre. 
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Figure 4.12: Spectral indices plotted as a function of cluster-centric radius. 
The sample displayed in the right hand panels is the field galaxy sample, 
plotted against an arbitrary abscissa for display purposes. Positive values of 
W, (011) and negative values of Wo(H8) represent emission in these indices. 
The solid lines are the median index value for every 150 cluster galaxies, and 
the 2 0  jackknife error estirnates. The range of data shown is restricted to 
clarify the characteristics of the bu& of the data; arrows indicate data which 
lie outside the plotted regions. 
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4.4.2 Galaxies in the W,(011)-W,(H6)Plane 

We plot W,(OII) and W, ( H b )  for the cluster and field (maximal) samples 

separately, in Figure 4.13. Each panel is divided into the same regions shown 

in Figure 4.9 and discussed in $43.2.  The weighted percentage of galaxies in 

each region is shown, and the error associated with each number is determined 

assuming Poisson statistics. This error does not account for the uncertainty 

due to unequal scatter in this figure; we will address this issue in 54.4.2.1 

The fraction of galaxies undergoing some type of star-formation (whet her 

SF, SSB or A+em type) is 57 5 4% in the field and only 29 I 2 %  in the 

clusters. Despite the established B-O effect, the mean star formation rate in 

t hese clusters is less than that in the field, as discussed in Balogh et al. (1997; 

1998). There is an apparent excess of K+ A galaxies in the clusters compared 

with the field, significant at almost the 3 0  level. As we WU show in the next 

subsection, most or all of this clifference can be attributed to the scatter in 

this figure, and to the slightly different absolute magnitude distributions of 

the cluster and field samples. In particular, the systematic effects of scatter 

result in an overestimation of the K + A  fraction; thus, we interpret the cluster 

fraction of 4.4 rt 0.7% as an upper lirnit . This is consistent with the results 

of other similady defined samples at these redshifts, as we show in $4.5. 

4.4.2.1 Determining the Wue K+A fraction 

The large errors on both indices plotted in Figure 4.13 spread the data out 

in this plane; this results in non-uniform scat ter since galaxies fkom the most 

populated regions (Passive and SF) will preferentidy scatter into neighbour- 
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Figure 1.13: The cluster and field data presented separately in the W,(OII)- 
- Wo(Hd) plane, which is divided into regions defined in Figure 4.9 and dis- 
cussed in 94.3.2. Positive values of WJOII) and negative values of WJHJ) 
represent emission in these indices. The sample enor bars represent the mean 
lo error, and the number in each region represents the weighted percentage 
of galaxies in t hat region. The errors assume Poisson statistics, and do not 
account for the nonuniform scatter of data points throughout the plane; see 
54.4.2.1 for details of this egect. 
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ing areas, biasing the fractions in t hese regions to larger values. In particular, 

the fraction of K+A galaxies, which occupy the high-end tail of the W.(H6) 

distribution, will  be overestimated, and we can expect this effect to be larger 

in the cluster sample, where the Passive galaxy population is more domi- 

nant than in the field. We can demonstrate this by assuming that the true 

distribution of Passive galaxies is the same in both the cluster and the field 

though the absolute number of such galaxies in each environment is ciiffer- 

ent. Thus, the W, ( H 6 )  distribution of galaxies with W, (OH) < 5A should be 

the same if the fraction of K+ A galaxies is also identical. In Figure 4.14, we 

show these distributions normalised to unit area in the top (field) and rniddle 

(cluster) panels. Subtracting the cluster bins from the field bins yields the 

distribution shown in the lower panel. This allows easy cornparison of the 

shapes of the W,(HJ) distribution in the cluster and field sarnples: a relative 

excess of cluster galaxies with a given W,(Hd) wodd result in a negative 

value in the bottom panel of this figure. Instead, we see that the Fraction 

of galaxies nith W,(HJ)> SA, corresponding to the K + A  galaxies, is not 

significantly different in the two samples. That is, the difference between the 

(norrnalised) cluster and field samples in the two bins with W,(H6) >5  A is 

equal to zero within the lo errors. There is a 10 excess of field galaxies with 

W. ( H S ) z  3 A, which suggests t hat even "passive" galaxies in the field may 

have somew hat younger stellar populations t han similar galaxies in clust ers. 

We will now estimate a correction for the fractions in each of the regions 

of Figure 4.13. The only way that a precise correction can be made is if the 

a prior  distribution is known, which is not the case here; therefore, some as- 

sumptions about this distribution will have to be made. We will consider two 
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Figure 4.14: The distributions of W,(H6) for the subsample of galaxies with 
W,(OII)< 5A are shown for the field ( t o p  panel) and cluster (middle panel), 
nomalised to unit area. The number of galaxies in each sample is shown 
in the top right corner; all error bars are la, assuming Poisson statistics. 
The difference between these two distributions is shown in the Qottom panel. 
There is no excess of cluster galaxies with W,(HS)> SA, which correspond 
to the K + A galaxies, relative to the field. 
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different methods of obtaining this correction: the first is applicable to each 

galaxy class, but requires stronger assumptions, while the second method 

provides a more robust estimate but is only valid for the K+A galaxies. 

Method 1: Monte Carlo Simulations: We could estimate the 

effects of scatter by adding appropriate noise to a "pure" sample with no 

scatter. We attempt to approximzte such a sample by selecting galaxies 

wit h reasonably high signal-to-noise measurements (SIN > 5) and errors 

in both indices which are below the 25th percentile (AW,(OiI)< 2.5A and 

AW,(H6)< 1.54.  Admittedly, this is not quite what we want, as it is quite 

possible that t his subsample (generally with higher luminosities) is not dis- 

tributed like the full sample; however, it should gîve an approximately accu- 

rate correction, as confirrned by the second method described below. These 

data are shown in the bottom panel of Figures 4.15 and 4.16 for the cluster 

and field samples, respectively. 

We now simulate noisy cluster and field samples by adding Gaussian ran- 

dom noise, with a variance chosen randomly from the i~ uncertainties of the 

full (duster or field, as appropriate) data sample. We then generate several 

realizations, each one containing a number of points equal to the nurnber in 

the true cluster or field sample. One such simulation is shown in the top 

panels of Figures 4.15 and 4.16. From twenty realizations, we determine, for 

each galaxy class, the average difierence between the fraction of such galax- 

ies in the noisy (simulated) and true (low-error sample) distributions, and 

the variance of that diffetence. We will refer to this value as the "scatter 

correction'". 

In Table 4.3, we show the measured fiaction of each galaxy type, from 
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Figure 4.15: The bottom panel shows cluster data with SIN> 5, and errors 
in W,(HJ) and WJOII) less than 1.5A and 2.5A, respectively. Error bars 
are lu. We add noise, characteristic of the full sample error distribution, to 
each point, and generate twenty realizations containing the same number of 
data points as the full cluster sample. One such reazation is shown in the 
top panel. The plane is divided into the same regions defined in Figure 4.9; 
the numbers in each panel are the weighted percentage of objects in that bin. 
This experiment is used to calculate the scatter correction given in Table 4.3. 
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Figure 4.16: This is the same as Figure 4.15, but for the field sample. Again, 
the results are tabulated in Table 4.3. 
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Table 4.3: Scatter Corrections in the W, (ClII)- W, ( H J )  Plane 

Figure 4.13, in columns 2 (cluster) and 5 (field). Columns 3 and 6 show 

Object 

K+A 
A+em 

the estimated scatter correction. Subtracting t hese numbers fiom the ap- 

propriate measured value, including the error in this correction, yields the 

corrected fractions in columns 4 and 7. 

We note that, in Table 4.3, the corrected K+ A fraction is equal to zero 

Cluster (%) 
Measured Scatter Conected 

4.4 i 0.7 2.8 k 0.5 1.6 f 0.9 
4.4 f 0.7 1.4 i 0.5 3.0 I0.9 

wit hin 2c7 uncertainties. However, this does not mean that K+ A galaxies are 

not present in the sampte; to provide concrete examples we show, in Figure 

4.17, sample spectra for two K+A galaxies: one found in the field and one in 

Field ('5) 
Measured Scatter Corrected 

1.9 & 0.6 2.2f 0.9 -0.3 i 1.1 
10.3 f 1.7 4.0 I1.3 6.3 f 2.1 

18.1 i 1.6 -3.4 f 0.6 20.5 f 1.7 
-7.1 f 1.0 74.1 f 2.8 
5.0i0.8 1.1i 1.1 

the cluster. Note that the Ca11 K line, prominent in the bottom spectrum, 

39.0 f 3.3 -3.3 * 2.2 42.3 I 4.0 
40.7 f 3.0 -6.2 f 1.4 46.9 f 3.3 

8 . 1 3 ~  1.5 3.4f 1.4 4.7f 2.1 

is weaklabsent in the top spectrum; this is an exarnple of two galaxies which 

are assigned the same classification (K+A),  though their spectra are not 

ident i d .  

Method 2: Gaussian Cloud Analysis: An alternative way to de- 

termine the overestimate of the K+A fraction is to assume that it is due 

only to scatter in the Wo (Hb) direction fiom the Passive galaxies, i.e. those 

with Wo ( H J )  < 5A and W,(OII)< 5A. We can represent the Wo (HJ) index 

of each galaxy as a Gaussian probability function, with variance given by the 

lo index uncertainty. For each galaxy in the Passive sample, we calculate 
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A rest (a) 
Figure 4.17: Two high S/N examples of galaxies in our sample with a K+A 
type spectrum, in the rest hame. The bottom panel shows a cluster member 
in Abell 2390 at z = 0.2211 (S/N=22, ppp #100537); the top panel shows 
a field galaxy in the field of MS1512 at z = 0.4926 (SIN=?, ppp #200607). 
These are good quality spectra, and not characteristic of typical spectra 
in the CNOCl sample. Note that, although both galaxies are classified as 
K+A, the top spectrum lacks the strong C d 1  K line present in the bottom 
spectrum. 
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the probability that W,(Hd)> SA, and then cornpute the weighted sum of 

all these probabilities. A smaller amount of "backscaiter" (hom the K+A 

region to the Passive) will also take place, and t his must be subtracted off 

in an analogous manner. This difference would give the total fraction of 

galaxies which have scattered from the Passive region into the Kt A region, 

if the distribution of data in this plane was representative of the error-fiee 

distribution; since the uncertainties significantly blur t his dis tribution, t his 

difference result s ins tead in the maximum amount of K +A "contamination" 

expected. Following this procedure, we determine that the maximum correc- 

tion to the K+A fraction should be 2.8% for the cluster, and 2.5% for the 

field (appropriate for the maximal data sample of 54.2.3.3). 

We can now estimate the minimum correction required by count ing the 

weighted number of Passive galaxies with Wo(H6) < -5 A. Since the mean 

Wo(HS) in the Passive region is greater than zero, and we expect few if 

any Passive galaxies to actually have W. ( H 6 )  < -5, this fraction of galaxies 

represents the minimum amount of scatter into the K+ A region (wit hout 

a backscat ter correction). For the maximal cluster sample, t his minimum 

correction is 1.9%; for the field, it is 1.2%. 

If we adopt the average of the minimum and maximum corrections, and 

half the difference to represent (arbitrarily) a 2 0  uncertainty, we determine 

the best correction to be 2.310~25% for the cluster, and l.8f 0.3% for the 

field, resulting in corrected K+A fractions of 2.1*0.7% and O . l f  OJ%, re- 

spectively. These corrections are somewhat smaller than the ones in Table 

4.3, but equivalent within the uncertainties. Although we take this met hod 

to be the more robust estimate for the K+A correction, it confirms that the 
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corrections listed in Table 4.3 are likely to be reasonable estimates. 

Luminosity Limit: In Figure 4.18 we show the M, distribution 

of the K+A sample, compared with the overall distribution of the maxi- 

mal sample. This figure shows that many of the K+A galaxies lie below 

M, = -18.8 + 5 log h, where the magnitude weights are large, and the maxi- 

mal sample is not statistically representative of a complete photometric Sam- 

pie. Thus, any absolute evduation of the K+A fraction will be sensitive to 

the magnitude Limit and statistical correction. In consideration of this, we 

show the results for the luminosity limited sample (54.2.3.2) in Figure 4.19. 

For t his restricted sample, the fraction of K+  A galaxies is equal to 3.3 k 0.7% 

in the cluster, and 2.7I0.8% in the field; the two are equivalent within Io un- 

certainties. Adopting the Gaussian cloud scatter correction (Method 2) ,  we 

find t hat these two numbers are overestimated by 1.8&0.4% and l . 5 f  O.3%, 

respectively; thus, the true fraction is reduced to 1.5I0.8% in the cluster, 

and 1.2&0.8% in the field. 

Summary of Corrected Values: Although the arnount of scatter 

correction necessary cannot be precisely determined (since the true distri- 

bution of the data is unknown), the uncorrected, cluster K+A fraction of 

4.410~7% is a secure upper limit. Our best estimate of the true K+A frac- 

tion is thus obtained by applying the corrections determined by the Gaussian 

cloud estimate. For the maximal galaxy sample, we find the fraction of K+ A 

gazcies is 2.110.7% in the cluster, and O.lf0.7% in the field. For the lu- 

minosity limited sample, the fraction is 1.510.8% (cluster) and 1.2f 0.8% 

(field). We conclude that , once scat ter and luminosity effects are accounted 

for, there is no significant difference between the kequency of K+A galaxies 
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in the eluster and field environments. We will compare these numbers with 

the results of other surveys, both locdy  and at similar redshifts, in 54.5. 

4.4.2.2 The Radial Dependence 

The Fraction of each galaxy type is plotted as a function of distance from the 

centre of the cluster, normalised to Rzoo, in Figure 4.20. The three "active" 

classes SF, A+em and SSB have been grouped together for clarity. We have 

corrected each value for the estimated effects of scatter, using Method 1 in 

34.4.2.1, and included the uncertaint y of t his correction in the error bars. The 

galaxy population wit hin the cluster exhibits a steadily increasing fraction of 

passively evolving galaxies and a steadily decreasing fraction of star forming 

galaxies with decreasing radius. This is at least partly expected from the 

morphology-density relation (Dressler 1980) but, as shown in Balogh et al. 

(Balogh et al. 1998) this relation cannot completely account for the decrease 

in star formation rate toward the centre of the cluster. The fraction of K+A 

galaxies within the cluster is never significantly in excess of the field value, 

at any radius. 

4.4.2.3 The Redshift Dependence 

The fifteen clusters in the CNOCl sample cover a large range in redshift, 

from 0.18 to 0.55 and, thus, it is of interest to investigate the possible red- 

shift dependence of the populations. To ensure an equitable cornparison, we 

consider the luminosity lirnited sample (54.2.3.2) here (recall t hat an evo- 

lution correction is applied to the luminosities). First, we show in Figure 

4.21 the redshift distribution of this sample, separately for the cluster and 
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Figure 4.18: The k- and evolution-conected absolute magnitude distribution 
for the K+A galaxies (solid line) and the f d  maximal sample (dashed line). 
Many of the K+A galaxies are less luminous than M, = - 18.8 + 5 log h, 
where the statistical corrections are large and the maximal sample is not 
representative of a complete photometric sample; the abundance of K+A 
galaxies is therefore sensitive to the magnitude limit and statistical correction 
used. 
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Figure 4.19: The same as Figure 4.13, but for the luminosity limited sample 
described in 54.2.3.2. The fiaction of K+A galaxies in the cluster and field 
samples are equivalent within lu uncertainties. 
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Figure 4.20: The weighted fraction of each type of galaxy, as selected based 
on its position in the W,(OII)-W,(HG) plane shown in Figure 4.13, as a 
function of projected radius. The fractions and lu error bars are corrected 
for the systematic effects of nonuniform scatter, as discussed in 54.4.2.1. 
The connected points represent the cluster sample; the isolated points at 
RI RZw = 3.6 represent the values in the field sample, plotted at an arbitrary 
r&us for display purposes only. 
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field. This figure shows that the cluster observations are well divided into 

three, well populated redshift bins: 0.15 < z < 0.28; 0.28 < z < 0.35; and 

0.35 < t < 0.7. 

In Figure 4.22 we plot the baction of each galaxy type, as defined in 

54.3.2 and Figure 4.13, in each of the three redshift bins described above. 

Again, we have gouped all star-forming galaxies together (SF, A+em and 

SSB) for clarity, and corrected the values for the systematic effects of scatter 

using Met hod 1 of 54.4.2.1. The cluster sample is shown in the bot tom panel, 

and the field in the top panel. A smail increase in the fraction of star forming 

galaxies with redshift is observed, though only significant at about the lu 

level. Importantly, the abundance of K +- A galaxies does not show an increase 

with redshift, which shows that the smallness of the fraction we observe is 

not just due to the fact that our sample is dominated by low redshift z zs 0.2 

galaxies. 

4.4.2.4 The Near-Field Galaxies 

In Figure 4.23 we show the W. (011)- W, (HG) relation for the near-field galax- 

ies in the luminosity limited sample (34.2.3.2). The near-field galaxies are a 

subset of galaxies wit h velocities intermediate between our cluster and field 

definitions (between 3 and 6 times the cluster velocity dispersion), and will 

include both galaxies that are fa t  from the cluster ( Z  50 Mpc), with velocity 

differences that reflect the Hubble ftow, and infalling galaxies with peculiar 

velocities in excess of three times the cluster velocity dispersion. None of 

the galaxy abundances are significantly different kom the field (cf. Figure 

4.19). Thus, even considering galaxies which may be in the i n f d  regions 
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Figure 4.21: The redshift distribution of the cluster (solid line) and field 
(dashed line) samples, limited to galaxies more luminous than MT = - 18.8 + 
5log h (corrected for band shifting and evolution). 
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Figure 4.22: This figure shows the fraction of each galaxy population defined 
in 54.3.2 and Figure 4.13, as a function of redshift. Only galaxies more 
luminous than M, = -18.8 + 5 log h are considered. The field galaxy sample 
is shown in the top panel, and the cluster sample in the bottom panel. The 
statisticdy weighted data are corrected for the systematic effects of scatter 
in the Wo(HG)-W,(OII) plane, as discassed in 84.4.2.1. AU error bars are 
lu. The K+A fraction is low in all three redshift bins. 



CHAPTER 4 : Evidence for Recent Star Formation 112 

of clusters, we do not detect evidence for an excess of star forming or K+ A 

galaxies, relative t O the field. 

4.4.3 HDS and PSF Fractions 

The measurements of M.o(HS) and D4000 for the maximal sample ($4.2.3.3) 

are shown in Figure 4.24, for the cluster and field, separately. Each plane is 

divided into the five regions shown in Figure 4.11; the number in each panel 

is the weighted percentage of galaxies within it. The numbers in brackets, for 

the cluster sample, are from Barger et al. 1996, corrected for s m d  differences 

in region definitions. We will compare these numbers in 84.5.2. 

W e  can correct the fraction of galaxies in each region of this figure for the 

effects of scatter in a manner analogous to the Monte Carlo method described 

in 84.4.2.1; the results are shown in Table 4.4. After this correction, both 

bHDS (at 1.0I1.2%) and rHDS galaxies (3.611.4%) in clusters are not more 

common than t hey are in the field (2.7k 1.8% and 9.4f 2.2%, respectively ). 

As discussed in $4.3.3, the HDS galaxies include ernission line galaxies; 

populations wit 6 recently truncated star formation should fd into either 

the PSB or PSF subclasses. In Table 4.5 we show, for the cluster and field 

separately, the %aw" PSB and PSF measurement , the estimated scat ter 

correction (assuming that the relative scattered fiaction is the same for the 

PSF/PSB classes as for the rHDS/bHDS classes) and the corrected estimate 

of the "true" fractions. Again, the fractions of PSI3 and PSF galaxies are 

not significantly more common in clusters t han they are in the field. In both 

cases, the PSF galaxies are more abundant, relative to the PSB galaxies, by 

a factor of - 5 - 10. Though this number is quite uncertain, if the large 
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Figure 4.23: Selected from the luminosity limited sample, we show the near- 
field galaxy population, w hich has velocit ies intermediate between our cluster 
and field definitions, in the W,(OII)- W, (H6) plane, with l u  error bars. The 
regions are the same as in Figure 4.9, and the number shown in each region 
represents the weighted percentage of galaxies within that region. The error 
is estimated assuming Poisson statistics. The fraction of galaxies in each 
class is not significantly different from the field values shown in Figure 4.19. 
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Figure 4.24: The data presented in the D4000-W,(H6) plane, divided into 
a field and cluster sample. The models and region delineations over-plotted 
are the same ones shown in Figure 4.11. The number in each region is the 
weighted percentage of galaxies in that region, and the errors assume Poisson 
statistics. The numbers in brackets, for the cluster sample, are fiom Barger 
et al. 1996, corrected for the s m d  differences in region definitions. Our 
results are compared with those of Barger et al. in 34.5.2. The sample error 
bars represent the mean la error. 



CHAPTER 4 : Evidence for Recent Star Formation 

Table 4.4: Scat ter Corrections in the D4OOO- W, (H6) Plane 

Table 4.5: Abundances of PSB and PSF Galaxies 

Object 

bHDS 
rHDS 
SF 

Passive 
SSB 

excess is real it may have significant consequences, as we discuss in 54.6. 

Cluster (%) 
Measured Scat ter Corrected 

4.7 k 0.8 3 . 7 f  0.9 1.0 L 1.2 
9.7 s 1.0 6.1i1.0 3.6I1.4 
10.5 1 .  -12.1 f 1.1 22.6 f 1.5 
7 3 . 5 f 3 . 8  -0.8f1.2 74.3f3 .0  
1.5 f 0.4 3.1i0.7 - 1 . 6 f 0 . 8  

4.4.4 Reddening, Metallicity and IMF Effects 

Field (%) 
Measured Scatter Conected 

7.2 f 1.3 4.5 f 1.3 2.7f 1.8 
11.1k1.8 1 . 7 f 1 . 3  9.151.2 
32.7 I 3 . 0  -11.3 f 2.2 44.0 f 3.7 
44.7f3.1 1.7 f 1.6 43.0 i 3.5 

6 . 3 f 1 . 5  3 . 2 f l . 4  3 . l f 2 . 0  

Field (%) 
Measured Scatter Corrected 

0.7 f0.3 0 . 4 f  0.1 0.3 f0.3 
3.6-fO.9 0.5f0.5 3.1 il.O 

Object 

PSB 
PSF 

A striking feature of Figure 4.24 is the abundance of galaxies, both cluster 

and field, with D4000 2 1.9 and WJH6) 2 2A, which are not matched by 

any of the models in Figure 4.11. This problem has also been pointed out by 

Couch and Sharples 1987, Morris et al. 1998 and Poggianti and Barbaro 1996, 

among others, and persists if photometric colours are considered instead of 

D4000. The problem has been substantidy deviated by considering the 

narrower D4000 index, but it stiU persists. 

In Figure 4.25, we plot only the data with SIN >15 and uncontaminated 

by bright night sky lines near the W, (H6) and W, (011) indices. For reference, 

we plot the initial burst, Salpeter LMF mode1 shown in Figure 4.11, with a 

Cluster (%) 
Measured Scatter Corrected 

1.3 f 0.4 1.0i0.2 0.3 f0.4 
4.9 f 0.6 3 .0f0 .5  1.9 10.8 



CHAPTER 4 : Evidence for Recent Star Formation 116 

solid line. Using the deredden task within IRAF, we redden this mode1 by a 

large arnount, EB-v=0.5; this moves the mode1 to the right by about 0.15, 

as represented by the dotted Line. This reddened model extends in D4000 

nearly to the f d  extent of the data, and the scatter in Wo(Hd) at the red 

end is fairly uaiform about it. 

We also consider two other model variations. The short-dashed line in 

Figure 4.25 represents an initial burst model for a galaxy with super-solar 

metallicity, Z=2.5Z0, generated from the updated Bruzual and Charlot 1993 

models. Although this model does indeed extend t o  very large D4000, the 

W, ( H 6 )  index is always negative6 for D4000> 1.9 and, thus, lies below the 

bulk of the data. Seeondly, we consider the effects of an extreme IMF model, 

after Rieke et al. 1993, in which no stars less massive t han 2Mo are formed. 

An initial burst of star Formation with this IMF is shown in Figure 4.25 

as the long-dasiied line. This model is also able to match the strongest 

W, ( H b )  indices of our data with D4000> 1.9. However, the stellar population 

resulting from such a burst is very short lived, about 300 Myr; thus, it is 

unlikely that many of these red galaxies can be undergoing such a burst, and 

we expect that significant dust reddening is the best explanation of the data. 

This supports the finding of Poggianti et al. 1999, that dust obscuration in 

galaxies at these redshifts plays an important role in the appearance of their 

spectra. 

'~ecall, from 54.2.2, that a negative W, (H6) index does not necessarily imply an 
emission feature. 
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Salpeter IMF 1 

/ - - Truncated IMF 
I 

Figure 4.25: PEGASE star formation models presented in the D4000- 
W,(HI)  plane, wit h regions delineated as in Figure 4.11. The solid line is the 
standard, Salpeter IMF initial burst model, also shown in Figure 4.11. This 
modei, reddened by EB-v=0.5, is shown as the dotted line. A tnincated IMF 
initial burst (Rieke et al. 1993) is shown as the long-dashed line, and a high 
metallicity (GISSEL96) rnodel is the short-dashed Izne. The data plotted are 
only those with high signal-twnoise ratios (S/N>15) and uncontaminated 
by bright night sky lines; the error bars are lu. 
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4.5 Cornparison With Previous Work 

4.5.1 The Low Redshift Universe 

The Las Campanas Redshift Survey (LCRS), as presented in Zabludoff et 

al. 1996, is a large (- 24,000 gala~ies)~ unbiased sample of relatively nearby 

galaxies (0.05 < z < 0.13) for which good quality spectra and line indices 

are available. Zabludoff et al. identify 21 of their 11,113 galaxy subsample 

( M F  2 -19 + 5 log h)  as E+A (renamed here K + A )  types, based on WJOII) 

and an average equivalent width of Hi,  Hy, and HP (< HGyP >). They 

estimate that 1785 galaxies in t heir sample lie within the i n f d  radius of a rich 

cluster, and five of t hese are identified as Ki A types; t herefore, 0.28 k 0.13% 

of the cluster population are K+A galaxies, cornpared with 0.17 f 0.04% 

in the field. These fractions are equivalent within 1~ uncertainties. The 

definition of a K+A galaxy adopted by Zabludoff et al. differs slightly from 

the one we have adopted here (54.3.2) in two respects. First, they use a 

minimum Balmer index of < HdyP >=5.5A. Fîom the PEGASE rnodels 

we find that, for Wo(H6)2: SA, < H&y/3 > - W,(Hd)z 0.7; thus, our Limit 

of Wo(H6)>5 A is nearly equivalent to theirs. Secondly, Zabludoff et al. 

require W,(OII)< 2.5A; our lower S/N requires us to use a more generous 

definition of W, (OU) < 5A. Adjusting for t his merence d o w s  the inclusion 

of an additional - 13 K+A galaxies in the LCRS sample, raising the total 

K+A fraction to 0.30 i 0.05%. Since the uncertainties on the LCRS line 

indices are srnall (due to the high S/N of the data), a scatter correction like 

the one discussed in $4.4.2.1 is not made. 

In our luminosity limited sample (§4.2.3.2), which most closely matches 
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the luminosity range of the Zabludoff et al. sample, the "raw" K+A fraction 

in the field is 2.7+0.8%, which we regard as an upper lirnit. Our best esti- 

mate of this haction, corrected for scatter using the Gaussian cloud method 

(§4.4.2.1), is 1.2f 0.8%. Thus, the evolution in the K+A fraction over this 

fairly s m d  redshift range (from 2 - 0.1 to 2 - 0.3) amounts to a factor of 

o d y  about 432.7, and the two fractions are actually consistent at about the 

la level. 

4.5.2 Couch and Sharples (1987) and Related Work 

Much of the original work in this field was done by Couch and Sharples 1987, 

whose dataset of 152 galaxies more luminous than about LM, = -20 + 5 log h 

in three clusters at r z 0.31 was later analysed in more detail by Barger 

et al. 1996. As shown in Figure 4.24, we find somewhat fewer rHDS and 

bHDS galaxies than Barger et al., though the Merence is significant at less 

than the 2 0  level, and may be partly due to an imprecise mapping of B-R to 

DI000 (which was determined in 54.3.3). Barger et al. performed a useful and 

detailed analysis of the distribution of galaxies in this figure, and compared it 

wit h mode1 simulations to determine the importance of starbursts to cluster 

galaxy evolution. They suggest the data are well represented by a mode1 in 

which -- 30% of ciuster galaxies have undergone a 0.1 Gyr starburst (which 

produces 10-20% of the the galaxy's final stellar mass) in the last -2 Gy. 

Given the small number of galaxies and the considerable uncertainties on 

the line indices, t hese numbers are uncertain, as the aut hors acknowledge. 

In $4.6 we will argue from the fraction of K+ A galaxies in the CNOC 1 sample 

that the importance of such short-lived starbursts in clusters is unlikely to  
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be t his large. 

The Couch and Sharples data are also considered by Poggianti and Bar- 

baro 1996, who conclude from their modelling that strong starbursts are 

required to match the K + A galaxies in that sample. However, the compar- 

ison between the data and models may be compromised by a difference in 

index definition. The Couch and Sharples data have W0(H6) indices as large 

as 9 A, with many points around 5 <W, (H6) < 6 A, while the post-starburst 

rnodels of Poggianti and Barbaro struggle to reach Wo(H6)= 6 a (sec th& 

fig. 4 ) ,  and t hen only for short periods of tirne. By dividing the data and 

models into broad categories (i.e. W,(Hd)> 3 and (3 - R) < 2)  it is possible 

to misinterpret the results if the models do not match the data within a given 

category, as may be the case here. 

4.5.3 C11358+62 and CFRS 

Fisher et al. 1998 analysed spectra for 232 galaxies within a -4 Mpc re- 

gion around the r 0.32 cluster Cl 1358+6245, with a magnitude limit of 

M, z - 19.1 + 5 log h. This improves on the preliminary work presented by 

Fabricant et al. 1991, which used only 70 spectra in the central regions of 

this cluster. These authors define K+ A (which they term E+A) galaxies in 

a manner similar to Zabludoff et al. 1996, but with more generous limits in 

< H&y@ > and Wo(OII). They find 11 (4.711.9%) of their cluster galaxies 

show K+A type spectra, remarkably simila to our total cluster fraction, 

before the necessary scatter correction. Since their uncertainties are also 

comparable to ours, we expect this correction also to be similar? resulting in 

a reduced, true K+A fraction. 
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A similar cornparison can be made with the work of Hammer et al. 1997, 

who find a K+A fraction of 4.911.5% in the CFRS field galaxy sample, 

with a less precise K+A definition, roughly simila to that of Fisher et al. 

Again, this number should be reduced due to the overestimation resulting 

from unequal scatter and, thus, the amount of evolution implied relative to 

the low redshift (LCRS) sample will be significantly less than the order of 

magnitude implied by the raw fraction alone. This number is similar to our 

raw cluster K+A fraction, but somewhat larger than our field value. Thus, 

it supports our conclusion t hat K+A galaxies are not preferentidy found in 

clusters; however, we note that the mean redshift of the CFRS, z z 0.6, is 

considerably higher t han t hat of the CNOC 1 sample, and evolutionary effects 

may be important. 

4.5.4 The MORPHS Collaboration 

After this paper was submitted, the MORPHS collaboration published a 

similar study based on ten clusters at 0.37 < z < 0.56, including 657 galax- 

ies brighter than il/l, z -19 + 5 log h. (Dressler et al. 1999; Poggianti et 

al. 1999). These aut hors conclude that galaxies without detectable (0111 

emission but W,(H6)> 3A (which they c d  k+a/a+k) are significantly more 

common in the cluster sample than the field, (21f 2% compared with 613%). 

Both the largeness of these fractions, and the significance of their difference, 

are apparent ly in conflict wit h the results we have presented in 54.4.2. This 

ciifference warrants a detailed cornparison of the data and analysis, which we 

present in t his subsection. 

We wiU Çst show that our data are of comparable quality to the MORPHS 
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data, and then suggest that the clifferences in our conclusions may result from 

(1) Merent  selection niteria (both of galaxies and of clusters); (2)  different 

treatment of uncertainties; and (3) differences in galaxy c~assifications and 

definit ions. 

4.5.4.1 A Cornparison of Data Quality 

We have obtained the publicly available MORPHS data from http:/ / www.ociw/ 4 r s ,  

and computed o u  indices from theis data directly. However, the MORPHS 

data do not include error vectors, and uncertainty estimates of their indices 

are unpublished: thus care must be taken before quantitative cornparisons 

are made with o u  results. In particular, S /N ratios cannot be computed 

in the same way as we have done in 54.2.1. Instead, we define an alternate 

estirnate as the mean flux per pixel divided by the r.m.s. in the wavelengt h 

region 4050 < x /A<  4250. This underestimates the true SIN,  especidy for 

high S/N spectra, due to real features in the spectrum. In Figure 4.26 we 

show how this "alternate" value of SIN, computed for the CNOCl galaxies, 

compares with our definition in 34.2.1. The correlation is evident, though the 

scatter is large, and the underestirnation of S/N at high S/N values is clear. 

Based on this correlation, we will assume that our alternative definition can 

hold as a reasonable proxy for the more realistic measurement used to qualify 

the CNOCl data. 

In Figure 4.27, we compare the S/N distribution of the CNOCl sample 

to that of the MORPHS sample (excluding from the latter galaxies that have 

a quality index of 4, which are defined as those with S/N sufficient only for a 

redstift determination). In both cases, S/N is computed in the "alternative" 
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Figure 4.26: Using the CNOCl sample, we compare the SIN measured in the 
manner defined in 5 4.2.1 (on the x-axis) to the alternate definition desnibed 
in 5 4.5.4.1. The solid Zine, drawn for reference, is where the points would 
like if both S/N measurernents were equal. Most of the data show a strong 
correlation, t hough t here is significant scat t er. The alternate definition un- 
derestirnates the SIN, especially at high values, where real features in the 
continuum add to the r.rn.3. which is used instead of the noise. 
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manner described above. Bot h samples have similar distributions, apart from 

a s m d  excess of low S/N objects in the MORPHS sample7. We can cmdely 

assign an uncertainty to the index measurements made on the MORPHS 

sample by correlating the errors on the CNOCl data with our alternative S /N 

measurement. From the S jiri measured on the MORPHS data, we can then 

determine approximate index uncertaint ies. Representing the uncertaint ies 

in Wo(H6) and W,(OII) by AH6 and ~ [ O I I ] ,  respectively, we find A H6 = 

9.2 x (SIN)-'.O8 and A[OII]= 32.8 (S/LV)-'.~~. 

The uncertainty of a Line index will be reduced if' the resolution is im- 

proved, and the continuum SIN ratio is fixed. The MORPHS spectra were 

obtained using different telescopes and instruments, and are not ail of the 

same resolution; the best resolution spectra (obtained wit h the C OSMIC 

spectrograph) have a dispersion of 3.1 A per pixel, and are srnoothed to the 

instrumental resolution of - 8 A, and rebinned to 10 A per pixel. Thus, 

the average FWHM of emission lines is comparable to that of the CNOCl 

spectra, - 16.5 A, as confirmed by the measurement of severd [OU] lines. 

A second property which must be tested is the equivalence of the CNOCl 

lîne indices to those measured by the MORPHS collaboration. In Figure 4.28 

we show the values of our W0(H6) index, defined in 94.2.2 and measured 

on the MORPHS spectra, cornpared with those of Dressler et al. 1999. 

We exclude galaxies with quality indices of 4, or flagged as uncertain. The 

latter were usudy computed by interactively fitting the continuum and then 

'These S/N ratios are computed per pixel, and the CNOCl spectra are sarnpkd at 3.45 
A per pixel, while many of the MORPHS spectra are more eoarsely sampled (for example, 
the COSMIC spectra are rebinned to 10 A per pixel). 
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Figure 4.27: We compare the SIN distribution for galaxies in the MORPHS 
sample with quality indices less than 4(solid line) to that in the CNOCl 
sample (dashed line). In t his case, S/N is measured as the ratio of the mean 
flux per pkel in the range 4050 < XIA < 4250 to the r.m.s. in the same 
range. The bottom panel shows the number of galaxies in each bin; in the 
top panel both samples are normalised to unit area. 
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fitting a Gaussian profile to the absorption or emission lines. Given the 

noisy nature of the data, and the generally cornplex region of the spectrum 

under consideration, we find that such an interactive approach is difficult 

to duplicate, and rnakes uncertainty est imates difficult to det ermine reliabty. 

Nonetheless, the correiation between our H6 index and that of Dressler et al. 

is fairly good. In particular, we recover the large Wo(H6) indices measured 

in many cases by Dressler et al., showing that our index is not insensitive to 

spectra of this type. The scatter in this figure reflects the fact that both of 

t hese indices have considerable uncert ainties. 

4.5.4.2 Reanalysis of MORPHS Data 

In Figure 4.29 we show the MORPHS data in the W,(OII)-W,(HS) plane, 

with our region delineations from 54.3.2, and the measurements we have 

made using our index definitions (94.2.2). We exclude data of quality index 

4, and mark as open ckcles those galaxies which are eit her flagged as having 

uncertain W,(H6) measurements, or for which no W,(H6) measurement is 

listed in the MORPHS catalogue (Le., they are Listed as either INDEF, or 

O ) .  Furthermore, no magnitude limit is imposed. The sample error bars 

represent the mean error in each index. The field sample is sornewhat biased 

to lower S/N galaxies and, hence, results in larger mean index enors. 

We will not attempt to evaluate the fractions of each type of galaxy 

(K+A, SF etc.) that we have defined for galaxies in this plane, due to the 

difficulty in correcting for the morphologically based selection (see Srnail 

et al. 1997). There is clearly, however, a strong presence of K+ A galaxies in 

the cluster sample that is not obsenred in the field. For most (20124) of the 
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Figure 4.28: Our measurements of W,(H6) for galaxies in the MORPHS 
galaxy sample (on the y-axis) are compared with the equivdent widths pub- 
lished in Dressler et al. (1999, on the x-axis), excluding galaxies with low 
quality indices (q = 4) or flagged as uncertain in the catalogues. Although 
the two indices are defined in very different ways, they are correlated. The 
solzd lane shows where the two indices are equal; it is not a fit to the data. 
The scatter in this figure reflects the uncertainty in both indices, which arises 
fiom low S/N data and uncertainty in continuum placement. 
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Figure 4.29: Our measurements of W.(OII) and W,(HS) on the MORPHS 
cluster and field sarnples. Data which are of quality index 4 have been ex- 
cluded. Open circles are data for which either no Wo(HS) measurement is 
presented in the MORPHS catalogue, or the measurement is flagged as un- 
certain. The sample error bars represent the mean, la uncertainty, computed 
assuming the CNOC 1 correlation between S /N and index uncertainty holds 
for the MORPHS sample. This figure may be compared with the CNOCl 
data presented in Figure 4.13, but note that the selection criteria are dinerent 
in that the MORPHS data are biased toward late type galaxies (which wiU 
generally have stronger W,, (011) and W, (HC) indices). There is a clear ex- 
cess of K+ A galaxies in the MORPHS clusters, relative to t heir field sample. 
Although the absolute fraction of K+A galaxies in this sample is difncult to 
determine reliably, this excess suggests that the MORPHS clusters may have 
different galaxy populations than the X-ray luminous clusters considered in 
the present work. 
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galaxies with W,(H6)> 10 A, Dressler et al. 1999 either did not measure 

W,(H6) or the measurement was flagged as uncertain (open circles). Often, 

this is due to poor sky subtraction near the line, which should result in large 

index uncertainties that justify their removal from the sample (as we do for 

our maximal sample in 84.2.3.3). However a large population of clust er K t A 

galaxies with W,(H6)  < 10A persists. This strong population is clearly not 

as abundant in the MORPHS field sample, in contrast wit h the results found 

in our sample (Figure 4.13). Due to the unusual selection criteria, however, 

the absolute fraction of K+A galaxies in the two samples cannot be easily 

compared in a quantitative way. 

4.5.4.3 Possible Sources of Differences Between MORPHS and 
CNOCl 

Given t hat the CNOCl resolution, S/N distribution and line index definitions 

are comparable to those of the MORPHS collaboration, what is the source 

for the difference in results? We discuss three possibilities below. 

Cluster Selection: Given that galaxy clusters are a very heterogeneous 

class of objects, with diRering galaxy populations, some or all of the ciifference 

between the MORPHS and CNOCl results may be in cluster selection. The 

CNOC l clusters are among the most X-ray luminous a t  t hese redshifts, often 

containing cooling flows, and are mostly dynamically relaxed (Lewis et al. 

1999). It is quite possible that, as a class, these clusters M e r  from the more 

heterogeneously select ed clusters in the MORPHS sample ( t hough we confim 

K+A fractions of 5 5% for the two clusters in common with both samples). 

Furthemore, the MORPHS clusters are generally at higher redshifts than 
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the CNOCl targets; all but four of the CNOCl clusters lie at  redshifts less 

than that of the lowest redshift MORPHS cluster, A370. 

Galaxy Selection: The selection of spectroscopic targets fiom the 

photometric sample M e r s  in the two surveys. The MORPHS sample was 

~rirnarily selected based on galaxy morphology; Sd/lrregular galaxies are 

oversampled relative to earlier types. Since la te type  galaxies were t argeted 

preferent i d y ,  the detection of a large population of starburst and/or post- 

starburst galaxies may not be surprising. Dressler et al. 1999 attempt to 

correct for this by comparing the morphological distribution of their spec- 

troscopic sample wit h the photometric sample, but this correction is not 

cornpletely reliable since the statistical correction for late type field galaxies 

is uncertain (Smail et al. 1997). Alternatively, the primary selection crite- 

rion in the CNOCl sample is apparent magnitude, with s m d  corrections for 

galaxy colour and position. In particular, we note that any colour selection 

effect is quite s m d ,  and there does not seem to be a significant bias to o u  

results as a function of galaxy spectral type at these apparent magnitudes. 

As discussed in section 4.2.3.1, we used weighting functions to correct our 

sample of line indices to be representative of the full photometric sample in 

t be cluster fields. 

We also note that the CNOCl survey includes galaxies at  much larger 

distances fiom the cluster centre, as shown in Figure 4.30. However, the lack 

of an observable gradient in the K+A fraction (Figure 4.22) makes it unlikely 

that t his can have a strong effect . 
Uncertainties: No uncertainties are published for the Lne indices pre- 

sented in Dressler et al. 1999 or Poggianti et al. 1999. As we have shown 
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Figure 4.30: Radial Distributions of Galaxies in the CNOCl and MORPHS 
Samples 
The distribution of distances hom cluster centres, for galaxies in the CNOC 1 - - - -  - -  

(solad line) and MORPHS (dashed lane) ~amples. The CNOCl distribution 
is weighted by W,,., (see §4.2.3.l), but renormalised so that the total num- 
ber of galaxies represented in this figure corresponds to the number in the 
spectroscopic sample. On average, galaxies in the CNOCl sample corne from 
radii about 3 times larger than galaxies in the MORPHS sample. 
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in 5 4.4.2.1, the large uncertainties of our indices result in an overestimate 

of the K+A Fraction; since we believe the MORPHS index uncertainties to 

be comparable to ours, the same holds true for their sample, and some cor- 

rection for this effect m u t  be made. Index measurements for galaxies with 

undetectable or hard to measure lines are not listed in Dressler et al. and, 

t hus, the scat ter in the measurements t hat do exist does not accurately reflect 

the average uncertainty of the data. 

Galaxy Classifications: Based on unpublished recomputations of the 

Barbaro & Poggianti 1997 models, using their new W,(Hd) definition, Pog- 

gianti et al. 1999 have chosen a threshold of W,(H6)> 3 A for their clas- 

sification of k+a/a+k galaxies. This is considerably lower than we have 

adopted for o u  K+A definition, and clearly leads to the identification of a 

larger population of "unusual" galaxies. We have justified our Limit not only 

by comparison with the PEGASE models, but also by comparison with the 

local data of Kennicutt et al. 1992b and Kinney et al. 1996. From Figure 

1.9 alone, it is clear that galaxies with W,,(H6)> 3A and no detectable [OII] 

emission are not exclusively K+As, but include normal SO and early spiral 

galaxies. Since the Dressler et al. W,(H6) threshold is significantly lower 

than previously adopted by many other aut hors (e.g., Dressler and Gunn 

1983; Fabricant et al. 1991; Zabludoff et al. 1996; Abraham et al. 1996; 

Morris et al. 1998), we chose not to adopt their lower limit. Adopting 3A 

instead of 5A as our lower limit for the classification of K+ A galaxies would 

increase the fraction of galaxies that satisfy this definition8. To some ex- 

'For reference, 7.6&1.1% of cluster galaries, and 9.lf 1.6% of field gaihes in our 
iuminosity iirnit samplc have Wo (H6) > 3A, and W, (OH)< 5A (oncorrecteci for scatter). 
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tent, of course, the choice of limiting Wo(Hb) is quite arbitrary and of little 

conseqnence as long as it is interpreted as such, and accounted for when 

cornparisons with other work is made. 

4.5.5 Summary 

With the exception of the MORPHS results (Dressler et al. l999), the surveys 

discussed above are not inconsistent out our principal results, which are: (1) 

the fraction of K+A galaxies (as defined in 84.3.2) in the field and X-ray 

luminous clusters at z z 0.3 is less than 5%; (2) it has not been shown 

conclusively t hat the ,- z 0.3 K+A fraction is significantly larger than the 

fraction at z 2- 0.1; and (3) t here is no strong evidence yet t hat K+ A galaxies 

are more common in cluster environments t han in the field. We suggest t hat 

the higher fractions of K+ A galaxies found by the MORPHS group rnay corne 

from the very different met hodologies used, especidy in the selection of the 

galaxy sample. We suggest that the simpler CNOCl sample and weighting 

functions are likely to produce a fair sampling of the cluster populations. 

In addition, there rnay be an actual difference in the populations of our 

two differently selected duster samples. In that case, it remains to be seen 

whether clusters at these redshifts are better typified by the X-ray luminous 

CNOC 1 sample, or the more heterogeneous MORPHS sample. 

4.6 Discussion 

It was shown in Balogh et al. 1997 that the star formation rate (determined 

fkom [OII] emission lines) at all radii within CNOCl clusters is always less 
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than that in the field galaxy population. However, if a substantial fkaction 

of cluster galaxies have undergone massive but very short starbursts, as pos- 

tulated for example by Barger et al. 1996, the short duration of these bursts 

( ~ 1 0 0  Myr) would mean that only a small fraction of cluster galaxies would 

be observed in the burst phase at a given epoch. 

According to the results of the PEGASE rnodels, following a short burst 

a galaxy will appear as a PSB or PSF type for between 0.75 and 1 Gyr. 

Thus, the starburst rate can be determined from the abundance of these 

"remnants". For our maximal sample (§4.2.3.3), the kaction of these galaxies 

in the cluster is less than 6.2k0.7%; this is an upper limit because it does not 

include the correction for non-uniform scatter. This implies that , in the last 

2 Gyr, less than approximately 15&2% of the galaxy population may have 

undergone a starburst. Using our best estimate for the scatter correction 

from Table 4.5, the corrected fraction of cluster PSB and PSF galavies is 

2.210.9%, which reduces the estimated starburst population to only - 6% 

in the last 2 Gyr. This is much less than the 30% estimated by Barger et al. 

1996. Part of this difference is due to the factor of two difference between the 

abundance of HDS galaxies in our respective samples, as shown in Figure 4.24 

(significant at the - 2 4  level). Secondly, our fractions are reduced due to the 

scatter correction, though Barger et al. include their uncertainties in their 

models, which should account for this effect if their error bars are reliable. 

Findy, Barger et al. actually mode1 the HDS galaxies (which comprise 

4.6f 1.8% of our cluster sample, after scatter correction) with post-starburst 

tracks; however, some of these have [OII] emission (the Afem galaxies), and 

cannot therefore be truly post-starburst. 
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Poggianti et al. 1999 have recently suggested that the A+em galaxies are 

dusty starbursts which may later evolve into K+A types; the strong Balmer 

lines arise because the OB-stars responsible for the emission lines are heavily 

obscured by dust, while the longer lived A stars have migrated out of their 

birt hplaces and are more widespread throughout the galaxy, so that t heir 

light dominates the spectrum. In o u  ciuster sample, we find 3.0rt0.9% of 

the galaxies have A+em spectra, &ter scatter correction. This is almost 

two times larger than the K+A galaxy fraction and implies that the A+em 

phase must last at least twice as long as the K+A phase if the two types 

are evolutionarily linked, and if' al1 A+em galaxies evolve into KC A types. 

Thus, t hese dusty starbursts should eit her be fairly long-lived, wit h lifetimes 

of more t han 1.5 Gyr, or a large fraction of them never evolve into K+ A 

types. The fiaction of field galaxies classified Afem, 6.3 I 2.1%, is twice as 

large as the cluster fraction. Thus, the cluster environment does not appear 

to be responsible for preferentiaily generating these galaxy types, whether 

or not they are starbursts. It is also possible that, if this interpretation 

of A+em spectra is correct, some K+A galaxies are just a more extreme 

example, in which the [O11]A3727 line is completely obscured, as pointed out 

by Poggianti et al. In this case, A+em and K+ A galaxies are not evolutionary 

counterparts, but representative of the same, starburst phenornenon. 

Assuming that K+A galaxies are the result of recently terminated star 

formation, we can use the fractions of PSF and PSI3 galaxies in our sample 

to assess the relative contribution of starbursts and truncated star formation 

to this scenario. In general, PEGASE models of post-starburst galaxies 

spend roughly an equd amount of tirne in both PSB and PSF stages, while 
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truncated star formation leads ody to PSF galaxies, lasting about 300 Myr 

&er the star formation activity ceases (see 54.3.3). Thus, if starbursts are the 

dominant mechanism for generating HDS galaxies, there should be (roughly) 

an qua1 number of PSB and PSF galaxies. As shown in 54.4.3, the PSF 

fraction in both cluster and field environments rnay be much higher (-- 5 - 10 

times) t han the PSB fraction. If t his overabundance is real, it suggests that 

at  Ieast some of the galaxies rnay have had their star formation truncated 

without a burst, as supported, for example, by recent simulations (Fujita 

et al. 1999). 

The lack of a marked excess of K+A or A+em galaxies relative to the 

field rnay suggest that the ciuster environment does not actively truncate o r  

induce star formation, but merely inhibits it from regenerating once it has 

ceased. For example, in the galaxy formation mode1 of Baugh, Cole and Frenk 

1996, after a merger of two spiral galaxies succeeds in producing an eùiptical 

galaxy, haIo material rnay recollapse to form a new disk. This reformation of 

a stable disk could conceivably be inhibited in the cluster environment, due to 

the presence of strong tidal fields and galaxy harassment. Furthermore, the 

halo of gas surrounding a spiral galaxy, which rnay continually cool onto the 

disk, forming new stars, rnay be easily stripped away when a galaxy f d s  into 

a cluster (Larson et al. 1980). The conditions for this to happen are much 

less stringent than those for stripping all the gas out of the galactic disk. In 

either of t hese cases, K+A galaxies will generaily evolve to become Passive 

wit hin the cluster once t hey have exhausted their gas supply, whereas, in the 

field, many will again become star-forming galaxies. Starbursts and K+A 

phases are then int erpreted as natural stages in galaxy evolution (i.e., galaxies 
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form stars in bursts, not continuously), and the cluster merely prevents a 

galaxy from recommencing its star formation once the activity has stopped 

of its own accord. We are currently analysing dark matter simulations of 

clusters to link a galaxy's star formation history to the time elapsed since it 

was accreted. Preliminary analysis shows that a gradua1 reduction of SFR 

following galaxy accretion adequat ely reproduces the radial gradient of star 

formation (Balogh et al., in preparation). 

There are several caveats which may alter the conclusions described 

above, and there are several ways in which future observations rnay address 

these issues; we list these caveats below: 

1. Once statistical correction weights are included, our spectroscopic sam- 

ple is representative of a photometric sample cornplete to hlp = - 18.8 + 
5 log h. When star formation is truncated in the more numerous, faint 

galaxy population, t hey will fade and many will drop below this Limit. 

Indeed, the K+A galaxies in our sample appear to be of intrinsicdy 

low luminosity. It is also known that the less luminous galaxies evolve 

more significantly with redshift (Lilly et al. 1995; Lin et al. 1997), and 

thus contribute more to the Butcher-Oemler effect. Thus, it is possible 

that there exists a large number of faint K+A galaxies which we are 

not detecting, and t hese may show an environmental preference. 

2. Whether or not an equal fraction of K+A galaxies in the cluster and 

field necessarily implies an equal production rate of starbursts in both 

environments is somewhat model-dependent, as it may only be a sub- 

set of the total population that is ever engaged in starburst activity. 
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For example, the results of Ellis et al. 1997 and Barger et al. 1996 

suggest that most cluster ellipticals formed from a single burst many 

Gyr ago, and have since evolved passively. If we assume that the Pas- 

sive type galaxies play no part in cluster evolution, then the fiaction 

of "active" galaxies in clusters that have a K+A spectrum is 6 I 3%, 

(corrected for scatter effects). However, it is not yet clear how many 

of the Passive galaxies are safely excluded in this manner; many of o u  

Passive galaxies have spectra consistent with those of early type spirals 

and SO galaxies. Furt hermore, it is not clear what fraction of the field 

galaxies are also "primordial" (e.g., Kelson et al. 1997; Kodama et al. 

1998). 

3. The [OII] index is metallicity dependent, which affects star forma- 

t ion rat es derived from it s measurement ; however , t his dependence 

is fairly weak (Kennicutt 1992a) and unlikely to strongly affect our 

results. More important is the fact that this blue feature is quite sen- 

sitive to dust obscuration, and many of the PSB or PSF galaxies with 

W, (011)s 5A may have significant , but dut-obscured, star formation 

(e.g., Poggianti et al. 1999). Infiared spectroscopy and imaging, and 

measurements of Ha  emission, will be helpful in constraining this effect. 

4. The K+ A population is known to be morphologically heterogeneous 

(Couch et al. 1998; Caldwell et al. 1998). If high resolution HST 

imaging reveals t hat KI A galaxies in clusters are morphologically dis- 

tinct h m  those in the field, this may support models in which the 

mechanisms which are responsible for generating K+A galaxies are 
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environment-dependent . 

5.  Kauffmann 1995 and Andreon and Ettori 1699 have suggested that the 

X-ray luminous clusters observed at moderate redshifts are not the 

evolutionary predecessors of the less luminous, low redshift clusters to 

which they are often compared. In particular, the CNOCl sample is 

composed of the most X-ray luminous ciusters in the universe and, 

hence, may have unique or unusual galaxy populations; this may be 

responsible for some of the discrepancy between our results and those 

of Dressler et al. 1999. We note, however, that Andreon and Ettori 

find no dependence of the blue galaxy fraction on X-ray luminosity, 

specificdy. 

6. F indy ,  the field sample drawn from the foreground and background 

of these rich clusters may be unusual in some way, though results are 

generally consistent with the field sampies of other groups (Lin et al. 

1997). Work is currently being undertaken to address this issue using 

the CNOC2 field galaxy sample (Ellingson et al., in preparation). 

4.7 Summary and Conclusions 

We have presented a detailed analysis of the spectral characteristics of a large 

sample of galaxies in X-ray luminous clusters between z=0.18 and z=0.55, 

and of an identicdy selected field galaxy sample. We focus on three spec- 

tral indices: D4000, which traces the old stellar population; W,(Hd), which 

indicates the presence of A-type stars and is sensitive to star formation that 
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took place up to 1 Gyr ago; and the W,(OII) index, which indicates current 

star formation activity. We compare our data to the mode1 predictions of 

Fioc and Rocca-Volmerange 1997 and Bruzual and Charlot 1993, and draw 

the foliowing conclusions: 

a The radial trends within the cluster sample are consistent with a contin- 

uous age sequence, in the sense that the last episode of star formation 

occurred more recently for the outermost galaxies than for the central 

galaxies. 

We define K+A galaxies as those with W,(OII)< SA, and W,(HS)> 

5A. Our measured K+A galaxy fraction is 4.4 i 0.7% in the cluster and 

1.9 i 0.6% in the field, but t his is only an upper Limit due to the large 

index errors which tend to overestimate t hese numbers. Attempting to 

correct for this effect , we find the true fraction of K +  A galaxies to be 

only 2 . l f  0.7% in the cluster environment, and 0.1+0.7% in the field. 

For our luminosity Lrnited sample (galaxies brighter than MF = - 18.8 + 
5 log h), these corrected values are 1.5&0.8% (cluster) and 1.2f 0.8% 

(field). Our field results are consistent with the LCRS z = 0.1 fraction 

of 0.30% (Zabludoff et al. 1996) at the - lc~ level. 

a The fraction of cluster galaxies which are undergoing, or have recently 

undergone, a short burst of star formation is not significantly greater 

than the field fraction, at  any redshift or distance from the cluster 

centre. From the fraction of PSB and PSI? galaxies, we conclude that 

less than -10% of the galaxies in both the cluster and the field may 

have undergone short starbursts in the last 2 Gyr. 
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a If ail the A+em galaxies are dusty starbursts and progenitors of the 

K+ A galaxies, t hen t hese must be under going fairly long-lived episodes 

of star formation (> 1.5 Gyr). These galaxies are two times more 

cornmon in our field sample than in the cluster. 

a We find that PSF galaxies may outnumber PSB galaxies by a factor of 

5-10, in both cluster and field environments (though the samples are 

small). Cornparison with models suggests that truncated star formation 

without a short starburst phase may play a significant role in galaxy 

evolu t ion, 

a More photometry of the CNOCl fields is s t a  needed; particularly K- 

band to constrain the total stellar mass, and U-band to independently 

measure star formation rates. Infrared imaging and spectroscopy is 

needed to determine the amount of dust-obscured star formation, and 

HST images are required to sub-classify the various galaxies types mor- 

p hologically. 

Keeping in rnind the caveats listed at the end of $4.6, we can discuss some of 

the implications of our results. The general trend for higher redshift clusters 

to be bluer (the B-O efFect) has not yet been iinked to a population of galax- 

ies unique to the cluster environment. The simplest explanation consistent 

with the curent data is that the B-O effect in clusters largely reflects the 

increased level of star formation in the field at larger redshifts. Secondly, 

there is no evidence that reeent (<1 Gyr) cluster-induced star formation 

is responsible for driving the differential evolution between cluster and field 

within the virial radius, since there is no tell-tale population of starburst or 
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post-starburst cluster galaxies that does not exist in the field. We specu- 

late that the presence of bursting galaxies, and the possible increase of such 

galaxies wit h redshift , reflects the general nature of star-forming galaxies, 

independent of environment. However , galaxies in dense environment s are 

eventudy prevented from bursting, perhaps because their halo gas reservoir 

has been stripped. This, coupled with a population of "primordial" ellipti- 

cais and perhaps some truncation due to ram pressure stripping of disk gas, 

could be responsible for the older stellar populations which inhabit cluster 



Chapter 5 

Ha! Observations of Abel1 2390 

5.1 Introduction 

In Chapters 2-4, evidence for star formation has been based on the presence 

of the (OII1A3727 emission line in a galaxy's spectrum. Though Kennicutt 

(1992a) has shown that the strength of this emission line correlates well 

with star formation rate (SFR), it is also sensitive to the metallicity and 

excitation of the gas. More importantly, the [OII] feature lies in the blue 

part of the optical spectrum, and is thus easily obscured by dust. Without a 

good estimate of the internal extinction, t his can result in a serious systematic 

underestimate of the SFR. 

Star formation rates are much more reliably estimated from the strengths 

of Balmer recombination lines, which result fiom the re-emission of incident 

flux blueward of Lya. The H a  line ( A  = 6563 A) is particularly usefd as 

it is strong, and only weakly sensitive to underlying stellar absorption and 

dust extinction. However, it is redshifted into the near-infrared spectrum at 

moduate redshifts, and is thus generally not a d a b l e  in spectra obtained in 
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redshift surveys, like the CNOCl cluster survey (Carlberg et al. 1996). 

Since only short-lived (< 20 Myr), massive stars contribute enough flux 

blueward of Lyct to give rise to nebular emission, the emission fine flux pro- 

vides a measure of the instantaneous SFR, nearly independent of previous 

star formation hstory. However, the derivation of a tocal SFR from the pres- 

ence of only the most massive stars resdts in sensitivity to the adopted initial 

mass function (IMF). Kennicutt (1983) has shown that this function can be 

constrained from measurements of the H a  equivalent width and galaxy broad 

band colours, which confirm that a Sdpeter IMF is appropriate for normal, 

local disk galaxies. Assuming this M F  for stellar masses ranging kom 0.1 

to 100 Mo, Kennicutt et al. (1994) find the following relationship between 

H a  luminosity, L(Ha) and SFR (for solar metallicity ): 

computed for Case B recombination, at Te = 10000 K (Osterbrock 1989). 

As recently reviewed by Kennicut t ( NW),  ot her calibrations have been pub- 

lished by other authors, with a variation of about 30%, reflecting ciifferences 

in the models used. In particular, the coefficient in Equation 5.1 is 13% 

smaller than that determined by Kennicutt (1992a, as used in Balogh et 

al. 1997) and 50% srnaller than that determined by Barbaro and Poggianti 

(1997, used in Balogh et al. 1998). 

Although the Ha line is much less sensitive to extinction than [OII], this 

effect is still the most important source of systematic error (Kennicutt 1999). 

Typical estimates of the mean extinction are A(Ha)=0.5-1.8 mag (Kennicut t 

1983; Niklas and Wielebinski 1997; Caplan and Deharveng 1986; Kaufman 
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et al. 1987; van der Hulst et al. 1988; Caplan et al. 1996); however A(Ha) is 

certainly not the same for all galaxies, and it is likely correlated wit h galaxy 

type and SFR. A final difficulty with Equation 5.1 is that it usually requires 

measurements to be corrected for [N11]XX6548,6583 emission, which is not 

usuaily resolved from H a  in redshift surveys. Kennicutt (1983) found, for 

local galaxies, t hat the mean ratio of [NII I IH~ is approximately 0.5. 

In Balogh et al. (1997, Chapter 2)  we determined star formation rates 

for CNOCl galaxies from the equivalent width of the [OII] emission line 

in their spectra. Based on this relation, we concluded that star formation 

is suppressed in cluster galaxies, relative to field galaxies, even beyond the 

virial radius of these clusters; Balogh et al. (1998, Chapter 3) showed that 

this effect is not completely accounted for by the morphology-density rela- 

tion. These results are unlikely to be compromised by the presence of large 

amount s of dust , uniess clust er galaxies have relatively more extinction t han 

field galaxies. However, it is of interest to determine by how much the to- 

tal star formation rate within rich clusters may have been underestimated. 

Furthemore, in Chapter 4, we used the abundance of K+A galaxies in these 

clusters to estimate the fraction of cluster galaxies t hat recently underwent a 

short starburst . This determination rests on the assumption t hat the absence 

of [O111 emission in these galaxies is due to the absence of star formation; 

Poggianti et ai. (1999) have recently suggested instead that, in some cases, 

this type of spectrum could result fiom differential extinction effects, where 

the most massive stars only are heavily obscured. It is therefore important 

to determine how many of these types of galaxies show evidence for star 

formation in Ha, which is less sensitive to dust extinction. 
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In the present Chapter, we present Ha observations of galaxies in the 

CNOCl cluster Abell2390, which has been well studied previously by Abra- 

ham et al. (1996). We WU attempt to determine the fraction of cluster galax- 

ies undergoing strong star formation (h > l i&/yr),  and what fraction of 

these do not show iOII] emission iines in their CNOCl  spectrum. In $5.2 we 

describe the details of the observations made in 1998 at the Canada-France- 

Hawaii Telescope (CFHT). The reduction of this data, and the details of the 

photometry performed on it, is discussed in 55.3. Our results are presented 

in 55.4, and our findings are summarised in the final section, $5.5. 

5.2 Observations 

The data were taken with the OSIS (Optical Sub-arc second Imaging Spec- 

trograph) instrument in imaging mode, over four half nights at CFHT from 

June 21-24, 1998. Twenty-one (19 reasonable quality) pointings were made, 

for a total areal coverage of about 270 0'. Figure 5.1 shows how the mosaic 

covers the cluster, relative to the CNOCl observations. Note that oniy the 

centrai and extreme east/west portions of the CNOCl strip were observed, 

due primarily to a night lost to cloudy conditions. The instrument choice 

of OSIS was made for its fast-guiding capabilities, which are capable of im- 

proving image resolution to as low as 003 in ideal seeing conditions; however, 

as seeing was generally about 0.7 and, more importantly, the fast-guiding 

option repeatedly caused the instrument control panel to crash, this option 

was o d y  used for one field (elc).  
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Figure 5.1: The OSIS mosaic used to cover A2390 in Ha, overlayed on the 
CNOCl data. Coordinates are distance from the BCG, in arcseconds. The 
9 central pointings are shown in (a); the 6 pointings in each of the e s t  and 
west strips are shown in (b) and (c), respectively. Open symbols are gdax- 
ies in the CNOC 1 catalogue without redshifts; crosses (+) are field galaxies; 
angled crosses (x) are cluster members with weak or absent [OII] emission 
(W,(OII)< 20A); fùled squares are cluster members with strong [OII] emis- 
sion ( W, (OII) > 20A). Larger syrnbols correspond t O brighter galaxies. 
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5.2.1 Filters 

For each pointing, we obtained images through three narrow-band füters (the 

on-line, a red continuum (RC) and a blue continuum (BC)) and one broad 

band R filter. The three nanow-band filters were carefdy chosen to isolate 

the Ha  emission line at the mean cluster redshift of z = 0.228, A = 8059 A. To 

measure the flux in this line, an on-line filter is required that is broad enough 

to include the Ho: line for most clust er members, and yet as narrow as possible 

to maximise the ratio of emission line flux to continuum flux. Secondly, 

continuum filters which lie to the blue and the red of Ha are required, such 

that (a)  no cluster galaxies have a peculiar velocity geat  enough to shift their 

Ha emission into this band; and (b) they encompass as much continuum as 

possible. while avoiding other emission Lines and ensuring that the continuum 

is roughly constant over its breadth. Using two continuum füters allows the 

determination of the continuum level at Ha  in the presence of a continuum 

slope. 

We had an appropriate on-Line füter manufactured by Barr Associates, 

with A, = 8037 A,  AA = 348 A FWHM and a peak transmission of -90%. 

Adequate filters for the continuum observations were a d a b l e  from CFHT; 

we used #4701 for the blue and #1814 for the red. Figure 5.2 shows an 

example of a composite local starburst galaxy from the sample of Kinney et 

al. (1996) with strong H a  emission, redshifted to r = 0.228; the throughputs 

(cdculated in 55.3.2.5) of the three narrow band filters and the broad band 

R filter are superposed. It is clear from this figure that the on-line filter 

will often be contarninated with [S11]XX6717,6731 emission, in addition to 
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[NII]. The red continuum filter is susceptible to contamination by the weak 

[Ar1111 A7 13 6 Line . 

5.2.2 Exposure Times 

Exposure times were calculated so chat any cluster member with a star- 

formation rate M 2 lMoyr-' would be detected in Ha at roughly the 2 c  

level (assuming the relation in Equation 5.1, and a continuum magnitude of 

r z 21). Typical exposure times are 90 s for the R-band filter, 600 s for the 

on-line filter, and 300s for the two continuum filters. Longer exposure times 

were used in cloudy conditions; a summary of the observing log is presented 

in Table 5.1. 

5.3 Data Reduction and Photometry 

We have not reduced the data from fields wln, wlc or e2s, for which observing 

conditions were poor , and the limit ing magnitude is considerably bright er 

than for the rest of the fields. Thus, the final sample considered here consists 

of 19 pointings; the reduction and analysis of these images is described in 

this section. 

5.3.1 Standard Reduction Procedure 

Each image was reduced using the IRAF1 ccdproc package, with the following 

steps (italicised words refer to IRAF tasks or packages): 

lIRAF is dirtnboted by the National Optical Astroaomy Observatories whkh is oper- 
ated by AURA inc. under contract with NSF. 
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Observed Wavelength (A)  

Figure 5.2: The throughputs of the on-line Ha filter (solid line), the red 
and blue continuum filters (dotted lines) and the broad-band R filter ( d a h e d  
line) are overlayed on a composite local starburst spectrum fiom Kinney et 
al. (1996), redshifted to r = 0.228. 
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Table 5.1: Log of Ha Observations 

Date 
(1998) 
21/6 
21/6 
2 1  
21/6 
2216 

Comments Field A RAa AIIecb 

("1 (") 
cc O O 
e l c  325 O 
e l n  325 1 70 

3216 
33/6 
23/6 
23/6 
S3/6 
2316 
23/6 
23/6 
34/6 
24/6 
24/6 
24/6 
24/6 
24/6 
24/6 
24/6 

Thin cirrus 
Fast guiding 
Thin cirrus 
Thin cirrus 
Thick cirrus 
Thick cirrus 
Clear all night? 

cn O 170 

Modcrate cirrus 
Moderate cirrus 
Clear ? 
Clear ? 
Clear? 
Clear? 
Clear? 
Twilight 

R 
Time(s) 

90 

wlc  -235 O 
W ~ S  -225 -170 
CS O - 170 
els  235 - 170 
w4n -900 90 
w3n -675 90 
w2n -450 90 
w2s -450 -90 
w3s -675 -90 
W ~ S  -900 -90 
e4n 900 90 
e4s 900 -90 
e3s 675 -90 
e3n 675 90 
e2n 450 90 
eSs 450 -90 

- - 

'Relative to RA 21:53:39.2 ( 5 2 6 0 )  
'Relative to Dec +l7:4l: 16 (52000) 

9 O 

on-line ' 

Tirne(s) 
600 

wln -225 170 , 

Blue/Red cont. 
Timef s) 
300/300 

9 O 600 
90 600 

600 

' 

1 

300/300 
300/300 

180 
300/300 

2400 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 
600 

180 
9 0 
90 
90 
90 
9 0 
90 
9 O 
9 0 
90 
90 
90 
90 
9 O 
90 
90 

1200/2400 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 
300/300 

1200 600/2400 
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1. Overscan: The mean value of the overscan region of each image, 

columns 1735 to 1756, was subtracted from each image. This value is 

typicdy about 1200 digital units (DUS). 

2. Bias Correction: Five bias frames were obtained on nights I and 3; 

each of these sets were averaged using the rerocombine routine, with 3 0  

rejection around the median, after overscan correction. The combined 

bias from night 1 was applied to all images from nights 1 and 2, while 

the other was subtracted from images taken on nights 3 and 4. 

3. Flat Fielding: For each filter, five dome flats were averaged using 

Patcombine with 30  rejection around the median. A blank sky image 

was created for each filter by taking the 3 0  clipped median of all good 

quality images in that filter, each scaled by the mode of the image. 

The mliskyflat task processes this sky image (for overscan, bias and 

flat field), smooths it with a boxcar average, and divides it into the 

original flat , to create a flat field image corrected for the large scale 

illumination gradient. Dome flats taken on night 1 were used to create 

the skyflat applied to night 1-2 data; flats taken on night 3 were used 

for nights 3-4. The flat field correction is good to about 1% over most 

of the image, with variations of up to 5% in the corners. 

4. Cosmetic Corrections: Each image was trimmed to a region span- 

ning columns 33 to 1718 and rows 360 to 1680. A bad column near 860 

was interpolated over using the fipzx procedure (hom within ccdproc), 

and cosmic rays were ident ified int eract ively and linearly int erpolat ed 
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over , following a first pass wit h cosmicray to automaticdy remove most 

of the candidates. 

5. Alignment Procedure: A candidate list of stellar objects in the 

on-line image were identified with the starfirid algorithm, which de- 

tects objects from a Gaussian-convolved image, rejecting elliptical or 

extended objects that are most likely galaxies. This list is then manu- 

dy cleaned of residual cosmic rays, galaxies, and stars wit h saturated 

pixels or otherwise corrupted isophotes. The centroids of these stars 

are then found on the ot her three images of that field using the im- 

cen troid algorit hm. The geomet ric transformation required to match 

pixel coordinates of the stellar centroids on each image is computed 

with geomap, and this solution is applied to the images with geotran, 

t O align all four images of each field. 

6. Astrometry: The astrometric solution of each image was computed 

by matching the list of stars with stars in the U.S. Naval Observatory 

(USNO) A2.0 catalogue2. An initial guess to the plate solution is made 

hom the right ascension and dechation in the image header, and the 

pixel scale of 0'!155 arcsec/pixel. This d o w s  stars from the USNO 

catalogue to be matched with the closest stellar object on the OSIS 

images. After t hese identifications are checked, the plate solution is 

solved with ccmap, and applied to each image with ccsetwcs. Galaxy 

positions are generally good to W5, though they are sometimes less 

2The USNO SA2.0 catalogue is a product of the USNO Flagstafl' Station and is dis 
tributed by the Astrornetry Department. 



accurate near the edges. 

5.3.2 Catalogue Creation 

O bject detection, photometry and star/galaxy separation was done wit h the 

SExtractor photometry package (Bertin and Arnouts 1996). A review of the 

algorithms and a description of the chosen parameters is discussed here. 

5.3.2.1 Background Estimation 

The sky background is estimated in each mesh of a grid from a combination 

of KU clipping and mode estimation. A bilinear interpolation between meshes 

of the grid is made to produce the final background map. For the present 

photometry, we have chosen a mesh size of 128 pixels, median fütered with a 

5 pixel boxcar to suppress signal from bright stars. This mesh size was chosen 

to be as large as possible, while still matching the large scale variations in 

sky level which are primarily due to vignetting near the corners of the chip. 

Such a "global" background estimate is inadequate for objects found in the 

haloes of bright stars or near bright ghosts or reflections. These objects are 

excluded from the current catalogues; their photornetry may be redone in 

the future, using background levels measured in an appropriate annulus. 

5.3.2.2 Source Detection 

Objects are detected using the thresholding algorithm of Lutz (1979) to iden- 

tify objects as 5 contiguous pixels more than la over the background, fol- 

lowing convolution with a Gaussian (5 pixels FWHM). These detections are 

then passed through a deblending algorithm, which rethresholds each object 
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at 32 exponentidly spaced levels, and identifies peaks that contribute at least 

IO-' of the flux of the blended structure as distinct objects. 

Sources were detected separately on dl four images for each field; these 

detections were then matched, so the final catalogue contains only objects 

detected on ail four images. This allows easy rejection of non-real detections 

due to noise spikes or residual cosmic rays. 

5.3.2.3 Photometry 

For each galaxy, SExtractor calculates the major and minor axes (4 and 

B, respectively) as the second moment (i.e. r.m.s.) of the light profile; the 

galaxy size is then characterised by a bivariate gaussian with mean standard 

deviation o. The h s t  moment, rl is cornputed as: 

where I(r)  is the intensity profile as a function of position, and the summa- 

tion is over all pixels within a radius of 6a. The size of the aperture within 

which the photometry is measured is taken to be the largest of either 2rl or 
- 

3.5dAB; this is expected to contain about 94% of the total flux, independent 

of signal-to-noise, magnitude or PSF (Kron 1980). Within each aperture, 

the galaxy flux is the sum of the intensity of each pixel, less the background 

measured fiom the background image (55.3.2.1). The adaptive aperture ap- 

proach is taken to allow for the fact that the PSF can Vary significantly 

between different images of the same field (in different filters). 
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5.3.2.4 Star-Galaxy Separation 

SExtractor uses a neural network algorithm to distinguish between stars and 

galaxies, as described in detail in Bertin and Arnouts (1996). Ten parameters 

describing the object profile (peak intensity, seeing and eight isophotal areas) 

are input into the neural network, which has been trained on both artificial 

and real images. The classification of bright objects is at least reliable a t  

the 95% level, though there is some tendency to classify compact rnernbers 

of deblended galaxy-galaxy pairs as stars. SExtract or assigns a 4bstellarity 

index" between O and 1 to each galaxy, where the larger number indicates 

increased ükelihood that the object is a star. By inspecting objects on several 

of our OSIS images, we determined that objects with index greater than 0.97 

are mostly stars, and we adopt t his as our threshold. 

5.3.2.5 Photornetric Zero Points 

A spectrophotometric standard star, BD+284211, was obscrved in all four 

füters on the h s t  night. To determine the photometric zero point for each 

filter, we need to convolve the flux calibrated spectrum of this star from 

Oke (1990) with the response of the filter/detector combination. This re- 

sponse, as a function of wavelength, was determined by taking a long slit 

image of the 0at field lamp through each filter. The overscan region was sub- 

tracted fiom each of these images, and the wavelength solution was found by 

identifying lines in an argon lamp spectrum with ident$y and mapping these 

wavelengths onto pixel coordinates with fitcoords. The average of all columns 

dong the slit was taken to create a 1-dimensional, wavelengt h calibrated re- 
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sponse function. To determine the throughput of each fdter (as plotted in 

Figure 5.2), we divide this function by that obtained without a filter in place. 

However, this division removes the detector response so, for the purposes of 

determinhg the zero point, we simply renormalise the response function to 

reach a maximum value of unity, so that the value of each pixel represents 

the relative contribution of flux at  each wavelength, accounting for both flter 

and detector response; we cal l  this function S(v), expressed as a function of 

frequency rather than wavelength. This is not precisely correct, because the 

flat field lamp is not uniform in wavelength; however, it should be a suitable 

approximation since the wavelength ranges of the tilters are fairly narrow. 

The total standard flux of BD+284211 at the wavelengths sampled by 

each filter is then given by 

(5.3) 

where F(u)  is the flux (in ergs/s/crn2/Hz) of BD+284211 as tabulated in 

Oke (1990). The frequency range of each fùter is computed as 

and the AB magnitude (Oke 1974) of the standard star in each filter is given 

by 

The observed flux in each filter of BD+284211 is computed with SExtrac- 

tor using the same parameters described for object photometry in 55.3.2.3. 

The number of DU per pixel are multiplied by the gain (4.52 e-/DU) and 
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divided by the exposure time in seconds to yield an observed flux, 7, in units 

of electrons per second. The zeropoint for each filter i is then determined 

from 

where x is the airmass, and r n * ~  is the standard star magnitude in the 

appropriate füter, from Equation 5.5. Coefficients for the airrnass correction, 

Ai are taken from the OSIS manua13; we use A=0.08 (tabulated for R band) 

for the R and BC images, and A=0.05 (tabulated for 1) for the on-line and 

RC images. 

The results are shown in Table 5.2 where we list, for each filter, the 

measured flux of BD +284211 in DU (column 2),  the exposure time in seconds 

(column 3), the airmass (column 4) ,  standard magnitude (from Equation 

5.5, column 5) and the photometry zero point calculated from Equation 5.6 

(column 6). For each galaxy, then, we can determine the flux in each filter i, 

f i ,  (ergs/cmZ/s/Hz) from the observed flux in electrons/s, Fi, as 

5.3.2.6 Equivalent Widths 

Since the nights were not photometric, the zeropoint s determined in 55.3.2.5 

are not reliable to within more than -0.5 mag. However, H a  equivalent 

widths can be more precisely determined, since they only depend on the 

relative flux between the on-line and continuum images. We calibrate this by 

3bttp://www.cfit.hawBu.edu/Instr~ents/Spectroscopy/SIS/Mannal/chapter?~l 1. html 
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Table 5.2: Photometry Zero Points 

assuming that steilar objeets have no absorption or emission at X = 8100A, 

corresponding to the wavelength of our on-line filter; thus, an appropriate 

scaling can be found such that the mean equivalent width of stellar objects 

is equal to zero. We first calculated the continuum magnitude of each galaxy 

by averaging its flux (in ergs/s/cm2jHz) in each of the two continuum filters, 

RC and BC, to obtain fc; this is appropriate because the central wavelengths 

of RC and BC are almost equally spaced on either side of the on-line filter 

in v.  We then selected a sample of steilar objects (with stellarity index 

>0.97) with uncorrupted photometry, and measured the ratio of the flux in 

the on-line filter, f,, to f,. An example of this relation is shown in Figure 

5.3, where we compare these two f lues  for stars in the central field. The 

tight correlation suggests that it is fair to assume all s t a r s  in the field have 

a similar spectral shape in this wavelength range. We then multiplied fc by 

the mean value of this ratio (1.30 in this case), to obtain a scaled continuum 

f: for all galaxies in the field, ensuring that the mean of f, - f: is zero for 

stellar objects. For all 19 fields, f, is larger than f,; we expect that the 

zeropoint of the on-line filter was underestimated due to cloudy conditions 

Filter 

o n - h e  
RC 

when the standard star was observed. 

Flux (DU) Exp. Time (s) Airmass r n ~ ~  m, 

177522 8 1.032 11.19 23.74 
140054 8 1.034 11.27 23.57 

BC 126177 8 1.033 11.01 23.22 
R 1 208817 1 1.030 10.76 25.78 
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log f o n  

Figure 5.3: The logarithm of the flux in the averaged continuum (f,) is 
plotted against the logarithm of the flux in the on-line filter, for stars in 
the central field; the two should be equal (indicated by the solid line), since 
stellar objects have no strong features at this wavelength. Due to incorrect 
zero point determination, the continuum flux in this case is a factor of 1.3 
fainter than the on-line flux (dashed line). Thus, the continuum flux must 
be multiplied by t his factor for all galaxies in this field. 
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The rest frame equivalent width of the H a  line is given by 

where AX is the rest f rarne  width of the on-line filter, in A, which we take to 

be the FWHM of the filter response function, 348 A. In fact, the on-line filter 

also covers the adjacent [NII] ernission line; d values of W,(Ha) presented 

in this Chapter include contribution from this Line; a correction will only be 

made when star formation rates are considered. 

5.3.2.7 The Final Catalogue 

Since adjacent OSIS fields overlapped by up to 30", some galaxies were ob- 

served on more than one field; from these duplicates, only the best quality 

image was used. Galaxies lying near the bad column (rows greater than 410, 

between columns 810 and 850), or in the haloes of bright stars were removed 

from the catalogue. The latter may be reintroduced into the catalogue at a 

later date, following more careful photometry which accounts for the strongly 

vazying background intensity near these objects. Objects with stellarity in- 

dex greater t han 0.97 are considered stars, and were excluded from the galaxy 

sample. F indy ,  objects with corrupted photometry (due to nearness to an 

image boundary or saturated pixels) were also excluded. The final catalogue 

contains measurements for 1189 galaxies. 

The on-line fîlter response is centred at X = 8071.5A, with a width 

(between 10% transmittance levels) of AX = 398A. The H a  emission line 

lies within this wavelength range for galaxies at redshifts 0.200 < z < 0.260. 

Hereafter, we refer to galaxies in this redshift range as cluster members; 
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from the CNOCl spectroscopic catalogue (Abraham et al. 1996), 90.2% of 

galaxies in this redshift range lie within 3 0  of the cluster redshift, and 96.7% 

lie within 60,  where o = 1095 km/s is the cluster velocity dispersion. The 

brightest clust er galaxy (BCG) right ascension and declinat ion coordinates 

are (21:53:36.80, t li:U:U.8), and we Lake t his to be the centre of the cluster, 

relative to which galaxy positions are measured. From Carlberg et al. (1996), 

R200 for this cluster is 1.51h-' Mpc, where RZo0 is the radius at  which the 

mean interior mass density is equal to 200 times the criticd density, and 

within which it is expected that the galaxies are in virial equilibrium (Gott 

and Gunn 1972; Crone et al. 1994). For 0, = 0.2, A = O this corresponds 

to 785"; we normalise all projected cluster-centric distances (4,) to t his 

value. 

5.3.3 Completeness 

To estimate the cornpleteness of our final catalogue, we compare o u  galaxy 

sample with the photometric CNOCl galaxy sample, which is complete to 

about r = 23.5 (Abraham et al. 1996). Galaxies were matched in right 

ascension and declination coordinates, verified by interactive inspection in 

ambiguous cases. The number of galaxies in our catalogue matched in this 

manner is shown in the bottom panel of Figure 5.4, in bins of CNOCl r 

magnitude. We then compute the difference between this distribution and 

that of galaxies in the CNOCl sample that lie within the same area of sky; 

this ciifference is shown in the top panel of Figure 5.4. Note that this proce- 

dure does not account for the small number of galaxies in the present sample 

which have no match in CNOC1; these usually a i s e  from cases where our su- 
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perior sampling and seeing is able to resolve an object into multiple objects. 

There are also cases of discrepancy where objects are classified as stellar in 

one catalogue, but not the other. Figure 5.4 shows that our galaxy sample 

is > 90% complete to T z 21, and f d s  to 50% completeness at  r = 21.7. 

For our adopted cosrnology of 0, = 0.2, A = O, r = 21.7 corresponds to an 

absolute magnitude of 113, = - 17.5 + 5 log h,  including a K-correction of 0.23 

rnag4. 

We used this matched sample to correct the zero points of o u  R-band 

photometry, on a per-field basis, by computing the mean offset AT, between 

the CNOCl photometry and the present photornetry, for the galaxies we have 

in common brighter than r = 21.7. We adjusted our r magnitudes according 

to this difference, which is, in generd, 1 Ar 1 < 0.3 mag. After applying t his 

correction, the difierence the two rneasures for galaxies brighter than r = 21.7 

has a 3u-clipped r.m.3. of 0.12 mag (to be compared with 0.21 mag, before 

t his correction). This corrected correlation is shown in Figure 5.5. Outlying 

points are often deblended galaxies, the photometry of which depends on the 

algorithm used and the seeing conditions, which may not be the same for 

both measurements. This procedure d o w s  us to apply a reliable magnitude 

cut to the final sample, by ensuring the r photometry is on a consistent 

system. However, the same correction cannot be applied to the other füters, 

as the zero point varies sipnificantly between exposures. 

To correct for the incompleteness t hat sets in around r=21.1, we cdcu- 

lated a statistical weight, Wh, which is the ratio of the number of galaxies 

'Based on mode1 spectral energy distributions of Cokman, W u  and Weedrnan (1980), 
independent of SED type to within 0.02 mag. 
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Figure 5.4: The bottom panel shows the total number of galaxies in the H a  
sample that correspond to a galaxy in the CNOCl sample, as a function of 
T (from the CNOCl photometry). In the top panel, we plot the ratio of the 
number of galaxies in ou. final CNOC1-matched Ha  sample to the number 
of galaxies in the CNOCl photometric catalogue, matched to identical areal 
coverage. Error bars are lu, and are determined as the value in each bin 
divided by f l, where N is the number of galaxies from the H a  sample in 
that bin. The completeness drops to 50% at T = 21.7. 
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r (Current  S t u d y )  

Figure 5.5: r magnitudes from CNOC1, with lo error bars, plotted against 
our rneasurements, afier correction for zero-point offsets in each field as de- 
tailed in 55.3.3. The solid line is drawn where the two magnitudes are equal, 
for reference. Dashed fines are drawn at r = 21.7, ou- 50% completeness 
limit . The 3a clipped r.m.s. for galaxies brighter than t his limit is 0.12 mag. 
Outliers on this figure are often blended objects, the magnitudes of which 
may be sensitive to the deblending algorithm used and the seeing. 
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in the (area matched) CNOCl photometric sample to the number in the cur- 

rent sample, binned in magnitude. We approxirnate WH, = 1.12 for r < 21.1 

and WH, = 1.78~ - 36.4 for 21.1 < T < 22.1. When appropriate, this weight 

is applied to results discussed in $5.4. 

5.4 Results 

5.4.1 Cornparison wit h CNOCl [OH] Measurements 

There are 166 galaxies in our Ha  sample which have spectra a d a b l e  from 

the CNOC 1 sample; for these galaxies we can compare the W, (Ha) mea- 

surements with their spectral properties. We will concern ourselves with the 

rest fiame equivaient widths of the Hd absorption line (W,(H6)) and the 

(0II1X3727 emission line ( W,(OII)), as defined in Chapter 4. Recall t hat the 

former index is positive for absor~tion features, while the latter is positive in 

the case of emission. The CNOCi spectroscopic sample is a subset of a corn- 

plete photometric sample; statisticai weights discussed in Yee et al. (1996) 

are applied to gaiaxies in this sample to correct for selection effects due to 

apparent magnitude ( W,,, ) , geometric position ( WC) and colour (WC),  where 

necessar y. 

Although we c a n  expect a correlation between the spectral indices and 

our W@a) measurements, the two are not always directly related. In par- 

ticular, since the spectra are obtained from a narrow (1O5) sIit centred on the 

galaxy, they are not necessarily representative of the total integrated light 

of the galaxy, which we have measured from the Ha  images. Furthermore, 

the W,(OII) measurements are more sensitive to weak emission, as the index 
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definition is not as dominated by continuum light . 
In Figue 5.6 we compare W,(Ha) with W. (OII), plotting only galaxies 

brighter than r = 21.7 and with WJOII) uncertainties less than 15A. In 

the bottom panel we plot field galaxies, for which the H a  emission line does 

not Cd within o u  on-line flter wavelength range and, thus, should have 

W, (Ha) =O. These measurements are fairly evenly distributed about zero 

(the median is -1.9A), with a standard deviation of -- 37A. In the top panel 

we show the W.(OII)-I.V,(Ha) relation for cluster members; the solid line 

represents the mean local relation found by Kennicutt (1992a). Most of the 

galaxies that have strong W,(OII) (Le. greater than 30A or so) are also 

detected in Ha. Low ratios of W , ( H a ) /  W, (011) in some cases are partly 

due to the fact that the H a  emission often originates from a s m d  (usually 

central) region of the galaxy (e.g., see Figure 5.12); thus, W,(Ha) is low 

since there is a considerable arnount of continuum flw dominating the Light, 

from other regions of the galaxy. The spectroscopie observations, from which 

W,(OII) is measured, only sample the light in a narrow 105 slit placed across 

the galaxy, so the emission line eux may contribute a larger fraction of the 

total Light in the slit. 

Another striking result shown in Figure 5.6 is that there are several 

galaxies with strong W,(Ha) measurements, but weak or absent WJOII). 

More specifically, there are 51 cluster mernbers that have no detectable [OII] 

emission (W, (OH) < 5A with 2 0  confidence), and 10 of these have Ha de- 

tected a t  the 2 0  level. This suggests that -20% of galaxies for which we do 

not detect (0111 may in fact have substantial star formation activity. 

We can estimate the SFR for galaxies detected in H a  fiom Equation 
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Figure 5.6: For galaxies with redshifts available from the Abraham et al. 
(1996) catalogue, we show W,(Ha) from our OSIS observations compared 
with W,(OII) measured from the CNOCl spectra. Only gafaxies with 
WJOII) uncertainties less than 15A are shown. In the bottom panel we show 
field galaxies (for whlch W.(Ha) should equal zero, since their H a  line does 
not lie within our on-line Mter range); the top panel shows cluster members. 
The soizd line is the mean local relation hom Kennicutt (1992a). 
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5.1, adopting a mean H a  extinction of 1 magnitude and correcting for [NII] 

contamination assuming [NII] /Ha=O.5 (Kennicut t l992a). We determine 

the H a  flux, f (Ha), fiom Wo(Ha) and the continuum flwc f,, as f (Ha) = 

f,W,(Ha)/AA, where AX = 348 A is the FWHM of the on-line filter. The 

luminosity of the line is then computed assuming a cosmology with $2 = 0.2, 

A = O. The relation between SFR and W,(Ha) is shown in Figure 5.7; only 

galaxies brighter than r = 21.7 that are detected in H a  at the 2 0  level are 

plotted. The filled symbols are those which have no detectable [OH] emission 

in their spectra (W,(OII)< 5A with 2a confidence). These ten galaKies have 

SFRs between 1 and 4 h-2 MoyreL, comparable to that of the Milky Way 

(Prantzos and Aubert 1995), despite the absence of [OII]. 

In Figure 5.8 we show the Wo (011)- W, (Ha) relation for t hree subsamples 

of galaxies. In the bottom panel we plot only galaxies with g - r > 0.8 

(which lie on the secalled red sequence), and weak (W,(Hd) < 3) absorption 

lines. In general, these galaxies do not have strong [OII] lines, and few are 

detected in Ha,  either. Galaxies blueward of the red sequence, and with 

weak W,(H6) indices, are shown in the middle panel; most of the galaxies 

with strong W,(OII) are detected in Ha. Finally, in the top panel, we show 

examples of galaxies with unusudy strong Balmer absorption lines. These 

are objects that have W0(H6)> 3A with at  lead lo confidence, and either 

no detectable Wo(OII), or positive W,(OII), again with 1cr confidence. AU of 

t hese galaxies have Wo(H8) > SA, and would t hus be classified either K+A 

or A+em in the terminology of Chapter 4. The distribution of these points 

does not appear to be too different from that of the normal, blue galaxies 

shown in the middle panel, though t here is an indication that at least some 
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Figure 5.7: We show star formation rates computed from Equation 5.1, as a 
function of W.(Ha), for galaxies brighter than r = 21.7 detected in H a  at 
the 20 level. Filled circles are galaxies for which a spectrum is available and 
in which [OII] is undetected at the 2a level. The SFRs are corrected for [NII] 
emission and 1 magnitude of extinction, but the plotted values of Wo(Ha) 
are not. 
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K+A galaxies have strong Ha emission. Recently, Poggianti et al. (1999) 

have suggested that the A+em galaxies are starburst galaxies in which the 

[OU] line s d e r s  strong extinction. The few such galaxies in our present 

sample appear to have fairly normal ratios of W, (Ha) / W, (011) , however , 
which suggests t hat the Wo(Oii) line is not preferentidy extincted in these 

galaxies. 

5.4.2 Properties of the Full Ha! Sample 

Wo(Ha)  measurements for the full catalogue are shown in Figure 5.9. In 

the bottom panel we show all galaxies, as a function of r ;  in the top panel, 

W, (Ha) is plot t ed agains t Jlptoj / RZOO, for only t hose galaxies bright er t han 

our magnitude Lmit of T = 21.7. Note that both of these figures will  include 

field galaxies, for which W,(Ha) of any strength is not detectable. There 

is a clear trend for galaxies wit h strong Wo (Ha) to be fainter ( r  2 20) and 

located at large distances from the cluster centre (2 0.1 RZoa). 

To calculate the fraction of galaxies with detected Ha  emission, we need 

to make a statistical correction for the inclusion of field galaxies, which will 

be relatively more common far From the cluster centre. To do this, we use 

the CNOCl spectroscopic sample to calculate the fraction of of cluster mem- 

bers as a function of &,/ Rzm, including the appropriate statistical weight s 

discussed in 5.4.1. This fraction is shown in Figure 5.10; nearly all of the 

galacies within O.l&oO are expected to be cluster members, while only -70% 

or so near RZM) are members. 

Using this statistical field correction, and the WH, weights discussed in 

95.3.3 to correct for incompleteness, we show, in Figure 5.11, the fraction 
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Figure 5.8: We show the Wo (Ha)- Wo (OII) relation for galaxies matched 
with the CNOC 1 spectroscopic sample, with uncertainties on W,(OII) less 
than 40A. In the bottom panel, we show galaxies with g - r > 0.8, and 
W0(H6)< 3 A. In the middle panel we show galaxies with g - r < 0.8 and 
W0(H6)< 3 A. These two samples represent the "normal" populations of red 
and blue galaxies, respectively. In the top panel we show those galacies that 
have W,(H6)> 3 A, with at least 1cr confidence, and those galaxies which 
have either no [O111 emission, or positive [OII] emission, with Io confidence. 
The dushed lzne in all three panels represents the local relation of Kennicutt 
(1992a). 
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Figure 5.9: In the bottom panel, we show W.(Ha) measurements for all 
galaxies in our sample, as a function of r. The sample is 50% complete at 
r 4. 21.7; galaxies brighter than this limit are shown in the top panel, as 
a function of projected distance from the BCG, norrnalised to RZao on the 
bottom scale, and in arcseconds on the top scale. Galaxies with H a  emission 
tend to be fainter than r = 20, and to be located at large distances from the 
cluster centre. 
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Figure 5.10: The ratio of cluster members to total number of galaxies 
(brighter than r = 21.7) in the CNOCl  spectroscopic catalogue, weighted 
appropriately as discussed in $5.4.1, as a function of projected distance from 
the BCG, normalised to Rzoo. Enor bars are lu, and are computed as the 
plotted value divided by the square root of the number of cluster galaxies 
in that bin. This is used to correct the fiaction of cluster members with 
det ect ed H a  for field contamination. 
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of galaxies that have W,(Ha)> O A with 2 a  confidence, as a function of 

4, / Rzoo. There is a clear increase in the incidence of galaxies wit h de- 

tectable emission with increasing distance from the cluster centre. A total of 

13.8&2.3% of all cluster members in the sample have detectable Ha  emission. 

5.4.3 Morphology 

In order to compare the morphology of galaxies in the different flters, we 

must attempt to match the seeing in each image. The Est of stellar objects 

extracted from each field (see 55.3) is used to compute the PSF for each 

image; we then use the psfinatch routine to convolve the three images with 

the best seeing to match the PSF of the image with the worst. 

The convolved images in the RC, BC and on-line flters were then corn- 

bined in the following way to produce a continuum subtracted H a  image. 

First, a continuum image was created by averaging the RC and BC images, 

after first scaling each one by a factor of l ~ ~ ~ ~ ~ ~ . ~ ,  where A Mo = ma,, -m',,i, 

and miti = m,,; - Aixi + 2.5 log t i  for filter i (compare Equation 5.6). This 

d o w s  for a correct combination of the two flwes, given thei .  different trans- 

mission functions. This continuum image was then multiplied by the scale 

factor determined to match the on-line flux in stellar objects (which cor- 

rects for fluctuations in the zero point, see §5.3.2.6), and subtracted from the 

PSF-matched on-line image, to produce a final image in Ha+[N11] light. 

The good seeing and resolution of our OSIS observations allows us to 

resolve the emission in many cases. Although a full analysis is beyond the 

scope of the present work, we show three paxticular examples in Figure 5.12 

which reveal interesting structure in H a  emission. The BCG image (which 
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also has strong (0111 emission in its spectrum) shows that the emission is very 

localised to an asymmetric band, starting in the centre of the image and 

extending outwards about 5"(12 h-' kpc). The lowest contour represents 

an Ha surface brightness of 21.8 maglarcsec. The total value of W,(Ha) 

is fairly low (86.6r6.84, despite the large flux, because the total light is 

dominated by the bright continuum, which is present over a rnuch larger 

area. The equivalent width in the central region (in an aperture wit h a 16 

pixel radius), is considerably larger: l5Of 7 a. 
Two fainter galaxies are shown in the bottom panel of Figure 5.12; in 

this case, the lowest contour level is drawn at 22.6 mag/arcsec. Shown in 

the bottom left panel is a single galaxy in which the H a  emission is resolved 

into two distinct regions. This may be indicative of a recent accretion event, 

where the nuclei of the two galaxies have not yet completely merged. Findy,  

in the bottorn right panel, we show a pair of cluster galaxies which have 

remarkably sirnilar H a  structure. Most notable is the asymmetry of this 

emission, suggestive of a bow shock (e.g. Devine and Bally 1999; Kenney 

and Koopmann 1999). The centre of the cluster is alxnost due east (to the 

right of this image) from these galaxies; thus, if the shock is due to passage 

through the intra-cluster medium, the galaxies' orbits are not exactly radiai. 

5.5 Conclusions 

We have measured Wo(Ha) for 1189 galaxies over fields covering 270 0' 

about the cluster Abell 2390. We confirm the presence of a gradient in star 

formation activity within this cluster; the fiaction of galaxies in which Ho 
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Figure 5.12: H a  contours are plotted on top of the continuum images of 
three galaxies. The BCG is shown in the top panel; the emission is clearly 
resolved and asymmetricdy distributed. In the bottom left panel we show 
a single galaxy with clear evidence for two distinct centres of H a  emission, 
possibly indicative of a merger remnant. The bottom right panel shows a pair 
of galaxies with simila Ha  structures, suggestive of a bow shock. East is to 
the right, north to the bottom. 
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emission is detected increases fiom zero in the central regions (&,/ Rzoo < 

0.02, excluding the BCG) to l 8 f  4% at RZo0. For 166 of these galaxies, we 

compare W,(Ha) with W,(OII), the latter measured from CNOCl spectra. 

Approximately 20% of CNOCl galaxies in which the (0111 emission fine is 

not detected with 'LU confidence have detectable H a  emission, indicative 

of star formation rates up to 4 h-2LVIQyr-L. This confirms that the total 

cluster star formation rate wil l  be underestirnated if [OII] is used as a star 

formation indicator. In particular, some K+A galaxies (which have strong Hd 

absorption but no detectable (0111) are detected in Ha ,  which suggests that 

dust may be partly responsible for the unusual appearance of these spectra. 



Chapter 6 

Conclusions 

We have analysed the spectra of 1823 galaxies in the fields of 15 X-ray lu- 

minous clusters at 0.2 < z < 0.55, from the CNOCl redshift survey. Star 

formation rates were determined from the equivalent width of the [OII] emis- 

sion line, and systematic differences between cluster and field galaxies, as 

a function of galaxy morphology, were considered. Star formation rates are 

dso determined from Ha equivalent widths, for cluster galaxies in A2390, 

to investigate systematic effects that may result fiom using [O111 as a star 

formation indicator. We consider the D4000 and W, (Hd) spectral indices, 

calibrated on spectrophotometric models, to establish the recent star forma- 

tion history of galaxies in this sample. 

There is a clear correlation of star formation history and galaxy rnorphol- 

ogy wit h distance from the cluster centre. Galaxies in the cluster centre are 

mostly bulge dominated, with weak or absent W,(OII) and W,(Ha) emis- 

sion, red colours and large D4000 indices. With increasing distance from 

the cluster centre, the mean star formation rate dso increases, but does not 

become equal to the mean in the field, even at 2RZoo. These correlations 
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are all consistent with an age gradient, in the sense that the last episode of 

star formation occurred more recently for galaxies farther from the cluster 

centre. This is not a mere reflection of the morphology-radius relation: clus- 

ter galaxies show less star formation than field galaxies with similar physical 

sises, fiactional bulge luminosities, and redshifts. U t hese correlations reflect 

an evolutionary sequence, this implies that the timescales for rnorphologi- 

cal transformation are longer than those for changes in the observable star 

formation rate. 

There is no evidence for a population of cluster galaxies undergoing 

enhanced star formation, relative to field galaxies. The fraction of cluster 

g a l d e s  with the strongest [OH] emission iines, W,(OII)> 40A, is l.ktO.4%, 

significantly less than the field fraction of 4.351.1%. From the fiaction of 

galaxies wit h strong W,(H6), but weak or absent W, (011), we conclude that 

less than - 10% of the galaxies in both the cluster and the field may have 

undergone short starbursts in the last 2 Gyr. The A+em galaxies, which may 

be dust obscured starburst galaxies, are two tirnes more common in our field 

sample than in the cluster. Thus, there is no evidence that these clusters 

indvce s tar  formation in any galaxy. 

The fraction of K+A galaxies in the CNOCl sample is less than 5%; 

t here is no evidence that t hese object s are more common in the cluster sample 

than in the field sample. We find that the large uncertainties on the spectral 

line indices lead to an overestimate of this fraction; when we account for 

this effect, only 1.2&0.8% of the field galaxies more luminous than M, = 

- 18.8 + 5 log h are classified K+A, consistent with the LCRS z = 0.1 fkaction 

of 0.30% (Zabludoff et al. 1996) at the - 1~ level. It is still unclear what 
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physical mechanism is responsible for generating these unusual spectral types. 

There appears to be a large excess of PSF galaxies, relative to PSB galaxies, 

which may be taken as evidence t hat truncated star formation without a short 

starburst phase may play a significant role in galaxy evolution. However, 

5 20% of galaxies in A2390 which do not have detectable [O111 - .  ernission 

are detected in Ha; this demonstrates t hat dust obscurîtion ( particularly in 

K+ A galaxies) may be responsible for suppressing evidence for star format ion 

at t hese redshifts. 

These observations show that X-ray luminous clusters at z 3 0.3 do not 

enhance star formation in galaxies, regardless of morphology, relative to the 

field population. The simplest model of cluster formation consistent wit h the 

data is that star formation ceases shortly after a galaxy is accreted into a 

cluster. Since there are very few galaxies with strong W,(H6) indices, which 

would indicate recent, abrupt truncation of star formation, we postdate 

that this activity rnay cease over a relatively long time, 2 2 Gyr, which is 

consistent wit h the gas consumpt ion time scale of normal, isolated galaxies. 

Therefore, a model in which cluster galaxies lack a mechanism for refuelling 

star formation (i.e., via i n f d  from a gaseous halo) rnay be able to explain 

the radial correlation of SFR within these clusters. 
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A. A Description of the PEGASE Models 

In this Appendbc we will discuss in more detail the PEGASE models shown 

in Figure 4.11, on which our galaxy classification system ($4.3.3) is partly 

based. 

The large, open star in Figure 4.11 represents the model result for a 

galaxy with a constant star formation rate, of any intensity. It represents 

the maximum H6 absorption one can expect in a normal galaxy; emission 

filling will reduce its value by between roughly 1 and 3.5A (Barbaro and 

Poggianti 1997). This point Les blueward of our D4000 cut, within the SF 

region. AU of the galaxies in the SF region are either spirals, irregulars, 

or "starburst" galaxies, and do not have W,(H6) stronger than the model 

constant star-formation point (with the exception of NGC 3034, discussed 

in 54.3.2). Only if the star formation activity has begun recently (within 

the last 200 Myr, Barbaro & Poggianti, 1997) wiU H6 emission overwhelm 

the absorption and the galaxies will then occupy the short starburst (SSB) 

region of this figure. 

The long-dashed line in Figure 4.11 traces the evolutionary path of a 

galaxy with an exponentidy decaying star formation rate; it evolves from 

"bkth" at D4000- 1, redward. In this case, a decay time of T = 2 Gyr is 

adopted, and the galaxy is evolved to 11 Gyr, which we expect to be the 

maximum age of CNO C l galaxies, in reasonable cosmological models'. Most 

of the local spirals in the Kennicutt 1992b and Kinney et al. 1996 samples 

'Beyond an age of 11 Gyr, the modcls only increase in D4000 at a rate of about 
O.O5/Gyr. 
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lie close to this curve. Galaxies of this type with ages greater than about 

5 Gyr wil l  lie in the Passive region; clearly this includes not only E and SO 

type galaxies, but also early type spirals. Note that the oldest models have 

W,(Hd)< O; this reflects the nature of our specific index definition, which 

in this case is teiling more about features in the continuum, rather than the 

intrinsic H6 absorption (see 54.2.2). 

The evolution of a galaxy produced by an initial burst of star formation 

lasting 200 Myr is shown as the short-dashed line in Figure 4.11. After the 

burst ends, t his spectrum always has stronger W,(H6) than the exponentidy 

decaying star-formation model, until D4000> 1.7. It spends roughly 300 Myr 

in the bHDS region and another 300 Myr in the rHDS region. 

The dotted Line represents the evolution of a galaxy which underwent 

constant star formation for 4 Gyr, followed by a 200 Myr starburst involving 

30% of its mass, after which all star formation was terminated. This model 

track only foilows the evolution after the end of the starburst. The model 

closely traces the initial burst model, but does not reach as strong values 

of W,(H6). The duration and strength of the burst are quite arbitrary; 

longer bursts and bursts involving smaller amounts of stellar mass result in 

weaker maximum W,(HS) indices; this parameter space has been explored 

extensively by Poggianti & Barbaro 1996, though we warn that our W0(H6) 

indices are defined differently and are not directly comparable with theirs. 

The rHDS galaxies can originate not only from a terminated SSB phase, 

but dso  from a galaxy in which long-term star formation has recently ended 

(e.g., Couch and Sharples 1987; Newbeny et al. 1990). We mode1 this latter 

case by terminating star formation in a galaxy which has undergone constant 
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star formation for 4 Gyr; this is shown in Figure 4.11 as the solid line. Once 

the star formation is terminated, the galaxy quickly reddens, passing into 

the rHDS region within 100 Myr. It then spends about 300 Myr in the rHDS 

region before W,(HC) further weakens and the spectrum becomes a Passive 

type- 




