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ABSTRACT 

The distance scales of elliptical and lenticular galaxies derived from several distance indicators have been 
intercompared and reduced to the scale (1) previously derived from the velocity dispersion indicator via the 
revised Faber-Jackson relation. This scale is found to be in near perfect agreement with the scale (5) derived from 
the luminosity index and from the 21 cm line width indicator via the revised Tully-Fisher relation for groups 
including a mixed population of early-type and spiral galaxies. It is also in excellent agreement with the distance 
scale (2) derived by Michard from his first magnitude-diameter-color relation (except for its arbitrary zero point), 
but not with that (3) derived from his second version of the relation. The latter agrees closely (except for zero 
point) with the distance scale (4) derived by Sandage and Visvanathan from the color-magnitude relation. Both 
(3) and (4) have scale errors of 15%-20% per magnitude compared to the other scales. The standard errors of 
distance moduli derived from the various scales after linear transformation to the standard scale (1) defined by 
the velocity dispersion indicator are as follows: <j(1) = 0.49, a(2) = 0.44, a(3) = 0.52, a(4) = 0.65, a(5) = 0.38 
mag. A general catalog of weighted mean distance moduli of 424 early-type galaxies based on distance indicators 
(l)-(4) is appended. 

Subject headings: cosmology — galaxies: structure 

I. INTRODUCTION 

We have previously derived the distance moduli of 157 
elliptical and lenticular galaxies from a revised version of the 
Faber-Jackson relation (1976) between the velocity dispersion 
and the absolute luminosity of early-type galaxies (de 
Vaucouleurs and Olson 1982). This scale was shown to be in 
excellent agreement with several others, based on independent 
indicators (except for zero point, since all rest on the same 
system of primary and secondary distance indicators) (de 
Vaucouleurs 1978a-1982a, fr). In the present paper we 
report on a comparison of several other distance scales based 
on different indicators applicable to early-type galaxies. This 
comparison will allow us to determine the transformation 
equations and the external mean errors of the various indica- 
tors, and to obtain distance moduli for a large sample of 
early-type galaxies on the same scale and zero point as the 
moduli of several hundred spirals previously derived from 
tertiary indicators (luminosity index, de Vaucouleurs 1979a, b\ 
superassociations, Wray and de Vaucouleurs 1980; 21 cm line 
widths, Bottinelli etal 1980, 1983, 1984; and inner ring 
diameters, Buta and de Vaucouleurs 1983a, b). 

II. THE DATA 

The material available for comparison is listed in columns 
(3)-(7) of Table 1. 

System (1).—Distance moduli fi0((Jv) derived by us from 
several revised versions of the Faber-Jackson relation, includ- 
ing possibly significant second-order terms depending on 

surface brightness and color. The adopted values are the 
weighted mean distance moduli listed in column (9) of Table 4 
given by de Vaucouleurs and Olson (1982). When question- 
able values {galaxies with uncertain or doubtful type and 
those with m.e.[/A0(ai;)]>1.00 mag} are rejected, a sample of 
126 “best-observed” galaxies remains to define our standard 
system. 

System (2).—Distance moduli ju,0(Ma) derived by Michard 
(1979a) from his first version of the magnitude-diameter-color 
(or magnitude-surface brightness-color) relation for early-type 
galaxies. A sample of 212 well-observed “main-sequence” 
galaxies remains after rejecting those classified by Michard as 
being in sequence II or sequence III, those marked as having 
anomalous color or surface brightness, and those with uncer- 
tain or doubtful type. We are indebted to Dr. R. Michard for 
permission to use a manuscript list of his catalog with detailed 
comments on individual objects. 

System (3).—Distance moduli ju,0(Mb) derived by Michard 
(19796, c) from his second version of the magnitude- 
diameter-color relation. Similar rejection rules were applied, 
leaving a sample of 213 well-observed galaxies. Note that the 
data are the same as in system (2); only the equations used to 
derive absolute magnitudes are different. 

The distance moduli in systems (2) and (3) are differential 
(i.e., with arbitrary zero points). Only their scale factors are of 
interest; the absolute values rest on an arbitrary choice of zero 
point corresponding roughly to 30.5 for the distance modulus 
of the Virgo E cluster. 
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DISTANCE SCALES FOR EARLY-TYPE GALAXIES 

There is one class of objects which is retained here but 
which was rejected by Michard, even if the color, surface 
brightness, and type of the galaxy were all well observed. The 
29 galaxies with distance moduli marked “R” in column (5) of 
our Table 1 were rejected by Michard because their distance 
moduli showed large residuals relative to their Hubble 
(redshift) distance. Such galaxies are included here, since they 
may, eventually, be of use in mapping the local velocity field. 

System (4). — Distance moduli /i0(SV) derived by 
Visvanathan and Sandage (1977) and Sandage and 
Visvanathan (1978) from their version of the color-luminosity 
relation. The zero point rests on the assumptions of the 
“long” distance scale, including the postulate of zero absorp- 
tion in galactic polar windows (for a discussion, see de 
Vaucouleurs 1982¿z,Z?). The adopted values are taken from 
columns (6) and (7) in Table 1 given by Visvanathan (1979). A 
sample of 197 well-observed galaxies remains after rejecting 
those marked by Visvanathan as having uncertain magnitude 
or uncertain color and those with uncertain or doubtful type. 

System (5).—In addition, for early-type galaxies in groups, 
a fifth estimate of distance modulus, ]Lt0(gp), is available. As 
described in de Vaucouleurs and Olson (1982), for a given 
elliptical or lenticular in a group, we compute /x0(gp) as the 
weighted mean of all the available distance moduli fi0(Ac) 

101 

from luminosity index and ^(F^) from 21 cm fine width for 
spirals in the group, and of fj,0(ff*), computed from the mean 
group redshift and the Hubble ratio 77* if the group redshift 
is F0 < 3000 km s-1 (or from 770=100 km s_1 Mpc“1 if 
V0 > 3000 km s-1). 

These various systems of distance moduli are compared 
two-by-two in Figures 1 and 2. 

III. METHOD OF ANALYSIS 

In order to reduce all of the distance moduli from sources 
(l)-(5) to a common scale, taken to be that of source (1), 
least-squares solutions of the form 

AoW-^oW) = «(0[mo(0-(^o(0)] (i) 

must be made for the galaxies in common. The systems differ 
in scale [a(/)=Él] and in zero point [(jn0(l)) ^ (/i0(/))]; 
indeed, the zero points of systems (2) and (3) were chosen 
arbitrarily. After zero-point shifts and scale corrections have 
been determined and used to remove systematic differences as 
far as possible, intercomparisons of the transformed data can 
be used to evaluate the mean accidental errors of each data 
set. 

Fig. 1.—Comparison of distance moduli derived from velocity dispersion, il0((Jv), and Michard-a (Ma), Michard-b (Mb), Sandage and Visvanathan 
(SV), and group (gp) scales. Note scale agreement with (a) and (d), disagreement with (b) and (c). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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102 DE VAUCOULEURS AND OLSON Vol. 56 

Fig. 2.—Comparison of distance moduli: (a) Ma vs. Mb; (b) Ma vs. SV; (c) Mb vs. SV); (d) groups vs. Ma; (e) groups vs. Mb; (/) groups vs. SV. 

The least-squares solutions of équation (1) are obtained by 
a method developed by Jefferys (1980, 1981), which correctly 
takes into account errors in each variable. Therefore, in order 
to get an accurate regression line, it is necessary to know 
beforehand the mean random error in each variable. On the 
other hand, we must know the slopes and zero point shifts of 
the regression lines so that the rather large systematic dif- 
ferences between the distance scales can be taken out and so 
that the mean squared differences in distance moduli can be 
used to evaluate accurately the actual accidental errors in each 
scale. 

We adopt an iterative approach: (i) we assume first that all 
the distance scales are equally accurate, with a starting guess 
of a, = 0.50 mag for all i. (ii) We then compute the straight-hne 
fits of equation (1), using these values for the a, , (iii) With the 
resulting slopes and zero points, we compute reduced moduli 

for each galaxy and compute the mean-squared dif- 
ferences a/), (iv) From the 10 values for o1J (five sets of data 
taken two-by-two), we derive provisional values for the five 
individual o¿. This overdetermined system is solved in two 
ways, a triplet method and an overall least-squares method, as 
described in the following section. With estimates for the five 
a,, we return to step (ii) and repeat until convergence is 
obtained. 

In practice, only four iterations were required to give con- 
vergence to the values given in Table 2. These external error 
estimates are derived, therefore, entirely from the intercom- 
parisons between distance moduli for galaxies in common 
between the scales. 

IV. EXTERNAL ERRORS AND WEIGHTS 

Consider several different independent sets of measure- 
ments /¿oiO reduced to the same system (i.e., no systematic 
differences). If the accidental errors are uncorrelated, then the 
covariances can be expressed as 

= E [ M 0 - M y )] 2/( - 2) = a,2 + °/2 > (2) 

where N¿j is the number of objects in common between data 
sets i and y, and where a,2 and a2 are the unknown individ- 
ual variances for each data set. 

If only three data sets are compared, then the 
system of equations 

_2   2 i 2 
°i j ~~ °i + °j » Ojl = °j2 + °ki = °k + (3) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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No. 1,1984 DISTANCE SCALES FOR EARLY-TYPE GALAXIES 

TABLE 2 
Covariances after Reduction to System (1) 

MoK) Mo (Ma) Mo (Mb) Mo(SV) Mo(gP) 

103 

MoK) 

Mo (Ma) 

Mo (Mb) 

Mo(SV) 

MofeP) 

0.67 
79 

0.72 
79 
(0.34) 

210 

0.75 
76 
0.79 

117 
0.84 

116 

0.64 
114 

0.55 
153 

0.61 
153 

0.77 
134 

N<j 

^7 

Estimated mean errors ol 
Least squares .... 
Triplets  

: m.e.IjLtoO')] after reduction to system (1): 
0.49 0.43 
0.48 0.44 

0.51 
0.52 

0.65 
0.65 

0.37 
0.38 

Estimated mean errors m.e.[jtt0(7)] before reduction to system (1): 
Least squares   0.49 0.45 
Triplets  0.48 0.46 

0.62 
0.63 

0.81 
0.80 

0.38 
0.39 

can be solved exactly, in principle, to give 

<7 = (+ ah - Oj2k)/2, (4) 

and so on. 
In the present case with five data sets, the number of pairs 

and covariances ofj is 10. The number of triplets, i.e., of 
systems of equation (4), is also 10, leading to five different 
estimates from triplets for each of the five individual variances 
of. This overdetermined system is solved in two different ways 
(see de Vaucouleurs and Head 1978). 

The first solution was made by solving exactly the 10 
triplets of the form of equation (4) and by taking weighted 
means of the five estimates for each a,. The weights were 
taken to be the smallest of the entering in each triplet, 
except that the weight was taken to be zero for any triplet 
including both of the Michard data sets, scales (2) and (3). 
The dispersion a23 = 0.34 mag is not an accurate measure of 
the accidental errors a2 and a3, since the data and errors for 
the two Michard scales are certainly not uncorrelated. 
Eliminating such triplets still left three different estimates for 
o2 and a3, and five different estimates for the other a,, with 
the results given in Table 2. 

The second solution was made by a straightforward least- 
squares solution of the 10 equations in five unknowns. The 
least-squares values given for the a, in Table 2 are those 
values which minimize the statistic 

S=YJWij(ofJ-af~of), (5) 
i<j 

where WtJ = 7V/y, except that LL23 = 0 for the two Michard 
scales. 

Estimates of the mean errors ol from the two methods, 
triplets and least-squares, agree closely. Table 2 gives the 
values for <jz = m.e.fjHoO*)], after reduction to system (1), and 
for m.e.[jLt0(/)] = m.e.[/i1

0(/)]/a(0, for the original data sets 
before reduction. As it happens, the scale factors are such that 

the have smaller mean errors than the Mo(0- F°r 

example, the ju,0(Mb) distance moduli have a mean error 0.63 
mag, but the scale factor a(3) = 0.82 gives /¿^(Mb) with a 
mean error of only 0.52 mag. 

Although they do not give individual errors for the galaxies 
in their samples, Michard-a (1979a), Michard-b (19796, c), 
and Visvanathan (1979) do give general mean error estimates 
of 0.40, 0.50, and 0.69 mag, respectively. These can be com- 
pared with the values 0.46, 0.63, and 0.81 mag, respectively, 
derived from the present analysis using intercomparisons 
among the distance scales. 

The present analysis also gives m.c.[^0(ov)] = 0.49 mag in 
set (1) which we use as our standard of reference, de 
Vaucouleurs and Olson (1982) assign individual errors to the 
Mo(<0 °f each galaxy* The average of the quoted mean errors 
for the same galaxies used here in the intercomparisons is 0.52 
mag. This good agreement suggests that the individual errors 
we calculated by propagation of errors were reasonably accu- 
rate. 

V. REDUCTION EQUATIONS AND EXTERNAL ERRORS 

After iterating 4 times, following the scheme of § III, the 
equations required to reduce the other distance scales to the 
scale of system (1), /t0(l) = ^0(ov), converged to the forms 

ii0 (1) - 31.47 = (0.96 ± 0.06) [ jiq (Ma) - 31.82], 

(ZPC = —0.35), (6a) 

ii0(l)-31.52 = (0.82 ± 0.06) [/i0 (Mb)-31.68], 

(ZPC =-0.16), (6b) 

(1) - 31.18 = (0.81 ± 0.07) [^(SV)-32.44], 

(ZPC = -1.26), (6c) 

(1) - 31.61 =(0.99+0.05) [Mgp)—31.64], 

(ZPC = -0.03), (6d) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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DE VAUCOULEURS AND OLSON 104 

where the zero-point corrections (ZPC) are evaluated at the 
mean distance moduli of the samples (2)-(5). 

VI. WEIGHTED MEAN DISTANCE MODULI 

Table 1 lists the weighted mean distance moduli of 336 
“well-observed” early-type galaxies (-5<T<-1) from four 
sources, 126 with fi0(ov), 212 with ¿i0(Ma), 213 with /¿0(Mb), 
and 197 with /i,0(SV). For each galaxy, distance moduli 
reduced to the fio(ov) system, and a weighted (fil0) are given. 
Since ju,0(Ma) and ju,0(Mb) are not independent, they were 
averaged before combining them with the others. The smaller 
of the two errors, a (Ma) or a (Mb), was assigned to the mean. 
Individual errors, taken from de Vaucouleurs and Olson (1982), 
are given for ja0(aj, as was justified in § IV. For the others, 
the average mean errors calculated in § IV were used. 

In addition to the “well-observed” sample, Table 1 also 
includes distance modulus estimates for galaxies which were 
rejected in the intercomparisons because of uncertain (*) or 
doubtful ($) type, or for various other a priori reasons, as 
described in § II. None of these galaxies were used in deriving 
the reduction equations or external error estimates, but it is of 
interest to apply the standard reduction equations to these 
galaxies. 

Distance moduli /i0(SV) marked “M” or “C” are those 
described by Visvanathan (1979) as having been derived from 
uncertain magnitudes or colors. Since a bad color seriously 
affects jLt0(SV), such values were used with weight 1/4 in 
computing the average (/¿o). 

Distance moduli Po(Gv) marked “P” indicate galaxies which 
have measured values of ou but were not included in the 
catalog of de Vaucouleurs and Olson (1982) because, in each 
case, the galaxy had been classified as peculiar or as a member 
of an interacting or colliding pair. These galaxies are included 
in Table 1 since most of them were included in the samples of 
Michard (1979a) and of Sandage and Visvanathan (1978), but 
none of these peculiar galaxies were used to derive the reduc- 
tion equations to the /i0(^) system. 

With these additions, there are 170 galaxies with ^0(
ai-)> 

253 with /i0(Ma), 254 with ju,0(Mb), and 284 with jL¿0(SV), and 
Table 1 lists distance moduli reduced to a common system for 
a total of 424 galaxies. 

The weighted mean moduli (po) are compared in Figure 3 
with the group distances jLt0(SP)> excluding galaxies with 
uncertain type, those with m.e.^jHo)] > 1.0 mag, and those for 

Fig. 3.—Comparison of mean distance moduli (/0) °f early-type 
galaxies from Table 1 with distance moduli /¿0(gP) °f lke groups of which 
they are probable members derived from independent distance indicators 
for spirals in the same groups, from mean redshifts. 

which jLt0(gp) is based on the on the redshift of a single galaxy. 
For this sample of 216 galaxies the weighted least-squares 
solution is 

Mo (gp) -31.87= (0.99 ± 0.03) [ (j^) - 31.84]. (7a) 

If the sample is further reduced to 151 galaxies by excluding 
all group distances derived from redshifts, the solution be- 
comes 

/t0(gp)-31.89= (0.98±0.03)[(it
1
0>-31.87]. (7b) 

The zero-point difference is only 0.02 or 0.03 mag, and the 
scale factor is not significantly different from unity. The mean 
distance moduli of early-type galaxies in Table 1 are, there- 
fore, strictly homogeneous with the distances of spirals previ- 
ously derived from the luminosity index, the 21 cm line width, 
and other independent distance indicators (except for zero 
point). 

This report is part of a general comparison of tertiary 
distance indicators and distance scales. A companion study 
dealing with spirals (7 > 0) will be reported later. 
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