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Disk-bulge decompositions of spiral galaxies in UBVRI*
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Abstract. A sample of 26 bright spiral galaxieBg; < 12.7) with low to medium inclination and without a bar was observed

with UBVRIfilters. The CAFOS focal reducer camera at the Calar Alto 2.2 m telescope was used. The surface-brightness
distributions were fitted using a 2-dimensional algorithm with corresponding functions for the disk- and bulge-structure. For
the disks an exponential function was used, for the bulgessi&¥ law, was applied with the concentration paramgterl/n

as another fit variable. Correlations of the resulting structural parameters of disks and bulg&&rare investigated, giving

clues to the formation history of the bulges.

We confirm that the large and bright bulges of early-type spirals are similar to elliptical galaxies. They were probably formed
prior to the disks in a monolithic collapse or via early mergers. Late-type spirals have tiny and faint bulges with disk-like
profiles. These bulges were probably formed after the disk in secular evolution processes, e.g. from a disk instability. The
comparison of the color indices of corresponding spirals and bulges with population synthesis computations support above
formation scenarios.

Key words. galaxies: spiral — galaxies: structure — galaxies: photometry — galaxies: fundamental parameters —
galaxies: statistics — galaxies: formation

1. Introduction 1.2. Sérsic profiles for the bulges

. . The radial surface-brightness (SB) profiles of the disks are usu-

1.1. Disk-bulge decompositions ally described by an exponential function (e.g. Freeman 1970;
Grosbgl 1985; Courteau 1996). The structure of the bulges is

The study of the the surface-brightness (SB) distribution is a8t so clear (Carollo et al. 1999). In former times the bulges
important tool for a better understanding of spiral galaxies. Thgre considered to be similar to elliptical galaxies and their
resulting structural parameters like disk scale-length, bulge &fg profiles were described by a de VaucouleBHé func-
fective radius, bulgelisk-ratio, color indices, etc. allow con-tion. In more recent work (Andredakis et al. 1995; Graham
clusions about the evolution of disks and bulges (for comprgr a1, 1996; Graham 2001; dllénhdf & Heidt 2001, Paper I;
hensive reviews see e.g. Okamura 1988; Andredakis & Sand@kgArthur et al. 2003) it was found that the bulges are bet-
1994; Baggett et al. 1998; MacArthur et al. 2003). The morphgy described by a more general profile in a form proposed by
logical description of galaxies depends on the filter during oBgrsic (1968) Fhuige(R) = Is exp—(R/Ry)). Herelsis the cen-
servation, thus the intrinsic structural parameters will also vagy] flux densityRs is a radial scale length, and the real number
with wavelength due to the color-dependent stellar populatioggponenﬁ (many authors use/h = g instead) determines the
and dust extinction féects. Thus, multi-wavelength informa-3|0pe of the projected bulge SB distribution.
tion is required for a thorough deSCI’iption of the structural pa- Andredakis et a|_ (1995) rea"zed frdﬁ}band Observations
rameters. In this study the visual barldsB, V, R, andl are that the light profiles of bulges change systematically with the
used. morphological types. The exponegfitvaries from~0.25 for
early-type spirals toxl for late-type spirals, i.e. from a de
Vaucouleurs to an exponential profile. This result has been con-
i _ ) firmed by a number of authors in visual and near infrared (NIR)
* Tables 2—4 are only available in electronic form at the CDS Viters. (de Jong 1996a; Moriondo et al. 1998; Graham 2001,

anonymous ftp tadsarc.u-strasbg.fr (130.79.128.5) or via ) .
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/415/63 Paper I; MacArthur et al. 2003; Knapen et al. 2003).
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Table 1. The observed 26 spiral galaxies with some basic parameters. The Hubble types were taken from the Carnegie Atlas of Gale
(Sandage & Bedke 1994). The colurBg,, gives the extinction-correcteBl magnitudes taken from RC3. The inclinatisrarccosl/a) stems

from theV-fit in this paper (cf.Qq = b/a in Table 2). The galactic extinctiofy(B), the internal extinctior\(B), and the radial velocitiegs

with respect to the 3K background were also taken from RC3. The determination of the distances and their references are explained in the
The exposure times for tHéBVRIimages are given in seconds. NGC 1232 and 1288 were observed with the ESO VLT1 Antu (see text).

No NGC UGC Hubble By, Inclin AgB) A(B) vs  Dist. Dist. Texp

Type (mag) (deg) (mag) (mag) (km3 (Mpc) Ref. u B \Y; R I
1 278 528 4.0 10.76 18.5 0.78 0.02 391 13.8G&t 900 480 300 180 180
2 628 1149 5.0 9.76 16.6 0.13 0.06 363 7.80sim 1200 720 480 300 300
3 1232 - 5.0 10.38 27.0 0.04 0.10 1519  20.00tul 600 360 180 150 180
4 1288 — 3.0 1262 35.1 0.00 0.11 4405 72.11bot — 360 180 — 180
5 2196 — 2.0 11.38 38.1 0.45 0.11 2412  29.43&t 900 480 300 150 150
6 2460 4097 2.0 12.29 56.2 0.14 0.12 1532  26.90&t 900 600 360 180 180
7 2742 4779 5.0 11.47 60.5 0.20 0.44 1401 20.28&t 1200 900 600 480 300
8 2775 4820 1.0 10.81 426 0.11 0.13 1650 17.0Qul 900 360 180 90 90
9 2776 4838 5.0 1196 18.7 0.04 0.07 2816 31.4B&t 1200 900 600 300 300
10 2841 4966 3.0 958 674 0.00 0.50 807 14.1Chst 900 300 90 30 30
11 2855 - 1.0 12.29 37.7 0.16 0.04 2224 26.30tul 900 480 300 180 180
12 2997 - 5.0 9.34 464 0.54 0.18 1388  10.860&t 900 480 360 180 240
13 3031 5318 3.0 7.39 587 0.16 0.34 48 3.63hst - 300 200 60 60
14 3147 5532 3.0 11.24 343 0.05 0.08 2875  32.3B&t 900 360 180 90 90
15 3430 5982 4.0 11.72 59.0 0.00 0.38 1864 23.86&t 1800 1200 900 600 600
16 3486 6079 4.0 10.77 39.5 0.01 0.20 976  12.3Qul 900 480 300 180 180
17 3521 6150 4.0 9.29 57.3 0.06 0.48 1162  10.80&t 900 300 40 34 25
18 3631 6360 4.0 10.97 10.7 0.00 0.04 1343  21.e6Gul 900 600 480 300 300
19 3938 6856 5.0 10.83 17.7 0.00 0.06 1036  17.0Gul 1200 900 600 300 300
20 4254 7345 5.0 10.10 38.3 0.11 0.08 2732  15.30Qir 900 600 360 240 240
21 4274 7377 1.0 10.58 64.8 0.10 0.53 1211 11.9B&t 900 480 300 180 180
22 4303 7420 5.0 10.12 34.8 0.00 0.07 1909  15.30Qir 480 480 300 120 120
23 4321 7450 5.0 9.98 36.5 0.06 0.10 1906 15.2hst 1200 900 600 360 360
24 4725 7989 3.0 9.78 62.7 0.03 0.19 1487 12.36st 1200 480 300 240 270
25 4736 7996 2.0 8.75 450 0.00 0.11 531 4.40&t 900 240 180 90 75
26 5055 8334 4.0 9.03 55.7 0.00 0.36 711 6.9h&t 727 300 120 60 60

bands. Images iVBVRI of a sample of 26 spiral galaxies ofthe structural parameters of disks and bulges. Sections 9 and 10

different Hubble type with low or medium inclination were exdescribe the photometric results. Section 11 compares the ob-

posed. A focal reducer was used to get well-determined skgrved color indices with population synthesis calculations. In

backgrounds. Two-dimensional model functions were fitted 8ect. 12 we discuss the results and draw some conclusions.

the whole surface-brightness distribution. To get reliable pho-

tometric parameters, the fit procedure for each galaxy was ac- ) ,

companied by extensiveftrent tests. The resulting structuraf- 11€ sample of spiral galaxies

parameters of the fierent galaxies were correlated, leading t9 1 sgjection of the sample of galaxies

general relations concerning the structure and evolution, espe-

cially of the bulges. The observed sample of galaxies comprises 26 spirals with

Bt < 127, of Hubble type Sa...Sc, and without strong bar,

The paper is organized as follows. Section 2 describes #adected from the Revised Shapley-Ames Catalog (Sandage

sample of the observed spiral galaxies and the determinatiolkofammann 1981). Table 1 lists the observed galaxies, some

the distances. Sections 3 and 4 describe the observationsbéhgic parameters, and the exposure times for the five fil-

data reduction, and the photometric calibrations. In Sect. 5 vegs. The Hubble types were taken from Sandage & Bedke

present the two-dimensional method for a simultaneous fit (f994) and transformed into the T-classes according to RC3

the whole surface-brightness (SB) distribution with a disk ar{de Vaucouleurs et al. 1991B,,; andvsk (radial velocity with

a bulge. Section 6 describes the results and comparisons wétspect to the 3K background) were taken from RC3. The dis-

other authors. Section 7 describes the results in dependenctaoce determinations are described in the following subsec-

color UBVRIL In Sect. 8 we show correlations and statistics a@ion. Figure 1 shows the number and luminosity distribution
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10 T T LT T ] Sky flats were exposed in every dawn and dusk phase.
8L ] 8 7 Furthermore, exposures of two empty fields in the night sky

> 178 9f ° g 1 were obtained in all filters using the same exposure times as

§ 8 01 E ol 8 g | forthe gaIaX|e_s. o _

§ 4L v 12 ..[ ¢ g o ] Photometric calibrations were performed every night, us-
=L 1l & 't o ° _ o 4 Iingstarsin the open cluster NGC 2264 and the globular clus-
2k . By o i ° 7 ter NGC 2419 (Christian et al 1985; Racine & Harris 1975).

- T B3- |, 7 The photometric quality of 3 nights was good or very good.

° 1 2 3 4 5 1 2 3 4 5 One night was not photometric due to cirrus clouds. The non-

Hubble-Type Hubble-Type photometric exposures of some galaxies through cirrus clouds

Fig. 1. Distribution of the number of sample galaxies and ttigis, Make no problems for the geometrical parameters like scale-
luminosities over Hubble types. lengths, etc. In order to obtain reliable photometric data for

those galaxies, additional, shortly exposed calibration images

were obtained during a photometric night.
of the sample galaxies over over Hubble types. The late-type The observations of NGC 1232 and NGC 1288 were done
spirals are slightly predominant due to our selection criterigh 199g during the commissioning phase of the FORS focal
Biot < 12.7, which prefers blue (late type) galaxies. reducer at the ESO VLT1 (Antu). For details seelMrihaf

et al. (1999).

2.2. Distance determinations

The determination of the distances is crucial to obtain relialde Data reduction

scale lengths in kpc from the fit results in arcsec. We used dﬂ;ﬁ MIDAS program system was used for the data reduc-
6f.

ferent approaches for distance determinations, they are marg From comparison and evaluation of all bias exposures
by a corresponding abbreviation in the column “Dist.Ref.” o n optimal working bias image was constructed. Similarly,

Table 1. from comparison and evaluation of all flat-field exposures opti-
fival working flat-field images were constructed for each color.
Bis subtraction and flat-field division were performed in the
Tisual manner. Then the images were flux-calibrated using
the standard stars and were extinction-corrected. Values for
the galactic-foreground extinctioly(B) were taken from RC3
(as described in Burstein & Heiles 1984). The internal extinc-
. tion in each galaxy(B) is statistically dependent on the incli-
literature and redliced t[\lem ‘f"" t(.) acommon Hubble constafttion and on the Hubble type. A corresponding interpolation
Ho = 72+8 km; Mpc™ which is the optimum value. from formula was also taken from the RC3 (de Vaucouleurs et al.
the HST key project (Freedman et al. 2001). In a first St‘i@Ql).The extinction corrections for the other filters were com-

the galaxy distances were calculated from the radial velogj- - . . . .
. ) uted by the coficients given in Cardelli et al. (1989) (their
ties by Tully (1988) or Tully et al. (1992), who considered thgable 3). Since the K-corrections are very small they were not
group kinematics of the galaxiet(). These values were COM-.sidered

pared with the distances which Bottinelli et al. (1984, 1985, The flatness of the sky was checked in each image and cor-

1986, 1988) obtained from 21-cm line-widths via a revisggl o interactively, if necessary. The flatness of the sky down
B-band TuIIy-Hsh_er r_elatlonb(ot). Tully a_nd Bottinelli et al. to less than 0.5% is an important condition for a reliable model
have many galaxies in common. The distances from both WMihe surface-brightness distribution.
thors are remarkably similar, so we used their mean values
for those galaxiesb&t). Finally, the SIMBAD databank was

searched for dedicated papers on distansieg (Sharina et al. 5. Two-dimensional fits to the SB distribution

(1996) determined the distance of NGC 628.

with Cepheid distances from the HST key project (Freedm
et al. 2001; Macri et al. 2001) Our galaxies with such di
tance determinations are marked wiitst in Table 1. The re-
vised distance to the Virgo cluster was determined in this w
to 15.30 Mpc ¥ir).

For all other galaxies we usedfiirent sources from the

5.1. Equations for the flux distribution

3. Observations Instead of studying one-dimensional profiles it is advanta-
geous to perform a two-dimensional fit to the whole two-
The observations were performed during March 2—7, 2000d@nensional surface-brightness distribution (Byun & Freeman
the 2.2 m telescope at the Calar Alto Observatory, Spain. Thgos; de Jong 1996a; Moriondo et al. 1998; Wadadekar et al.
CAFOS focal reducer was used changing the focal ratio of thggg; Msllenhdt & Heidt 2001, Paper I; MacArthur et al.
telescope from/8 to f/4.4. The CCD camera was equippe@003). Two-dimensional surface-brightness functions for disk
with a SITE 2048« 2048 pixel chip. The pixel size was 24 and bulge were fitted simultaneously to the observed flux dis-
corresponding to 0.53 arcsec. The circular field-of-use had a glipution. For the radial flux distribution of the inclined disk we
ameter of 16 arcmin. Standard John&brB, V and Cousin®, assumed the exponential law
| Filters were used. The exposure time&JBVRIare listed in
Table 1. Faisk(R) = la exp(-R/Rq) 1)
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wherelgq is the central flux density anBy the radial scale- was determined from several stars in each image and was ap-
length. The disk was assumed to be thin and axisymmetgpcoximated by an (elliptical) two-dimensional Gauss function.

This corresponds to the projected elliptical geometry This PSF function was convolved with the SB model-function

2 , 5 in each iteration step. The convolved SB fit model was then

= (xcos(PA) +y sin(PAy))"/ Qa compared with the observed SB distribution and the control
+(y cos(PAY) — xsin(PAy))? (2) parametey? was computed.

where PA is the position angle of the major axis measured
counterclockwise from NorthQq = b/a is the axis ratio, and 5.4. Error estimates

i = arccosb/a) is the inclination of the disk. Thus we have he f hei i vel
4 free parameters for the diski, Ry, PA, Q. The fit procedures and their stability were tested extensively

W_ith artificial galaxies, including photon noise and seeing con-

For the flux distribution of the bulge we assumed the ge X g o=
volution. The statistical errors from the-minimization can

eralized exponential radial density law c#rSic (1968) written

in the form (Caon et al. 1993): be computed frpm the curvature matrix in the Levenberg-
Marquardt algorithm and are very small. The relevant errors

Fouge(R) = ler exp(—be[(R/Reﬁ)ﬁ - 1]), here are systematic errors: e.g. hon-correct sky-subtraction,

be = 1.9986/8 - 0.327 ~ 2n-0.33 (3) hon-uniformness of the sky, errors in the determination of the

seeing point-spread-function. To estimate the error contribu-

Here Re is the half-light or dective radius ander is the tions of these ects, artificial galaxy images with typical sky
flux density atRer, the efective surface-brightness. The threetevels, shot noise and seeing convolution were fitted with our
dimensional shape of the bulge was assumed to be spheroid2.@im models. The sky level and the PSF were artificially set
triaxial, thus the projected shape in the sky is eIIipticaI. Usmg different, S||ght|y wrong values and th&exct to the photo_
a similar expression as Eq. (2) for the radRisve obtain the metric parameters was studied.
position angle PAand the ellipticityQy, as further parameters  An upper limit for the accuracy of the sky determination is
for the bulge. Thus we have 5 free parameters for the bulggios. This leads to errors fdRy and Reg Of ~4%, for Ig, log
let, Ret, B, PAb, Qb. andg of ~2%, and for the bulgelisk-ratio of~10%. A pes-
simistic estimate of the accuracy for the PSF determination of
~10% leads to errors in above parameters of half the size. Thus
we conclude that the errors due to inaccurate sky levels or PSF
Fitting the total fluxFt = Faisk + Fouige Simultaneously to the determinations are abosi6% for the basic photometric param-
observed two-dimensional SB distribution results in a nonligters andv12% for the bulggdisk-ratios. Larger errors may re-
ear system of equations for the+45 = 9 free parameters. A sult from irregular perturbations of the light distribution in the
Levenberg-Marquardt algorithm was used for the solution glaxies like asymmetric arms, bright star formation knots, etc.
this system (e.g. Bevington & Robinson 1992). No inner drhe size of such errors is dependent on the morphological per-
outer truncation radii for disk or bulge were adopted (for a digarbations in each individual galaxy.
cussion cf. MacArthur et al. 2003). We did not consider any external truncation radius of the

Several technical steps were necessary as prerequisitegiaxies (cf. Pohlen et al. 2000; Florido et al. 2001). An es-
the fit: Most images were cut to 10001000 pixels. For the timate of the corresponding errors was obtained by the fit of
larger objects like NGC 3031 we used the whole image @lincated artificial galaxies with our non-truncating algorithm.
2048x 2048 pixels with a mask adapted to the circular fieldor a truncation radius dunc/Rg = 3,4, 5 we obtained fotq
of view. The images were centered to the same world coorgind |4 errors of~20, 6, 0.5%, and foRy and Ry errors of
nates. The stars were marked interactively in the V image angl3, 3, 0.3%, respectively.
were removed in all 5 colors. The center of the galaxy was
measured in each image and the functions of Sect. 5.1 were ] )
fitted to the whole image. An ellipse fit to the isophote®in 6. Results of the fits to the galaxy images
yielded a rough guess for the start values of the parametgr
in the Levenberg-Marquardt iteration. Normally the fits was’
started in thd image, then using the results as start value for
the Rfit, etc., forV, B, andU. In order to ensure that the opti-The left column of Fig. 2 demonstrates results of a good two-
mal model was found, the fit procedures were repeated startifigiensional fit-procedure using the Sc-galaxy NGC 3938 as
from totally different start values, with slightly modified skyan example. The top image shows the central section of the
values, etc. V image. The stars are still included, they were removed
before the fit. The center image shows the corresponding
two-dimensional residuum, i.e. thefidirence (galaxy—model).
While the arms produce positive (white) residua, the inter-arm
The atmospheric turbulence (seeing) distorts the SB profilerefjions produce negative (black) residua. The sky is around
the galaxies, especially in the central region where the slopeéro (grey). This example for a good fit produces a gener-
steep. Therefore the seeing has a big influence especially onate smooth and symmetric residuum image. For the important
bulge profile. The two-dimensional point spread function (PSEyantitative view the bottom diagram shows a horizontal cut

5.2. Technical procedure of the fit

3. Examples of galaxy images, fit models
and residuum images

5.3. PSF and seeing
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Table 2. Structural parameters of the diskS.B is the seeing-
deconvolved and inclination-corrected central surface brightness in
magsquare-arcsed?y is the radial scale-length of the exponential
disk, given in arcsec and in kpc. R the position angle of the major
axis (line of nodes)Qq = b/a is the axis ratio of the model fit to the
disk. Each value is given for the corresponding filtei8VRL This
table is only available in electronic form at the CDS (see footnote to
title).

Table 3. Structural parameters of the bulgesBy; is the dfective
surface brightness in magjuare-arcsedy is the dfective or half-
light radius in kpc. The exponept = 1/n is the slope parameter of
the bulge. PAis the position angle of the major axis (line of nodes).
Qu, = b/ais the axis ratio of the model fit to the bulge. Each value is
given for the corresponding filtek$BVRI This table is only available

in electronic form at the CDS (see footnote to title).

Table 4. Absolute luminosities of the total galaxies, of the disks, and
of the bulges. The last 5 columns are the bfdggk-ratios. Each value
20000 T T T T T T T T T o A I I is given for the corresponding filtek$BVRL This table is only avail-

: ] [ ] able in electronic form at the CDS (see footnote to title).

15000 - 20000

10000

the monotonic behaviour of all parameters of NGC 4321 in the
Tables 2—4 (tables only available in electronic form). Only the
slope parametgs reaches unreasonable high valued&imnd

B.

10000

5000

N T S I S N T S I S
460 480 500 520 540 460 480 500 520 540

Fig. 2. Examples of fits of dferent qualities to Sc galaxi€Bop row: g 2. Structure parameters in UBVRI
V-images of NGC 3938 and NGC 4321. The size is 500 pix or 265 arc-

sec.Center row: corresponding two-dimensional residuum-image#\fter a number of tests for each galaxy and detailed consid-
The residuum of NGC 4321 shows bright star-formation knots in tigrations about the reliability of the parameters we ended up
bulge region.Bottom row: horizontal cuts through galaxy- (solidwith a setly, Ry, PA4, Qu. le, Rer, B, PA,, Q, for each
line), model- (dotted line), and residuum-image (bottom solid "”e)-galaxy in each filtel, B, V, R, and|. Table 2 (only avail-
able in electronic form) lists the structural parameters for the
disks of our galaxy sample. The central surface-brightness
valuesS B (in magsquare-arcsec) were obtained from the
o ) (seeing-deconvolved) central flux densitigsf the disks using
through galaxy NGC 393¥ (solid line), model (dotted line), the photometric calibrations and corrections for galactic and in-
and residuum (bottom solid line). For a better visibility only thgsrna) extinction (Sect. 3). Note that these are the values if the
central 100 pixels are shown. The bottom residual line is NEflaxies were seen face on, i.e. thevalues are inclination-
to anideal line at zero level. corrected, co$( = Qg = b/a. The scale-lengthBy are given
The right column of Fig. 2 demonstrates the results &f arcsec and in kpc, using the distances from Table 1. The
the two-dimensional fit-procedure of the Sc-galaxy NGC 432ast columns give the position angles fand the axis ratios
This was one of the most problematic cases. It is already vi34 = b/ain all five colors.
ible in theV image (top) that this galaxy has an especially Table 3 (only available in electronic form) lists the cor-
bright central region (bulge). In the central residuum imagesponding structural parameters for the bulgesUBvVRL
very conspicuous bright knots appear in the bulge region. ThéheS Bs numbers were calculated from the as above. Since
are due to a number of bright star formation (SF) regions, dhe bulges are spheroids with unknown true axis ratios no in-
ranged in a ring. These bright knots are of course also cleatlination corrections were applied. Thfective radiiRe; are
visible in the one-dimensional cuts (bottom image). The twgiven in kpc. The following columns give the bulge exponents
dimensional fit searches an optimal smooth flux distributigh= 1/nfor all five colors, the position angles PAand the axis
for the bulge region, without considering these fluctuations eatiosQ, = b/a.
small spatial scales. The residual line shows the correspondingUsing the disk-parameter valugs Ry (Table 2) it is easy
humps. Nevertheless, the perturbations to the overall flux die-calculate the flux for the disks by integration from the cen-
tribution of the bulge are still small enough that we can trustr to infinity: Lgisk = 2n|dR§. In a similar manner the bulge
in the resulting photometric parameters. This can be seen friiox was integratedLpuge = KnleﬁRzeﬁ, wheren = 1/8 and
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Fig. 3. Left: comparison between disk scale-lengths from other ap- . . . N i
thors and our valuese/R; is the corresponding ratio. The galaxy#lg'd" Disk scale-length®y and bulge &ective radiiRe, normal

numbers refer to the corresponding numbers in TabRidht: direct ized to theirl-value and plotted over colors. Each line connects the
: . | fromU, B, V, R tol (=1). The normali isk le-length
comparison of the disk scale-lengths of NGC 4321UBVRI from values fromU, B, V, R, tol (=1). The normalized disk scale-lengths

decrease, most normalized buldeeetive radii increase from blue to-

different authors. The filled symbols are from thls_ paper, the Othv%rds red colors.
symbols correspond to other authors and are explained in the text.

log(K») = 0.030logf)? + 0.441 logf) + 1.079 (Caon et al shows the dferent values obtained for the disk scale-lerigith

n) = 0. . . . ; ; X

1993). The total flux is simply the sum of the fluxes of disﬂ_he flllt_ad circles correspond to the values. from this paper. The
and bulge, the bulgdisk-ratio is the corresponding quotientOPEn circles are theBVRIvalues of del Rio & Cepa (2003).

The absolute magnitudes were calculated using the distanfB§ Sauares are theVRIvalues of Beckman et al. (1996).

from Table 1. Table 4 (only available in electronic form) listd "€ triangles z?re thB&/RIvalues or:‘ fPompei & Natali (1?(97)'

the absolute magnitudes from the disk-bulge fit6 BVRL Two numbers fol andl stem each from Knapen & Beckman
(1996, lozenges) and Elmegreen & Elmegreen (1984, aster-

isks). The+ cross is theB value from de Jong (1996a). The

6.3. Comparison with other authors numbers from Baggett et al. (199B), Grosbgl (1985R), and

Koopmann et al. (200R) are all represented witk crosses.

- : L %though the results show quite a scatter, the tendency of de-

decompositions of galaxy images in visual bands, there are . o

. : creasingRy towards the red colors is slightly detectable. As

only few with common galaxies to our sample. Most of them . .

allgove, the bulge data in these papers stem frdferént as-

present disk scale-lengths in only one filter. S_lnce the d&%gmptions about the bulge profiles and do not allow reasonable
scale-lengths are color-dependent, the comparison shoul or%parisons

done for identical filters. In the following we compare our disk
scale-lengths with the corresponding numbers from 4 authors

in the literature. The left diagram in Fig. 3 shows the qud~ General trends in dependence of color ~ UBVRI
tient Ry2/Ryy, i.€. the disk scale-lengths obtained by those a

thors divided by our corresponding values. Thiedent sym- 7.1. Disk scale-lengths and bulge effective radii

bols refer to: The inspection of the parameters in Tables 2 and 3 shows that
1. Open circles: Baggett et al. (1998), 17 common galaxigere exist general trends in the behaviouRgfandReg with

in B. Mean value< Ry>/Ry1 > = 0.83+ 0.26. color. In order to make these size correlations better visible we
2. Triangles: Grosbgl (1985), 20 common galaxieRiMean neutralize the variations from galaxy to galaxy by normalizing
value< Ry2/Rq1 > = 1.04 + 0.36. Ry andRgg to theirl-values of each galaxy. Figure 4 shows the
3. Squares: Simien & de Vaucouleurs (1986), 8 common galdehaviour of the normalized radii with color. The values for
ies inB. Mean value< Ryz/Rq1 > = 1.06 + 0.22. each galaxy are represented by a continuous line connecting

4. Crosses: Elmegreen & Elmegreen (1984), 8 commgte normalized values frotd, B, V, R, to | (=1). We see the
galaxies inB (+ crosses) and (x crosses). Mean valuefollowing clear trends:
< Ry2/Ry1 > =0.93+0.74 forBand< Ryy/Ry1 > = 1.19+0.30 1. The disk scale-length®y decrease monotonically
forl. fromU tol, i.e. in blue light the disks are more extended. There
Very few extreme values (ratis 3) have been omitted. Theare some exceptions with nearly color-indepen&gmind only
mean value of all quotients and the standard deviations am® cases with increasing scale-lengths (NGC 278 and 4736,
< Ra2/Ra1 > = 0.99+ 0.30 and are drawn in Fig. 3 (full andleft diagram in Fig. 4). The growth of the disks towards the
dotted lines). Although there are soméfdiences from author blue is probably the consequence of an increasing influence of
to author, the overall result is satisfying. star formation in the outer zones @oda higher concentration
Bulge date were available only in Baggett et al. (1998) ard old stars in the central regions (cf. MacArthur et al. 2003).
in Simien & de Vaucouleurs (1986). Probably because of the 2. Vice versa, the bulgdiective radiiRes increase front
different fit methods (they us&¥/* profiles) their results are soto |, with a scatter larger than that of the disks. (right diagram
different from our values that a comparison is not meaningfuh Fig. 4). Again there are some exceptions with nearly color
NGC 4321 is the galaxy from our sample with the moshdependenRes, and two cases with strongly decreasing ef-
measurements in the literature. The right diagram in Fig.f8ctive radius (NGC 3031 and NGC 3521). The two galaxies
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Fig.5. Bulgegdisk-ratios (left column) ang (right column) plotted - 11 Josl .
over colors. Each line connects the corresponding galaxy param¢ [ ] 0 C 1°F i
values fromU, B, V, R, to |. All bulge/disk-ratios show an increase 1 ¢ i °C I N
from blue to red colors, for early to medium spirals (top) on a hight | 1af ] L I h
level, and and for late spirals (bottom) on a lower level. The behavic 1| .. o o1 1t E
of the exponeng is just vice versa. Notice theftiérenty-axis scales. C . 13 Jr ]
05 C ° _- C o 1 1+ o -
- 4 1+ 5 L e A
C 8 1 g Jost =
. . . . . r L b r ° B8 7 r . b
which have their maximaRes in the V filter are NGC 4274 °¢ %. 10, ?. Jo-
and NGC 5055. A further division of this diagram according t 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
different Hubble types did not show clearer results; the number ~ *°°¢7™?e Hubble-Type Hubble=Type
statistics is too small. Fig. 6. Left column: the bulggdisk-ratios decrease from early to late

For 12 galaxies of our sample there exist similar photometubble types (NGC 2460 omittedf.enter column: the bulge &ec-
ric parameters from the near infrared (NIR), (Paper ). In gefive radii decrease to late Hubble types for all colo8VRL Right
eral the trends oRy andRe in the visual filters continue in the column: for early-type spirals the bulge slope-expongris around
NIR. However, the scatter was larger there, due to the smafféh 't increases towards ~ 1 for the late-type spirals. The contin-

. . f . . . lines are the linear regressions through the corresponding data
ignal-to-noise ratio and the smaller field of view@arcmin). uous . -
signal-to-noise ratio and the smaller field of vie cmin) points, the dotted lines represent the-deviations.

7.2. Bulge/disk-ratios and and bulge slope-exponent 3 Note that all considerations in this section are distance-
_ _ _ . independent. In the following section it will be shown that
Figure 5 shows the behaviour of buldisk-ratios ang plotted  5pove characteristics are also reflected in the correlations with

over colors. Generally the bulg@sk-ratios increase monoton-the Hubble types.

ically from U to |, i.e. the bulges are more dominant in red

colors. However, there is a distinction between the early- and

late-type spirals: for early and medium types (H1L, 2, 3), the 8. Correlations of structure parameters

bulgedisk-ratios have large values and show a fairly strong in;

crease fronU to | (upper left diagram in Fig. 5). For Iate-type%'l' Bulge structure-parameters over Hubble types

spirals (HT= 4, 5) the bulggdisk-ratios have small values andThe left column of Fig. 6 shows the variation of the butijsk-

show a weak increase frothto |, with less scatter (bottom left ratios and the exponegtwith Hubble types. The bulgdisk-

diagram in Fig. 5; the discordant line is from NGC 4254). ratios (BD) decrease in all colors towards the late type spirals.
The bulge slope parametg decreases monotonicallyThis is not surprising, since this is just part of the definition of

from U to |. For early and medium types, it varies between Othe Hubble types. The slope of this correlation as well as the

and 0.2. (top right diagram in Fig. 5). For late type spiyls scatter are least ib): (B/D(T = 1) - B/D(T = 5) = 0.30,

varies more, from-1 in the blue to~0.3 in the red filters (bot- o = 0.04). Both numbers increase towards the red colgrs (

tom right diagram in Fig. 5). The trends of the byldjsk-ratios B/D(1) - B/D(5) = 0.60,0 = 0.18), (: B/D(1) - B/D(5) =

and ofg in the visual colors are similarly continued in the NIRD.66, 0 = 0.26). In other words, the fferences in bulgdisk-

(Paper I). ratios between early- and late-type spirals are smdll ifut
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with high significance (7&). The corresponding fierences o Mbulge - Bulge Reff
are largest irl, but with lower significance ¢8). This finding _ a2V ] asf Y =
was unexpected. § ol 1 & ;
The center column of Fig. 6 shows that théfeetive ' b 5 35 ]
radii Ry also decrease with Hubble types, early-type spirals 3 L . % 25 o 3
have larger bulges. Here again the scatter is smallest for th& ¢ [ * i <k ]
blue colors. Rl T 2r E
The right column of Fig. 6 shows the correlation of the o2 '_'B L h 35 _ _
slope exponeng over Hubble types for the fierent col- Ei - . Tt ]
ors UBVRL The exponens behaves just contrary to the £ ~2°[ 1 T sfF E
bulgegdisk-ratios;3 increases in all colors towards the late type % -8 7 E 25 b 3
spirals. This extends thk-band results of Andredakis et al. = -1 7 ] g ]
(1995) who found tha8 = 1/n varies systematically with the 14 .O. ] 2 f E
Hubble types. The slope as well as the scatter are largékt in VL LN g i
(B(1) - B(5) = -1.12, 0 = 0.45). Both numbers decrease to- w ~2*[ ] = %°F E
wards the red colorsv¢ (1) — B(5) = —-0.62, 0 = 0.27), (: E -200 1 = sk 3
B(1) - B(5) = -0.32, ¢ = 0.17). Thep-differences between g -8 1 & ¢ ]
early and late spirals are similarly significant in all coloe84 é el o ] p2°F E
The corresponding gradientsgrare largest iiJ. This finding —alb h 2 F 3
was unexpected as well. B o o F H
The plots ofRer over Hubble types (center column of Fig6) _ -z - R - _ 35F E
show the contrary behaviour of the corresponding variations g _z [ ] k2 o F 3
and scatters g8, i.e. a shallow gradient with smaller scatter E _sE ] E . ]
in U and a steep gradient with large scattet .ift is an em- 3 el b w 25 o 3
pirical finding that during the fit procedueand Ry behave = L . - - ]
complementary: an increase of one of these parameters durin. =" - =' °F E
the numerical iterations is accompanied by a decrease of th(ﬁ oo ! h a5 _ _
other one. Truijillo et al. (2001) have shown, that this behaviour ¥ - . T F ]
is not a mathematical artefact but is founded on the physicals ~*°[ 1 5 3F E
structure of bulge-like components. % Bl ] = 25 b 3
g -ep 1 & E
8.2. Correlations between bulge structure-parameters ] S R i T
0O 1 2 3 4 5 0 1 2 3 4 5

n = 1/Beta n = 1/Beta

The left column of Fig. 7 shows how for each coldBVRI
the bulge luminosities depend on the (inverse) slope exponkigt 7. The bulge absolute luminosities and the bulgéective

n = 1/B8. The bulges with large (small g, i.e. similar to de radii Rey ingrease in all colors with the (inverse) slope exporrest
Vaucouleurs profile) are brighter, as well absolutely as refx/8- The bright and large bulges are of de Vaucouleurs type (large n),
tive to the disks. This result is complementary to Fig. 5, which€ Small and faint bulges have smaller exponeritarger/s).

shows the correlations over colors and early- or late-type spi-

rals: (_early-type spirals have brighter bu_lges and smalleal- found that the ratio of the corresponding scale-lengths was ap-
ues (ie. Iarge_n) than the late-type spirals. (see Paper | fop;roximately constant®,/Ry = 0.09 = 0.05 (r-band). Graham
similar results in NIR, or MacArthur et al. 2003). (2001) and MacArthur et al. (2003) performed similar studies

The right column of Fig. 7 shows how for each colofsing gssic bulges) for galaxies offderent Hubble types and
UBVRI the bulge fective radiiRer depend on the (inverse)sound slightly diferent results (see Sect. 12).

slope exponent = 1/8. The bulges with large (smallg) are Figure 8 shows the variation of oWRe;/Rg values with
more extended. Hubble types for the dierent colorsUBVRL We observe a
Thus we can extend the corresponding conclusions frdigar trend of increasinger/Ry from late- to early-type spirals.
Sect. 7 as well to the linear sizes of bulges: the bulges of tagrthermore, for each morphology class (HTL...5) we sepa-
early-type spirals are large, bright and are similar to ellipticgdte the color&JBVRIby an artificial dfset in HT:Al = —0.3,
galaxies, the bulges of the late types are tiny, faintand are sifk = _0.15, V no offset,AB = 0.15, AU = 0.3). This sep-
ilar to disks, especially in the blue colors. aration shows a corresponding increasing trend from Hl)e (
to red () colors. The lines in each HT class give the linear
regressions and thesldeviations. Because of their extreme
Rer values NGC 2460 and 4254 (Table 3) have been omitted
Late-type spirals have bulges with nearly exponential profildsere. Table 5 shows the corresponding numbers from the lin-
Courteau et al. (1996) fitted an exponential disk plus an expear regressions. Our results support the idea of a close con-
nential bulge to a large sample of late-type spiral galaxies. Thegction between disk- and bulge-structure for late-type spirals.

8.3. Bulge-to-disk size-ratio
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: L Gex Agﬁo.g Dﬁi, Fig. 9. Comparison between totBlluminosities andB — V), with the
L *5% Slﬁﬁg é&% ] corresponding data of RC3.
O el I N N BN R
1 2 3 4 5 the diferenty-scales of the diagrams). The object with largest

offset in B — V), is NGC 628. There is no systematic error in
Hubble Type our color indices: The mean value of thefdrences between

Fig. 8. The size ratioRg/Ry correlates with Hubble types and withRC3 and our B — V), values is very smalk-0.003 mag.

colors. The dferent colors were plotted in fliérent symbols with an

artificial offset to the corresponding HRl = —0.3 (squares)AR = . ..

—~0.15 (triangles)V no affset (asterisks\B = 0.15 (lozenges)aU = 9-2. Absolute UBVRI luminosities

0.3) (circles), (NGC 2460 and 4254 were omitted). Figure 10 shows for each colbiBVRIthe variation of total-, of
) ] ) the disk-, and of the bulge-luminosities with Hubble types. The
I:Ele dz'chei/s Eds Igygti\r;zlifcozllnyr:rrf]f?sr:rrl];/ ;')”lgi’elesgf;z';rgsdggg lotal-luminosities represent just the distribution of the selected
systematically from red to blue colors., sarsnple. Apa_rt froth the mean values of the totgl—lummoqugs
show no variations with Hubble types. The disk-luminosities
Hubble increase slightly with Hubble types, especially for the blue fil-
Type | R v B U o ters. In contrast to that the bulge-luminosities decrease with
1 0.701 0626 0550 0475 0399 0204 Hubbletypesforallcolors.Late spirals have brighter disks and
0.491 0432 0373 0314 0.256 0.125 fainter bulges than the early types. This has the consequence
0.264 0.239 0.214 0.189 0.164 0.084 thatthe bulgflisk-ratios decrease with Hubble types (Fig. 6).
0.146 0.132 0.117 0.103 0.089 0.053 The increasing disk luminosities and the decreasing bulge lu-
0.153 0.130 0.108 0.085 0.063 0.051 minosities act together here. Since the disk-luminosities are
less variable towards the red colors, the decreasing hilitde
, , ratio inl is mainly a consequence of the bulge behaviour alone.
We obtain a steeper dependence with Hubble types than tgfs g consistent with the results of Trujillo et al. (2002) who
found by MacArthur et al., even if we consider the small nung g that for correspondin§ observations the variations of

apb~wiN

bers of galaxies in the Hubble classes: 1 andT = 2. the bulges are predominantly responsible for variations of the
bulgegdisk-ratios.
9. Photometric results of Spira] galaxies It is remarkable that the patterns of the scatter around the

N _ ) regression lines in Fig. 10 are very similar for total-, disk-, and
From the decomposition of each galaxy into disk and bulggige-luminosities as well. This scatter just reflects the individ-
we obtain the luminosities in each color and the correspongy| juminosity variations from galaxy to galaxy.
ing color indices as well. Since NGC 2742 was exposed dur- The corrections for galactic and internal extinction have
ing non-photometric conditions and no later calibrations weggy a minor influence to above results. If we would plot in
possible, this galaxy is omitted in all following photometrigjg 10 the luminosities without these corrections they would

diagrams. look very similar, however slightly shifted. The shift due to the
extinction correction ilJ was the largest: the regression line
9.1. Comparison with RC3 has moved to 0.47 mag brighter values. This shift was 0.30 mag

in V and only 0.14 mag ih. The scatter remains the same, i.e.
As a photometric check we compare the tdBaluminosities the variations are intrinsic.

as well as B — V), with the corresponding values from the

RC3 (de Vaucouleurs et al. 1991). Here always the extinction-

corrected values are used. The left diagram in Fig. 9 shows #& Color indices
comparison of the total luminosities. The scatter looks satis
ing (1o = 0.19 mag). The object with the largedtget inByy is
NGC 2855. The right diagram in Fig. 9 shows the comparisdine color indices were simply computed as thiediences be-

of the B-V), values. Here the scatter is only & 0.076 (note tween the luminosities in the corresponding filters. In contrast

f1’0.1. Dependency of color indices on Hubble types
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color indicesv — RandR- | over the Hubble typed/ — Rtotal
shows only a small gradient: the late spirals are slightly bluer
&9.2 mag). For the disks the gradient is similar but is disappear-
g for the bulges. Compared to the blue color indices the scat-
tr is smaller here (bulge mean vaMe R = 0.58+0.21 mag).
R - | shows a somewhat steeper gradieiti,3 mag between
early and late types for the total galaxies. Regarding the total
to the absolute luminosities, color indices are independent lgminosities, the late types are bluer in all color indices, even
the distances. They are also much less sensitive to extinctioithe red ones.
corrections than the absolute luminosities. The bulges show such large scatters in all color indices,
Figure 11 shows the variations of the blue color indicébat no significant statement about the existence of gradients is
U — BandB - V over the Hubble types, for the total galaxiespossible. We see no significanti@irences in the stellar popu-
the disks, and the bulges, respectively- B total is~0.6 mag lations of the bulges between early- or late-type spirals. This
smaller for late-type spirals than for early types. (these numb&ghaviour is dierent to that of the shape parameters (e.g. the
are always the mean values from the linear regression), i.e. $t@peg).
late types are bluer due to their stronger star formation. The re-
sults are similar for the disks. Concerning the bulges, the wefb
decrease dfl — B with Hubble types is probably not significant”
since the scatter is fairly large here. The mean values of fhigure 13 shows the flerences of color indices between bulges
bulges are about 0.3 (Hubble type= 1) to 0.7 mag{ = 5) and disks. Generally, the bulges are always redder than the
redder than those of the disks (for details see Sect. 10disks. This is valid for the blue fferences) — B, B- V and
B-V (Fig. 11, right column) shows a similar trend@ds- Bfor even for the red dierencesv — R, R — |. This tendency in-
the total galaxies and the disks, however with a weaker gradiergases from early- towards late-type spirals. THsed point
and with slightly less scatter. Concerning the bulges, there ifnathe B — V diagram stems from NGC 3031. In the case of
tendency for redder color indices towards the late types, ag&r | the line of linear regression indicates slightly bluer bulges
with a fairly big scatter, probably not significant as well. for early-type spirals. However, this is not significant because

Hubble-Type Hubble-Type Hubble-Type

Fig. 10. Absolute UBVRHuminosities of the total galaxies, of the
disks, and of the bulges over the Hubble types. While the dis
luminosities slightly increase to the late spirals, the bulge-luminositi
decrease.

2. Color differences between bulges and disks
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V-R R -1 Fig. 13 we can not confirm these results; we fix) — R) =
sF " Total | ] 091+ 050forearly- (Sa) and(U - R) = 1.55+0.50 for late-
type spirals (Sc). In contrast to Peletier & Balcells we used the
whole bulge and whole disk to calculate théfeliences. The
local gradients of these components are not large enough to ex-
plain these dterent results. Our statements above were made
for the meandifferences of the color indices between bulges
and disks (using the linear regressions). Figure 13 shows that
for the blue color indiceslY{ — B andB - V) the bulges are
redder than the disks for each single galaxy. This is especially
true forU — R, where the mean fference increases from 0.9
for Sa- to 1.5 for Sc-galaxies. The minimum of tBe- R dif-
ference is 0.5 mag. This is obviously the consequence of an in-
creased star formation gfwil a younger population in the disks
of all Hubble types. Concerning the red color indic¥s- R
andR- 1), here a few galaxies exist with a bluer bulge than the
disk, however not the majority (Fig. 13).
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11. Comparison with evolutionary synthesis
models
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11.1. Color indices of the total galaxies

| | | | |

2 . . .
' ubble Type " lubble Type In the following we compare the color indices of the total

) o ) galaxies for diferent Hubble types with some recent evolu-
Fig. 12. The red color indice¥ — RandR -1 (in mag) for the total {jnnary synthesis results. Figure 14 shows in the center of each
galaxies, the disks, and the bulges. For comparison reasons F'gssd'&-diagram our observational valugs B, B—V, V- R and
and 12 have the same scale. R -1 from Sect. 10.1 for Sa-, Sb-, and Sc-spirals, respectively.

The filled circles correspond to the total galaxies, together with
L M L M their statistical & error bars. For comparison reasons the color
15 indices of the corresponding disks (open circles) and bulges
10 (opentriangles) are also drawn. The data values for these points
are the corresponding values for Sa-, Sb-, Sc-galaxies from the
linear regression through all points in Figs. 11 and 12.

0.0 Bicker et al. (2003) computed chemically consistent mod-
els for Sa-, Sbh-, Sc-galaxies from their formation until to the
age of 15 Gyr. The luminosities of the total galaxies in the fil-
15 tersU, B, V (Johnson) andr, | (Cousins) were calculated as
10 well as the corresponding color indices.
On the left-hand sides in the diagrams of Fig. 14 the short
solid lines give the results at 15 Gyr from the calculations of
00 Bicker et al. The coincidence between observations and models
is different for the dierent color indicedJ — B: the models do
PR f e s not explain the redder observational values, especially for the
Hubble Type Hubble Type Sa spirals (Giset = 0.25 mag, i.e>10). The Sb galaxies fit

. , - satisfying. The bluer observational values of the Sc-galaxies
Fig. 13.Differences between the color indices of the bulges and thG&a Lo
9 I " el = uld fit with a younger age (3.7 Gyra — V andV - R: here

of the disks, plotted over the Hubble types. The disks are practical f I~ :
always bluer than the bulges. we have a fairly good coincidence between observations and

theory. The diferences are smaller than the error b&s. I:

the Sa models are 0.13 mag bluer than the observatidie) (

For Sb and Sc the models fit at 15 Gyr good or very good.
of the small number of Sa galaxies and the large scatter there.The general trend is that the evolutionary synthesis models
R - | seems to vanish for early spirals. of Bicker et al. (2003) show a smaller spread between Sa-, Sb-,

Peletier & Balcells (1996) compared optical and NIR colo@nd Sc-galaxies than our observations. Their Sa-galaxy models

for a sample of early-type spirals. They found that coldfedi seem to be too blue in all color indices, especiallyuin- B
ences (bulges at 0t minus disks at Ry) are very small: andR - |. The diferences can not be explained by systematic
AU - R) = 0.126 + 0.165. From the results displayed inphotometric errors in the observations (see Sect. 9.1).
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0.8 1t .U,_B. — — .BTV. — Sc-galaxies. Only theiR — | of the collapse model seems to
- : . 1 vr . 7 betoo blue.
0.6 - Sa a - 1 a .
L . - Sa g
I ellip] o9pr  F v ellip L.
0.4 : { . 1 ol { © 3 11.3. Bulge color indices
02 [ — coll] - Sa — — coll] ) . .
L Sa — ° 1 el o7 ) 1 se 1 Vazdekis et al. (1996) calculated evolutionary synthesis mod-
00 = ¥ o ae] O6PR T ] els for a sequence Qf early type (eIIi_ptic_aI) galaxies. The s_hort
-02 [ Bicker { Westera]  OS[ . Westera ] dotted lines on the right hand sides in Fig. 14 are the predicted
- ., ..,.31 o4~ 4 colorindices (age 17 Gyr, high star formation rate = 10).
o4 The open triangles in Fig. 14 are the observed color indices
o7 V-R . R-1 of the bulges. The scatter here is much large than for the total
L ' i s s ' {1 galaxies (cf. Figs. 11 and 12). The observed values tend to be
08 Sa 4 oer ° 7| slightly bluer than the models. However, due to the large scat-
L s elip| gl Sb o - ter no separation between color indices of bulges from early-
05 L — eoll] - se 1 or late-type spirals is possible.
Sa — I Se 0.7 m
i ) - Sa — §
l sb — © — acer lse — | | o ellip | . . .
04 } 083 = — con| 12. Discussions and conclusions
Bick West. — —_— . .
Y S R B vesteme | The correlations between the photometric parameters shown in
— 04 the preceding sections suppottdrent formation mechanisms

Fig. 14. Comparison of the observed color indidés- B, B—V (upper for bulges in early- or late-type spirals.
row) andV — R, R—| (lower row) for spiral galaxies with evolutionary
synthesig models of Bicker et al. (2003) e_md V\_/esterg etal. (2002). Tff.l. Evolution of the disks
observational values for the total galaxies (filled circles) are drawn
in the center, together with their error bars. The color indices of thewas shown in Sect. 7.1 that the disk scale-lend@asle-
corresponding disks (open circles) and bulges (open triangles) are glg95se monotonically frord to I, i.e. in blue light the disks
shown. are more extended. Bérent hints for such a color dependence
of the disk scale-lengths were already found by several authors.
The physical interpretation for this trend is still in discussion.
Some authors came to the conclusion that this trend is due to
Westera et al. (2002b) calculated the color evolution of diske presence of dustin the inner zone (e.g. Beckman et al. 1996;
galaxy models fronz = 4 to z = 0. They combined the Pompei & Natali 1997). Other authors stated, that the color
3-dimensional chemodynamical galaxy models of Samlandgkadients in face-on spiral galaxies are best explained by age-
Gerhard (2003) with the latest SED library of Westera et and metalicity-gradients in the stellar populations and that dust
(2002a) and a new galaxy evolutionary code. They obtainestidening plays a minor role (e.g. de Jong 1996b). This would
images in all filtersU to M for two typical models: a col- mean that the disks have younger populations at large radii, i.e.
lapse model with a burst-like star-formation phase and a slowhe disks were be formed inside-out. A final decision is not yet
growing accretion model with a long lasting star-formation opossible at this stage of observations and dust models.
a low level.

.Or_1 the rl_ght—hand sides in the d|agram§ of Fig. 14 the Sh%.z. Structure of the bulges
solid lines give the = 0 results for the galaxies from the calcu-
lations of Westera et al. The coincidence between observatianBulge gective radii In contrast to the disks, the bulge ef-
and models is goodJ — B: the collapse model has a similarfective radii Re increase fromU to I, with a scatter larger
color index as the Sh-galaxies, the accretion model is simitaan that of the disks. (right diagram in Fig. 4). Evans (1994)
to the Sc observations. This is reasonable according to the d#iculated the variations on the profiles of disks and bulges in
ferent star formation scenarioB.— V: andV — R: this is a dependence of the wavelength foffdirent dust distributions.
really good coincidence between observation and theory: cBle found subtle dierences in the disk scale-lengths of similar
lapse model for Sa- to Sh-, and accretion model for Sc-galaxiamount as observed. The disk-bulge models of Evans showed
The color indices are similar to those of Bicker etRl- 1: steeper inner profiles due to increasing dust extinction.
here the collapse- and accretion models biger than the The dust models point to the same direction as the observa-
corresponding models of Bicker et al. and have color indicéiens. However, it is not clear if the bulge behaviour in Fig. 4
of the Sc observations. The Sa observations are about 0.2 may be explained by dust extinction alone. The size of the
redder than the collapse models, th&etience is larger than bulges is also correlated with the Hubble typRs: decreases
1o. For Sb- and Sc-galaxies the corresponding models wowtdlate spirals in all filterdJBVRI Since the slopg@ is anti-
still fit fairly good to the observations. correlated toRes (Fig. 6), it seems hard to explain how dust

The chemodynamical synthesis models of Westera et @ktinction alone could produce these parameter correlations.
(2002b) fit generally well to the observations: their col- 2. Bulge radial profilesThe bulge slopeg increase from
lapse model to Sa-, or Sb-galaxies, their accretion modeldarly- to late-type spirals (right column of Fig. 6). As a

11.2. Chemodynamical models
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corollary to the correlation over Hubble types we obtain alsnd an accretion model, corresponding roughly to an early or
a relation betweeRg andn = 1/8 (Fig. 7). Together: bulges secular bulge formation, respectively. The models fit generally
of early-type spirals are large and have similar profiles as elliyyell to the observations: their collapse model to Sa-, or Sb-
ticals, while the bulges of late-type spirals are tiny have similgalaxies, their accretion model to Sc-galaxies. This is another
profiles as disks. support for the existence of at least twdfdient bulge forma-
3. Bulge-to-disk size-ratiogn several studies nearly con-tion mechanisms.

stant ratios of the characteristic radii of the disks and bulges
were found. Courteau et al. (1996) stated that late types (Sb, S¢)
are best fitted by an exponential disk plus an exponential bulﬁg'

(f|xedﬁ.= 1). The ratio of the corresponding scale lengths W&bncluded, early-type spirals have large and bright bulges with
approximately constanRy/Ry = 0.09= 0.05 (-band).  rsfjjes similar to elliptical galaxies. These bulges were prob-
Graham (2001) performed two-dimensional fits, using &ply formed prior to the disks in a monolithic collapse or via
eXponent'al disk plus af'ﬁé'c bulge. Studying dierent corre- garly mergers. On the other hand, late-type spirals have tiny
lations of parameters with Hubble types he found that the megRy faint bulges with strongly color dependent profiles, more
Rer/Rq values are larger for early-type spirals than for the latgimiar to disks, especially in the blue colors. They are also cor-
type spirals. However, the flierence was not particularly sig-re|ated in size to the disks. The bulges in these galaxies were
nificant. MacArthur et al. (2003) founBer/Ra = 0.22:+ 0.09  prohably formed simultaneously or after the disks during a sec-
in the | filter with a mild trend with Hubble typesRer/Ra = ylar evolution process, e.g. from a disk instability (bar). Such
0.20,0.24forT =5, 1 respectively). a dynamical interaction between disk and bulge occurs on time
We found the ratidRe; /Ry to be small (0.06 to 0.15 from scales shorter than a Hubble time.

U tol) on a nearly constant level for Sc-, Sbc-, and Sb- spirals, 11,5 4604 consistency between observed color indices and
however increasing significantly towards Sba-, and Sa-Spirgls,| tionary synthesis model calculations also supports the two
(0.4 to0 0.7 fromU to 1), (Fig. 8 and Table 5). This is anothelyigerent scenarios: 1. An early collapse of the bulge with a
hint for a coupling of bulge- and disc-structure in late-type Spiy ot pyrst of star formation for early-type spirals. 2. A less
rals, in contrast to early-type spirals. . vigorous formation of the bulge for late-type spirals with a
4. Bulge luminositiesn Fig. 6 we saw that the bulgisk-  |ong-|asting star formation, either by accretion of matter (dwarf

ratios decrease to late spirals in all colors. Correspondinghympanions) or a secular formation of the bulge out of disk
Fig. 10 shows that the bulge absolute luminosities decreassgierial.

to late spirals in all colors, while the total luminosities of the . : .
. These formation scenarios are onpical for early- or
sample galaxies are nearly constant over the Hubble tpr

4. Formation of bulges

Independently on any Hubble classification, one can state tai?-type spirals, respectively. Obviously we do not observe

briaht and larde bulaes are of de Vaucouleurs tvoe. while smé’YIO distinct classes in the structure parameters, but a contin-
9 9 9 ype, uum. Therefore both mechanisms may work #iedlent epochs

and faint bulges are of exponential type. . . : .
; in the same galaxies and leave the corresponding traces in the
Concerning the structure of the bulges, we observe a S¥¥ucture (cf. Trager et al. 1999).

tematic change between early- and late-type spirals: adecrease_l_h bul byiously old. b bul d h
in effective radius and luminosity and an increase of the expo- e bulge stars are obviously old, but a bulge could have

nentg. This is not just an #ect of dust extinction. The bulgesbeen. for_medfrehcergtl?/, e.g.ffrrc])mfm? bar m_sta}bllltly. '.A‘n age de-
of early- and late-type spirals arefi@irent in their intrinsic termination of the bulges of thefierent spiral galaxies is not
structure. possible from out data. Detailed spectral information and line

strength measurements would be necessary.

We observe a continuum in nearly all structural parameters
12.3. Color indices over Hubble types (luminosity, size, shape). The Hubble type
igé'nainly determined by the bulglsk-ratio. Is it possible, that
glges grow such that galaxies evolve along the Hubble se-
uence? Aguerri et al. (2001) showed by collionléssody
imulations that an exponential bulge can grow due to satel-

The decomposition of the spiral galaxies into disks and bulg
allowed to calculate the luminosities and color indices of theg
components. 9

1. Bulge colorsln contrast to the disks, the color indices o ite accretion and transforms its profile towards smaleie.

the bulges (Figs. 11 and 12) show no significant gradient o y :
the Hubble types, with a fairly high scatter. However, the bulg\{gs{}vards early-type bulges. However, such an accretion would

g : ad also to a thickening of the disk, thus the bulge growth must
are glways rgdderthan the disks, fgr all Hubble types (F|g._1 ive been occurred before the last formation of a thin disk in
Their color indices correspond fairly well to the populatio e corresponding galaxy
synthesis models for ellipticals of Vazdekis et al. (1996), cf. '

Sect. 11.3. A color separation between bulges of early- and

late-type spirals is not possible with our data. AcknowledgementsThis ~ project was supported by the
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