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Conclusions and Future Work

Conclusions

When confronted with a research project, the initial aim is always to solve a concrete set of
questions. As the study progresses, however, we soon realize that instead of answers, more
and more questions arise. This thesis is by no means an exception.

We set out to study nuclear activity in nearby galaxies. The goal was to detect low lu-
minosity active galactic nuclei (LLAGN) in the nearby Universe and to study the factors that
determine this activity. Ultimately, we wanted to understand how these LLAGN relate to
more powerful, higher redshift sources and the repercussions on galaxy formation and evolu-
tion.

In Chapter 2 and 3 we presented our Very Large Array (VLA) observations of a sam-
ple of nearby galaxies classified as composite LINER/H II galaxies. Combining the radio
morphology and spectral index, our results showed a 25% radio core (AGN candidate) de-
tection rate. By going to higher resolutions, we wished to raise the brightness temperature
limits (TB >105 K) to that required to unambiguously determine the nature of the radio
emission – AGN or star-forming. Only five of the original 16 AGN candidates were detected
with the Very Long Baseline Array (VLBA; Chapter 4) and found to possess low luminosity
(L5 GHz<1038 erg s−1), flat spectrum (α <0.5), high brightness temperature (TB >106 K)
radio cores. These sources were also found to possess low luminosity (LX < 1040 erg s−1),
hard X-ray emitting nuclear cores; all characteristics of LLAGN. Furthermore, we demon-
strated that these LLAGN are radio-loud and appear associated not only with elliptical galax-
ies as commonly thought, but also with bulge dominated spirals. However, although only the
strongest of the composite sources (Fpeak >2 mJy) were detected on milliarcsecond-scales
with the VLBA, several lines of evidence suggested that even the undetected sources harbour
an ‘obscured’ AGN. If these sources harbour a submillijansky radio core for example, the
radio emission would be difficult to detect with these observations. Furthermore, three of
the latter sources were found to have hard X-ray compact cores, a clear signature of AGN
activity.

Subsequent modeling of the radio and X-ray emission suggested that the accretion process
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plays a fundamental role in determining what type of source we observe (Chapter 4). Results
show that in the milliarcsecond-scale detected LLAGN, although an advection-dominated
accretion flow (ADAF) can not be ruled out, an ADAF appears unable to explain all the
observed radio emission. The emergent picture is that these LLAGN may accrete by means
of an ADAF, but the addition of a jet may be necessary to interpret the relatively flat radio
spectrum. On the other hand, in the cases where a submillijansky source (and hard X-ray
core) was detected (NGC 660 and NGC 7331; Chapter 3), the spectra were consistent with a
‘bare’ ADAF.

In Chapter 5, we attempted to understand the relation between nearby LINERs, composite
galaxies, and Seyferts, non-active galaxies and high redshift quasars. Results showed that
radio cores in ellipticals are only a small fraction of the LLAGN that exist in the nearby
universe. Many more LLAGN and of even lower luminosity, should be harboured in later-
type galaxies. Furthermore, the space densities of bright quasars suggest that these may be
the progenitors of local low luminosity Palomar-type sources.

The last two scientific chapters (6 and 7) are dedicated to the study of several LINERs
and Seyferts with peculiar charactistics. We have found that in many instances, the more
powerful LLAGN posses complex milliarcsecond-scale extended emission in the form of a
jet. Furthermore, these sources appear to be highly variable at radio and sometimes X-ray
frequencies. Lines of evidence suggest that M 104, like the AGN candidates (Chapter 2, 3
and 4), may accrete by means of an ADAF and possess also a jet component responsible for
the radio spectrum. Furthermore, the ADAF may also explain the long-term radio variations
in the source. However, intriguingly, the extended jet emission in M 104 has been elusive; we
have not been able to detect any extended emission on <arcsecond scales. If this emission
does exist, it is then probable that it is either very weak like in Sgr A∗ (Lo et al. 1998) and
M 81 (e.g. Bietenholtz, Bartel & Rupen 2000) or ultracompact. The radio source in M 104
may be young and/or frustrated, such that the radio jets have not yet traveled away from the
nucleus.

Future

Detecting LLAGN

In summary, it is not yet clear whether all of the composite galaxies harbour LLAGN or
not. It may well be that the circumnuclear star-forming regions known to exist in composite
galaxies are simply dominating the radio emission in sources where the LLAGN nucleus is
weaker, drowning out the LLAGN-related radio emission. Scaling arguments suggest that
the sources with undetected radio emission on milliarcsecond-scales may be simply scaled-
down versions of those that were detected (Chapter 3 and 4). In fact, it is found that the
sources with no milliarcsecond-scale detected emission are generally also either dominated
by diffuse (star-forming) radio emission on arcsecond scales or show compact radio cores
with very low (Fpeak <2 mJy) radio peak flux densities, difficult to detect unless observed for
very long integration times at higher resolution. Furthermore, in cases where deep Chandra
observations where obtained, a hard nuclear X-ray core, signature of an AGN, was detected
in these sources. Therefore, deeper and higher resolution radio and X-ray observations, as
can be obtained with long baseline interferometers (EVN, VLBA) and Chandra/XMM, are
needed. Such observations may reveal submillijansky, low luminosity hard X-ray sources
similar to those found in NGC 660 and NGC 7331 (Chapter 3; Cowan, Romanishin & Branch
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1994) in a significant fraction of the composite sources. This would be a comforting result, by
providing a one to one correspondence between the optical and the radio/X-ray characteristics
of all composite sources.

Cosmic X-ray Background

An important issue pertains to accounting for the diffuse X-ray background (XRB; Hasinger
et al. 2002). A substantial fraction of the XRB is known to arise from quasars and other
highly luminous AGN (Halderson et al. 2002). However, the quasar luminosity function, X-
ray spectral characteristics and clustering of such objects indicate that they can not account
for more than 50% of the XRB. A significant population of ‘obscured’ AGN or weak X-
ray emitters with intrinsic hard X-ray spectra are needed in order to account for this X-ray
emission (Fabian & Barcons 1992). Because of their X-ray characteristics (Chapter 4) and
non-negligible numbers, composite sources may be candidates for this X-ray population, or at
least may account for some significant fraction of the XRB. Deep observations with Chandra
or XMM of the composite source sample, allowing detailed spectral fits, would prove very
useful in this regard.

Integral Field Spectroscopy

Because LLAGN are common in the nearby Universe, they constitute ideal laboratories for
studying the galactic environment and cosmological history, concentrating, in particular, on
the fueling of the AGN core. Integral field spectroscopic data obtained with instruments
like FLAMES or SAURON and its sucessor OASIS provide the spatial as well as spectral
information needed to address this issue. The amount and spatial distribution of ionized gas in
the center of the galaxies can be determined using the [O III] and Hβ lines. Furthermore, it is
important to search for signs of peculiar kinematics (Mg b triplet and Fe lines) – kinematically
decoupled stellar cores, streaming motions of the gas, strange velocity fields – and evidence
for rotational support, all of which will provide valuable clues as to what triggers the nuclear
activity.

Refining Accretion Models

In order to test ADAFs or any variant accretion model in LLAGN, it is imperative to obtain
tight constraints on the central black hole mass and a well-sampled, high resolution, simulta-
neous, spectral energy distribution (SED). In the first case, direct measurements of the black
hole mass in composite sources exist for only one source – NGC 3245 (Barth et al. 2001). The
remaining sources possess black hole mass estimates from the velocity dispersion-black hole
mass relationship (Chapter 4). Because in many sources the error in the velocity dispersion is
large, this translates to large uncertainties in the black hole mass determination. When trying
to fit LLAGN with a multiple-parameter model like an ADAF, especially in the boarderline
cases, uncertainties in black hole mass may lead to inconclusive results. Techniques like re-
verberation mapping, and spatially resolving the stellar kinematics with HST would provide
the tight constraints on black hole masses needed to satisfactorily test accretion models.

A well determined SED is also fundamental, since it constrains the degrees of freedom
when trying to fit accretion models. For most composite sources presented in Chapter 4,
for example, no adequate high resolution, multi-wavelength, simultaneous observations are
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available. Morever, multi-wavelength monitoring of selected LLAGN would provide useful
insight as to the sensitivity and reaction of the SED to alterations in the accretion flow itself.

On the same note, although a lot of progress has been made in accretion theory, there is
still as yet lacking a self-consistent model which incorporates parameters such as magnetic
fields, linking the accretion structure, jet formation and outflows or winds.

Circumnuclear Stellar Populations

An important complement to the search and study of LLAGN in nearby galaxies is that of
investigating the AGN/starburst interplay and stellar populations in these sources. This issue
becomes even more relevant if we consider that composite sources, in particular, exhibit
circumnuclear star formation that dominate the optical spectra.

By obtaining high resolution spectra of the nuclear regions of composite galaxies, it is
possible to obtain valuable information on the Broad (BLR) and Narrow Line Regions (NLR)
and, most importantly, on the underlying mechanism exciting the line-emitting gas, whether
it be shocks, an active nucleus, hot stars or a combination of mechanisms. Such informa-
tion can be obtained from the line profiles and flux ratios of prominent optical emission
lines, such as Hα, Hβ, [O II]λ4959,5007, [N II]λ6548,6584 and [O I]λ6300,6363; these can
be used to classify the nuclear emission-line clouds into Seyferts, LINERs or H II regions,
through the use of diagnostic diagrams (Baldwin, Phillips & Terlevich 1981; Veilleux & Os-
terbrock 1987). After subtracting stellar population synthesis models in order to disentangle
the AGN from the nuclear stellar component, modeling of the emission-lines using codes
such as CLOUDY would provide relevant ionization parameters.

Moreover, high resolution and high dynamic-range radio imaging of nearby composite
sources actually show individual knots of star formation. This is case for NGC 660 and
NGC 7331 (Chapter 3; Cowan, Romanishin & Branch 1994), which exhibit edge-on star-
forming rings that cradle weak AGN cores. High resolution imaging and spectroscopy of in-
dividual knots can help to address issues pertaining to fueling the central AGN and triggering
the circumnuclear star-formation. It is important to determine radial age and/or metallicity
gradients in the circumnuclear stellar populations and to investigate the presence of a young
stellar population (whether distributed or in clusters) forming in the central regions near the
AGN. Ultimately we can compare these characteristics with those found in non-active galax-
ies. VLT/NTT and also future ALMA imaging capabilities can provide resolutions similar to
our radio observations (0.2′′) and therefore allow for comparison of the spatial distributions.
Spectroscopy with VLT/NTT of the individual emission knots will provide information as to
the composition, age, and metallicity of the sources, using the absorption-line strengths of
the Mg b, Hβ and Feλ5270 absorption lines.

So, while we hope to have addressed in this thesis some of the important issues regarding
LLAGN in nearby galaxies, we also hope to have opened doors into some new and unexplored
areas.




