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Chapter 6
The optical/near-infrared colour-magnitude relation
in disk galaxies

Abstract. Dust-free colours and near-infrared absolute magnitudes greatly enhance the useful-
ness of the optical/near-infrared colour-absolute magnitude (CM) relation as a secondary distance
indicator for disk galaxies. We show that by avoiding contamination by dust we are able to reduce
the scatter in the CM relation signi�cantly, compared to similar galaxy samples published previ-
ously. The CM relation can be used to determine distances in a statistical sense and large-scale
structures for galaxies having absolute K-band magnitudes MK > �25:5 and down to at least
MK � �20. Brighter galaxies exhibit a roughly constant intrinsic I{K colour.
We show that the accuracy of the optical/near-infrared CM relation for estimating relative dis-
tances can be comparable to that of the widely used Tully-Fisher relation (TFR); the intrinsic
scatter in the absolute K-band magnitudes is � 0:5 mag.
Our results, supplemented with previously published observations, are consistent with a universal
nature of the CM relation for disk galaxies.
High-resolution observations done with the Hubble Space Telescope can provide a powerful tool to
extend the useful distance range and calibrate the relation.

1 Introduction

Baum (1959) and de Vaucouleurs (1961) �rst established, from
optical observations, that early-type galaxies obey a tightly
constrained colour { absolute magnitude (CM) relation. This
correlation is usually attributed to metallicity changes, assum-
ing that it is caused by the fact that the more luminous galax-
ies have greater binding energies and thus longer time scales
for gas processing (e.g., Mathews & Baker, 1971; Faber, 1977;
Arimoto & Yoshii, 1987).

Therefore, the CM relation provides an observational test
for galaxy formation models (cf. Ellis et al., 1997, and refer-
ences therein) and for galaxy synthesis models (e.g., Tinsley,
1978; Aaronson et al., 1978).

Because of the tightness of the correlation it is potentially
useful as a (secondary) distance indicator, as was �rst sug-
gested by Sandage (1972) for elliptical and S0 galaxies. In this
Chapter we investigate whether the optical / near-infrared CM
relation is also useful as a potential diagnostic to estimate dis-
tances to spiral galaxies, by using near-infrared absolute mag-
nitudes and I{K colours that were determined in those regions
of edge-on disk galaxies that are least a�ected by the e�ects
of dust.

1.1 Ellipticals versus spiral galaxies

Although the CM relation for elliptical and lenticular galaxies
is well-established, the situation for spiral galaxies is more
ambiguous. Motivated by the close agreement between the
CM relations for ellipticals and S0s, which show a clear bulge-
disk geometry, Visvanathan & Griersmith (1977) extended the
range of galaxy types to early-type spirals (S0/a to Sab). They
found, within the errors, exactly the same optical CM relation
for their early-type spirals in the Virgo cluster as had been
found for E/S0 galaxies. However, the excess scatter is larger
for early-type spirals than for E/S0s (Griersmith, 1980).

For later-type spirals Tully et al. (1982), using the hybrid
BT�H�0:5 colour, found that early and late-type spiral galax-
ies occupy completely di�erent places in the CM diagram, with

the early-type galaxies lying on the blue side of the elliptical
and lenticular galaxies. However, some of their S0 galaxies are
redder than their bright elliptical galaxies, whereas Balcells &
Peletier (1994) show that the colours of the stellar populations
of bulges of early-type galaxies are always bluer than or have
the same colour as those of ellipticals of the same luminosity.
Therefore, these S0's likely su�er from a considerable amount
of extinction, which seems to be in conict with the very small
scatter among S0 galaxies.

Moreover, they found a considerable gap between the loci
of the S0 galaxies and the early-type spirals, which has not
been con�rmed by other work. Mobasher et al. (1986) showed,
from optical and near-infrared observations, that although
the E/S0 galaxies and the early-type spirals occupy separate
branches in the CM diagram the bright ends of these branches
coincide. In a subsequent paper (Peletier & de Grijs, 1997)
we will con�rm Mobasher et al.'s (1986) result for the spiral
galaxies from this study and the Virgo ellipticals studied by
Bower et al. (1992).

Tully et al. (1982) claimed that the di�erence between the
loci of spiral and E/S0 galaxies in the CM diagram could be
explained by signi�cantly more ongoing star formation in late-
type spirals. This star formation would a�ect the blue light in
particular, and hence the B{H colour. Moreover, the fact that
spirals are much bluer than lenticulars for the same absolute
magnitude indicates that metallicity variations play only a
secondary role here.

Apart from the distinction between spirals and E/S0s,
Griersmith (1980) noticed that, although for early-type spirals
the slopes of the CM relations derived for individual (early)
galaxy types are the same within the errors compared to each
other and compared to E/S0 galaxies, di�erences in zero point
of the CM relations seem to follow a systematic trend along
the Hubble sequence: colours become systematically bluer for
later Hubble types.
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1.2 Environmental e�ects

Visvanathan & Sandage (1977) found that the dispersions
about the CM relation for early-type galaxies in eight nearby
groups and clusters are nearly the same as for the Virgo clus-
ter. The agreement is particularly remarkable in view of the
fact that these eight groups and clusters are of di�erent rich-
ness and cluster type. This, and their observation that the
CM correlation also applies to galaxies in the general �eld,
led them to the conclusion that the CM relation is not af-
fected by the ambient medium of the galaxies (Visvanathan &
Griersmith, 1977; Visvanathan & Sandage, 1977; Griersmith,
1980).

Griersmith (1980) studied the optical CM relation (U{V
and B{V vs. MV ) for a sample of 119 early-type spirals, from
which he concluded that also for early-type spirals the CM
relation is independent of environment. If one assumes that
in early-type spirals the colours refer primarily to the bulge
component, which seems reasonable since in most early-type
spirals the bulge is the dominant luminosity component, then
this result suggests that the stellar population in the bulges
of early-type spirals was determined by the initial collapse at
the period of active star formation and not by environmental
factors.

Recently, Ellis et al. (1997) established that the scatter
about the UV-optical CM relation of early-type galaxies be-
tween 3 clusters of di�erent richness at moderate redshift is
smaller than the internal scatter within each cluster, which
again indicates that environmental e�ects do not play a sig-
ni�cant role.

1.3 A universal CM relation?

Provided that the CM relation is universally applicable it can
be used as a (secondary) distance indicator. In this section
we will discuss the existing evidence for a universal CM rela-
tion for E/S0 galaxies. In the remaining part of this Chapter,
we will use our own optical and near-infrared observations
of edge-on disk galaxies, supplemented with similar samples
from the literature, to investigate the possible universality of
the CM relation for later-type spiral galaxies.

Following the discovery of the CM e�ect for the early-type
Virgo cluster members, many attempts have been made to
unambiguously determine the universality of the relationship
(e.g., Visvanathan & Sandage, 1977; Visvanathan & Grier-
smith, 1977; Griersmith, 1980; Aaronson et al., 1981; Bower
et al., 1992a,b). In general, the optical CM relation for early-
type galaxies was found to be universal and independent of
environment, either by determination of the absolute magni-
tudes by redshift scaling or vice versa.

However, Faber (1977), Burstein (1977) and Larson et al.
(1980) criticized the tests done to study the universality of the
CM e�ect. They pointed out that there were non-negligible en-
vironmental e�ects playing a role in the observations obtained.

Aaronson et al. (1981) challenged the claims for universal-
ity of the CM relation even more seriously. They extended the
colour baseline by adding near-infrared observations to their
sample of Virgo and Coma cluster galaxies, from which they
found a signi�cant di�erence between relative Coma-Virgo dis-
tance moduli derived from the U{V and V{K colours.

To undertake an independent study of the universality of
the CM e�ect, Bower et al. (1992a,b) obtained new observa-
tions of Virgo and Coma cluster galaxies. Contrary to Aaron-

son et al.'s (1981) result, Bower et al.'s (1992b) observations
support a universal CM relation, also based on U{V and V{
K measurements. They claim 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 CM relation-
ship. Bower et al. (1992b) argued that part of the discrepancy
between their and Aaronson et al.'s (1981) result could be
explained by the inhomogeneous nature of the optical data
used by Aaronson et al. (1981), as well as by the di�culties in
their calibration of the faintest sample galaxies. The remain-
der of the discrepancy is likely due to small di�erences in the
galaxy samples used and to artifacts caused by the numerical
technique used by Aaronson et al. (1981).

1.4 Advantages of near-infrared observations

Although the change of colour with absolute magnitude is
greatest in the ultraviolet, and decreases signi�cantly to-
wards redder wavelengths (Visvanathan & Sandage, 1977,
and references therein), the CM e�ect again shows up in the
optical/near-infrared regime, in the sense that V{K is bluer
for intrinsically fainter galaxies (e.g., Aaronson et al., 1981;
Tully et al., 1982).

The usefulness of near-infrared observations of spiral
galaxies for measuring extragalactic distances depends on two
main questions (Aaronson et al., 1981):

1. Do spiral galaxies follow a universal CM relation in the
near-infrared;

2. Is the scatter less than what is observed in the optical?

In Sect. 1.3 the arguments in favour and against a uni-
versal CM relation for E/S0 galaxies have been discussed. A
universal CM relation for E/S0 galaxies, over the entire wave-
length range, seems to be likely, although the dispersion is
expected to be considerable. Bower et al.'s (1992b) photome-
try allowed the CM relation for early-type galaxies to be used
to estimate distances accurate to �20% per galaxy.

The main advantages of near-infrared observations are
the relative insensitivity to contamination by the presence of
young stellar populations and dust, for which it is necessary
to correct in the blue passbands (see Sect. 2). The absorption
corrections for dust in external galaxies, which are largest in
the blue passbands, are di�cult and controversial and there-
fore we were motivated to study the CM e�ect for our sample
of edge-on disk galaxies (of types S0 to Sd) in the optical (red)
/ near-infrared regime, using I-K colours and K-band absolute
magnitudes.

In Sect. 2 we will discuss the nature of the observations
we obtained to study the properties of edge-on disk galaxies,
and discuss the various corrections that have to be applied for
an accurate study of the optical/near-infrared CM relation.

We supplement our data with recently published I- and
K-band data in Sect. 3 and discuss the similarities and dif-
ferences, as well as the di�culties and uncertainties involved
when comparing samples based on di�erent selection criteria.

We will discuss our results in Sect. 4, in Sect. 5 a summary
of our results and conclusions is given.

2 A dust-free CM relation

In Chapter 2, we described the selection of our sample of
highly-inclined disk galaxies, the observations on which the
analysis in this Chapter is based and the way we reduced our
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observational data (see also Peletier, 1993). We will con�ne
ourselves here to summarize the selection criteria that were
applied to the galaxies contained in the Surface Photometry
Catalogue of the ESO-Uppsala Galaxies (ESO-LV; Lauberts
& Valentijn, 1989):

{ their inclinations are greater than or equal to 87�;
{ the angular blue diameters (DB

25) are larger than 2:02;
{ the galaxy types range from S0 to Sd, and
{ they should be non-interacting and undisturbed.

In Chapter 2 we also discussed the reliability of our pho-
tometry in detail. From the detailed comparison of our pho-
tometry to previously published observations, our main con-
clusion is that, within the observational errors, our photome-
try is su�ciently accurate to be used for the analysis done in
this Chapter.

Although our near-infrared observations are relatively in-
sensitive to disturbing dust e�ects (see, e.g., de Grijs et al.,
1997 [Chapter 8]), in general, three corrections have to be ap-
plied to the observed colours before they can be used to study
the CM relation:

1. correction for colour gradients across a sample galaxy;
2. correction for Galactic reddening;
3. K-correction to the colours for the e�ects of redshift.

2.1 Colour gradients

Colour gradients in edge-on galaxies have not been studied
extensively. In a few well-studied edge-on disk galaxies, colour
gradients parallel to the major axis have been found to be
negligible (e.g., Hamabe et al., 1980; Jensen & Thuan, 1982;
van der Kruit & Searle, 1982) or to show an increasingly blue
disk population with distance from the galaxy centre (e.g.,
Sasaki, 1987; Aoki et al., 1991), although the gradients were
generally found to be small.

Vertical colour gradients in the disks of edge-on galaxies
are generally small or negligible (see, e.g., de Grijs et al., 1997
[Chapter 8]); in fact, the vertical colour gradients are smaller
than or of the same order as the observational errors for our
I{K colour determinations. The only statistically signi�cant
variation along the minor axis is the reddening in the galaxy
planes of our sample galaxies. This result is consistent with
the observations of, e.g., Jensen & Thuan (1982) and van der
Kruit & Searle (1982). As we showed in de Grijs & van der
Kruit (1996, Chapter 4), the vertical scale height does not
vary signi�cantly as a function of wavelength, which indirectly
shows the absence of any signi�cant vertical colour gradient.

The colours we use in this Chapter were determined from
the at part of the vertical colour pro�le at the minor axis, to
avoid the reddening caused by the in-plane dust. In de Grijs et
al. (1997, Chapter 8) we show that, once away from the dust
lane, the vertical I{K colour pro�les are generally (nearly)
at and featureless, indicating that the excess extinction in
the I band compared to the K band is negligible. Moreover,
since young stellar populations are generally con�ned to re-
gions close to the galaxy planes, an additional advantage of
determining galaxy colours away from the planes is that the
contamination by emission from these young stellar popula-
tions is greatly reduced or negligible.

Peletier & Balcells (1996) showed that the bulge colours
on the minor axis and the inner disk colours taken in wedge
apertures at 15� from the major axis at 2 K-band scale lengths
are very similar. Therefore, a galaxy's colour determined in a

relatively dust-free region at the minor axis can be consid-
ered as representative for the galaxy's dominant (old) stellar
population, under the assumption that away from the galaxy
planes colour gradients are small.

2.2 Galactic reddening

To deal with Galactic reddening, we used the Galactic extinc-
tion values in the I- and K 0-bands, AG;I and AG;K0 , calculated
from the B{V colour excess predicted by Burstein & Heiles
(1978, 1984) and using the Galactic extinction law (Rieke &
Lebofsky, 1985):

AG;I =AG;B = 0:364 � 0:005 ; (1)

AG;K0=AG;B = 0:085 � 0:005 ; (2)

thereby assuming that the Galactic extinction can be approx-
imated by a foreground dust screen model.

De Vaucouleurs et al. (1991, RC3) claim that, except for
a few heavily obscured galaxies, the di�erence between this
mean extinction value and the more accurate value that can
be determined for those galaxies that have directly measured
colours is less than the uncertainty in the extinction values ob-
tained from the Burstein & Heiles (1978, 1984) interpolation.
This uncertainty is estimated at 0.06 mag for AG;B � 0:6 mag
and at 0.10 for higher Galactic extinction estimates.

The Burstein & Heiles (1978, 1984) model predicts the
Galactic reddening e�ects for Galactic latitudes jbj > 10�,
based on local Galactic Hi column densities. Burstein et al.
(1987) presented some evidence that this prediction is a fac-
tor of 2 overestimated in the region (`; b) = (230� < ` <

310�; 10� < jbj < 20�). This concerns the following galax-
ies in our sample: ESO263-G15, ESO311-G12, ESO315-G20,
ESO435-G14, ESO435-G25, and ESO564-G27. However, the
e�ect in K 0 is small; for the two galaxies for which the ef-
fect is greatest, ESO263-G15 and ESO311-G12, it amounts to
� 0:06 mag, whereas it involves an insigni�cant correction of
order 0.00 { 0.03 mag for the others.

2.3 K-corrections and distance determinations

To correct for the e�ects of redshift, K-corrections have to be
applied to the observed galaxy colours. In general, these cor-
rections are small in the optical/near-infrared regime, how-
ever (e.g., Coleman et al., 1980; Schneider et al., 1983). The
K-corrections for the I{K colours range from 0.00 { 0.04 for
our sample galaxies (e.g., Schneider et al., 1983), depending
on galaxy type (e.g., Coleman et al., 1980).

Heliocentric velocities for the majority of our sample
galaxies were obtained by Mathewson et al. (1992), which
provided us with a homogeneous data set to base our absolute
magnitude calculations on. To obtain absolute magnitudes, we
have to correct for the e�ects of the large-scale Hubble expan-
sion. We used the formula for the systemic velocities adjusted
for the solar motion with respect to the centroid of the Local
Group given by Richter et al. (1987), which supposedly yields
highly reliable values (Schmidt & Boller, 1992):

vLG = v� +�v ; (3)

where

�v = �49:59 cos ` cos b + 306:95 sin ` cos b

� 18:59 sin b (4)
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In Table 1 we give the heliocentric velocities, their cor-
rections for motion with respect to the centroid of the Local
Group, the apparent K-band magnitudes, the Galactic redden-
ing factor in the K 0 band, the K-corrections, and the absolute
K-band magnitudes, as well as the I{K colours.

Fig. 1. (a) Comparison between the galaxy colours derived
from the area outside the dust lane and their integrated coun-
terparts. The dashed line gives and indication of the deviation
of the integrated colours from the drawn line, which would be
the locus of the points in the absence of contamination by dust;
(b) and (c) Correlations between absolute K-band magnitude,
MK , and dust-free and integrated I{K colours, respectively.
The mean optical/near-infrared colour-magnitude relation is
indicated by the drawn line, for which the parameters are
given in Table 2.

3 Comparison to literature samples

To assess the importance of contamination by dust, in Fig.
1a, we compare the galaxy colours derived from the essen-
tially dust-free area away from the galaxy's midplane to the
integrated colours, de�ned as the di�erence between the ap-
parent total I and K-band magnitudes. From this �gure, it
is clear that the importance of dust should not be underesti-
mated. The integrated colours are systematically redder than
the \dust-free" colours, as is indicated by the deviation of the
dashed line from the drawn line, which would be the locus of
the points if there were no excess dust inuence. Therefore, in
published samples that contain highly-inclined galaxies, one
should be cautious in interpreting the (optical/near-infrared)
colours.

In Fig. 1b we have plotted the correlation between the
\dust-free" I{K colour and the absolute K-band magnitude,

MK, which is well-de�ned. Fig. 1c shows the CM relation that
would have resulted from using the integrated colours.

In Fig. 2 we compare our results with those published re-
cently. Only very few samples with high-quality K-band ob-
servations have been published:

(a) The sample published by Bershady et al. (1994) and Ber-
shady (1995) consists of 171 �eld galaxies of all types, se-
lected from three high Galactic latitude �elds, of which a
subset of 143 is statistically representative in its sampling
of the apparent colour distribution of galaxies.

(b) De Jong's (1996b) sample is a diameter-limited sample of
86 (nearly) face-on spiral galaxies.

(c) The data presented by Andredakis et al. (1995) and
Peletier & Balcells (1997) consists of 37 �eld disk galaxies
of types S0 to Sbc, uniform in orientation on the sky.

(d) Tully et al.'s (1996) sample was taken from the Ursa Ma-
jor cluster; they present I and K 0-band observations of a
magnitude-limited sample of 70 disk galaxies.

The most signi�cant di�erences from the data points de-
rived from our sample are exhibited by samples (a) (Bershady
et al., 1994; Bershady, 1995), and (d) (Tully et al., 1996).

In either of these samples the reddening due to dust is un-
known. Bershady et al. (1994) and Bershady (1995) did not
correct their integrated I and K-band colours for Galactic nor
for internal extinction in their sample galaxies. Any compari-
son between our dust-free and their integrated colours would
therefore show an additional discrepancy due to extinction ef-
fects. Tully et al. (1996), however, corrected their photometry
for both Galactic foreground extinction and internal extinc-
tion, using Tully & Fouqu�e's (1985) inclination corrections.
Although this method is useful to �rst order for low and in-
termediate inclinations, there are severe problems for highly-
inclined galaxies.

Sample (b) (de Jong, 1996b) consists of disk-dominated
(nearly) face-on galaxies. The face-on orientation ensures that
the e�ects of internal extinction on the integrated I{K colours
are small. De Jong (1996a) argues that the colours and colour
gradients observed in his sample of face-on galaxies are deter-
mined by intrinsic physical processes in the disks rather than
by extinction e�ects; the predicted extinction e�ects are not
compatible with his observations. However, it is likely that the
larger scatter in his CM relation compared to ours is at least
partly due to extinction e�ects.

Finally, sample (c) (Andredakis et al., 1995; Peletier &
Balcells, 1997) consists of early-type disk galaxies (S0 { Sbc),
of which they studied the disk and bulge components sepa-
rately. Peletier & Balcells (1997) assessed the importance of
dust extinction by studying the change in the position of the
galaxy centres as a function of wavelength. Such a shift oc-
curs when a dust lane in front of the true centre obscures
more light on one side of the centre than on the other, caus-
ing the observed centre to shift as a function of optical depth,
or passband. The centre shift is in general within the typical
errors, including the uncertainty of the determination of the
luminosity peaks and the errors of alignment of their I and K-
band images. Therefore, they concluded that dust extinction
does not play a major role in their colour determinations.

In Table 2 we compare the slope and zero point of the
optical/near-infrared CM relation derived from our sample of
24 edge-on disk galaxies with the CM parameters derived from
the comparison samples in Fig. 2, as well as those obtained
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Fig. 2. Comparison of our MK vs. (I{K) colour-magnitude relation with previously published data. The open circles represent
previously published data; the �lled circles show our sample galaxies. The mean optical/near-infrared colour-magnitude relations
for the literature samples are indicated by the drawn line; for comparison, the dashed line represents the mean CM relation
derived from the data presented in this Chapter. (a)Bershady et al. (1994), Bershady (1995); (b) de Jong (1996b); (c)Andredakis
et al. (1995), Peletier & Balcells (1997); (d) Tully et al. (1996).
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Table 1. Basic properties of the sample galaxies

Columns: (1) Galaxy name; (2) heliocentric velocity (taken from Mathewson et al., 1992); (3) velocity correction for motion
w.r.t. the centroid of the Local Group (Richter et al., 1987); (4) and (5) apparent K-band magnitude and its observational
error; (6) Galactic extinction in K 0; (7) K-correction (interpolated from Schneider et al., 1980); (8) and (9) absolute K-band
magnitude (h = 1) and its error; (10) and (11) I{K colour and its error.

Galaxy v� (km/s) �v (km/s) mK (mag) � AG;K0 (mag) K-corr. MK (mag) � I{K �
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

ESO 026 G- 06 2748 {202.1 11.50 0.09 0.04 0.01 {20.37 0.01 1.30 0.10
ESO 141 G- 27 1922 {142.3 10.57 0.12 0.02 0.01 {20.26 0.01 1.45 0.05
ESO 142 G- 24 2119 {125.4 10.56 0.16 0.02 0.01 {21.00 0.02 1.25 0.20
ESO 157 G- 18 1268 {206.9 9.79 0.50 0.00 0.00 {20.85 0.05 1.35 0.10
ESO 201 G- 22 4014 {183.9 10.34 0.16 0.00 0.01 {22.89 0.02 1.65 0.30
ESO 263 G- 15 2525 {310.5 9.09 0.15 0.11 0.01 {22.74 0.02 1.65 0.10
ESO 286 G- 18 9162 {34.9 10.45 0.38 0.01 0.03 {24.43 0.04 1.75 0.07
ESO 311 G- 12 1128 {279.7 7.35 0.20 0.13 0.00 {22.43 0.02 1.75 0.05
ESO 315 G- 20 4843 {300.3 9.19 0.78 0.00 0.02 {24.10 0.08 1.75 0.07
ESO 340 G- 09 2546 {20.1 11.34 0.63 0.02 0.01 {20.62 0.06 1.20 0.15
ESO 358 G- 29 1776 {119.1 8.26 0.29 0.00 0.01 {22.84 0.03 1.45 0.05
ESO 383 G- 05 3637 {240.1 8.95 1.15 0.01 0.01 {23.72 0.12 1.65 0.03
ESO 416 G- 25 4998 {71.6 10.35 0.76 0.00 0.02 {23.44 0.08 1.60 0.08
ESO 435 G- 14 2697 {285.9 10.12 0.37 0.02 0.01 {22.75 0.04 1.75 0.12
ESO 435 G- 25 2470 {288.3 8.42 0.41 0.02 0.01 {23.48 0.04 1.85 0.10
ESO 437 G- 62 2850 {289.8 8.34 0.19 0.03 0.01 {23.73 0.02 1.75 0.20
ESO 446 G- 18 4843 {204.9 10.17 0.42 0.02 0.02 {23.33 0.04 1.75 0.25
ESO 446 G- 44 2793 {204.2 10.23 0.66 0.02 0.01 {22.34 0.07 1.60 0.05
ESO 460 G- 31 5759 25.3 10.02 0.56 0.06 0.02 {23.68 0.06 1.95 0.15
ESO 487 G- 02 1755 {153.8 8.84 0.39 0.00 0.01 {22.76 0.04 1.60 0.05
ESO 509 G- 19 10727 {218.9 9.58 0.44 0.02 0.04 {25.55 0.04 2.05 0.08
ESO 564 G- 27 2178 {259.4 9.72 0.34 0.05 0.01 {22.64 0.03 1.75 0.10

from supplementing our data with samples (b) and (c) (the
\composite" CM relation).

Fig. 3 shows the composite optical/near-infrared CM re-
lation, indicated by the dashed line. The best-�tting CM re-
lation derived from our data alone is shown by the dotted
line. The close agreement between both CM relations is an
indication that we can indeed compare our observations to
samples (b) and (c). In fact, the good agreement between our
sample and samples (b) and (c), for all of which we can, to
some degree, control the e�ects of dust extinction, leads us
to suggest that the optical/near-infrared CM relation for the
old-disk population of spiral galaxies appears to be universal.

Although, to �rst order, a linear �t is a good approxi-
mation to the data, there is a slight hint that the composite
CM relation attens towards the bright end. We have tried
to investigate this trend by computing the mean I{K colours
in absolute magnitude bins of 0.5 mag. The result is shown
in Fig. 3 as the thick line; the errors indicate the dispersion
in the data points in each bin. Although we are dealing with
relatively few data points at the bright end of the optical/near-
infrared CM relation, a attening is indeed appreciated. This
means that the brightest { or largest { disk galaxies have a
roughly constant intrinsic I{K colour.

In Table 2 we also give the standard deviations of the
observed data points with respect to the best �tting linear
CM relation. The best-�tting correlation was determined by
means of a bivariate minimization algorithm. The standard
deviations de�ne the scatter in the CM relations. It is imme-

diately clear that the scatter in the CM relation determined
from our dust-free data points is of order 40% smaller than
for both samples (b) and (c).

Table 2. Comparison of the optical/near-infrared CM

parameters: (I �K) = aMK + b
Columns: (1) Sample; (2) and (3) CM slope, a, and its error;
(4) and (5) Intercept, b, and its error; (6) Scatter in the CM
relation (�).

Sample a � b � � (mag)
(1) (2) (3) (4) (5) (6)

(a) Bershady {0.243 0.013 {3.48 0.30 0.256
(b) de Jong {0.226 0.024 {3.38 0.55 0.222
(c) Peletier {0.226 0.042 {3.63 1.04 0.173
(d) Tully (all) {0.193 0.018 {2.46 0.37 0.242
(d) Tully (T � 4) {0.199 0.025 {2.67 0.51 0.256
our (dust free) {0.161 0.019 {2.03 0.43 0.119
our (integrated) {0.375 0.080 {6.11 1.83 0.508
composite {0.189 0.013 {2.59 0.31 0.205
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Fig. 3. Composite CM relation, derived from samples (b) and (c) and supplemented with the data presented in this Chapter.
The open squares correspond to sample (b), the open triangles to sample (c). Our observations are shown as the �lled circles.
The best-�tting CM relation is indicated by the dashed line; its parameters are listed in Table 2. The optical/near-infrared CM
relation derived from the data presented in this Chapter is indicated by the dotted line. The thick line was obtained by binning
the data points in MK bins of 0.5 mag; the errors indicate the dispersion in the data points in each bin.

4 Discussion

4.1 Applications of a tight CM relation

Only if we can put �rm constraints on the scatter in the CM
relation for (later-type) spiral galaxies, it may be useful as
a (secondary) distance indicator. Therefore, we compared the
scatter in the CM relation that we obtained from our dust-free
disk colours to previous studies.

From a detailed photometric study of Virgo and Coma
cluster members, Bower et al. (1992b) found that for elliptical
galaxies the scatter in the CM relation is dominated by the
observational errors. The inclusion of S0 and early-type spiral
galaxies into their sample increases the observed scatter in the
optical/near-infrared (V{K) CM relation.

To compare our results to those of Bower et al. (1992b),
we applied the least-squares �tting technique we used to their
data, and found close matches between our and their values
for the r.m.s. scatter. Therefore, we can directly compare the
values for the rms scatter obtained from our sample and the
comparison samples taken from the literature (see Table 2) to
Bower et al.'s (1992b) results.

Although it is obvious that the scatter in samples contain-
ing disk galaxies is signi�cantly larger than in samples consist-
ing of E/S0 galaxies only (see also Visvanathan & Sandage,
1977), we can conclude that by avoiding the disturbing e�ects
of dust the scatter can be reduced signi�cantly.

Therefore, an optical/near-infrared CM relation for spiral
galaxies based on dust-free colours may in principle be use-

ful as a diagnostic to estimate distances in a statistical sense.
It provides independent distance estimates based on observa-
tional parameters.

For distance determinations to individual galaxies, we
have to take into account the scatter in and the shallow slope
of the CM relation, as well as the observational errors, which
will result in relative distances accurate to � 35%. This esti-
mate is based on the observed scatter (i.e., the combination of
observational and intrinsic scatter) in absolute K magnitude
of � 0:7 mag. For a \typical" sample galaxy, the observational
scatter in the absolute magnitude determinations (taking into
account the uncertainties in the apparent magnitude and the
correction for the motion with respect to the Local Group)
is � 0:45 mag. This means that the intrinsic scatter among
galaxies is � 0:5 mag.

Therefore, by obtaining high-quality observations of
highly-inclined galaxies the accuracy of this method can be
improved by reducing the observational scatter to a lower limit
of order 0.02 mag (including the uncertainty in the distance
determination). The accuracy will thus be limited by the in-
trinsic scatter in the optical/near-infrared CM relation (� 0:5
mag). Because of this intrinsic scatter, the maximum accuracy
of distance determinations that can be reached using this re-
lation will be � 25%.

Since the galaxies need to be spatially resolved, high-
resolution observations done with the Hubble Space Telescope
(HST) can provide a powerful tool to minimize the observa-
tional scatter and extend the useful distance range. Such ob-
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servations may therefore provide the means to calibrate the
relation.

The excess scatter (i.e., the scatter superposed on the ob-
servational scatter) in the CM relation for disk galaxies is most
likely caused by the non-negligible e�ects of dust extinction,
even at the z distances at which we determined our \dust-free"
colours, and possibly non-negligible vertical colour gradients
in the disks of our sample galaxies.

As opposed to the situation for elliptical galaxies, spiral
galaxies cover a wide range in ages, metallicities, and star for-
mation histories. In view of the variation of these parameters,
it is even more surprising to �nd a very tightly constrained
optical/near-infrared CM relation, in which the scatter is ap-
parently dominated only by a galaxy's dust content. In de
Grijs et al. (1997, Chapter 8) we discuss the dust properties
of our sample galaxies and show the e�ects of extinction on
the vertical colour pro�les. In Peletier & de Grijs (1997) we
will try to explain the di�erences between the CM relations
for elliptical and spiral galaxies by studying the implications
of di�erent star formation histories among spiral and elliptical
galaxies on the observed CM diagrams.

4.2 The shape of the CM relation

Lasker (1970) was the �rst to notice that the CM relation
seems to atten towards the brighter galaxies, although in Fig.
14 of de Vaucouleurs (1961) one can already see this e�ect. De
Vaucouleurs (1961) remarks that there is a close correlation
between colour and absolute magnitude for E/S0 galaxies in
the Virgo cluster fainter than MV � �18, but he did not
notice a relative attening at the bright end. Frogel et al.
(1978) and Tully et al. (1982) also note that the V{K colour
of the brightest galaxies is relatively independent of luminosity
compared to the fainter groups.

With this relative attening in mind, a linear �t to the
CM relation may therefore not be the best representation of
the correlation. However, attening e�ects are second-order
e�ects; to �rst order linear �ts should be su�cient for the
determination of distance moduli.

In the composite optical/near-infrared CM relation de-
rived in Sect. 3 it was shown that the correlation seems to at-
ten towards the bright end, i.e., for galaxies withMK < �25:5
the CM relation cannot be used as a diagnostic tool for dis-
tance determinations. At the faint end too few data points are
available to draw �rm conclusions about the shape of the CM
relation, but it seems likely that the correlation is maintained
down to galaxies as faint as MK � �20.

4.3 The CM vs. Tully-Fisher relation

The key question raised by the results presented in Sect. 4.1 is
how accurately one can determine distances, either to individ-
ual galaxies or to galaxy clusters, by using the optical/near-
infrared dust-free CM relation compared to the Tully-Fisher
distances (Tully & Fisher, 1977) derived from these observa-
tions.

Since we studied the CM relation in the optical/near-
infrared regime, we also decided to study the I and K-band
Tully-Fisher relation (TFR), i.e., the correlation between the
absolute magnitudes and the maximum rotational velocities of
our sample galaxies. For the majority of our sample galaxies a
homogeneous data set containing both the maximum (optical)
rotational velocities and total (apparent) I-band magnitudes

were provided by Mathewson et al. (1992) and Mathewson &
Ford (1996).

In Chapter 2, we compared our I-band photometry to that
of Mathewson et al. (1992) and Mathewson & Ford (1996).
From the detailed comparison of our photometry to theirs we
showed that we can reproduce their results within the observa-
tional errors; since our total apparent I-band magnitudes also
match theirs closely (hmI;our �mI;Mathewsoni = �0:07� 0:13,
see Chapter 5), we are con�dent that we can rely on our I-band
photometry for the determination of absolute magnitudes.

The I and K-band TFRs derived from our data are shown
in Fig. 4. To compare the accuracy of distances determined
using these TFRs to those resulting from the optical/near-
infrared CM relation, we determined the r.m.s. scatter in both
relationships. In the I band, the observational scatter is 0.145
mag, which is of the same order as the observational scatter
we determined from our CM relation in Sect. 4.1. In the K 0

band the observational scatter in our TFR is 0.296 mag.

We did not correct our integrated magnitudes for the ef-
fects of internal interstellar extinction; inclination corrections
that aim to correct internal extinction are generally not ap-
plicable to highly inclined galaxies. Moreover, the amount of
dust in a galaxy varies as a function of galaxy type, as well as
among galaxies of the same type (see, e.g., Chapter 5; de Grijs
et al., 1997 [Chapter 8], and references therein). Therefore, the
observational scatter in the I and K-band TFRs derived from
our observations is at least partly caused by internal extinc-
tion.

We are con�dent, however, that the scatter due to internal
extinction is small, because of two reasons:

1. As we showed in de Grijs et al. (1997, Chapter 8), the K-
band vertical surface brightness pro�les exhibit hardly any
signatures of either a regular dust lane or a patchy dust
distribution, even in those galaxies having pronounced
dust lanes (e.g., ESO383-G05, and ESO435-G25);

2. In Fig. 4 we show that the slopes of both the I and the K-
band TFRs are similar. Di�erential extinction e�ects (i.e.,
excess extinction in the I band compared to the K band)
would cause a shallower slope in the I-band TFR: for our
B-band observations we found a TFR slope of �6:65�0:49,
and an observational scatter of 0.434 mag, based on a bi-
variate �t. On the other hand, the similar slopes in I and
K could also mean that all galaxies su�er from approxi-
mately equal di�erential extinction (i.e., the extinction in
I compared to the K-band extinction).

The observational errors in the I{K colours are therefore
dominated by the photometric errors in the zero points, sur-
face photometry and the extrapolation to total magnitudes,
which are of order 0.08-0.10 mag. The remaining intrinsic scat-
ter in the I band, where the scatter is least, is of order 0.11
mag. The scatter in the K-band TFR is signi�cantly larger
than in the I band. Bernstein et al. (1994) invoked popula-
tion synthesis models to explain this behaviour. Such mod-
els suggest that, under the inuence of metallicity variations,
mass-to-light ratios of stellar populations are more stable in I
than in the near-infrared (Worthey, 1994). However, the stel-
lar population models of Vazdekis et al. (1996) do not con�rm
this result. Moreover, both the signal-to-noise ratio in our K 0-
band images is signi�cantly lower and the e�ects of a varying
sky background are much greater in K 0 than in the I-band
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observations, so that the errors, and thus the observational
scatter, in the K-band magnitudes are larger.

The observational scatter that we �nd in the I-band TFR
is small compared to that found in previous studies (for a
discussion see Bernstein et al., 1994; Giovanelli et al., 1997):
only Bernstein et al. (1994) reported a signi�cantly smaller
scatter, of � = 0:10 mag, based on a sample of 22 galaxies.
Giovanelli et al. (1997) argue that TF �ts with scatter smaller
than 0.25 mag are likely to be statistical accidents, which can
occur when galaxy samples are small (e.g., Mathewson et al.
[1992] for the Fornax cluster, and Bernstein et al. [1994] for the
Coma cluster). This argument is based on the detailed study
of the TFR for a large number of galaxies in 24 clusters. Gio-
vanelli et al. (1997) determine the scatter in the I-band TFR
for the individual clusters; their observational scatter varies
between 0.12 and 0.36 mag, using bivariate �tting routines.

To our knowledge, to date studies of the TFR in the near-
infrared K or K 0 band have not been published. Tully et al.
(1996) obtained a large data set of Ursa Major cluster galaxies
in the K 0 band, of which the characteristics, among which the
TFR, are currently being analysed by Verheijen (1997). From
Fig. 10 of Tully & Verheijen (1997), we derive a scatter of 0.531
mag in the K 0-band TFR, based on a bivariate �t; for the low
and high surface brightness galaxies in this �gure, we derive
a scatter of 0.654 and 0.363 mag, respectively. Compared to
these data, the scatter in our data is signi�cantly lower.

Giovanelli et al. (1997) applied a type-dependent correc-
tion for internal extinction to their observations, which varies
between 0.50 and 1.00 mag in the I band; for the K band this
would be a correction of 0.12 { 0.23 mag (assuming a K-band
to I-band extinction factor of 0.23, see Eqs. (1) and (2)). If
we apply a similar extinction correction to our data, we �nd a
scatter in the I-band TFR of 0.225 mag (as opposed to 0.145
mag for the uncorrected measurements), and a scatter of 0.316
mag in the K-band TFR (compared to 0.296 mag before ex-
tinction correction). Although the scatter increases because of
the extinction correction, it is still very small compared to the
scatter in the I and K-band TFRs published previously.

In summary, the scatter in the optical/near-infrared \dust-
free" CM relation is comparable to that in the I-band TFR,
but it is of order twice as small as that in the K-band TFR, as
determined from our observations. This shows the potential
usefulness of the optical/near-infrared CM relation as a diag-
nostic tool for determining \statistical" distances and large-
scale structures in the Universe. However, due to the shallower
slope of the CM relation, the e�ects of errors in the distance es-
timates are relatively more important than for the TFR. Fur-
thermore, space-based observations in the near-infrared may
be able to reduce the observational scatter in the TFR (as well
as that in the CM relation).

5 Summary and Conclusions

In this Chapter we have looked at the usefulness of the
optical/near-infrared CM relation derived from dust-free
colours as a diagnostic tool for secondary distance estimates.
Our main conclusions are the following:

{ Our data, supplemented with observations taken from the
literature form a well-constrained composite CM relation;
it appears that the optical/near-infrared CM relation for
the old-disk population of spiral galaxies is universal.

Fig. 4. I- and K-band TFRs derived from our observations
(no extinction correction applied).

{ By avoiding the disturbing e�ects of dust the scatter in
the CM relation can be reduced signi�cantly. Therefore,
the optical/near-infrared CM relation for spiral galaxies,
based on dust-free colours, may in principle be useful as a
diagnostic tool to estimate distances in a statistical sense.
Distances to individual galaxies can be determined with
an accuracy of � 35%. The intrinsic scatter in the K-band
absolute magnitudes is of order 0.5 mag.

{ High-resolution observations done with the Hubble Space
Telescope (HST) can provide a powerful tool to extend the
useful distance range and calibrate the relation.

{ The observational scatter in the optical/near-infrared
dust-free CM relation is comparable to that in the I-band
TFR, but it is of order twice smaller than that in the K-
band TFR.

{ Although to �rst order a linear �t is a good approximation
to the composite optical/near-infrared CM relation, the
brightest disk galaxies (havingMK < �25:5) have roughly
a constant intrinsic I{K colour. Our observations at the
faint end of the CM relation are consistent with a linear
correlation down to galaxies as faint as MK � �20.
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