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2
Star formation in early-
type spiral galaxies: Spitzer
imaging of the SAURON
sample

− G. van der Wolk, R.F. Peletier, and the SAURON team −
In preparation

Using Spitzer IRAC and MIPS imaging we trace old stellar populations, star forma-
tion rates and nuclear activity across the central regions of the nearby, early-type

SAURON spiral galaxy sample. We discuss how we can use Spitzer colours to diagnose
the emission properties of galaxies. We discuss observational and theoretical spectral
and imaging data of stellar populations and active nuclei. We present colour maps,
colour-colour diagrams of the galactic nuclei, radial colour profiles, and colour-colour
diagrams of the radial profiles. We compare our data with stellar colours, stellar
population modelling, SWIRE templates, the SINGS sample and Spitzer data of the
early-type lenticular and elliptical SAURON sample. We investigate why the spiral
galaxies show such a large diversity in star formation and how star formation in the
bulge depends on that in the disc.
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14 Star formation in early-type spiral galaxies: Spitzer imaging of the SAURON sample

2.1 Introduction

2.1.1 Spiral galaxy structure and evolution

Early-type spiral galaxies are characterized by a rather large bulge and a disc with
tightly wound arms, while late-type spiral galaxies have a small bulge and a thin disc
with open arms (Hubble 1936). Spiral galaxies show two modes of star formation
(Kennicutt 1998). The first mode is manifested by late-type spiral galaxies showing
stronger star formation than early-type spiral galaxies. The second mode occurs in
the bulges of early-type spirals in the form of circumnuclear bursts. There are several
ideas about the formation of the bulge. It is possible that the bulge in spiral galaxies is
formed by the combination of protogalactic collapse at high redshift and the merging
of galaxies, similar to how large elliptical-type galaxies are formed. However, most
spiral galaxy bulges are likely to be formed by internal secular processes (Combes
et al. 1990; Norman et al. 1996; Kormendy & Kennicutt 2004). Bars, oval distortions,
spiral structures or nuclear black holes could bring matter from the disc inwards in
isolated galaxies, that are undisturbed by mergers, and slowly build up bulges. The
existence of almost bulge-less, late-type spiral galaxies are a clue that undisturbed
galaxies exist. Active galactic nuclei (AGN), for which matter needs to flow into
the centre, are uncommon in bulgeless spiral galaxies, and common in galaxies with
bulges (Ho 2008). Apparently, as spiral galaxies get older their bulges and nuclear
suppermassive black holes are increasingly fed by material from the disc. This can be
tested further by studying stellar populations of the disc and bulge, which in a secular
evolution scenario would be similar. Bulges might have an additional component of
fresh star formation due to gas flowing into the central region. Unfortunately, dust
extinction, star formation and the relatively low surface brightness of spiral galaxies
make it difficult to observationally study the nuclear activity, kinematic properties,
and the stellar ages, and thus build-up, of the bulges and discs of galaxies.

2.1.2 Observational studies of spiral galaxy build-up

Initially, galaxy bulges were observed to be composed of metal-poor, old stars, and
discs of young, metal-rich stars (Baade 1944). For many years now, broadband optical
and UV colours, and more recently absorption line strengths have been used to trace
the stellar and dust content of galaxies. Colour gradients in galaxies are found either to
be due to a change in age of stellar population, metallicity or dust. Due to extinction
from dust lanes in the disc, colour gradients in bulges have been studied mostly in
the vertical direction. In that direction generally metallicity gradients are seen, where
the outer regions of the bulge show lower metallicity than the central part, behaving
similar to elliptical galaxies with the only difference that the latter are overall metal-
richer (Terndrup 1988; Balcells & Peletier 1994; Peletier & Balcells 1996; de Jong
1996; Jablonka et al. 2007). Age gradients are also seen, with older stars in the
outer regions of the bulge, but they are weaker than the metallicity gradients. Both
gradients favour an outside-in formation and evolution of bulges.

In the radial direction mixed results are found. MacArthur et al. (2009) show
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for a sample of late-type spirals that secular evolution is clearly evident with stellar
populations of < 1 Gyr contributing considerably to the optical bulge light. The
relative contribution of this young stellar population to the stellar mass budget in
bulges is small, but generally increases in weight with decreasing central velocity
dispersion. The SAURON papers (Peletier et al. 2007; Ganda et al. 2007) show the
behaviour of absorption line strengths as a function of radius. Inclined samples, which
sample the disc-free outer bulge regions, reveal uniformly old stellar populations.
Randomly orientated samples on the other hand, spanning the same range in Hubble
type, show both old and young stellar population parameters. Peletier et al. (2007)
find that star formation in early-type bulges manifests itself in thin discs and in various
modes: in rings, in centrally concentrated bursts, and across the whole bulge. Also,
some bulges of Sa galaxies do not show any star formation. Ganda et al. (2007) find
that bulges of late-type galaxies with low velocity dispersion show a constant star
formation rate, while in high velocity dispersion galaxies instantaneous starbursts
take place.

Until recently, little work has been done to dissect the infrared emission in galaxies
into sub-galactic components, simply because angular resolution and sensitivity in the
infrared were not sufficient enough to do so. Infrared colour maps and profiles can
give an immediate view of the stellar population structure of galaxy components.
Ghosh et al. (1993) were the first to examine low-resolution infrared IRAS colour
maps of nearby galaxies. They found that the nuclei of galaxies can be cooler, hotter
or similar in temperature as their outer parts in 12/25 µm maps. Explaining this
behaviour is difficult. Dust grain types are different at both wavelengths. Assuming
the dust grains are very well mixed throughout the galaxy, it is likely that the spatial
distribution of the interstellar radiation field that heats the dust grains varies. Xilouris
et al. (2004) examined mid-infrared ISO radial profiles of early-type galaxies at even
higher resolution. They found that many of the galaxies show mid-infrared excesses
above what is expected for pure stellar photospheres. The mid-infrared features reveal
several components. For the majority of the galaxies the 4.5 µm emission is well
described by a de Vaucouleurs profile, expected for stellar light emission. In most
cases, the 6.7 and 15 µm emission is smoothly distributed throughout the galaxy.
These mid-infrared emission bands follow the stellar light distribution. This can be
most easily understood if the infrared emission results from dust reprocessing by late-
type stars (Jura 1986; Knapp et al. 1992). Only a few galaxies show MIR emission
which is more concentrated close to the centre. This is thought to be due to dust
heating by an active galactic nucleus. Other galaxies show circumnuclear dust discs
or large dust lanes in both optical extinction and the mid-infrared profiles, possibly
due to a recent merging with another galaxy.

For the Spitzer Infrared Nearby Galaxies Survey (SINGS) sample (Kennicutt et al.
2003), which spans the entire Hubble sequence, Muñoz-Mateos et al. (2009a,b) exam-
ined infrared radial profiles at the currently highest resolution and sensitivity, using
imaging from the IRAC (Fazio et al. 2004) and MIPS (Rieke et al. 2004) instruments
on board of the Spitzer Space Telescope (Werner et al. 2004). These profiles have been
compared with profiles across a wide wavelength range, and have shown to be ideal to
study the radial distribution of stars, dust and gas in galaxies. The radial profiles of
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the SINGS galaxies show a variety in morphologies, with multiple components such
as bulges, exponential discs, inner and outer disc truncations, and anti-truncations.
They vary as a function of morphological type, but also with wavelength per object.
In the UV and mid-infrared (5.8, 8.0 and 24 µm) galaxies are much less concentrated
and more asymmetric than in the optical and near-infrared (3.6 and 4.5 µm). In the
mid-infrared galaxies are more extended and asymmetric in late-type galaxies than
in early-type ones, due to nuclear star formation in the latter objects (Bendo et al.
2007). This enhanced star formation in the centre of S0 and Sa galaxies was already
known from optical recombination line data. The central star formation accounts for
10–100% of the total star formation rate (SFR) of spiral galaxies, and is highest for
Sa galaxies, which have low SFRs in their outer discs (Kormendy & Kennicutt 2004).

High-resolution infrared data are a means to study these central star formation
rates more accurately. Infrared monochromatic SFR tracers are complementary to
UV-optical indicators because they measure star formation via the young stellar light
absorbed by dust (Calzetti et al. 2007; Kennicutt et al. 2009). IR-optical composite
SFR tracers seem to be more robust than any single-wavelength method for these
galaxies. Linear combinations of Hα luminosities with single-band 8 or 24 µm IR
luminosities provide the right kind of attenuation-corrections for normal star-forming
galaxies with SFRs in the range 0–80 M�yr−1 and A(Hα)=0–2.5 mag. However, for
a given attenuation in the Hα line the ratio of IR/Hα luminosities is systematically
higher for integrated measurements of galaxies than it is for individual H II regions
or star-forming complexes. This can readily be explained by excess dust heating from
a non-star-forming stellar population.

The SINGS sample contains only very few elliptical galaxies. A near-infrared
imaging study of a large sample of elliptical galaxies shows that Spitzer data can be
used to study their stellar populations (Peletier et al. 2011). In the near-infrared the
effects of extinction are minimal in comparison with observations in the optical. At
these wavelengths the contribution from old stars, and evolved AGB stars is dominant
(Blum et al. 2006). In the [3.6]−[4.5] colour elliptical galaxies show blue colours that
slightly redden towards the outer parts. This can be understood from the spectrum
of giant stars, that show a CO absorption feature in the 4.5 µm band (Fazio 2005;
Bolatto et al. 2007).

The SINGS sample is also ideal for studying the connection between AGN activity
and circumnuclear star formation activity. The sample contains the full range of
nuclear types, including H II regions, LINERs, and Seyfert nuclei. A new diagnostic
tool, that combines strong low-ionization lines and the 6.2 µm PAH feature present in
low- and high-resolution spectra of nuclear and extranuclear regions in these galaxies,
showed that Seyfert and LINER sources can be separated from starbursting nuclei
(Dale et al. 2006). However, the nuclei of this sample show modest extinction. To
disentangle dust-obscured AGN from starbursting nuclei weak high-ionization lines
are a better tool. Satyapal et al. (2008) show that the [NeV] 14.3 and/or 24.3 µm lines
reveal dust-obscured AGN in late-type galaxies, otherwise missed in optical surveys.
Peletier et al. (2011) and Tang et al. (2009) show that [3.6]−[4.5] colour profiles of
elliptical galaxies, classified as AGN in the optical, reveal reddened nuclei on top of
a galaxy with almost constant colour. This red nucleus is most likely due to hot
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dust heated by the AGN or else due to nuclear star formation. For a more detailed
discussion see Chapter 4.

2.1.3 What is new?

Star formation in the central regions of galaxies, in particular bulges, can be studied
very well with Spitzer near- and mid-infrared broadband photometry. The SAURON
sample is highly suitable for such a study, since it has been very well characterized
in the optical: kinematics, stellar populations, dust and gas. By studying the Spitzer
IRAC-flux one can study star formation in elliptical and lenticular galaxies, and early-
type spirals in general. In Shapiro et al. (2010) global star formation properties
are studied for the SAURON elliptical and lenticular galaxy sample at 8.0 µm. In
Peletier et al. (2011) stellar population studies are performed at 3.6 and 4.5 µm.
Here we address both global and local star formation properties of the early-type
spiral sample. We go further than looking purely at star formation. We investigate
the contribution from star forming regions, interstellar matter, old stellar populations
and active galactic nuclei to the entire mid-infrared spectrum as revealed in the IRAC
3.6, 4.5, 5.8, and 8.0, and MIPS 24 µm bands. Lower resolution AKARI mid- and
far-infrared (9 to 180 µm) photometry can also provide such information. We discuss
a quality test of these all-sky survey data in Appendix A.1.

In this chapter, we present Spitzer multicolour imaging data for our representative
sample of early-type spiral galaxies, taken from the SAURON survey (de Zeeuw et al.
2002). These galaxies have all been observed with optical integral-field spectroscopy,
which provides stellar kinematics and absorption line indices as well as ionized gas
fluxes and kinematics. These properties can be compared with Spitzer probes of old
stars, star formation, diffuse dust, and AGN emission. We use these data to char-
acterize the modes, rates and efficiencies of star formation and the amount of AGN
emission. First we discuss how we can use Spitzer colours to diagnose the emission
properties of sub-galactic components (Sect. 2.2). Then we discuss the sample as ob-
served with Spitzer and the star formation modes of these galaxies as observed with
SAURON (Sect. 2.3). In Sect. 2.4 we describe the Spitzer imaging data reduction.
Next we present colour maps, the positions of galactic nuclei in colour-colour dia-
grams, radial colour profiles, and the positions of the radial profiles in colour-colour
diagrams. We compare our data with stellar colours, stellar population modelling,
galaxy templates, the SINGS sample and Spitzer data of the early-type lenticular
and elliptical SAURON sample (Sect. 2.5). We discuss various explanations for the
nature of the sub-galactic components found with Spitzer (Sect. 2.6) and end with a
summary and conclusions (Sect. 2.7).

2.2 What do Spitzer colours reveal?

Here we discuss how we can use Spitzer colours to diagnose the star formation prop-
erties of galaxies. We discuss observational spectral and imaging data, as well as
theoretical modelling of stellar populations, interstellar matter and active nuclei.
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Figure 2.1: The spectral energy distribution at the IRAC wavelengths of various galaxy components: stellar
light, star formation, and an active nucleus. The IRAC photometric bands are shown at the bottom of the
Figure. Warm dust emitting in the PAH lines, and active nuclei, both appear red in the IRAC bands, while stellar
light appears blue. The presence of CO absorption in the 4.5 µm band also results in cool, late-type stars
having a bluer colour [3.6]–[4.5] than earlier-type stars like Vega. Credit: Fazio (2005).

2.2.1 Infrared spectra of galaxies

There are many physical processes that contribute to the near- and mid-infrared
spectra of galaxies. Strong features can be seen in the IRAC and MIPS images.
To be able to interpret the various colour maps, we here discuss the rich variety
of features as observed with the Infrared Space Observatory Shortwave Spectrometer
(ISO-SWS; de Graauw et al. 1996) in the 2.4-45 µm range, the near- and mid-infrared
ISO spectrophotometer (ISOPHOT-PHT-S; Lemke et al. 1996) in the 2.5–11.6 µm
range, and with the Spitzer Infrared Spectrograph (IRS; Houck et al. 2004) in the
5-38 µm range of various galaxy components: stellar light, star forming regions and
AGN.

Stellar light

Stellar photospheric spectra are relatively blue in the near- and mid-infrared, since
they — even those of the coolest stars — peak at shorter wavelengths (Fig. 2.1).
They are best represented by the Rayleigh-Jeans tail of blackbody emission at cool
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Figure 2.2: IRS low-resolution spectra (solid lines) of elliptical galaxies, along with IRAC and MIPS broad-
band photometric data (triangles connected with dashed lines). The spectra are offset to each other, and the
photometric data are scaled to match the spectra at 8 µm. Credit: Bregman et al. (2006).

temperatures of about T = 3 000 K and higher. This means that the stellar light
detected at 3.6 µm is much weaker at 8.0 µm. The stellar light of cool stars also
shows a CO absorption feature at 4.5 µm, and circumstellar dust emission features
at 5.8, 8.0 and 24 µm (see Section 2.2.2).

The spectra of elliptical, stellar-light dominated galaxies, agree well with this
picture. In Fig. 2.2, presented by Bregman et al. (2006), the low-resolution spectra
and region-matched IRAC and MIPS photometric data of seven ellipticals are shown.
The 3.6 and 4.5 µm points show a Rayleigh-Jeans tail of blackbody emission. At 6 µm
extra emission, which is probably due to circumstellar dust rather than interstellar
dust, is sometimes added to this tail. That this is a stellar feature is supported by
the detection of a broad silicate feature at wavelengths λ > 10 µm in these galaxies.
Bressan et al. (2006) show that this broad silicate feature in the IRS spectra of
ellipticals match well with models that account for dusty circumstellar envelopes
around evolved stars.

Spectra of elliptical galaxies that cover the near-infrared are rare in the literature.
Kaneda et al. (2007) show a near-to mid-infrared (2.5-13 µm) spectrum of elliptical
galaxy NGC 1316 obtained with the Infrared Camera (IRC) on board of AKARI. They
detect a CO absorption feature at 4.3 µm, which can be attributed to evolved stars.
Willner et al. (2004) show that the bulge of nearby early-type spiral galaxy M 81 has
a negative blue [3.6]−[4.5] colour, which must be due to this stellar CO absorption
feature. The [3.6]−[4.5] colour profile of this galaxy gets redder outwards, indicating
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the CO absorption feature gets weaker outwards. This might be a stellar age effect,
with younger stars outwards: Pahre et al. (2004a) find that this colour reddens with
galaxy type going along the Hubble Sequence. More likely it is a metallicity effect,
with lower metallicity, and weaker CO absorption, outwards. For 48 SAURON E and
S0 galaxies Peletier et al. (2011) show that the [3.6]−[4.5] radial colour gradients are
always positive, and that the more massive galaxies are bluer.

Star formation

The near- and mid-infrared spectra of star-forming galaxies are dominated by three
components. Firstly, thermal radiation from very small, hot and warm grains con-
tribute to the continuum radiation. Secondly, strong emission features, generally
attributed to polycyclic aromatic hydrocarbons (PAHs), are part of their spectra.
PAHs are large molecules, a few Ångström in diameter, consisting mainly of carbon
atoms (Leger & Puget 1984). Thirdly, line features arising from molecular, atomic
and ionic species are visible in the spectra.

The dust continuum contributing to the mid-infrared in star forming galaxies can
be represented by the sum of a range of black bodies with temperatures between
35–300 K (Smith et al. 2007; Veilleux et al. 2009). However, the bulk of dust in
galaxies is heated to lower temperatures (15–20 K). These grains make a contribution
at longer wavelengths λ > 40 µm (Fig. 2.3). The MIPS 24 µm band is almost
entirely dominated by thermal dust radiation, and in the absence of an AGN can be
considered as a direct measure of the amount of star formation (Calzetti et al. 2007).
In the near-infrared the continuum of star forming galaxies shows a non-stellar excess
around 4.0 µm that is correlated with the strength of aromatic features (Lu et al.
2003). This is an emission component due to hot dust (1 000 K), which has been
detected at 4.5 µm in H II regions in both spiral galaxies (Helou et al. 2004) and
irregulars (Hunter et al. 2006).

The modelling of extinction corrected Ks 2.16 µm and IRAC 3.6 µm band images of
starforming galaxies with the population synthesis codes STARBURST99 (Leitherer
et al. 1999) and PEGASE (Fioc & Rocca-Volmerange 1997) suggests that the stellar
light fraction in the IRAC 4.5 µm band for these galaxies is 70 %, and 30 % can be
attributed to star formation (Engelbracht et al. 2008). Part of this emission in the
4.5 µm band is due to the bright recombination hydrogen Brα line at 4.05 µm. This
line can contribute 20 % of the light in H II regions (Churchwell et al. 2004), and is
found to contribute to the light of star forming dwarf galaxies but not so much in
spiral galaxies (Smith & Hancock 2009).

PAH emission features are seen at 3.3, 6.2, 7.7, 8.6, 11.3, 12.7 and 17 µm (Fig. 2.3
and 2.4), and have been identified with molecules with C-H and C-C bending and
stretching modes. Theoretically, it is expected that 6.2/7.7 µm PAH ratios trace PAH
size variation, and the 11.3/7.7 µm ratio traces the degree of ionization of the PAHs
(Draine & Li 2001). However, in starforming galaxies the strength of the PAH features
does correlate with ionization, and also with metallicity, but relative changes between
the different PAH features are not observed (Beirão et al. 2008; Engelbracht et al.
2008). The PAH features get weaker with radiation strength, as can be traced by a
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Figure 2.3: Left: infrared ISO-SWS spectrum of starburst galaxy M82. PAH emission line features and spectral
line features are indicated. Right: a schematic spectral energy distribution of the same galaxy, extending from
the near-ultraviolet to the submillimeter. The IRAC and MIPS imaging bandpasses are also shown. Credit:
Förster Schreiber et al. (2001); Kennicutt et al. (2003)

Figure 2.4: Left: average spectra of starforming galaxies for a few bins in metallicity. The spectra are normal-
ized at 10 µm and shifted for display purposes. Right: equivalent width of the 7.7 µm aromatic feature versus
the intensity of the radiation field. Credit: (Engelbracht et al. 2008)

combination of [S IV]λ10.51/[S III]λ18.71, and [Ne III]λ15.56/[Ne II]λ12.81 line ratios
in the IRS spectra (Fig. 2.4). However, the scatter is quite large. This is most likely
due to the PAH feature strength dependence on metallicity: the strengths decrease
as the metallicity goes down. The continuum radiation underlying the PAH features
shows no relation with metallicity or ionization level. At 24 µm the continuum does
increase with the interstellar radiation field strength, causing variations of a factor of
10 between the 8.0 and 24 µm emission radiation (Smith et al. 2007; Gordon et al.
2008).

Emission from active galactic nuclei

Besides star formation, the near- and mid-infrared spectra of active galaxies are char-
acterized by a hot dust feature from a compact torus that surrounds the active nucleus,
as well as line features arising from molecular, atomic and ionic species.
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Figure 2.5: Averaged infrared PAH and fine-structure line subtracted spectra of various, optically classified
Seyfert types, LINERs, and starburst nuclei. The spectra are normalized to the 5–35 µm flux. The grey regions
indicate the median deviation, the dashed lines a Rayleigh-Jeans continuum spectrum. Credit: Gallimore et al.
(2010).

Infrared spectra show a wide range of evidence for torus emission. In the near-
infrared continuum AGN show extreme reddening, in comparison with stellar light,
(Fig. 2.1). This reddening is due to hot torus dust. Furthermore, Gallimore et al.
(2010) show that Seyfert AGN that have a hidden BLR (HBLR S2) show weak silicate
absorption at 10 and 18 µm, indicating an edge-on dust structure. AGN with a direct
view of the BLR (S1–1.5,S1n) show weak silicate emission, confirming the face-on view
of the dust torus (Fig 2.5). The relative strengths of the 10 and 18 µm features are
consistent with compact, clumpy torus models (Baum et al. 2010). Another source of
evidence comes from the infrared [O IV]λ25.91 and [NeV]λ14.32 AGN tracer lines,
that have similar strengths in type 1 and type 2 sources, while the optical [O III]λ5007
AGN tracer emission is orientation dependent (Baum et al. 2010; Tommasin et al.
2010).
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Figure 2.6: Colour-magnitude diagrams of the SAGE point source catalogue showing the distributions of differ-
ent populations in different colours. The complete catalogue is displayed in grey and are mainly stars on the red
giant branch, which has a tip magnitude of TRGB([3.6])=11.85 mag. Models of young stellar objects (YSOs)
are shown in orange, carbon-rich (C-rich) asymptotic giant branch stars (AGBs) in yellow, oxygen-rich AGBs
in green, and extreme dusty AGBs in purple. The purple line separates YSOs from the other stars. Credit:
(Whitney et al. 2008).

2.2.2 Stellar populations

Photometric surveys of individual stars in the Galaxy, the Small Magellanic Cloud
(SMC), and the Large Magellanic Cloud (LMC) with Spitzer provide important di-
agnostic tools for what happens in nearby galaxies (Benjamin et al. 2003; Meixner
et al. 2006; Bolatto et al. 2007). Which stars contribute most to Spitzer colours in
the SAGE (LMC), SMC3 (SMC) and GLIMPSE (Milky way) photometric surveys of
individual stars? We compare these data with a single burst stellar population model
(Marigo et al. 2008).
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Figure 2.7: Colour-colour diagram for massive stars in the LMC. The locations of all the SAGE detections
are shown in grey as a Hess diagram. The solid lines represent models: (1) blackbody emission at various
temperatures, as labelled, (2) a power-law model Fν ∝ να, for −1.5 ≤ α ≤ 2, (3) an OB star plus an ionized
wind (not labelled), (4) an OB star plus emission from an optically thin H II region, (5) an OB star plus 140 K
dust, (6) 3 500 K blackbody plus 250 K dust (dashed line). Left: the majority of hot massive stars lie between
the blackbody and OB star + wind model, illustrating that a blackbody is a good approximation in the infrared.
Right: RSGs show significant reddening due to circumstellar dust. Credit: Bonanos et al. (2009).

Stellar colours

Individual stars in the local neighbourhood can be identified on the basis of both
colour and magnitude. Near- and mid-infrared emission is especially suited to study
the late stages of stellar evolution. Beyond the near-infrared (> 5 µm), emission from
circumstellar dust can become the dominant source of emission over the radiation from
the photosphere. Populations that can be distinguished in near- and mid-infrared
colour-magnitude diagrams are red giants, carbon-rich asymptotic giant branch stars
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(AGBs), oxygen-rich AGBs, and extreme dusty AGBs (Blum et al. 2006), massive
stars (Bonanos et al. 2009), young stellar objects (Whitney et al. 2008), planetary
nebulae (Hora et al. 2008), and background galaxies.

The most dominant LMC Spitzer population by number in these magnitude lim-
ited samples consists of red giants. They follow a blackbody spectrum, their colours
being around zero (Blum et al. 2006). In the [3.6]−[4.5] colour most of the red gi-
ants are somewhat bluer, due to the 4.7 µm CO absorption feature, and show a clear
branch with a tip magnitude of TRGB([3.6])=11.85 mag (Fig. 2.6). This is also the
case for the brightest objects in the LMC: red K and M supergiants (Bonanos et al.
2009). In colours involving mid-infrared radiation these type of giants show signifi-
cant reddening, due to circumstellar dust (Fig. 2.7). The range of colours of these
RSGs are fitted well with a model of a 3 500 K blackbody surrounded by an increasing
amount of dust of 250 K. The majority of hot massive stars lie between the black-
body curve and a model comprising an OB star (30 000 K) and ionized wind. This
illustrates that a blackbody curve is a good approximation for the behaviour of stars
in the infrared.

In [3.6]−[4.5] colour most AGB stars show blackbody colours, not influenced by
dust or CO absorption. The class of extreme dusty AGBs does show significant red-
dening in this colour, indistinguishable from dust-enshrouded young stellar objects
(Fig. 2.6). Colours that include 24 µm emission are the best diagnostic tool to sepa-
rate, in order of reddening, red giants, AGB stars and YSOs. Whitney et al. (2008)
report that AGBs in the LMC have colours [8.0]−[24] < 2.2 mag, while YSOs are
redder, with probably some overlap in both directions. Robitaille et al. (2008) report
a separation colour for AGBs of [8.0]−[24] < 2.5 mag from a survey of stars in the
Galactic midplane.

Stellar population models

Single burst stellar population (SSP) models in the infrared are scarce, due to the
difficulty in modelling the late stages of stellar evolution. A serious attempt to solve
this issue, taking into account the complete thermally pulsing AGB phase (TP-AGB)
and circumstellar dust features, can be found in Marigo et al. (2008)1. Their models
span a range of metallicity from 0.0001 ≤ Z ≤ 0.03, and ages from 0.1 to 16 Gyr,
and initial masses in the range 0.15 to 7 M/M�. Dust models take into account that
circumstellar dust shells around C-type stars are composed mainly by carbonaceous
grains, while those of O-rich stars are dominated by silicates. The TP-AGB stars
account for most of the bright infrared objects in the nearby universe. At 0.2 Gyr the
TP-AGB phase is well developed and populated by luminous O-rich stars undergoing
Hot Bottom Burning (HBB). At 1.3 Gyr the HBB phase does not occur and the
TP-AGB phase is dominated by C-rich stars. At 10 Gyr the TP-AGB stars are again
O-rich.

In Fig. 2.8 and 2.9 we present Spitzer colour-colour diagrams of single-burst stellar
populations taken from Marigo et al. (2008) for a large range of age and metallicity,
together with the Galactic midplane IRAC stellar colour density of the GLIMPSE-I

1url: http://stev.oapd.inaf.it/cmd
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Figure 2.8: Top row: colour-colour diagram of predicted single-burst stellar population (SSP) Spitzer colours,
with the inclusion of dust shells around AGB stars, and for a range of metallicities (Z=0.0001 (blue), Z=0.008
(yellow), Z=0.03 (green), average of all (red)). Ages, 0.2, 1.3, 2.0, 5.0, 10.0, and 12.6 Gyr, are indicated by
increasing symbol size. The dust content around O-rich AGB stars is modelled by consisting of 60 % SiC and
40 % AlOx and around C-rich stars of 85 % AMC and 15 % SiC (Marigo et al. 2008; Groenewegen 2006). The
black box indicates all the possible stellar populations in this age and metallicity range. Logarithmic contours
indicate the stellar colour density in the Galactic midplane. In brown, triangles indicate observations of Galactic
interstellar dust regions (Flagey et al. 2006), plusses observations of H II-regions in M 101 (Gordon et al.
2008), and crosses dust models for various starlight intensities (Draine et al. 2007). Black bodies at various
temperatures are are also plotted. Bottom row: zoomed in on stellar population modelling box.

and GLIMPSE-II high reliability point source catalogues (version 2.0; Benjamin et al.
2003; Churchwell et al. 2009)2 and observations of Galactic interstellar dust regions
(Flagey et al. 2006), observations of H II-regions in M 101 (Gordon et al. 2008), and
dust models that include various starlight intensities and PAH mass fractions (Draine
et al. 2007).

The best match between stellar population models and stellar colour density is seen
in the [3.6]−[4.5] versus [3.6]−[8.0] colour-colour diagram. The colours of the 10 and
13 Gyr populations coincide with the peak of the density distribution. The younger,

2url:http://www.astro.wisc.edu/sirtf/
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Figure 2.9: See caption of Fig. 2.8.

AGB phase populations (0.2–5 Gyr) match well with the lower density region. The
offset of the density distribution of the [4.5]−[5.8] stellar colours to redder values,
due to the 4.7 µm CO absorption feature, seems less well reproduced by the models
than the [3.6]−[4.5] bluening. The young AGB populations show significant scatter
in [8.0]−[24] colour. Although offset, due to their colder temperature, the colours
of observed and theoretical diffuse interstellar dust emission show a similar range as
the stellar colours. However, the dust models underestimate the 4.5 µm emission.
In the [5.8]−[8.0] versus [8.0]−[24] diagram the colours of H II regions show a good
correspondence with dust models heated by high starlight intensities

Models that try to reproduce the integrated infrared light of galaxies have focused
on SEDs of stars assuming global dust distributions (e.g. Popescu & Tuffs 2009) or on
dusty star-forming regions assuming that the SED of a galaxy is dominated by its star-
forming regions (e.g. Groves et al. 2008). Considering the large variety of infrared light
sources, a multicomponent model, taking into account light from old and young stars,
the interstellar medium associated with stellar populations, dynamics of a galaxy
and active galactic nuclei is more suited. An attempt at this is made with radiative
transfer code SUNRISE (Jonsson et al. 2010). The galaxy spectra and colours created
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Table 2.1: The SAURON early-type galaxy sample
Galaxy Environment Type Activity MB Class σ-drop
(1) (2) (3) (4) (5) (6) (7)
NGC 1056 F Sa: Sy2∗ −19.44 ASr Y
NGC 2273 F SBa(r): Sy2 −20.21 ASc Y
NGC 2844 F Sa(r): H II∗ −18.38 Sr Y
NGC 3623 C SABa(rs) L2:: −20.82 Nd Y

NGC 4220 F S0+(r) T2 −19.01 Sr N
NGC 4235 C Sa(s)sp Sy1.2 −19.20 ANd Y
NGC 4245 C SB0/a(r) H II −18.72 Sr Y
NGC 4274 C (R)SBab(r) H II −20.08 Sr Y
NGC 4293 C (R)SB0/a(s) L2 −20.37 Sc Y
NGC 4314 C SBa(rs) L2 −19.55 Sr Y
NGC 4369 F (R)Sa(rs) H II −18.96 Sf N
NGC 4383 C Sa pec H II∗ −18.93 Sf N
NGC 4405 C S0/a(rs) H II −18.54 Sf Y

NGC 4425 C SB0+:sp −18.83 N Y

NGC 4596 C SB0+(r) L2:: −19.94 Nd Y
NGC 4698 C Sab(s) Sy2 −20.05 ANd N
NGC 4772 C Sa(s) L1.9 −19.56 Nd N
NGC 5448 F (R)SABa(r) L2 −20.78 Sc Y
NGC 5475 F Sa sp −19.39 N N
NGC 5689 F SB00(s) −20.32 Nd N
NGC 5953 F Sa:pec Sy2 ∗ −19.61 ASr Y

NGC 6501 F S0+ L2:: −20.38 N N
NGC 7742 F Sb(r) T2/L2 −19.76 Sr N

Col. 2 Field or cluster environment (de Zeeuw et al. 2002), Col. 3 Hubble type (RC3), Col. 4 Activity class (Ho
et al. 1997b). Asterisks indicate that the galaxies are not included in Ho et al. (1997b), and the classification is
from NED. Col. 5 absolute B magnitude (de Zeeuw et al. 2002), Col. 6 Nuclear type: Star formation ring (Sr),
concentrated star formation (Sc), star formation in entire field (Sf), without much star formation (N), without
much star formation and a circumnuclear dust disc (Nd), previous types plus AGN (ASr, ASc, ANd) (Peletier
et al. 2007), and Col. 7 stellar velocity dispersion drop (yes or no).

with this code match well with observed colours of the SINGS sample.

2.3 The sample

The SAURON sample is a representative sample of well-studied nearby early-type
spiral galaxies, relatively free of selection biases (de Zeeuw et al. 2002). Half of the
sample consists of isolated galaxies, the other half of galaxies in low density clusters,
mostly in the Virgo cluster. Both field and cluster samples are selected to follow a
uniform distribution in ellipticity and absolute magnitude. The galaxies cover a range
in ellipticity, a measure of the inclination of the spiral discs, from 0 to 0.80, a range of
50 in luminosity, and a factor of five in velocity dispersion. Furthermore, the sample
shows a representative mix of barred and unbarred systems. The main characteristics
of the early-type galaxy sample are summarized in Table 2.1.

Main results from SAURON

The 2-dimensional absorption line strength data, Mg b, Hβ and Fe 5015, taken with
the integral-field spectrograph SAURON, show that stellar populations in the centres
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Table 2.2: Spitzer data
Galaxy tIRAC tMIPS IRAC observer MIPS observer

(sec) (sec) (PI, Program ID) (PI, Program ID)
(1) (2) (3) (4) (5)
NGC 1056 12 10 J. Gallimore (03269) This work (50630)
NGC 2273 48 6 G. Rieke (40936) M. Werner (00086)
NGC 2844 150 10 This work (50630) This work (50630)
NGC 3623 30 5 R. Kennicutt (40204) R. Kennicutt (40204)
NGC 4220 150 10 This work (50630) This work (50630)
NGC 4235 48 6 G. Rieke (40936) G. Rieke (40936)
NGC 4245 150 10 G. Fazio (00069) G. Fazio (00069)
NGC 4274 490 10 D. Fisher (30496) D. Fisher (30496)
NGC 4293 60 8 J. Kenney (30945) J. Kenney (30945)
NGC 4314 150 10 G. Fazio (00069) G. Fazio (00069)
NGC 4369 150 10 G. Fazio (40349) This work (50630)
NGC 4383 60 10 J. Kenney (30945) J. Kenney (30945)
NGC 4405 30 4 J. Kenney (30945) J. Kenney (30945)
NGC 4425 150 12 This work (50630) J. Kenney (30945)
NGC 4596 90 10 C. Leitherer (03674) This work (50630)
NGC 4698 490 6 D. Fisher (30496) M. Werner (00086)
NGC 4772 150 10 This work (50630) This work (50630)
NGC 5448 150 10 This work (50630) This work (50630)
NGC 5475 150 10 This work (50630) This work (50630)
NGC 5689 150 10 This work (50630) This work (50630)
NGC 5953 48 3 G. Rieke (00059) G. Rieke (00059)
NGC 6501 60 10 G. Fazio (00069) G. Fazio (00069)
NGC 7742 150 10 G. Fazio (00069) G. Fazio (00069)
NGC 5194 30 10 R. Kennicutt (00159) R. Kennicutt (00159)

Col. 2-3) IRAC and MIPS exposure times, Col. 4-5) Principal investigators and program identification numbers.

of early-type spiral galaxies consist of an underlying old stellar population together
with localized younger stellar populations in the form of central discs, rings or more
irregular structures (Peletier et al. 2007). These young stellar population regions are
also visible in ionized gas emission ratio [O III]/Hβ-maps and are associated with
dust structures in unsharp masked HST maps (Falcón-Barroso et al. 2006). The
fraction of SAURON galaxies with a circumnuclear star formation ring is 30%, which
is compatible with large sample studies (Knapen et al. 2006; Comerón et al. 2010).
Star formation that occurs in irregular structures in a large central region, is found
in the fainter, smaller galaxies (MB > −19). The stellar populations in the central
regions of highly inclined galaxies apparently behave differently from those in more
face-on galaxies. To explain this result, Peletier et al. (2007) argue that young stellar
populations form in the plane of the galaxy, with a small scale-height, rather than
in the whole bulge. Some discs dominate the bulge light, and are probably what
Kormendy & Kennicutt (2004) define as pseudobulges. Interestingly, central velocity
dispersion minima are rather common in the SAURON spiral sample occurring in
about half of the galaxies (Falcón-Barroso et al. 2006). The two-dimensional SAURON
data show that these σ-drops are caused by these fast-rotating central discs of cold
matter. The discs are extended with sizes < 5 arcsec, and the stellar populations in
these inner components are mostly older than 1 Gyr, rather long lived. The kinematics
of the ionized gas are consistent with circular rotation in a disc co-rotating with respect
to the stars. The distribution of misalignments between stellar and gaseous angular
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momenta in the sample suggests that the gas has an internal origin. Bars or ovals
are the main source for the observed non-axisymmetry. Major accretion events have
taken place in only two of the galaxies in this sample.

Five of the galaxies are classified as Seyfert AGN by Ho et al. (1997b) and/or in
the NASA/IPAC Extragalactic Database (NED) (Table 2.1). The [O III]/Hβ ratio is
enhanced in the centre of 3 of the galaxies, confirming its AGN nature (Falcón-Barroso
et al. 2006).

SAURON galaxies observed by Spitzer

About half of the 24 early-type spiral galaxy SAURON subsample was observed with
IRAC and MIPS in the context of our program 50630 during Cycle 5. This pro-
gram had as goal to obtain Spitzer data for the full SAURON sample of 72 elliptical,
lenticular and early-type spiral galaxies. The other half of the early-type spiral gal-
axies were observed in a number of earlier programs (Table 2.2), and their data were
retrieved from the Spitzer Science Center archive. The IRAC data of the elliptical
and lenticular galaxies are presented by Shapiro et al. (2010). Most of the galaxies
were observed in the 3.6, 4.5, 5.8 and 8.0 µm IRAC bands with frame times of 30
seconds at 5 dithering positions. With MIPS most of the galaxies were observed in
one 10 second frame at 24 and 70 µm wavelengths. The 70 µm data will be presented
elsewhere. The full width at half maximum (FWHM) of the point spread functions
(PSFs) are 1.7, 1.7, 1.9, 2.0, 6.0 and 18 arcsec at 3.6, 4.5, 5.8, 8.0, 24 and 70 µm
wavelength respectively (Fazio et al. 2004; Rieke et al. 2004). The field of view is 5.2
by 5.2 arcminutes. Pixel scales are 1.22 arcsec for IRAC images, 2.45 arcsec for 24 µm
and 4.0 arcsec for 70 µm images. Note therefore that the IRAC images are generally
undersampled.

2.4 Data reduction

The procedure to reduce the images is as follows. Firstly, we retrieve post basic
calibration data (PBCD) from the Spitzer archive. These data are pipeline created
mosaics from the observed and calibrated BCD frames. The pipeline applies a pointing
refinement, where a set of point sources are identified and matched to the 2MASS
catalogue, as well as an overlap correction, which matches the background levels of
overlapping frames (IRAC and MIPS Data Handbook3). Some of the PBCD data
show erroneous sources at the nuclei of the galaxies. These are K-band 2MASS
sources, put in to correct for saturation effects by point sources. In these cases we
download the BCD data and do the mosaicing using the MOPEX software provided by
the Spitzer Science Center (Makovoz & Khan 2005). The IRAC mosaic images have
pixel scales of 0.60 arcsec. Secondly, for studying the sub-galactic components, we
convolve the 3.6 (ch1), 4.5 (ch2) and 5.8 µm (ch3) IRAC channel images with kernels
to create images that match the resolution of the band with the lowest resolution:
2 arcsec at 8.0 µm (ch4). The Spitzer PSFs are much more complex than simple

3url: http://ssc.spitzer.caltech.edu/
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Table 2.3: Bulge, effective and apparent radius
Galaxy Rb Rb Ref. Re Re Ref. R25 R25 PA ε

(′′) (kpc) (′′) (kpc) (′′) (kpc) (deg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
NGC 1056 4.3 0.5 3 34.4 3.7 3 70.3 7.5 160 0.44
NGC 2273 6.8 0.9 1 26.1 3.3 2 97.1 12.3 51 0.25
NGC 2844 23.5 2.4 2 31.4 3.2 3 46.5 4.8 13 0.55
NGC 3623 8.6 0.5 1 84.6 4.8 2 293.2 16.8 174 0.76
NGC 4220 3.3 0.2 1 30.0 1.9 2 116.7 7.5 141 0.61
NGC 4235 4.4 0.7 1 26.7 4.2 2 125.1 19.6 48 0.78
NGC 4245 7.4 0.5 1 23.8 1.5 2 86.5 5.3 0 0.17
NGC 4274 7.9 0.5 1 45.4 2.9 2 202.8 12.9 102 0.63
NGC 4293 2.5 0.2 1 82.6 5.4 2 168.7 11.0 72 0.48
NGC 4314 7.7 0.5 1 34.4 2.4 2 125.1 8.5 0 0.05
NGC 4369 2.3 0.2 2 16.5 1.2 2 62.7 4.5 0 0.01
NGC 4383 6.4 0.8 1 11.1 1.3 2 58.5 6.9 28 0.49
NGC 4405 2.8 0.3 1 7.2 0.9 1 53.3 6.4 20 0.34
NGC 4425 2.9 0.4 3 22.8 3.0 2 88.5 11.6 27 0.64
NGC 4596 18.4 2.4 1 37.8 4.9 2 119.4 15.6 135 0.13
NGC 4698 7.8 0.6 1 32.9 2.3 2 119.4 8.5 170 0.31
NGC 4772 18.6 1.4 1 23.8 1.7 2 101.7 7.4 147 0.42
NGC 5448 4.3 0.6 1 72.0 10.0 2 119.4 16.7 114 0.48
NGC 5475 6.7 0.8 1 8.3 0.9 1 61.3 7.0 166 0.74
NGC 5689 6.8 1.0 1 9.5 1.4 1 104.0 15.8 85 0.71
NGC 5953 1.1 0.2 3 8.5 1.2 1 48.7 6.7 169 0.26
NGC 6501 4.5 0.9 3 36.1 7.3 3 59.9 12.1 0 0.10
NGC 7742 8.1 0.9 1 15.0 1.7 2 52.1 6.0 0 0.05
NGC 5194 47.7 1.8 2 125.1 4.7 2 336.6 12.6 163 0.38

Col. 2-4) Bulge radius in arcseconds and kpc, 1=determined from LIRIS/HST photometry (Peletier et al. 2011),
2=(Baggett et al. 1998), and 3=one-eight of effective radius Col. 5-7) Effective radius in arcseconds and kpc,
1=determined from LIRIS/HST photometry (Peletier et al. 2011), 2=B-band (RC3), 3=2MASS K-band (NED)
Col. 8-9) Apparent major isophotal diameter at µB = 25 mag arcsecond−2, in arcseconds and kpc, from the
RC3 catalogue. Col. 10-11) Position angle of major axis from North through East, and ellipticity ε = 1 − b/a
(RC3).

Table 2.4: Conversion factor from AB to Vega magnitude
Colour C

mag
(1) (2)

[3.6]-[4.5] 0.49
[3.6]-[5.8] 0.97
[3.6]-[8.0] 1.60
[3.6]-[24] 3.98
[4.5]-[5.8] 0.48
[4.5]-[8.0] 1.12
[4.5]-[24] 3.50
[5.8]-[8.0] 0.63
[5.8]-[24] 3.01
[8.0]-[24] 2.38

Conversion factor C, such that mVega = mAB + C.

Gaussians with pronounced Airy rings and diffraction spikes. This makes it non-
optimal to use simple Gaussian kernels to achieve the desired common resolution.
The kernels we use are created using the ratio of the Fourier transforms of the input
and output PSFs. High-frequency noise in the input PSFs are filtered with a radial
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Hanning truncation function (Gordon et al. 2008). For studying the galaxies at the 6
arcsec resolution the 24 µm MIPS channel image is rotated and regridded to match
the IRAC image position angle and 0.60 arcsec pixel scale. Then, the IRAC images
are convolved with the kernels that match the PSF at 24 µm. Thirdly, in all bands
we subtract the background by determining the median value across rows in regions
where we assume no galaxy flux is present. In this way sky background slopes, present
in the MIPS images and in some cases in the 5.8 and 8.0 µm IRAC images, can
easily be calculated and subtracted. Image artifacts were corrected with the IRAF
IMEDIT task. SAURON data are aligned by matching the peak of the SAURON
continuum flux with the peak in the 3.6 µm image. For calculating Vega system
magnitudes at 3.6, 4.5, 5.8, 8.0, and 24 µm, we used zero points of 280.9, 179.7,
115.0, 64.13, and 7.17 Jy, respectively (IRAC Data Manual; MIPS Data Manual).
In terms of magnitudes this amounts to the conversion factor value C, such that
mVega = mAB + C, listed in Table 2.4. The galaxies have been observed under
various integrations times. The typical integration time of 30 seconds amount to 1-σ
sensitivities in a low background environment of 1.4, 2.4, 16 and 18 µJy for the 3.6,
4.5, 5.8 and 8.0 µm bands for a point source (Hora et al. 2004).

To study our galaxy data we convolve the IRAC broadband images to the reso-
lution of the IRAC 8 µm image (2 arcsec) and to the resolution of the MIPS 24 µm
image (6 arcsec). Then we determine the fluxes in nuclear elliptical apertures and
circumnuclear elliptical rings in the Spitzer images convolved to these two resolutions.
Fluxes are determined with the newly developed program WCSFLUX, which is part
of the Kapteyn package4, that can read and write apertures of all kind of shapes
in world coordinate systems. Furthermore we determine radial Spitzer colour pro-
files from elliptical ring-shaped apertures along the major axis of the galaxies up to
4.5 µm surface brightnesses of 20.3 mag/arcsec2. Colours that include longer 5.8 µm
wavelength emission are traced up to surface brightnesses of 19.3 mag/arcsec2, with
8.0 µm 18.5 mag/arcsec2, and with 24 µm 16.7 mag/arcsec2.

2.5 Results

We present colour maps, colour-colour diagrams of the galactic nuclei, radial colour
profiles, and colour-colour diagrams of the radial profiles. We compare Spitzer radial
colour profiles, radial colour-colour profiles with blackbody curves, single-burst Stellar
population models (SSP), and Milky Way stellar colour statistics. We describe how
old stellar populations, AGN and star formation contribute to the Spitzer colours.

2.5.1 Maps

The flux and colour maps allow us to observe the distribution of dust and stellar
population structure in the galaxies down to the size of the PSF: 2 arcsec or 6 arcsec
if the 24 µm band is involved. The maps of all the galaxies are shown in the Appendix.

4url: http://www.astro.rug.nl/software/kapteyn/
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Figure 2.10: IRAC 3.6, 4.5, 5.8, 8.0, and MIPS 24 µm flux maps of galaxy NGC 4314 and zoomed in to its
central region. North is up and East is left. The maps are 4 by 4 arcminutes in size, plus zoomed in on the
central 48 by 48 arcseconds. The colour scale is shown logarithmically in units of Jy/arcsec2. Red depict high
values, blue low. The optical continuum light distribution from SAURON is depicted with contours. The circle
indicates the resolution.

Before starting a quantitative analysis of the mid-infrared colours and fluxes, we
first discuss qualitatively a number of features that we find in the maps using some
example galaxies. This should lead to a better understanding of the features in the
whole sample. As a first example, we discuss some of the features as seen in the
flux maps (Figure 2.10) of the low-inclined, barred galaxy NGC 4314, well-known
for its circumnuclear star formation ring. The bar is clearly visible and strongest at
short wavelengths, where we mainly see the photospheric emission of evolved stars.
At longer wavelengths the emission predominantly arises from tiny dust grains and
large molecules, so-called polycyclic aromatic hydrocarbons (PAHs), associated with
starforming regions. The bar is less dominant but still visible at 8.0 µm, and has
almost disappeared at 24 µm. The spiral arms at both outer ends of the bar are of
low flux and only traceable with the 3.6 and 4.5 µm bands, which mainly trace stellar
light. The circumnuclear star formation ring starts to become visible at wavelengths
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Figure 2.11: Spitzer IRAC colour maps of the central regions of an AGN (NGC 2273), old stellar populations
(NGC 3623) and star formation in a ring (NGC 4314) or in a widespread burst (NGC 4369). The different colours
are shown in Vega magnitude units. The stripe and spot in NGC 2273 are due to saturation effects in the 5.8
and 8.0 µm maps. The optical continuum light distribution from SAURON is depicted with contours. The circle
indicates the resolution.

of 5.8 µm and higher.

The colour maps show how the emission varies with wavelength. Here we show four
galaxies for which we emphasize a few of the features visible (Figure 2.11 and 2.12) in
the circumnuclear regions: a galaxy with an AGN accompanied by a central starburst
(NGC 2273), one without much star formation (NGC 3623), one with star formation
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Figure 2.12: Spitzer IRAC and MIPS colour maps of the central regions of an AGN (NGC 2273), old stellar
populations (NGC 3623) and star formation in a ring (NGC 4314) or in a widespread burst (NGC 4369). The
different colours are shown in Vega magnitude units. The stripe and spot in NGC 2273 are due to saturation
effects in the 5.8 and 8.0 µm maps. The optical continuum light distribution from SAURON is depicted with
contours. The circle indicates the resolution.

in a circumnuclear ring (NGC 4314), and one with star formation throughout the
central field (NGC 4369). These are four examples of star formation classes defined
in Peletier et al. (2007), respectively ASc, Nd, Sr, Sf (Table 2.3). Before discussing
the galaxy features we first draw the attention to the fact that in a few cases stripes
and dots are visible, being due to instrumental, internal scattering in the 5.8 and
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Figure 2.13: SAURON maps. First row: Spitzer [3.6]−[8.0] colour map. Second row: ionized gas Hβ flux
emission map. Third row: [O III]/Hβ ratio map. For the maps north is up and east is left, the scale is logarithmic,
and the sizes are given in arcseconds. The optical continuum light distribution from SAURON is depicted with
contours. The circle indicates the resolution.

8.0 µm emission, arising from bright point sources. Examples are the lines crossing
the centre of NGC 2273, known as optical banding, and the spot 8 arcseconds away
from this bright nucleus, known as the bandwidth effect. We have decided to leave
these artifacts in the maps, and not interpolate across them. We discuss the features
per colour, and compare them with Spitzer maps in Gordon et al. (2008); Bendo et al.
(2008), Spitzer and SAURON maps of nearby Sbc galaxy M 100 in Allard et al. (2006),
of elliptical and lenticular galaxies in Shapiro et al. (2010), and HST and SAURON
maps of the sample under study from Falcón-Barroso et al. (2006) and Peletier et al.
(2007). A few of the ionized gas emission and absorption maps that trace old stellar
populations, star formation and AGN activity are replotted here (Figure 2.13 and
2.14).
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Figure 2.14: SAURON maps. First row: Spitzer [3.6]−[4.5] colour map. Second row: Hβ absorption map.
Third row: Mg b absorption map. For the maps North is up and East is left, the scale is logarithmic, and the
sizes are given in arcseconds. The optical continuum light distribution from SAURON is depicted with contours.

The [3.6]−[4.5] colour

For NGC 2273, a Seyfert type 2, this colour (Fig. 2.11), discussed in detail in Peletier
et al. (2011), shows extreme reddening, presumably because of the emission by hot
dust which is much more prominent at 4.5 than at 3.6 µm. In the absence of star
formation (NGC 3623 and the centre of NGC 4314), this colour index has slightly
negative values for old stellar populations and corresponds to blue colours. Galaxies
with star formation (the ring in NGC 4314 and bursts in NGC 4369) show redder
colours.

The red [3.6]−[4.5] regions show agreement in shape with low value contours in
the [O III]/Hβ maps (Figure 2.13), which can be used very well as a SF tracer (Sarzi
et al. 2006). In the case of NGC 4369 the ionized gas ratio map shows extended
structures rather than small bursts. The ring of NGC 4314 shows two stronger dips
East and South of the centre, which are not so prominent in this Spitzer colour
map. A similar behaviour is seen in the ionized gas velocity dispersion map (Fig. 6
in Falcón-Barroso et al. 2006). Low values, indicating cold material, trace the same
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regions as high [3.6]−[4.5] values. The regions with red [3.6]−[4.5] colours can also be
seen in the absorption-line strengths maps (Figure 2.14). Young populations typically
show lower Mg b and Fe 5015, and higher Hβ absorption strength values than the
surrounding areas. Here there is a caveat that in the case of very recent star formation
(< 40 Myr) Hβ absorption has low values instead of high (Fig. 12 in Allard et al.
2006). For NGC 4369 there is an one-to-one match between Mg b and our Spitzer
colour index map: every reddened peak shows a Mg b dip. The Hβ absorption map
matches less well: the Western peaks show up as valleys. This probably means that
those regions are very young (< 40 Myr).

In the absence of star formation, old stellar populations are traced by blue colours
in [3.6]−[4.5]. These areas correspond to low Hβ, and high Mg b and Fe 5015 values
in the centre of NGC 4314 and throughout the entire central field in NGC 3623.

The extremely high reddening in the [3.6]−[4.5] colour index map of the centre
of NGC 2273 must be due to a combination of star formation and dust heating by
an AGN. The [O III]/Hβ map shows high values, typical of an AGN, instead of low
values that are typical for star formation. The stellar kinematic data show evidence
of a thin circumnuclear disc. In the absorption line maps this disc has the same size
along the major axis, but is more extended along the minor axis and shows evidence
for young stellar populations.

The [3.6]−[5.8] colour

In this colour the AGN (NGC 2273) and SF (NGC 4314 and 4369) are reddened,
and the stellar photospheric emission is neutral (NGC 3623). At these wavelengths
circumstellar dust emission, making the stellar [3.6]−[5.8] colour redder, or an absorp-
tion feature making the colour bluer is not prominent. NGC 4369 shows concentrated
peaks, at the same locations as in the [3.6]−[4.5] map, that are now surrounded with
extended emission.

The extended star formation emission detected in NGC 4369 matches the low
value contours in the [O III]/Hβ and ionized gas Hβ velocity dispersion maps (Fig. 6
in Falcón-Barroso et al. 2006). Clearly, the 5.8 µm band traces star formation in the
form of PAH emission. The evolved stellar population is well-traced as seen from
the good match between the colour map and the absorption line strength maps of
NGC 4314.

The [5.8]−[8.0] colour

In this colour (Fig. 2.12) the circumnuclear star formation ring (NGC 4314), and
extended star formation emission (NGC 4369) are even more prominent, due to the
PAH features in these bands. The better detection of dust features is also evident
from the large, two-armed spiral structure surrounding the centre of NGC 3623, a
galaxy without much star formation. The Southern structure is also detected in HST
imaging (Fig. 6 in Falcón-Barroso et al. 2006), the Northern arm not.
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The [3.6]−[24] and [8.0]−[24] colour

In these colours the AGN (NGC 2273) shows more extreme reddening than the star
forming ring and the field. Here the colour maps show the 24 µm diffraction pattern,
indicating a strong point source. The reddening in the star-forming galaxy NGC 4369
is peaked similar to in the [3.6]-[4.5] colour. This could indicate that 24 µm is a better
star formation tracer than the 8 µm emission, since the latter also traces diffuse
dust emission (e.g. Gordon et al. 2008; Bendo et al. 2008). The stellar photospheric
emission is also reddened but not so much as the spiral dust structure (NGC 3623),
which now seems more enhanced towards the centre.

Comparison with literature colour maps

Allard et al. (2006) present stellar and gas kinematical data, HST maps, absorp-
tion line strength maps, and [3.6]−[4.5], [3.6]−[8.0], [4.5]−[5.8], and [5.8]−[8.0] colour
maps for the barred Sbc spiral galaxy M 100. This galaxy has a circumnuclear star
formation ring similar to NGC 4314. Their colour index maps agree with our findings.
The nucleus is blue in all colours, indicating an evolved stellar population, while the
ring is predominantly red, indicating star formation. There are also differences. The
[3.6]−[4.5] colour of the ring in NGC 4314 is uniform, while the ring in M 100 consists
of two arcs. The [3.6]−[8.0], and [5.8]−[8.0] colour of the rings are uniform in both
galaxies. The [4.5]−[5.8] colour of the ring in M 100 show features of intenser redden-
ing. M100 shows clear red spiral arms leading towards the ring, that are also visible
in the HST map. Such arms are also visible in the [5.8]−[8.0] map of NGC 4314.
Using the Hβ equivalent width and absorption line strength maps Allard et al. (2006)
show that the two arcs in the [3.6]−[4.5] colour index map of M100 are formed more
recent (20 Myr) than the two other quarters of the ring (40 Myr). The younger stars
are found near the contact points of the ring with the spiral arms. Likely, the ring in
NGC 4314 has a uniform young age of 40 Myr and is not being fed anymore.

Shapiro et al. (2010) present F8.0,ns/F3.6 Spitzer colour maps of the inner regions
of the elliptical and lenticular galaxy SAURON sample. The non-stellar 8.0 µm
emission, F8.0,ns, is determined by subtracting 26 % of the 3.6 µm emission from
the total 8.0 µm emission. Their maps are presented in logarithmic scale with flux
ratios from −0.5 to 1.0. In our Vega magnitude system, and if the 8.0 µm map is
not corrected for stellar emission, this would compare with a range of 0.5 to 2.9 in
[3.6]−[8.0] colour.

From our [3.6]−[8.0] colour maps we deduce that red colours trace star forma-
tion and AGN, while blue colours trace evolved stellar populations and diffuse dust
structures. This agrees well with what is found in the elliptical and lenticular sam-
ple. Lenticular galaxies NGC 3032 and NGC 4526 for instance show circumnuclear,
disc-shaped star formation as strong as what we find for NGC 4369. The starforming
nature of the circumnuclear discs is further confirmed from a low [O III]/Hβ ratio,
high Hβ emission equivalent width values and its strong correspondence with the dust
morphology found in the unsharp masked HST map (Sarzi et al. 2006). Dust struc-
tures that correspond with old stellar populations, rather than with star formation
are present in the elliptical and lenticular galaxies as well. The blue oval structure
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in the colour map of Shapiro et al. (2010) in the lenticular NGC 4550 for instance
matches the colour of the spiral structure in NGC 3623. The ionized gas emission
of this feature does not argue for a starforming origin. In the HST map this oval
as seen by Spitzer shows a similar coplanar shape, but is more filamentary, showing
chaotic, spiral arm structures. Another dust structure related to an old stellar popu-
lation is for instance found in the elliptical NGC 2768. It shows a blue circumnuclear
dust disc in the [3.6]−[8.0] colour map, similar to the colour of the spiral structure
in NGC 3623. The ionized gas emission of this disc does not argue for a starforming
origin, although the structure shows up as a peak in the equivalent width Hβ emis-
sion map. The finding that AGN cause a slight extra reddening in this colour is for
instance also found in M 87, where the core and jet show a similar reddening, which
must be due to synchrotron emission. Also the galaxy NGC 2974 that hosts an AGN,
as evidenced by the presence of a radio core and its ionized gas ratios (Sarzi et al.
2010) shows a slight reddening in its core. In Chapter 4 we will return to this issue.

In the map of NGC 4369 the [3.6]−[4.5], [3.6]−[24] and [8.0]−[24] colour maps
trace starbursts much better than the [3.6]−[8.0] colour. Gordon et al. (2008) present
8 to 24 µm emission, and a 8 µm PAH equivalent width map of M 101 and compare
these maps with Hα emission. This shows that star forming regions are enhanced in
the 24 µm map while PAHs are only prominent in the regions surrounding large star
forming regions. Bendo et al. (2008) conclude a similar behaviour on the basis of 8
to 24 µm emission maps of a sample of nearby spiral galaxies. A comparison with 8
to 160 µm emission maps leads them to conclude that the 8 µm PAH feature traces
diffuse interstellar dust, rather than star formation regions.

In Fig. 2.27–2.49 we present Spitzer flux and colour maps of the complete sample
under study, showing the total galaxy and zoomed in to the central regions. The
galaxy NGC 4772 (Fig. 2.43) is a good example of a galaxy that probably hosts a
pseudobulge. In [3.6]−[8.0] colour the nucleus hardly shows reddening compared with
the star formation in the tightly wound ring-like spiral arms. In [8.0]−[24] colour
the nucleus does show similar colour to its spiral arms, and clearly shows signs of
star formation. All the colour maps indicate that the starforming nucleus resides in
a region of evolved stars. Apparently, the star formation light from the nucleus is
outshone in the IRAC colours by stellar light. In Chapter 3 we will return to this
issue.

A few galaxies with weak star formation in their central fields do not show sig-
nificant star formation in their spiral arms either, e.g. NGC 4425 (Fig. 2.40) and
NGC 4596 (Fig. 2.41). Also the star formation in the spirals of galaxy NGC 4314
with a circumnuclear star formation ring (Fig. 2.36) is very weak. These three gal-
axies are all Virgo Sa galaxies, for which Hα optical studies Koopmann & Kenney
(2004) show that the star formation compared with isolated galaxies is generally less
in the outer discs.

2.5.2 Colour-colour diagrams of galactic nuclei

In the previous section we have looked at the behaviour of the colours of a few example
galaxies. Here we investigate the behaviour of the galactic nuclei in our sample in
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Table 2.5: Galaxy types as determined from SAURON data
Type Meaning
(1) (2)
Sr Star formation ring
Sc Concentrated star formation
Sf Star formation in entire SAURON field
N Without much star formation
Nd Without much star formation and with dust disc
ASr AGN plus star formation ring
ASc AGN plus concentrated star formation
ANd AGN without star formation and with dust disc

colour-colour diagrams (Figure 2.15). Blue coloured symbols indicate galaxies that
are classified as AGN (e.g. NGC 2273), red symbols galaxies without much central
star formation (e.g. NGC 3623) and green symbols galaxies with star formation in
their centre (e.g. NGC 4314 and 4369). Each galaxy is depicted with a different shade
of blue, red or green. The symbols denote the different modes of star formation as
determined from SAURON data (Table 2.5). For the IRAC colours the apertures have
fixed ellipticities and position angles, following the optical light distribution from RC3
(Table 2.3), and have a diameter of 2 arcsec in size along the major axis. When the
colour includes 24 µm radiation we choose an elliptical aperture diameter of 3 arcsec.
The contours show Galactic midplane stellar colour densities, see Section 2.2.2. Black
body radiation at various temperatures is indicated with a line. We also plot a hand-
drawn line through the galaxy nuclei colours without much and with star formation,
and excluding the active galaxies. The nuclei only show large variation in colour
diagrams that include the [8.0]−[24] colour.

Galaxies that are classified from Hβ emission SAURON data as having not much
star formation in their central regions are located in the blue bottom-leftside corner
in all the diagrams. In the colour-colour plots all these galactic nuclei have similar
colours to the bulk of the stellar populations in the Galactic midplane and models
of stellar populations. This implies that the contribution of old stellar populations
is indeed dominant in these regions. Half of the galaxies that do not show signs
of nuclear star formation in Hβ do show circumnuclear dust discs in HST images
(NGC 3623, 4772, 4596 and 5689). They are redder than galaxies without dust discs
(e.g. NGC 4425) in all the colours except [3.6]−[4.5]. Their location in the [8.0]−[24]
versus [5.8]−[8.0] diagram coincides with stellar population models with ages less
than 0.2 Gyr. Likely, the old stellar populations as traced at small wavelengths are
accompanied by small-scale star formation as traced at larger wavelengths.

The nuclei of galaxies with star formation show reddening, going sequentially from
star formation mode Sr-Sc-Sf in all the six colour-colour diagrams. Half of the galaxies
with a circumnuclear star forming ring have nuclei without much star formation,
NGC 4314 for example. For the other half the circumnuclear ring dominates the
central light either due to inclination (NGC 4274) or due to the small size of the
ring (NGC 4220). The galaxy with star formation in a central starburst (NGC 5448)
shows intermediate reddening with respect to the ring mode and the galaxies with
star formation in the central field (e.g. NGC 4405). This indicates that all the Spitzer
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Figure 2.15: Colour-colour diagrams of galactic nuclei. In blue galaxies classified as AGN, in red galaxies
without much and in green galaxies with star formation in their centre. The different symbols denote the modes
of star formation. Black bodies at various temperatures and Galactic midplane stellar colour densities or stellar
population modelling from Marigo et al. (2008) and a hand-drawn line through the nuclei without much and with
star formation are also plotted.
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colours can be used to study star formation.
The 6 active galactic nuclei in this sample show a mix of colours. Two of the

AGN, NGC 1056 and 4698, have colours corresponding to their star formation mode.
Another AGN, NGC 5953, with a circumnuclear star formation ring shows colours
that correspond to a galaxy with stronger star formation, comparable to the central
field mode. The other three AGN show very red [3.6]−[4.5] colours indicating cir-
cumnuclear dust heated to very high temperatures, and very red [8.0]−[24] colours
indicating a warm dust component.

All in all a comparison of the colour-colour diagrams tells us that all the colours
can be used to study star formation, and that the [3.6]−[4.5] and [8.0]−[24] colours
are also good AGN tracers.

2.5.3 Radial colour profiles

From the maps and the colour-colour diagrams of the nuclei of the galaxies in our
sample we have learnt that the [3.6]−[4.5] colour is an excellent tracer of old stellar
populations and active galactic nuclei. The colour also traces star formation, but
other colours are more sensitive to star formation emission. Now we study how
galaxies behave as a function of radius from the centre outwards in these colours. We
determine the colours in elliptical nuclear apertures and elliptical annuli with widths
and radii along the major axis as described in Table 2.6. The ellipticities and position
angles are from optical RC3 data (Table 2.3). The errors in the colours are systematic
errors due to the variation in the subtracted background. This variation is determined
from three circular apertures in regions where we assume no stellar and galaxy flux is
present. In the outskirts of the galaxies lower surface brightnesses are traced and the
uncertainties in the colours are higher. At near-infrared wavelengths we trace colours
as far out as the optical R25 radii of galaxies, and at mid-infrared wavelengths the
galaxies are slightly smaller. We normalize the radii of the galaxies with their bulge
radius, in order to make a comparison between the galaxies that have different sizes
and distances.

Stacked radial [3.6]−[4.5] colour profiles are presented in Figure 2.16. Galax-
ies without much star formation show blue colours with a small reddening trend
from bulge (average colour of −0.11 mag) to disc (−0.06 mag). This probably sug-
gests a metallicity gradient: ellipticals and lenticulars show a similar gradient, with
an inner colour of [3.6]−[4.5]8=−0.12, when integrated over one-eight of the effec-
tive radius of the galaxy, and a redder integrated colour within an effective radius
[3.6]−[4.5]e=−0.08 mag (Peletier et al. 2011). Also, Pahre et al. (2004b) report a
gradient going from −0.15 mag (bulge) to −0.06 mag (outer disc) for the S0 galaxy
NGC 4203. Galaxies with star formation in their central field show larger scatter
in central colour, and have disc colours similar to those of other galaxies. Half of
the galaxies that host an AGN show extremely red colour bulges (0.5 mag) due to
contamination by the PSF of the bright AGN point source.

A comparison of radial [3.6]−[4.5], [4.5]−[5.8], [3.6]−[5.8], [3.6]−[8.0], [3.6]−[24],
and [8.0]−[24] colour profiles is presented in Figure 2.17. First we discuss galaxies
without much star formation, and clear indications of an old stellar population from
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Figure 2.16: Radial [3.6]−[4.5] colour profile in units of arcsec (top) and units of bulge size (bottom) for all the
galaxies in our sample. Symbols as explained in Fig. 2.15. From this plot we learn that star formation and AGN
are responsible for red colours, old stellar populations for blue colours.
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Figure 2.17: Radial colour profile comparison. Symbols as explained in Fig. 2.15. Star formation is responsible
for reddening in all the colour profiles. Galaxies without much star formation have blue [3.6]−[4.5] colours,
getting bluer towards the centre due to an age or metallicity gradient, and are redder towards the centre in all
other colour profiles. AGN have steep red [3.6]−[4.5] colours, flatten at [5.8] and [8.0], but emit considerably
again at [24].
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Table 2.6: Elliptical annuli radii and widths
Radius Width Radius Width
arcsec arcsec arcsec arcsec
(1) (2) (3) (4)

1.0 2.0 1.5 3.0
2.5 1.0 6.0 6.0
4.0 2.0 12 6.0
7.0 4.0 18 6.0
12 6.0 24 6.0
21 12 33 12
33 12 45 12
45 12 57 12
57 12 69 12
69 12 81 12
81 12 93 12
93 12 105 12
105 12 117 12
117 12 129 12
129 12 141 12
141 12 159 24
159 24 183 24
183 24 207 24
207 24 231 24
231 24 267 48
267 48 315 48
315 48 · · · · · ·

Radii are at the centres of the annuli. Col. 1-2) Annuli for IRAC colours. Col. 3-4) Annuli for colours that include
the MIPS 24 µm band.

their absorption line strength maps (Peletier et al. 2007), e.g. NGC 4425, but also
3623 and 4596 that have nuclear dust discs as seen in their HST unsharp masked
images (Falcón-Barroso et al. 2006). Their radial [3.6]−[4.5] colour profiles are the
bluest and get redder with radius, due to an increasing stellar age or decreasing
metallicity. In all the other colours these galaxies are also the bluest, but here they
become bluer outwards. The profiles of NGC 4425 are bluest in all colours, while the
two galaxies with dust discs (NGC 3623 and 4596) show extra nuclear reddening in
colours that include 8.0 and 24 µm emission. Shapiro et al. (2010) present [3.6]−[8.0]
profiles of ellipticals and lenticulars that do not show signs of star formation (e.g.
NGC 2768 or 3384) but do posses nuclear dust discs (Sarzi et al. 2006). These are
similar in gradient compared with NGC 3623 and 4596, with colour decreasing from
1.4 mag to 0.6 mag outwards.

As a group, it is easy to see which galaxies show PAH and warm dust emission
features due to star formation. The profiles of galaxies with star formation features
show similar behaviour in all the colours: they get redder when the amount of star
formation increases. This is clearly seen in the galaxies with star formation rings (e.g.
NGC 4314). In all the colours they show a peak at the same galaxy location. Some star
formation ring galaxies have nuclear colours similar to spiral galaxies without much
star formation and get redder rapidly at the locations of the ring (e.g. NGC 4245)
with typical colours for recent star formation (Fig. 2.6). Other Sr galaxies start off
with redder colours due to a more edge-on view of the ring (NGC 2844 and 4235).
The star formation ring in NGC 4220 is small and resides in the centre, with a profile
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that gets bluer outwards, similar to Es and S0s, and then becomes redder in the outer
disc due to a large star formation ring, stronger than the central one. For galaxies
with star formation in their entire central field all the colour profiles get redder with
radius inside their bulge and disc and their outer discs are bluer (e.g. NGC 4369). We
investigate at which colours star forming galaxies show the most spectral contrast.
The enhancement of colours for three of the galaxies (NGC 4220, 4314 and 7742) is
largest in the [3.6]−[8.0] colour, with an average difference of 1.5 mag in colour from
blue to red. In the [3.6]−[24] colour this average difference is 0.9 mag.

Half of the galaxies that host an AGN show extremely red [3.6]−[4.5] colour bulges
that dominate part of the disc (NGC 2273, 4235 and 4293) due to contamination by
the PSF of the bright AGN point source. At longer wavelengths these AGN are less
prominent: their [4.5]−[5.8] profiles resemble their star formation mode. At longer
wavelengths, when [24] µm emission is included, they have redder profiles than what
is expected for their star formation mode.

2.5.4 Radial profiles in colour-colour diagrams.

We plot radial colour profiles in colour-colour diagrams in order to represent as much
information of the galaxies in a plot as possible (Fig. 2.18 and Fig. 2.19) and show
galaxies with an AGN separately. Contours indicate GLIMPSE, galactic midplane
stellar colour-colour densities. Blackbody emission at various temperatures and a
line that follows the colours of the nuclei (Fig. 2.15) are also plotted.

Galaxies without much star formation show two types of profiles in colour-colour
diagrams of evolved stellar emission (as traced by [3.6]−[4.5] colour) versus star for-
mation (as traced by e.g. [3.6]−[8.0], [4.5]−[5.8], and [8.0]−[24]). Their profiles either
behave like E’s and S0s with metallicity decreasing outwards (e.g. NGC 4425) as
traced by a redder [3.6]−[4.5] colour and other colours getting bluer. Otherwise, their
profiles look like prototypical Sa galaxies with metallicity decreasing from the centre
outwards, and significant star formation mostly in the outer regions of the galaxy
(e.g. NGC 3623 and 4772), as traced by both the [3.6]−[4.5] colour and all the other
colours getting significantly redder. The inner regions of these galaxies do show traces
of star formation. In NGC 4772 the [3.6]−[4.5] inner colour profile is dominated by
metal-rich stellar emission, while the other colours (e.g. [3.6]−[8.0]) are quite red indi-
cating star formation. In the case of NGC 3623 the contribution of star formation to
the [3.6]−[4.5] colour of the inner region dominates over the evolved stellar emission.

In Fig. 2.15 we have shown that the nuclei of galaxies with considerable star for-
mation follow a sequence in SF colour with SF mode from Sr to Sc to Sf. The radial
profiles of galaxies with circumnuclear SF rings show a wide range in SF strengths.
The ring in NGC 4245 for instance shows weak SF colours in the [5.8]−[8.0] versus
[3.6]−[5.8] diagram, and follows the line drawn through the nuclei. At the other ex-
treme the ring in NGC 7742 reaches SF colours in this diagram as strong as the SF in
the starburst galaxy NGC 4405, and the profile of NGC 7742 is offset from NGC 4245
and the line through the nuclei towards redder [3.6]−[5.8] colour. A possible expla-
nation is that, in NGC 7742, PAH emission is present throughout the whole galaxy,
and in NGC 4245 the PAHs are only found in the star formation ring.
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Figure 2.18: Colour-colour diagrams of the radial profiles. Black bodies at various temperatures and Galactic
midplane stellar colour densities and a line drawn through the nuclei are also plotted. Symbols as explained in
Fig. 2.15.
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Figure 2.19: Colour-colour diagrams of the radial profiles. Symbols as explained in Fig. 2.15.
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In the [8.0]−[24] versus [5.8]−[8.0] diagram the three galaxies with widespread star
formation in their centre (NGC 4405, 4369 and 4383) show the behaviour of SF colours
in the absence of evolved stellar emission. In the most powerful starburst (NGC 4383)
the [5.8]−[8.0] colour stays constant over 2 magnitudes in [8.0]−[24]. In comparison
with the H II regions and dust models plotted in Fig. 2.8 and 2.9 the decrease in
[8.0]−[24] corresponds to a drop in power from the interstellar radiation field that
heats the star formation clouds. In the two other starbusts the [5.8]−[8.0] colour of
the bulge is flat and then drops at low [8.0]−[24] colour. This drop in [5.8]−[8.0]
must be due to a decrease in aromatic features and dust continuum. Taken this
behaviour into account the ring galaxies NGC 4245 and 7742 must have comparable
interstellar radiation field strengths, since they have similar [8.0]−[24] colour. And
the evolved stellar emission contribution to NGC 4245 must be a lot higher and the
PAH abundance lower than in NGC 7742, since its [5.8]−[8.0] colour is much bluer.

Three of the galaxies (NGC 2273, 4235 and 4293) show clear indications of AGN
activity in the [3.6]−[4.5] colour profile (Fig. 2.16) due to circumnuclear hot dust. In
all the colour-colour diagrams these three AGN show different behaviour than star
formation and evolved stellar emission dominated galaxies. In the [5.8]−[8.0] versus
[3.6]−[5.8] colour-colour diagram the AGN match most closely to star formation and
evolved stellar emission. The location of the AGN towards redder [3.6]−[5.8] and bluer
[5.8]−[8.0] colour, compared with SF colour, indicates that the hot dust emission still
plays a role at 5.8 µm, and that PAHs are less abundant. In the [8.0]−[24] versus
[5.8]−[8.0] diagram the AGN show extra reddening in [8.0]−[24] colour compared
with star formation and stellar emission, indicating that the AGN have higher 24 µm
emission, due to a warm dust component.

2.6 Bulges versus discs

In the previous sections we have shown, that (1) all the Spitzer colours of the nuclei get
redder with the sequence of circumnuclear ring (Sr), concentrated (Sc) and widespread
star formation mode (Sf) in the bulge, (2) AGN have extremely red [3.6]−[4.5] and
[8.0]−[24] colours due to a hot and warm dust component, (3) the [3.6]−[4.5] versus
other Spitzer colours diagrams can trace the ratio between evolved stellar emission
and star formation in Sa bulges, (4) metallicity as indicated by the [3.6]−[4.5] colour
decreases with galaxy radius, and that (5) the interstellar radiation field strength
as indicated by the [8.0]−[24] colour decreases with distance from the centre. Here
we compare the change in colours with star formation mode in our sample with the
change of colours across the Hubble sequence in the SINGS sample, and the Spitzer
Wide-area InfraRed Extragalactic (SWIRE; Lonsdale et al. 2003) template sample
including galaxies, starbursts and AGN (Polletta et al. 2007). What determines the
differences in near- and mid-IR colours between bulges and discs in spiral galaxies?
Why do stars form in central discs and rings for massive early-type spiral galaxies
and in extended starburst structures in less massive early-type spiral galaxies?
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Figure 2.20: SWIRE and SINGS colour-colour plots of galactic nuclei and total integrated galaxy light (coloured
symbols), compared with the galactic nuclei and total integrated galaxy light in our sample of Sa galaxies (grey
symbols). SINGS galaxies that are not of Sa-type and are classified as Seyferts or Starbursts are indicated with
blue (AGN) and green (STB) symbols. The black line follows the colours of the nuclei without much and with
star formation in our sample and excluding AGN as in Fig. 2.15.

2.6.1 A comparison with SINGS and SWIRE galaxies

What do the colours of the SINGS and SWIRE galaxies tell us about star formation,
evolved stellar emission and AGN along the Hubble sequence? How do our Sa galaxies
compare with other galaxies along the Hubble sequence?

For the SINGS sample, which spans the entire Hubble sequence, Muñoz-Mateos
et al. (2009a,b) examined multiwavelength radial profiles. These profiles are found to
vary as a function of morphological type, but also vary with wavelength per object. In
the UV and mid-infrared (5.8, 8.0 and 24 µm), when tracing star formation, galaxies
are much less concentrated and more asymmetric than when evolved stellar emission
is traced in the optical and near-infrared (3.6 and 4.5 µm). In the mid-infrared, late-
type spiral galaxies are more extended and asymmetric, due to SF taking place in
the discs rather than in the bulge, than early-type ones that often show central star
formation.
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Figure 2.21: See caption of Fig. 2.20.

The SWIRE galaxy template sample also spans the entire Hubble sequence. It
is based on theoretical models using the GRASIL code (Silva et al. 1998), but also
includes empirical starburst spectra (e.g. M 82), empirical AGN plus starburst com-
posite spectra (e.g. Mrk 231), and combinations of models and observations of Seyfert
type 1 and 2 galaxies. The templates are used to estimate photometric redshifts and
to determine the spectral type of distant galaxies from multiwavelength data.

We plot various colour-colour plots of the nuclei and the total light of SINGS
sample galaxies and SWIRE templates of galaxies, starbursts, and various types of
AGN and compare these with each other and to the nuclei and total light in our
sample (Fig. 2.20, 2.21, and 2.22). The average values and scatter are provided in
Table 2.7. Flux densities from the SINGS galaxy data are taken from Dale et al.
(2007) and encompass the light up to the optical radius (R25). To the IRAC data
Dale et al. (2007) apply extended source aperture corrections which are on average
[0.912, 0.942, 0.805, 0.749] at [3.6, 4.5, 5.8, 8.0] µm. To make a proper comparison
with our data we decorrect the SINGS sample data with these factors. Flux densities
from the inner 6 arcsec of the SINGS galaxies are taken from Muñoz-Mateos et al.
(2009b).
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Figure 2.22: SWIRE and SINGS colour-colour plots of galactic nuclei and total integrated galaxy light (coloured
symbols), compared with the galactic nuclei and total integrated galaxy light in our sample of Sa galaxies (grey
symbols). SINGS galaxies that are not of Sa-type and are classified as Seyferts or Starbursts are indicated
with blue (AGN) and green (STB) symbols. The black line follows the colours of the nuclei without much and
with star formation in our sample and excluding AGN as in Fig. 2.15. In brown plusses indicate observations
of H II-regions in M 101 (Gordon et al. 2008), and crosses dust models for various starlight intensities (Draine
et al. 2007)

The models of the elliptical galaxies in the SWIRE templates show [3.6]−[4.5]
evolved stellar emission colours that are around zero (Fig 2.20). Compared with the
nuclei and total light of Es and S0s of the SINGS sample that are dominated by
evolved stellar emission and do not show signs of star formation, which are only a
few, the models show an offset of 0.1 mag. The SWIRE models do not take into
account the CO absorption of stars in the 4.5 µm band. This offset does not decrease
with later Hubble type: both the models and the observations become redder with
later Hubble type due to star formation. Also, the latest Hubble types (Sd, Sdm)
SWIRE templates do not match with the SINGS Sd and irregular galaxies: here the
model has negative [3.6]−[4.5] colour. The SINGS Sd galaxies are quite comparable
in colour ([nuclei, R25] = [0.03±0.04, −0.01±0.04]) to the SINGS Sc galaxies ([nuclei,
R25] = [0.01±0.06, 0.01±0.05]), but have redder nuclei. Our sample of Sa galaxies
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are comparable in colour ([nuclei, R25] = [−0.06±0.07, −0.04±0.04]) to the SINGS
Sa galaxies ([nuclei, R25] = [−0.04±0.11, −0.04±0.08]). The large scatter is most
likely due to the wide range of star formation rates in the two samples.

In colours that trace PAHs (e.g. [3.6]−[8.0]) the SWIRE Sa model colour (1.5 mag)
matches our sample (1.6±1.0 mag) and the SINGS colour (1.9±1.0 mag). From
Fig. 2.20 we can see that our sample of Sa galaxies has slightly more red ([3.6]−[8.0]
> 2.3 mag) galaxies than the SINGS sample. The SINGS sample hosts the reddest
Sa galaxies, which are NGC 2798 and 3049 that are classified as starburst (Dale et al.
2007). Their colours ([3.6]−[8.0] > 3.0 mag) match with starbursts hosted by other
Hubble type SINGS galaxies, mostly irregulars, and the SWIRE template starbursts.
Along the Hubble sequence the [3.6]−[8.0] colour of both the SINGS galaxy nuclei
and integrated light of the whole galaxy increases with later Hubble type. However,
the colours of Sb, Sc, and Sd galaxies are roughly similar, and the Sd galaxies show
less scatter than the Sb galaxies. The SWIRE templates show a similar sequence, but
the Sd template colour is underestimated compared with the SINGS galaxies.

The [8.0]−[24] colour star formation tracer, which is a proxy of the interstellar
radiation field strength, is roughly constant for the nuclei and total light of the SINGS
spiral galaxies (2.0 mag). From Fig. 2.22 we can see that the SWIRE template colours
of the spirals do show a reddening sequence with later Hubble type in [5.8]–[8.0] and
[8.0]–[24] colour, but are generally overestimated. We can also see that in the [8.0]–
[24] colour the nuclei in our sample of Sa galaxies are 0.5–1.0 mag redder than the
total galaxy light. For the SINGS Sa galaxies the nuclei are 0.3 mag redder, while
later type nuclei have similar colours to their total light. Also, the empirical SWIRE
templates of the starbursts are redder than the SINGS starbursts.

None of the SINGS galaxies that are classified from optical line ratios as Seyfert
galaxies have red [3.6]−[4.5] and [8.0]−[24] nuclei, like in the SWIRE AGN templates
and in the Seyfert galaxies in our sample. However, two Sa galaxies with Seyfert nuclei
(NGC 3031 and 4594) have a redder [8.0]−[24] nucleus than expected for evolved
stellar emission (Fig. 2.22). The [3.6]−[4.5] colour of the nuclei of these two galaxies
is not red (−0.1 mag) and from this it can be argued that the long wavelength emission
arises from a small central starburst. Another remarkable feature of the [8.0]−[24]
colour of the SWIRE templates is that the starbursts are 1 mag redder than the AGN.
Many of the irregular SINGS galaxies do have redder [3.6]−[4.5] and [8.0]−[24] nuclei
than expected. In total light these galaxies are even redder in these colours, arguing
for extreme star formation in the outer regions of these galaxies.

In summary, from the colour-colour plot comparison with the SINGS and SWIRE
sample we see that our sample of Sa galaxies has more galaxies with high SFRs
compared with the Sa SINGS sample: the few Sa galaxies with high SFRs in the
SINGS sample are of an extreme starburst nature. On average the Sa galaxies in our
sample have colours that are in between those of E/S0 and Sb SINGS galaxies. Along
the Hubble sequence Sb, Sc and Sd SINGS galaxies get slightly redder in all colours
and the scatter in the colours decreases. The AGN in our sample match well with the
SWIRE templates of Seyfert galaxies, and there are only a few AGN in the SINGS
sample.
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Figure 2.23: Nuclei, bulge, and inner and outer disc colour-colour diagram. Contours indicate galactic midplane
colour-colour densities. Symbols as explained in Fig. 2.15.

2.6.2 Star formation in bulges

How do colours that trace star formation in the bulges of our sample of Sa galaxies
compare with the colours across the Hubble sequence? Can we derive any information
from the colours about the connection between star formation and AGN?

Along the Hubble sequence

In the previous section we have shown that, on average, our Sa sample shows similar
colours as SINGS Sa galaxies, but that our sample hosts more Sa galaxies with high
star formation rates. Here we inspect how the various subclasses of Sa galaxies in our
sample behave in comparison with the Hubble sequence in the SINGS and SWIRE
colour-colour diagrams (Fig. 2.20, 2.21, and 2.22 and Table 2.7). We also investigate
the differences between nuclei and bulges. We plot various colour-colour plots in
which the nuclei can be compared with the bulge light, inner disc (from Rb to Re)
and outer disc (from Re to R25) light (Fig. 2.23, 2.24, 2.25 and 2.26).

The nuclei of spiral galaxies without much star formation (N, Nd) have metal-
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Figure 2.24: Nuclei, bulge, and inner and outer disc colour-colour diagram. Contours indicate galactic midplane
colour-colour densities. Symbols as explained in Fig. 2.15.

licities, as traced by the [3.6]−[4.5] colour, and star formation rates, as traced by
[3.6]−[8.0] colour, that are in between those of SINGS E/S0 and Sa galaxies. Their
[8.0]−[24] colours do resemble the SINGS Sa colours, indicating higher SFRs than the
[3.6]−[8.0] colour implies. Compared with the nuclei, the bulges of the spirals without
much star formation have slightly lower average metallicity and star formation rates.
The nuclear component inside the bulge, responsible for the star formation is thus
quite small and because of the star formation probably disc-like.

The [3.6]−[8.0] colours of spiral galaxies with a circumnuclear ring (Sr) or central
starburst (Sc) and their nuclei are in between those of SINGS Sa and Sb galaxies.
In [8.0]−[24] colour the nuclei of Sa galaxies with a ring resemble Sb SINGS nuclei,
and in total light they have colours that are in between that of Sa and Sb galaxies.
The central starburst (NGC 5448) is redder in this colour than any of the spiral type
SINGS nuclei.

The nuclei and total light of the galaxies with widespread star formation in their
centre (Sf) are the reddest of all the Sa galaxies: they have slightly redder colours than
Sd galaxies. In [8.0]−[24] colour they almost resemble SINGS starburst galaxies. The
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Figure 2.25: Nuclei, bulge, and inner and outer disc colour-colour diagram. Contours indicate galactic midplane
colour-colour densities. Symbols as explained in Fig. 2.15.

nuclei and bulges of these galaxies show similar locations in the various colour-colour
plots. This is probably due to the overall low metallicity in these galaxies (Peletier
et al. 2007) that resemble those of Sd galaxies.

AGN-starburst connection

Two of the six AGN nuclei (NGC 2273 and 4293) show extra reddening compared
with the non-stellar AGN emission of NGC 4235 in especially the [3.6]−[4.5] and
[8.0]−[24] colours (Fig. 2.23 and 2.26). This extra reddening is most likely due to a
central starburst taking place alongside the AGN. The [O III]/Hβ-ratios across the
SAURON field of view of these galaxies are typical for AGN (Falcón-Barroso et al.
2006), but do indicate that NGC 2273 hosts more star formation than NGC 4293. In
[3.6]−[8.0] colour the nucleus and bulge of NGC 2273 are 0.5 mag redder than those
of NGC 4293. Both galaxies have a very dusty nuclear zone. NGC 2273 is a double
barred galaxy with dust and star formation at the end of the bars close to the centre.
NGC 4293 has a large-scale bar and a dust lane passing through the nucleus and
another dust lane 7 arcsec South of the centre. The nucleus of NGC 4235 shows a
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Figure 2.26: Nuclei, bulge, and inner and outer disc colour-colour diagram. The stellar population modelling
from Marigo et al. (2008) is also plotted. Symbols as explained in Fig. 2.15.

small dust disc making it plausible that the extra reddening in the two other dustier
AGN is due to star formation.

2.6.3 Star formation in discs

From the comparison with SWIRE and SINGS we have seen that the star formation,
especially the [8.0]-[24] colour, in our galaxies is slightly more concentrated toward
the nucleus. Although the galaxies in the near- and mid-infrared are smaller than in
the optical – the effective radius in the near-infrared is ∼0.7 times that in the V -band
Re,[3.6] = 0.7Re,V (Falcón-Barroso et al. 2011) – we plot various colour-colour plots in
which the light within the optical bulge radius (Rb) can be compared with the inner
disc (from Rb to Re) and outer disc (from Re to R25) light (Fig. 2.23, 2.24, 2.25 and
2.26). Are the inner and outer disc and bulge light very different from each other?



2.6 Bulges versus discs 59

Comparison between bulge and disc colours

The star formation strengths in the inner and outer discs seem to show a connection
with the star formation strengths in the bulge. The discs of galaxies with widespread
star formation in the nuclear regions show the highest star formation rates (Fig 2.26).
The discs of galaxies with star formation rings show intermediate strengths. However,
galaxies without much star formation in their centre show two modes of disc star
formation: either it is weak (e.g. NGC 4425) or comparable to the discs of galaxies
with a circumnuclear star formation ring (NGC 3623, 4772 and 4698).

Although the differences between bulge, inner and outer disc colours are small,
a few trends are visible. In the [3.6]−[8.0] versus [3.6]−[4.5] colour-colour diagrams
(Fig. 2.23) the inner disc colours of galaxies with widespread star formation (Sf) are
offset to redder [3.6]−[8.0] and bluer [3.6]−[4.5] colours compared with the bulge.
Likely, at larger radii the diffuse PAH emission is more dominant over the hot dust
associated with starburst emission. A similar result is found by Muñoz-Mateos et al.
(2009a), who model the multiwavelength radial profiles of the SINGS galaxies and
from this retrieve radial information on PAH abundances, dust masses and interstellar
radiation field strengths. In Fig. 8 of this work a PAH abundance bump in the discs
of these galaxies is generally associated with a drop in the fraction of dust mass that
is heated by intense radiation fields. On a more local scale this is also found. H II
regions in the nearby galaxy M 101 are enhanced at 24 µm and are internally PAH-
free but surrounded by PAHs (Gordon et al. 2008). The outer disc colours of these
galaxies with widespread star formation follow the line through the nuclei and are
comparable to the colours of star formation rings. Both the inner and outer discs
of star formation ring galaxies and galaxies without much star formation are offset
to redder [3.6]−[4.5] colours than the nuclei, indicating lower metallicities. These
two trends are also visible in the [4.5]−[5.8] versus [3.6]−[4.5] colour-colour diagrams
(Fig. 2.24).

In the [5.8]−[8.0] versus [3.6]−[5.8] colour-colour diagrams (Fig. 2.25) both colours
of the inner discs of Sf galaxies are offset above the colours of the nuclei, indicating
extra PAH emission at these radii. Another trend is that at lower star formation rates
the inner and outer discs of N, Nd and Sr galaxies are redder in [3.6]−[5.8] colour
and bluer in [5.8]−[8.0] colour than the nuclei. This appears to be in agreement with
the stellar population modelling by Marigo et al. (2008), although not for very young
stellar populations. From Fig. 2.8 we see that metal-poor (Z = 0.0001) SSPs with
ages older than 1.3 Gyr are about 0.1 mag redder in [3.6]−[5.8] colour than metal-
richer SSPs (Z > 0.008) of similar age. Metal-poor young SPPs (0.2 Gyr) are bluer
in both the [3.6]−[5.8] and [5.8]−[8.0] colour than metal-rich SSPs.

The [8.0]−[24] versus [5.8]−[8.0] colour-colour diagrams (Fig. 2.25) show the largest
differences between bulge and inner and outer disc. Sf galaxies move from top right
to top left from bulge to outer disc due to a decrease in interstellar radiation field
strength. Sr galaxies move to bluer colours from bulge to outer disc. And the N and
Nd galaxies move to bluer colours from bulge to outer disc (e.g. NGC 4425), or their
outer discs are undetected at these wavelengths (e.g. NGC 4596) or they get redder in
[5.8]−[8.0] colour and the [8.0]−[24] colour stays the same (NGC 3623, 4772 and 4698).
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Part of the scatter could also be due to a change in metallicity from bulge to outer
disc. From Fig. 2.9 we see that a decrease in metallicity from Z = 0.03 to Z = 0.0001
of SSPs younger than 2 Gyr can result in about 1 mag decrease in [8.0]−[24] colour,
and for older SSPs there is not much variation in colour with metallicity.

The discs of the galaxies that fall inside the stellar population modelling box and
show weak star formation (NGC 5475 and 5689) are located in isolated galaxies. The
discs of galaxies that have no star formation in their outer discs (NGC 4596 or 4425)
are cluster galaxies, indicating that their outer discs are stripped from gas as found
from optical studies by Koopmann & Kenney (2004). On the other hand N and Nd
galaxies with star formation in their outer discs are also cluster galaxies (NGC 3623,
4772 and 4698). A relation between galaxy environment and star formation in the
outer disc is thus not evident on the basis of this sample.

2.7 Summary and conclusions

We investigate the stellar and dust content of early-type spiral galaxies from Spitzer
images at two near- and three mid-infrared wavelengths. We construct colour maps
and colour profiles. The main conclusions are:

1. The near-infrared [3.6]−[4.5] colour profile is an excellent tracer of active galactic
nuclei and evolved stellar populations within a galaxy. The other colours reveal
star formation strengths as traced by PAHs at 5.8 and 8.0 µm or the interstellar
radiation field strength at 24 µm. The [8.0]−[24] colour is also a tracer of active
galactic nuclei.

2. The star formation in early-type spiral galaxies is very heterogeneous. Each
star formation mode can be identified with a different star formation rate. Gal-
axies without much star formation show small nuclear discs of young stellar
populations inside a classical bulge with evolved stars. The colours of these
galactic nuclei are intermediate between E/S0 and Sa galaxies. Star formation
rings confined to the inner kiloparsec of galaxies show strengths similar to star
formation in Sb galaxies, while star formation occurring in irregular structures
throughout the whole central regions show strengths intermediate between Sd
galaxies and starbursts.

3. Spitzer colour-colour diagrams can distinguish between star formation in the
central regions and in the discs of Sa galaxies. The discs of galaxies with
widespread star formation in the nuclear regions show the highest star for-
mation rates. The discs of galaxies with star formation rings show intermediate
strengths. Galaxies without much star formation in their centre show two modes
of disc star formation: either it is weak or else it is comparable to the discs of
galaxies with a circumnuclear star formation ring. In general the [3.6]−[4.5]
colour is bluer, and the [5.8]−[8.0] and [8.0]−[24] colour redder in the central
regions than in the disc. This behaviour can probably be explained by a lower
metallicity in the disc, as opposed to the bulge. For the galaxies with widespread
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star formation the reddest galaxies are redder in [3.6]−[8.0] colour in the inner
discs than compared with the bulge, and bluer in the [3.6]−[4.5] colour. Here
we see that an increase in PAH abundances in spiral discs is associated with
less dust heated by intense radiation fields.
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Appendix

Table 2.7: Galaxy type colour comparison
Colour Type Nucleus R25 Type Nucleus R25
(1) (2) (3) (4) (5) (6) (7)

[3.6] − [4.5] E/S0 -0.12 ± 0.02 -0.12 ± 0.02 Sa -0.06 ± 0.07 -0.04 ± 0.04
Sa -0.04 ± 0.11 -0.04 ± 0.08 N -0.10 ± 0.01 -0.04 ± 0.04
Sb -0.02 ± 0.09 0 ± 0.06 Nd -0.09 ± 0.02 -0.05 ± 0.04
Sc 0.01 ± 0.06 0.01 ± 0.05 Sr -0.08 ± 0.03 -0.05 ± 0.02
Sd 0.03 ± 0.04 -0.01 ± 0.05 Sc -0.03 ± 0.00 -0.04 ± 0.00
Irr 0.09 ± 0.20 0.07 ± 0.14 Sf 0.05 ± 0.07 0.03 ± 0.05
AGN -0.08 ± 0.04 -0.05 ± 0.08 AGN 0.56 ± 0.14 0.05 ± 0.06
SB 0.11 ± 0.12 0.07 ± 0.08

[3.6] − [5.8] E/S0 0.22 ± 0.04 0.24 ± 0.17 Sa 0.56 ± 0.50 0.66 ± 0.46
Sa 1.00 ± 1.04 0.83 ± 0.63 N 0.13 ± 0.05 0.16 ± 0.05
Sb 1.31 ± 0.81 1.23 ± 0.42 Nd 0.23 ± 0.09 0.33 ± 0.14
Sc 1.11 ± 0.45 1.35 ± 0.26 Sr 0.46 ± 0.21 0.70 ± 0.27
Sd 1.73 ± 0.47 1.58 ± 0.24 Sc 0.93 ± 0.00 0.78 ± 0.00
Irr 0.79 ± 0.50 0.52 ± 0.38 Sf 1.48 ± 0.21 1.42 ± 0.34
AGN 0.66 ± 0.36 0.90 ± 0.48 AGN 1.55 ± 0.53 0.62 ± 0.32
SB 1.79 ± 0.98 1.33 ± 0.78

[3.6] − [8.0] E/S0 0.42 ± 0.12 0.50 ± 0.61 Sa 1.55 ± 0.98 1.56 ± 1.00
Sa 1.99 ± 1.60 1.90 ± 1.05 N 0.57 ± 0.21 0.30 ± 0.08
Sb 2.63 ± 1.36 2.80 ± 0.83 Nd 0.90 ± 0.30 0.79 ± 0.45
Sc 2.48 ± 0.74 2.91 ± 0.42 Sr 1.47 ± 0.59 1.79 ± 0.59
Sd 3.33 ± 0.56 3.08 ± 0.40 Sc 2.41 ± 0.00 2.14 ± 0.00
Irr 1.81 ± 0.79 1.59 ± 0.68 Sf 3.19 ± 0.21 3.02 ± 0.40
AGN 1.62 ± 0.90 2.20 ± 0.85 AGN 2.87 ± 0.83 1.51 ± 0.92
SB 3.26 ± 1.38 2.80 ± 0.99

[5.8] − [8.0] E/S0 0.20 ± 0.09 0.26 ± 0.46 Sa 0.99 ± 0.50 0.90 ± 0.56
Sa 0.99 ± 0.63 1.07 ± 0.47 N 0.44 ± 0.16 0.14 ± 0.09
Sb 1.32 ± 0.58 1.57 ± 0.43 Nd 0.67 ± 0.21 0.47 ± 0.33
Sc 1.37 ± 0.31 1.55 ± 0.18 Sr 1.01 ± 0.39 1.10 ± 0.33
Sd 1.60 ± 0.09 1.50 ± 0.17 Sc 1.48 ± 0.00 1.36 ± 0.00
Irr 1.02 ± 0.33 1.08 ± 0.61 Sf 1.71 ± 0.00 1.60 ± 0.06
AGN 0.96 ± 0.54 1.30 ± 0.40 AGN 1.33 ± 0.31 0.90 ± 0.60
SB 1.47 ± 0.45 1.48 ± 0.23

[8.0] − [24] E/S0 1.15 ± 0.26 1.42 ± 0.17 Sa 2.41 ± 0.61 1.88 ± 0.66
Sa 2.49 ± 0.82 2.24 ± 0.74 N 1.90 ± 0.60 1.35 ± 0.49
Sb 2.42 ± 0.57 2.40 ± 0.44 Nd 2.13 ± 0.23 1.35 ± 0.47
Sc 2.22 ± 0.66 2.30 ± 0.23 Sr 2.43 ± 0.29 2.07 ± 0.23
Sd 2.26 ± 0.62 2.35 ± 0.19 Sc 2.80 ± 0.00 2.06 ± 0.00
Irr 2.69 ± 0.97 3.42 ± 0.77 Sf 3.20 ± 0.82 2.75 ± 0.55
AGN 2.08 ± 0.34 2.50 ± 0.58 AGN 3.77 ± 0.54 3.02 ± 0.53
SB 3.34 ± 0.78 3.35 ± 0.48

Col. 3-4) SINGS colours per type, Col. 6-7) SAURON Sa Spitzer colours per type.
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Figure 2.27: NGC1056. North is up and East is left. The first and second column show the broadband Spitzer
IRAC and MIPS flux maps on logarithmic scale in units of Jy/arcsec2, 4 by 4 arcminutes in size, and the central
48 by 48 arcsecond. The third and fourth column show Spitzer colour maps in magnitudes on large scale and
zoomed in. Contours indicate the optical continuum light distribution from SAURON. The circle indicates the
resolution.
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Figure 2.28: NGC 2273. See caption of Fig. 2.27.
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Figure 2.29: NGC 2844. See caption of Fig. 2.27.
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Figure 2.30: NGC 3623. See caption of Fig. 2.27.
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Figure 2.31: NGC 4220. See caption of Fig. 2.27.
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Figure 2.32: NGC 4235. See caption of Fig. 2.27.
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Figure 2.33: NGC 4245. See caption of Fig. 2.27.
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Figure 2.34: NGC 4274. See caption of Fig. 2.27.
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Figure 2.35: NGC 4293. See caption of Fig. 2.27.
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Figure 2.36: NGC 4314. See caption of Fig. 2.27.
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Figure 2.37: NGC 4369. See caption of Fig. 2.27.
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Figure 2.38: NGC 4383. See caption of Fig. 2.27.
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Figure 2.39: NGC 4405. See caption of Fig. 2.27.
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Figure 2.40: NGC 4425. See caption of Fig. 2.27.
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Figure 2.41: NGC 4596. See caption of Fig. 2.27.
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Figure 2.42: NGC 4698. See caption of Fig. 2.27.
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Figure 2.43: NGC 4772. See caption of Fig. 2.27.
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Figure 2.44: NGC 5448. See caption of Fig. 2.27.
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Figure 2.45: NGC 5475. See caption of Fig. 2.27.
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Figure 2.46: NGC 5689. See caption of Fig. 2.27.
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Figure 2.47: NGC 5953. See caption of Fig. 2.27.
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Figure 2.48: NGC 6501. See caption of Fig. 2.27.
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Figure 2.49: NGC 7742. See caption of Fig. 2.27.




