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ABSTRACT 

The diameter versus surface brightness diagram is presented for 149 galaxies in the Virgo and the 
Ursa Major Clusters based upon a homogeneous data set of digital surface photometry. From the 
principal component analysis of photometric parameters, these two coordinates of the diagram 
are found to be most relevant to the study of the characteristics of galaxies. Two distinct branches 
are recognized for the distribution of galaxies in the diagram, and their meanings are discussed. The 
potential important uses of the diagram are pointed out, as the basis of a quantitative classification of 
galaxies and a characterization of clusters of galaxies. 

Subject headings: gdldoàes: clustering — galaxies: structure 

I. INTRODUCTION 

In a series of studies toward a quantitative classifica- 
tion of galaxies (Watanabe, Kodaira, and Okamura 1982, 
Paper I; Watanabe 1983, hereafter Paper II; Okamura, 
Kodaira, and Watanabe, hereafter Paper III), we carried 
out digital surface photometry for a sample of 261 
galaxies in the Virgo and the Ursa Major regions. Basic 
photometric data are given in Papers II and III. This 
Letter presents the diameter versus surface brightness 
diagram (DSBD) based upon these data and discusses 
its potential importance to the study of galaxies. 

Most of the sample galaxies are members of either the 
Virgo or the Ursa Major Clusters. Their distance moduli 
from the latest version of the infrared magnitude/H i 
velocity width relation are 31.08 + 0.11 and 31.15 + 
0.08 respectively (Aaronson and Mould 1983). The two 
clusters are thus at nearly equal distance, and this 
greatly reduces the uncertainties inherent to the ex- 
tragalactic work. Exact distances to these clusters, how- 
ever, still remain controversial (e.g., Aaronson and 
Mould 1983; de Vaucouleurs 1982). A distance of 16.6 
Mpc, (m — M)0 = 31.1, is assumed in this Letter for 
both the Virgo and the Ursa Major Clusters. 

II. PRINCIPAL COMPONENT ANALYSIS 

Following the pioneering work by Brosche (1973), we 
apply principal component analysis to a set of photo- 
metric parameters of the 261 galaxies. Details of the 
analysis will be given elsewhere (Watanabe, Okamura, 
and Kodaira 1983). The parameters involved are the 
integrated magnitude (K26), the diameter (log Z>26), the 
mean surface brightness (SB) within D26, and an index 
XI (P), which is a measure of luminosity concentration 
analogous to C21 and C32 introduced by de Vaucouleurs 
(1911a, b). These parameters were defined and derived 

in Papers II and III using the generalized radial profile 
(see Paper I) in the V band within a limiting surface 
brightness of 26 mag arcsec-2. 

The main results of the analysis are the following. 
(1) There are only two significant independent variables, 
i.e., principal components, Yx and 72, which carry 64% 
and 29% of the total variance. (2) Our principal compo- 
nents closely coincide with those derived by Brosche 
(1973). This indicates that the global structure of gal- 
axies may be characterized by photometric parameters 
alone without dynamical parameters. (3) Gradients of 
log D26 and SB projected onto the (7i,72) plane are 
nearly orthogonal (92°). These results suggest that the 
(SB, log Z)26)-diagram would be a highly efficient tool to 
study the global structure of galaxies. The XI (P) versus 
SB diagram presented in Paper III may complement this 
diagram. 

III. DIAMETER VERSUS SURFACE BRIGHTNESS 
DIAGRAM 

We construct the DSBD for the sample galaxies. 
Diameter and surface brightness are expressed in units 
of 0.1 and mag arcsec-2 respectively. In order to mini- 
mize the admixture of noncluster members, we limit 
the present sample to the galaxies with a known radial 
velocity of V0 < 3500 km s_1. Out of the 261 gal- 
axies, 201 were left after a survey of the literature 
(de Vaucouleurs, de Vaucouleurs, and Corwin 1976, 
hereafter RC2; Eastmond and Abell 1978; Sandage and 
Tammann 1981; Karachentsev and Karachentseva 1982; 
Bottinelli, Gouguenheim, and Paturel 1982; Aaronson 
et al 1982). 

Figure 1 shows the DSBD for 149 galaxies which are 
selected from the 201 galaxies according to the following 
criteria: (1) galaxies of types earlier than SO/a (morpho- 
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log Dae (0!l) 

Fig. 1.—The diameter vs. surface brightness diagram for 149 galaxies in the Virgo and the Ursa Major Clusters. Projections of the axes of 
the two significant principal components and the lines of constant magnitude are shown. The thick solid curves (A and B) show the 
boundaries of the observed distribution. The thin solid and broken curves represent some homologous families for the r^-law and 
exponential law respectively (see text). The tick marks on the curves indicate an interval of 1 mag in the brightness-scale parameter, numerals 
on the tick marks indicating the parameter value in units of mag arcsec-2. The thick broken line corresponds to the relation between and 
re found by Kormendy (1980). 

logical type index in RC2 T < 0); (2) the apparent axial 
ratio b/a is larger than 0.4 for galaxies with 7" > 0 or 
with an uncertain or unknown T. The values oí b/a are 
taken from Paper II. The second criterion is adopted to 
exclude the galaxies whose photometric data might be 
substantially affected by internal absorption. The only 
exception is NGC 3718, which shows unusual absorp- 
tion features (see Sandage 1961) and is not included in 
Figure 1. 

In the DSBD shown in Figure 1, we note the follow- 
ing. (1) There are two well-defined boundaries {solid 
curves) which limit the distribution of galaxies at the left 
{line A) and right {curve B) sides in addition to the 
spurious boundary at log D26 — 1.3 due to the selection 
effect (see Paper II). (2) With the boundaries, the distri- 
bution forms two distinct branches that run almost 
parallel to the projected Yl and Y2 axes respectively. 
(3) The branch along the projected Y2 axis is formed 
mainly by elliptical and SO galaxies, while that along the 
projected Yx axis consists of spiral galaxies, especially 
late-type spiral and irregular galaxies. 

The same plot as Figure 1 but for 51 highly inclined 
galaxies with b/a < 0.4 shows a systematic shift of the 
distribution toward fainter surface brightness. An aver- 
age internal absorption is inferred to be Am — 0.4 mag 
from the shift. 

IV. DISCUSSION 

The radial luminosity profile of galaxies can be mod- 
eled with two parameters, i.e., the brightness-scale 
parameter and the length-scale parameter. On the basis 
of the conventional formulae, 

/(r) =/0exp(-ar), (1) 

for exponential disks and 

log I(r)/Ie = -3.33 [(/-Ae)1/4 - l], (2) 

for the r1 4-law elliptical galaxies (Freeman 1970; de 
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Vaucouleurs 1948, 1977#), we can compute log D1() and 
SB to compare model sequences with observations in the 
DSBD. 

We consider a family of galaxies whose luminosity 
profiles have (1) the same shape, i.e., either exponential 
or r1/4-law, (2) the same length-scale parameter a-1 or 
re, and (3) different brightness-scale parameters /0 or Ie. 
This family is called the “homologous family.” The thin 
solid and broken curves in Figure 1 show the sequences 
of galaxies in some homologous families for the r1/4-law 
and exponential law respectively. Galactic extinction of 
Av = 0.16 mag is assumed (see RC2) throughout the 
computation in this section. Curves of homologous 
families of both exponential law and r1/4-law run ap- 
proximately along the projected Yx axis, and the direc- 
tion of increasing brightness-scale parameter roughly 
coincides with that of increasing Yl. Thus the branch 
along the projected Yx axis may be named the “homolo- 
gous branch.” The upper boundaries of elliptical and 
late-type spiral galaxies in the homologous branch corre- 
spond to re ~ 19 kpc and a-1 ~ 3 kpc, respectively, as 
shown in Figure 1. The boundary A suggests the ex- 
istence of an upper limit of the brightness-scale parame- 
ter in the form of or /e max(re). Accordingly, 
the branch along the projected Y2 axis may be named 
the “saturation branch.” 

Kormendy (1977, 1980) found a tight correlation be- 
tween (ie, the brightness-scale parameter Ie in units of 
mag arcsec-2, and re for elliptical and bulge-dominant 
SO galaxies on the basis of parameters derived from the 
profile along a line at 45 ° to the major axis. The mean 
relation he found is expressed by 

= 3.281ogre (kpc) + 19.45, (3) 

for 19.8 < < 23.3 mag arcsec-2. A distance of 22 
Mpc was assigned to the Virgo galaxies in his sample. 
With this distance and the assumption of (2? — K) = 0.9 
for elliptical galaxies, equation (3) corresponds to a 
linear relation in the DSBD 

log D26 = 0.447 SB - 8.274, (4) 

for the Virgo Cluster. In computing D26 and SB, the 
r1/4-law profile with Kormendy’s parameters is sub- 
stituted for the generalized radial profile. It is noted that 
equation (4) is independent of the true distance or the 
distance assumed here. This relation is shown in Figure 
1 by the thick broken line for the range of 18. 7 < MF) 
< 22.4 mag arcsec 2. The nearly equal gradient of 
equation (4) to the saturation branch strongly suggests 
that the narrow saturation branch represents the same 
relation that Kormendy (1977, 1980) found. 

L51 

The members of the saturation branch with log Z>26 > 
2.0 may be distinguished from the smaller members 
because they are no longer located on the brightest tip 
of any homologous sequence. The point with log D26 - 
2.0 on the saturation branch corresponds to V26 — 10.0, 
that is, Mv - -21.1 with the assumed distance. It is 
remarkable that this value is close to = —21.2, 
which is the absolute magnitude corresponding to the 
discontinuity in the luminosity function of clusters of 
galaxies and claimed to be universal (e.g., Austin, 
Godwin, and Peach 1975; Schechter 1976). 

The recent compilation of the ratio of the maximum 
rotational velocity V to the mean velocity dispersion a 
of elliptical galaxies by Davies et al. (1983) included 
data for nine galaxies in the present sample. Among six 
giant elhptical galaxies with log Dle > 2.0, five have 
small values of (F/a)* < 0.4, where (F/a)* is the ratio 
of the observed value of F/a to that for a model which 
has an oblate spheroidal shape of constant ellipticity 
with isotropic velocity distribution. The only exception 
is NGC 4636. There is, however, evidence that NGC 
4636 is an SO galaxy (Kormendy 1977). A general ten- 
dency that (F/a)* decreases toward the large-diameter 
end of the saturation branch is observed. This may be 
related to the formation history of galaxies on this 
branch. 

When DSBDs are constructed separately for the Virgo 
galaxies and the Ursa Major galaxies, we notice that 
there is no significant difference in the distribution do- 
main between the two sets of data except that all the 
bright elhptical galaxies with log Z)26 > 2.0 belong to the 
Virgo Cluster. The DSBD may thus serve to characterize 
individual clusters or groups of galaxies. If the upper 
boundary of the saturation branch (boundary A) is 
universal, one can estimate the distances of clusters of 
galaxies relative to the Virgo Cluster by a vertical shift 
of DSBDs for the coincidence of the distribution do- 
mains. When this method is preliminarily applied to the 
R-band data (Strom and Strom 1978) of the Coma 
Cluster members with an assumption of F — R = 
0.5, we find a difference in the distance modulus 
of A(m — M)0 = 3.2 ± 0.2 between the two clusters. 
This value leads to a Hubble constant of 92 ± 8 
km s 1 Mpc-1 with the adopted radial velocity of 6700 
km s ~1 for the Coma Cluster. 

In summary, we find the DSBD highly instructive in 
investigating the global physical properties of galaxies 
and propose to use the diagram as one of the basic tools 
to investigate the nature of galaxies and clusters of 
galaxies. 

We thank Dr. B. Takase for his continuous encour- 
agement, Dr. R. D. Cannon for a careful reading of the 
manuscript, and Mrs. K. Sakurai for drawing the figure 
and typing the manuscript. 
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