Chapter 4

Colorsand color gradients of spiral galaxies

Abstract. The stellar and dust content of spiral galaxies as function of radius has been investigated
using near-infrared and optical broadband surface photometry of 86 face-on spira galaxies. Colors
of galaxies correlate with the local surface brightness both within and among galaxies, with the lower
surface brightnessregionsbeing bluer. The col orsformed from different passband combinations correl ate
strongly indicating that they probably arise from the same physical process.

A redlistic 3D radiative transfer model was developed to calculate the effect of dust absorption and
scattering on the luminosity and color profiles of galaxies. Stellar synthesis models were used to
investigate the effects of the star formation history and the metallicity on the broadband color profiles.
Combining all optical and near-infrared data shows that the color gradients in this sample of face-on
galaxies are best explained by a combined stellar age and metallicity gradient across the disk, with the
outer regions being younger and of lower metallicity. Dust reddening probably playsonly aminor role,
as the dust model's cannot produce reddening profiles that are compatible with the observations.
Theobserved color differencesimplicate substantial A// L differences, both withingal axiesand among
galaxies. The variations are such that the“missing mass’ problem derived from rotation fitting becomes
even worse. Late-type galaxies (T>>6) have lower metallicities and are often of younger average age
than earlier types and have therefore an entirely different M/ L, in most passbands. Late-type galaxies
should be used with caution in the Tully-Fisher rel ation. The near-infrared passbands are recommended
for studieswhere the M/ L, ratios should not vary too much.

1 Introduction

For many years broadband colors have been used to obtain
a basic insight into the contents of galaxies. Broadband pho-
tometry is relatively easy to obtain and gives an immediate
impression of the spectral energy distribution (SED) of an
object. Broadband colors are particularly efficient when used
for statistical investigationssuch as thisone. Colors have been
used to estimate the stellar populations of galaxies (e.g. Searle
et al. 1973; Tindey 1980; Frogel 1985; Peletier 1989; Silva&
Elston 1994) and it has been suggested that colors can give
information about the dust content of galaxies (Evans 1994;
Peletier et a. 1994). In thispaper | use radia color profilesto
investigate the stellar and dust content of galaxies.

The problem of determining the stellar content of galaxies
from integrated SEDs has been approached from two sides,
which are called the empirical and the evol utionary approaches
(for areview, see O’ Connell 1987). In thefirst method, stellar
SEDs are fitted to the observed galaxy SEDs (Pickles 1985;
Peletier 1989). This method works only if one has spectral
(line) information. Generally, the broadband col ors of agalaxy
can be explained by acombination of the SEDs of two or three
typesof stars (Aaronson 1978; Bershady 1993). In the second,
more theoretical approach, stellar SEDs are combined, using
some knowledge of initial conditions and evolutionary time
scales of different stellar populations, to produce evolutionary
stellar popul ation synthesis model s (for reviews Tinsley 1980;
Renzini & Buzzoni 1986; more recent models are eg. Bu-
zoni 1989; Bruzua & Charlot 1993; Worthey 1994).

The papers of Disney et a. (1989) and Vaentijn (1990)
have renewed the debate on whether spiral galaxies are opti-

cally thick or thin. Broadband col ors of galaxiescan be used to
examine this problem, because the dependence of dust extinc-
tion on wavel ength causes reddening. This can be used to mea-
sureextinctionat acertain point throughthedisk using agal axy
or another object behind it (Andredakis & van der Kruit 1992)
or to measure extinction within a galaxy, for instance across a
spiral arm (Rix & Rieke 1993; Block et a. 1994). To measure
the global dust properties of agalaxy by reddening one can use
thecolor profile. If one assumes that dust is more concentrated
towardsthe center (just like the stars), the higher extinctionin
the center producesacolor gradient that makes gal axiesredder
inwards (Evans 1994; Byun et a. 1994).

Integrated broadband colors of galaxies have been used in
most previous studiesinvestigating stellar popul ation and dust
properties of galaxies. The use of surface photometry colorsis
less common, asit iseasier to compare integrated photometry
than surface photometry for large samples of galaxies. Inte-
grated photometry samples the bulk properties of galaxies, but
because the light distribution of galaxies is strongly concen-
trated, one effectively measures the colors of theinner regions
of galaxies. The half total light radius of an exponential disk is
~1.7 scalelengths, while luminosity profiles are easily traced
out to 4-6 scalelengths. Therefore, half of thelightinintegrated
colors comes from an area that is less than 1/5 of the area
commonly observed in galaxies (say within Dys).

Our knowledge of the star formation history (SFH) and
the dust content of galaxies improves when we start looking
at local colors instead of integrated colors. A first improve-
ment is obtained by using the radia color distribution (i.e.
the color profile) of a galaxy. This has been common practice
for eliptical galaxies (e.g. Peletier et a. 1990a; Goudfrooij et
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al. 1994), but not for spiral gal axies, because elliptical galaxies
areassumed to have asimple SFH and low dust content (but see
Goudfrooij 1994) opposed to spirals. Even more detailedinfor-
mation about gal axies can be obtained by the use of azimuthal
profiles (Schweizer 1976; Wevers et al. 1986) and color maps,
but these techniques require high resolution, high signal-to-
noise observations and are hard to parameterize, which means
that they cannot be used in statistical studies.

Due to the large variety of galaxies, statistical studies of
galaxiesrequire large samples. The introduction of CCDsinto
astronomy made it possible to obtain for large samples of
galaxies accurate optica surface photometry in reasonabl e ob-
servingtimes (Kent 1984). Very large data sets of CCD surface
photometry have recently become available (Cornell 1987,
Han 1992, Mathewson et al. 1992; Giovanelli et a. 1994).
Unfortunately, most of these samples are observed in only
one or two passbands. Furthermore, the surface photometry is
often reduced to integrated magnitudes and i sophotal diameters
to study extinction effects with an inclination test or to study
the Tully-Fisher relation (Tully & Fisher 1977, heresfter TF-
relation). Fast plate measuring machines have aso produced
surface photometry of large sets of galaxies (e.g. Lauberts &
Vaentijn 1989, hereafter ESO-LV), but again only in one or
two passbands.

Since near-infrared (near-IR) arrays have become avail-
able only in the late eighties, near-IR surface photometry in
the J, H or K passhands is available for only a few small
samples of galaxies. Most of the work has been concentrated
on starburst galaxies (e.g. Bushouse & Stanford 1992) or ellip-
tical galaxies(e.g. Peletier et . 1990b; Silva& Elston 1994).
Near-IR surface photometry of somewhat larger sets of spiral
gaaxiesare presented by Terndrup et a. (1994) and by Peletier
et d. (1994). The data of Terndrup et al. was complemented
with » passband photometry of Kent (1984, 1986, 1987); they
explained the observed colors mainly by population synthesis
and invoked dust only for the reddest galaxies. Peletier et al.
combined their data with the photometry of the ESO-LV cat-
alog and explained their surface photometry predominantly in
terms of dust distributions. They concluded that spiral galaxies
are opticaly thick in the center in the B passband, under the
assumption that there are no population gradients across the
disk.

Near-IR photometry has two advantages compared to the
optical. 1) The light in the optical passbands is dominated
by light of young stellar populations, but a larger fraction of
old stars contribute to the near-IR light. This old population
contains most of the stellar mass of a galaxy and therefore
the mass distributionis better traced in the near-IR than in the
optical. 2) The dust extinction is about ten times lessin the K
passband than in the B passband. This again enables a better
estimate of the true luminous mass distribution of galaxies.

There are two sets of observations that allow a direct
physical interpretation of color gradients in spiral galaxies:
1) The current star formation rate (SFR) as measured by the
Ho flux has a larger scaldlength than the underlying older
stellar population (Ryder & Dopita 1994). There are relatively
more young stars in the outer regions of spira galaxies than
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in the centra regions. This will be reflected in broadband
colors of spira galaxies. 2) From metallicity measurements
of Hil regions it is known that there are clear metdlicity
differences in the gas among different galaxies and that there
are metalicity gradients as function of radius within galaxies
(VillazCostas & Edmunds 1992; Zaritsky et a. 1994). If the
metallicity gradients in the gas are also (partly) present in
the stellar components, the effects might be observablein the
broadband colors.

Broadband photometry is often assumed to trace baryonic
mass, and thetransformation fromIlight to massisperformed by
postul ating amass-to-light ratio (A// L ). Both dust extinction
and differences in stellar populations will influence M/ Ly
ratios, most notably in the bluer optical passbands. Young
massive stars contribute a lot of blue light for relatively little
mass, and dust extinction hides a fraction of the light while
the mass stays the same. Color differences, among galaxies
and locally within gaaxies, will trandate in different M/ L)
val ues; one can expect that thiswill influence studiesinvolving
rotation curve fitting and the TF-relation.

In this paper | concentrate on the use of color profilesas a
diagnostic tool to investigate dust and stellar content of spiral
galaxies. Other processes that may contributeto the broadband
colors (e.g. emission from hot dust in the /& passband) are
ignored. The structure of this paper isas follows. In Section 2
the data set is described and the color profiles of the 86
spiral galaxies using the B, V, R, I and K passband data are
presented. Section 3 describes the extinction models and the
stellar popul ation model s used in this paper and then compares
these modelsto thedata. In Section 4, | investigatetherelation
between the color properties of the galaxies and the structural
galaxy parameters derived in the previous papers of this se-
ries. Implications of the current measurements are discussed
in Section 5 and the paper is summarized in Section 6.

2 Thedata

In order to examine the parameters describing the global struc-
ture of spiral galaxies, 86 face-on systems were observed in
the B,V, R, I, H and K passbands. A full description of the
observations and data extraction can be found in Paper | (de
Jong & van der Kruit 1994). The galaxiesin this statistically
complete sample of undisturbed spirals were selected from
the UGC (Nilson 1973) to have red diameters of at least 2/
and axis ratios larger than 0.625. The galaxies were imaged
along the major axis with a GEC CCD on the 1m Jacobus
Kapteyn Telescope at LaPalmainthe B, V, R and I passhands
and with a near-IR array on the United Kingdom Infra-Red
Telescope a Hawaii in the H and K passbands. Standard
reduction techniques were used to produce the images, which
were calibrated using globular cluster standard star fields. The
sKy brightnesswas determined outside the galaxy in areas free
of stars and itsuncertainty constitutesone of the main sources
of error in the derived parameters.

Theédlipticity and position angle (PA) of each galaxy were
determined at an outer isophote. The radial surface brightness
profiles were determined by calculating the average surface
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Fig. 1. Observed color profiles of all galaxies. Non-photometric observations are indicated with an italic font. The dashed lines indicate the
maximum error because of wrong sky background subtraction and the arrow indicates one disk scalelength in the K passband.
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Fig. 1. -Continued.
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MR (R-mag arcsec?)

Fig. 2. Thelocal B — K colorsof all galaxiesasfunction of R passband surface brightness measured at different radii. The galaxiesare divided
into the four indicated RC3 morphological type index (T) bins. The dashed lines give acommon reference in all four bins, but have no physical

meaning. Thelines have a B—K color gradient of 1/7 mag per R-mag arcsec

brightness on elliptica rings of increasing radius using the
previously determined dlipticity and PA. The surface bright-
ness profiles were used to calculate the integrated luminosity
of the galaxies. Internal and external comparisons showed that
the derived parameters are well within the estimated errors.

The decomposition of the light of the galaxies into its
fundamental components (bulge, disk and sometimes a bar)
is described by de Jong (19953, hereafter Paper 11). An expo-
nentia light distribution was assumed for both the bulge and
thedisk and these werefitted to thefull 2D image. An extensive
error analysis of the determination of the fundamenta galaxy
parameters was performed and this reveal ed that the dominant
source of error isthe uncertainty in the sky background.

The color profiles of the galaxies were calculated by sub-
tracting the radial surface brightness profiles of the different
passbands from one another. The profiles are presented in
Fig. 1, where the dashed lines indicate the maximum errors
due to the uncertainty in the sky surface brightness. Non-
photometric observationsare also shown, because the slope of
the color profile is correct for non-photometric observations,
even if the zero-point is incorrect. One should be cautious in
interpreting the colorsin theinner few seconds of arc, because

-2

the profiles were not corrected for the differences in seeing
(Paper 1) between the different passbands.

It can be readily seen that amost all galaxies show color
gradients. They become bluer going radialy outward, even
when taking the sky background subtraction uncertaintiesinto
account. The color gradients extend over severa disk scale-
lengths. Note that bulges leave no clear signaturein the color
profiles. From the color profiles alone one can not tell which
part is bulge dominated and which part is disk dominated.

Theprofilesin Fig. 1 arethe observed profiles. The correc-
tionsneeded to trandl ate observed quantitiesinto more physical
quantities are discussed by de Jong (1995b, Paper 111). In the
remainder of this paper, only the photometric observations are
used, corrected for Galactic extinction using the precepts of
Burstein and Heiles (1984) and the extinction curve of Rieke
and Lebofsky (1985).

3 Color gradients

The color gradients of Fig. 1 have been put on acommon scale
in Fig. 2, where the B—K colors of the galaxies are plotted
as function of the loca R passband surface brightness. The
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galaxies are divided in four bins based on their morphological
type, usingthe RC3 (deVaucouleurset a. 1991) typeindicesT
(seedso Papers | and I11). Thereisaclear correlation between
surface brightness and color; the lower surface brightness re-
gions are bluer. This indicates the relation between Hubble
type, surface brightness and integrated color: since late-type
galaxies have on average a lower central surface brightness
(Paper I11), they are bluer. Thisis not the whole story, since
for each morphological type at each surface brightness there
is considerable scatter. Furthermore, even at the same surface
brightness, late-type galaxies are on the average bluer than
early-type galaxies.

The two most straightforward explanations for the color
gradients are 1) radial changes in stellar populations and 2)
radial variationsin reddening due to dust extinction. For both
possibilities, | investigate arange of modelsto limit the accept-
able parameters. The extinction modelshave arangein relative
distributionsof dust and stars. Thecolorsof thestellar synthesis
popul ation model s depend on the star formation history (SFH)
and the metallicity of the stars.

The colorsand color gradients of the galaxiesformed from
the different passbands combinations are correlated and the
model s should befitted in asix-dimensional “ passband space’.
Predicting the right color gradient in one combination of pass-
bands, but awrong onein an other combination makes amodel
at best incomplete and therefore undesirable. Six dimensional
plots do not exist and therefore color—color plotswill be used
to combine as much information as possible in one plot. The
H passband colors are not shown, as the differences between
H and K predicted by the models (both the populationand the
extinction models) are smaller than the measurement errors.
In the remainder of this section | first discuss the extinction
model s and the stellar popul ation synthesismodel sused in this
paper and then compare the models with the data.

3.1 Extinction models

Since Valentijn (1990) suggested that spira galaxies were
optically thick over a large fraction of their disk, dust in
galaxies has gained renewed attention. Dust has been used
toexplain “Freeman’slaw” (Freeman 1970), i.e. the constancy
of central surface brightness of disks (Valentijn 1990), and
the color gradients in disk galaxies (Peletier et a. 1994). In
this section, | present my dust models, show the predicted
luminosity profiles, color profiles and color—color diagrams,
and compare the results with existing dust models.

3.1.1 Modeling dust effects

Numerous researches have investigated the effects of dust ex-
tinction on the observed light distributions of galaxies. The
primary goal of most of the studies is to investigate the in-
clination dependent effects of the total magnitude of galaxies
(e.g. Huizinga 1994). In some studies the extinction effects on
the observed (exponentia) light profile of galaxiesis studied.
The most detailed are the Triplex models by Disney, Davies
& Phillipps (1989 DDP hereafter, see aso Huizinga 1994;
Evans 1994).
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The effects of reddening on the observed colors and color
profiles has been examine in anumber of studies. The simplest
model to predict the reddening of a galaxy is to use directly
the standard (Galactic) extinction law, but this is of course
a gross oversimplification. DDP have named this the Screen
model, which has all dust placed between us and thegalaxy. In
reality the dust is mixed between the stars, so that on the near
side of the galaxy a considerable fraction of stars will be only
slightly obscured. For the same amount of dust, the observed
reddening is considerably less than predicted by the Screen
model, especialy since the most reddened stars are also the
most obscured stars and therefore the ones that contribute less
to the overall color of the system.

As soon as the dust is mixed with the stars one has to
take both absorption and scattering into account. Intuitively
oneexpects that for face-on galaxies at |east asmuch light gets
scattered into thelineof sight asout of it, especially sincethere
are more photonstraveling in the plane of a galaxy which can
be scattered into face-on directions than the other way around.
As only the absorbed photons really disappear, it is better to
use relative absorption rather than relative extinction between
different passbands to estimate reddening effects in face-on
galaxies. It is essential to incorporate both absorption and
scattering into extinction model s to make accurate predictions
of the effects of dust on colorsand color gradients of galaxies.

A number of studies have investigated the effect of redden-
ing on integrated colors of galaxies (Bruzual et a. 1988; Witt
et al. 1992 and references therein). In these studies scattering
isincluded and stellar and dust distributionsare used that allow
approximations to reduce computing time; e.g. Bruzual et a.
use plane paralld distributions and Witt et al. use spherically
symmetric distributions. Color profiles produced by dust mod-
elsarenot often presented. Evans(1994) investigatestheeffects
of extinction asfunction of radiusin face-on galaxiesfor anon-
scattering medium. Byun et al. (1994) also investigate the ef-
fectsof dust on luminosity and color profiles, using the method
of Kylafis & Bahcall (1987). Their method includesfirst order
scattering and approximates multiple scattering. The results of
Byun et a. 1994 are compared with the results presented here
in Section 3.1.2.

To estimate to what extent the color gradients can be at-
tributed to reddening by dust extinction, Monte Carlo simula-
tionswere made of light raystraveling through adusty medium.
The models are described in full detail in Appendix A.

The digtributions of stellar light and dust in these models
were described by exponentia laws in both the radial and
vertical directions. In the radial direction these distributions
were parameterized by the scalelength of the stars (hs) and the
dust (hg), and in vertical direction by the scaleheight of stars
(2s) @and dust (zg). In al models hs/ 25 = 10 was used and for
simplicity no bulge component was added to the stellar light
distribution.

Since the effects of dust on the color profilesis the main
interest of this study, absolute calibration of the amount of
starlight is arbitrary. Only the relative effect of dust from one
passband to the other is important. The amount of dust in the
modelsis parameterized by the optical depth of asystem g v,
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defined as the optical thickness due to dust absorption and
scattering in the V' passband through the disk from one poleto
the other along the symmetry axis (Eq. (A16)).

Threedust propertieswereincorporated into the dust model
to describethewavel ength dependent effects of dust extinction:
the relative extinction (r) /v ), the albedo (a,), and the scat-
tering asymmetry parameter (¢, ). The relative extinction was
adopted from Rieke and Lebofsky (1985); the other two pa-
rameters were drawn from Bruzua et a. (1988). These values
arelistedin Table 3.

Before presenting the model results, a few words of
caution are in order. First, extragalactic dust properties are
poorly known. There are only a few measurements of extinc-
tion laws in extragaactic systems (e.g. Knapen et al. 1991,
Jansen et al. 1994) other than for the Magellanic Clouds (see
Mathis 1992 for references). All measurements seem to be
consistent with the Galactic extinction law, except for a few
measurements in the Small Magellanic Cloud. It iswell known
that the Galactic extinction curve is not the same in al direc-
tions, but the one adopted here is appropriate for the diffuse
interstellar medium (for discussion see Mathis 1990). The pa-
rameters a, and g, have never been measured in extragalactic
systems and are poorly known even for our own Gaaxy. The
adopted values for these parameters stem, especialy for the
longer wavelengths, from model calculations. Still, no large
variations are expected in the extinction properties, unless the
dust in other galaxies is made of totally different material (see
also thediscussionin Bruzuad et a. 1988).

As a second word of caution, the models presented
here describe only smooth diffuse dust. The effects of non-
homogeneous dust distributionsshould be considered. A large
ensembl e of optically thick clouds has only a reddening effect
if the clouds have alargefilling factor, but such aconfiguration
becomes comparable to the presented models with high 7o v
The reddening effect of a clumpy medium will be smaller than
the effect predicted by the diffuse dust models for the same
amount of dust, but the direction of the reddening vectors will
bethesame aslong asthe dust propertiesin the cloudsare more
or lessthesame. If cloudsare opticaly thick at all wavelengths
one has the case of gray dust and no color gradients at all.
Model calculationsusing aclumpy dust medium intheabsence
of scattering are presented in Huizinga (1994, Chapter 5).

As a fina word of caution, a young population of stars
probably has a smaller scaleheight than an old population of
gtars. It might be more appropriate to use a smaller stellar
scaleheight in the blue than in the near-IR. The relative contri-
butionsfromyoung and old popul ationsare difficult to estimate
however, and for simplicity one stellar scaleheight is used for
all passbands. These models do not include the dust shells
around the extremely luminous starsin thefina stages of their
life. Even though such shellswill make these stars redder, they
will not produce a radial effect (unless the shell properties
depend on galactic radius). Effectively these shells will only
make the total underlying population redder at all radii and
they are of no further concern here.
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3.1.2 Resulting profiles

Figure 3 shows luminosity and color profiles resulting from
the Monte Carlo simulations. The luminosity profiles for the
different passbands have been given an arbitrary offset and the
dust free cases of the B and the K passbands are indicated
by the dashed lines. The color profiles have been plotted under
thearbitrary assumption that the underlying stellar populations
have color indices of zero in al passband combinations. The
noise in the color profiles is due to the statistical processes
inherent to Monte Carlo simulations.

The luminosity profiles of the hq/hs=1 models presented
on page 115 show only deviationsfrom theunobscured profiles
at the inner two scalelengths. These deviations are quite small
except for the highest 7y values. The differences between
the different zq/zs models are dso quite small and are only
apparent for the high 7o v values. The luminosity profiles for
the hq/hs = 2-3 models on page 116 are affected over several
scalelengths by dust extinction. In fact, the hg/hs=3, 0 v =
10-20 models are optically thick over ailmost the entire disk.
Theresult isthat the profiles stay exponential, but with alower
surface brightnessand aslightly different scalelength from the
unobscured case.

The color profiles of the hq/hs=1 models of Fig. 3 show
color gradients over the first two scalelengths. The gradients
can belargein B—H and B—K, but arein general smaller than
0.3 mag in the other color combinations. The gradients are
small in the wavelength range from the U to the R passband,
because the absorption properties do not differ very much
among these passbands. The change in scattering properties
causes the differences in extinction in this wavelength range.
The optically thick behavior of the hq/hs= 3, T,y = 10-20
models is reflected in the color profiles of the optical color
indices; there are no color gradients, only color offsets. The
typical surface brightnessis produced at 7, = 1 over the entire
disk, and the color offsets reflect that different wavelengths
probe different depths into the galaxy.

To my knowledge, the models of Byun et al. 1994 are the
only modelsintheliteraturethat haveexponential light and dust
distributions, and includescattering to cal cul ate luminosity and
color profiles. These models can be compared to the models
presented, but only indirect, because Byun et al. defined the
optical depth of a system differently. They parameterize the
optical depth of a system as the absorption in the V' pass-
band through the whole disk of a face-on galaxy aong the
symmetry axis, while here the extinction is used (Eq.( A16)).
Furthermore, they use the Galactic extinction law to trandate
the absor ption coefficient from one passband to another. Using
Table 3 one can caculate that their 7y, (0) models corresponds
tomy o v =7v(0)/(1—ax) modes, whichis2.97y(0) for the
B passband and 1.8r-(0) for the I passband. It is probably
most meaningful to compare the oy = 20, z4/2s = 0.3,
hg/hs = 1 B passband profile of Fig. 3 with the bulgeless
(BT0.0), face-on 7(0) =5.0 profile of their Fig. 7. The central
extinction of dightly more than 1mag and the general shape
of the luminosity profile (which is unaffected by extinction for
radii larger than 2-3 scalelengths) are comparable. Their B—/
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Fig. 3. The surface brightness (top) and color (bottom) asfunction of radius resulting from the Monte Carlo dust simulations of face-on galaxies.
The radius is units of disk scalelength. The central optical depth and dust to stellar scalelength and scaleheight ratios are indicated top right.
The dotted lines indicate unobscured B and K passband profiles. The luminosity profiles have an arbitrary offset and are from top to bottom
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color profiles are physically not very plausible, because they
usethe Gal actic extinction curveinstead of an absorption curve
to translate their absorption coefficients from one passband to
another. A comparison of the color profiles is therefore not
meaningful. Their luminosity profilescan be used, but notethat
their 7 (0) should be divided by (1—ay-) to get the extinction
suffered by a point source behind the galaxy, as done here.

What is the range of plausible model parameter values?
Quite high o v and/or hq/hs values are needed to explain
the observed B—K color gradients of one magnitude over five
scalelengths (Fig. 1) by dust reddening alone. On the other
hand, models with equal scaleheight for dust and stars need
an additiona dust component, because these models do not
produce a clear dust lane in edge-on galaxies. It is also un-
likely on dynamica grounds that the dissipational dust and
the dissipationless stars have the same scaleheight. Kylafis &
Bahcall (1987) find a dust-to-star scaleheight ratio of 0.4 in
their best fitting model of edge-on galaxy NGC 891 and the
dominant dust component is expected to have a z4/zs raio
between 0.3 and 0.5.

The high hq/hs models are favored by Valentijn (1990,
1994), who concluded from inclination tests that Sb-Sc gal-
axies have arg ~ 1 through the disk a /),5. This extinction at
about 3-4 stellar scalelengths trandates to 7 v ~ 20 models,
if the dust density is distributed exponentialy with hq/hs= 1.
The edge-on extinction from the center out to 3-4 stellar
scalelengths gives at least 7 a2 50 in such a model, which
is in conflict with observations of edge-on galaxies. A few
edge-on galaxies have been imaged in the near-IR indicating
Ay = 8-10 (Wainscoat et a. 1989; Aoki et a. 1991), and
the Galactic center can be seen in the K passband (Rieke &
Lebofsky 1985, Ay ~ 30 and Ak ~ 3). Thus 7o v = 20 models
represent extremely dusty galaxies, and certainly no galaxies
with 7o v >20 areexpected. If oneincreases hq/hst0 3, 7o v has
tobe2-4toget ryy = 1throughthedisk at 3 stellar scalelengths.
This then gives an edge-on 7 = 20-40 from the center out to
3 stellar scalelengths when using large zq4/zs values, which
are the most favorable for these models. Therefore, the edge-
on extinction values of the r = 2-4, hgq/hs = 3 models are
marginally consistent with the observations, but these models
do not produce very large color gradients.

3.1.3 Resulting color—color diagrams

Four color—color plots of dust models are presented in Fig. 4.
Because extinction is a relative measurement, the zero-point
can be chosen fredly in these plots; only the shapes of the
profiles are fixed. The solid lines show the results from the
Monte Carlo simulations. The dotted lines are the result of
the Triplex models of Disney, Davies & Phillipps (1989, DDP
models hereafter). To caculate the =y for the DDP modelsin
the different passbands, the indicated 7oy, vaues were multi-
plied by (7 /73 )(1 — ay)/2 (Table 3). This is equivalent to
using an absorption law rather than an extinction law between
the different passhands. The factor 2 arises because the DDP
models are characterized by the optical depth from the galaxy
center to the pole and not by the optical depth through the
whole disk.
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Comparing the results from the Monte Carlo simulations
with the DDP models, one can see that the models agree
remarkably well for high optical depths. The intuitive idea
that just as many photons are scattered out of the line of
sight as are scattered in seems correct for face-on galaxies.
Photonsare only lost dueto absorption. For low optical depths
the reddening almost completely disappears. Once a photon
gets scattered into the line of sight, the chances of it getting
absorbed or scattered again are minimal ; even bluing instead of
reddening can occur. Even though the amount of reddening is
astrong function of the dust configuration, it seemsthat the di-
rection of the reddening vector islargely dependent on the dust
properties. Obviously the reddening produced by these models
is different from the reddening produced by a Screen model
with the Galactic extinction law (also indicated in Fig. 4).

In conclusion, dust can produce color gradients in face-
on galaxies, but thisrequires quite high central optical depths
and preferably long dust scal €l engths. Thereddening vectors of
realistic dust model sthat include both absorption and scattering
are completely different from the often-used Screen model
extinction models.

3.2 Evolutionary stellar popul ation synthesis models

Ever since the invention of the concept of stellar populations
in galaxies (Baade 1944), numerous models have been made
to predict the integrated light properties of such populations
and thus of galaxies as awhole. In the beginning the empirical
approach was often followed, in which the different contribu-
tionsof thestellar populationsare added to match the observed
galaxy SED. Later, knowledge about initial conditions and
stellar evolution were added to make evolutionary synthesis
models. This section contains abrief description of population
synthesis models, concentrating on the synthesis model's used
here, foll owed by adescriptionof theeffectsthat star formation
history (SFH) and metallicity have on the colors produced by
synthesismodels.

3.2.1 Modeling stellar populations

In recent years alarge number of synthesis methods have ap-
peared intheliterature, al of which require many input param-
eters (Tinsley 1980; Renzini & Buzzoni 1986; Worthey 1994
and references therein). The simplest modelsuse ainitial mass
function (IMF) to creste asingleburst of stars, whoseevolution
in time is then followed. Slightly more complicated models
describe the star formation rate (SFR) in time. In the most
complicated models, the gas, stellar, and chemical evolution
arelinked and described in a self-consistent way. Thislast type
of model has not been used here, since to date only a small
range of SFHs have been investigated with these models. The
description of theevol utional one does not producean SED and
therefore the models are linked to a stellar library to calculate
theevolutionintime of theintegrated passband fluxes or of the
integrated spectrum.

The results from the models in the literature are not all in
agreement. The disagreementsarise mainly from differencesin
thetreatment of thelate stages of stellar evolution. The models
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Fig. 4. Color—color plots resulting from dust models of face-on galaxies. The color zero-points are arbitrary (depending on the color of the
underlying stellar population) and are indicated by the filled circles. The centers of the model galaxies are indicated by the open circles and
the colors are followed in radial direction for four and a half scale lengths. The solid lines are the results from the Monte Carlo simulations,
described in Appendix A. The dotted lines are the results from the DDP models, using the Galactic absorption law rather than the extinction
law between the different passbands. The reddening vectors in the top right corners indicate the Galactic extinction law (ie. Screen model).

do agree on thetwo main parametersdetermining theintegrated
colorsof asynthesized galaxy. First of al thecol orsarestrongly
determined by the colors of the youngest population, thus by
the SFH, and secondly the colors are considerably affected
by the metallicities of the populations. In Section 1 it was
noted that both these SFH and metallicity changes have been
observed on aradial scalein spiral galaxies. Furthermore, the
radial age and metallicity gradientsin our own Galaxy are well
known and have been extensively studied (Gilmoreet al. 1989;
Matteucci 1989, 1992 and references therein). Synthesismod-

elsincorporating both age and metallicity effects are needed in
the comparisons with spiral galaxy data.

The population synthesis models of Bruzua & Charlot
(1993, BC model s hereafter, see dso Charlot & Bruzual 1991)
and of Worthey (1994, W94 models hereafter) are used in the
remainder of this paper; they are shown in the color—color
diagram of Fig. 5. The BC models are based on the isochrone
tracks of the Maeder & Meynet group (1991; Schaerer et
al. 1993 and references therein) and on an empirical stellar
flux library. The BC isochrone synthesis approach makes cal-
culation of the very early stages of evolution of a population
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Fig. 5. Evolutionairy color—color plots of stellar synthesismodels. The symbolsindicate the number of years after creation of this population. To
theright in each panel, connected by full drawn lines, are the single burst model sof Worthey (1994) for different metallicities. The corresponding
[Fe/H] values are indicated next to them. To the left in each panel are the solar metallicity models of Bruzual & Charlot (1993). The dotted
line indicates the single burst evolution. The dashed line isa model with an exponentialy declining star formation rate. The leftmost dot-dashed
line indicates a model with constant star formation. Bruzual & Charlot used the Johnson R and [ passbands which were here converted to

Kron-Cousins R and I passbandsusing the equations of Bessell (1979).

possible. The W94 model s are constructed fromtheisochrones
of VandenBerg (1985) and theRevised Yal e | sochrones (Green
etal. 1987) and useatheoretica stellar flux library. A different
approach wasfollowed in the BC and W94 modelsto calculate
theintegrated spectra of an evolving stellar popul ation, but the
main difference of interest hereistheregions of age-metallicty
parameter space that were investigated. The BC models were
only calculated for solar metallicity, but give colors of popula-
tions as young as 1.26x 10°yr. The W94 models span a wide
range in metallicity, but the youngest populationis 1.5 Gyr.

3.2.2 SFH in color—color diagrams

Threeevolutionary tracksof theBC modelsareshowninFig. 5.
The simplest is the single burst model, in which the color
evolutionof oneinitia starburstisfollowedintime. Intheother
two tracks this single burst model has been convolved in time
toyield color evolutionfor different star formation histories. In
onemodel an exponentially declining SFR with atime scale of
5 Gyr was used, in theother model the SFR was held constant.
These model s show the importance of the very early stages of
stellar evolution. The constant SFR model at 17 Gyr isasblue
in B-V and B—I astheexponentially declining model at 8 Gyr
andthesingleburst model at 1.5 Gyr! Theearly stagesof stellar
populations are extremely luminous and a small percentage
of young stars can give the total population a much younger
appearance. Still, a solar metalicity starburst cannot produce
colors to the right of the indicated single burst linein Fig. 5,
because the colors of very young populations (age <1.5 Gyr,
not shown) al lieto theleft of (or inthedirection of) thesingle
burst trend.

The BC models used here have a Sdapeter IMF
(Salpeter 1955) with lower and upper mass cutoffsat 0.1 M,
and 65 M, respectively. The use of a different IMF or other
cutoffs has only a small effect compared to the main factors
determining the col orsof asynthesized popul ation, namely age
(or SFH) and metdlicity. A discussion of the effects on color
produced by the other parameters used in these models can be
found in Wo4.

3.2.3 Age and metallicity in color—color diagrams

Of the W94 models, only the single burst models of different
metallicities are shown in Fig. 5. The synthesis method of
W94 prevents cal cul ation of the very early evolution stages of
astellar population. Young populations are especially hard to
synthesizefor thelower metallicities, simply because there are
no young, low metalicity starsin the solar neighborhood that
can be used as input stars for the models.

The lower metallicity populations of the W94 models are
clearly bluer inall color combinations. Ageand metalicity are
not complete degenerate. The offset in optical-near-IR colors
is dightly larger than the offset in optical—optica colors. A
low metallicity system can be recognized by its blue V—K or
R—K color with respect to its B—V and B—/ colors. When
mixing popul ations of different age and metallicity the model
grid points can be more or less added as vectors and then age
and metallicity are degenerate. Anindividual galaxy can never
be pinpointed to a certain age and metallicity using broadband
colors.

The single burst BC and W94 models are clearly offset
from each other. The solar metallicity BC model is probably
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Fig. 6. The B-V versus R—K color—color plots of the program galaxies divided into the four morphological type bins indicated at the
bottom-right of the panels. The centers of the galaxiesare indicated by the open circles; the thin lines follow the color profilesin radial direction
in steps of 1 K passband scalelength. At the bottom-left of the 0<T<3 panel, the typical rms error in the zero-point calibration is indicated.
Some of the dust models of Sect. 3.1 are plotted in the top-left of the panels. The thick dashed lines in the center of the panels connect the
17 Gyr and the 8 Gyr points of the BC models presented in Sect. 3.2. In the 5<T<6 panel the 12 Gyr single burst W94 models for different
metallicities are connected, the marks indicate the [Fe/H] values. Thethick solid linesin the 6< T<10 panelsrepresent the W94 models. Points

of equal metallicity, but different age are connected.

best matched by the [Fe/H] = —0.25 W94 model. These kinds
of differences between different models have been noticed
(Charlot & Bruzua 1991; W94) and are generdly attributed
to differences in treatment of late stages of stellar evolution.
It is therefore better not to look at the absolute values of the
different models, but only at the relative trends in color space.
The BC models will be mainly used to investigate trends in
SFH, because contrary to the W94 model s, they incorporatethe
very early stages of stellar evolution. To compare with thedata,

I will connect the 8 Gyr pointsof the different SFH BC models
and do the same for the 17 Gyr points. These connected data
pointswill indicatethe color trendsfor equally old popul ations
withdifferent SFHs. The W94 model shaveto be used tolook at
the effects caused by metallicity, because different metallicities
are not available in the BC models.
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3.3 Color gradients; measurements versus models

In this section | first use color—color diagrams to display the
observations. | then try to explain the observed color gradients
by comparing these measurements with the dust models, the
different SFH synthesis models, and finally the full population
synthesis models, that incorporate both age and metallicity
effects.

3.3.1 The measurements in color—color diagrams

The color—col or profiles of the galaxies are presented in Figs 6
and 7. The data were smoothed to reduce the noise in the pro-
files. Thefirst data point (at the open circle) isthe average over
theinner half scalelength (inthe K passband) of theluminosity

profiles, the other points are averages moving outward in steps
of one K scaldength. The uncertainty of the inner point is
dominated by the zero-point uncertainty of the calibration and
isindicated at thebottom of thetop-left panelsof Figs 6and 7.
In the blue direction of the color—color profiles, lower surface
brightnessesaretraced (see Fig. 2) and errorsare dominated by
sKky background uncertainties. Strange kinks at the blue ends
of the profiles should thus not be trusted.

The profiles of galaxies with T<6 are confined to a small
region in the color—color plots. The colors of a gaaxy as
functionof radiusare strongly correlated. The scatter isslightly
larger than the average zero-point error. The central colors of
the galaxies become on average a little bit bluer going from
T=0to T=6, but they follow the main trend.



122 |

Thegalaxieswith morphological classification T>6 clearly
deviate from the main trend. Their central colors range from
the normal red to extreme blue, even bluer than the bluest
outer partsof theearlier type gaaxies. The spread in the color—
color diagram isa so significantly larger. Some of the late-type
galaxies have very blue V-K and R—K colorsfor their B—V
and B—I colors, especialy when compared to the earlier types.

When comparing models with the data one should redlize
that as soon as amodel for agalaxy has been chosen, it should
be applied to al color combinations. In particular, the same
model should be used in both Figs 6 and 7. It is tempting to
propose one single model for all galaxies, because the profiles
are confined to a small region in the diagrams. We only need
to explain the offsets from the main trends with additional
parameters.

3.3.2 Measurements versus dust moddl's

The reddening profiles produced by the dust models are in-
dicated on the left in the panels of Figs6 and 7. The color
of the underlying stellar population is arbitrary and thus the
dust profile can be placed anywhere in the diagram. The dust
models have a distinct direction in the color-color diagrams
independent of the dust configuration, asexplainedin Sect. 3.1.
This direction is clearly different from the generd trend of
the data and therefore the whole gradient cannot be produced
entirely by the dust reddening. A small fraction of the color
gradients could be due to dust reddening, but an additional
component is needed to explain the full gradient. This does
not mean that there could not be large amounts of dust, but
rather that the color gradients are not mainly caused by dust
reddening. If the dust is not diffuse, but strongly clumped into
clouds the amount of reddening is strongly reduced. It could
be that alarge fraction of the most luminous starsis embedded
in dust clouds. This will not induce a color gradient or an
inclination dependent extinction effect, but will give the total
color profile an offset in the general direction of the calculated
dust models. The “dusty nucleus’ models of Witt et a. (1992)
give an even better indication of the expected offset vector if
the luminous stars are embedded in dust clouds.

3.3.3 Measurements versus metallicity effects

To what extent can metallicity differences in the stellar popu-
lations account for the color gradients? The 12-Gyr-old W94
single burst models for different metallicitiesare connected in
the 5<T<6 panelsof Figs 6 and7. Modelsat other ages follow
the same direction in color space. The single-age, different-
metallicity model does not match the data for most of the
galaxies. Again another component is needed to explain the
color gradients; theradial metallicity differences a one are not
sufficient. It isimportant to notethat population model s cannot
be arbitrarily shifted, they predict fixed colorsfor agiven SFH
and metallicity.

3.3.4 Measurements versus SFH

The BC models are indicated by dashed linesin Figs 6 and 7.
The 8 Gyr points of the models have been connected as well
as the 17 Gyr points. The reddest ends of these lines indicate
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single burst models, the bluest ends represent constant SFR
models. In betweenisamode with an exponentially decreasing
SFR with a time scale of 5 Gyr. The galaxy data for T<6
systems seem to be reasonably well matched by the 17 Gyr
models. Still most galaxies are dightly offset to the blue in
the V—K and R—/ colors. This could be remedied by taking
a 12 Gyr model (somewhere in between the 8 and 17 Gyr
models), but then most of the galaxy centers are even redder
than predicted by the single burst model. Because we know
that galaxies still have star formation in their centers, thisis
an unlikely situation. The conclusion has to be that athough
SFH variationsas function of radius seem agood driving force
for radial color gradients, alone they cannot explain the full
gradients. This is especidly true for the galaxies with T>6,
which have V-K and R—K colorstoo blueto be explained by
the solar metallicity BC models.

3.3.5 Measurements versus both age and metallicity effects

The W94 models in the 6<T<10 panel indicate that the very
blue galaxies in this panel can be described very well by low-
metallicity stellar synthesis models. As with the earlier type
galaxies, theradial color trends are reasonably well described
by age differences, but at all radii lower metalicitiesare needed
for most of the galaxies. A number of them are so bluein al
color combinationsthat their stellar components must beyoung
and of low metdlicity.

Galaxies are known to have radia metalicity gradients
in their current gas content (Villa-Costas & Edmunds 1992,
hereafter VE; Zaritsky et al. 1994, hereafter ZKH), and have
radial SFRs that are not linearly correlated with their radial
stellar surface brightness, which means they do not have one
SFH as function of radius (Ryder & Dopita1994). Aslong as
there are no consistent stellar popul ation synthesis model s that
incorporate very young stellar evolutionary stages at al metal-
licities, it is difficult to make quantitative statements about the
observed colors and color gradients of the galaxies.

Limits can be set on the model s using the metallicity mea
surements collected by VE and ZKH. Recall that metallicity
measurementsyield thecurrent gasmetdlicitiesinH 11 regions,
so that theunderlying stellar component could have completely
different metallicity values. For galaxies T< 6 the 12+og(O/H)
values run from ~9.3 in the center to ~8.6 a R2s. The O/H
indicesof |ater type galaxiesare afew tenthslower, from about
8.9 to0 8.2, but with more or less the same gradient across the
disk. Using log(O/H)., ~ —3.08 (Grevesse & Anders 1989)
and [O/F€] ~ 0.1~0.5 (e.g. Wyse & Gilmore 1994) the O/H
values can be transformed to [Fe/H] values and used with the
W94 models. The [Fe/H] values run from about a central 0.2
to —0.6 in the outer regions in galaxies with T<6, and from
approximately —0.1 to —1.1 in the | ater type gal axies.

The mettalicities just calculated should not be taken too
literalyly in the comparison of the W94 models with the data
in Figs 6 and 7. As noted before, models should be used to
indicate trendsin color—color space but cannot be expected to
give absolute colors in an individua gaaxy. Still, the B—V
and B—I colorsarefar too red at each radius using the 12 Gyr
W94 models using [Fe/H] = 0.2 to -0.6, the metallicity range
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determined from the H 11 regions. This must mean that either
the underlying stellar populations have a much lower average
metallicity than the surrounding gas or that at each radius a
much younger stellar popul ationispresent, making theaverage
age lower than 12 Gyr. In the center, the contribution of the
young stars cannot be very large, because the color vector of
SFH (indicated for solar metallicity by theBC models) isinthe
wrong direction. Therefore the center probably containsamix
of populationsof different metallicities, with an average metal -
licity far lower than the current metallicity of the surrounding
gas. Intheouter partsof galaxies, the SFH col or vector givesan
excellent description of the observed colors. It isunlikely that
the metallicity of the stars in the outer regions of al galaxies
is much higher than that of the gas, thus the color gradients
are probably driven by a combination of SFH and metallicity
differencesasfunctionof radius. Theouter partsof galaxiesare
clearly younger on average than the centra regions. If part of
the color gradientsis also caused by reddening, the age effect
must even be larger, because thisis the only effect that has a
color vector that can compensate the dust color vector.

In conclusion, the centers of spiral galaxies with T<6
contain probably a relatively old population of stars, with a
range in metallicities. The populationsin the outer regions are
on average much younger and their metallicity is probably
lower, asthe gas metallicity is much lower than the metallicity
needed to explainthecentra colors. Overal, later typegal axies
have lower metallicity, and anumber of them are dominated by
very young, low-metallicity populations. The observed color
gradients cannot be caused by reddening alone, if the dust
properties used in the models are more or less correct. Age
gradients across the disk have to be even larger if reddening
is important. It should be noted that the population models
can predict both the right colors and the right color gradients
within one system of models, whilethe dust models can at best
explain only the color gradients.

4 Colorsand the structural galaxy parameters

Most of theinformation that can be extracted from the galaxy
colors of thisdata set is contained in the previous sections, but
for most data sets such detailed radia color information is not
available. In order to allow comparisons with these other data
sets, anumber of rel ati onshi psbetween col orsand fundamental
galaxy parameters are shown in this section.

Inthe previoussection | argued that color gradientsderived
from different passband combinations are correlated in such a
way that stellar population differences seem to be the most
reasonabl e explanation of the phenomenon. Figure 2 suggests
that the slope of the color gradient has auniversal valuefor al
galaxies, but thisis an oversimplification.

The change in scalelength (h)) as function of passband
can be used to parameterize color gradients in the disk. The
bulge/disk decomposition technique and the method used to
determinethe central surface brightnessesand scalelengthsfor
the current data set were described in Paper 11. A trivial recal-
culation showsthat each axisof Fig. 8indicates approximately
the color change per scalelength in therel evant passband com-
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Fig. 8. The difference in scalelength between the different passbands.
Only points with errors smaller than 0.15 are plotted. Different sym-
bols are used to denote the indicated morphological types.

binations. This figure illustrates again that color gradients are
correlated, but also that there is no universal vaue for the
gradient for al galaxies. The values range from about 0.1 to
—0.8 mag per scalelength in B—K .

The changes in scaleength were used to find correlations
between the steepness of the col or gradient and other structural
galaxy parameters. A large number of structural parameters
wereinvestigated, but none of them showed a correlation with
color gradient. The parameters investigated include: inclina-
tion, morphological type, central surface brightness, scale-
length, bulge-to-disk ratio, integrated magnitude, integrated
colors, bulge color, bar versus non-bar, H1 and CO fluxes,
far-infrared IRAS fluxes and colors, group membership and
rotation velocity. Fluxes at the different wavel engths normal-
ized by area or integrated /K passband flux were also used in
the correlations, but with a negative result. A weak correlation
wasfound only between the steepness of the col or gradient and
the central surface brightness color of the disk.

In the literature integrated colors of galaxies are usually
used to determine galaxy properties. The integrated colors as
function of type are presented in Fig. 9 and Table 1 for this
galaxy sample. There isaclear correlation between type and
color, but the scatter islarge. The integrated color of a galaxy
isdominated by the color of the central region and even though
color correlates with (central) surface brightnesses (Fig. 2),
one should notethat each morphol ogical type comesin arange
of central surface brightnesses (Paper 111) which then explains
thelargescatter intheintegrated colors. It isbetter to determine
and compare the colors of galaxies at a fixed isophote when
looking for correlations.

In Fig. 10, the central bulge and disk colors of the gal-
axies are compared. The colors of bulge and disk are clearly
correlated. Thiscould be expected, as most color profiles show
no clear changes in color gradient in the bulge region. Ex-
cluding the three deviant points with bulge B—K colors bluer
than 2mag, the bulge is on average 0.144+-0.55mag redder in
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Fig. 10. The central surface brightness B—K color of the disk versus
the effective surface brightness B—K color of the bulge. Different
symbols are used to denote the indicated morphological type ranges.
The dashed line indicates the line of equality.

B-K than the central disk color, which means that the stellar
populations probably do not differ very much.

5 Discussion

An important consequence of the color differences in and
among galaxies is the implied change in the M /L, values.
The comparison of the datawith thedust and stellar population
modelsindicatesthat the color gradientsin the gal axies of this
sample result mainly from population changes and that dust
reddening only plays a minor role. The M/ L, vaues corre-
sponding to the synthesismodels presented in Figs 6 and 7 are
listedin Table 2.

In every passband, young populations have much lower
M/ L, vaues than old populations. Young populations still
contain very massive stars, which are very luminous for their
mass, but expend their energy quickly. Continually adding
in young populations, as done in the exponentialy declining
and constant SFR BC models, decreases the M /L, values
drastically. Young massive stars are blue so that this effect is
most pronounced in the B passband. The changein M/Lg is
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Table 1. The integrated colors for different morphological type ranges using only the photometric observations of Paper | with errors in the

colors lessthan 0.5 mag.

RC3 type # BV # B-R # B-I # B-H # B-K

0<TL2 7 081+£0.19 10 1354022 8 183+031 6 346+021 10 375+ 028
2<T<4 14 0.74+0.13 26 120+0.19 24 178+0.23 6 314+034 26 353+0.28
4<T<6 19 0.67+0.15 19 120+0.13 20 175+0.10 10 328+0.14 21 3514+026
6<T<8 11 059+ 021 11 1.06+0.26 12 161+023 3 296+ 0.62 8 318+045
8<T<10 4 069+0.14 5 110+0.10 5 1444024 0 — 4 299+ 0.09

about a factor of 6-11 between the 2 and 17 Gyr models and
afactor of 3-5 between the single burst and the constant SFR
BC models.

Metallicity has an entirely different effect on the M/ L,
ratios. The M/ Lg vaues increase with metallicity, while the
M/ Lk vaues decrease with metallicity. The turnover pointis
somewhere between the / and the ./ passband. This was the
motivation for W94 to recommend the I passband for standard
candle work and for studiesof A//L in galaxies.

The recommendation of the / passhand is not entirely
obvious, because the choice of optimum passband depends on
whether one expects extinction, age or metalicity to have the
largest influence on the photometry. If extinction is expected
toplay arole, the K passband should be used, asthe extinction
in the K passband is ~4 times less than the extinction in the
I passhand. The K passband should also be preferred if dif-
ferencesin SFR are expected to be important; see for instance
the change in M /L, ratios of the different BC models. One
shouldturntothe 7 and .J passbands only when the metallicity
differences among the different objects are large.

Table2. The M/ L valuesin solar units for the models presented in
Section 3.2. For the BC modelssingle burst models(s.b.), exponential
declining SFH models (exp.) and constant SFR models (cnst.) are
listed. The single burst models of W94 are listed for several different
metallicities.

age BCmodels W94 models
Gyr sb. exp. cnst. [FeH]=—2 -1 -05 -025 00 025
B passband
2 0.90 0.82 0.30 — — — 152 173 242
5 3.13 1.02 0.67 — — — 332 39 526
8 4.33 142 1.02 260 339 416 519 596 805
12 570 2.25 143 371 481 626 7.41 8.70 11.95
17 991 4.02 1.88 501 6.45 853 12.28 10.54 17.15
1 passband
2 127 125 0.79 — — — 109 103 124
5226 1.29 091 — — — 186 200 221
8 282 157 1.28 234 253 245 267 277 3.08
12 3.23 2.07 1.68 3.04 330 350 358 360 4.17
17 471 295 213 3.84 410 439 473 474 554
K passband
2 043 065 0.24 — — — 052 042 o042
5 0.80 0.62 0.44 — — — 078 0.72 0.60
8 1.13 0.74 0.62 170 150 116 112 086 0.75
12 1.15 0.87 0.78 210 188 1.81 135 106 087
17 154 1.13 0.93 259 221 190 169 129 104

What influence do the current observations have on studies
dependingon M/ L ratios? | addresstwo issueshere: rotation
curve fitting and the TF-relation.

The principle of rotation curve fitting is simple. One tries
to explain the distribution of the dynamical mass of a galaxy
by assigning masses to its known “luminous’ (at whatever
wavelength) components. The dynamical mass distributions
can be determined from optical rotation curves a ong the major
axis (e.g. Rubin et a. 1985; Mathewson et a. 1992) or, more
sophisticatedly, from H1 or other two-dimensional velocity
fields (e.g. Bosma 1978; Begeman 1987; Broeils 1992). The
mass assignment to the H | and other gas componentsis rela
tively straightforward, but the mass assignment to the stellar
components has proven troublesome. Generally, M/ L values
have been assigned to the different stellar components (bulge
and disk) using the maximum disk hypothesis (van Albada et
al. 1985; van Albada & Sancisi 1986). This exercise revealed
the “missing mass’ problem: the dynamical mass of a galaxy
is much larger than the maximum “luminous’ mass, with the
main discrepancy in the outer regions.

In the game of rotation curve fitting, one often encounters
the use of B or a best R passband luminosity profiles. Ta-
ble 2 clearly illustrates the danger of using these passbands,
especialy if one considers the color gradients observed here.
Independent of whether the observed col or gradientsare caused
by age or metallicity gradients(or by reddening for that matter),
the M/ Ly ratioswill be much higher in the center than inthe
outer regions. Consequently the “missing mass’ discrepancy
between inner and outer regionsis even larger than estimated
by the use of the B passhand profiles together with a constant
M/ L. So what isthe optimum passhand to be used for rotation
curvefitting?

Following the conclusions of Section 3.3, let us assume
that the central region of a T<6 galaxy consists of old stellar
populations with a range in relatively high metallicities, say
on average [Fe/H]=0 and t=12 Gyr. It is not likely that the
metallicity of the stars in the outer regions is higher than that
of the gas. The outer populations are younger than the inner
populationsand et usassumethat their average parameters are
[Fe/H]=-0.5 and t=8 Gyr. Table 2 showsthat /L changes
by afactor 2.09 for those two populations, M/ L by afactor
1.47, and M/ Lk by afactor 0.91. Repesting this exercise for
lower-metallicity late-type systems gives similar results. As
long as the outer regions of gal axies are younger than the inner
regions (and the example used was not very extreme), the K
passband is the optimum choice for rotation curve fitting. This
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is especialy trueif extinction plays arole, which is expected
to be the case for the highly inclined galaxies normally used
for rotation curvefitting.

The M/ L effects on integrated magnitudes (as used in the
TF-relation) are less trivial. In Section 1 it was argued that
the integrated colors are dominated by the centra colors of
gaaxies. In Figs. 6 and 7 the open circles indicate the central
colorsof thegalaxiesand aretherefore representative of thein-
tegrated colors. For the T<6 galaxies, the central colorsfollow
the same trend as the color gradients within gal axies (as might
be expected from Fig. 2) and therefore the same argument as
for rotation curve fitting can be applied to recommend the K’
passband for TF-relation work. Note that the differences in
centra color in the bins of T<6 are much smaller than the
differences within the galaxies themselves and a small color
correction term would be sufficient to trandate all galaxiestoa
common M/ L scae. The central colors of T>6 galaxies show
a different distribution in color-color space. They comein a
wide range of ages and metallicities and their M/ Lk values
can easily differ by afactor of two and by a factor of four in
M/ Ly. Thiswould introduce an uncertainty of ~0.75 K-mag
or ~1.5 /-mag in the TF-relation respectively, if one would
simply assume that the TF-relation is tracing the connection
between luminous mass and dynamical stellar mass. A two-
color correction might then be needed to reduce the scatter
in the TF-relation if late-type galaxies are also included in
the sample. Because the scatter in the TF-relation is often
much smaller than theindicated val ues, one may conclude that
the TF-relation is not simply tracing the connection between
[uminousmass and dynamical stellar mass, and that theamount
of dark matter is varying systematicly with galaxy color. But
in short, ashift along onevector in Figs 6 and 7 issufficient to
bring the centers of most T< 6 galaxiesto onepoint, at least two
vectors are needed to bring the centers of the T> 6 galaxiesto
one point.

A large number of galaxy formation and evolutiontheories
predict metallicity gradients (for references see e.g. VE and
Matteucci 1989, 1992) and age gradients(Kennicutt 1989; Do-
pita& Ryder 1994 and references therein) in gal axies. Several
predict both at the same time, like viscous galaxy evolution
models (Lin & Pringle 1987; Sommer-Larsen & Yoshii 1990),
the models of Wyse & Silk (1989) and various gas infall and
galaxy merger models. The young, low metallicity late-type
systems observed here would be ideal merger candidates to
replenish the outer regions of large gal axieswith nearly unpro-
cessed gas from which new stars can be formed. A detailed
study of al possible models, investigating time scales and
metallicity ranges involved, is beyond the scope of thiswork.

A key question that is not addressed in this investigation
is whether the color gradients originate in the arm or in the
interarm region, or are present in both regions. High resolution
and high signal-to-noise observations are needed to solve this
guestion, and the present data set is not suited for such an
investigation. A detailed study of afew large nearby galaxies
isin preparation (Beckman et al., private communication).

The current observations have a high enough signal-to-
noise ratio to study the central regions of the galaxiesin more
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detail. Several galaxies show circumnuclear activity, which
aready leave their mark in the color profiles (though one has
to be careful not to mistake the seeing differences between the
different passbandsasasign for abluenucleus). Somegalaxies
are worth mentioning as their activity is clearly visible on the
color maps. UGC 89 has a blue ring around the center, cut in
two halves by thered dust lane running over the bar. UGC 2368
has a blue nucleus surrounded by a red dust ring coming
from the strong bar. UGC 4422 has a blue ring around the
nucleus. The highly asymmetric galaxy UGC 5510 probably
has a blue nucleus, but is it is barely resolved. UGC 5554
has a blue circumnuclear region and some very blue knotsin
the arms. UGC 6077 probably has a blue nucleus surrounded
by a red (dust?) ring. UGC 7450 (M 100) is known to have
central activity (note that the central region was saturated on
our R and / images) and is described in detail by Knapen
et a. (19953 1995b). UGC 12391 and UGC 12614 probably
have blue nuclii. UGC 12808 has a blue circumnuclear ring.
The galaxies UGC 3066, UGC 4256, UGC 6028, UGC 12614
and UGC 12808 have very blue arms. Most of these galaxies
have strong bars, are asymmetric, or are interacting.

In this paper | have showen that broadband color gradi-
ents of galaxies provide information on their stellar and dust
content. The behavior of the color gradients resembles the
propertiesof the metallicity gradients of galaxies, especialy in
that the steepness of the gradients show very little correlation
with any other galaxy parameter (see e.g. VE). It would be
interesting to compare the color gradients with the metallicity
gradients of individual galaxies. Even more insight would be
obtained if spectroscopy could be used to obtain information
on the ages and metallicities of the stellar components and not
just on the metallicity of the H 11 regions.

The amount of dust and its distribution in galaxies is still
controversial. New instrumentslike SCUBA on the JICMT and
the 1SO infrared satellite enable direct imaging of the coldest
dust components. It will be interesting to investigate whether
there is a relation between the color gradients observed here
and the properties of the dust.

A final point of interest isthe behavior of colors and color
gradients as function of time. With the refurbished HST accu-
rate surface photometry can be obtained of galaxies at large
lookback times. The current sampleisan ideal local reference
sample for such observations.

6 Conclusions

The stellar and the dust content of a large sample of galaxies
was investigated using the color profiles of these galaxies.
Datain four optical and two near-1R passbands were combined
simultaneously to derive structural properties of the sample as
awhole, rather than for individual galaxies. The main conclu-
sionsarel

— Almost al spiral galaxies become bluer with increasing
radius.

— The colors of galaxies correlate strongly with surface
brightness, both within and among galaxies. The morpho-
logical typeisan additiona parameter in thisrelationship,
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because at the same surface brightness late-type galaxies
are bluer than early-type galaxies.

— Redlistic 3D radiative transfer modeling indicates that red-
dening due to dust extinction cannot be the major cause of
the color gradientsin face-on galaxies. The predicted color
vectors in color—color space are not compatible with the
data, unless the assumed scattering properties of the dust
are entirely wrong.

— The color gradients in the galaxies are best explained by
differences in SFH as function of radius, with the outer
parts of galaxies being on average much younger than the
centra regions. Thisimplies that the stellar scalelength of
gaaxiesis gtill growing. The central stellar populationsin
a galaxy must have a range in metallicities to explain the
red centra colors of the galaxies.

— A conseguence of the population changes implied by the
color differences in and among galaxies is that there are
largechangesin M/ L valuesin and among galaxies. These
changesin M /L make the missing mass problemin spira
galaxies as derived from rotation curve fitting even more
severe.

— The H and K passhands are recommended for standard
candle work and for studies depending on A/ L ratiosin
galaxies.
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CHAPTER 4 | COLORS AND COLOR GRADIENTS OF SPIRAL GALAXIES

A Monte Carloradiativetransfer simulationsof light and
dust in exponential disks

The modeling of dust extinction in extragal actic systems has a
long history. The effects of scattering are often ignored or are
assumed to beno morethan ascaling factor (Disney et a. 1989;
Huizinga 1994), whichiscorrect aslong asoneisnot looking at
wavel ength dependent effects. Therefore, scattering isincluded
in most studies investigating the wavelength dependent effects
of extinction (e.g. Kylafis& Bahcall 1987; Bruzual et al. 1988,
Witt et al. 1992, Byun 1994)

The Monte Carlo approach followed here is a somewhat
“bruteforce’” method, but it hasthe advantagethat it can be used
for luminous and dust geometries containing little symmetry.
Even though smooth light and dust configurations are applied
here, thismethod can easily be extended to include dust clouds
and spiral structure.

A.1 The mathematical method

A Monte Carlo radiativetransfer code wasused to cal cul ate the
light and color distribution of disk galaxies as seen by adistant
observer. The Monte Carlo principle as applied to extinction
in gaseous nebulae is described in detail by Witt (1977). In
the computer model the paths of many (~ 10°) photons were
followed as they traveled through the absorbing and scattering
dusty medium. At great distance the photonswere collected to
produce a gal axy image which was used for further study.

The trgjectory of a photon through a dusty medium is
determined by random processes. One can characterize these
processes by a probability function p(z) on an interval (a, b)
such that

/a e = 1

Using a random number generator, which produces a random
number R distributed uniformly in theinterval 0< R <1, one
can simulate an event with frequency p(z)d« in the interval
(z,x + dx) by requiring

/ " p(€)de = R.

This equation was used to simul ate the birthplace and direction
of photons, aswell asthe scattering propertiesof thedust. Inthe
following sections, each R will denote a new random number
intheinterval 0< R < 1.

(A1)

(A2)

A.2 The creation of photons

This section describes the creation of photons and the ran-
dom processes involved in this creation. Rather than creating
photons in space with a certain density distribution such as
in area galaxy, the photons were instead created uniformly
in space and given an initial intensity weight to produce the
exponential light profile. These initial weights were reduced
by absorption as the photon moved through the dusty medium.

The models consisted of three-dimensional distributionsof
stellar light and dust that were chosen independently. For the
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e
dust
particle

Fig. 11. The definition of the coordinate system. A trajectory with a scattering is indicated for one step size. A “photon beam” starts at Tqgq in
the direction defined by (w,8), scatters off a dust particle over an angle «, and ends at Trew -

stellar light, an axisymmetric disk-like distribution was used,
with an exponentia intensity behavior in both radial (») and
vertical (=) directions:

I(T,Z,d)) _ e—(r/hs+|z|/zs)’ (A3)

where hs and zs are the scalelength and the scaleheight of the
stellar distribution respectively, with the coordinate system is
as defined in Fig. 11. The luminosity was truncated at seven
scalel engthsand heights. Theexponentia behavior of theradial
light distribution of disksin spiral galaxiesiswell established,
but the vertical light distributionismore controversial, because
extinction effects make measurements difficult. | have used the
exponential law vertically instead of (for instance) the sech or
sech? laws(van der Kruit 1988), becausethenearly unobscured
light distribution as obtained with near-IR observations often
can be well described by such an exponentia law (Wainscoat
et al. 1989; Aoki et al. 1991). It isnot expected that the results
obtained here will change significantly if other plausibleverti-
cal light distributions are used. Each “photon beam” that was
created received an initial weight accordingtothe I(r, z, ¢) of
Eq. (A3).

Photons were created at a certain position in the model
galaxy using the distribution functions

r=7TRhs z=T7(R—0.5)2z ¢ =2Rm, (A4)

and thustheir initial position in cartesian coordinates was

7 COS(¢)
T = (rsin(¢>)) .

The distribution functions of Eg. (A4) creste photons uni-
formly in cylindrical coordinates, but not in cartesian space.
The density of created photonsis much higher near the center
than in the outer regions and a correction factor is needed. To
il get an exponential behavior in flux, an additional weight
factor of 27 wasgiventotheintensity of each created “photon
beam”. These distribution functionswere chosen, because the
final model images were azimuthally averaged just as the real
observations and in the absence of dust give these distribution
functions an equal number of photons at each radius in the
face-on case.

At cregtion, the initial flight direction of the photons was
specified by the functions

(A5)

w=2R-1r 6= (R-05)r. (AB)
The corresponding directional cosines are
cos(w) cos(f)
JAVEES (sin(w)cos(&) ) . (A7)
sin(f)

Again, since thiswould not give a uniform distribution of flux
density in each direction, an extra weight of the form cos(¢)
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was introduced. The initia intensity of a “photon beam” at
creation was thus

Io(r, z, ¢, w, 0) = 2mr cos()e "/ hstlzl/ =), (A8)

A.3 Thedust properties

Let usfirst define the notation for the basic equations of radia-
tivetransfer. A beam of light with intensity 7 isfollowed while
traveling aong a straight line through a dusty medium. Since
this medium removes afraction « ds of the incident intensity
for each distance ds traveled, the full equationis

dI(s)
ds

= —k(s)I(s) + J(s), (A9)

where J(s) are the new sources of intensity at point s in the
travel direction. « istheextinction coefficient and consistsof an
absorption and a scattering part, and their relative importance
isnormally expressed by the albedo ()

(A10)
(A11)

K = Kq+ Ks

a = Ks/k.

While following the light beam through the dusty medium, no
new photonswere added to theinitial beam of photonsthat was
created with intensity 7(0), because they are accounted for by
the repeating Monte Carlo principle, and J(s) = 0. For this
single “photon beam” the radiative transfer equation is now

di(s) _
= —k(s)I(s) (Al12)
with formal solution
() = 1(0)e” Jo (% (A13)
The integral in Eq. (A13) defines optical thickness
T E/ k(s)ds. (Al14)
0

Since the beam was followed while it scattered through the
medium (so no longer on a straight line), there were no 1osses
by scattering along the path of the beam. One till can use
Eq. (A13), but with x,(s) = (1—a)k(s) instead of x(s) as
long as the line integral is taken along the path traveled. The
extinction coefficient and thea bedo arewavel ength dependent,
which creates reddening of stars and could cause the observed
color gradientsin the galaxies.

To calcul ate the absorption a ong the path travel ed, the dust
distribution must be defined. The dust extinction coefficient in
the model swastaken to haveasimilar distributionasthestellar
light, but with a scalelength and scaleheight that were chosen
independently:

/@\(r, z, qf)) = Kjoy)\e_(r/hd-l_lzl/zd) (A15)

where x(r, z, ¢) is the local extinction coefficient at wave-
length A and g » iSthe extinction coefficient at (r=0, z=0).
In this article the optica depth of a system is denoted by the
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Table 3. Values used in our scattering model for the dust properties
relative extinction (r»/7v), abedo (ax) and scattering asymmetry
(g9») asfunction of photometric passband.

pa$band TA/TV @) gx
U 1531 068 0.67
B 1324 066 0.59
14 1.000 0.60 0.50
R 0.748 053 040
I 0482 045 029
H 0.175 028 0.04
K 0.112 0.20 0.00

integration of xv (x in the V-passband) aong the symmetry
axisfrom (r=0,z=—o0) to(r=0,z=00)

TV = / Kjoyve_lzl/zd dz = Zlﬁjoyvzd. (AlG)
Using Eg. (A13) one can calculate that a point source located

behind the center of the galaxy will have suffered an extinction
inthe V -passband for an observer located at its other pole of

I(z = 00) = I(0)e V| (Al17)

assuming that all absorbed and scattered photonsare lost for a
point source.

Threeparametersare needed to describedust properties, the
relative extinction (/v ), the abedo (a,) and the scattering
phase function ® («), and dl are dependent on wavelength
(A). As there are amost no direct measurements of the dust
propertiesin other galaxies, | decided to use the (also poorly
determined) Galactic values. Studies by Knapen et al. (1991)
and Jansen et al. (1994) seem to indicate that at least the
Galactic extinction curve is applicable to some other galaxies,
the other two dust properties have never been measured in
extragal actic systems.

For relative extinction, the Gal acti ¢ extinction properties of
Rieke & Lebofsky (1985) were used. The valuesfor the albedo
were drawn from Bruzud et a. (1988), as were the values
for the scattering asymmetry parameter ¢,. This asymmetry
parameter entersin the scattering phase function suggested by
Henyey & Greenstein (1941)

qD)‘(COS(O[)a gA) ==
[(L— g3)/47)(1+ g5 — 29, cos(ar)) =%/

where « is the scattering angle between the incident and the
deflected photon. The function is such that g, = {cos(«)}, and
thus —1 < ¢, < 1. Forward scattering dominatesfor ¢, >0 and
¢x = 0 results in isotropic scattering. To determine a random
deflection angle for a photon with the probability function @,
Eq. (A2) can be used and onefinds (Witt 1977)

(A18)

o = arccos({(1+g5) —
(1= 93)/(1— 9» + 202 R)]}/292).

Thevaluesused for 7, /17, ax, and g, for the different photo-
metric passbands are listed in Table 3.

(A19)
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A.4 The numerical method

Each photon beam that was created using Egs. (A4) and (A6) was stepped through the dusty medium. The step sizewasdetermined
by thelocal dust density and was chosen in such way that it would give an optical thickness (absorption plus scattering) of 0.03 if
there was a constant dust density along the step. This means that the chance of multiple scattering is of order (0.03a,)? dlong a
step. Thisisnegligible, asit should be, because only single scattering was incorporated along each step. It istrivia to show that
the step size has to be of order

As = 0.03/x(T) = 0.03/(roe™ "/ hstz1/2)) (A20)
and the new positionis (if thereis no scattering)

For the actual absorption along a step, one has to use Eq. (A13) with k, = (1 — a) instead of «. The integral was at each
step approximated by four-point Gauss-L egendre quadrature:

T+ATAs 4
_— / ka(3)d5 ~ 0505wy w(@ + 0.5(1+ a;)A7)(1— a), (A22)

where the values for w; and ; can be found in any handbook on numerical analysis. When there was no scattering during the
step, the x(Z4) calculated in Eq. (A22) was used to determine the step size with Eq. (A20) in the next step.

If scattering did occur, the step proceeded dlightly differently. The chance of scattering during a step can be simulated by
requiring

g M < R, (A23)

In that case the directiona cosines of Eq. (A7) were changed by an angle given by Eq. (A19). Thisleft another angle of freedom
for the azimuthal change of the direction which was generated by

3 =27R. (A24)
Rotating theinitial directional anglesw, § over the scattering angles «, 3 gives the new directional cosines

(COS(W)COS(H)COS(@ +(sin(w) cos() + cos(w) sin(¢) sin(«)) (ﬁ))
AZney = (B) |- (A25)

sin sin
Sin(w) cos(f) cos(3) +(— cos(w) cos(er) + sin(w) sin(é) sin(«)) sin
sin(9)

sin(#) cos(3) —cog(#) sin(«)
When Eq. (A23) was satisfied and scattering occurred in a step, the photon proceeded afraction f = R of step size As intheold
direction, before following the new direction

Tnew = Told + (fAfold + (1 - f)Afnew)A& (AZG)

A5 Projection on the sky

The steps in the previous paragraph were repeated until |Znay| > 10hs. All 75, Of the different steps were added, and the fina
intensity of the photon beam was Ieng = Ipe™ . Thefinal intensitieswere projected on the sky asif the gal axy was being observed
from infinity. Due to the axisymmetric nature of the models, one can ignore thew dependence of the exit direction and rotate all
photons over angle w asif they leave the galaxy in the same direction. The projection on the (y1, y2)-plane becomes

_ —sin(w) cos(w) 0\ _
v= (- sin(0) cos(w) — sin(f) sin(w) cos(f) ) v (A27)

This procedure of creating photons, stepping through the medium and proj ecting the exiting photons on the sky was repeated for
two million photons. The photonswere binned into pixel imagesin (y1, y2) direction and thebinningin viewing angle ¢ direction
resulted in ten model images from edge-on to face-on. The binning of photonsin the ¢ direction wasin equal steps of b/a, where
b/a isthe axia ratio of an inclined circle. This has the advantage that each image has approximately equal flux, a least in the
case of no extinction. For the analyses discussed in this paper only the face-on images were used, which contained the photons
that exited with an angle between 90° and 71.8° (i.e. 1>b/a > 0.95).
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A.6 Testing and the results

The computer program was tested extensively to ensure that
the results were reliable. First, a point source emitting al its
photons to a pole was placed at the center of the galaxy and
the exiting flux was correctly described by Eq. (A17). Tests
showed that in the case of no absorption all images at different
viewing anglehad an equal flux. Testswere made to ensure that
the scattering angle phase function was produced correctly and
that the angle between the incident and the deflected photon
was indeed the required angle. One of the most important tests
wastheindependence of thenumber of scatteringson step size.
If the step size had been too large or if the calculation a, had
been incorrect this could not have been the case. The model
profileswere tested against the analytic profilesof DDPfor the
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cases with and without scattering. In the case of no scatter-
ing (all scattered photonswere removed to mimic absorption)
the agreement was perfect. Figure 4 shows an excellent agree-
ment between the two models even with scattering, aslong as
theextinctionishigh. All test resultswere correct to withinthe
statistical noise.

For the extraction of the (col or)profiles, the same programs
asin Paper | were used and the model results can be compared
directly with the data. Once a 7o 1y and a set of scalelengths
and heights have been chosen for a particular model, xq »
is determined by Eq.( A16) and the corresponding optical
depthsfor the other passbands are determined by Table 3. This
model is aso useful to study inclination-dependent effects of
extinction.



