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6
Conclusions and outlook

The goal of this thesis has been to gain a better understanding of dust — its occur-
rence and nature, spatial distribution, and temperature — in the central regions

of galaxies within the context of galaxy evolution. To this end we obtained near- and
mid-infrared images of 24 nearby early-type spiral galaxies, and high resolution mid-
infrared images of the nuclei of 27 low redshift radio galaxies. The main conclusions
of this work are summarized below along with some suggestions for future research.

6.1 Star formation in early-type spiral galaxies

The bulges in early-type spiral galaxies are likely formed by a combination of pro-
togalactic collapse at high redshift (Eggen et al. 1962) and the merging of galaxies
(Toomre 1977), similar to how large elliptical-type galaxies are formed. On the other
hand, spiral galaxy bulges also evolve by internal secular processes (Combes et al.
1990; Norman et al. 1996; Kormendy & Kennicutt 2004). Bars, oval distortions, spi-
ral structures or central supermassive black holes could bring matter from the disc
inwards and slowly build bulges. This secular evolution scenario can be tested by
studying stellar populations of the disc and bulge, which would have to be similar.
Additionally, bulges often have a component of fresh star formation due to gas flowing
into the central region. However, this star formation, the dust extinction related to
it, and the relatively low surface brightness of spiral galaxies provide challenges to
observationally study the kinematic properties and the stellar ages, and thus build-up,
of the bulges and discs of galaxies.

Infrared imaging with sufficient angular resolution and sensitivity makes it pos-
sible to study the stellar populations and star formation across galaxies. With the
IRAC (Fazio et al. 2004) and MIPS (Rieke et al. 2004) instruments on board the
Spitzer Space Telescope (Werner et al. 2004) we have obtained images of 24 early-
type spiral galaxies at near- (3.6 and 4.5 µm) and mid-infrared wavelengths (5.8, 8.0
and 24 µm). At near-infrared wavelengths the images of these galaxies are dominated
by the radiation of stars with cool surface temperatures of about T = 3000 K and
higher. In the mid-infrared tiny dust grains or large molecules, heated up to tem-
peratures between 35–300 K and located in starforming regions, are primarily traced.
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154 Conclusions and outlook

Using colour maps, made by dividing one wavelength map by another, the regions in
galaxies that are dominated by either evolved stellar light or star formation can be
distinguished from each other.

The 24 early-type spiral galaxies we have observed are part of the SAURON sam-
ple of Sa galaxies. This is a well-studied sample of nearby galaxies and also includes
lenticular and elliptical galaxies (de Zeeuw et al. 2002). It has been very well charac-
terized at optical wavelengths using the SAURON integral-field spectrograph (Bacon
et al. 2001) and the Hubble Space Telescope (HST ). A wealth of information is avail-
able on the kinematics of stars and gas, stellar populations, dust and gas in the central
regions of these galaxies (Falcón-Barroso et al. 2006; Peletier et al. 2007). This makes
it an ideal sample to study in the near- and mid-infrared.

Star formation in Sa bulges

Our multicolour infrared maps confirm that the central regions of the 24 early-type
spiral galaxies show a range in star formation modes. Similar to what was found
from optical Hβ emission line maps (Peletier et al. 2007), Sa bulges either have little
star formation, a circumnuclear star formation ring, concentrated star formation, or
widespread star formation. The positions of the Sa nuclei in colour-colour diagrams
show that an increase in star formation is observed in the sequence of circumnuclear
ring, concentrated and widespread star formation mode, as measured from the red-
dening in the colours. The colour maps show that Sa galaxies are a very heterogeneous
population of galaxies. At mid-infrared wavelengths the colours of the Sa nuclei with
widespread star formation almost approach those for a pure blackbody spectrum of
∼ 300 K. Compared to the integrated light of galaxies along the Hubble sequence
(the SINGS survey; Kennicutt et al. 2003; Dale et al. 2007), the colours are slightly
redder than those of Sd galaxies. Galaxies with circumnuclear star formation rings
have similar colours as Sb galaxies. The [8.0]–[24] colour shows that the bulges of
Sa galaxies without much star formation do show small nuclear discs of young stellar
populations.

Star formation in Sa discs

Spitzer colour-colour diagrams permit a study of the behaviour of galaxies as a func-
tion of radius from the centre outwards. The discs of galaxies with widespread star
formation in the nuclear regions show the highest star formation 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 star formation the reddest galaxies are redder in
the [3.6]−[8.0] colour in the inner discs than in the bulge, and bluer in the [3.6]−[4.5]
colour. An explanation could be that if more large dust molecules, generally known
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as polycyclic aromatic hydrocarbons (PAHs; Leger & Puget 1984) there are fewer tiny
dust grains heated by intense radiation fields. Possibly, PAH emission is associated
with the interstellar medium rather than with star formation regions.

The assembly of bulges

Is the presence of star formation in bulges related to the formation history of these
bulges? Hypothetically, there are two kinds of bulges with different formation histo-
ries, named pseudobulges and classical bulges (Kormendy & Kennicutt 2004). If this
is the case, there should be an easy and straightforward way to classify them. We
have studied Spitzer colours, Sérsic indices, SAURON stellar kinematics, ionized gas
emission and absorption line indices to define a classification method that can classify
pseudobulges in the SAURON Sa sample on a physical basis.

Our best method is a morphological classification where central components which
have a similar flattening to that of the outer disc and/or irregular or bar-like isophotes
in HST and 3.6 µm images are called pseudobulges, and objects with smooth, elliptical-
like isophotes are classified as classical bulges. Using this definition 5/24 galaxies have
a classical bulge, while 19/24 show a pseudobulge. With our method the pseudobulge
is best described as a central disc component with dust, gas and often central star for-
mation. These often coincide with central velocity dispersion dips. Of the bulges we
classify morphologically as pseudobulges 70 % have a σ-drop, indicating that σ-drops
are a good tool to find pseudobulges. The stellar kinematics indicate that these bulges
are assembled in a secular evolution process via bars, ovals or dynamical friction. The
classical bulges are more likely the result of a major merger, a series of minor mergers
and/or early dissipative collapse. It seems that secular evolution is a more common
process among Sa spiral galaxies than previously recognized.

Outlook

With the next generation of infrared telescopes, the nature and occurrence, spatial
distribution and temperature of dust within spiral galaxies can be studied in even
greater detail. Operating at similar wavelengths as Spitzer the James Webb Space
Telescope (JWST ) will be able to provide even sharper and deeper images of the
different evolved stellar and starforming regions in spiral galaxies. With the Herschel
Space Observatory (Pilbratt et al. 2010), operating at far-infrared and submillimeter
wavelengths (60–500 µm) low temperature star formation activity will be revealed.
An early study seems to indicate that Sa galaxies have the lowest dust temperatures
along the Hubble sequence, indicating low amounts of recent star formation (Boselli
et al. 2010). The higher dust temperature in elliptical galaxies is likely due to dust
heating by an old stellar population. In Fig. 6.1 we show a few short integration
Herschel maps of the Sa galaxy NGC 4235. The bulge light is strong at 100 and
160 µm, indicating dust heated by an intense radiation field, probably related to the
AGN or otherwise with an old stellar population. The spiral disc shows enhanced
heating at 250 µm due to low temperature star formation, which can not be traced
at near- and mid-infrared wavelengths.
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Figure 6.1: Spitzer IRAC 3.6 and 8.0 µm, and MIPS 24 µm flux maps compared to Herschel PACS 100 and
160 µm and SPIRE 250 µm flux maps of galaxy NGC 4235. Credit: J.I. Davies and the Herschel Virgo Cluster
Survey (HeViCS) team.

It would be very interesting to know if the sequence of more intense star formation
with star formation mode as seen in the mid-infrared colours is paralleled in the
far-infrared and submillimeter. However, Herschel data alone will not be able to
characterize the nature of these star formation modes in detail. Only high resolution
measurements with The Atacama Large Millimeter Array (ALMA; 300–9600 µm) can
probe the detailed distribution, cooling and heating mechanisms and composition of
dust and gas in the bulges and discs of spiral galaxies.

6.2 Circumnuclear dust in active galaxies

It is now certain that almost all galaxies host supermassive black holes in their nuclei
(Richstone et al. 1998), that these are often actively accreting matter (Ho 2008)
and, most critically, that the mass of these central black holes scales with large-scale
properties of the galaxy, such as the stellar velocity dispersion (Gebhardt et al. 2000;
Ferrarese & Merritt 2000), and the mass of the bulge (Marconi & Hunt 2003). This
fundamental connection between the central regions of a galaxy and its properties on
much larger scales is thought to be a result of the supermassive black hole regulating
the amount of accreting matter, and thus the rate of star formation, in its host system
throughout the period of galaxy evolution (Silk & Rees 1998; Hopkins et al. 2008).

Near-infrared colour-colour diagrams are good tools to study active galactic nuclei
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(AGN) and their host galaxies (Glass & Moorwood 1985; Alonso-Herrero et al. 1998).
These diagrams show that the near-infrared emission of AGN is likely due to a hot
dust component (1 200 K). Dust of this temperature must be located very close to
the AGN and is likely of graphite nature. Graphite grains have a high sublimation
temperature, i.e. they can survive close to the AGN (Mor et al. 2009). Furthermore,
the mid-infrared emission shows that these hot dust components are often surrounded
by warm dust tori, that are believed to be clumpy and to extend out to radii of
tens to hundreds of parsecs (Nenkova et al. 2002). These are especially found in
luminous radio-loud AGN (Meisenheimer et al. 2001; Ogle et al. 2006) and their
presence has been predicted in order to explain some of the observational differences
between quasars and radio galaxies (Barthel 1989; Urry & Padovani 1995).

Another origin for the near- and mid-infrared radiation of AGN is non-thermal,
synchrotron radiation, caused by relativistically accelerated electrons. On the basis of
HST optical and ultraviolet data of the cores of low-luminosity radio galaxies (FR-Is),
Chiaberge et al. (1999, 2002b) and Verdoes Kleijn et al. (2002) show that these nuclei
follow a linear correlation in the radio-optical and radio-ultraviolet luminosity plane.
This supports the hypothesis that the radio, optical, and ultraviolet emission have a
common synchrotron origin. However, the synchrotron radiation is shown to peak at
infrared wavelengths (Polletta et al. 2000; Quillen et al. 2003). Within this picture,
FR-I nuclei are not covered by thick dust tori and have spectral energy distributions
(SEDs) that are dominated by non-thermal emission. This has been confirmed for
the nearby radio galaxy M 87 (Whysong & Antonucci 2004; Perlman et al. 2007).

The Spitzer [3.6]−[4.5] colour of active galactic nuclei

In this thesis we find a number of nuclei with a strong near-infrared [3.6]−[4.5] colour
excess. What is the nature of such galaxy nuclei? These red nuclei are present in
3/24 of the early-type spiral Sa galaxies from the SAURON sample (NGC 2273, 4235
and 4293). We compare the Spitzer colours of the complete set of 24 Sa nuclei with a
few well-known nearby active galactic nuclei (M 51, 81, 87 and 104) and present new
colour maps. The nearby active nuclei also show a near-infrared excess in comparison
to normal nuclei which are dominated by evolved stellar and star formation emis-
sion. This gives rise to the interpretation that this excess is related to supermassive
black hole accretion. The near-infrared emission of active nuclei can be explained
as arising from either hot circumnuclear dust or a non-thermal power-law spectral
distribution. The sources with this excess all have compact radio cores with high
brightness temperature. Given that the far-infrared Herschel maps of NGC 4235,
presented in Fig. 6.1, do not show a strong point source, a hot dust component is the
more probable explanation for this emission feature. In comparison to other Spitzer
studies it seems that 2-dimensional high resolution near-infrared imaging is a most
efficient way of finding low-luminosity active galactic nuclei.
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Dust tori in radio galaxies

Which types of radio galaxies host dust tori around their nuclei? Using VISIR on the
VLT (Lagage et al. 2004), we acquired sub-arcsecond (∼ 0.40′′) resolution N -band
images, at a wavelength of 11.85 µm, of the nuclei of a sample of 27 radio galaxies
of four types in the redshift range z = 0.006–0.156. The sample consists of 8 edge-
darkened, low-power Fanaroff-Riley class I (FR-I) radio galaxies, 6 edge-brightened,
class II (FR-II) radio galaxies displaying low-excitation optical emission, 7 FR-IIs
displaying high-excitation optical emission, and 6 FR-II broad emission line radio
galaxies. Out of the sample of 27 objects, 10 nuclei are detected and several have
constraining non-detections at sensitivities of 7 mJy, the limiting flux a point source
has when detected with a signal-to-noise ratio of 10 in one hour of source integration.

On the basis of the core spectral energy distributions of this sample we find clear
indications that many FR-I and several low-excitation FR-II radio galaxies do not
contain warm dust tori. A substantial fraction of the high-excitation FR-IIs and
almost all of the broad line radio galaxies exhibit excess infrared emission, which
must be attributed to warm dust reradiating accretion activity. The FR-I and low-
excitation FR-II galaxies are all of low efficiency, which is calculated as the ratio of
bolometric to Eddington luminosity Lbol/LEdd < 10−3. This suggests that thick tori
are absent at low accretion rates and/or low efficiencies. The high-excitation FR-II
galaxies are a mixed population with three types of nuclei: 1) low efficiency with dust
torus, 2) low efficiency with weakly emitting dust torus, and 3) high efficiency with
weak dust torus. We argue that the unification viewing angle range 0–45 degrees of
quasars should be increased to ∼ 60 degrees, at least at lower luminosities.

Outlook

It will be quite interesting to apply the 2-dimensional near-infrared imaging detection
method on a larger sample of low-luminosity active galactic nuclei. First targets
should be the Palomar sample galaxies with high surface brightness temperature radio
cores from Nagar et al. (2005). The Spitzer Survey of Stellar Structure in Galaxies
(S4G; Sheth et al. 2010) could also be important. This is a large, unbiased, and deep
survey including 2331 galaxies of all Hubble types from dwarfs to spirals to ellipticals,
using the Infrared Array Camera (IRAC) at 3.6 and 4.5 µm. With this sample one
could investigate whether low-luminosity AGN activity is linked to the environment
and morphology of the host galaxy and its stellar mass. The WISE satellite has
surveyed the entire sky at these wavelengths. Despite its lower angular resolution
and sensitivity these survey data could also provide such information.

With the next generation of telescopes these topics could certainly be studied in
great detail. With the completion of the European Extremely Large Telescope (E-
ELT) and James Webb Space Telescope (JWST ), it may become possible to image
the near-infrared excess at significantly increased angular resolution and sensitivity
with the METIS and MIRI instruments. This will make it possible to disentangle the
near-infrared excess from the host galaxy light and truly understand the nature of
this emission.
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From our VISIR study the circumnuclear dust emission around FR-I, low-excitation
and broad-line FR-II radio galaxies seems quite well understood. The FR-I and low-
excitation radio galaxies have low accretion efficiency and do not contain warm dust
tori, and broad line radio galaxies have high efficiency and warm dust rereradiating
accretion activity. The high-excitation radio galaxies are a mixed bag: the only type
of nucleus we do not find are high-excitation radio galaxies with high accretion ef-
ficiency and dust tori. A larger sample study of the mid-infrared radiation of these
type of nuclei is in place. Is this class of nuclei really absent? With METIS and MIRI
it will become possible to study the dust tori around such nuclei at even higher resolu-
tion and sensitivity and out to higher redshift. With Herschel and ALMA interesting
information could be obtained on the cold dust and gas reservoirs surrounding these
nuclei. Are the dust tori remnants of an earlier phase of heavier accretion? Or are
the dust tori about to be devoured by the supermassive black hole? Future research
might answer such questions.




