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1 INTRODUCTION 

SUMMARY 
We have undertaken a detailed comparison of the colours of early-type galaxies in the 
Virgo and Coma clusters. In Paper I (this issue), we presented our system of 
homogeneous U, V, J and K photometric measurements for these galaxies. In this 
paper, we use this data set to investigate the universality of the colour-magnitude 
correlation. Our work reassesses the anomaly noted by Aaronson, Persson & Frogel. 
Following these authors, we initially compare the relative distances of the two 
clusters derived from the L-a and U-V and V-K colour-magnitude correlations. 
However, in contrast to their result, we find that all three relations give compatible 
relative distance moduli: llmu-v= 4.01±0.20, llmv-K= 3.58 ± 0.23, 
llmL-a= 3.62 ± 0.16. A similar result is found by correlating the colours and velocity 
dispersions with photometric diameters. Again, we find that all three comparisons 
give consistent distance estimates: llmu-v=3.87±0.15, llmv-K=3.42±0.21, 
llmD_a= 3.67 ± 0.11, with a mean relative distance modulus of 3.69 ± 0.08. These 
results show that the colour-magnitude relation has the same form in both Coma and 
Virgo. An alternative approach is to compare the colours of the galaxies directly 
through the distance-independent correlation between colour and velocity dispersion. 
We find that the median colours are offset by -0.009± 0.012 ( U- V), 0.005 ±0.016 
( V- K) and -0.038 ± 0.012 (J- K), with an estimated systematic error of 0.02, 0.03 
and 0.04 mag in each case. All of these offsets are therefore consistent with there 
being no intrinsic difference between the colours of early-type galaxies in Virgo and 
Coma. We conclude that the colour-magnitude relation has the same form in both 
clusters, and hence can provide a reliable cosmic distance estimator for clusters of 
galaxies, giving relative distances accurate to - 20 per cent per galaxy. 

In addition, our data constrain the intrinsic scatter of early-type galaxies about the 
mean colour-magnitude relation. We measure an rms scatter of typically 0.05 mag, of 
which - 0.03 mag can be accounted for by observational error. By examining the 
correlation of residuals, we show that this intrinsic variation is unlikely to be 
dominated by differences in the star formation histories of elliptical galaxies. We use 
the stellar population synthesis model of Bruzuaf to quantify the implications of 
this result. First, we present simple time-scale arguments to suggest that the 
spheroidal components of early-type galaxies are unlikely to have formed below a 
redshift of 2( q 0 = 0.5 ). Secondly, we show that our data are only marginally consistent 
with the strong bursts of star formation required to explain the spectra of galaxies in 
moderate-redshift clusters. 

A reliable system of extragalactic distance indicators would 
allow modern telescopes to measure peculiar velocities and 

hence map the density structure of the local Universe. One 
indicator that has not yet been fully exploited is the 
colour-magnitude (C-M) relation for early-type galaxies. 
This relation was first established by Baum (1959), and was 
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subsequently used by Sandage (1972) to compare the rela
tive distances of the Virgo and Coma clusters. It appears to 
be driven by differences in metal abundance (Faber 1977), 
the correlation arising because the more luminous galaxies 
have greater binding energies, and thus longer time-scales for 
gas processing [see Mathews & Baker ( 1971) and Arimoto & 
Yoshii ( 1987) for a detailed explanation]. In a series of 
papers, Sandage & Visvanathan (Visvanathan & Sandage 
1977; Sandage & Visvanathan 197 Sa, b) applied the 
colour-magnitude correlation to determine the distances of 
many nearby early-type galaxies. In order to establish the 
universality of the correlation, they applied the method to 
determine the distances of Virgo and eight other nearby 
galaxy clusters. They found that, in each case, the relative 
distance they derived was linearly related to the cluster's 
redshift with almost no scatter. In addition, they compared 
the colours of early-type galaxies in cluster and field environ
ments, and claimed that the colours of all galaxies followed 
the same fundamental relation. 

However, the tests of the universality of the colour
magnitude relation performed by Sandage & Visvanathan 
were criticized by Faber ( 1977), Burstein ( 1977) and Larson, 
Tinsley & Caldwell (1980). These authors noted that there 
were environmental effects present even in Sandage & 
Visvanathan's own data. Further doubts about the suitability 
of the colour-magnitude relation for determining extra
galactic distances were raised by Aaronson et al. (1981). 
These authors aimed to extend the colour-magnitude rela
tion into the near-infrared in order to increase the colour 
baseline over which colour changes were measured. They 
found that Virgo-Coma relative distance moduli derived 
from the U- V and V- K colours were different by 1.0 ± 0.3 
mag. Aaronson et al. concluded that galaxies in Virgo and 
Coma did not have the same stellar populations. In particu
lar, they suggested that galaxies in the Virgo cluster had 
experienced star formation more recently than those in 
Coma, and therefore had redder V- K colours because of 
the greater luminosity of stars populating the asymptotic 
giant branch (AGB). Combined with the criticism outlined 
above, this result seriously challenged Sandage & Visvana
than's claim that the colour-magnitude relation had a univer
sal form, and hence weakened the relation's suitability for 
measuring extragalactic distances. 

An alternative method of distance estimation for early
type galaxies uses the correlation between internal velocity 
dispersion (a) and absolute luminosity L (Faber & Jackson 
1976) or, with increased accuracy, the photometric diameter 
D (Dressler et al. 1987). These distance estimators are 
closely related to the Tully-Fisher distance estimator (Tully 
& Fisher 1977) for spiral galaxies. Unlike the colour
magnitude relation, these correlations are driven by the virial 
theorem. However, a universal relationship will only arise if 
all galaxies have very similar mass-to-light ratios. Thus these 
estimators are still sensitive to variations in galaxy star
formation history, and therefore Aaronson et al.'s result also 
has significant consequences for the Faber-Jackson and D-a 
relations. For example, a variation of only 1 Gyr in the mean 
age of the stellar population translates into a change of 8 per 
cent in M/L, and thus into a systematic distance error of 6 
per cent (i.e., a spurious peculiar velocity of 400 km s- 1 at 
the Coma cluster distance). 

Aaronson et al.'s paper appears to have played a central 

role in the development of extragalactic distance estimators. 
Given the important implications of their result, an indepen
dent study is clearly needed. We have obtained a new data set 
of homogenous UVJK photometry of early-type galaxies in 
the Virgo and Coma clusters. These data were presented in 
Paper I (Bower, Lucey & Ellis 1992). There, we showed that 
the V-band photometry used by Aaronson et al. (1981) was 
systematically offset by 0.036 ± 0.010 mag ( V-band) between 
Virgo and Coma. If this offset is corrected for, the dis
crepancy in the V- K distance modulus measured by 
Aaronson et al. is somewhat reduced. In this paper, we use 
our improved photometry to retrace Aaronson et al.'s 
investigation. We will show that for our new data set the 
U - V and V - K colours of galaxies in Virgo and Coma give 
compatible distance moduli. Therefore, contrary to the 
previous work, our results support the contention that the 
colour-magnitude relation does have a universal form. 

The strategy of this paper is as follows. In Section 2, we 
use the data presented in Paper I to compare the relative 
distance moduli of Virgo and Coma based on the U - V and 
V- K colour-magnitude and colour-diameter relations. We 
compare the distances we derive with those measured from 
the L-a and D-a relations. Unlike Aaronson et al., we find 
that all three distance estimates are consistent. In Section 3, 
we extend this analysis to the distance independent 
colour-velocity dispersion and colour-colour relations. This 
direct comparison reinforces the great similarity of early
type galaxies in the two clusters. In Section 4, we contrast our 
results with those of Aaronson et al., and attempt to identify 
why our results differ. Section 5 investigates the origin of the 
scatter of the galaxies about the mean colour-magnitude 
relation, and the implications of our results for the stellar 
populations of early-type galaxies are considered in Section 
6. In particular, we examine the constraints that our data 
place on the epoch of galaxy formation, and on the strengths 
of starbursts occurring in galaxy clusters at z - 0.5. Finally, 
we emphasize our conclusions in Section 7. 

2 COMPARISON OF COLOUR-MAGNITUDE 
AND COLOUR-DIAMETER RELATIONS 

In Paper I we reported a homogeneous system of U-, V-, l
and K-band photometry for early-type galaxies in the Virgo 
and Coma clusters. These measurements, corrected for red
shift, reddening and aperture size were summarized in tables 
11 and 12 of Paper I. Note that these colours have been 
determined at a fixed metric aperture size (corresponding to 
approximately 5 h- 1 kpc ). Although this approach requires 
that we assume an initial value for the Virgo-Coma distance 
modulus, all reasonable values (i.e., in the range 3.4-3.9) give 
aperture corrections differing by less than 0.01 mag. In these 
tables, we also presented total V-band magnitudes, VT 
[derived from Godwin & Peach (1977) and Michard (1982)], 
V-band photometric diameter parameters, Dv (defined as 
aperture diameter inside which the fully corrected V-band 
surface brightness is 19.80 mag arcsec- 2 ), and internal 
velocity dispersions, a [taken from Dressler ( 1984, 1987)]. 

We now investigate the relative distances of the two 
clusters, comparing the results from each colour band. 
Following Aaronson et al. ( 1981) we make our initial com
parison by correlating the galaxies' colours with their 
apparent V-band magnitudes. Fig. 1 shows the colour-
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Figure 1. The colour-magnitude and Faber-Jackson relations for early-type galaxies in the Virgo and Coma clusters: (a) U- V colour-magni
tude; (b) V-K colour-magnitude; (c) J-K colour-magnitude; (d) the Faber-Jackson relation. The data are taken from tables 11and12 of 
Paper I. Open symbols denote galaxies in the Virgo cluster; filled symbols, galaxies in the Coma cluster. The symbols used denote galaxies of 
different morphological types - circles, elliptical; triangles, SO; stars, SO/a or S03• The solid lines show the median fit of a line with slope given in 
Table 2 (fitting to the full data set). The slope adopted is a compromise between the gradients of the separate best-fit lines of each cluster. The 
dashed lines show the expected relations in the Coma cluster predicted from the Virgo cluster zero-point plus an adopted relative distance 
modulus of 3.60. 

magnitude ( C-M) correlations in U - V, V- K and J - K. For 
comparison, a further plot shows the L-a correlation. In 
each plot, the offset of the colour-magnitude relations gives 
an independent estimate of the Virgo-Coma relative 
distance modulus. It is apparent that all four plots give simi
lar relative distance moduli. 

The solid lines in Fig. 1 illustrate the median relations in 
each of the clusters. These fits have been constrained to 
share a common slope in both Virgo and Coma, this value 
being derived by averaging the slopes from the regression 
analyses of the individual clusters. Each regression line was 
determined using Huber's modification of the least-squares 
fitting technique (Rey 1980). (This modification limits the 
'influence' of unusually deviant points, thus making the fit 
robust to their inclusion.) In order to check for morphologi
cal effects, we have repeated the regression analysis both for 
the complete sample, and for the subsample limited to 
galaxies of elliptical morphology only. The results of the 
analysis are given in Table 1. Although SO galaxies contribute 
- one-third of our sample, none of the regressions are 

changed by more than 1. 7 times the quoted standard error 
when they are excluded. In addition, Table 1 shows that the 
differences in the slopes between the two clusters are also in 
general small and consistent with the estimated statistical 
error. It is therefore entirely adequate to assume that the 
slope of the colour-magnitude relation is the same in both 
clusters. 

The dashed lines in Fig. 1 reproduce the correlation 
observed in the Virgo cluster, offset by a distance modulus of 
3.60. (This value is derived from the D-a relation for ellipti
cal galaxies alone.) The new line illustrates the correlation we 
should expect if Virgo could be viewed from approximately 
the same distance as the Coma cluster. In the U - V and 
V- K colours, the dashed line appears an acceptable fit to 
the Coma cluster data. In contrast to the work of Aaronson 
et al., these colours give consistent estimates for the clusters' 
relative distances. In J - K colour, the predicted relation falls 
significantly blueward of that observed. We will show that 
this discrepancy is consistent with the estimated magnitude 
of our systematic error. 
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Table 1. Best-fit regression parameters. 

Ordinate Abcissa Cluster N Zero Point Slope Std. Dev. 

VT U-V Virgo (E+SO) 21 2.41 ± 0.16 -0.0946 ± 0.015 0.053 

Virgo (E) 11 2.21±0.11 -0.0736 ± 0.010 0.039 

Coma (E+SO) 50 2.61±0.11 -0.0819 ± 0.008 0.055 

Coma (E) 23 2.57 ± 0.10 -0.0790 ± 0.007 0.035 

VT V-K Virgo (E+SO) 20 4.12 ± 0.16 -0.0907 ± O.o15 0.061 

Virgo (E) 11 4.00 ± 0.08 -0.0785 ± 0.007 0.026 

Coma (E+SO) 40 4.21 ± 0.16 -0.0743 ± 0.011 0.065 

Coma (E) 29 4.29 ± 0.19 -0.0806 ± 0.013 0.071 

VT J-K Virgo (E+SO) 19 1.20 ± 0.10 -0.0337 ± 0.010 0.049 

Virgo (E) 11 1.27 ± 0.10 -0.0404 ± 0.010 0.042 

Coma (E+SO) 41 1.15 ± 0.05 -0.0182 ± 0.004 0.022 

Coma (E) 30 1.15 ± 0.06 -0.0187 ± 0.004 0.022 

VT log<T Virgo (E+SO) 17 3.63 ± 0.17 -0.1328 ± 0.016 0.086 

Virgo (E) 11 3.72 ± 0.17 -0.1407 ± 0.017 0.060 

Coma (E+SO) 48 3.93 ± 0.18 -0.1197 ± 0.012 0.077 

Coma (E) 26 3.99 ± 0.24 -0.1232 ± 0.017 0.072 

logDv U-V Virgo (E+SO) 24 0.622 ± 0.088 0.461 ± 0.051 0.050 

Virgo (E) 14 0.775 ± 0.102 0.379 ± 0.057 0.039 

Coma (E+SO) 50 0.980 ± 0.036 0.456 ± 0.038 0.038 

Coma (E) 23 0.969 ± 0.044 0.465 ± 0.044 0.033 

logDv V-K Virgo (E+SO) 21 2.339 ± 0.085 0.476 ± 0.049 0.049 

Virgo (E) 12 2.351 ± 0.079 0.462 ± 0.044 0.021 

Coma (E+SO) 42 2. 724 ± 0.073 0.414 ± 0.071 0.074 

Coma (E) 29 2.602 ± 0.078 0.525 ± 0.075 0.068 

logDv J-K Virgo (E+SO) 20 0.480 ± 0.064 0.214 ± 0.036 0.041 

Virgo (E) 12 0.421 ± 0.082 0.242 ± 0.045 0.050 

Coma (E+SO) 43 0.800 ± 0.018 o.086 ± o.oi8 0.022 

Coma (E) 30 0.776 ± 0.021 0.106 ± 0.021 0.021 

logDv logu Virgo (E+SO) 20 1.004 ± 0.101 0.707 ± 0.056 0.058 

Virgo (E) 14 1.025 ± 0.114 0.696 ± 0.067 0.067 

Coma (E+SO) 48 1.489 ± 0.051 0.733 ± 0.052 0.056 
Coma (E) 26 1.421 ± 0.067 0.790 ± 0.064 0.051 

Standard deviation is calculated using the Median Absolute Difference technique. 

The total V-band luminosity of a galaxy may not, however, 
be the best parameter to correlate against colour. Dressler et 
al. (1987) have shown that the internal velocity dispersions 
of galaxies correlate better with photometric diameter than 
with total luminosity. For both this reason, and because 
diameter parameters may be measured more reliably from 
our data (cf Paper I), we will consider the colour-diameter 
relations alongside the colour-magnitude relations. The 
U - V, V - K and J - K colours are plotted as a function of 
our V-band photometric diameter parameters (Dv) in Fig. 2. 
A fourth plot shows the D-a correlation. These diagrams are 
similar to the colour-VT correlations shown in Fig. 1, 
however, the relative distances that can be derived from 
correlations with Dv are to be preferred because of the more 
homogeneous origin of our photometric diameter para
meters. As in Fig. 1, the solid lines show the median regres
sion in each cluster, the fit being constrained to a common 
slope. The dashed lines show the Virgo cluster regression 
offset by a distance modulus of 3.60. [In Table 2, offsets in 
the D-a, etc., relations have been converted to luminosity
distance moduli following Dressler et al. (1987).] The U-V, 

V - K and D-a correlations for the Coma cluster are equally 
well represented by the solid or dashed lines. These relations 
all appear to give distance moduli consistent with 3.60. The 
J - K relation in the Coma cluster appears too red; however, 
we will show that the magnitude of this discrepancy is con
sistent with plausible systematic error. 

A statistically powerful method of determining the relative 
shift between the clusters is the distribution-free median 
difference technique described by Dressler (1984). The 
method works as follows. From the regression analysis of 
both of the clusters, we chose a common slope for the rela
tionship. This slope is used to determine a one-dimensional 
offset for all pairs of points. The median offset gives the 
distance modulus, and its error is estimated from the distri
bution of the pair separations (cf Rey 1980). Experiment 
shows that the distance modulus determined is insensitive to 
the slope chosen for the relation (typically a 10 per cent 
change in slope used produces a change of - 0.05 mag in the 
distance modulus). The method is robust to the inclusion of a 
few discrepant points. The relative distance moduli found 
using the correlations with U - V, V - K, and log a are 
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Figure 2. The colour-diameter and D-a relations for galaxies in the Virgo and Coma clusters: (a) U- V colour-diameter; (b) V- K 
colour-diameter; (c) 1- K colour-diameter; (d) the D-a relation. The symbol types and solid lines are as for Fig. 1. The dashed lines show the 
expected relations in the Coma cluster predicted from the Virgo cluster zero-point using a relative distance modulus of 3.60. 

Table 2. Estimates of the Virgo-Coma distance modulus. 

Ordinate Colour Slope Distance Modulus Comments 

VT U-V -0.087 4.01±0.20 E+so 
-0.076 3.77 ± 0.20 E only 

VT V-K -0.082 3.58 ± 0.23 E+so 
-0.080 3.38 ± 0.23 E only 

VT logu -0.125 3.62 ± 0.16 E+so 
-0.130 3.58 ± 0.21 E only 

logDv U-V 0.46 3.87 ± 0.15 E+so 
0.42 3.72 ± 0.15 E only 

logDv V-K 0.44 3.42 ± 0.21 E+so 
0.48 3.50 ± 0.19 E only 

logDv logu 0.72 3.67 ± 0.11 E+so 
0.74 3.60 ± 0.14 E only 

summarized in Table 2 (the J- K correlation is considered 
separately below). The values derived from both sets of three 
correlations are consistent to within the statistical uncer
tainty. For example, considering all galaxies we find: 
~mu-v=4.01±0.20, ~mv-K=3.58±0.23 and ~mL-a= 
3.62 ± 0.16 correlating against VT; or ~mu- v= 3.87 ± 0.15, 

~mv-K = 3.42 ± 0.21 and ~mD-a= 3.67-0.11 correlat
ing against Dv. The largest discrepancy is between the V- V 
and V - K colour-diameter relations for all galaxies, but it is 
only a 1.8 standard deviations effect. Therefore we conclude 
that the colours of early-type galaxies (of the same absolute 
magnitude) are identical in Virgo and Coma. The same con
clusion holds whether all early-type or only elliptical galaxies 
are compared. Statistical uncertainties mean that we cannot 
rule out differences (in colour) of - 0.02 mag. A comparable 
uncertainty results from our estimated systematic errors (see 
Paper I). The basic result of our paper is therefore that to an 
accuracy of better than 0.04 mag, the U - V and V- K 
colours of galaxies in the Virgo and Coma clusters follow 
exactly the same colour-magnitude (or colour-diameter) 
relationship. 

The slope of the J - K colour-magnitude (or colour
diameter) relation is too shallow to provide a meaningful 
determination of the relative distance modulus. However, 
since J - K colour depends only weakly on the stellar 
populations of the galaxy, any offset in this colour is most 
likely to result from systematic errors in our photometry or 
the astrophysical corrections that we have applied. We adopt 
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Figure 3. A comparison of four distance-independent relations for early-type galaxies in the Virgo and Coma clusters: (a) U- V colour versus 
velocity dispersion; (b) V-K colour versus velocity dispersion; (c) J-K colour versus velocity dispersion; (d) the V-K versus U-V 
colour-colour diagram. The symbol types are explained in the caption to Fig. 1. Solid lines show median fits to the data adopting the slopes 
given in Table 3. SO/a and S03 galaxies have been excluded from the fit in plot (d) as the colour-colour relation appears to become curved in the 
extreme blue. 

the mean Dv distance modulus of 3.60, and use the J - K 
relation to provide a check on our estimated systematic 
errors (cf Paper I). The residual colour offset between the 
clusters is (including all gal~es) 0.037 ± 0.012 mag from 
J- K versus VT• or 0.032 ± 0.014 mag from J- K versus Dv. 
Of the colours we have presented, the J - K colours are the 
most prone to systematic effects. We estimated that syste
matic differences could be as large as 0.04 mag. The 
observed residual colour offset is therefore entirely con
sistent with the anticipated systematic error. 

3 COMPARISON OF DISTANCE
INDEPENDENT RELATIONS 

In addition to the work of the previo~s section, the galaxies 
in the two clusters may be compared using the distance
independent colour-velocity dispersion (C-a) and 
colour-colour (C-C) relations. This has the advantage that 
the galaxies' colours are directly contrasted, without the 
intermediate step of the relative distance modulus. A subset 

of these relations is shown in Fig. 3. The J - K versus U - V 
and J - K versus V- K colour-colour relations that we have 
not plotted contain little extra information. 

In Fig. 3(a) and (b) ( U-V versus log a and V-K versus 
log a) galaxies in the two clusters cannot be differentiated. 
As was found in Section 2, the J- K colours (Fig. 3c) are 
discrepant. These offsets accord with those seen in Figs 1 
and 2. Visual inspection of Fig. 3(d) suggests that there may 
be a small difference in the slope of the U - V versus V - K 
colour-colour relation. For several reasons, it is difficult to 
make a convincing case for the reality of this difference. In 
particular, the visual impression comes largely from the three 
Virgo SO galaxies having U - V colours bluer than 1.2 mag. 
Comparably blue galaxies were not observed in the Coma 
cluster; if these galaxies are excluded from the comparison, 
then the slope of the Virgo C-C relation is entirely consistent 
with that in Coma. For consistency, we have removed all S03 

and SO/a galaxies from the analysis that follows. 
In order to make a formal comparison, we apply the 

median difference technique to determine the offset in the 
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Table 3. Comparison of distance-independent parameters. 

Ordinate Abcissa Adopted Offset in y Estimated Comments 
(x) (y) Slope Systematic Error 

logu U-V 0.54 -0.009 ± 0.012 0.02 

logu V-K 0.61 0.005 ± 0.016 0.03 

logu J-K 0.15 -0.038 ± 0.012 0.04 

U-V V-K 0.99 0.030 ± 0.015 0.03 SOa and SO/a excl. 

U-V J-K 0.24 -0.027 ± 0.010 0.04 S03 and SO/a excl. 

vertical (y) coordinate. The results are summarized in Table 
3, where we also give an estimate of the systematic error. In 
the U - V and V- K colours, the small offset has low statisti
cal significance and is in all cases small enough to have 
plausibly arisen from our systematic errors. Indeed, if our 
systematic errors have been realistically assessed, we should 
not expect significantly better agreement to be obtained. The 
larger offset found in J - K is consistent with the larger syste
matic error expected in this colour band. Therefore, contrary 
to the findings of Aaronson et al. (1981), there is again no 
evidence for any intrinsic difference in the average colours of 
the early-type galaxies in these two fiducial clusters. 

4 COMP ARIS ON WITH AARONSON et al. 
(1981) 

In their study of these clusters, Aaronson et al. ( 1981) found 
that, at a fixed U - V colour, the V - K colours of early-type 
galaxies in the Virgo cluster were on average 0.10 ± 0.03 mag 
redder than galaxies of the same U - V colour in the Coma 
cluster. In our study we measure this difference to be only 
0.030 ±0.015 mag (equivalent to a difference of 0.38 ± 0.19 
in the colour-magnitude distance modulus). Since our 
estimated systematic error is 0.03 mag, we detect no differ
ence between the clusters. We may rule out a coloµr differ
ence of 0.10 mag with 3 standard deviations confidence. 
Below, we review the offset reported by Aaronson et al. and 
attempt to identify why our results differ. 

In Paper I, we showed that the zero-points of the Coma 
and Virgo V-band photometry adopted by Aaronson et al. 
were offset by 0.036 ± 0.010 mag (Virgo-Coma). When the 
differing K-corrections of Sandage & Visvanathan's u-band 
and our CCD U-band are taken into account, a similar offset 
is apparent in the u-band photometry. Thus 0.03 mag of the 
discrepancy in the colour offset between our work and 
Aaronson et al. can be accounted for by the inhomogeneity 
of the u- and V-band magnitudes derived from Sandage & 
Visvanathan (1978b) and Sandage (1972). In addition, 
although almost all of the K-band magnitudes measured by 
Persson, Frogel & Aaronson (1979) in the Coma cluster are 
in close agreement with our own measurements, there are 
large discrepancies with a few of the very faintest objects. 
This effect acts in the sense that Persson et al. give these 
objects V- K colours that appear to be far too blue. We 
estimate that this may account for a further 0.02 mag of the 
discrepancy. The transformation used by Aaronson et al. to 
relate colours measured inside a constant aperture to colours 
inside an aperture of fixed relative diameter (i.e. at constant 
log[A/D(O)]) is unlikely to introduce further systematic error 
as the correction is small and very similar for both clusters. 

We suggest that the remainder of the discrepancy may arise 
from: (i) small differences in the galaxy samples used, and (ii) 
the least-squares fitting technique used by Aaronson et al. to 
derive the distance modulus. The least-squares method is 
sensitive to the presence of skewness and outliers in the C-M 
relation - experimentation with our data set suggests the 
colour offset may be wrongly estimated by as much as 0.02 
mag in extreme cases. Although each of these effects cannot 
individually explain the large colour offset that Aaronson et 
al. found, they combine together to appreciably weaken the 
statistical significance of Aaronson et al.'s result. 

5 DISCUSSION OF SCATTER IN THE 
COLOUR-MAGNITUDE RELATION 

The preceding sections of this paper have been concerned 
with the universality of the average colour-magnitude rela
tion. We now turn to study the scatter about this median rela
tion. We wish to answer two related questions. First, can the 
scatter be accounted for by observational errors alone? If an 
additional source of 'intrinsic' scatter is found to be present, 
then we will wish to identify its origin. In particular, we will 
search for evidence to suggest that the variations are related 
to an underlying inhomogeneity in the star-formation 
histories of the galaxies. Secondly, we will examine whether 
the scatter in the colour-magnitude diagram is reduced when 
total luminosities are replaced by photometric diameters. 
Such a reduction would parallel the effect seen when the L-a 
and D-a relations are compared. 

We start our analysis by examining the obviously discre
pant points in the colour-magnitude and colour-diameter 
relations presented. It is evident that a few individual galaxies 
are displaced significantly blueward of the mean 
colour-magnitude and colour-diameter relations. Where 
data are available, these galaxies tend to be discrepant in 
both colours, suggesting that the effect is real and not due to 
an error in our photometry. In particular, we note that the 
two unusually blue Virgo galaxies NGC 4124 and 4476 are 
typed by Binggeli, Sandage & Tammann (1985) as S03 (i.e. as 
galaxies with dust lanes) and that although they are extremely 
blue in both U - V and V- K, they lie close to the extension 
of the relation defined by the other Virgo cluster galaxies in 
the colour-colour plot. The stellar population synthesis 
models of Arimoto & Yoshii (1987) suggest that these 
galaxies may contain a relatively young stellar component. 
The Virgo E galaxy, NGC 4697, is also unusually blue. How
ever, as this galaxy lies 17° from the centre of the Virgo 
cluster, its membership, and thus distance, are questionable. 
The Virgo SO, N4435, has extremely red V-K (and also 
J- K) colours. As there is no other comparable galaxy in the 
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Table 4. Estimated errors from 
internal comparisons. 

Virgo Coma 

U-V 0.029 0.036 

V-K 0.033 0.034 

J-K 0.04 0.037 

VT 0.04 0.10 

logDv 0.014 0.018 

logu 0.024 0.024 

Table 5. Scatter in colour-magnitude and colour-colour relations. 

Cluster/ _ E+so+so/a _ _ E+so _ _ E_ obs. error 
Variables rms n rms n rms n 

Virgo 
U-V vs. VT 0.053 21 0.044 18 0.039 11 0.029 

V-K vs. VT 0.061 20 0.032 17 0.026 11 0.033 

J-K vs. VT 0.049 19 0.051 17 0.042 11 0.04 

logu vs. VT 0.086 17 0.060 11 0.025 

U-V vs. logDv 0.050 24 0.033 21 0.039 14 0.030 

V-K vs. logDv 0.049 21 0.037 18 0.021 12 0.034 

J-K vs. log Dv 0.041 20 0.044 18 0.050 12 0.04 

log a vs. log Dv 0.058 20 0.067 14 0.026 

U-V vs. log"" 0.053 21 0.044 18 0.040 11 0.032 

V-K vs. logO" 0.061 20 0.032 17 0.026 11 0.036 

J-K vs. log"" 0.049 19 0.051 17 0.042 11 0.04 

V-K vs. U-V 0.043 21 0.054 18 0.044 11 0.044 

J-K vs. U-V 0.036 20 0.039 18 0.045 11 0.04 

Coma 
U-V vs. VT 0.055 50 0.056 48 0.035 23 0.037 

V-K vs. VT 0.065 40 0.063 39 0.071 29 0.035 

J-K vs. VT 0.022 41 0.023 40 0.022 30 0.037 

log er vs. VT 0.077 48 0.075 46 0.072 26 0.027 

U-V vs. log Dv 0.038 50 0.040 48 0.033 23 0.037 

V-K vs. log Dv 0.074 42 0.065 41 0.068 29 0.oJ5 

J-K vs. log Dv 0.022 43 0.022 42 0.021 30 0.037 

log O" vs. log Dv 0.056 48 0.056 46 0.051 26 0.027 

U-V vs. log"" 0.057 42 0.060 40 0.048 21 0.038 

V-K vs. log"" 0.053 32 0.050 31 0.041 26 0.037 
J-K vs. logO" 0.022 41 0.023 40 0.022 30 0.037 

V-K vs. U-V 0.051 27 0.045 26 0.040 21 0.050 
J-K vs. U-V 0.025 27 0.026 26 0.022 21 0.038 

The rms is calculated using the Median Absolute Difference 
technique. 

sample, we believe that this may be the result of photometric 
errors in the infrared (we have repeated V-band 
measurements). 

Since the two discrepant S03 galaxies NGC 4124 and 
44 7 6 appear to show some indication of having experienced 
relatively recent star formation, it is important that we make 
a statistical study of the scatter about the mean colour
magnitude relation. Only if we can show that, at some level, 
the majority of early-type galaxies have similar star
formation histories, can we reasonably hope that 
colour-magnitude studies will ever return reliable cosmic 
distances. For this part of our study, we treat each of the 
clusters separately. This limits the size of our available galaxy 
samples, but allows us to monitor the reliability of our 
results. Table 4 summarizes the observational error in each 
of the colours estimated from the internal comparisons of 
Paper I. The errors in the two photometric bands making up 
each colour have been assumed to be uncorrelated. Table 5 

presents the scatter in each of the C-M, C-D, C-a and C-C 
regressions. The rms scatter about the mean regression, 
fitted using Huber's algorithm (Rey 1980) was computed 
from the median absolute deviation (MAD) using the trans
formation: standard deviation= 1.48 x MAD. In each fit, the 
slope of the regression was determined independently, and 
errors in the abscissa were assumed to dominate. In order to 
test the morphological dependence of the scatter, we fitted to 
the whole data set, the data set with S03 and SO/a galaxies 
removed, and the E galaxies alone. 

Comparing Tables 4 and 5, we can determine whether the 
measured scatter can be adequately accounted for by our 
observational errors. For the full data set, a component of 
intrinsic scatter is detected in both the U - V and V- K 
C-M and C-D relations. Typically, the size of the intrinsic 
component is close to 0.05 mag. For example, the measured 
rms scatter about the Coma U - V colour-magnitude rela
tion is 0.055 mag, of which only 0.037 mag can be accounted 
for by our observational errors. The F-ratio test (although 
not strictly applicable to MADs) suggests that this difference 
has greater than 1 per cent statistical significance. An intrin
sic component of - 0.04 mag is therefore required to explain 
the observed scatter. This agrees well with the intrinsic 
scatter of 0.05 mag detected in u - V by Visvanathan & 
Sandage (1977). However, in V- V, the scatter is reduced as 
the SO/a and then SO galaxy types are removed from the 
sample. There is no convincing evidence for an intrinsic 
scatter amongst the elliptical galaxies. While the same trend 
is seen in the V- K data for the Virgo cluster, there is some 
evidence for an intrinsic scatter of - 0.06 mag in the V- K 
colour-magnitude relation for Coma galaxies of all (early) 
morphological types. However, this result relies on the inclu
sion of a small number of galaxies with unusually blue V- K 
colours, but for which we lack U - V colours. In particular, 
we note that the scatter in the V- K colour-velocity disper
sion correlation is reduced when SO galaxies are excluded, 
and is then compatible with the observational error. (This 
trend directly parallels that seen in the V- V C-a relation.) 
Hence, the large scatter of Coma elliptical galaxies about the 
V - K colour-magnitude relation appears anomalous. We 
suggest that the intrinsic scatter detected amongst these 
galaxies is unlikely to be real. For each of the J - K correla
tions, no intrinsic component is required to explain the 
observed scatter. In fact, the scatter about the Coma cluster 
relation is somewhat smaller than our observational errors. 
This suggests that we may have overestimated the J - K 
colour errors by adding the errors in the J- and K-band 
photometry in quadrature. Finally, excluding the two 
unusually blue S03 galaxies, there is no evidence for an 
intrinsic scatter in the colour-colour relations of either 
cluster. 

Above, we showed that in U - V and V - K there was an 
intrinsic scatter of early-type (mainly SO) galaxies about the 
mean colour-magnitude, colour-diameter and colour
velocity dispersion relations. We now attempt to identify the 
cause of this variation. The scatter may be driven by addi
tional parameters required to accurately describe the gravita
tional potential of the galaxy (for example, the surface 
brightness or degree of ellipticity), or it may arise because 
galaxies with identical mass distributions do not share a 
common star-formation history, or because the galaxies are 
reddened by differing amounts (either internally, in our own 
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galaxy, or within the galaxy cluster). In order to distinguish 
between these possibilities, we have examined the correla
tions between the residuals ( o ). A selection of the possible 
o-o diagrams is plotted in Fig. 4. Star formation or redden
ing by dust would be identified in these diagrams because the 
resulting variations in U - V colour would be strongly cor
related with changes in V- K colour but only weakly cor
related with deviations from the Faber-Jackson (or D-a) 
relation. Recent star formation would shift galaxies to bluer 
colours, having a similar effect in U- V and V- K (Arimoto 
& Yoshii 1987). Extinction would make both colours redder 
in the ratio A(U-V)/A(V-K)"'0.53. In Fig. 4, a few of the 
plots show a weak correlation. However, because of the 
limited numbers of galaxies, these diagrams must be inter
preted cautiously. SO galaxies in the Virgo cluster do indeed 
appear to be influenced by recent star formation and/or 
internal extinction, i.e. the galaxies are better correlated in 
Figs 4(a), (e) and (g) (where U-V residuals are plotted 
against V- K residuals) than in Fig. 4( c) (where U - V resi
duals are plotted against D-a residuals). However, this 
evidence is based on six (or fewer) points. The elliptical gal
axies show no correlation in any of these plots, confirming 
that their scatter can be accounted for entirely by observa
tional errors. The corresponding Figures for the Coma 
cluster do not show such clear trends. In particular, there is 
no detectable correlation in Fig. 4(h) [A( U - V versus 
Dv)-A(V-K versus log a)]. This plot provides a powerful 
diagnostic as the residuals are derived from diagrams that do 
not share a common axis (this is not the case for the other 
residual correlations shown). Therefore, the absence of a 
correlation here argues strongly against an explanation of the 
residual scatter that invokes either an intermediate-age 
stellar population or a variation in reddening. In summary, 
we conclude that the origin of the intrinsic scatter remains 
uncertain. For elliptical galaxies at least, it appears that the 
scatter is not dominated by variations in a young or inter
mediate-age stellar component. In Section 6, we will use this 
constraint to suggest that the main body of elliptical galaxies 
must have been formed beyond z = 2. 

Whatever the cause of the scatter about the 
colour-magnitude relation, it is natural to ask whether the 
variation can be reduced by using photometric diameters 
(Dv ), rather than total magnitudes (VT), as the correlating 
variable. First, we checked that our data reproduced the 
improvement of the D-a relation over the Faber-Jackson 
(L-a) relation as reported in Dressler et al. (1987). The 
reduction in scatter described by these authors can be seen 
by comparing Figs l(d) and 2(d). Examining Table 5, where 
we tabulate the scatter about each of these relations, it can be 
seen that using photometric diameters (Dv ), rather than total 
magnitudes (VT), reduces the scatter by typically 25 per cent. 
We note that this is somewhat less than the 50 per cent 
improvement reported by Dressler et al. [Part of this differ
ence arises because the VT measurements we derived in 
Paper I from Godwin & Peach (1977) are better correlated 
with a than the BT measurements used by Dressler et al.] 
Visual inspection of the colour correlations in Figs 1 and 2 
does not show a comparable reduction in scatter. This 
impression is generally confirmed by the regression analysis 
given in Table 5. For example, the scatter of 0.035 mag in the 
Coma elliptical U - V colour-magnitude relation falls by 
only 0.002 mag. However, the small changes seen in many of 
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Figure 4. The correlations between residuals for a selection of the 
correlations plotted in Figs 1-3. The anomalously red (in V- K) 
galaxy, NGC 4435, does not fit on the scale of these graphs, and is 
shown as an arrowed point. The galaxy NGC 4697, whose member
ship of the Virgo cluster is open to question, is bracketed. Both 
these galaxies have been ignored in our analysis. The error-bar 
cross in each plot illustrates the typical error in each axis. Where 
relevant, the diagonal line illustrates the magnitude and direction of 
the scatter resulting from errors in the variable common to both 
axes. In all the diagrams, bluer colours, smaller diameters or smaller 
velocity dispersions all act so as to produce negative residuals. 

the relations may belie the small relative contribution of the 
intrinsic (rather than observational) scatter. Indeed, where 
the intrinsic scatter in U - V colour is resolved, it does show 
a small fall in going from VT to Dv. We conclude that our 
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data hint that the colours of galaxies may be better correlated 
with the diameter parameter than with total magnitude. 
However, the intrinsic scatter in either relation is so small 
(for elliptical galaxies in particular} that the result is at the 
limit of the scope of our present data. This situation contrasts 
with limitations of the D-a relation as a distance indicator. 
There, the accuracy of the relative distances is not limited by 
observational difficulties but rather by the intrinsic variations 
in galaxy mass-to-light ratios [see Faber et al. (1987) for 
discussion]. Our results suggest that if galaxy colours could 
be measured with improved precision, then it might be 
possible to further increase the accuracy of distance esti
mates made using the colour-magnitude or colour-diameter 
relations. Lastly, we note that although the present statistical 
accuracies of the colour-magnitude and colour-diameter 
relations may be comparable, for all practical applications 
the colour-diameter relation is to be preferred because of 
the greater observational accuracy and homogeneity with 
which diameter parameters may be determined. 

6 THE STAR-FORMATION HISTORIES OF 
EARLY-TYPE GALAXIES 

In the previous sections, we have compared the colours of 
galaxies in the Virgo and Coma clusters from three different 
perspectives. In Section 2, we compared the Virgo-Coma 
relative distance under the assumption that the 
colour-magnitude (or colour-diameter} relation has every
where a universal form. We found that all colour bands gave 
a consistent distance estimate, and that this distance was also 
consistent with the distance estimated from the L-a and D-a 
relations. In Section 3, we compared the galaxies' colours by 
correlating distance-independent quantities. We found that 
galaxies in the two clusters could not be distinguished in 
these colour-colour and colour-velocity dispersion 
diagrams. In Section 4, we looked at the scatter in these rela
tions. We found that the intrinsic scatter was in all cases 
small, typically less than 0.05 mag. Clearly, the stellar popu
lations of the galaxies in these clusters obey a well-defined 
universal law. Here we consider the further implications of 
this uniformity. In particular, we address the limits that these 
observations set upon the possible variations in the galaxies' 
star-format!_on histories. 

Any successful study of the stellar populations of early
type galaxies must allow the competing effects of age and 
metallicity to be disentangled. Studies that are confined to 
broad-band colours are readily able to determine the tem
perature of the main-sequence turnoff, but have difficulty in 
determining its luminosity. Variations in the age and the 
metallicity of the stellar population thus appear degenerate. 
For this reason, most contemporary studies ,have been based 
on high-resolution spectroscopic data (e.g. O'Connell 1980; 
Rose 1985; Bica 1988}. However, since we have shown that 
there is a very uniform relationship between colour and 
galaxy magnitude, we may use the lack of any strong depar
ture from this relation to place limits on the possible varia
tions in the ages of galaxies having a common metallicity. We 
will assume that the basic colour-magnitude relationship 
arises because the luminosity of a galaxy is strongly corre
lated with its metallicity. Arimoto & Yoshii (1987) have 
shown that the supernova-driven wind model of Mathews & 
Baker ( 1971) gives a good quantitative explanation for this 

relation. (Alternative models require that the stellar initial 
mass function is strongly sensitive to the galaxy's gravita
tional potential.} A number of sources might contribute an 
intrinsic scatter about the primary correlation; however, by 
considering age variations to be dominant, we can use the 
observed scatter to set up an upper limit on the variations in 
the ages of early-type galaxies in the Virgo and Coma 
clusters. 

In the previous section, we showed that the intrinsic 
scatter about the U - V colour-magnitude (or 
colour-diameter} relation was certainly less than 0.05 mag. 
This scatter is dominated by SO galaxies. If SO galaxies are 
removed from the sample, then no intrinsic scatter can be 
detected at all. In the following we will adopt 0.04 mag as ari 
upper limit for the intrinsic scatter of elliptical galaxies. 
Using luminosity and U- V data from the evolutionary 
synthesis code of Bruzual (1983}, we may convert these 
figures into a limit on the variation of the star-formation 
histories of early-type galaxies. To make our initial compari
son, we use only the rate of change of colour, not the abso
lute U - V colour itself. This considerably reduces the 
sensitivity of our results to the code's inadequacies. For 
example, burst models in Bruzual's code predict absolute 
U - V colours that are unrealistically red. In this application, 
it is not possible to approximate the composite stellar 
populations of elliptical galaxies by a single metallicity 
(Arimoto & Yoshii 1987}. However, the rate of colour 
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Figure 5. The rate of change of elliptical galaxy colour as a function 
of the time since the galaxy was formed. The solid line in this plot 
shows a( U- V)/at from Bruzual (1983) for a galaxy modelled as a 
1-Gyr burst of star formation. The stellar initial mass function is 
taken from Scalo (1986). Dashed lines show models with the same 
star-formation history, but with power-law initial mass function 
slopes x = 0.5, 1.0 and 2.0 (left to right}. tp, the time since the galaxy 
was formed, is taken to be zero at the end of this burst. For a given 
formation epoch, the small scatter about the colour-magnitude rela
tion places an upper limit on the allowed rate of colour evolution. 
This constraint may be parametrized as a(U-V)/at5.0.04/ 
f3(ttt - tp }, where tH is the total age of the Universe, and /3 (the ratio 
of the spread in formation time to the characteristic collapse time
scale at that epoch) is a factor that allows for a degree of universal 
coordination in the formation of galaxy spheroids. We adopt tH = 15 
Gyr in order to match the colours of the globular clusters. Dotted 
lines show the constraint for f3 = 1.0 (spheroids form randomly over 
the characteristic time-scale), /3=0.3 and 0.1 (galaxy formation is 
strongly coordinated). For allowed formation epochs, a(U-V)/at 
must lie below the dotted line. 
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change is accurately predicted by Bruzual's model because 
the rate at which the main-sequence turnoff evolves redward 
depends only weakly on metallicity (Iben & Renzini 1984). 
Fig. 5 shows the rate of colour change (per Gyr) for a single
age stellar population (approximated by a 1-Gyr burst of star 
formation) as a function of the time after the star-formation 
epoch. (We have limited the present discussion to burst 
models for the formation of elliptical galaxies as this is an 
integral part of the supernova-driven wind model. In any 
case, at late times models with more extended star-formation 
histories have a higher rate of colour changes for a given 
epoch of galaxy formation, tF. A particular class of such 
models is considered separately below.) The model shown as 
a solid line adopts the parametrization of the local initial 
mass function (IMF) from Scalo (1986). Dashed lines show 
models with a wide range of power-law IMFs ( x = 2.0, 1.0 
and 0.5). In all these models, a( U- V)/ at agrees to better 
than 0.01 mag per Gyr at late times. We use the basic model 
(Scalo IMF) to transform between colour and age variations 
as follows: 

. a(U-V) . 
Scatter m U - V colour= x scatter m star-

at 
formation epoch, 

where the scatter in U - V colour is measured at the present 
time (t=O in Fig. 5), and a(U-V)/at is measured at the 
mean galaxy-formation epoch, t = tF. For example, if early
type galaxies were formed [in a single burst of star formation, 
cf Arimoto & Yoshii (1987)] about 10 Gyr ago, with a 
scatter in the time of formation of - 1 Gyr, then this model 
predicts an intrinsic scatter of > 0.025 mag in the U- V 
colour-magnitude relation. This is less than our measured 
intrinsic scatter, and is thus a plausible model. However, if 
the formation of the early-type galaxies were delayed until 
only 5 Gyr ago, the intrinsic scatter in the colour-magnitude 
relation would rise to > 0.075 mag (assuming the same 
spread in formation time). This model is clearly ruled out. 
Fig. 5 therefore allows us to relate the epoch at which early
type galaxies (and perhaps spheroidal systems in general) 
form to the spread in their ages. But what is a reasonable age 
spread? We consider the following model. If galaxies form at 
a look-back time tF, then the characteristic (collapse) time
scale at this epoch is tH - tF, where tH is the present age of the 
Universe [for consistency with the colours of globular 
clusters, we adopt tH = 15 Gyr*, Iben & Renzini (1984)]. We 
will parametrize the range of galaxy formation times as 
f3(ttt- tF) [ = f3ttt(l + zF )- 312 for q0 = 0.5], where the factor f3 
(the ratio of the spread in formation time to the characteristic 
time-scale at formation) allows for the degree of coordina
tion amongst the forming galaxies. If the formation of 
galaxies is uniformly distributed over the characteristic time
scale, f3 = 1. Smaller values of f3 occur if galaxy formation is 
synchronized to take place in a smaller part of the available 
time. For a given {3, we may use the intrinsic scatter in the 

*Note that although we do not explicitly assume a value for the 
Hubble constant, adopting t H = 15 Gyr is equivalent to setting 
H 0 = 43.6 (for q0 =0.5). A larger value of H 0 can only be accommo
dated if the evolutionary rates of the stellar isochrones are rescaled. 
This does not, however, affect the formation redshift, zF, that we 
derive. 
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colour-magnitude relation to set a lower limit on tF, the 
epoch of galaxy (spheroid) formation: 

I . . . U V 1 a( U - V) ntnns1c scatter m - co our=--'--~ 
at 

x f3(ttt- tF )50.04 mag 

(using the upper limit derived from the elliptical galaxies). 
Dotted lines in Fig. 5 show the curves 0.04/ f3(tH- tF ), for 
f3 = 1.0, 0.3 and 0.1. The intersection of these lines with 
a( u- V)/ at gives the lowerlimit to tF in each case. If there is 
no 'coordination' between the forming galaxies (/3 = 1 ), then 
the epoch of spheroid formation must have been more than 
13 Gyr ago (corresponding to zF> 2.8 for q0 = 0.5). 
Naturally, this limit becomes less stringent as more coordina
tion is introduced. However, even if f3 is reduced to 0.3, the 
scatter in the colour-magnitude relation still requires tF> 10 
Gyr (i.e. zF> 1.1 for q0 = 0.5). Unfortunately, it is beyond the 
scope of this paper to derive values of f3 appropriate to 
various specific galaxy-formation scenarios (e.g. Rees & 
Ostriker 1977; Silk 1977; White & Rees 1978; Dorosh
kevich, Shandarin & Saar 1978; Ikeuchi 1981; Ostriker & 
Cowie 1981; Dekel & Rees 1987; White & Frenk, in 
preparation, and references therein). However, it is clear that 
the constraints our results place on the acceptable combina
tions of the f3 and z F parameters may indeed pose problems 
for some of these simple models. 

An alternative cause of scatter about the basic 
colour-magnitude relationship is secondary bursts of star 
formation. This is of interest because observations of 
galaxies in rich clusters at redshifts - 0.5 (e.g. Butcher & 
Oernler 1978, 1984; Couch & Newell 1984) are not con
sistent with the passive evolution expected on the basis of 
Arimoto & Yoshii's (1987) models. Spectroscopic observa
tions (e.g. Dressler & Gunn 1982, 1983, 1987; Dressler, 
Gunn & Schneider 1985; Lavery & Henry 1986; Couch & 
Sharples 1987; Mellier et al. 1988) suggest that many cluster 
galaxies experience strong bursts of star formation at this 
epoch. MacLaren, Ellis & Couch (1988) and Arag6n
Salamanca, Ellis & Sharples ( 1991) have shown that the frac
tion of galaxies undergoing bursts is very large, possibly all 
cluster galaxies pass through this evolutionary phase. Clearly, 
this secondary episode of star formation will introduce addi
tional scatter into the colour-magnitude relationship. We will 
parametrize the burst strength by r, the ratio of the stellar 
mass in the secondary burst of star formation (which we will 
assume to have a present age of 5 Gyr ), to that in the initial 
burst (which we will assume to have a present age of 10 Gyr). 
We assume that the burst strengths are uniformly distributed 
between r = 0 and r ma" with an rms strength r,YP = r maxf 2[3. 
Adopting the U - V colours and visual magnitudes from 
Bruzual's (1983) population synthesis model (as above), we 
find that the scatter in U - V colour is 

~( U- V)rms - 0.57rtyp· 

Our colour-magnitude results therefore constrain the typical 
burst strength to be less than 10 per cent by stellar mass 
(assuming a non-evoking IMF). This upper limit is only 
marginally consistent with the observed galaxy colour 
excesses and (post-burst) absorption line strengths which 
typically require relative burst strengths as large as 20 per 
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cent by mass. However, it is not clear that the assumption of 
a non-evoking IMF is justified. If the stellar initial mass func
tion is skewed towards high-mass stars during the secondary 
burst, then the constraint we have outlined becomes con
siderably weaker. We intend to present a more detailed com
parison of the stellar populations of cluster galaxies at high 
and low redshift in a future paper. 

7 CONCLUSIONS 

The main conclusions of this paper are outlined below. 

(i) The fundamental result of this paper is that the U- V 
and V- K colour-magnitude relations and the L-a 
(Faber-Jackson) relation all place the Virgo and Coma 
clusters at the same relative distance. Specifically, we 
measure relative distance moduli of 4.01±0.20 ( U- V), 
3.58 ± 0.23 ( V- K) and 3.62 ± 0.16 (L-a). We have also 
correlated these dependent variables with photometric (D) 
parameters. These distance estimates are to be preferred 
because of the more homogeneous origin of our D
parameters. We obtain distance moduli of 3.87 ± 0.15, 
3.42 ± 0.21 and 3.67 ± 0.11 in each case. These are again self 
consistent. We conclude that the colour-magnitude (or 
colour-diameter) relation for early-type galaxies has the 
same form in both clusters. While this result does not con
clusively demonstrate that the relation is universal, our 
results open the way to using the colour-magnitude relation 
as a distance indicator for clusters of galaxies. The 
colour-magnitude relation in U - V gives distances accurate 
to - 20 per cent per galaxy. This is comparable to the 
accuracy (in this study of 20 per cent per galaxy) of distances 
obtained using the D-a relation. 

(ii) We are unable to detect any difference in the mean 
distance-independent colour-colour and colour-velocity 
dispersion relationships of early-type galaxies in the two 
clusters. Since we fail to detect any significant offset, the 
average colours of galaxies in the clusters are unlikely to be 
offset by more than 0.04 mag (V-V), 0.05 mag (V-K) or 
0.06 mag ( J - K). 

(iii) The uniformity that we find in the colours of galaxies 
in the Virgo and Coma clusters contrasts with the difference 
of 0.10 mag in V- K reported by Aaronson et al. ( 1981 ). We 
suggest that these authors' conclusions were affected by: (a) 
inhomogeneity of the optical photometry; (b) measuring 
errors in their infrared photometry of the faintest Coma 
galaxies; ( c) statistical fluctuations in their smaller sample, or 
(d) sensitivity of the least-squares fitting technique to outliers 
and the skewness of the scatter about the colour-magnitude 
relation. 

(iv) The scatter of early-type galaxies about the 
colour-magnitude relation is typically 0.05 mag. Of this 
scatter, - 0.03 mag can be accounted for by observational 
measuring errors. The remaining component reflects an 
intrinsic variation in the properties of early-type galaxies. 
However, the properties of SO galaxies show a larger disper
sion than those of the elliptical galaxies. For samples consist
ing of only elliptical galaxies, observational errors alone may 
provide an adequate description of the scatter. If this is 
correct, then the data presented here may not yet exploit the 
full distance accuracy of the colour-diameter correlation. 

(v) The small scatter of galaxies about the colour-

magnitude relation implies a high degree of uniformity in 
these systems' star-formation histories. We have quantified 
this constraint using the stellar population synthesis code of 
Bruzual (1983). If galaxy ages typically differ by the charac
teristic collapse time-scale at the epoch of their formation, 
then elliptical galaxies must have formed at z > 2. This is a 
powerful constraint for future models of the galaxy forma
tion process. Alternatively, the homogeneity of the colour
magnitude relation may be used to place an upper limit on 
the photometric strengths of starbursts seen in galaxies at z -
0.5 (the so-called spectroscopic Butcher-Oemler effect). 
Burst strengths of 10 per cent (by stellar mass) are only 
marginally consistent with the typical scatter we observe in 
the colour-magnitude relationships. However, this constraint 
may be relaxed if the stellar initial mass function is skewed 
towards high-mass stars during the secondary burst. 

As a final comment, we note that while we have shown 
that the colour-magnitude relation has the same form in both 
the Virgo and Coma clusters, this falls some way short of 
demonstrating that the colour-magnitude relation is univer
sal. In particular, we have not compared field and cluster 
galaxies, and cannot therefore redress the criticism of the 
universality of the colour-magnitude relation raised by 
Larson et al. ( 1980 ). Clearly this is an important area for 
further study. 
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