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ABSTRACT

Photometric scaling relations are studied for SO galaxies and compared with those obtained
for spirals. New two-dimensional multi-component decompositions are presented for 122
early-type disc galaxies, using deep K,-band images. Combining them with our previous
decompositions, the final sample consists of 175 galaxies (Near-Infrared Survey of SOs,
NIRSOS: 117 SOs + 22 S0/a and 36 Sa galaxies). As a comparison sample we use the Ohio
State University Bright Spiral Galaxy Survey (OSUBSGS) of nearly 200 spirals, for which
similar multi-component decompositions have previously been made by us. The improved
statistics, deep images and the homogeneous decomposition method used allow us to re-
evaluate the parameters of the bulges and discs. For spirals we largely confirm previous
results, which are compared with those obtained for SOs. Our main results are as follows.
(1) Important scaling relations are present, indicating that the formative processes of bulges
and discs in SOs are coupled [e.g. M%(disc) = 0.63 M%(bulge) —9.3], as has been found
previously for spirals [for OSUBSGS spirals M$(disc) = 0.38 M%(bulge) —15.5; the rms
deviation from these relations is 0.5 mag for SOs and spirals]. (2) We obtain median 7/ h? ~
0.20, 0.15 and 0.10 for SO, S0/a-Sa and Sab-Sc galaxies, respectively: these values are smaller
than predicted by simulation models in which bulges are formed by galaxy mergers. (3) The
properties of bulges of SOs are different from the elliptical galaxies, which are manifested in
the Mz (bulge) versus reg relation, in the photometric plane (1o, 1, reff), and to some extent
also in the Kormendy relation ({u)g versus reg). The bulges of SOs are similar to bulges of
spirals with M% (bulge) < —20 mag. Some SOs have small bulges, but their properties are
not compatible with the idea that they could evolve to dwarfs by galaxy harassment. (4) The
relative bulge flux (B/T) for SOs covers the full range found in the Hubble sequence, even
with 13 per cent having B/T < 0.15, typical for late-type spirals. (5) The values and relations
of the parameters of the discs [h?, MY (disc), 10(0)] of the SO galaxies in NIRSOS are similar
to those obtained for spirals in the OSUBSGS. Overall, our results support the view that spiral
galaxies with bulges brighter than —20 mag in the K band can evolve directly into SOs, due to
stripping of gas followed by truncated star formation.

Key words: galaxies: elliptical and lenticular, cD — galaxies: evolution — galaxies: structure.

Steinmetz & Navarro 2002), the discs are formed first by cooling

1 INTRODUCTION

The position of SO galaxies between ellipticals and spirals in
galaxy classification schemes (Hubble 1926; de Vaucouleurs 1959;
Sandage 1961) has made them of particular interest in any scenario
of galaxy formation and evolution. Yet the debate on their origin
is open. In the current paradigm, the hierarchical Lambda cold
dark matter (ACDM) cosmology (Somerville & Primack 1999;
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of gas inside rotating dark matter haloes, whereas both the ellipti-
cal galaxies and the bulges of disc galaxies are suggested to have
formed in major or minor mergers, respectively (Khochfar & Silk
2006). The bulges formed in this manner are dynamically hot and
their basic properties were established already in the merger pro-
cess (Khochfar & Burkert 2005), not affected by the subsequently
growing discs. Within ACDM, SOs are formed in galaxy mergers in
a similar manner as the elliptical galaxies, or they are transformed
from spirals which have lost their disc gas by some stripping mech-
anism (Gunn & Gott 1972; Moore et al. 1996; Bekki, Couch &



1090  E. Laurikainen et al.

Shioya 2002). Therefore, it is important to study whether the SO
galaxies are more tightly related to ellipticals or to spirals. How-
ever, even if the bulges in SOs were found to be similar to those in
spirals, this does not yet answer the question of what the formative
processes of bulges in SOs are.

It has been suggested that two types of bulges appear: (1)
classical merger-built bulges, and (2) disc-like bulges formed by
star formation in the disc (Kormendy 1982; see also review by
Kormendy & Kennicutt 2004). Boxy/peanut bulges are often listed
as a separate class, but as they are assumed to be part of a bar
(Athanassoula, Lambert & Dehnen 2005), they are basically disc-
related structures. Bulges in late-type spirals are typically photo-
metrically disc-like (Andredakis & Sanders 1994; Carollo et al.
1997; Carollo & Stiavelli 1998) rotationally supported structures
(Cappellari et al. 2007), whereas for the bulges of early-type spirals
contradictory results have been obtained. In particular, the fairly
large masses of the bulges in the early-type galaxies are difficult
to explain by secular evolution alone, related to bar-induced gas
infall and subsequent star formation in the central regions of the
galaxies (see Kormendy & Kennicutt 2004), at least if no external
intergalactic material is added to the bulge. The nature of bulges of
SOs in the nearby Universe needs to be re-investigated, e.g., are they
disc-like or more likely have properties of merger built structures.
Answering this question would set important constraints on models
of galaxy formation and evolution.

Scaling relations have been used for theoretical modelling of
elliptical galaxies (see de Zeeuw & Franx 1991), and for evaluat-
ing the formation of galactic discs in spiral galaxies (Dalcanton,
Spergel & Summers 1997; Firmani & Avila-Rees 2000). Therefore,
the scaling relations can be used as a tool to study the origin of
S0s, which morphologically appear between the two main types of
galaxies. One such scaling relation was introduced by Kormendy
(1977), who showed, using R!/* models, that the effective radius
(rer) is connected to the central surface brightness (1), both for
elliptical galaxies and for bulges of early-type disc galaxies. The
dispersion in this so-called Kormendy relation is reduced by adding
a third parameter, a Sérsic index n, leading to the photometric plane
(e.g. Khosroshahi, Wadadekar & Kembhavi 2000b). Alternatively,
if the central velocity dispersion is used, the Fundamental Plane
is obtained (e.g. Djorgovski & Davis 1987; Dressler et al. 1987).
Other important scaling relations appear between the brightnesses
and the scale parameters of the bulge and the disc (Courteau, de
Jong & Broeils 1996), and between the brightness of the bulge with
the total galaxy brightness (Yoshizawa & Wakamatsu 1975; Carollo
et al. 2007).

The scaling relations studied for the SO galaxies so far are open
to different interpretations: while the Fundamental Plane and the
Kormendy relation have associated their bulges with the elliptical
galaxies (Pahre, Djorgovski & Carvalho 1998; Pierini et al. 2002;
Aguerri et al. 2005a), the scale parameters of the bulge and the disc
hint to a spiral origin (Aguerri et al. 2005a; Laurikainen et al. 2009).
In a broader context, scaling relations for spiral galaxy samples have
been extensively studied revealing several fundamental relations
[see Ravikumar et al. 2006; Graham & Worley 2008 (hereafter
GW2008) as some of the latest works]. However, the spiral samples
contain just a small number of SOs, which makes it difficult to draw
conclusions about SO properties. In addition, except for the first
attempts by Aguerri et al. (2005a) and Laurikainen et al. (2009),
the scaling relations for the disc galaxies have not yet been studied
using a two-dimensional (2D) multi-component approach, which is
important in accounting for structure, particularly in barred galaxies
(Peng 2002; Laurikainen et al. 2004, 2006; Gadotti 2008).

In this study, the photometric scaling relations are studied for a
sample of 175 early-type disc galaxies, mainly SOs in the Near-IR SO
galaxy Survey (NIRSOS). This is the largest sample of SOs studied
in detail up to now. We use deep K -band images for decomposing
the 2D surface brightness image to structure components, including
bars, ovals and lenses. We present new decompositions for 122
galaxies, and use our previously published decompositions for the
rest of the NIRSOS sample. As a comparison sample we use the Ohio
State University Bright Spiral Galaxy Survey (OSUBSGS; Eskridge
etal. 2002) of nearly 200 spirals, for which similar multi-component
decompositions have been previously made by us (Laurikainen et al.
2004). Our main emphasis is to compare whether the photometric
properties of bulges in SOs are more similar to those of elliptical
galaxies or bulges in spirals. Also, implications of these scaling
relations for the formative processes of bulges in SOs are discussed.
Our uniform decomposition approach, applied for a statistically
significant sample of galaxies, using deep K,-band images, allows
us to re-evaluate the properties of bulges and discs in SOs, and to
make an unbiased comparison with spirals.

2 SAMPLE AND OBSERVATIONS

Our primary sample consists of 175 early-type disc galaxies, mainly
SO0s (117 SOs, 22 S0/a-Sa, 36 Sa galaxies). It is part of the NIRSOS
of 184 galaxies, with the following selection criteria from the Third
Reference Catalogue of Bright Spiral Galaxies (de Vaucouleurs
et al. 1991, hereafter RC3): By < 12.5 mag, inclination <65° and
Hubble type —3 < T < 1.! Some of the observed galaxies lie
outside the original sample limits for various reasons, usually due to
specific weather conditions, e.g. high wind speed, that prevented us
from accessing the original sample galaxies. In such circumstances
we often observed a somewhat fainter galaxy (Br < 12.8) than
in our original sample. In order not to miss the SOs that might be
erroneously classified as E galaxies in the RC3, our sample includes
also E galaxies classified as SOs in the Revised Shapley Ames
Catalog of Bright Galaxies (Sandage & Tammann 1981, hereafter
RSA). We emphasize that in the current study it is not in our interest
to re-classify galaxies in the near-IR, instead optical classifications
are used. The observations and the data reductions are described
by Laurikainen et al. (in preparation, hereafter LSBK). The on-
source integration times were 30 min at 2.5-4.5 m telescopes, and
the non-rebinned 2D images typically reach the surface brightness
level of 21-22 mag arcsec™? in the K band. The flux calibrations
use multi-aperture flux measurements in the K band, obtained from
the Two Micron All-Sky Survey (2MASS)? (Skrutskie et al. 2006).
The orientation parameters are from LSBK, where deep V-band
images were used when available, otherwise K,-band images were
used.

As a comparison sample we use the OSUBSGS (Eskridge et al.
2002), which consists of nearly 200 spiral galaxies, covering the
Hubble types S0/a-Sm. The selection criteria in OSUBSGS are
similar as in NIRSOS except that the apparent magnitude limit is
By = 12.0mag. For 180 of these galaxies we have previously

' Our current NIRSOS sample differs from that specified by Laurikainen,
Salo & Buta (2005) and Buta et al. (2006) in that we use Br or the pho-
tographic value mp, or the average of these two when both are available.
This was done to eliminate contamination of the original sample by total V'
magnitudes in RC3, which occupy the same column as Br in that catalogue.
2 The 2MASS, which is a joint project of the University of Massachusetts and
the Infrared Processing and Analysis Center/California Institute of Technol-
ogy, is funded by the National Aeronautics and Space Administration and
the National Science Foundation.
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made multi-component decompositions in the H band using the
same method as applied in this study for NIRSOS galaxies (see
Laurikainen et al. 2004). In order to convert the parameters of the
bulge and the disc of these decompositions to magnitude units,
the images were flux-calibrated using the total K -band magnitudes
given in 2MASS. We thus implicitly assume that the H — K colour
is constant throughout the galaxy. As a consistency check we com-
pared and found a good agreement of the photometric parameters
for those Sa spirals which are common in the NIRSOS and OSUB-
SGS samples. It is worth noticing that NIRSOS covers the Sa-type
bin better than OSUBSGS which is why in this study OSUBSGS is
used for the Sab-Sm galaxies only.

3 2D MULTI-COMPONENT DECOMPOSITIONS

3.1 Algorithm

We use a 2D multi-component code, BDBAR (Laurikainen et al. 2004,
2005), for decomposing the 2D light distribution of galaxies into
bulges, discs, bars, ovals and lenses. This approach has turned out to
be important, not only for barred galaxies (Peng 2002; Laurikainen
et al. 2004), but also for non-barred galaxies with ovals and lenses
(Prieto et al. 2001; Laurikainen et al. 2005, 2009), since these com-
ponents can have a significant contribution to the total light. Bars in
the decompositions have been modelled also by Prieto et al. (1997),
Aguerri et al. (2005a), Reese et al. (2007), Gadotti (2008) and
Weinzirl et al. (2009). Quantitatively, the effect of bars on the fit-
ted model was studied by Laurikainen et al. (2006), who compared
2D bulge/disc decompositions with bulge/disc/bar decompositions
for a sample of 15 S0-S0/a galaxies. They showed that the mean
bulge-to-total (B/T) flux-ratio changed from 0.55 to 0.30 and the
mean Sérsic index n from 2.6 to 2.1 when bars were taken into
account. Including also nuclear bars reduced the mean B/T flux
ratio even further to 0.25. Obviously, bulge/disc decomposition and
multi-component approaches represent different views of the con-
cept of the bulge: in simple bulge-disc decompositions for strongly
barred and lens-dominated galaxies the B/T flux ratio is more like
a concentration parameter than a measure of the relative amount
of light in the spheroidal component. In the multi-component ap-
proach, B/T allows us to measure the relative amount of light of
the bulge in a more reliable manner. This is expected to have im-
plications for the parameters of the bulge and disc, which has to be
taken into account when comparing our results with those obtained
previously in the literature. As many SO galaxies have weak outer
discs, it is sometimes useful to apply the 1D decomposition ap-
proach (Laurikainen & Salo 2000) first, which, due to the azimuthal
averaging, gives the scalelength of the disc in a more robust manner.
In our 2D decomposition code, all components use generalized
elliptical isophotes, the isophotal radius being described as

r o= (|x|c+2 + |y/q|('+2)l/(c'+2)'

The isophote is boxy when the shape parameter ¢ > 0, discy when
¢ < 0, and purely elliptical when ¢ = 0. Circular isophotes cor-
respond to ¢ = 0 and minor-to-major axial ratio g = 1. Here, the
x-axis is along the apparent major axis of the component, having a
position angle ¢ at the sky. The origin is at the galaxy centre, taken
to be the same for all components.

The disc is described by an exponential function:

la(ra) = Ioexp[—(ra/ho)],

where 1, is the central surface density, and £, is the scalelength of
the disc. The radius ry is calculated along the disc plane defined by
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the assumed position angle ¢4 and axial ratio g4 of the disc. I, is in
flux units, and when converted to magnitudes it is denoted by 1i¢.

The surface brightness profile of the bulge is described by a
Sérsic’s function (Sérsic 1963, 1968):

Iy(ry) = Iy exp[—(ro/hp)"] |

where I, is the central surface density, £y, is the scale parameter of
the bulge and 8 = 1/n determines the slope of the projected surface
brightness distribution of the bulge (n = 1 for an exponential, and
n = 4 for the R'/*-law). I, expressed in magnitudes is denoted by
ILob- The parameter ry, is the isophotal radius defined via the parame-
ters gy, ¢, and ¢y,, where the subscript stands for bulge. The effective
radius of the bulge, 7., is the half light radius of the bulge (the ra-
dius of the isophote that encompasses half of the total bulge light),
obtained by numerically integrating over the profile. According to
Mollenhoff & Heidt (2001) for 8 > 0.2 a good approximation is
provided by

reir = (2/8 — 0.33)Y8 hy,.

The Sérsic function can be applied for any non-axisymmetric
component, or alternatively the Ferrers function can be used (Sec-
tion 3.2 specifies when these functions are used), described as:

Npar+0.5
Toar(Poar) = Iobar (1 - (rbar/abar)z) e s
Toar(rbar) = 0,

where Iy, is the central surface brightness of the bar component,
ap,e 18 the component major axis length and ny,, is the exponent
of the model defining the shape of the radial profile. The isophotal
radius, 7y, is defined via the parameters Gy, Coar and @y, In the
equation the designations are for a bar, but they can refer to any
non-axisymmetric component.

Tvar < dpar

Toar > Qbar,

3.2 Fitting procedure

The decompositions will be used for two purposes: (1) for mor-
phological analysis, and (2) for adjusting the images to face-on
orientation. For the morphological analysis we use the full advan-
tages of the algorithm, whereas for adjusting the images we need to
assume that the bulges are spherical. This is because it is not pos-
sible to convert a non-circular 2D brightness distribution into 3D
space density in a unique manner. The inclination-corrected images
will be used in a forthcoming paper while analyzing the properties
of bars.

Fitting is done in flux units using a weighting function where the
pixel weights are inversely proportional to the Poisson noise. How-
ever, as shown by Laurikainen et al. (2005) the weighting function
is not critical for the obtained model. In order to account for the
effects of seeing, the fitted model is convolved with a Gaussian PSF,
based on the stellar full width at half-maximum (FWHM) measured
for each image. To obtain reasonable solutions the main structural
components need to be identified first. The identifications were
made based on isophotal analysis (see LSBK), and on inspection of
the original images: the distinction between bars and ovals is based
on the ellipticity of the structure (ovals have lower ellipticities),
whereas the division between ovals and lenses is not always clear
(see Section 5.2 for a definition of bars, ovals and lenses). Bars are
generally fitted by a Ferrers function using ny,,, = 2, whereas for
ovals and lenses np,, = 1 or O are used, giving flatter light distribu-
tions and sharper outer edges. The small ny,-values for the lenses
are justified because the lenses presumably have a small vertical
thickness and the flux drops fairly quickly at the outer edge. Ovals

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 405, 1089-1118
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are assumed to have a larger vertical thickness, but the division
between ovals and lenses is not always clear. The Sérsic function
generally worked well for the inner discs, but in a few cases it has
also been used for a bar.

The fitting strategy is the same as used by Laurikainen et al.
(2004, 2005, 2006). Preliminary solutions were obtained using the
images re-binned by a factor of 4, but the final solutions were found
using the full image resolution. In simple cases where the galaxies
have only a bulge, an exponential disc and a bar, the solutions were
generally found automatically. However, in more complicated cases
(a large majority of the galaxies) an iterative approach was used.
The scalelength of the disc, &, was found first; if the disc was faint
the 1D code was used to find /,. The other components were found
one by one, fixing some of the parameters and leaving the critical
parameters free for fitting. The parameter ny,, in the Ferrers function
was not left free for fitting, otherwise the models for bars, ovals and
flattened bulges become easily degenerate. Galaxies that have a
secondary bar typically also have a bright oval surrounding it. As
the oval can be as bright as the bar, in some cases both components
were fitted by a single Ferrers function. Once a satisfactory solution
was found, based on the inspection of the model image and the
fit to the surface brightness profile, all parameters were left free
for fitting. However, this last step was not always possible. Finally,
we checked whether the whole surface brightness profile can be
fitted by a single Sérsic function: this was done to guarantee that
we are not erroneously classifying an elliptical galaxy as an SO.
The seeing FWHM gives a theoretical lower limit for the smallest
components in the model. However, the central components fitted
in this study are nuclear bars or discs which clearly exceed this size
limit. The outer disc is fitted to a maximum radial distance where
the galaxy is still visible, limited by the standard deviation of the
sky background.

3.3 Individual cases

The decompositions are shown in Fig. 1. For each galaxy the right-
hand panel shows the decomposition, whereas in the two left-hand
panels the original image (upper panel) and the model image (lower
panel) are shown. The profiles are shown both in linear and in loga-
rithmic radial scales. The y-axis in the right-hand panel is the surface
brightness given in mag arcsec™2 and the x-axis is the radius along
the sky plane given in arcseconds, and plotted are the pixel values. In
such a presentation, a spherically symmetric component appears as
a curve, while non-axisymmetric components fill an area confined
by their major and minor axis exponential profiles. Exponential disc
component fills a wedge-shaped region when a linear radial scale is
used. A few representative examples are shown in the paper version,
whereas the decompositions for the rest of the galaxies are available
in electronic form (see Supporting Information).

ESO 208-G21 is an example of a sample galaxy which turned
out to be an elliptical galaxy, in agreement with its classification
in the RC3, while ESO 137-G10 is well represented by a simple
bulge/disc decomposition. For ESO 208-G21 the surface brightness
profile declines smoothly, whereas ESO 137-G10 has a transition
zone between the bulge and the disc. ESO 208-G21 also has a
small inner disc. IC 5328 and NGC 524 are two examples of non-
barred galaxies with prominent lenses: IC 5328 has one prominent
lens, whereas NGC 524 has at least two lenses, both identified as
exponential subsections in the surface brightness profile, indicating
that multi-component decomposition is preferred. In both cases, the
lenses are significant enough to affect the parameters of the bulge.
Examples of barred galaxies are NGC 6782 and NGC 2950: for

NGC 6782 two Ferrers functions are used, one for the nuclear bar
and the lens surrounding it, and another for the primary bar and a
lens, ending at an inner ring (B4-L). NGC 2950 has two bars and a
lens extending outside the primary bar (B, B, L). Some of the SOs and
S0/a galaxies in our sample have bulges that are exceptionally small
for their Hubble type (NGC 6654 and 4696): such small bulges can
appear both in barred (NGC 6654) and in non-barred (NGC 4696)
galaxies. NGC 4696 is classified as an elliptical galaxy in the RC3,
but the galaxy clearly has an exponential disc and a prominent lens.
In NGC 6654 the secondary bar is important for making a good fit
to the intermediate zone between the bulge and the primary bar. The
main parameters of the bulge and the disc, as well as the inclination
used, are collected in Table 1. The decompositions for the individual
galaxies are discussed in Appendix A.

4 CALCULATION OF THE STRUCTURAL
PARAMETERS

The correlations we wish to investigate need to be based on pa-
rameters corrected for Galactic and internal extinction, as well as
for inclination. For this purpose, we use the following corrections
derived by GW2008 and Driver et al. (2008):

h? = h,/Cy
o = 1 — Ay(K) — C;

M,‘z(bulge) = K(bulge) — A,(K) — C3 —5log D — 25.0
M (disc) = K (disc) — Ag(K)—C4y —5logD —25.0

C; = 1.02 —0.13 log(cos i)

C, = 0.06 4 0.79 (2.5 log(cos i))
C; =0.114+0.79 (1 — cos i)>”’
Cs = 0.04 +0.46 (1 — cos i)*7.

In these equations, D is the galaxy distance in Mpc, taken either
from the Catalog of Nearby Galaxies (Tully 1988) or from NED,
based on Hy = 75kms~! Mpc~!. MY (bulge) and MY (disc) are the
absolute magnitudes of the bulge and the disc, and p is the central
surface brightness of the disc, all corrected for Galactic and internal
extinction. In addition, w( has also been corrected to face-on ori-
entation. The Galactic extinction, A4(K), is taken from NED and
is based on the maps of Schlegel, Finkbeiner & Davis (1998). The
parameters C;-C, are the corrections for internal dust and depend
on the inclination i of the disc. C| and C, are based on constants
appropriate to the K band taken from table 1 of GW2008, while
the constants C3 and C4 are from Driver et al. (2008). Following
GW2008, we do not apply any intrinsic dust corrections for the
Sérsic parameters of the bulge (n, ) because these corrections
are not well known. However, as we are working in the infrared,
the effects of dust are not expected to be severe. Also, we do not
apply any cosmological dimming correction because the galaxies
studied are fairly nearby systems. The magnitude of the bulge is
based on the flux of the bulge model, whereas the magnitude of the
disc uses the flux obtained by subtracting the bulge flux from the
total model (e.g. it includes possible bar/oval/lens components).
The fluxes are calculated inside the maximum radial distance used
in the decomposition (not extrapolated to infinity). The dust correc-
tions in the above equations by GW2008 and Driver et al. (2008)
are based on 3D radiative transfer models, using the recent deter-
mination of the opacity in face-on nearby disc galaxies, based on
the Millennium Galaxy Catalogue of nearly 10 000 galaxies.

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 405, 1089-1118
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Figure 1. Multi-component structural decompositions for 160 of the 175 galaxies of our sample. In the figure representative examples for eight galaxies are
shown (the rest of them are available in electronic form — see Supporting Information). Right-hand panel shows the decomposition, whereas the two left-hand
panels show the observed image (above) and the model image (below). White dots in the right-hand panel show the data points of the 2D surface brightness
distribution (brightness of each pixel as a function of sky-plane radius from the galaxy centre), and the black and grey colours show the model components.
The uppermost black dots show the total model. In the figures a bulge is indicated by ‘Bul’, a lens by ‘L’, a bar by ‘B’. In some cases a bar and lens are fitted
by a single function in which case the designation is ‘B+L’. The small insets show the same decompositions in a logarithmic radial scale.
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Figure 1 — continued

versus low luminosity bulges, using the median value M (bulge) =

5 ANALYSIS OF THE STRUCTURE —22.7 mag as a dividing line. In K band the SOs in our sample are

PARAMETERS on average 0.3 mag brighter than the SO/a-Sa galaxies, with mean
For the NIRS0S sample, the parameters of the bulge and the disc are absolute brightnesses, My, —24.0 & 0.1 and —23.7 £ 0.1 mag,
compared mainly in three groups of galaxies: (1) SO versus S0/a-Sa respectively. The uncertainties denote the standard errors of the
galaxies, (2) barred versus non-barred SOs and (3) galaxies with high mean. However, taking into account the morphological bin-to-bin

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 405, 1089-1118
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Figure 1 — continued

variations among SOs in NIRSOS, this difference is insignificant.
In the following, the OSUBSGS sample is generally divided in
two morphological type bins: Sab-Sbe, and Sc and later. This is
because the galaxy brightness is maintained nearly constant for SO-
Sbc, after which it drops by almost 1 mag. Compared to optical
surface photometry, the use of near-IR images yields parameters
that are less biased by differences in age and metallicity of the

stellar populations (de Jong 1996), and are also less affected by
dust (Cardelli, Clayton & Mathis 1989).

5.1 Galaxies included in the statistical analysis

Based on the presence of the disc, 15 NIRSOS galaxies were in-
cluded as SOs, even though they are listed as elliptical galaxies in

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 405, 1089-1118
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Figure 1 — continued

RC3. These galaxies are: IC 4889, IC 5328, NGC 584, NGC 1344,
NGC 2768, NGC 4696, NGC 4976, NGC 5419, NGC 5846, NGC
5898, NGC 6482, NGC 6958, NGC 7029, NGC 7192 and NGC
7796. In most cases these galaxies are classified as SOs also in
the Revised Shapley Ames Catalog of Bright Galaxies (Sandage &

Tammann 1981) and in the Carnegie Atlas of Galaxies (Sandage
& Bedke 1994, hereafter CAG). The fact that many, particularly
late-type ellipticals, are misclassified SOs is consistent with the re-
cent result by van den Bergh (2009). In our original sample truly
elliptical galaxies (best fit by a single R'/" profile) appeared to be
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Table 1. Parameters of the bulge and the disc, derived from 2D decompositions. All parameters are uncorrected
for the effects of dust, except for B/T (corr) in which both Galactic and internal dust effects are corrected.

Galaxy Inc n Teff Mk (bulge) hy ,u,gbs B/T B/T (corr)
(deg) (kpc) (kpc) (mag arcsec™2)

ESO 137-G10 45.0 1.4 1.14 —23.24 4.15 16.90 0.25 0.26
ESO 208-G21¢ 43.8 4.2 0.62 —22.60 0.08¢ 13.81¢ 0.97 0.97
ESO 337-G10 37.6 1.7 1.52 —24.33 6.03 17.52 0.41 0.43
IC 1392 47.2 1.6 0.79 —23.80 3.94 16.65 0.28 0.30
1C 4214 47.6 2.9 0.60 —22.97 4.96 18.16 0.28 0.30
IC 4329 56.0 1.5 0.88 —23.71 9.97 17.20 0.13 0.14
IC 4889 423 2.3 0.99 —23.52 3.06 16.71 0.37 0.39
IC 4991 44.6 1.6 2.83 —24.90 9.94 17.65 0.36 0.38
IC 5267 33.7 22 0.82 —22.84 6.26 18.22 0.20 0.21
IC 5328 49.9 2.7 1.37 —23.80 5.34 17.51 0.37 0.40
NGC 4394 49.2 3.7 17.9 —26.20

NGC 474 23.6 1.8 0.57 —22.70 4.01 17.66 0.25 0.27
NGC 484 45.1 2.8 1.69 —24.63 5.89 17.94 0.62 0.64
NGC 507 27.6 2.7 2.36 —24.81 9.48 17.65 0.31 0.33
NGC 524 17.4 2.7 1.39 —24.10 4.12 16.62 0.28 0.29
NGC 584 51.3 2.6 1.27 —23.93 4.37 17.75 0.58 0.61
NGC 7184 31.6 1.7 0.22 —21.37 2.30 17.58 0.21 0.22
NGC 890 46.1 32 2.53 —24.55 491 16.80 0.42 0.44
NGC 936 42.3 1.5 0.29 —21.90 3.06 16.80 0.12 0.13
NGC 10227 21.6 2.2 0.13 —20.48 1.80 17.12 0.10 0.11
NGC 1079° 53.9 2.2 0.42 —21.34 2.81 18.42 0.25 0.28
NGC 1161 33.6 2.5 1.77 —24.20 4.45 18.19 0.65 0.67
NGC 1201 53.1 34 0.82 —22.82 2.85 16.98 0.37 0.40
NGC 1302 15.1 2.2 0.48 —22.24 3.34 17.77 0.24 0.26
NGC 1317° 17.6 2.1 0.46 —22.21 2.12 17.44 0.34 0.35
NGC 1326" 38.7 3.0 0.57 —22.55 3.00 17.64 0.34 0.36
NGC 1344 447 3.1 1.28 —22.88 3.71 18.37 0.52 0.54
NGC 1350° 54.2 2.2 0.68 —22.56 11.5 19.58 0.25 0.27
NGC 1351 55.1 33 0.77 —22.02 3.02 18.47 0.53 0.56
NGC 1371 437 1.4 0.26 —20.83 2.55 16.83 0.08 0.08
NGC 1380 423 2.1 0.97 —-23.19 2.87 16.56 0.31 0.33
NGC 1387% 35 1.8 0.38 —22.80 2.40 17.30 0.39 0.41
NGC 1389 58.8 1.7 0.40 —21.53 1.81 17.22 0.36 0.39
NGC 1400¢ 23.8 2.5 0.15 —19.98 0.46 16.83 0.50 0.52
NGC 14117 40.6 2.0 0.04 —19.36 0.98 16.60 0.08 0.08
NGC 1415 67.0 1.3 0.16 —20.60 0.11 0.13
NGC 1440¢ 39.0 14 0.21 —21.06 1.82 16.86 0.14 0.15
NGC 14524 45.7 1.6 0.44 —-21.76 3.37 18.01 0.22 0.24
NGC 15120 52.8 1.2 0.27 —20.49 1.69 17.04 0.19 0.20
NGC 1533° 19.6 1.5 0.25 —21.53 1.63 17.20 0.25 0.26
NGC 1537 51.9 29 0.61 —22.62 2.10 17.19 0.52 0.55
NGC 1543 0.0 2.5 0.99 —22.68 9.94 19.71 0.32 0.34
NGC 1553 41.5 2.1 0.63 —22.85 3.23 16.87 0.21 0.23
NGC 1574° 16.8 2.8 0.42 —22.52 2.22 17.33 0.38 0.40
NGC 1617 61.2 1.6 0.27 —21.46 2.06 16.14 0.15 0.17
NGC 2196 45.8 2.8 1.55 —23.12 3.78 17.14 0.30 0.32
NGC 2217 29.5 2.6 0.89 —23.24 10.1 18.59 0.33 0.34
NGC 22734 53.6 1.8 0.36 —22.18 3.49 17.49 0.24 0.26
NGC 2300 41.4 1.3 0.87 —23.53 3.92 16.64 0.26 0.28
NGC 2460° 414 2.6 0.71 —21.91 1.22 15.76 0.27 0.29
NGC 2655 36.9 3.8 2.40 —24.42 3.59 17.38 0.66 0.68
NGC 26814 24.2 2.2 0.12 —21.72 2.18 17.45 0.24 0.25
NGC 2685 50.3 2.8 0.26 -21.29 1.85 17.53 0.27 0.29
NGC 2768 66.4 2.5 1.28 —23.38 4.89 16.78 0.30 0.35
NGC 2781 59.1 29 0.77 —22.60 7.39 19.23 0.30 0.33
NGC 2782 342 32 0.57 —22.66 345 17.31 0.25 0.26
NGC 2787 55.6 1.3 0.21 —-21.51 1.49 15.95 0.18 0.20
NGC 2855¢ 33.1 2.8 2.10 —23.68 4.16 18.04 0.57 0.59
NGC 2859¢ 40.5 1.3 0.63 —22.99 9.76 19.35 0.28 0.29
NGC 2880 52.0 2.3 0.70 —22.58 3.07 17.62 0.42 0.45
NGC 2902 23.9 2.0 0.31 —22.05 1.89 17.25 0.32 0.33
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Table 1 — continued

Galaxy Inc n Teff Mk (bulge) hy ugbs BT B/T (corr)
(deg) (kpc) (kpc) (mag arcsec™2)

NGC 29114 40.4 3.1 1.44 —23.70 8.57 18.36 0.34 0.35
NGC 2950 53.2 24 0.49 —23.07 3.62 17.77 0.42 0.45
NGC 2983 54.9 1.3 0.29 —21.45 3.71 17.42 0.11 0.12
NGC 3032 29.9 24 0.10 —20.70 1.51 17.27 0.19 0.20
NGC 3081” 30.6 2.1 0.24 —21.29 3.30 17.93 0.10 0.11
NGC 3100” 52.9 1.8 0.96 —22.52 4.95 18.06 0.30 0.32
NGC 3166 60.7 0.8 0.43 —22.85 0.23 0.26
NGC 3169 51.9 2.9 0.94 —23.62 3.16 17.22 0.58 0.60
NGC 3245 51.6 24 0.40 —22.69 2.29 16.49 0.33 0.36
NGC 3358 54.5 1.7 0.48 —22.57 10.8 18.26 0.11 0.12
NGC 3384 59.7 1.5 0.21 —21.50 1.37 16.22 0.32 0.35
NGC 3414 31.1 2.6 0.54 —22.95 3.02 17.07 0.32 0.33
NGC 3489 49.7 2.1 0.07 —20.00 0.52 15.54 0.23 0.24
NGC 3516 38.7 34 0.26 —23.54 4.90 18.11 0.40 0.42
NGC 3607 23.3 1.5 0.63 —23.22 1.99 15.98 0.32 0.33
NGC 3626 45.9 1.9 0.34 —22.58 3.18 17.11 0.25 0.27
NGC 3665 39.1 2.7 1.98 —24.36 4.61 17.55 0.58 0.60
NGC 3706 50.7 35 6.79 —25.23 092 093
NGC 3729 49.6 1.3 0.15 —18.97 1.71 16.61 0.03 0.04
NGC 3892 13.1 2.9 0.40 —21.63 3.46 17.44 0.10 0.11
NGC 39414 44.4 1.6 0.22 —22.17 2.03 16.07 0.17 0.18
NGC 3945¢ 47.9 2.9 0.77 —23.15 12.7 19.96 0.37 0.39
NGC 3998 38.0 2.0 0.40 —23.23 0.36 0.38
NGC 4138 52.4 1.7 0.08 —20.18 1.08 15.36 0.08 0.08
NGC 4143 49.6 1.1 0.23 —21.88 1.01 15.21 0.27 0.29
NGC 4150 47.5 2.8 0.14 —20.11 0.65 16.59 0.38 0.40
NGC 4203 28.7 2.7 0.27 —21.46 1.55 17.31 0.36 0.38
NGC 4245 34.6 1.7 0.22 —20.11 1.22 17.52 0.22 0.24
NGC 4262 28.8 1.6 0.25 —22.07 1.13 16.86 0.54 0.55
NGC 4267 18.6 1.5 0.28 —22.04 2.06 17.18 0.30 0.31
NGC 4314 27.1 1.5 0.22 —20.40 1.52 17.34 0.16 0.17
NGC 43407 56.2 34 0.78 —-21.91 3.62 17.65 0.26 0.29
NGC 4369 13.4 —21.80 1.54 17.11 0.34 0.36
NGC 4371 59.2 2.6 0.53 —21.78 2.54 16.75 0.20 0.22
NGC 4373 0.0 2.7 2.40 —24.95 10.1 18.66 0.53 0.54
NGC 4378 37.2 2.4 0.83 —-23.17 4.90 18.05 0.32 0.34
NGC 4424 68.4 —19.70 2.39 17.37 0.10 0.12
NGC 4435 454 1.3 0.30 —22.08 1.64 16.49 0.28 0.30
NGC 4457 24.4 1.5 0.22 —22.07 0.28 0.29
NGC 4459 45.6 3.0 0.49 —22.76 2.04 16.41 0.35 0.37
NGC 4477 34.2 2.5 0.34 —21.93 2.04 16.41 0.17 0.18
NGC 4546 58.0 1.8 0.32 —22.85 2.02 15.79 0.29 0.32
NGC 4596 443 1.6 0.29 —21.67 3.32 17.34 0.13 0.14
NGC 46084 31.1 1.4 0.27 —21.14 3.03 18.06 0.14 0.15
NGC 4612 46.4 22 0.24 —20.98 0.21 0.22
NGC 4643 38.5 0.8 0.39 —22.68 3.86 17.06 0.15 0.15
NGC 4694 58.9 1.9 1.16 —22.88 2.15 17.98 0.65 0.68
NGC 4696 43.9 1.4 1.56 —23.81 8.42 16.78 0.11 0.12
NGC 4754 60.1 1.9 0.24 —21.81 2.65 16.79 0.18 0.20
NGC 4772 60.8 2.8 0.61 —21.86 0.39 0.43
NGC 4880 41.4 32 0.24 —17.51 1.63 17.64 0.02 0.02
NGC 4976 55.6 2.0 0.24 —22.45 2.91 15.84 0.12 0.14
NGC 4984 55.8 2.3 0.59 —22.99 241 16.64 0.41 0.44
NGC 5026 55.7 2.7 1.28 —23.68 6.46 17.06 0.21 0.23
NGC 50874 21.9 4.1 1.40 —24.58

NGC 5121 37.0 2.2 0.24 —-21.92 1.85 17.06 0.28 0.29
NGC 5206 24.6 3.0 0.18 —17.40 1.10 18.16 0.09 0.20
NGC 5266 54.2 2.8 1.84 —24.79 7.94 17.44 0.45 0.48
NGC 5273 30.8 1.6 0.19 —20.63 1.90 16.90 0.11 0.11
NGC 5333 59.3 3.8 0.59 —23.67 3.23 16.92 0.47 0.51
NGC 5365 52.1 2.0 0.52 —23.08 9.38 18.48 0.17 0.19
NGC 5377 57.4 1.9 0.52 —22.35 2.94 16.69 0.19 0.21
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Galaxy Inc n Teff Mk (bulge) hy y,gbs B/T B/T (corr)
(deg) (kpc) (kpc) (mag arcsec™2)
NGC 5419 439 1.4 1.74 —24.60 8.57 17.09 0.24 0.25
NGC 5473 36.2 1.9 0.40 —22.77 2.61 16.62 0.26 0.27
NGC 5485 46.4 2.3 1.66 —23.51 4.47 17.89 0.48 0.51
NGC 5493 29.8 2.1 1.02 —23.77 2.40 16.76 0.50 0.52
NGC 5631 20.8 3.2 0.90 —23.30 0.45 0.46
NGC 5636 25.2 2.1 0.90 —23.06 2.59 17.11 0.41 0.42
NGC 5728 41.3 0.6 0.69 —23.08 10.05 18.81 0.17 0.18
NGC 5750 61.0 4.2 1.11 —22.80 3.31 16.73 0.31 0.34
NGC 5846 24.0 1.7 2.34 —24.41 4.74 17.32 0.46 0.47
NGC 5898 28.8 22 0.92 —23.78 4.17 17.57 0.43 0.45
NGC 5953 33.7 2.7 0.24 —21.99 1.36 16.32 0.26 0.28
NGC 5982 36.5 2.7¢ 0.30 —20.14 1.67¢ 18.58¢ 0.26 0.28
NGC 6340 15.0 2.6 0.45 —21.91 2.62 17.17 0.19 0.20
NGC 6407 35.7 1.5 1.21 —23.66 5.69 17.04 0.20 0.21
NGC 6646 234 2.2 2.16 —24.16 7.76 17.59 0.25 0.26
NGC 6654 38.1 1.5 0.33 —21.93 4.96 17.68 0.11 0.12
NGC 6684 49.2 34 0.63 —21.98 2.15 17.26 0.36 0.39
NGC 6703 14.1 2.5 0.73 —23.47 3.58 17.13 0.30 0.32
NGC 6782 22.3 2.1 0.60 —22.95 4.62 18.11 0.20 0.21
NGC 6861 43.0 2.0 0.96 —24.09 5.22 17.54 0.36 0.38
NGC 6958 35.7 33 0.96 —23.85 7.89 18.72 0.43 0.45
NGC 7029 53.0 1.8 0.80 —23.24 0.37 0.40
NGC 7049 39.1 2.7 242 —24.81 6.15 18.81 0.79 0.81
NGC 7079 46.0 14 0.39 —22.34 2.11 16.08 0.21 0.23
NGC 7098 55.1 2.2 0.63 —22.83 4.99 17.56 0.25 0.27
NGC 7192 15.9 2.7 1.38 —23.68 5.85 18.71 0.44 0.45
NGC 7213 0.0 2.9 0.33 —22.76 2.61 16.56 0.17 0.18
NGC 7371 20.7 2.1 0.49 —21.05 2.81 17.40 0.10 0.11
NGC 7377 37.3 2.5 2.19 —23.98 8.21 17.79 0.26 0.28
NGC 7457 57.1 3.1 0.48 —20.48 1.54 16.83 0.20 0.22
NGC 7585 36.3 24 1.47 —24.00 6.17 17.47 0.29 0.31
NGC 7727 43.1 3.2 0.94 —23.16 322 17.23 0.38 0.40
NGC 7742 10.6 3.9 0.23 —21.42 1.15 16.20 0.22 0.23
NGC 7743 40.3 2.5 0.20 —21.48 3.24 17.20 0.11 0.12
NGC 7796 27.9 2.2 1.56 —24.26 5.69 17.84 0.48 0.49

“From Laurikainen et al. (2005).
bFrom Laurikainen et al. (2006).
“Inner disc.

4Elliptical galaxy.

NGC 439, NGC 3706, NGC 5982 and ESO 208-G21. Of these NGC
5982 is classified as elliptical galaxy in the RC3, whereas the other
three galaxies are classified as SOs.

From the subsequent statistical analysis, the following galax-
ies are eliminated: (1) the elliptical galaxies indicated above, and
(2) dwarf galaxies (having absolute magnitudes less than Mp =
—18 mag; see Sandage & Binggeli 1984), including NGC 4531 and
NGC 5206. We also excluded NGC 3900, for which the decompo-
sition was considered uncertain. For NGC 4369 and NGC 4424, the
parameters of the bulge were not reliable, mainly because the num-
ber of pixels used in the bulge model was too small and these two
were eliminated from the bulge statistics. There are also decompo-
sitions in which the bulge model was considered fairly reliable in
spite of the fact that the disc could not be fitted in a reliable man-
ner. These galaxies are: NGC 1415, NGC 3166, NGC 3998, NGC
4369, NGC 4457, NGC 4772, NGC 5631, NGC 7029 and NGC
4612. They were eliminated from the statistics when discussing the
disc parameters, but included in the analysis of the bulges. For
the analysis of the bulges we ended up with 151 galaxies, and for
the analysis of the discs with 142 galaxies.

5.2 Identification of the structural components:
bars, ovals and lenses

Identification of the structural components was made before starting
the decompositions, which was to ensure that only physical struc-
tures were fitted. The only exceptions are the faint structures that
appear only in the residual images after subtracting the bulge or disc
model functions. If not otherwise mentioned, we include as barred
galaxies all those systems in which the bar is visually identified in
the image, or is visible in the residual image after subtracting the
bulge model from the original image. Bars identified by eye gener-
ally appear as bars also in the isophotal and Fourier analysis: they
appear as a bump in the ellipticity profile, the position angle being
maintained nearly constant in the bar region (see LSBK). In the bar
region there is also a peak in the radial A, amplitude profile, where
A, is the m = 2 Fourier density amplitude normalized to m = 0 (see
e.g. Buta et al. 2006). There are 10 galaxies in the sample in which
the bar is visible only after subtracting the bulge model from the
original image: NGC 484, NGC 507, NGC 1161, NGC 1351, NGC
2768, NGC 2902, NGC 3998, NGC 4373, NGC 7377 and IC 5328.
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For NGC 3998 the profile was shown in Laurikainen et al. (2009).
For six of these galaxies, there is weak evidence for a bar also in
the A, and in the ellipticity profiles, whereas in the other galaxies
the bar is completely overshadowed by the bulge flux. Whenever a
galaxy has a clear bar based on the A, and the ellipticity profiles,
the galaxy also appeared barred when inspecting the image visually.

Ovals are global deviations from the axisymmetric shape in galac-
tic discs (see Kormendy & Kennicutt 2004). In the isophotal and
Fourier analysis, they generally appear qualitatively in a similar
manner as bars. However, in contrast to bars, they have lower el-
lipticities, b/a > 0.85 (Kormendy & Kennicutt 2004), and therefore
lack significant Fourier terms higher than m = 2 (Laurikainen et al.
2007).

Lenses are defined as components with a shallow or constant
surface brightness profile, and a sharp outer edge (see Kormendy &
Kennicutt 2004). As lenses can also appear as axisymmetric struc-
tures, they cannot be identified in a similar manner as bars and
ovals. In addition, if the bulges are very prominent the lenses may
not be directly visible in the images, but can be identified in the
residual images after subtracting the bulge model. The early papers
by Burstein (1979), Tsikoudi (1980) and Kormendy (1979, 1982)
discussed that the lenses in some face-on SO galaxies can appear
as nearly exponential subsections in the surface brightness profiles.
Later, CAG used this characteristic, ‘three-zone structure’, as part
of the classification of SO galaxies. Recently, the exponential sub-
sections in the surface brightness profiles have been used to identify
lenses in SOs in a systematic manner (Laurikainen et al. 2005, 2006,
2009). However, it is worth noticing that the exponential subsec-
tions in the surface brightness profiles are not always interpreted as
lenses: Erwin, Beckman & Pohlen (2005) suggested that they can be
manifestations of anti-truncated discs inside more spheroidal-like
components such as bulges or haloes.

In this study, we use the exponential subsections in the surface
brightness profiles as suggestions for lenses. This is justified, be-
cause in most cases the exponential subsections can be directly
associated with lenses in the images. In barred galaxies, the lenses
often have a specific orientation with respect to the bar. In many
SO0s multiple lenses appear, extending to the largest visible radial
distance in the image, which rules out the possibility that they were
truncated discs inside more extended spheroidals. In any case, for
the present goal of deriving the scaling relations of SOs, the detailed
interpretation of lenses is not crucial, as long as they are accounted
in the decompositions so that their presence does not affect the
derived parameters of the bulge.

6 PARAMETERS OF THE BULGE
AND THE DISC

6.1 Kormendy relation

It has been suggested by Kormendy (1977) that both elliptical galax-
ies and bulges of SOs show a strong correlation between the central
surface brightness (10) and the effective radius (7.), subsequently
known as the Kormendy relation. It was shown later that the surface
brightness at the effective radius of the bulge (u.s) is actually a
better estimate of the surface brightness because it is not as much
affected by seeing and is also less model dependent (Djorgovski &
Davis 1987). Using the mean surface brightness inside 7. (denoted
by (u)err) further minimizes the effects of the measurement uncer-
tainties. In the early studies the R'/* function was used, but later
studies have shown that the Sérsic function, R'/", gives a better fit
for the elliptical galaxies (Caon, Capaccioli & D’Onofrio 1993),

and for the bulges of SOs (Andredakis, Peletier & Balcells 1995;
Balcells et al. 2003). Differences are expected in the photometric
parameters obtained using the R'/4 and the R'/" functions, partic-
ularly if the images are not very deep (Trujillo et al. 2002), but
these variations are not expected to affect the Kormendy relation
(Ravikumar et al. 2006).

The Kormendy relations for the NIRSOS and OSUBSGS galax-
ies are shown in Fig. 2. In this and in all the following figures
the SO class consists of the Hubble types SO~, SO° and SO*. For
comparison, the line for the bright Coma cluster ellipticals is also
shown, taken from Khosroshahi et al. (2000a). In Fig. 2, (it)esr is
used (rather than u.¢) and it is calculated from the flux calibrated
images in a similar manner as in Khosroshahi et al. (2000a) (taking
into account the difference in the Hubble constant H, used in the
two studies). It appears that although SOs are located close to the
elliptical galaxies, as a group they are offset by 0.3 mag (at a me-
dian rg of 0.58 kpc) from the bright Coma cluster ellipticals. For
S0/a-Sa galaxies the offset is 0.7 mag (at a median r.g of 0.51 kpc).
It is also worth noticing that the brightest bulges (those brighter
than MY (bulge) = —22.7 mag), both among the SOs and S0/a-Sa
galaxies, behave in a similar manner as the elliptical galaxies in the
Kormendy relation (a similar result is obtained if the SO sample is
divided in two bins, based on the total absolute galaxy brightness,
using M, = —24.5 mag as a dividing line; a similar result was
obtained also by Barway et al. 2009 for SOs). Our sample includes
also SOs with r.¢ smaller than obtained for any of the Coma cluster
ellipticals. In spite of their small size, they do not fall in the region of
the dwarf elliptical galaxies (dE) with a similar r.g (see Capaccioli
& Caon 1991; Khosroshahi et al. 2004; Ravikumar et al. 2006): for
a given rr, the dEs have several magnitudes lower surface bright-
nesses than the bulges of our sample galaxies. The offset we had
between SOs and ellipticals differs from previous studies obtained in
the optical (Kormendy 1984; Capaccioli, Caon & D’Onofrio 1992)
and in the near-IR (Pahre et al. 1998; Pierini et al. 2002; Ravikumar
et al. 2006), according to which the Kormendy relations are similar
for the SOs and for the bright elliptical galaxies: hence we find that
they are, in fact, offset.

For spirals, the Kormendy relation has previously been studied
by many groups. In an early study by Kormendy (1984), the bulges
were found to follow the same relation as the elliptical galaxies, but
later studies showed that spiral galaxies actually lie below the bright
elliptical galaxies, and also have a larger dispersion (Kent 1985;
Kodaira, Watanabe & Okamura 1986; Khosroshahi et al. 2000a;
Capaccioli et al. 1992; Hunt, Pierini & Giovanardi 2004;
Ravikumar et al. 2006; GW2008). The dispersion is largest for
the late-type spirals (Ravikumar et al. 2006). Our study for OS-
UBSGS and NIRSOS spirals confirms the above tendencies: the
S0/a-Sa galaxies appear slightly below the bright ellipticals (and
S0s), whereas the later types are more dispersed towards lower sur-
face brightnesses. Ravikumar et al. (2006) have shown that faint
spirals with Mg > —22 mag do not obey the same Kormendy re-
lation as the brighter galaxies (see also Capaccioli & Caon 1991).
Using a limiting absolute magnitude of —22.7 mag for the bulges,
we see a similar effect.

6.2 Photometric plane

The photometric plane for early-type galaxies was first addressed
by Scodeggio, Giovanelli & Haynes (1997), who added a third
parameter to the Kormendy relation, namely the difference be-
tween the galaxy magnitude and the characteristic magnitude of
the cluster. Compared to the Fundamental Plane using velocity
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Figure 2. The Kormendy relation, which is an empirical relation between
the effective radius of the bulge, refr, and the mean surface brightness of
the bulge inside, refr, denoted by (u)efr. The top panel shows the relation
separately for SOs (filled red circles), SO/a+Sa spirals (open blue circles),
Sab-Sbc spirals (crosses) and Sc and later-type spirals (squares). The middle
panel shows the barred (large filled circles) and non-barred (small dots) SOs,
whereas the lower panel shows separately the bright (filled symbols) and
dim (open symbols) bulges (SO-Sa) in NIRSOS. The solid line in all panels
indicates the location of the Coma cluster ellipticals, taken from Khosroshahi
etal. (2000a): (u)efr = 2.57 log refr + 14.07. The dotted section of the line is
an extrapolation of the Coma cluster ellipticals to smaller rfr. The difference
in Ho between Khosroshahi et al. (Hy = 50 km sec 2 Mpcfl) and this work
(Hy = 75kmsec™2 Mpc~') has been taken into account in this figure and
in Fig. 3. In the upper panel the red dashed line is a fit to the SO data points.
In the lower panel the red dashed and green dash—dotted lines are linear fits
for the bright and dim bulges, respectively. Note the different scale in the
uppermost frame. The same symbols are consistently used in the subsequent

type.

dispersion as the third parameter, it has the advantage of making
the relation achievable with photometry alone. Compared to the
Kormendy relation the dispersion is smaller, but it can be used only
for galaxies in clusters. The photometric plane for more general
use was addressed by Khosroshahi et al. (2000b): it was defined by
Mob, Tefe and the Sérsic index n which, compared to the Kormendy
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relation, likewise reduces the dispersion. The photometric plane for
bright elliptical galaxies has been studied also by Graham (2002),
who replaced pop, With feg.

In this study, we use the photometric plane as defined by
Khosroshahi et al. (2000b). In order to study the photometric plane
Khosroshahi et al. (2000a) used K-band images of a sample of 26
non-barred SO-Sbc galaxies. They found that the bulges of these
galaxies which are mainly spirals (including six SOs) occupy the
same region in the photometric plane as the bright Coma cluster el-
lipticals. On the other hand, Méndez-Abreu et al. (2008) found that
bulges of SOs appear in the same region as the bulges of early-type
spirals, though they did not investigate whether these galaxies are lo-
cated also in the same region as the elliptical galaxies. Their sample
consisted of 148 non-barred SO-Sb galaxies (mainly SOs, including
58 spirals) and they used J-band images taken from 2MASS.

The photometric plane for the NIRSOS and OSUBSGS galaxies
is shown in Fig. 3, again comparing it with the bright Coma cluster
ellipticals. We can see that in the photometric plane bulges of SOs
typically lie slightly below the elliptical galaxies, indicating that, for
a given e OF [Lob, they have a smaller Sérsic index than the elliptical
galaxies. When extrapolating the line for the bright ellipticals to
lower ., the deviations of SOs from the elliptical galaxies increase.
Compared to spirals, the SOs form a more homogeneous group of
galaxies: spiral galaxies have a larger dispersion which increases
towards lower . and later Hubble types. In the photometric plane
the barred and non-barred SOs occupy the same region.

Our result for early-type spirals (S0/a-Sa galaxies are not like the
ellipticals) thus deviates from that of Khosroshahi et al. (2000a),
and slightly also from that of Méndez-Abreu et al. (2008) (the early-
type spirals do not behave exactly like the SOs). A possible reason
for these differences is likely to be our use of deeper images and the
use of multi-component decompositions. It is also worth noticing
that the brighter galaxies in the NIRSOS sample deviate from the
elliptical galaxies more than the fainter galaxies. The spiral galaxies
Sab-Sbc are located below the Coma cluster elliptical, in a similar
manner as the S0/a-Sa spirals.

6.3 Bulge-to-total flux ratios

The distributions of bulge-to-total (B/T) flux ratios for the galax-
ies in the NIRSOS and OSUBSGS samples are shown in Fig. 4.
Bulge-to-disc (B/D) flux ratios for the OSUBSGS galaxies were
taken from Laurikainen et al. (2004) and converted to B/T flux
ratios. The B/T-values in both samples were corrected for the ef-
fects of Galactic and internal dust using the equations in Section 4,
applying different corrections for the bulge and the disc. The cor-
rected mean B/T values in different Hubble-type bins are shown in
Table 2. The values we find for SO-S0/a galaxies are consistent with
B/T ~ 0.25-0.28 as found previously by Balcells et al. (2003) and
Balcells, Graham & Peletier (2007) for non-barred galaxies, and by
Laurikainen et al. (2005, 2006), Gadotti (2008), and Weinzirl et al.
(2009) using a multi-component approach. For later type galaxies in
the OSUBSGS sample, similar low B/T values have been obtained
also by Weinzirl et al. (2009).

Fig. 4 shows the characteristic peaks in the B/T distribution for
the different Hubble type bins. The rather wide spread for each bin
reflects the fact that the bulge was not the only criterion in the orig-
inal Hubble classification of galaxies. In the original classification
the bulges played a more important role for the early-type galaxies
than for the later types, where the spiral arms were the dominating
feature. Using deep K,-band images, applying a multi-component
decomposition method and including proper dust corrections, we
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Figure 3. Projections of the photometric plane, which is a relation between
three parameters of the bulge, the Sérsic index n, the effective radius refr
in (kpc) and the central surface brightness pop of the bulge. The full line
indicates the best-fitting plane for the Coma cluster ellipticals, taken from
Khosroshahi et al. (2000a). The Coma cluster ellipticals do not go through
the origin because of the correction made to Hubble constant. The dotted line
shows an extrapolation outside the Coma cluster ellipticals. The symbols
are the same as in Fig. 2. In the lower panel the red dashed and green
dash—dotted lines indicate the best fits for the bright and the dim bulges in
NIRSOS, respectively.

are in a position to re-evaluate the B /T distribution. It appears that
the SO galaxies have a large range of B/T extending to very small
values. In particular, the number of SOs with small B/T ~ 0.10 is
3 per cent (N = 3), and 13 per cent (N = 12) have B/T < 0.15.
It SO/a galaxies are also included the values are 13 per cent and
25 per cent, respectively. Small B/T values, comparable to those
obtained for Sc galaxies, have been found previously by Erwin et al.
(2003) for two SOs, using both photometric and kinematic data, and
by Laurikainen et al. (2006) for one S0, based on a morphological
analysis. In our sample, the barred and non-barred SOs have similar
B/T flux ratios ((B/T) = 0.29 £ 0.02 versus 0.33 £ 0.03, re-
spectively), which is not fully consistent with Aguerri et al. (2005)
and Laurikainen et al. (2007), who found indications that B/T is

40

. 80
,,,,,,,,,,,,,, S0/a+Sa

30

20

NUMBER

0.8

Figure 4. Histograms of the B/T flux ratios, corrected for Galactic and
internal dust, as explained in Section 4. The histograms are shown for the
SOs in NIRSOS (full black line), SO/a+-Sa galaxies in NIRSOS (dotted black
line), Sab-Sbc galaxies in OSUBSGS (white full line), and Sc and later types
in OSUBSGS (white dashed line). The decompositions for the OSUBSGS
galaxies are made using H-band images, and for the NIRSOS galaxies using
K,-band images. However, using the overlapping Sa-galaxies we checked
that there is no offset between the two samples.

smaller for barred galaxies. Most probably, the difference between
barred and non-barred SOs is real, but is so weak that it is visible,
at a statistically significant level, only when strongly barred SOs are
studied.

In Fig. 5 we show, as a function of Hubble type, the B/T, Sérsic
index n, the bulge effective radius scaled to the disc scale length
reir/h?, and the total absolute magnitude M,y (resr/h? is discussed in
Section 6.6). M, is the total observed K -band absolute magnitude
corrected for Galactic extinction. For the OSUBSGS galaxies B/T
and n as a function of Hubble type have previously been shown
by Laurikainen et al. (2007), with the difference that their B/T
values were not corrected for internal dust. The B/T values for
the OSUBSGS sample have been discussed also by Weinzirl et al.
(2009). The symbols denote the median values in each Hubble
type bin, and the error bars indicate the standard deviations of
the mean. For comparison, the median values from GW2008 are
also shown. They compiled all reliable decompositions from the
literature, leading to a sample of 400 disc galaxies, including 16
SOs. In Fig. 5, the mean B/T and n are almost constant for SO,
S0°, SO, SO/a and Sa galaxies, except that B/T increases gradually
towards SO~ types. A small drop in the B/T flux ratio towards the
early-type SOs found by Laurikainen et al. (2007) is not seen here
(their sample consisted of a sub-sample of only 37 SOs of NIRSOS
representing mainly barred galaxies). Note that a small B/T (and
n) value for SOs is given also by GW2008, however this is based
on 16 galaxies from the NIRSOS sample, belonging to the above-
mentioned sub-sample.

For spiral galaxies in the OSUBSGS sample the mean B/T flux
ratio decreases from Sab towards later types, in agreement with
GW2008, shown also in many previous studies (see the references
in GW2008). In our study the mean Sérsic index n is only slightly
larger for the SO-Sa galaxies than for the later types. It appears that
our values for n, and to some extent also for B/T, are systemati-
cally lower than the values compiled by GW2008. The comparison
is meaningful only between SO/a-Sc types, because the number of
galaxies is small among the later-type galaxies in the OSUBSGS
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Table 2. Mean total absolute magnitudes and the parameters of the bulge (median and mean) in different
Hubble-type bins. Except for n and refr, the values are corrected for Galactic and internal extinction. The
uncertainties are standard deviations in the bins.

(n)

mean (median)

(refr/h0)
mean (median)

Type N (MQ)  (B/T)(com)

mean (median)
NIRSO0S
-3 35 —24.44 0.39 £ 0.13 (0.39)
-2 35 —24.00 0.33 £0.14 (0.33)
-1 26 —23.82 0.29 £ 0.13 (0.29)
0 21 —24.13 0.27 £ 0.15 (0.23)
1 26 —23.53 0.25 £ 0.12 (0.26)
OSUBSGS
2 17 —23.91 0.25 £0.13 (0.23)
3 20 —23.85 0.14 + 0.09 (0.12)
4 38 —23.89 0.11 £ 0.08 (0.09)
5 30 —23.22 0.11 £ 0.13 (0.06)
6 13 —22.03 0.05 £ 0.10 (0.01)
7 6 —22.55 0.09 + 0.13 (0.06)
8 2 —22.63 0.05 £ 0.06 (0.09)
9 3 —21.00 0.04 £ 0.05 (0.00)

2.230 £ 0.62 (2.18)
2.265 £0.72 (2.38)
2.227 £0.59 (2.13)
2.074 £0.74 (2.11)
2.146 £ 0.64 (2.22)

1.69 = 0.60 (1.48)
1.49 & 0.83 (1.29)
1.44 £ 0.77 (1.27)
1.42 4 0.70 (1.31)
1.45 £ 1.15 (1.14)
1.53 & 0.95 (2.06)
1.15 £ 1.23 (2.02)
2.01 £ 0.22 (2.07)

0.24 £ 0.100 (0.23)
0.19 £ 0.103 (0.18)
0.19 £ 0.108 (0.19)
0.20 £ 0.139 (0.14)
0.18 £ 0.122 (0.15)

0.15 £ 0.15 (0.09)
0.12 £ 0.07 (0.09)
0.15 £ 0.13 (0.11)
0.16 + 0.16 (0.08)
0.16 + 0.24 (0.06)
0.46 + 0.39 (0.39)
0.12 £ 0.10 (0.19)
0.30 + 0.43 (0.06)

sample, and among the SOs in GW2008. The systematic shift
between GW2008 and the current study is most likely explained by
the different decomposition approaches used: although GW2008
collected all reliable measurements from the literature, most of
them, particularly for the later-type galaxies, are based on bulge/disc
decompositions. It is expected that excluding the contribution of the
bar flux in the decomposition makes the fitted bulge profile shape
less exponential and increases the fitted B /T flux ratio (Laurikainen
et al. 20006), and likewise also the estimated effective radius.

6.4 Other parameters of the bulge

The total luminosity of a bulge can be expressed by the parameters
of the Sérsic function: L = kLIeffresz, where I is the flux at reg
(corresponding to we) and ki is the structural parameter determined
by the shape of the light distribution (i.e., by Sérsic n). This implies
that due to the Sérsic function alone correlations are expected for
MY (bulge) versus refr, and for MY (bulge) versus fiegr. If M2 (bulge)
additionally correlates with M,O( (disc) (as discussed in Section 6.6),
then rer and p.g are also expected to correlate with the B/T flux
ratio, which is the case for SOs. The correlations are weaker when
B/T is used instead of MY (bulge), because the contribution of the
disc light to the total light varies.

More fundamental relations are: (1) n versus M%(bulge), 2)n
versus B/T and (3) M2 (bulge) versus MZ,. For the spiral galaxies
in the OSUBSGS sample, the Sérsic index n has a clear correlation
with M 2 (bulge) (see Fig. 6a), which confirms the previous result for
spirals (Graham 2001; Mollenhoff & Heidt 2001; Noordermeer &
van der Hulst 2007). However, for the SO galaxies no such correla-
tion is present, at a statistically significant level. On the other hand,
there is a correlation between n and B /T, both for the SO galaxies
and for spirals (Fig. 6b), again for spirals confirming the previous
results (Andredakis et al. 1995; Graham 2001; Trujillo et al. 2002;
Balcells et al. 2007).

To illustrate how for SOs n can be correlated with B /T, but not
with MY (bulge) itself, M2 (bulge) is shown as a function of M2,
in two Sérsic index bins, using n = 2.0 as a dividing line (Fig. 7).
Here M;, is the total K-band absolute magnitude, corrected for
Galactic and internal dust, in a similar manner as was done for B/T

in Section 6.3. Different dust corrections were applied for the bulge
and the disc, with the fluxes of these components being obtained
from the decompositions. The left-hand panel shows the NIRSOS
galaxies, whereas the right-hand panel shows the OSUBSGS spirals.
The dashed lines indicate three different B/T values of 0.01, 0.1
and 1.0. Evidently, for SOs both luminous and less luminous bulges
can have a large range of Sérsic indexes [e.g. no correlation exists
between M (bulge) and n]. However, within each M, bin the Sérsic
index increases with increasing B/T (a correlation exists between
B/T and n). Apparently, the OSUBSGS sample can be divided
into two main bins using M2 (bulge) = —20 mag as a dividing
line: the more luminous bulges have much more frequently higher
values of the Sérsic index and the B/T ratio than the less luminous
bulges. This implies that the correlation between M$ (bulge) and n
for spirals largely follows by lumping the faint and bright bulges
together. It seems that the bulges of SOs are fairly similar to the
bulges of spirals having M2 (bulge) < —20 mag.

Clearly, the bulges of SO galaxies (in NIRSOS) and spirals (in
OSUBSGS) are different from the elliptical galaxies (that bulges
of spirals are different from elliptical galaxies was shown also by
Graham 2001; their fig. 14). This is manifested in the r.y versus
MY (bulge) diagram (Fig. 8a) where both appear below the elliptical
galaxies (shown as a dashed line, taken from GW2008), shown also
by GW2008 (see their fig. 13) and Gadotti (2009) for spirals. These
parameters are correlated, at a statistically significant level, for both
SOs and spirals. It is also worth noticing that the bulges of SOs
are slightly more compact than the bulges of spirals of a similar
bulge luminosity. For spiral galaxies the correlation between r.g and
M¢ (bulge) was also found previously by Balcells et al. (2007) for
19 (non-barred) galaxies, but not by GW2008 for a sample 400 disc
galaxies (include 16 SOs). A possible reason why this correlation
was found by Balcells et al. (2007) and by us, but not by GW2008, is
again the decomposition method used: for non-barred galaxies the
method of choice (two-component versus multi-component) is not
critical, but it does matter when barred galaxies are included. Fig. 8
also shows that for a given bulge brightness, the bulges of SOs have
typically higher surface brightnesses than the bulges of spirals.

In conclusion, bulges of SO galaxies are fairly similar to those
spiral bulges brighter than MY (bulge) ~ —20 mag.
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Figure 5. As a function of Hubble type are shown: (a) the dust bulge-to-
total flux ratio (B/T) corrected for Galactic and internal dust, (b) Sérsic
index n, (c) the ratio of the effective radius of the bulge (rsr) divided by
the scalelength of the disc (hO) and (d) the total absolute galaxy magni-
tude corrected for Galactic extinction (M). The small symbols show the
measurements for the individual galaxies (with a small random horizontal
offset), filled circles show the median values in each Hubble type bin and
large open circles are the median values from GW2008 (their value for SOs
refers to types —3, —2, —1, and is here drawn at T = —2). The error bars are
taken to be the standard errors of the mean (=sample variance in each bin
divided by square root of the number of galaxies in each bin), which stresses
the large number of galaxies in the bin. Red colour is for the galaxies in
NIRSOS and green for those in OSUBSGS.

100 ", - ¢ T T T T T T

-+ 80 a) |
I T Sa-Sbc B i
L o Sc_ s 4
c 1.0j |
I . - ]
o1l .
-10 -15 -20 -25 -30
My (bulge)
100 T e
 ° S0 b) |
= 1.0
I + ]
0.001 0.010 0.100 1.000

B/T

Figure 6. (a) The Sérsic index n is plotted against the absolute brightness
of the bulge corrected for Galactic and internal extinction [Mg (bulge)]:
SOs (red filled circles) are from NIRSOS, whereas Sa-Sbc (crosses) and Sc
and later types (squares) are from OSUBSGS. Dashed line indicates the
linear fit for Sa-Sbc galaxies; for SOs there is no statistically significant
correlation (significance level of rank correlation coefficient is 0.03). (b)
Dust-corrected bulge-to-total flux ratio (B/T) is correlated with the Sérsic
index. The continuous and dashed lines are the linear fits for SOs and for
Sa-Sbc galaxies, respectively. Both correlations are statistically significant.
S0/a galaxies from NIRSOS fall largely on top of SOs, and for clarity are not
shown.

6.5 Parameters of the disc

For both the NIRSOS and the OSUBSGS samples, the main param-
eters of the disc correlate with each other: with an increasing scale-
length of the disc (hO) the disc luminosity [M (disc)] increases, and
the central surface brightness (14¢) becomes fainter (see Figs 9a and
¢), shown previously for SOs by Méndez-Abreu et al. (2008). For
spirals, the former correlation has been previously demonstrated by
Balcells et al. (2007), and the latter by de Jong (1996), Graham
& de Blok (2001) and GW2008. In addition, the scale length for
SOs increases with increasing galaxy magnitude (M, ), as shown
previously for SOs by Aguerri et al. (2005b), Bedregal, Aragén-
Salamanca & Merrifield (2006) and Méndez-Abreu et al. (2008).
Also, the discs of SOs and spirals do not follow the Freeman law

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 405, 1089-1118



NIRS0S
26 T T T T T T T T T T
e n>2
O n<2
24+ large: SO O°"° .
small: S0/a+Sa Og .
°:ﬁo°/‘
ool e & |
’a .
o
3 200 e ]
ox o
18 ]
~ - .
16k i
N
S
A4l Ll Ll L
-20 -22 -24 -26
Mg (tot)

Scaling relations of lenticulars and spirals 1105

OSUBSGS
DB T T T T T T T T =
e n>2 ’
O n<2 e p
-24 - large: Sab-Sbc e
small: Sc - e g ]
L o Og .-
e %o
2oL LR 7 R ]
v * 4 o
O,@O
) 3 8
g L
2 o0l ,
oy 5 0° 6’0
o S
o . oo 1
-18+ 00 00 i
N o % ]
ot
161 . g
N 1
09," .
A4l T L L
-20 -22 -24 -26

Mg (tot)

0
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types (small symbols), again in two Sérsic index bins.

(Freeman 1970), pertaining a constant central surface brightness.
Instead, po has a large dispersion (Fig. 9b), as shown previously
for spiral galaxies by Mollenhoff & Heidth (2001), Aguerri et al.
(2005b) and Balcells et al. (2007), and for SOs by Aguerri et al.
(2005b) and Méndez-Abreu et al. (2008).

Fig. 9 further demonstrates that the SO galaxies are located at
the same regions with the spiral galaxies, including the late-type
spirals. In GW2008 S0Os were dispersed to lower p (see their fig.
8). For SOs in NIRSOS the range in h° is found to be 1-10 kpc, which
is very similar to that obtained for spirals. This is larger than that
obtained by Aguerri et al. (2005b) and Méndez-Abreu et al. (2008)
for SOs (maximum h° ~ 6 kpc; see their fig. 7, based on 2MASS
images). Also, Ap ~ 16-20 mag for SOs is very similar as the
range reported for spirals. To our knowledge the similarity of the
discs in SOs and spirals has not been explicitly shown previously,
most probably because deep images are needed for detecting the
faint outer discs in SOs.

6.6 Parameters of the bulge and the disc cross-correlated

Naively, strong correlations between the parameters of the bulge
and the disc are expected if the discs were formed first and the
bulges emerged from the disc by secular evolution. Indeed, for spi-
ral galaxies a correlation has previously been found between 4,
and rer (Courteau et al. 1996; de Jong 1996; Graham & Prieto
1999; Khosroshabhi et al. 2000b; MacArthur, Courteau & Holtzman
2003; Carollo et al. 2007; Noordermeer & van der Hulst 2007).
A similar correlation was found also for 15 barred SO galaxies
by Aguerri et al. (2005), and for SOs in the NIRSOS sample by
Laurikainen et al. (2009), the latter galaxies following the relation
h,=0.6240.46log res (h, and rer expressed in kpc). A similar
correlation was found by Méndez-Abreu et al. (2008) for a sample
of SO-Sb galaxies, but not by Barway et al. (2007) for SOs. For
the galaxies in OSUBSGS and NIRSOS samples, this correlation
is shown in Fig. 10. Clearly, the correlation is similar for all mor-
phological types except that the slope is slightly shallower for the
late-type spirals.

Having established the existence of correlations between
M,%(bulge) and 7, M?((disc) and h?, and h? and r.g, a correla-
tion between MY (bulge) and MY (disc) is also expected. However,
this correlation, shown in Fig. 11, is a direct, and the most illustra-
tive way to demonstrate how similar or dissimilar the bulges and
discs in SO galaxies and spirals actually are. For spiral galaxies,
this correlation has previously been reported by de Jong (1996) and
Hunt et al. (2004), and marginally also by Noordermeer & van der
Hulst (2007). The exact relation between M (bulge) and M% (disc)
naturally depends on the morphological type, which partly follows
from the peaked B/ D-distribution in each morphological type bin:
a linear correlation means a constant B/D flux ratio, the slope
relates to the value of that constant, and the dispersion manifests
the variations in B/ D for a given morphological type bin. We find
fairly similar correlations for SOs and SO/a-Sa galaxies, whereas, as
expected, for later types the relative mass of the disc increases. For
SOs (in NIRSOS) and Sab-Sbc spirals (in OSUBSGS) we obtain:

MO (disc) = 0.63 MY (bulge) — 9.3 (SOs)
MY (disc) = 0.38 MY (bulge) — 15.5 (Sab-Sbc).

Contrary to what was obtained by Hunt et al. (2004) for spirals,
in our study the correlation between M,%(bulge) and M,O((disc) is
equally good for galaxies with small and large Sérsic indexes, where
we use n = 2.0 as a dividing line (not shown in any figure). It is
worth noticing that SOs and S0/a-Sa galaxies have very similar
bulge and disc luminosities. The relative disc luminosity increases
towards late-type galaxies, and decreases towards galaxies with
luminous bulges, which is the case for all Hubble types. The range of
bulge luminosity is fairly similar for SO-Sbc galaxies, M (bulge) ~
—19 to —25 mag, whereas for Sc-Scd types M2 (bulge) ~ —16 to
—22 mag. This is related to the total galaxy luminosity which drops
for the Sc-Scd types.

Due to the correlation MY (bulge) versus MY (disc), a correlation
is expected also between M,O<(disc) and rey. Indeed, such a cor-
relation is present, both for the SO galaxies and for spirals in the
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filled symbols), Sa-Sbc spirals (crosses), and Sc and later types (squares).
The dashed line shows the location of the Coma cluster ellipticals, taken
from GW2008: log regt[kpc] = 1.137 4 0.217b, + Mp/10 + 0.5 log [b2"/
(nT'(2n)e)], where b, ~ 1.9992n — 0.3271, for 0.5 < n < 10; the value
of n is expressed as: n = 10~(1430+M5)/94 The continuous lines show the
mean values of the data points in 1 mag bins: red (thicker) line is for SOs
and blue (thinner) line for Sab-Sbc spirals. (b) The mean effective surface
brightness of the bulge ({1t)efr) plotted against the absolute brightness of the
bulge [MY (bulge)].

OSUBSGS sample (Fig. 10a). This correlation was not found by
Balcells et al. (2007).

Particularly useful is the parameter reff/h?, because it can be
directly compared to predictions of simulation models, related
to galaxy formation and evolution. The median value for reff/h?
for SOs in NIRSOS is 0.20, and for SO/a-Sa galaxies it is 0.15
(Table 2). These values are nearly a factor of 2 smaller than
the value of <reff/h? > = (0.32-0.36 obtained for the early-type
disc galaxies by Khosroshahi et al. (2000b; 26 mainly spirals),
Noordermeer & van der Hulst (2007; 19 SO-Sab, mainly spirals)
and Méndez-Abreu et al. (2008; 148 SO-Sb, mainly SOs). For the
OSUBSGS spirals we find a median values of rez/h° ~ 0.10, again
nearly a factor of 2 smaller than the median value rcff/h? ~ 0.22—-
0.24 given by GW2008 for spirals, or (reg/ h?) ~ 0.22 obtained by
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Figure 9. The main parameters of the disc are shown separately for different
Hubble type bins: SOs (filled red circles), and S0/a-Sa galaxies (open blue
circles) in NIRSOS, and Sab-Sbc (crosses) and Sc and later types (squares) in
OSUBSGS. (a) Scalelength of the disc (h?) versus disc mass [ M 2 (disc)], (b)
central surface brightness of the disc (t0) versus disc mass [MIO< (disc)] and
(c) central surface brightness of the disc (o) versus scalelength of the disc
(h?). The solid, dash—dotted and dashed lines in panels (a) and (c) indicate
the best fits for SOs, SO/a+Sa and Sab-Sbc galaxies, all having statistically
significant rank correlation coefficients.

MacArthur, Courteau & Holzman (2003) for the late-type spirals.
This difference is most probably related to the different decom-
position methods used: in the previous studies the bulge/disc bar
decomposition approach was used, which in barred galaxies is ex-
pected to overestimate the flux of the bulge, and therefore also reg.
De Jong (1996) found (rcff/hf) ~ 0.15 in K band, but in this early
study a constant Sérsic index was used.
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Figure 10. (a) Absolute magnitude of the disc [M,O( (disc)], indicative of
its mass, is plotted against the effective radius of the bulge (refr), shown in
different Hubble-type bins. The symbols are as in the previous figures, and
the lines are the best fits to the data points in different Hubble-type bins:
SOs (red full line), SO/a-Sa (blue dash-dotted line), Sab-Sbc (green dashed
line). (b) Scalelength of the disc (h?) plotted against the effective radius of
the bulge (refr). The correlations are significant for all the other bins, except
for spirals Sc and later.

7 DISCUSSION

In the current paradigm of galaxy formation, the hierarchical
ACDM cosmology, simulations have suggested that mergers of pri-
mordial disc galaxies form the first elliptical galaxies (e.g. Barnes &
Hernquist 1992; Naab, Khochfar & Burkert 2006). The most mas-
sive ellipticals or spheroidals are suggested to form in a merger of
two gas-poor (dry) ellipticals of a similar mass (e.g. Naab, Burkert
& Hernquist 1999; Naab & Burkert 2003), or through multiple or
hierarchical mergers (e.g. Weil & Hernquist 1996; Burkert et al.
2008). On the other hand, intermediate-mass spheroidals are sug-
gested to form by mergers of an elliptical galaxy with a massive
spiral (Khochfar & Burkert 2005; Naab et al. 2006). In this picture,
anew disc is formed of the gas, which gradually settles into the disc
plane from the dark matter halo (Kauffman et al. 1999; Springel &
Hernquist 2005). Simulations (Aguerri, Balcells & Peletier 2001;
Eliche-Moral et al. 2006; Younger et al. 2007) also show that bulges
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Figure 11. Absolute brightness of the disc [M?( (disc)] is plotted against
the absolute brightness of the bulge [M,O( (bulge)]. (a) SOs (red filled cir-
cles), SO/a+Sa (open blue circles), Sab-Sbc (crosses) and Sc and later
types (squares). Solid, dash—dotted and dashed lines show linear fits for
S0s, SO/a+Sa and Sab-Sbc galaxies, respectively, all correlations being
statistically significant. The correlation for the latest type galaxies is also
statistically significant, but for clarity the fit is not shown. (b) The correlation
is shown separately in different Hubble-type bins. In the lower panels, the
solid lines indicate the linear fit for the SO galaxies.

can form by minor mergers, which are much more frequent in the
observed Universe. In these simulations, minor mergers can heat
the original disc and trigger a central starburst, which consumes
most of the gas in the galaxy, leaving a featureless gas-poor rem-
nant with an outer disc. The bulges formed by minor mergers can be
dynamically cooler (Eliche-Moral et al. 2006; Younger et al. 2007),
but both in major and in minor mergers the formation of bulges and
discs is expected to be decoupled.

Cosmological simulations with merger histories (e.g. D’Onghia
et al. 2006) have, however, faced serious problems which are not
yet fully resolved. For example, they have been unable to unam-
biguously produce galaxies without classical bulges, or galaxies
without any bulges at all. This contradicts the observation that up
to 30 per cent of the total stellar mass in nearby disc galaxies might
reside in bulge-less galaxies (Kautsch et al. 2006; Cameron et al.
2009). Also, the merger remnants produced in the cosmological
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simulations are too metal rich, by a factor of 4-8, compared to any
observed spheroidals, ellipticals or bulges (Naab & Ostriker 2009).
This is the case at least if the mergers appeared at z > 0.3.

As an alternative, it is possible that the discs were formed first,
and the bulges were made of the disc material, followed by subse-
quent star formation (see Kormendy & Kennicutt 2004 for a com-
prehensive review). The discovery (Illingworth 1981) that bulges
can rotate and are most likely rotation-flattened oblate spheroids
fits to this picture. This is suggested to be the case for the bulges in
low-mass spirals (see MacArthur et al. 2008), but might also be an
explanation for the bulges of massive disc galaxies, including SOs.
Two examples of such low-mass bulges in SOs were discussed by
Erwin et al. (2003), and more recently, similar cases were found for
a sample of early-type galaxies based on integral-field spectroscopy
by Cappellari et al. (2007).

7.1 Photometric properties of the bulges in SOs: like ellipticals
or more like bulges in spirals?

If the photometric properties of bulges in SOs are similar to those
of elliptical galaxies, we may assume that also their formative pro-
cesses are similar, most probably related to galaxy mergers. On the
other hand, if the bulges in SOs resemble more the bulges of spiral
galaxies, it is possible that they were formed by secular evolution.
However, it is worth noticing that the formation of bulges in all
kinds of disc galaxies is under debate, and therefore a possible con-
nection to spirals does not immediately tell what are the physical
mechanisms of bulge formation in SOs.

In this study we have discussed many relations between the pho-
tometric parameters of the bulge and the disc in SO galaxies, which
link their bulges more tightly to bulges of spirals than to the el-
liptical galaxies. In fact, bulges of SOs are fundamentally different
from the elliptical galaxies, which is manifested in the photometric
plane (refr, tob and n; Fig. 3), in the M,0< (bulge) versus rg diagram
(Fig. 8a) and to some extent also in the Kormendy relation (reg
and (u)err; Fig. 2). For SOs, the luminosities of the bulge and the
disc correlate with the total absolute galaxy magnitude, and both
also correlate with the B/T flux ratio, in a similar manner as found
previously for spirals (see Trujillo et al. 2002; Balcells et al. 2003;
Carollo et al. 2007).

There is also a group of SOs with r.y = 0.05-0.2 kpc, similar
to the values obtained for dwarf elliptical galaxies (dE), but having
surface brightnesses several magnitudes higher. Simulations sug-
gest that dwarf galaxies can form from bright galaxies which lose
their discs in dense galaxy clusters. However, dwarf galaxies show
alarge diversity of structures (Lisker, Grebel & Binggeli 2006), and
not all of them are expected to form by galaxy harassment. It is par-
ticularly for the disc-like dwarfs (dS0Os) that harassment might be at
work (Mastropietro et al. 2005). The possibility of several mecha-
nisms being responsible is supported by comparing the photometric
properties of dEs and dSOs with the bulges of bright galaxies in
clusters (Aguerri et al. 2005b), and also by comparing the ages and
masses of star clusters around pseudo-bulges in late-type spirals
with those obtained in dwarf galaxies (di Nino et al. 2009). How-
ever, the simulations by Aguerri & Gonzélez-Garcia (2009) do not
support the view in which also galaxies with initially large bulge-to-
disc ratios (presumably early-type disc galaxies) could evolve into
early-type dwarfs by galaxy harassment. This simulation result is
consistent with our result.

Bulges of SOs have also characteristics that slightly deviate
from those obtained for spirals. The faint bulges are slightly more
compact than the bulges of spirals of a similar bulge luminosity

(Fig. 8a). Also, contrary to spirals, SOs show no correlation between
M% (bulge) and the Sérsic index n. (Fig. 6a). These characteristics
could manifest environmental effects: the SOs might have had a
more prolonged interaction with the intergalactic matter, or with
small companions, both of which may have slightly modified their
properties (Scannappieco & Tissera 2003; Naab et al. 2006).

We may conclude that the bulges of SOs are photometrically
fairly similar to the bulges of spirals, but different from the elliptical
galaxies.

7.2 Are the formation of bulges and discs in SOs coupled?

The different formation scenarios of bulges predict different scaling
relations for the photometric parameters of the bulge and the disc.
The masses and the scale parameters are expected to correlate if
the discs were formed first and the bulges emerged from the disc
material by secular evolution. On the other hand, in hierarchical
clustering the properties of bulges were established already dur-
ing the merger event (Khochfar & Burkert 2005), and presumably
they changed very little after that. The discs continue to grow only
slightly in mass and size, due to internal dynamical effects, and due
to gas falling into the disc.

In this study, scaling relations are discussed, suggesting that
the formative processes of bulges and discs in SO galaxies are
coupled. Most importantly, the absolute brightnesses of the bulge
[MY (bulge)] and the disc [MY(disc)], indicative of their relative
masses, are correlated for SOs [a correlation M,O( (disc) versus reg
follows from this]. For SOs in NIRSOS, a correlation exists also
between the scale parameters of the bulge (r.;) and the disc (h?)
(Laurikainen et al. 2009). Evidently, there must be some regulation
process leading to the above correlations.

The scaling relations we obtain for the spiral galaxies in the
OSUBSGS sample are similar to those found previously for spirals
in many similar studies. An exception is the relation between reg
and M (disc) (Fig. 10) for which Balcells et al. (2007) did not find
any correlation. This lack of correlation, together with the lack
of correlation between the other parameters of the bulge and the
disc [M (disc) versus B/T, or Mg (disc) versus to(bulge)] in their
study, was considered as a challenge for the secular origin of bulges
in spiral galaxies: ‘bulges do not know how massive their discs are’.
However, the sample by Balcells et al. (2007) consisted only of 19
spirals, which might explain the lack of correlation. With our sample
of 175 spirals such a correlation is evident, and we conclude that
the formation processes of bulges and discs also in spiral galaxies
are indeed coupled.

7.3 The formation processes of bulges

The scaling relations discussed above fit a scenario where the discs
in a large majority of SOs were formed first, and the bulges emerged
from the disc material. In this picture, mass transfer towards
the central regions of the galaxies is expected (Athanassoula &
Misioritis 2002), leading to central star formation, thus adding to
the mass of the bulge over a time-scale of 1—-2 Gyr (Athanassoula
et al. 2005; Bournaud, Combes & Semelin 2005; Debattista et al.
2006; Sarzi et al. 2007). As a consequence, correlations between the
masses and the scale parameters of the bulge and the disc appear.
However, these scaling relations cannot be unambiguously used to
distinguish between various formation processes of bulges. A cor-
relation between h? and rr is expected also if SOs were formed by
galaxy mergers: a small companion swallowed by the main galaxy
increases the bulge mass, and at the same time the stars in the disc
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are spread to a larger radius. For spirals we find median reg/h° ~
0.10, and for SO galaxies reg/h? ~ 0.20. Compared to the model
prediction of reff/h? = 0.28-0.33 by Naab & Trujillo (2006), both
values are not well compatible with the merger scenario. Naab &
Trujillo constructed simulation models for galaxy mergers using a
large range of mass ratios between the main galaxy and the com-
panion. The transport of baryonic matter to the central regions of
galaxies by minor mergers also increases the Sérsic index and the
mass of the bulge, leading to a correlation between B/T and n
(Scannappieco & Tissera 2003; Naab et al. 2006). Since secular
evolution also produces such a correlation, it does not yield any
unique interpretation for the origin of bulges.

In principle, bulges in late-type spirals can be interpreted as disc-
like pseudo-bulges formed by star formation in the disc. Along the
same lines, it has been argued that early-type disc galaxies, due to
their larger bulge masses, do not have enough gas to produce their
bulges in a similar manner. It has been estimated that secular evolu-
tion can produce pseudo-bulges with masses that contain 10 per cent
of the total stellar mass in galaxies (Kormendy & Kennicutt 2004).
According to Kormendy & Kennicutt, this is comparable to B/T ~
0.16. This is still smaller than the new estimates of B/T = 0.25-30
for SOs (Laurikainen et al. 2007; Balcells et al. 2007; Gadotti 2008;
GW2008; Weinzirl et al. 2009). The estimate by Kormendy & Ken-
nicutt includes only star formation in circum-nuclear rings, so that
the B/T-value would be somewhat larger if accretion of external
gas (Bournaud & Combes 2002), converted to bulge mass, was also
taken into account.

Another way of evaluating the formation processes of bulges is
to look at their colours. Bulges formed in a hierarchical clustering
scenario are expected to be red, whereas bulges formed recently
by disc star formation are naturally blue. However, for example
accretion of external gas or small blue companions (Aguerri et al.
2001) can rejuvenate the bulges. The close relationship between the
colours of bulges and discs in spiral galaxies (Peletier & Balcells
1996; MacArthur et al. 2004; Cameron et al. 2009) is consistent with
the idea that bulges in spirals were formed by secular evolution.
But it has also been suggested by Driver et al. (2006) that the
global properties of bulge-disc systems might result from the mixing
of a red bulge stellar population with a blue disc population, in
varying degrees. Therefore, based on colours it is not yet completely
clear whether the bulges in spiral galaxies are intrinsically older,
rejuvenated by recent star formation or if they really are young
bulges, produced by secular processes.

7.4 Are SOs descendants of spirals?

The problem related to the fairly large bulge masses in SOs would
vanish if we assume that their bulges were formed by galaxy merg-
ers in the distant past. However, in that case the obtained scaling
relations for SOs, indicating that the bulges of SOs are not like the
elliptical galaxies, or that the formative processes of bulges and
discs in these galaxies most probably are coupled, would not have
any unambiguous explanation. On the other hand, there are many
factors that affect the masses of bulges: (a) minor mergers can add
mass to an existing bulge, (b) dust can obscure massive bulges,
particularly in late-type spirals and (c) the most massive bulges in
SOs might have been formed at higher redshifts in an environment
which is different from that observed in the nearby Universe. Also,
not all bulges in SOs are massive: even 13 per cent of them have
B/T ratios as small as typically seen in late-type spirals.

In order to evaluate whether the SOs are stripped spirals, the
following picture can be outlined:
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(a) The parameters of the bulges and discs for the SOs in the
NIRSOS sample are correlated, in a similar manner as for the spirals
in the OSUBSGS sample, supporting the view that the formation
processes of bulges and discs in these galaxies are coupled. This is
expected if the discs were formed first and the bulges emerged from
the discs by secular evolution.

(b) The properties of bulges in SOs are fundamentally different
from the elliptical galaxies. This is the case not only for the bright
SOs, but also for the faintest bulges, comparable in size with the
dwarf ellipticals (dEs), which implies that the SOs are not likely to
be the progenitors of dEs. On the other hand, the bulges and discs of
SOs are similar to those in SO/a—Scd spirals having bulges brighter
than ~ —20 mag in K band, which is compatible with the idea that
SOs are stripped spirals.

(c) The bulges of a large majority of disc galaxies were formed
by star formation in the disc. This view is consistent with the above
two points, and is supported by the obtained ratio rg/h? for SOs and
spirals: the obtained small values are not easily compatible with the
predictions of simulations in which bulges were formed by galaxy
mergers.

(d) Spiral galaxies with bulges brighter than MY ~ —20 mag
can be transformed into SOs by stripping the disc gas, followed by
truncated star formation. If star formation of the disc in spiral galax-
ies were truncated 1-6 Gyr ago (see Begregal, Aragén-Salamanca
& Merrifield 2006), it could explain the observed magnitude dif-
ference of ~1 mag in the disc luminosity between SOs and spirals
(see our Fig. 11). Spiral galaxies which can evolve into SOs de-
pends largely on the galaxy luminosity, and therefore also on the
luminosity of the bulge, and not on the spiral Hubble type.

This scenario, where even late-type spirals could be progenitors
of SOs, reminds of the early ideas by van den Bergh (1976, 1998; see
also Sandage 2005), who suggested that spirals and SOs are spread
throughout the Hubble classification scheme in parallel tuning forks
(SO,, SO, and SO.). The SO galaxies studied by van den Bergh
were fainter than the Sa spirals. Therefore he suggested that those
SOs with small B/T flux ratios are ‘anemic’ Sb and Sc galaxies,
stripped of gas, which leaves only a bulge and a featureless disc.
However, at that time no such galaxies were found. The SO galaxies
we study are not ‘anemic’, they are not fainter than the early-type
spirals. For a representative sample of disc galaxies the K-band
luminosities of SOs and spirals was studied recently by Burstein et al.
(2005), showing that SOs and spirals have similar total luminosities.
Taking into account that fading of star formation should lower the
luminosity of SOs, this was considered as a problem for the stripping
scenario. But, on the other hand, increase in the bulge luminosity
due to internal dynamical effects might partly compensate the loss
of the disc luminosity in SOs. Also, as shown in Fig. 11, bright
spirals might more easily transform into SOs. Moreover, the discs in
most SO galaxies are not featureless: bars are known to be prominent
in SOs, nuclear bars are frequent (Erwin & Sparke 2002; Laine et al.
2002; Laurikainen et al. 2009) and even a large majority of non-
barred SOs have ovals or lenses (Laurikainen et al. 2009). The large
number of bars, rings and lenses in the early-type galaxies is again
consistent with the idea that SOs were stripped spirals. Otherwise,
it would be difficult to understand why these galaxies, deficient of
gas, which should make the disc stable, have formed such frequently
observed, prominent sub-structures in their discs.

The original idea of SOs as stripped spirals where star forma-
tion has ceased comes from the observation by Dressler (1980),
who showed that SOs are common in nearby clusters, whereas spi-
rals are more common in distant clusters. This has been recently
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re-investigated for the cluster C100244-16 at redshift z = 0.39 by
Moran et al. (2007). They found a large abundance of passive spi-
rals (with only a small amount of H1 gas and a low level of star
formation), which were interpreted as galaxies in a transition state
from spirals to SOs. The number of these galaxies was estimated to
be large enough to explain the fraction of SOs in the nearby clus-
ters. It was suggested by Moran et al. (2007) that the processes to
form ‘passive’ spirals in a low density interstellar medium could be
ram pressure stripping, and in a more dense environment, galaxy
interactions, starvation and gentle stripping of the discs. However, it
has been questioned whether typical spiral galaxy luminosities are
sufficient to build up the brightest SOs in local clusters (Poggianti
et al. 1999; Gerken et al. 2004). A natural solution for this problem
comes from the recent study of luminous infrared galaxies (LIRGs)
by Geach et al. (2009), who used 24 uwm band Spitzer observations.
They showed that the LIRGs at z ~ 0.5 can account for the star
formation needed to explain the bright end of the SO luminosity
function. These galaxies have morphological types of Sab, indicat-
ing that the bulges in the most massive SOs might form already at
a fairly early stage of galaxy evolution. Based on an analysis of
colours, Dominguez-Palmero & Balcells (2009) obtained a similar
conclusion.

There is also other evidence supporting the view that SOs are
stripped spirals. If interactions of galaxies with the intra-cluster
medium, e.g. gas stripping, are responsible for the transformation
of spirals into SOs, the number of globular clusters in these galaxies
will not be affected. Indeed, this is what was found by Aragdén-
Salamanca, Bedregal & Merrifield (2006) and Barr et al. (2007).
Results for the Tully—Fisher (luminosity versus maximum rotation
velocity) relation hint in the same direction: Bedregal, Aragén-
Salamanca & Merrifield (2006) explained the location of the SO
galaxies below the spirals (lower L for a given V,,,,) arising from
the luminosity evolution of spiral galaxies, in which star formation
is ceased. The transformation was assumed to occur over a range
of time-scales, with the galaxies passively fading in the latest stage
of the evolution. This is consistent with the results obtained in this
study.

8 CONCLUSIONS

New 2D multi-component decompositions are presented for 122
early-type disc galaxies, as part of the NIRSOS, using deep K-band
images. Combined with our previous decompositions, this leads to
a sample of 175 galaxies (117 SOs + 22 S0O/a and 36 Sa galaxies).
Of these galaxies, reliable decompositions could be made for 160
galaxies. As a comparison sample, we use the OSUBSGS of spirals,
for which similar multi-component decompositions have previously
been made by us. Particular attention has been paid on correcting
the effects of dust on the parameters of the bulges and discs. In
our multi-component approach, 2D light distributions of galaxies
are decomposed to structure components including, besides bulge
and disc, also bars, ovals and lenses, using either Sérsic or Ferrers
model functions. To our knowledge, this is a first attempt to study
the scaling relations for a representative sample of SOs and spirals,
applying the same multi-component decomposition approach for
all galaxies.
Our main conclusions are the following:

(1) The photometric properties derived for the NIRSOS and the
OSUBSGS samples show that the bulges of SO galaxies are more
tightly related to bulges of spirals than to elliptical galaxies. This is
manifested in the M,O< (bulge) versus r.g diagram, in the photometric

plane and in the Kormendy relation (Figs 8a, 3 and 2, respectively).
However, the brightest bulges among the SO-Sa galaxies in the
Kormendy relation are located in the same region as the elliptical
galaxies.

(2) The bulges in SOs are different from the elliptical galaxies.
This is the case not only for the bright galaxies, but also for those
with sizes similar to the dwarf elliptical galaxies (SOs have several
magnitudes higher surface brightnesses than dEs). This suggests
that SOs are not likely to evolve into dwarf galaxies by galaxy
harassment. On the other hand, the bulges of SOs are fairly similar
to those of spirals having MY (bulge) < —20 mag, except that they
are slightly more compact (Fig. 8a) and do not show a statistically
significant correlation between MY (bulge) and the Sérsic index n
(Fig. 6a).

(3) The properties of bulges and discs of SOs in the NIRSOS sam-
ple are coupled, in a similar manner as has been found previously
for spirals. This is manifested in the MY (bulge) versus M$ (disc)
(Fig. 11), M ,0( (bulge) versus rg (Fig. 8a), as well as in the reg ver-
sus h? diagrams (Fig. 10). For re¢ versus 2° we confirm previous
results.

(4) We obtained median re/h° = 0.20, 0.15 and 0.10 for SO, S0/a
and Sab-Sc galaxies, respectively. These values are a factor of ~2
smaller than obtained previously in the literature. Compared to the
model predictions by Naab & Trujillo (2006), these values are not
well compatible with the idea that the bulges of disc galaxies were
formed by galaxy mergers, not even for SOs.

(5) The properties of the discs are very similar among the SOs
and spirals: they occupy the same regions in the (a) h? versus
M (disc), (b) o versus M%(disc) and (c) o versus h? (Figs 9a,b
and c, respectively) diagrams. For both types of galaxies w varies
by 4.5 mag and the range in h° is 1-10 kpc, in agreement with that
obtained by GW2008 for spirals.

(6) The bulge-to-total flux ratio, B/T, for SOs covers the full
range of B/T < 0.7 found in the Hubble sequence. Even 13 per
cent (N = 12) have B/T < 0.15, typically seen in late-type spirals.

Our results support the view that spiral galaxies with bulges
brighter than —20 mag in K band can evolve directly into SOs by
stripping the gas from the disc, followed by truncated star formation.
This is estimated to be the case up to ~50 per cent of the Sc-Scd type
spirals. This view is consistent with the obtained scaling relations
and the properties of bulges and discs of SOs and spirals, as discussed
in our study.
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APPENDIX A: DISCUSSION OF THE
DECOMPOSITIONS FOR THE INDIVIDUAL
GALAXIES

In the following, decompositions for individual NIRSOS galaxies
are discussed. It is done (1) if the solution is uncertain, (2) it was
complicated to find, (3) the galaxy has a bar although it is not
classified as a barred galaxy in RC3 or (4) the catalogued Hubble
type needs revision. For 15 of the 176 galaxies no decomposition
was made, either because the inclination was higher than 65° (NGC
2549, NGC 4220, NGC 4293, NGC 4429, NGC 5308, NGC 5448,
NGC 5838, NGC 7332), the galaxy formed a strongly interacting
pair (NGC 4105, NGC 6438, NGC 3718, NGC 5353), the image
was not deep enough for detecting the exponential disc (NGC 6482),
the galaxy had practically no bulge (IC 5240) or the decomposition
was otherwise uncertain (NGC 3900). Weak bars detected in the
residual images are discussed, but they are shown in the data-paper
(LSBK) where all the structural components for the sample galaxies
are illustrated.

IC 4329: The galaxy has a very dispersed bar-like structure end-
ing up to a faint lens at the same radial distance (~55 arcsec).
Inside the bar, there is a similar bar/lens structure at r < 25 arcsec
appearing also as an exponential subsection in the surface bright-
ness profile. The two bar/lens components are visible also in the
ellipticity profile. In the decomposition the inner bar/lens was fitted
by a Ferrers function.

IC 4889: The galaxy is an elliptical galaxy in RC3 but, as noticed
by Sandage & Bedge in CAG, it has a developed outer envelope
which makes a classification to SO justified. The inner parts of the
galaxy also show isophotes that deviate from the outer disc. A weak
lens was added to the decomposition, but it does not affect the
parameters of the bulge.

IC 5267: In the near-IR this galaxy looks like typical SO with
two bright lenses with nearly circular isophotes, and a faint outer
disc. In the decomposition, the lenses were fitted by two Ferrers
functions. However, in blue light it is classified as S0/a having also
a partial outer ring.

IC 5328: This galaxy is classified as an elliptical galaxy in RC3,
and as an SO in RSA and in CAG. We first tried to use a single
Sérsic function, but it failed to model the surface brightness profile
properly. As the galaxy obviously has a lens, a Ferrers function was
added, which considerably improved the fit: the solution converged
even when leaving all the parameters of the bulge and the disc free
for fitting. The residual image, after subtracting the bulge model,
shows a very weak bar. There is no doubt that this is not an elliptical
galaxy.

ESO 137-G10: In the K-band image the galaxy image looks fea-
tureless. Our best-fitting model includes a fairly exponential bulge
and an exponential disc. In the residual image, after subtracting the
bulge mode, a faint lens is visible, detected also in CAG in the
optical region.

ESO 337-G10: A simple bulge/disc decomposition was a good
fit to the surface brightness profile, but it left a residual image where
a lens was visible.

NGC 439: This galaxy is classified as SABO™(rs) in RC3, and
as ES in CAG. Our K;-band image shows no sign of a bar. In fact,
the galaxy looks featureless and the 2D surface brightness profile
can be satisfactorily fitted by a single Sérsic function, supporting
the GAC classification.
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NGC 474: The galaxy has a weak oval bar surrounded by a
lens with circular isophotes, each of which was fitted with a Ferrers
function. The disc is exponential and shows some arc-like structures.
These arcs have been interpreted as merger-created shells, possibly
also influenced by the neighbour NGC 470 (Turnbull, Bridges &
Carter 1999).

NGC 484: This galaxy is classified as non-barred in RC3 and at
first sight it indeed looks featureless. But, it has an elongated central
component, most probably a bar, surrounded by a nuclear ring. The
galaxy has also a weak lens extending to a large radial distance.
However, these components are too weak for taking into account
in the decomposition. We find two possible solutions, one obtained
with a single Sérsic function, and another using a bulge-disc model.
However, as a bar and a lens are visible in the residual image in the
single function solution, the bulge-disc model was considered more
reliable.

NGC 507: NGC 507 is reported to be a non-barred galaxy in all
previous studies, but our K-band image shows a weak bar in the
unsharp mask image (see LSBK). The bar is too weak to be fitted
in the decomposition, but as it is surrounded by a bright oval, we
can fit both components with a single Ferrers function.

NGC 524: This galaxy is a typical example of a non-barred SO:
the surface brightness profile shows two lenses, which are directly
visible also in the image. By adding two Ferrers functions with n =
1 gives a good fit to the observed flux distribution. A comparison
with a deep optical image also shows that the component fitted as
an exponential disc is actually a third lens (see LSBK).

NGC 584: Although an elliptical in RC3, we classify this galaxy
as an SO, which is also in agreement with Buta, Corwin & Odewahn
(2007, hereafter BCO). It has a bright central oval and a weak bar
inside the oval. The surface brightness profile shows an intermediate
region between the bulge and the disc. In our decomposition we
fitted the bar/lens using a single Ferrers function.

NGC 890: In RC3 this galaxy belongs to the family class AB.
However, there is no clear evidence of a bar in the K -band image.
However, the galaxy has boxy isophotes at » < 10 arcsec. In the
decomposition, a Ferrers function was fitted to this boxy compo-
nent. By excluding it a boxy oval appears in the residual image,
after subtracting the bulge model from the original image. How-
ever, the oval does not affect the parameters of the bulge or the
disc.

NGC 1161: This galaxy is classified as non-barred SO in RC3
and by BCO, but it shows a weak bar in the residual image after
subtracting the bulge model from the original image. We tried first
a simple bulge/disc decomposition which gives a quite good fit.
However, by including a Ferrers function for the bar, less structure
appeared in the residual image.

NGC 1201: This is again a non-barred galaxy in RC3, but our K-
band image shows two bars. The secondary bar is also surrounded by
an oval. In our best-fitting model the two bars were fitted by Ferrers
functions: for the secondary bar and the oval a single function was
used. The different structure components were found iteratively in
small steps. The final solution was maintained even after leaving all
the key parameters free for fitting.

NGC 1302: This galaxy has a nearly round bulge and a bar
surrounded by a lens. The bar and the lens were fitted separately. If
all the parameters were left free for fitting, the flux of the bulge, the
lens and the bar were degenerated, which was possible to see in the
model image. A decomposition for this galaxy has been previously
made also by Laurikainen et al. (2004) using the OSUBSGS H-
band image, leading to a higher B /T flux-ratio than obtained in this
study (B/T = 0.40 and 0.25, respectively). This difference can be
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explained by the fairly bright lens included to the decomposition in
this study, but not by Laurikainen et al.

NGC 1344: The galaxy is classified as ES in RC3, but in our
classification it is an SO. To the decomposition we included an oval,
fitted with a Ferrers function.

NGC 1351: As the surface brightness profile shows an expo-
nential disc and a prominent bulge, we started with a bulge/disc
decomposition. However, after subtracting the bulge model from
the original image a weak bar appears in the residual image. In the
final decomposition, a Ferrers function was used for the bar. How-
ever, the bar is so weak that it does not affect the parameters of the
bulge or the disc.

NGC 1371: The galaxy has a weak bar with some characteristics
of spiral arms. In the decomposition, this component was fitted with
a Ferrers function. The spiral arms seem to be forming an inner ring.

NGC 1380: The galaxy has a weak bar with ansae at the two
edges. In the central parts of the galaxy, there is either a flattened
bulge or an oval.

NGC 1389: The galaxy has a small bar oriented along the main
disc (visible in the direct image). The bar is surrounded by a lens
with a different orientation. In the decomposition the lens was fitted
by a Ferrers function, whereas the bar was too weak to be taken into
account.

NGC 1537: The galaxy has a bar visible in the direct image, but
it was too weak to be taken into account in the decomposition.

NGC 1543: This galaxy has two bars, a nearly circular lens
surrounding the primary bar, and a prominent, broad and diffuse
outer ring. The bulge is nearly spherical. The outer ring dominates
the outer part of the disc. In the decomposition the two bars were
fitted by Ferrers functions. The decomposition did not converge, but
at the end the solution changed very little in the iterations. In order
to avoid too long bar model the length was forced to 75 arcsec. At
the beginning some flattening for the bulge was given, but in the
iterations the bulge turned to spherical.

NGC 1617: The galaxy has a bar with some characteristics of
spiral arms. It has also an outer ring, probably forming a lens. The
bar and the lens/outer ring were fitted by Ferrers functions.

NGC 2217: The galaxy has two bars and a lens surrounding
the primary bar. These components were fitted with three Ferrers
functions. The secondary bar was fitted together with an oval sur-
rounding it. Due to the oval, estimating the flattening of the bulge
was not self-evident. However, using a nearly spherical bulge, a
well-defined oval (similar to the observed one) in the model image
was produced. The outer disc is dominated by an outer ring, which
makes the scalelength of the disc unreliable.

NGC 2300: This galaxy is classified as an SO, in RC3 and by
Michard & Marchal (1994), whereas in CAG it is classified as an
elliptical galaxy. The surface brightness profile shows clearly an
exponential disc which confirms that the galaxy is an SO. It has also
a nearly exponential subsection at » < 20 arcsec associated to a
lens, which is visible also in the direct image. The lens was fitted
by a Ferrers function.

NGC 2655: This galaxy has a large flattened component and
a faint, extended and non-regular outer envelope. In the decom-
position we assumed that the flattened structure is a bulge. This
leads to an extremely large B/T flux-ratio (B/T = 0.66), which is
consistent with the visual impression of the image and the surface
brightness profile.

NGC 2685: NGC 2685 is classified as barred SO in RC3.
Ravikumar et al. (2006) have also detected an inner disc in the
H band using the Hubble Space Telescope. Our image shows that
the galaxy has an oval-shaped component at » < 50 arcsec, oriented
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along the outer disc. This oval component can be either a bar
(e = 0.65) or an inner disc. In our decomposition this compo-
nent was fitted by a Ferrers function, whereas the inner disc was not
considered.

NGC 2768: This galaxy is classified as E6 in RC3, and as an SO
in CAG and by BCO. Although the galaxy is fairly featureless, it
has boxy isophotes at a large radial range. The surface brightness
profile clearly shows an intermediate region between the bulge and
the disc. In the decomposition we fitted an oval using a Ferrers
function. Leaving the parameters of the oval free for fitting, the
boxy isophotes were automatically found. Our best-fitting model is
good everywhere else except in the innermost pixels. This is because
the galaxy has also a nuclear bar at r < 2 arcsec (see LSBK), which
was not possible to take into account in the decomposition.

NGC 2782: This galaxy has a small, dusty bar at r < 7 arcsec,
and a complex lens-like structure outside the bar. In the decomposi-
tion only the flat component was possible to take into account (the
bar is too weak and knotty). The decomposition did not converge,
but the obtained solution looks reasonable.

NGC 2787: This galaxy has a bar and a bright lens or oval inside
the bar, each of which was fitted with a Ferrers function (n = 2 and
n = 1, respectively). The central regions of the image have nearly
spherical isophotes. We made first a bulge/disc/bar decomposition,
leaving all the key parameters free for fitting. This approach gave
a fairly good fit to the surface brightness profile, but the model
image was not comparable with the observed image. Adding an
oval considerably improved the model image.

NGC 2902: This is again a prototypical SO having a prominent
lens, which is important to take into account in the decomposition.
The galaxy has also a weak bar inside the lens, visible only in the
residual image after subtracting the bulge model from the original
image (see LSBK).

NGC 2950: This galaxy has two bars, both surrounded by a lens
or an oval. The secondary bar and the surrounding oval were fitted
by a single Ferrers function, whereas for the primary bar and the
lens surrounding it two different functions were used. The decom-
position was started by finding the parameters of the disc, which
were fixed at the beginning. After that a bulge/disc/bar decomposi-
tion was made, and finally the rest of the components were added to
the fit iteratively. Once all the structure components were found, all
parameters of the bulge and the flux of the other components were
left free for fitting. The solution did not converge, but at the end it
changed extremely slowly. The found solution looks reasonable.

NGC 3032: The galaxy has two nearly circular lenses visible
both in the direct image and in the surface brightness profile. In the
decomposition they were fitted by Ferrers functions. It is possible
that the exponential part of the surface brightness profile fitted as a
disc, actually is a lens.

NGC 3166: This galaxy has three classical bars perpendicular
to each other. The primary bar is surrounded by a nearly circular
lens, and the secondary bar by an other lens. The tertiary bar has
boxy isophotes in the middle part of the bar. Unfortunately, the
field of view (FOV) is too small for detecting the outer disc. In
the decomposition we used three Ferrers functions: one for the
primary bar, one for the lens surrounding it and one for the secondary
bar together with the surrounding lens. An exponential function
was used to model the outer disc, including the tertiary bar. The
components were found iteratively in small steps. In spite of the
fact that the solution for the outer disc is only an approximation, the
inner regions were possible to fit in a reasonable manner.

NGC 3169: In RC3, this is a non-barred galaxy, but our Kj-
band image shows a weak bar at r < 10arcsec. The bar is visible

in the unsharp mask image (see LSBK). The image shows boxy
isophotes at r < 50 arcsec, which might form part of a larger bar.
However, both components are too weak to be taken into account
in the decomposition.

NGC 3245: This galaxy has a small inner disc visible in the direct
image, which might be related to a nuclear ring. It is surrounded by
a bright lens or an oval, manifested as a broad bump in the surface
brightness profile. In the decomposition the lens and the outer disc
were fitted by a single exponential function, whereas the inner disc
was fitted by a Ferrers function.

NGC 3358: The galaxy has a secondary bar and a primary bar
surrounded by a weak lens. The outer disc is very flat and drops
rapidly at the outer edge. The disc has also some spiral structure. In
the decomposition, it was possible to model the nuclear bar with one
Ferrers function, and the primary bar, together with the surrounding
lens, with another Ferrers function. The bulge is the small, nearly
round component in the galaxy centre. In this case, there is no
confusion with the bulge and the other components of the galaxy.

NGC3384: The image shows a bright, nearly round bulge, a weak
bar and an elongated central structure, most probably a nuclear bar.
In our decomposition the two bars were fitted by Ferrers functions.
This solution leads to a considerably smaller B/T flux-ratio than
obtained previously by Fisher, Franx & Illingworth (1996) using a
simple bulge/disc approach (B/T = 0.32 versus 0.53, respectively).

NGC 3414: In the CAG, this galaxy is given as an example
of an SO having a very bright bulge and one of the faintest disc-
to-halo (bulge) ratios seen in any disc galaxy. de Vaucouleurs, de
Vaucouleurs & Corwin (1976) report also a faint diffuse bar, but the
bar has not been considered in more recent classifications of this
galaxy. In our decomposition a bar was fitted by a Ferrers function.
However, it is also possible that this is a galaxy seen nearly edge-on.
For the uncertainty in the galaxy orientation the obtained solution
should be considered with caution.

NGC 3489: In spite of its apparent simplicity, this galaxy has
actually a fairly complicated morphology (see LSBK): it has a
weak bar inside a flattened bulge, and boxy isophotes outside the
bar. In the decomposition the bar was fitted by a Ferrers function.

NGC 3516: This galaxy has a bar and a lens surrounding it.
In the decomposition we used two Ferrers functions to fit these
components. However, the interpretation of the bulge is not self-
evident. The central regions of the galaxy are flattened and are
assumed to be the bulge. However, based on the twisted isophotes
in that region (see LSBK) it could be an oval as well. We consider
the obtained B/T as an upper limit.

NGC 3607: This galaxy has a bright, nearly circular lens, and a
slightly flattened bulge. The lens, fitted by a Ferrers function in the
decomposition, changes the B/T flux-ratio from 0.31 to 0.36, and
the Sérsic index fromn = 1.5ton = 1.6.

NGC 3665: NGC 3665 has a flattened bulge or an oval, as well
as inner and outer discs. However, the inner disc is so weak that
it cannot be taken into account in the decomposition. In the best-
fitting decomposition, the flat inner component was interpreted as
a bulge. We also tried whether a single Sérsic function is capable to
fit the whole surface brightness profile, but that was not the case.

NGC 3729: This galaxy is dominated by a knotty central compo-
nent, a bar and an inner ring. We made a bulge/disc/bar decompo-
sition. The parameters of the bar were found first. After that the bar
parameters, except for the flux, were fixed and the parameters of the
bulge were found. In this approach, a slightly flattened, extremely
small bulge with B/T = 0.03 was found. The found extremely small
B/T flux-ratio is not consistent with the Sa Hubble type given for
this galaxy.

© 2010 The Authors. Journal compilation © 2010 RAS, MNRAS 405, 1089-1118



NGC 3892: The galaxy has a bright central component, and a
diffuse bar ending up to a nearly spherical lens. Outside the lens a
weak disc appears. In the decomposition, two Ferrers functions were
used to fit the bar and the lens. We first tried a bulge/disc/bar/lens
decomposition, but it left a large residual to the central regions of
the galaxy. The fit in the central regions was considerably improved
by adding another Ferrers function representing another lens inside
the bar. The obtained B/T = 0.11 is one of the smallest found for
the SO galaxies in our sample.

NGC 3945: This galaxy has a primary and a secondary bar, both
surrounded by a lens. It has also an inner and an outer ring. In our
decomposition different Ferrers functions were used to model the
primary bar, the lens surrounding it and the inner bar/lens system.
The scalelength of the disc, which for this galaxy is only an approx-
imation, was found using the 1D version of the code, by fitting an
exponential function to the outer isophotes. The other components
were found iteratively in small steps. At the end all the parameters
of the bulge and the flux of the other components were left free for
fitting.

NGC 3998: This is one of the clearest examples of lens-
dominated SO galaxies in our sample. In the surface brightness
profile an exponential subsection at r < 15 arcsec shows a bright
lens. There is also a weak bump in the surface brightness profile at
r ~ 40 arcsec, which hints to an outer lens. In the decomposition
the bright inner lens was fitted with a Ferrers function. The expo-
nential disc in the decomposition included also the outer lens, but
the lens is not expected to significantly affect the parameters of the
disc.

This galaxy has a weak bar at r < 8 arcsec, which is visible in the
residual image after subtracting the bulge model. A more detailed
discussion of this galaxy is found in Laurikainen et al. (2009).

NGC 4138: This galaxy has an inner and an outer lens, the latter
ending up to an inner ring. In our decomposition, we fitted the
inner lens, whereas the outer lens and the ring were included to the
exponential disc. The bulge is so knotty that this approximation is
not expected to affect the parameters of the bulge. Excluding the
lens in the decomposition barely affects the B/T flux-ratio (B/T =
0.07 and 0.11, respectively), but it changes the Sérsic index from
n=24ton=17.

NGC 4203: This galaxy has a weak bar embedded in a bright
oval, and an almost circular weak outer lens. The bar is well visible
in the residual image after subtracting the bulge model (see LSBK).
In the decomposition, we fitted the inner lens and the bar with a
single Ferrers function. The disc and the outer lens were included
to the fit of the exponential disc.

NGC 4262: The galaxy has a bright, nearly spherical bulge,
a bar and a lens extending well outside the bar radius. We made a
bulge/disc/bar decomposition, which showed the lens in the residual
image, after subtracting the model image from the original image.
However, the lens is so weak that it does not affect the parameters
of the bulge or the disc. This galaxy is reported to have also an inner
disc in the optical region (Erwin 2004), but it is not visible in our
K;-band image.

NGC 4314: NGC 4314 has a weak nuclear bar surrounded by
a nuclear ring. It has also a strong primary bar and a fat inner
component elongated along the thin bar, most probably being part
of the bar itself. In the decomposition we used two Ferrers functions,
one for the primary bar, and one for the nuclear bar/ring system.
In the residual image, after subtracting the model from the original
image, the fat bar component is visible. We tried to add also the
fat bar component to the decomposition, but it disappeared in the
iterations. We also tried a solution where some flattening was given
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to the initial bulge model, and the orientation of the bar, but it did
not lead to a flat bulge model.

NGC 4369: This galaxy has a small bar surrounded by a lens,
which again is surrounded by another lens. The surface brightness
profile shows that the bulge and the bar have almost similar surface
brightnesses. A bump in the surface brightness profile at r = 10—
15 arcsec corresponds to irregular spiral structure around the bar. In
the decomposition we fitted the bar with a Ferrers function and the
outer lens by an exponential function. No separate disc was fitted.
However, due to the small number of pixels above the exponen-
tial part of the surface brightness profile, the obtained solution is
highly uncertain. Most probably the B/T flux-ratio for this galaxy
is extremely small.

NGC 4371: This galaxy has an ansae-type bar ending up to an
inner ring. Inside the bar there is an inner disc and a nuclear ring.
In the decomposition Ferrers functions were used to fit the bar and
the inner disc/ring system. The bulge was forced to be spherical. If
the ellipticity of the bulge was left free for fitting the bulge model
would erroneously consist of the flux of the outer disc. These two
models would give completely different B/T flux-ratios (B/T =
0.19 and 0.53, respectively).

NGC 4373: This galaxy is classified as SABO™ in RC3 and as
an elliptical galaxy in CAG. In our K-band image the galaxy looks
featureless, but the surface brightness distribution cannot be fitted
well by a single Sérsic function. We then fitted a bulge and a disc:
this model did not converge, but at the end the model changed
extremely slowly. In the residual image (observed image — model
image) a weak bar was visible.

NGC 4378: This is an Sa galaxy having faint, very tightly wound
spiral arms. The arms seem to be forming two lens-like compo-
nents. The weak disc is dominated by an outer pseudo-ring. In the
decomposition, we fitted the two lens-like components with Ferrers
functions. These functions considerably affected the B/T flux ra-
tio: while the simple bulge/disc decomposition gave B/T = 0.54,
including the lenses gave B/T = 0.31.

NGC 4424: This galaxy has a very small bulge or no bulge at all.
We give a bulge/disc/bar decomposition, but for the small number
of pixels in the bulge, only the parameters of the disc are reliable.
This is again one of the early-type galaxies that have a bulge, similar
to those found in late-type galaxies.

NGC 4435: This galaxy has a bar with a boxy oval inside. We
made a simple bulge/disc/bar decomposition, in which case the flux
of the boxy oval goes to the bulge. However, the boxy oval might
be a manifestation of a nuclear bar, for which reason the obtained
B/T ratio can be considered as an upper limit.

NGC 4457: A dominant feature in this galaxy is a lens, which has
aweak embedded bar. The outer disc is dominated by a weaker lens-
like outer ring, whereas in the central regions there is a secondary
bar surrounded by an oval. In the decomposition, the secondary bar
and the surrounding oval were fitted by a single Ferrers function.
In the decomposition, we fitted the primary bar/lens system with
an exponential function and ignored the outer ring. This solution is
expected to be only an approximation for the disc, but presumably
does not significantly affect the parameters of the bulge.

NGC 4459: This galaxy has a bright, nearly round central re-
gion, and an exponential disc where also a lens appears. The lens
is visible both in the direct image and in the surface brightness
profile. In the decomposition it was fitted by a Ferrers function. A
good solution was found using an image rebinned by a factor of 4,
but a similar solution using the full resolution image did not con-
verge. Therefore, in the final solution the number of iterations was
limited.
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NGC 4477: The galaxy has a classical bar surrounded by multiple
shell-like or ring-like structures, which form part of an exponential
disc. In the surface brightness profile, the shell-like structures appear
as flux slightly above the exponential light distribution. A good fit
was obtained using a Ferrers function for the bar.

NGC 4531: This is a dwarf galaxy having a spiral-like bar em-
bedded inside a lens. The surface brightness profile shows that the
bulge is very small and has a low surface brightness. All the com-
ponents of the disc were fitted by a single exponential function.
A simple bulge/disc decomposition, leaving all the key parameters
free for fitting, leads to an extremely large Sérsic index (n = 5.3). In
this solution the bulge extends throughout the galaxy. We consider
this solution unrealistic and find an other solution with a smaller
bulge (shown in Fig. 1). It was found by selecting the initial pa-
rameters more carefully. We also limited the number of iterations
otherwise, after a certain number of iterations, a sudden jump to the
large bulge solution occurs.

NGC 4546: In our best-fitting solution a bulge, a disc and a
bar were fitted. The galaxy has also a weak secondary bar visible
in the residual image, after subtracting the bulge model from the
original image. The secondary bar also appears as a small peak
in the ellipticity profile. However, it is not expected to affect the
parameters of the bulge or the disc.

NGC 4612: The galaxy has a weak bar surrounded by a promi-
nent lens. The outer disc is weak, and it is dominated by an outer
ring. In the decomposition we fitted the bar with a Ferrers function
and the lens with a Sérsic function. Our best-fitting decomposi-
tion looks a reasonable fit, but the solution did not converge. For
this galaxy, the bar affects the parameters of the bulge: a simple
bulge/disc decomposition would considerably overestimate the flux
of the bulge leading to B/T = 0.63 whereas the bulge/disc/bar/lens
model gives B/T = 0.21. The Sérsic index in the two models also
differs considerably (n = 4.1 and 2.2, respectively). The image is
not deep enough for obtaining the scalelength of the disc in a reliable
manner.

NGC 4694: The galaxy has a bright oval-like component and
a peculiar nuclear bar or an inner disc. In the decomposition the
central component was fitted by a nuclear exponential function.

NGC 4696: This galaxy is classified as an elliptical galaxy both
in RC3 and in RSA, whereas in CAG it is S05(0) galaxy. We found
that it is not possible to fit the 2D surface brightness profile by a
single Sérsic function, thus supporting the SO classification. The SO
nature is manifested also by several exponential subsections in the
surface brightness profile, associated to lenses. Also, the outer part
of the surface brightness profile is exponential.

NGC 4754: The galaxy has two bars, of which the secondary
bar is embedded inside an oval. In the decomposition the bars were
fitted by Ferrers functions.

NGC 4772: This galaxy is reported in the literature as an Sa
galaxy in the optical (RC3, BCO, CAG), and as an SO in the near-
IR (Eskridge et al. 2002). The galaxy has a bright bulge surrounded
by a disc, which might be seen nearly edge-on. It is surrounded by
a faint outer disc.

NGC 4880: This galaxy has a very small bulge, a small peculiar
bar and a lens extending well outside the bar radius. In the decom-
position, the bar and the lens were fitted by two Ferrers functions.
Due to the small number of pixels in the bulge model, it is not
considered to be uncertain.

NGC 4976: Again, a controversy exists in the classification given
in RC3, where the galaxy is an elliptical, and in the CAG where
it is classified as a prototypical SO;. Indeed, the K,-band surface
brightness profile shows a deviation from a typical profile of an

elliptical galaxy: the central region is too bright and, also, the flux
density does not decrease smoothly. As a confirmation check, we
tried to fit the 2D flux distribution with a single Sérsic function, but
the model failed to fit the central regions of the galaxy. However,
a good fit in the central regions was obtained by adding a Ferrers
function, representing a lens, to the model. This component (r ~
17 arcsec) can be associated also as a bump in the ellipticity profile
(see LSBK).

NGC 4984: NGC 4984 has a primary and a secondary bar, both
embedded inside lenses. In the decomposition the two bar+lens
systems were fitted by Ferrers functions. While finding the param-
eters of the primary bar a series of decompositions were made until
the model image looked similar to the observed image. The galaxy
has a weak outer disc having also an outer ring, which makes the
parameters of the disc somewhat uncertain.

NGC 5026: The galaxy has a bar surrounded by a weak lens,
ending up to the same radius with the bar. Spiral arms, forming an
inner ring, also start from the two ends of the bar. A flattened bulge
appears inside the bar. In our decomposition, the bar was fitted by
a Ferrers function, whereas the lens was not fitted. The exponential
function for the outer disc is not perfect, because the disc is fairly
flat. It is possible that the component fitted as an exponential disc is
actually a lens.

NGC 5087: This galaxy is classified as an SO both in RC3 and
in CAG. The image shows a weak bar which was fitted by a Ferrers
function.

NGC 5121: The galaxy has a bright, nearly circular bulge, a
small central component and a bright lens at » < 40 arcsec. The
lens is also manifested as a broad bump in the surface brightness
profile. The lens and the central elongated component were fitted
by Ferrers functions.

NGC 5206: The galaxy has a bright nucleus and a very faint
dispersed bar at r < 80 arcsec. The galaxy also has a faint circular
component at r < 15 arcsec, which most probably is a lens. In the
decomposition, we fitted the nucleus with a Gaussian function, the
bulge with a Sérsic function and the bar with a Ferrers function.
The lens was not modelled, but it is also so weak that it does
not affect the decomposition. The found solution gives one of the
smallest B/T flux-ratios (B/T = 0.08) for SOs.

NGC 5266: The galaxy has either a bright oval or a slightly flat-
tened bulge, surrounded by a faint disc. The dust lane crossing the
flattened component is visible in the K-band image. In the decom-
position, the flattened component was fitted by a Sérsic function
and it was interpreted as a bulge. A single Sérsic function does not
give a good fit to the surface brightness distribution.

NGC 5273: This galaxy has a nuclear bar and a lens extending
to a much larger radius than the bar. In the decomposition, only
the lens was fitted. The bar is so weak that it does not affect the
model.

NGC 5333: NGC 5333 has an oval-bar, having also an elongated
inner component inside the bar, aligned nearly in the same orien-
tation with the bar. These two components were fitted by Ferrers
functions in the decomposition.

NGC 5365: This galaxy has a primary bar embedded in a weak
lens, and a secondary bar embedded in a bright oval. The outermost
structure in the image is probably also a lens ending up to an outer
ring. This galaxy is discussed in detail by Laurikainen et al. (2009),
where the image is also shown in different scales, demonstrating
the different structure components. The primary bar and the lens
were fitted by a single Ferrers function, whereas the nuclear bar and
the oval were fitted by a single Sérsic’s function. The outer part of
the image was fitted by an exponential function.
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NGC 5377: The galaxy has a strong bar with boxy or x-shaped
isophotes inside the bar. The galaxy also has a nuclear bar. In the
decomposition the two bars were fitted with Ferrers functions.

NGC 5419: This galaxy is classified as an elliptical galaxy in
RC3, and as SO in SGC and in CAG. The K-band surface brightness
profile clearly shows an exponential disc, characteristic for SOs.
There is also a lens, manifested in the surface brightness profile.
Also, the 2D flux distribution cannot be fitted by a single Sérsic
function. The best fit was obtained with a three-component model
where a Ferrers function was used for the lens.

NGC 5473: This galaxy has a classical bar inside a bright oval.
The bar/oval structure is embedded in a weak lens, oriented perpen-
dicular to the oval. We made a simple bulge/disc/bar decomposition
where a single Ferrers function was used for the bar/oval system.
The lens was not fitted, but it is so weak that it does not affect the
parameters of the bulge or the disc.

NGC 5485: The galaxy image looks fairly featureless, but more
careful inspection shows a boxy oval or a lens, manifested also in
the surface brightness profile. We made first a simple bulge/disc
decomposition leaving all the key parameters free for fitting, but it
left a lens in the residual image. In the final decomposition, the oval
was fitted by a Ferrers function.

NGC 5493: The galaxy has along bar and also an inner elongated
component along the bar. Due to its orientation, it is most probably
part of the bar. The bar was fitted by a Ferrers function.

NGC 5631: This galaxy looks fairly featureless, except that it
has a lens, manifested both in the galaxy image and in the sur-
face brightness profile. The outer disc looks exponential, but a
comparison to an optical image shows that it is actually another
lens (see LSBK). In the decomposition the lens was fitted by a
Ferrers function, although it does not affect the parameters of the
bulge.

NGC 5636: NGC 5636 is classified as an elliptical galaxy in
RC3. However, the galaxy has an exponential surface brightness
distribution at a large radial range, which hints to an SO. Also, a
decomposition using a single de Vaucouleurs type Sérsic function
did not work for this galaxy. Leaving all the parameters of the bulge
and the disc free for fitting results to B/T = 0.48. A slightly smaller
B/T flux-ratio of 0.41 is obtained by adding to the decomposition
a lens. The decompositions with and without a lens give equally
good fits.

NGC 5728: This galaxy has a primary and a secondary bar, both
surrounded by a lens. The inner bar/lens system is also surrounded
by anuclear ring. In our decomposition we fitted the primary bar and
the surrounding lens with two Ferrers functions, and the secondary
bar/lens system with a third Ferrers function. The exponential disc
is very weak so that i, was found using the 1D version of the code.
In order to avoid degeneracy of the different components we started
with a spherical bulge and found the parameters of the two outer
Ferrers functions first. These parameters were then fixed. After that
the bulge (which was still assumed to be spherical) was fitted. Then,
the parameters of the nuclear component were found and finally,
except for the flux, were fixed. At the end the key parameters of the
bulge (including the flattening) were fitted together with the other
components whose fluxes were left free for fitting.

NGC 5750: A prominent feature in this galaxy is the inner ring
surrounding a weak bar. There is also an oval inside the bar. In
our decomposition only the bar was fitted with a Ferrers function.
The outer disc was found by fitting an exponential function to the
surface brightness profile outside the ring, using the 1D version of
the code. The final 2D solution did not converge, but at the end
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it changed extremely slowly. Finally, the number of iterations was
limited.

NGC 5846: This galaxy has three lenses with nearly circular
isophotes, the first showing as a bump in the surface brightness
profile at r < 4arcsec, whereas the other two are manifested as
exponential subsections in the profile. The outermost lens at r <
30arcsec is obvious in the direct image, but is less clear in the
surface brightness profile. In the decomposition all three lenses
were fitted with flat Ferrers functions, although only the two inner
lenses affected the bulge/disc solution.

NGC 5898: This galaxy, with its multiple lens structure, is again
a prototypical SO (see LSBK). We tried to fit the lenses that appear
atr = 7 and 20 arcsec, but only the outer lens was maintained in the
decomposition. We found that including it to the decomposition is
important, otherwise we would have B/T = 0.66, instead of 0.44,
and a Sérsic index 3.1 instead of 2.2.

NGC 5953: The galaxy has a nearly circular bulge, flocculent
spiral arms in the inner part of the disc forming a lens and a feature-
less outer disc. The lens appears as a bump in the surface brightness
profile, and in the decomposition it was fitted by a flat Ferrers func-
tion. This galaxy also forms part of a closely interacting pair for
which reason the decomposition was limited to a radial distance of
33 arcsec. In the adopted portion of the surface brightness profile
there is still some flux from the companion, visible above the expo-
nential disc, but that is not expected to affect the scalelength of the
disc.

NGC 5982: NGC 5892 is again classified as an elliptical galaxy
in RC3, which is consistent with the observation that it has shell-
like structures in the K -band image. In our decomposition it was
possible to fit the surface brightness profile both by a single Sérsic
function and using two Sérsic functions, where the inner component
represents a small inner disc. We confirm that this galaxy is an
elliptical galaxy.

NGC 6340, NGC 6407: These galaxies are non-barred systems,
but have evidence of a prominent lens, manifested as exponential
subsection in the surface brightness profile. If a simple bulge/disc
decomposition is made for these galaxies, and the bulge model
subtracted from the original image, the lenses are clearly visible in
the residual images.

NGC 6654: This galaxy is classified as a barred SO/a in RC3. It
is a double barred system, the secondary bar being embedded inside
a bright oval. In the decomposition both bars were fitted by Ferrers
functions. For the secondary bar the bar model includes also the
flux of the surrounding oval.

NGC 6684: This galaxy has a primary bar ending up to an inner
ring, and a secondary bar embedded inside an oval. The scalelength
of the disc was found using the 1D version of the code. In the
final 2D decomposition both bars were fitted, using a single Ferrers
function for the secondary bar and the surrounding oval. However,
the nuclear bar+-oval did not significantly affect the parameters of
the bulge. The solution did not converge, but at the end changed
very slowly. Finally the number of iterations was limited.

NGC 6703: This galaxy has two lenses, at r = 20 arcsec and at
r = 45 arcsec. In our decomposition we fitted only the inner lens,
manifested as an exponential subsection in the surface brightness
profile. The outer lens is too weak to be taken into account in the
decomposition.

NGC 6861: K -band image shows an elongated structure which
can be an inner disc or a bar. Taking into account that it is ori-
ented along the disc major axis, it is most probably a disc. In our
decomposition, it was fitted by a Sérsic function.
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NGC 6958: In RC3, NGC 6958 is classified as an elliptical
galaxy, but in CAG it appears as an SO. Based on the fact that
the galaxy has an exponential outer disc and a prominent lens,
manifested as an exponential subsection in the surface brightness
profile, the SO classification is confirmed in this study.

NGC 7029: This galaxy has a bulge and an inner disc, surrounded
by a boxy oval. Most probably, there is an exponential disc outside
the boxy oval, but the FOV of the image is too small to confirm
that. For this galaxy, we made a simple bulge/disc decomposition:
we were not able to fit the inner disc, which disappeared during the
iterations. However, the inner disc is so weak that it barely affects
the parameters of the bulge. The obtained solution needs to be used
critically, because the flux that was fitted as an exponential disc
actually corresponds the flux of the boxy oval. In the statistics we
do not use the obtained parameters for the disc.

NGC 7049: This galaxy is classified as an SO in RC3. We made
a simple bulge/disc decomposition, which gave one of the highest
B/T flux-ratios in our sample. It was not possible to fit the 2D
surface brightness distribution by a single Sérsic function.

NGC 7079: NGC 7079 has a weak primary bar embedded in a
lens, and an oval inside the bar. In the decomposition we fitted the
bar and the lens with a single Ferrers function. We tried to fit also
the oval, but it did not survive in the iterations. The slightly curved
surface brightness profile at r > 20 arcsec hints to the possibility
that the section we call an exponential disc is probably an outer
lens.

NGC 7192: This galaxy is dominated by two lenses, the inner
lens manifested as an exponential subsections at r = 10-17 arcsec
in the surface brightness profile, and the outer lens as a broad
bump at r = 17-47 arcsec. The outer disc is exponential. In the
decomposition the 2D surface brightness distribution is well fitted
using Ferrers functions for the lenses.

NGC 7213: This galaxy is again dominated by two lenses. The
bright inner lens, which appears as a weak bump in the surface
brightness profile at » < 20arcsec, includes a double ring. The
outer lens is manifested as a weak exponential subsection at r =
20-35 arcsec. In our decomposition, the two lenses were fitted by
Ferrers functions. For this galaxy the typically used Ferrers index
n = 1 gave too sharp outer edges for the lenses. Therefore, the
Ferrers index was left free for fitting, leading to n = 2.6 and 6
for the inner and outer lenses, respectively. Our solution did not
converge, but at the end it changed very slowly.

NGC 7371: This galaxy has a weak bar, whereas outside the bar
flocculent spiral arms dominate the disc. It is due to the spiral arms
that the exponential function is not a perfect fit to the outer disc.
Using a Ferrers function for the bar in the decomposition gave a
good fit to the observed image. Notice the extremely small B/T
flux-ratio of 0.10 for this galaxy.

NGC 7377: This galaxy has flocculent spiral arms in the optical
region, but in our near-IR image the spirals arms are absent. The

galaxy has a bright lens, manifested as an exponential subsection
in the surface brightness profile. In the decomposition, a Ferrers
function was used for the lens which considerably improved the
model. After subtracting the bulge model from the original image,
a weak bar was visible in the residual image (see LSBK).

NGC 7585: NGC 7585 is classified as a peculiar SO galaxy in
RC3. Indeed, the peculiar disc is dominating this galaxy. The galaxy
also has a lens with slightly boxy isophotes. The lens is visible in the
direct image and manifested also in the surface brightness profile.
In the decomposition the lens was fitted by a Ferrers function. The
residual image, after subtracting the bulge model, shows a nuclear
disc with spiral arms at r < 4 arcsec (see LSBK).

NGC 7727: The galaxy has a small classical bar and a perturbed
peculiar disc. The dominant feature in the disc is a lens-like com-
ponent with some spiral structure. In the decomposition the bar
was fitted by a Ferrers function. We added to the decomposition
also another Ferrers function, representing the flux in the compli-
cated structural components outside the bar, but it did not affect the
parameters of the bulge or the disc.

NGC 7742: This galaxy is classified Sb in RC3, but in the K-
band image it has no spiral structure. The galaxy has two lenses:
an inner lens at r < 10 arcsec, characterized also by a double ring,
and an outer lens, manifested as a bump at r = 15-25 arcsec in the
surface brightness profile. In our decomposition, we first tried to
fit both lenses with Ferrers functions, but after a few iterations the
inner lens disappeared.

NGC 7796: This galaxy is classified as an elliptical galaxy both
in RC3 and in CAG. However, our K-band surface brightness
profile shows that the galaxy has a disc, which is exponential at
a large radial range. Also, it was not possible to fit the surface
brightness profile by a single de Vaucouleurs type Sérsic function,
thus confirming that the galaxy is an SO. A good solution was found
by fitting a bulge and a disc.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure 1. Multi-component structural decompositions for 160 of
the 175 galaxies of our sample.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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