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ABSTRACT

Aims. We attempt to determine the dominant processes acting on star-forming disk galaxies as a result of the cluster environment by
studying the normalised rates and radial distributions of star formation in galaxies within low-redshift clusters.
Methods. We develop indicators of different processes based on the radial concentrations of R-band and Hα light within each of the
galaxies studied. The tests are applied to galaxies in each of 3 environments – cluster, supercluster (outside the cluster virial radius)
and field. We develop new diagnostic diagrams combining star-formation rate and spatial distribution information to differentiate
between stripping of outer disk gas, general gas depletion, nuclear starbursts and galaxy-wide enhancement of star formation.
Results. Hubble type classifications of cluster galaxies are found to correlate only weakly with their concentration indices, whereas
this correlation is strong for non-cluster populations of disk galaxies. We identify a population of early-type disk galaxies in the cluster
population with both enhanced and centrally-concentrated star formation compared to their field counterparts. The enhanced cluster
galaxies frequently show evidence of disturbance. A small but non-negligible population of cluster galaxies with truncation of star
formation in their outer disks is also found.
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1. Introduction

This is the third paper in a series studying the star formation (SF)
properties of a carefully-selected sample of disk galaxies lying
within 8 local clusters. The galaxies are sufficiently large and
nearby that their properties can be studied in some detail, even
with ground-based imaging. The overall aims of the programme
are to identify characteristic and distinctive modes of star for-
mation that specifically occur within cluster galaxies, and to use
these properties to select between the many effects that have
been proposed to affect cluster galaxies. These effects are pre-
dicted to occur in different locations within clusters, and over
widely varying timescales.

The first paper in the series (Thomas et al. 2008) discussed
the galaxy sample selection (227 galaxies in 8 low-redshift clus-
ters) and the Hα and R-band imaging data that were taken to en-
able the analysis of SF and structural properties of these galax-
ies. This paper also looked at completeness of the sample as a
function of Hα flux, equivalent width (EW) and surface bright-
ness, and a catalogue was presented of derived global param-
eters for all 227 galaxies. The second paper (Bretherton et al.
2010) contained a detailed comparison of the SF properties of
the cluster galaxies, as represented by their global Hα EW val-

� Based on observations made with the Nordic Optical Telescope,
operated on the island of La Palma jointly by Denmark, Finland,
Iceland, Norway, and Sweden, in the Spanish Observatorio del Roque
de los Muchachos of the Instituto de Astrofísica de Canarias; and with
the Jacobus Kapteyn Telescope, which was operated on the island of
La Palma by the Isaac Newton Group in the Spanish Observatorio del
Roque de los Muchachos of the Instituto de Astrofísica de Canarias.
�� Deceased 12th May 2010.

ues, with the same properties of both a “supercluster” sample
(galaxies lying outside the virial radius of any cluster, but in sur-
vey fields centred on clusters), and a field galaxy sample from
the Hα Galaxy Survey (henceforth Hα GS; Shane 2002; James
et al. 2004). A substantial population of cluster galaxies with en-
hanced Hα emission relative to field galaxies of the same mor-
phological type was identified; the enhanced galaxies frequently
show signs of disturbance. Marginal evidence was found for a
higher velocity dispersion of the enhanced galaxies, possibly in-
dicative of an infalling population.

In the present paper, a further analysis of these cluster galax-
ies will be presented, with the major aim being to determine the
nature of the enhancement of line emission found in many of the
cluster galaxies: is this primarily a disk phenomenon, or con-
centrated in the central bulge regions, or is the increased SF a
global phenomenon, enhancing the SF activity throughout the
affected galaxies? How does the cluster environment affect the
development of disks and bulges?

The extensive literature on the observed properties of clus-
ter galaxies, and on the physical processes likely to be act-
ing, precludes any attempt at a comprehensive discussion of
the literature on these topics. Some of the most relevant papers
were discussed briefly in Bretherton et al. (2010); this will not
be repeated here, and much more comprehensive accounts are
available in review articles, e.g. Boselli & Gavazzi (2006).

This paper concentrates on the radial distribution of SF activ-
ity in disk galaxies, which has been addressed in several previous
studies, using a variety of SF tracers and looking at galaxies in
different environments. One of the earliest of these was Hodge &
Kennicutt (1983), who presented radially-binned counts of num-
bers of Hii regions within 37 spiral galaxies, from narrow-band
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Hα imaging. For this sample of predominantly field galaxies,
three characteristic radial patterns were found – exponentially
– declining, “doughnut” distributions with a peak at interme-
diate radius, and oscillating distributions with two or more ra-
dial peaks. The types of radial distribution were fund to corre-
late both with the presence of bars and with Hubble type. Ryder
& Dopita (1994) compared the Hα, V- and I- band exponen-
tial scale-lengths of a sample of 34 southern field spirals. They
found the Hα emission, tracing ongoing SF, to have much larger
scale-lengths than light in either of the continuum bandpasses,
where the latter presumably trace older stellar populations.

Koopmann & Kenney (1998), in the first paper of an
important study of Virgo cluster galaxies which will form a
benchmark reference for the present work, used Hα imaging to
illustrate that the overall suppression of SF in cluster galaxies
occurs preferentially in outer disk regions. They also made the
claim, reinforced in their later papers (e.g. Koopmann & Kenney
2004b) that the resulting centrally-concentrated SF could cause
the erroneous mis-classification of stripped late-type spirals as
earlier-types. In Koopmann et al. (2006) they studied R-band and
Hα scale lengths for their Virgo cluster galaxies, finding further
evidence for truncation of the Hα emission that was not seen in
a comparison sample of field spirals.

Dale et al. (2001) presented an analysis of rotation curves
and Hα line emission from 510 cluster spiral galaxies. One of
the parameters they studied was the radial extent of the Hα emis-
sion, normalised by galaxy radii determined from I-band imag-
ing, as a function of morphological type and position within the
host cluster. They concluded that line emission is seen to ex-
tend to larger galactocentric radius in galaxies that lie further
from cluster centres, which is most simply interpreted in terms
of gas stripping from outer disk regions of galaxies lying close
to cluster cores.

Hattori et al. (2004) studied the distribution of Hα lumi-
nosity in 22 bright star-forming galaxies, and found evidence
for centrally-concentrated emission, particularly among the dis-
turbed galaxies. Bendo et al. (2007) used mid-infrared 24 μm
emission to map SF morphologies within galaxies from the
Spitzer Infrared Nearby Galaxies Survey, finding typically com-
pact and symmetric emission in early-type spirals, and extended
and asymmetric emission in late-types.

Finally, Muñoz-Mateos et al. (2007) compared GALEX
UV emission profiles (assumed to be a tracer of recent SF) with
2MASS near-infrared data (tracing the older stellar population)
for 161 predominantly field galaxies. They found that the aver-
age specific SF rate rises with increasing distance from galaxy
centres, consistent with the findings of Ryder & Dopita (1994),
and of Koopmann et al. (2006) for their field comparison sample.

2. Data

The samples of galaxies that are analysed in the present paper
are discussed fully in Thomas et al. (2008), but given the im-
portance of the selection criteria for the interpretation of any
results, a brief overview will be given here. All apart from the
field comparison sample are subsets of galaxies detected as emit-
ters of Hα and/or [Nii] lines by the Objective Prism Survey
(henceforth OPS; Moss & Whittle 2000, 2005). The OPS looked
at 8 low-redshift galaxy clusters, with numbers 262, 347, 400,
426, 569, 779, 1367 and 1656 in the catalogue of Abell (1958),
and characterised the line emission properties of 727 galaxies
from the CGCG catalogue (Zwicky & Kowal 1968, and refer-
ences therein). Two main subsamples were chosen. The first was

all spiral galaxies with Hubble types between Sa and Sc inclu-
sive (the “Sa–Sc sample”) in all clusters except Abell 262 and
Abell 347, giving a complete sample of galaxies in this type
range for the remaining 6 clusters. The second is all galaxies
identified as emission-line galaxies in all 8 clusters of the OPS
(the “ELG” sample). The completeness of the ELG sample with
respect to Hα flux, EW and surface brightness is discussed in
full in Thomas et al. (2008), where it is shown that the sample
becomes significantly incomplete below an Hα + [Nii] EW of
2 nm, below a flux of 3.2 × 10−17 W m−2 and below a surface
brightness of 4.0 × 10−20 W m−2 arcsec−2.

Galaxies from the OPS are designated as “cluster” galaxies
if they lie within the virial radius (defined in Bretherton et al.
2010), and as “supercluster” galaxies if they lie outside this
radius. A matched comparison sample of “field” galaxies was
selected from the HαGS survey (James et al. 2004), again as de-
scribed in Bretherton et al. (2010). The “cluster” and “superclus-
ter” galaxies were further subdivided according to the strength of
their Hα + [Nii] emission in Thomas et al. (2008); “enhanced”
and “non-enhanced” subsets were defined according to whether
galaxies lie within or outside the 2-σ EW limits derived from the
field galaxies of the same type.

As explained in Paper 2, many of the cluster galaxies had
no catalogued morphological classifications. These cases were
addressed by classifications performed by Mark Whittle, as ex-
plained in Moss & Whittle (2000). All classifications used are
on the de Vaucouleurs system (de Vaucouleurs 1959, 1974),
and intercomparisons were made with the UGC (Nilson 1973)
and RC3 (de Vaucouleurs et al. 1991) catalogues where possi-
ble. Particular note was made of any signs of tidal disturbance.
For consistency with earlier papers in this series we used “by
eye” methods to identify galaxies with disturbed morphologies.
“Disturbed” classifications were given to galaxies if their R-band
images showed signs of strong tidal features and corresponding
asymmetry, tidal tails or significant warping of the disk plane.

The observational data discussed here are R-band and
Hα narrow-band imaging, taken with either the Jacobus Kapteyn
Telescope (JKT) or the Nordic Optical Telescope, both of which
are on the island of La Palma, in various runs between 1994
and 2005. Typical seeing for the images is 1.5 arcsec, corre-
sponding to a spatial resolution of ∼0.6 kpc for galaxies in these
clusters, at distances of 75–100 Mpc. The galaxies studied have
effective radii of ∼10 kpc, and thus our images give good reso-
lution of their morphological and star-formation properties.

3. Concentration indices as a measure
of SF distribution

A major advantage of photometric Hα imaging is that it allows
star formation to be mapped across whole galaxies. As well as
providing global star formation data, the distribution of star for-
mation as a function of radial distance from the galaxy centre
can also be investigated, and individual regions identified.

A first method to compare the distribution of star formation
between galaxies is to examine the concentration of Hα emission
across each galaxy. Comparing this with the distribution of con-
tinuum emission across the same galaxy provides an insight into
the location of star forming regions relative to the underlying,
older stellar population. A straightforward approach to this is
to use concentration indices to investigate the relative compact-
ness of star formation in sample galaxies. Such indices provide
a quantitative determination of the radial distribution of light in
specified passbands that is both useful in itself, and also provides
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Fig. 1. R-band concentration index C30 as a function of galaxy T -type
showing a good correlation for the field sample, but with significant
scatter for all types. For cluster galaxies, the correlation is weaker over-
all, and a number of the early-type cluster galaxies have low R-band
light concentrations. Typical errors applicable to all points are indicated
by the bars in the upper-right corner of each frame.

a more objective indicator of galaxy type than is provided by, for
example, Hubble classifications.

3.1. R-band concentration parameter

R-band central light concentrations are related to bulge-to-disk
or bulge-to-total light ratios, and to the Hubble type of spiral
galaxies. They are also independent of the models assumed for
galaxy components, and, therefore, provide an objective measure
of the radial distribution of galaxy light. Following the methods
of Koopmann et al. (2001) and Koopmann & Kenney (2004a),
the R-band central light concentration parameter we use here is
defined as

C30 =
FR(0.3r24)

FR(r24)
· (1)

This is based on a similar parameter used by Abraham et al.
(1994). In this definition, FR(r24) is the total R-band flux mea-
sured within the 24 mag per arcsec2 isophote, i.e. within r24,
and FR(0.3r24) is the flux measured within 0.3 r24. As many of
the galaxies are disk systems with substantial inclinations to the
line of sight, elliptical apertures matched in shape to the outer
isophotes were used in calculating all concentration indices. We
estimate errors on the C30 values to be at the 5 per cent level, in
agreement with Koopmann & Kenney (1998).

In James et al. (2009), we performed a comparison of C30
and two other concentration indices, one of which was the “clas-
sical” index of de Vaucouleurs (1977) based on radii containing
percentiles of the total flux, and the other based on Petrosian
radii (Petrosian 1976). The indices were calculated from the
R-band light distributions of galaxies in the Hα GS field sample,
and all were found to correlate well with Hubble type, such that
earlier types have indices showing more centrally-concentrated
R-band light distributions, as expected. Of the three, the C30
index was found to give marginally the best correlation with
Hubble type, and hence it was adopted for use in the present
study.

Figure 1 shows C30 plotted against morphological type for
field, supercluster and cluster Sa–Sc samples. A Kendall rank
test shows substantial correlation (τ = −0.425) at nearly the
4σ level for the field sample, but with significant scatter in C30
for any given type. For the supercluster objects, this correla-
tion is still fairly strong (τ = −0.34), although the result is
less significant (2.7σ). The cluster R-band concentration indices,
however, although still weakly correlated with morphological
type (τ = −0.18, 2.3σ) have a much wider range than for the
field objects, particularly for early type spirals, with half of all

cluster galaxies of type Sa having C30 values below those for any
field Sa galaxy. A K-S test gives a probability of ∼8% that the
field and cluster Sa indices are drawn from the same distribu-
tion. Table 1 summarises the same information as Fig. 1, giving
means, standard errors on means, medians and standard devia-
tions for the C30 distributions as a function of galaxy type and
environment.

Koopmann & Kenney (1998, 2004a) find similar results for
Virgo cluster spirals and suggest that the Hubble sequence may
not provide a meaningful classification system for cluster galax-
ies. In particular they find that a number of Virgo galaxies clas-
sified as Sa may in fact be strongly stripped low to intermediate
concentration (later type) galaxies with truncated star forming
disks. Koopmann & Kenney (2004a) suggest that these mislead-
ing classifications may explain much of the larger mean Hi de-
ficiency of Virgo Sa galaxies compared to those of types Sb
and Sc, and the systematic differences in kinematics and spatial
distributions of early and late type cluster spirals. These authors
also suggest that this effect may at least partially explain the ex-
cess of galaxies classified as early type spirals in nearby clusters,
relative to lower-density environments.

For the current field sample, and the isolated galaxies ob-
served by Koopmann and Kenney, C30 is found to correlate well
with Hubble type. Indeed, a good correlation between Hubble
type and central concentration is seen for field galaxies in gen-
eral (e.g. Kent 1985; Conselice 2003). Koopmann & Kenney
(2004a) bin their data into four C30 ranges that roughly corre-
spond to isolated S0, Sa, Sb, and Sc galaxies. These ranges are
shown in Table 2.

It is clear that C30 must be correlated with bulge-to-disk
ratio, although this is in a non-linear fashion (Graham 2001).
Koopmann et al. (2001) give mean [C30:B/D] pairs as [0.3:0.1],
[0.4:0.3], [0.5:0.8], and [0.6:1.0], although each value has a
scatter of at least ±0.1.

Figure 2 shows EW plotted against C30. This shows evidence
of a correlation, with late-type, low concentration galaxies tend-
ing to have higher EW values, and therefore higher star for-
mation rates normalised by their continuum luminosities. This
dependence of normalised star formation rate on Hubble type
has been discussed in many papers in the literature, including
Kennicutt & Kent (1983), Kennicutt (1983), Deharveng et al.
(1994), Ryder & Dopita (1994) and Young et al. (1996), and
is reviewed by Kennicutt (1998). A Kendall rank test, however,
shows only a moderate correlation between C30 and EW, at the
2σ level, for the field Sa–Sc sample, although this is stronger and
more significant (3.2σ) when the full field sample is considered.
The supercluster Sa–Sc sample shows a similar relationship, sig-
nificant at the 2.4σ level. Despite the lack of correlation between
type and C30 for the cluster data, however, the relationship be-
tween C30 and EW is strongest (τ = −0.31) for the cluster Sa–Sc
sample, and is significant at nearly the 4σ level.

3.2. Hα concentration parameter

The Hα concentration index used here is defined in a similar way
to that for R-band light, as follows:

CHα =
FHα(0.3r24)

FHα
(2)

where FHα is the total Hα flux measured within the r24 isophote,
and FHα(0.3r24) is the flux measured within 0.3r24 as above. This
value will be relatively low for objects with disk-dominated star
formation. For galaxies with truncated star forming disks or en-
hanced star formation in circumnuclear regions, the Hα emission
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Table 1. Statistical properties of the distributions of C30 values for field, supercluster, and cluster Sa-Sc galaxies.

Type Sa Sab Sb Sbc Sc Environment
〈C30〉(Std. Err.) 0.56(0.02) 0.49(0.02) 0.39(0.03) 0.46(0.04) 0.38(0.02) Field
σC30 0.065 0.051 0.069 0.107 0.071
MedianC30 0.54 0.49 0.36 0.41 0.37

〈C30〉 (Std. Err.) 0.46(0.03) 0.41(0.02) 0.44(0.04) 0.39(0.03) 0.36(0.02) Supercluster
σC30 0.097 0.034 0.092 0.035 0.062
MedianC30 0.47 0.41 0.43 0.39 0.35

〈C30〉(Std. Err.) 0.47(0.02) 0.49(0.02) 0.47(0.02) 0.46(0.05) 0.39(0.02) Cluster
σC30 0.094 0.069 0.068 0.090 0.081
MedianC30 0.47 0.45 0.45 0.42 0.38

Table 2. C30 ranges corresponding to isolated S0, Sa, Sb, and Sc galax-
ies taken from Koopmann & Kenney (2004a).

Type S0 Sa Sb Sc
C30 range 0.61–0.72 0.51–0.60 0.38–0.50 0.00–0.37

Fig. 2. EW vs. C30 for field, cluster and supercluster Sa–Sc samples.
Symbols correspond to galaxy type as shown in Fig. 1. All samples
show at least a moderate trend for galaxies with high concentration in-
dices to have weaker Hα emission. Typical error bars are shown in the
upper-right corner of each frame.

Fig. 3. Distribution of CHα with T -type. Five cluster galaxies with no
detected Hα emission have been excluded from the plot. Typical error
bars are shown in the upper-right corner of each frame.

will be more centrally concentrated, leading to higher values
of CHα. Errors on CHα are somewhat larger than those for C30,
due to the “clumpy” nature of Hα emission. We estimate typi-
cal errors on CHα values to be 10 per cent, from an analysis of
the size of the steps in the Hα growth curves of galaxies in our
sample, which contrast with the smoother growth curves in the
R-band light.

Figure 3 shows CHα plotted against T -type for the three
Sa–Sc samples. There is some scatter in CHα across all types
in the field, supercluster and cluster samples, and this scatter is
found to be particularly large for the cluster sample. There is a
moderate correlation (τ = −0.3, 2.9σ) between CHα and T -type
for the field sample, but only a low correlation for the cluster
data. A number of cluster objects appear to have relatively high

values of CHα compared to the field galaxies of the same type.
Table 3 summarises the statistical information on the CHα value
distributions.

EW is plotted against CHα in Fig. 4. There does appear to
be some correlation between CHα, T -type and EW for the field
sample, but a Kendall rank test shows very little dependence of
EW on CHα over all types. There is essentially no correlation
(τ = 0.08) between CHα and EW for the cluster galaxies, with
a 92% probability that a correlation of this strength could be
obtained by chance.

The UV-bright, Sbc starburst galaxy, NGC 3310, stands out
in the field sample as having both high and relatively concen-
trated Hα emission for its type. This same object, which has a
complex peculiar morphology thought to result from a recent
minor merger, also has a high value of C30 (Figs. 1 and 2),
particularly when compared to other later-type spirals.

4. Comparison of Hα and R-band concentration
indices

4.1. The Sa–Sc sample

In this section we will compare the values of CHα found for
galaxies in different environments, by plotting them against
the C30 values found for the same galaxies. Here, C30 should
be seen as a more objective proxy for galaxy type. This analy-
sis will be done for all galaxy subsamples (cluster, supercluster,
field, disturbed, undisturbed, Sa–Sc and ELG).

Figure 5 shows Hα vs. R-band concentration indices for
field, supercluster and cluster Sa–Sc galaxies. Here the dashed
horizontal lines show the CHα values for galaxies containing
three-quarters, half and one-quarter of their Hα emission within
0.3r24. The points lying at CHα = 0 in the cluster plot are for
the five galaxies with no detectable Hα emission. These are in-
cluded on the plot for completeness, but they are excluded from
the subsequent analysis. The fractions of points lying in each of
the ranges of CHα are listed in Table 4. This table summarises
the data plotted in Figs. 5–7.

Koopmann & Kenney (2004a) plot a similar diagram for
their Virgo cluster and isolated galaxy samples. These authors
suggest that Virgo cluster galaxies typically have most of their
star formation within 0.3r24 (CHα < 0.5), whilst isolated spirals
tend to have more star formation beyond 0.3 r24 (CHα > 0.5).
They also find a paucity of low-C30 isolated galaxies with CHα >
0.65, compared to 25% of Virgo objects.

A similar result can be seen in Fig. 5 with 49% of cluster
galaxies having CHα greater than 0.5 (i.e. more than half of their
star formation within 0.3r24) compared to 16% for the super-
cluster and 22.5% for the field samples. A K-S test shows that
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Table 3. Statistical properties of the distributions of CHα values for field, supercluster, and cluster Sa–Sc galaxies.

Type Sa Sab Sb Sbc Sc Environment

〈CHα〉(Std. Err.) 0.48(0.11) 0.62(0.09) 0.32(0.04) 0.39(0.06) 0.31(0.03) Field
σCHα 0.29 0.20 0.11 0.17 0.11
MedianCHα 0.61 0.53 0.31 0.36 0.31

〈CHα〉(Std. Err.) 0.42(0.06) 0.29(0.08) 0.34(0.04) 0.36(0.02) 0.35(0.05) Supercluster
σCHα 0.21 0.17 0.08 0.02 0.12
MedianCHα 0.34 0.39 0.31 0.36 0.36

〈CHα〉(Std. Err.) 0.54(0.04) 0.60(0.07) 0.39(0.04) 0.66(0.08) 0.34(0.05) Cluster
σCHα 0.20 0.22 0.16 0.16 0.16
MedianCHα 0.55 0.60 0.37 0.65 0.26

Fig. 4. Dependence of EW on CHα for Sa–Sc objects. Little or no cor-
relation is seen for field, supercluster or cluster samples. Typical error
bars are shown in the upper-right corner of each frame.

the distributions of CHα for field and cluster Sa–Sc galaxies are
different at >98% significance.

The solid lines in Fig. 5 show the best fit to the field data with
equation CHα = 1.269C30−0.170 and a root-mean-square (rms)
scatter of 0.15. The supercluster data also agree well with this
relationship, with a similar rms scatter of 0.16. As would be ex-
pected, approximately half of the field/supercluster data points
fall above the line and half below. The cluster data, however, are
not well fit by the line, with over 65% of points falling above the
field line. Assuming a binomial distribution with an equal chance
of a point appearing above or below the line, the probability of
finding 45 out of 69 cluster galaxies lying above the best fit field
line is less than 0.004. It is important to note that this result is
independent of the adopted classifications for these galaxies, and
depends only on their R-band and Hα light distributions.

Figure 6 shows the same cluster data, but this time split
into enhanced and non-enhanced objects. For the non-enhanced
sample there is still a tendency towards more concentrated
Hα emission, with ∼62% galaxies falling above the line, a sim-
ilar fraction to the overall population. For the 17 cluster galax-
ies identified as having enhanced emission, a similar or stronger
trend is indicated, with 13 (>76%) having more concentrated
Hα emission, relative to C30, than the average field object. The
probability of this occurring by chance is<2%. Considering only
early-type spirals, some 83% (10 out of 12) of the enhanced
Sa–Sab galaxies appear above the line.

In Bretherton et al. (2010) it was shown that EW corre-
lates well with disturbed morphology, such that the most dis-
turbed galaxies tend to have higher EW values, and therefore
stronger star formation per unit luminosity. The cluster Sa–Sc
data are therefore plotted again (Fig. 7), split into disturbed and
undisturbed objects. As with the enhanced objects, the disturbed
galaxies tend towards higher Hα concentrations (71% above best
fit field line) particularly once again for early-type spirals, with
seven of the eight disturbed Sa–Sb cluster galaxies having more

Fig. 5. Hα concentration index, CHα, plotted against R-band central light
concentration, C30, for field, supercluster and cluster Sa–Sc galaxies.
The dashed lines show the values of CHα at which an object has three-
quarters, half and one-quarter (top to bottom) of its Hα emission within
0.3r24. The solid line has equation CHα = 1.269C30−0.170 and is the
best fit line to the field data. Cluster Sa–Sc spirals tend to have more
concentrated Hα emission, and hence star formation, relative to R-band
concentration, than their field counterparts. The cluster galaxies lying
at CHα = 0 are those for which no Hα was detected. Typical error bars
are shown in the upper-right corner of each frame.

concentrated Hα emission. Approximately 60% of undisturbed
galaxies, however, also lie above the line.

These results show that disturbed galaxies have more cen-
trally concentrated star formation, often with relatively high EW
values. The tendency for enhanced galaxies also to have higher
values of CHα, and the correlation between enhancement and
tidal disturbance, suggests that a number of objects may be
experiencing an increase of star formation in circumnuclear re-
gions, triggered by some form of tidal interaction.
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Table 4. Fraction of CHα values lying in the 4 ranges demarked by the dashed lines in Figs. 5–7.

CHα Field Supercluster Cluster Cluster Cluster Cluster Cluster
range all enh. nonenh. dist. undist.
0.00–0.25 0.25 0.26 0.14 0.18 0.17 0.09 0.17
0.25-0.50 0.53 0.58 0.39 0.29 0.39 0.39 0.39
0.50–0.75 0.15 0.10 0.36 0.53 0.30 0.48 0.30
0.75–1.00 0.08 0.06 0.10 0.00 0.13 0.04 0.13

Fig. 6. CHα vs. C30 for cluster Sa–Sc data, split into enhanced and non-
enhanced objects. The solid and dashed lines and point types are the
same as used in Fig. 5. Typical error bars are shown in the upper-right
corner of both frames.

It is interesting to note, however, that all seven Sa–Sc
galaxies with more than three-quarters of their Hα emission
within r24, and several other objects with relatively concentrated
Hα emission, are in the non-enhanced sample. Similarly, a num-
ber of objects lying above the field line show few signs of tidal
disturbance. Coupled with the fact that there is no significant
correlation between CHα and EW (see Fig. 4) this suggests that
concentrated Hα emission may be linked not only to an increase
of star formation within 0.3r24 for some objects, but also to a
decrease of star formation in the outer regions of a number of
galaxies. Koopmann & Kenney (2004a,b) suggest that the cause
of such a decrease is the truncation of the star forming disk due
to processes such as ram-pressure stripping. The relative impor-
tance of increased central SF and tidal truncation of outer disks
will be analysed further in Sect. 6.

4.2. The ELG sample

We can check the robustness of our concentration index results
to possible selection effects by applying the same analysis to the
ELG sample, which is selected purely on the detection of Hα line
emission in the OPS and is completely independent of, for exam-
ple, potentially subjective galaxy classifications. Similar plots to
Figs. 5–7 were constructed for the ELG sample, and are shown
in Figs. 8–10. Here the dashed lines are the same as for the pre-
vious plots, but the solid line now shows the best fit to the full
field sample, including both earlier S0/a and later Sc–Irr objects.
This fit is similar to that for the Sa–Sc sample with equation

Fig. 7. CHα plotted against C30 for cluster Sa–Sc galaxies, here split into
disturbed and undisturbed samples.Typical error bars are shown in the
upper-right corner of both frames.

CHα = 1.085C30 − 0.094, and again provides a good fit to the
field data, with a similar rms scatter of 0.16.

The cluster and supercluster samples include some galaxies
of earlier morphological type than the field sample, as well as
a number of peculiar objects and galaxies of uncertain spiral
type. However, the best fit field line is independent of type and
a single relation between C30 and CHα fits well across the full
range of R-band concentrations. The additional cluster and su-
percluster objects can therefore be compared to the same trend
when considering their Hα and continuum concentration indices.
Also shown in magenta are the two galaxies for which no type
information is available.

Figure 8 shows data for the full field S0/a–Irr and the clus-
ter and supercluster ELG samples. The supercluster ELG sample
contains only 25 objects; these do, nevertheless, appear reason-
ably well fit by the field line at lower values of C30 (�0.5). There
are several objects, however, particularly with higher C30 values,
which fall well above the line.

The cluster late-type Sc and Scd–Irr galaxies also appear
well fit by the field line, but, as is seen in the Sa–Sc sample, the
earlier type cluster objects tend to have relatively high values
of CHα. Overall, some 70% of cluster ELGs have Hα concen-
trations that result in their lying above the field line. Assuming
a binomial distribution, the probability of finding 63 of 90 ob-
jects lying above the line (when expecting only half) is around
6× 10−5. For galaxies of type Sab and earlier, the fraction above
the line rises to nearly 80% (probability <0.001). Also notice-
able is the large excess of peculiar galaxies (77%) with more
concentrated Hα emission. This is consistent with the suggestion
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Fig. 8. Hα concentration index, CHα, plotted against R-band concen-
tration index, C30, for the full field comparison sample and the cluster
and supercluster ELG objects. Here the solid line is the best fit to the
full field data and has equation CHα = 1.085C30−0.094. The dotted
line in the lower panel shows an alternative best fit line, with equation
CHα = 1.702c30−0.257, calculated from only the cluster ELG data. This
shows that the relationship between C30 and CHα is noticeably steeper
for the cluster sample than it is for the field. Typical error bars are shown
in the upper-right corner of each frame.

of Moss (2006) that these objects may be the results of recent
merger events.

The ELG sample is biased towards higher Hα surface bright-
ness, based on analysis of the completeness of the Objective
Prism Survey from which it is selected, and objects with compact
emission may be expected to have higher surface brightnesses
in central regions. A Kendall rank test on the complete Sa–Sc
sample, however, shows no significant correlation between CHα
and total Hα surface brightness, and only a very low correlation
between Hα concentration index and the Hα surface brightness
within 0.3r24. This is certainly not sufficient to explain the large
excess of cluster ELG objects lying above the best fit field line.

Taking the cluster ELG data alone, a new best fit line is
found to have equation CHα = 1.702C30−0.257. This reduces the
rms scatter for the cluster data from 0.21 (around the field line)
to 0.16, and is plotted as the dotted line in the bottom section of
Fig. 8 and subsequently in Figs. 9 and 10. The cluster Sa–Sc data
are also well fit by this line with an rms scatter of 0.18 compared
to 0.31 for the Sa–Sc field line.

Figure 9 shows the cluster ELG sample split into enhanced
and non-enhanced objects. Both subsamples have the majority
of their points above the field line and are much better fit by
the dotted ELG line. No significant difference is seen between
the two samples, although again, the galaxies with the highest
values of CHα are in the non-enhanced sample.

Fig. 9. Comparison of Hα and R-band concentration indices for cluster
ELG data, split into enhanced and non-enhanced objects. Typical error
bars are shown in the upper-right corner of both frames.

Fig. 10. CHα vs. C30 for disturbed and undisturbed cluster objects. The
majority of disturbed ELGs lie above both the field and cluster best
fit lines, whilst the undisturbed objects are broadly consistent with the
field data. Typical error bars are shown in the upper-right corner of both
frames.

More obvious are the results shown in Fig. 10, where the
sample is split into disturbed and undisturbed objects. Although
there is some scatter, the majority of disturbed objects lie above
not only the field line (∼75%), but also the best fit line to the
cluster as a whole (63%). The undisturbed sample, on the other
hand, is broadly consistent with the field line, with most ob-
jects (68%) lying below the dotted best fit cluster line, although
with a few high CHα exceptions. This is consistent with the idea
that a number of objects may be experiencing an enhancement of
star formation in circumnuclear regions due to tidal interactions.
The relative scarcity of high CHα objects in the undisturbed ELG
sample, compared to the Sa–Sc sample, may be because many of
those objects with reduced star formation in their outer regions
become too faint in Hα to be detected by the OPS.
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Fig. 11. Global EW (left), and EW within (centre) and beyond (right)
0.3r24 plotted against CHα/CHαbestfit , for field (top) and cluster dis-
turbed (centre) and undisturbed (bottom) Sa–Sc galaxies. EW errors
are ∼5–15% for high (>2 nm), 15–25% for moderate (1–2 nm) and
25–100% for low (<1 nm) EW objects.Typical error bars are shown in
the upper-right corner of the plot, and apply to all nine frames.

5. Concentration indices and Hα equivalent width

Figures 5–10 have been interpreted here in terms of concentrated
Hα emission being due to enhanced star formation in the cen-
tral regions in some galaxies and truncation of the star forming
disk in others. We will now compare the relative Hα concentra-
tions to central and global values of EW in each galaxy, in an at-
tempt to gain further understanding of these processes. Figure 11
shows (left to right) the global EW, the EW for the inner 30% of
each galaxy (within 0.3r24), and the EW outside 0.3r24 plotted
against CHα/CHαbestfit for the Sa–Sc sample. The cluster data are
split into disturbed and undisturbed populations, and equivalent
data for the field sample are also shown. The value on the x-axis,
CHα/CHαbestfit , is the measured Hα concentration index for each
galaxy divided by the CHαbestfit value, calculated from the R-band
concentration index of the galaxy using the best fit line equation,
which has the form:

CHαbestfit = 1.269C30 − 0.170.

A value of CHα/CHαbestfit equal to one indicates that the object
lies on the best fit field lines in Figs. 5–7, and this is shown as
a dotted line in Fig. 11. Any value above one means that the
object has more centrally concentrated Hα emission than would
be expected from the R-band C30 value, where the latter can be
taken as a quantitative and unbiased proxy for galaxy type.

Figure 11 shows data for the complete Sa–Sc sample. The
different points indicate morphological types, as used in previ-
ous figures. The top panels show that the field sample is tightly
clustered about the best fit line, with the highest EW objects
lying closest to the line. Even the bright object NGC 3310,
which stands out as having enhanced emission, lies very close
to the line, with relatively bright Hα emission in global, inner
and outer bins. One Sab field galaxy also stands out as hav-
ing both concentrated emission and relatively enhanced EW for

its type, within 0.3r24, but normal to reduced emission in the
outer regions. This object is NGC 2146 (UGC 3429), which
is an infrared-luminous galaxy with a clearly disturbed mor-
phology, thought to be a postmerger object undergoing a burst
of star formation in its central regions (Hutchings et al. 1990;
Marcum et al. 2001). There is also an Sa object (UGC 7054)
with relatively concentrated Hα emission, which may be due to
a slight enhancement of emission within 0.3r24. Table 5 sum-
marises the mean values of EW, with standard errors on the
mean, for each of the samples shown in Fig.11, split into those
with CHα/CHαbestfit ratios greater than or less than 1.0.

The cluster objects in general are almost indistinguishable
from the field sample for CHα/CHαbestfit � 1. However, there is a
large spread in CHα/CHαbestfit to the right of the dotted line. For the
undisturbed objects this is largely due to a number of early-type
objects with low emission across the galaxy, but particularly in
the region beyond 0.3r24. The disturbed objects, however, tend
to have higher global EW values, and this enhancement seems to
be strongest, for the majority of objects, within 0.3r24. Of partic-
ular interest are the early type Sa–Sab spirals, which have global
and inner EW values, and relative Hα concentrations, well above
most of their field counterparts. Many of these objects, however,
also seem to have some enhancement of star formation in their
outer disks. A similar plot for the complete ELG sample (not
shown) suggests that this trend extends to earlier types and most
of the peculiar objects (77%) also have high Hα concentrations
and particularly large EW values within 0.3r24.

To summarise, the main result found here is that a large
fraction of disturbed early-type cluster galaxies typically show
higher Hα EW values than similar galaxies from the control field
or supercluster samples, and this strong emission is concentrated
in the central regions of the affected galaxies.

6. Star formation within and outside the effective
radius

We now make a further test of the patterns of star formation
found in cluster galaxies, making use of the effective radius, reff ,
of each galaxy. The effective radius is defined here as the semi-
major axis of the ellipse that contains half of the total R-band
light within the well-defined r24 isophotal radius, thus avoiding
difficulties in reliably determining the total luminosity which
complicate the traditional definition of reff . By comparing the
EW within reff to the total EW within r24 the relative central con-
centration of Hα to R-band emission can be investigated. By def-
inition, the ratio FReff /FRtot , where FReff is the R-band flux density
within reff and FRtot is the total R-band flux density within r24,
is 0.5. If the Hα is distributed in the same way as the con-
tinuum light, then the ratio of Hα flux within reff to the total
within r24, FHαeff /FHαtot , is also 0.5, and the ratio EWeff/EWtot,
given by:

EWeff

EWtot
=

FHαeff /FHαtot

FReff/FRtot

=
FHαeff /FHαtot

0.5
, (3)

is equal to one. An object with highly concentrated Hα emis-
sion, however, such that all star formation occurs within reff , will
have FHαeff /FHαtot = 1 and EWeff/EWtot = 2. EWeff/EWtot there-
fore ranges from 0–2 and gives a measure of how concentrated
an object’s star formation is compared to the underlying, older
stellar population.

A test was carried out to identify the differences between
the field and cluster populations. For each field type, a biweight
estimator method was used to find the mean value and standard
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Table 5. Mean EW values for galaxy subsets in each of the frames in Fig. 11, split into those with CHα/CHαbestfit ratios greater than or less than 1.0.

Sample No. Global Within 0.3r24 Outside 0.3r24

Field
CHα/CHαbestfit < 1 24 2.25(0.32) 1.57(0.25) 2.74(0.36)
CHα/CHαbestfit > 1 20 2.56(0.52) 2.85(0.59) 2.14(0.40)

Cluster undisturbed
CHα/CHαbestfit < 1 18 1.72(0.35) 1.15(0.25) 2.14(0.40)
CHα/CHαbestfit > 1 28 1.14(0.23) 1.34(0.25) 0.95(0.22)

Cluster disturbed
CHα/CHαbestfit < 1 6 2.71(0.87) 1.74(0.53) 3.29(0.98)
CHα/CHαbestfit > 1 17 3.45(0.56) 4.62(0.84) 2.50(0.36)

ELG undisturbed
CHα/CHαbestfit < 1 12 2.53(0.50) 1.75(0.35) 3.10(0.58)
CHα/CHαbestfit > 1 19 2.23(0.36) 2.57(0.41) 1.86(0.35)

ELG disturbed
CHα/CHαbestfit < 1 14 4.47(0.61) 2.99(0.46) 5.37(0.69)
CHα/CHαbestfit > 1 44 3.89(0.41) 5.14(0.49) 2.78(0.42)

Table 6. Mean field values and standard deviations of EWtot and EWeff/EWtot.

Type S0+ Sa Sab Sb Sbc Sc Sc+ all spirals

〈EWtot〉 0.93 0.54 1.74 2.16 2.57 3.31 3.20 2.65
σEWtot 0.47 0.45 0.84 0.46 2.05 1.25 1.30 1.49

〈EWeff/EWtot〉 0.56 0.91 1.06 0.86 0.88 0.86 0.90 0.90
σEWeff /EWtot 0.62 0.55 0.14 0.18 0.16 0.14 0.30 0.25

Fig. 12. Difference in EWeff/EWtot and EWtot between cluster
Sa–Sc galaxies and mean field values for a given type. The ellipse shows
the 3σ limits obtained from matching each field galaxy to the relevant
field means. Typical error bars are shown in the upper-right corner of
the figure.

deviation of EWtot and EWeff/EWtot. These field values are listed
in Table 6, and set the reference values relative to which we cal-
culate values for the cluster samples. The mean relative concen-
tration of Hα to R-band, represented here by EWeff/EWtot, again
remains fairly constant across all field types, although the earli-
est types (S0+ and Sa) show a markedly larger dispersion than
later types, and the mean for the S0+ galaxies is somewhat lower

Fig. 13. Diagram showing a number of processes that occur in cluster
galaxies and the effect each would have on the total Hα EW and on its
concentration relative to the continuum emission.

than the global mean, presumably reflecting the large bulges
dominated by old stellar populations in many of these galaxies.
Each cluster galaxy is then compared to the field mean for its
type and the quantities Δ(EWeff/EWtot) and Δ(EWtot) are found
as the differences between the galaxy and mean field values.
These are plotted for the Sa–Sc sample in Fig. 12.

If star formation were to be reduced equally across both the
bulge and disk of a cluster galaxy, such that it became anemic,
the value of Δ(EWtot) would be negative, but the concentration
parameter Δ(EWeff/EWtot) would remain constant, moving the
galaxy towards the left in Fig. 12. Truncation of SF in outer re-
gions through gas stripping, on the other hand, would also reduce
the total EW, but the concentration parameter would increase as
most of the remaining star formation would be taking place in
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central regions. The galaxy would therefore move to the top left
of Fig. 12. Figure 13 shows for these, and a number of other pos-
sible processes that may occur in cluster galaxies, the direction
in which each would move an object in Fig. 12.

For both the complete Sa–Sc and ELG samples the quan-
tities Δ(EWtot)field and Δ(EWeff/EWtot)field were also calculated
by matching each field galaxy to the mean values for its type.
These were then used to calculate the standard deviations in the
field sample, and the locus of the 3σ limits in each direction is
indicated by the central circle in Fig. 12.

From Fig. 12, it can be seen that a majority of cluster galax-
ies have more concentrated Hα emission than their mean field
counterparts, with ∼62% of points falling above the dashed hor-
izontal line. There also appear to be more cluster objects with
lower total EWs, with nearly 60% of points lying to the left of
the vertical dashed line. This is, however, dependent on type,
with 21 of 30 late type Sb–Sc galaxies (70%) having lower to-
tal EWs than the field means. The Sa–Sab galaxies, on the other
hand, are approximately evenly split around the mean field line,
although none appear in the bottom left quadrant (which would
imply a central hole in the star formation) of the plot. Similarly,
very few late type objects are seen in the bottom right quadrant
(enhancement of star formation out in the disk). The majority of
cluster objects lie within the field 3σ ellipse, but there are a num-
ber of points lying beyond 3σ in the top half of the plot, particu-
larly in the top right hand quadrant, suggesting an enhancement
of circumnuclear star formation in these objects. A few objects
are also consistent with truncation, and the low mean EW values
of the earlier types mean that some truncated early type spirals
may be missed, so the numbers found in this category should be
considered a lower limit.

The probability of a point falling outside the 3σ ellipse
was estimated assuming that the field population, from which
the ellipse was calculated, is consistent with a binormal, or
two-dimensional Gaussian, distribution such that the probabil-
ity, P(x, y), of a point falling at position (x, y) is given by:

P(x, y)=
1

2πσxσy
√

(1 − ρ2)

×e

{
− 1

2(1−ρ2)

[( x−μx

σx

)2
+

( y−μy
σy

)2

−2ρ
( x−μx

σx

)( y−μy
σy

)]}
, (4)

(Barlow 1989) where μx and μy are the means, andσx and σy the
standard deviations in the x and y directions respectively, and ρ
is a correlation coefficient given by:

ρ =
(xy) − x.y
σxσy

· (5)

In this case Δ(EWtot)field and Δ(EWeff/EWtot)field are uncorre-
lated, so ρ ∼ 0. Equation (4) can therefore be simplified to:

P(x, y) =
1

2πσxσy
× e

{
− 1

2

[( x−μx

σx

)2
+

( y−μy
σy

)2]}
. (6)

The equal probability contours are the ellipses for which the ex-
ponent in Eq. (6) is constant, so the 3σ ellipse used here can be
described by:
(

x − μx

σx

)2

+

(
y − μy
σy

)2

= 9. (7)

The probability of a point lying within this ellipse was estimated
in two ways. Firstly a 500 × 500 grid was formed to cover the
area of the ellipse and beyond. The probability of a point lying at

Fig. 14. As Fig. 12 but for the cluster ELG sample. Here all cluster
galaxies of type E–S0/a are matched to the field S0/a means and the
peculiar and unknown spiral galaxies are matched to mean field spiral
values. Typical error bars are shown in the upper-right corner of the
figure.

the centre of each element was then found and this was assumed
to be constant across the element, such that the probability of a
point falling within each box could be calculated simply by mul-
tiplying the probability at the centre of the box by its area. The
sum was then found of the probabilities associated with all ele-
ments whose centres lay within the 3σ ellipse. This sum gives an
estimate of the probability of a point falling within the 3σ ellipse
as 98.9%.

The second method used 500 elliptical annuli, of increasing
semi-major axis but constant width, instead of the grid. A proba-
bility was found of a point lying at the mean semi-major axis of
each annulus, along the x-axis, and multiplied by its area, as be-
fore, to find the probability of a point falling within that annulus.
The sum of these probabilities once again gives the overall prob-
ability of falling within the ellipse as 98.9%. The probability of
finding a point outside the 3σ ellipse is therefore just 1.1%.

Assuming a binomial distribution, the probability of finding
16 out of 69 points (23%) in Fig. 12 outside the 3σ ellipse, when
expecting only 1.1%, is less than 5 × 10−17.

Figure 14 shows a similar plot for the cluster ELG sample.
Here the peculiar (Pec) and unknown spiral (S...) galaxies are
compared to mean field spiral values, weighted according to the
morphological make up of the cluster, whilst E–S0/a (S0− and
S0+) objects are compared to the mean values from the field S0/a
sample. The one ELG cluster galaxy of unknown type is not in-
cluded here. The ellipse corresponds to the 3σ limits estimated
from the field galaxy sample as explained above. Once again
the majority of cluster objects (72%) have more concentrated
Hα emission than the field mean for their type. As expected the
ELG sample galaxies also tend to have higher total EWs (∼71%
to the right of the vertical dashed line) due to the effects of the
sample selection, however, the cluster points would still be ex-
pected to lie largely within the field ellipse. For the ELG sam-
ple, some 40% of points lie beyond the 3σ ellipse. The proba-
bility of finding 36 of 89 points outside this ellipse by chance,
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Fig. 15. Decimal logarithm of the total EW for each Sa–Sc clus-
ter galaxy divided by mean field value for that type, plotted
against Δ(EWeff/EWtot) used previously. Twenty-one galaxies now lie
beyond the 3σ field ellipse. Typical error bars are shown in the upper-
right corner of the figure.

assuming the same parent population as the field galaxy sample,
is ∼2 × 10−46.

Around half (51%) of all ELG cluster galaxies fall in the top
right quadrant of Fig. 14, suggestive of increased star formation
in central regions. Of the 45 galaxies in this quadrant, 27 (60%)
lie beyond 3σ.

Although it is possible to identify most or all objects with
enhanced circumnuclear emission in Figs. 12 and 14, a num-
ber of galaxies, in particular earlier types, with reduced star
formation may be missed. This is because, due to the rela-
tively low mean EWs for these types, even quite large fractional
changes in SF activity can result in small absolute changes in
EW. Figures 15 and 16 therefore show the decimal logarithm of
the ratio of each cluster galaxy’s total EW to the field mean, plot-
ted against the same concentration parameter. Again 3σ ellipses
are shown, generated from matching the field galaxies to the field
means as before. Although the points falling in each quadrant re-
main the same, galaxies with highly reduced emission now also
stand out beyond the field ellipse.

Figure 15 shows the Sa–Sc cluster sample. Some 21 points
(30%, probability = 1.2 × 10−24) now lie outside the 3σ el-
lipse, compared to 16 in Fig. 12, and 18 of these objects are
types Sa–Sab. Nearly 43% of cluster Sa and Sab galaxies in
the Sa–Sc sample lie beyond 3σ, whilst over 90% of later type
galaxies remain within the field limits. Although 10 galaxies are
still found beyond the ellipse in the top right hand quadrant,
9 objects are now also seen beyond 3σ towards the top left of
Fig. 15, suggesting that, as well as a number of galaxies with en-
hanced circumnuclear emission, there is also a population of ob-
jects with truncated star forming disks. Two further Sa galaxies
appear to be experiencing an enhancement of star formation fur-
ther out in the disk, beyond the effective radius. The means and
standard errors on the means of the quantities plotted in Figs. 12
and 15, for the Sa–Sc cluster sample, are summarised in Table 7.

Fig. 16. As Fig. 15, but here showing the cluster ELG sample. Typical
error bars are shown in the upper-right corner of the figure.

Figure 16 shows a similar plot for the ELG sample, where
again the one galaxy with no type information is excluded. Here
the majority of points (71%) beyond 3σ still lie to the top right,
although a few galaxies, particularly of later types or pecu-
liar/S... galaxies, which previously appeared beyond 3σ, now lie
within the field limits, probably due to the relatively high mean
EWs for these objects. The galaxies with enhanced circumnu-
clear emission are again generally early types. A few galaxies
also show signs of truncation, and we repeat that the number of
these found here may be a lower limit, as galaxies with highly
truncated disks, and therefore greatly reduced star formation,
may not have been detected by the OPS, and would therefore not
have been included in the ELG sample. The means and standard
errors on the means of the quantities plotted in Figs. 14 and 16,
for the ELG cluster sample, are summarised in Table 8.

7. Discussion

This paper has looked at the radial distributions of R-band and
Hα light in samples of cluster and field galaxies using concentra-
tion indices and other statistical measures. In this section we will
summarise the main results, compare them with the results of re-
lated studies from the literature, and draw conclusions about the
effect of the cluster environment on star formation within disk
galaxies.

The analysis initially addressed the R-band C30 concentra-
tion index, which relates to bulge-to-disk ratio, and is therefore
well correlated with morphological type, at least for the field and
supercluster samples. The first finding of this paper is that C30 is
much more weakly correlated with type for the cluster galaxies;
these show a much wider range in C30 than the field galaxies for
a given type. In particular, half of all cluster Sa galaxies have C30
values below that for any field Sa. The correlation between C30
and type for the field sample also extends to Hα EW, with lower
concentration, later-type spirals tending to have higher EW val-
ues, as has been shown by many previous studies (Kennicutt
& Kent 1983; Kennicutt 1983; Deharveng et al. 1994; Ryder
& Dopita 1994; Young et al. 1996; Kennicutt 1998). However
the correlation between C30 and EW is stronger for the cluster
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Table 7. Mean values of ΔEWtot, Δ(EWeff/EWtot) and log(EWtot/EWfmean) for cluster Sa–Sc galaxies.

Type Sa Sab Sb Sbc Sc Sa–Sc
〈ΔEWtot〉 1.14(0.41) –0.15(0.49) –0.23(0.40) –0.20(0.42) –0.14(0.57) 0.35(0.23)
〈Δ(EWeff/EWtot)〉 0.27(0.07) 0.20(0.12) –0.01(0.07) 0.58(0.11) 0.03(0.07) 0.18(0.04)
〈log (EWtot/EWfmean)〉 0.19(0.10) –0.27(0.15) –0.14(0.07) –0.05(0.07) –0.09(0.07) –0.01(0.06)

Table 8. Mean values of ΔEWtot, Δ(EWeff/EWtot) and log(EWtot/EWfmean) for the cluster ELG sample.

Type S0+ Sa Sab Sb Sbc Sc Sc+ All spirals
〈ΔEWtot〉 2.18(0.66) 2.55(0.70) 0.80(0.68) 0.34(0.48) –0.65(0.06) 0.53(0.65) 3.50(0.50) 1.42(0.26)
〈Δ(EWeff/EWtot)〉 0.92(0.12) 0.44(0.17) 0.08(0.16) 0.15(0.12) 0.52(0.16) 0.01(0.07) –0.02(0.13) 0.31(0.05)
〈log (EWtot/EWfmean)〉 0.31(0.18) 0.63(0.10) 0.04(0.16) –0.01(0.07) –0.13(0.01) 0.01(0.08) 0.32(0.03) 0.17(0.05)

sample than the weak dependence of C30 on type shown by the
same galaxies.

The Hα concentration parameter CHα also correlates well
with T -type for the field galaxies, but this trend is found to
be much weaker for the cluster galaxies. There is little corre-
lation between CHα and Hα EW for field, supercluster or cluster
galaxies.

In Sect. 4, the Hα and R-band concentration indices were
compared for the field and the Sa–Sc and ELG cluster samples.
Nearly a half of the Sa–Sc cluster galaxies have more than 50%
of their star formation within 0.3r24, compared to less than a
quarter of field and supercluster objects. The CHα distributions of
the field and cluster Sa–Sc samples are different at >98% signifi-
cance. Comparing to a best fit field line, cluster galaxies are also
found to have relatively more concentrated Hα emission than
would be expected from their C30 values. This high concentra-
tion is particularly marked for disturbed galaxies. This suggests
that a number of objects may be experiencing an increase of star
formation in central regions, and in light of the later analysis
presented in Sect. 6 this appears to be the dominant effect for
the present sample of galaxies. However, it should also be noted
that a smaller number of non-enhanced and undisturbed cluster
galaxies also lie well above the best fit field line, and may in-
stead be experiencing a reduction of star formation in their outer
regions.

In both Sa–Sc and ELG samples the majority of galaxies
showing Hα emission that is more centrally concentrated than
expected tend to be earlier types, although many of the peculiar
galaxies in the ELG sample also fit into this category. The idea
that such concentrated Hα emission is caused by an increase of
star formation in the central regions of some objects is backed
up in Sect. 5 where many objects with relatively high CHα values
show particularly high EWs within 0.3r24. There does, however,
also seem to be a population of high Hα concentration galax-
ies with low overall EWs, i.e. in these galaxies SF is suppressed
everywhere but particularly strongly in their outer regions.

Section 6 contains a comparison of total EW and
EWeff/EWtot, where the latter represents the relative concentra-
tion of Hα to R-band emission, for each cluster galaxy, to the
field means for galaxies of the same type. This analysis shows
that most cluster galaxies lie within the parameter range ex-
pected for “normal” galaxies as defined by the field population,
but that the fraction of cluster galaxies with “abnormal” SF pat-
terns is far more than should be expected by chance. Where this
abnormal SF occurs, it tends to take the form of an overall in-
crease in the luminosity-normalised SF activity, and this addi-
tional SF is concentrated in the central regions of the affected
galaxies.

We will now compare these conclusions with other studies
in the literature that have addressed similar properties of star-
forming galaxies. In our discussion of Hα and R-band concen-
tration indices in Sect. 4, Figs. 5 to 9 show that generally the
cluster galaxies have more centrally concentrated SF as revealed
by Hα than would be be expected for field galaxies with the same
R-band light distribution, the latter being indicated by the C30
index. There are several possible explanations for this, but a
very plausible explanation is that it is associated with enhanced
SF that is concentrated in the nuclear regions of the galaxies
concerned. In support of this, it has been long established that
interacting and disturbed galaxies show enhanced SF overall
(Larson & Tinsley 1978; Joseph et al. 1984; Lonsdale et al. 1984;
Kennicutt et al. 1987). This SF has been shown to occur prefer-
entially in central regions of the affected galaxies, both in ob-
servational studies (Kennicutt & Keel 1984; Keel et al. 1985),
and in theoretical simulations of the gas response to interactions
(Mihos et al. 1992; Iono et al. 2004). This may be the explana-
tion of the centrally concentrated emission in the cluster galaxy
population, particularly for the disturbed subsample. However,
these plots are also consistent with truncation of SF in outer disk
regions following removal of outlying disk gas, the preferred in-
terpretation of the detailed Virgo cluster study of Koopmann &
Kenney (2004a,b).

In order to break this degeneracy, and to test other possi-
ble characteristic modes of SF in these cluster galaxies, the plot
used to construct Figs. 12, 14–16, and interpreted in Fig. 13, was
introduced. These figures show that while there are some galax-
ies showing the truncated pattern of SF favoured by Koopmann
& Kenney (2004a,b) and Dale et al. (2001), a larger fraction of
the galaxies showing unusual patterns of SF have centrally en-
hanced SF, i.e. both their central EW and global EW values are
unusually high for their type.

The discussion of the patterns of SF observed in cluster
galaxies has centred so far on the highly unusual outliers that
are found beyond the 3σ limits defined by the field galaxies.
However, close examination of Figs. 14 and 16 shows that even
within the 3σ limits, the cluster galaxies are not randomly dis-
tributed, and tend to favour the upper-right quadrant. If this dis-
tribution is interpreted in terms of central starburst activity, this
indicates that such activity can occur with a range of intensities.
There is no evidence of a threshold, above which intense activ-
ity is induced, but rather of a continuum of central SF activity
strengths.

One pattern that is not observed in the present sample is
apparently “anemic” systems (van den Bergh 1991; Elmegreen
et al. 2002), with globally-suppressed gas-mass fractions and
SF uniformly reduced across disk and central regions. This may
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mean that such systems do not exist at all in the clusters studied
here, or that the time in which they would be observed in such
a state is short, before their overall emission-line activity sinks
to unobservable levels and they become observationally passive
galaxies.

No cluster galaxies are seen with SF that is relatively
stronger in their outer than in their central regions. Such a pat-
tern might be expected in galaxies with strong outer rings of
SF, as found for some field galaxies by Hodge & Kennicutt
(1983), which would shift points to the lower-right quadrant
of Figs. 12–16. Alternatively, galaxies that have formed large
bulges with suppressed SF while retaining SF in their outer disks
might be expected in the lower-right quadrant. However, we re-
peat that no obvious examples of either type are seen in the
present cluster sample.

One final discussion point is to recall the conclusion from
Bretherton et al. (2010) that the disturbed, high-EW galaxies
show some evidence for larger-than-average velocities within
their host clusters. This may indicate that these galaxies are not
virialised, and may be largely an infalling population. This is
consistent with the inferred processes affecting their star forma-
tion being relatively short-lived and one-off occurrences such as
interaction-driven starbursts. Other processes, such as “strangu-
lation” and “harassment”, might be occurring but over longer
timescales, resulting in more virialised populations of galaxies
with suppressed SF, that would not have been efficiently picked
up by the OPS.

8. Conclusions

The primary results and conclusions from this paper are as
follows:

– The R-band concentration parameter, C30, correlates well
with morphological type for the field sample, but this corre-
lation is much weaker for the cluster data, with, for example,
half of all cluster Sa galaxies having C30 values below that
for any field Sa spiral (Fig. 1).

– Hα EW is found to be correlated with C30 for all samples
(Fig. 2). This correlation is strongest for the cluster data.

– In Figs. 5–10, cluster galaxies are found typically to have
higher CHα values than their field counterparts, and more
concentrated Hα emission than would be expected from
their C30 values. The CHα distributions of field and cluster
Sa–Sc galaxies are different at >98% significance.

– The majority of galaxies showing the most concentrated
Hα emission, relative to C30, are early-type spirals and
peculiar galaxies. They are also more likely to be tidally
disturbed.

– Figure 11 shows that for the disturbed population these
high CHα values are largely due to higher levels of star
formation in central galaxy regions. However, there are also
a number of high Hα concentration, mainly undisturbed,
galaxies with low EW values, particularly in their outer
regions.

– Figures 12 and 14 confirm the result that some cluster
galaxies, mainly disturbed peculiar and early spiral types,
are experiencing an enhancement of star formation in their
circumnuclear regions.

– A population of galaxies with truncated disk star forma-
tion is also identified (Figs. 15 and 16). Many objects may
be experiencing both an enhancement of circumnuclear star
formation and a truncation of the star forming disk.
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