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1
Introduction

A CTIVE GALACTIC NUCLEI undoubtedly belong to the most exotic phenomena in our
Universe. Active Galactic Nuclei, or AGN, are identified with a class of galaxies - so

called active galaxies - where a significant fraction of the energy is not emitted by stars, dust
and gas (as is the case for normal galaxies), but comes from a very small emitting region
in the very centre of the galaxy. In the most extreme cases, the energy output of an AGN
exceeds the amount of radiative energy from all the stars in the galaxy by several orders of
magnitude.

The work on active galaxies started slowly in the early 1900s, with the discovery of
’planetary-nebulae like’ emission lines in the nearly stellar nucleus of nearby spiral galax-
ies (e.g. Fath 1903; Seyfert 1943).∗ After the pioneering work of Jansky (1932) and Reber
(1944), a boost in the field of active galaxies came with the rise of radio astronomy right
after World War II. Using radar-technology inherited from the war, Hey et al. (1946) acciden-
tally discovered a small and fluctuating radio source in the constellation of Cygnus. Some of
the first bright radio sources on the sky were catalogued by Bolton (1948), followed by the
discovery of thousands of radio sources in the following years.† Slowly, the idea rose that
these radio sources were bimodal ejections of relativisticparticles. The relativistic particles
would be collimated in two beams, and radiate at radio frequencies through synchrotron and
inverse-Compton processes (e.g. Blandford & Rees 1974). The discovery of radio sources
inevitably led to the optical identification of these systems as extra-galactic objects, with red-
shifts ’reflecting the Hubble expansion’ (e.g. Minkowski 1960; Hazard et al. 1963; Schmidt
1963; Oke 1963; Greenstein & Matthews 1963). On optical photographic plates these objects
had a star-like, or ’quasi-stellar’, appearance (e.g. Matthews & Sandage 1963), and the study
of ’quasars’ was launched.

With the research on quasars, the awareness rose amongst astronomers that AGN rep-
resent phenomena with unprecedented amounts of energy in the nuclei of distant galaxies,

∗For an elaborate historic review of AGN, see the review by Shields (1999).
†In 1951, another revolutionary milestone in radio astronomy occurred with the discovery of the 21cm spectral

line for neutral hydrogen by Ewen & Purcell (1951) and Muller& Oort (1951), earlier predicted by van de Hulst
(1945).



10 CHAPTER1: INTRODUCTION

Figure 1.1: Left: Radio Galaxy
NGC 4261 – Radio jets reach far be-
yond the optical host galaxy (credit:
NRAO/Caltech). Right: Artist im-
pression of an Active Galactic Nu-
cleus – The central black hole is fed
by material from an accretion disk.
The accretion disk is surrounded by
a torus of gas and dust. A radio jet
emerges on either side of the accre-
tion disk (credit: CXC/M.Weiss).

often outshining the starlight of the entire galaxy. The search for the nature of AGN in the
last century has culminated in the generally accepted paradigm that most of the energy out-
put in AGN is generated by matter that is accreting onto a super-massive black hole in the
centre of the galaxy. This century, astronomers have started to assess the role of AGN as an
important and integral part of galaxy evolution.

1.1 Active Galactic Nuclei

A black hole is an object formed by a single point in space (a socalled singularity), in which
so much mass has accumulated that, out to a certain distance (the event horizon), no infor-
mation can be released, because the escape velocity exceedsthe velocity of light. The typical
mass of a super-massive black hole in the nucleus of a galaxy is between 106 and 109.5M⊙

(see Kormendy & Gebhardt 2001). The gravitational forces that the black hole exerts may
cause matter in the central region of the galaxy to fall inward. In the proximity of the black
hole, conservation of angular momentum causes the matter toflatten into a rapidly spinning
accretion disk, before it eventually disappears into the black hole. Further out (but still in the
tens of pc scale region), a dusty torus can form (e.g. Klöckner et al. 2003). Such a torus may
block our view of the accretion disk, depending on the opening angle and our line-of-sight.
Figure 1.1(right) shows a sketch of an active galactic nucleus.

The material in the accretion disk gains a high speed and temperature due to the large
gravitational potential of the black hole. Frictional heating causes the infalling material to
turn into a plasma and radiate strongly in the optical, ultra-violet and X-ray bands. If the
nuclear engine is not obscured by the dusty torus (or other dust in the central region), the
AGN is often directly visible as a bright point source.‡ If the dusty torus obscures the central
engine, the AGN can still be identified indirectly. The AGN might be visible in polarised
light, which is scattered by electrons or dust, from broad radiation cones of the obscured
AGN (e.g. Fabian 1989; Tadhunter et al. 1992; Miller et al. 1991). Also, gas in the nuclear
region can be photo-ionised by radiation from the AGN, whichresults in the occurrence
of strong permitted and forbidden emission lines, in particular those of high ionisation. In

‡For very powerful AGN at high-redshift, the optical light ofthe AGN (when seen directly) often dominates over
that of the host galaxy. The object therefore has a quasi-stellar appearance and is classified as a Quasi Stellar Object
(QSO - radio quiet) or Quasi Stellar Radio Source (quasar - radio loud).



RADIO GALAXIES 11

general, line-ratios between the stronger emission-linescan be used to identify the excitation
mechanism of the gas (Baldwin et al. 1981; Veilleux & Osterbrock 1987). In this way, photo-
ionisation due to AGN radiation can be distinguished from shock-heating or ionisation due
to young O and B stars. Indirect evidence for an obscured AGN can also come from the
thermal infra-red (IR) emission. A possible source of IR emission in active galaxies is the
reprocessing of soft X-ray and UV emission from the AGN by thedust in the circum-nuclear
torus (e.g. Pier & Krolik 1992; van Bemmel & Dullemond 2003, and references therein).
However, IR studies of AGN are being complicated by the fact that a substantial part of the
IR emission might come from dusty star formation (e.g. Barthel 2001).

In roughly15−20% of all AGN (Kellermann et al. 1989), the central engine also produces
large amounts of radiation at the longer radio-wavelengthsin the form of two relativistic jets
of radio plasma that are expelled on either side of the black hole’s accretion disk. Although
the exact formation mechanism of these relativistic jets yet remains uncertain, the magneto-
hydrodynamic (MHD) model (see e.g. Meier et al. 2001) suggests that differential rotation
of the black hole + accretion disk creates a magnetic field helix in the direction of the rota-
tion axis. A plasma of high energy electrons – stripped off the accretion disk material – is
directed along the magnetic field-lines at high speeds.§ Synchrotron radiation coming from
these plasma-outflows results in the typical radio-source morphology that is observed in these
galaxies (see Fig. 1.1 -left). Radio sources may range in size from parsec up to mega-parsec
scales, forming some of the largest single-structures in the Universe. Powerful radio sources
can serve as beacons for massive structures in the most distant reaches of the Early Universe
(e.g. Venemans 2006).

1.2 Radio Galaxies

Regarding radio galaxies, there are two tantalising aspects related to the morphology of the
radio source:

Fanaroff & Riley classification:The first aspect is related to the total radio power of the
source. There is a striking difference in radio source morphology regarding the Fanaroff
& Riley classification (Fanaroff & Riley 1974). Generally, the weaker radio sources are of
Fanaroff-Riley type-I (FR-I); these have turbulent, subsonic radio jets, which decrease in
radio brightness from the centre outward. The more powerfulradio sources are of Fanaroff-
Riley type-II (FR-II); these have collimated, supersonic jets that end in a bright hot-spot.
Figure 1.2 gives a clear example of both types of radio-source structures. The dividing power
between both FR-types lies aroundP1.4GHz ∼ 1025 W Hz−1, although this also depends on
the luminosity of the host galaxy (Ledlow et al. 2002; Owen & White 1991; Owen & Laing
1989). The main question regarding these two types of radio sources is whether they are
different because of the intrinsic properties of the central engine (“nature” ) or because of the
properties of the host galaxy in which they reside (“nurture” ). Understanding the difference
between both types of radio sources could be vital for understanding their relation to the host
galaxy.

Size of the radio source:The second aspect is related to the size of the radio source. While
for some radio galaxies the radio source is contained withinthe optical host galaxy, for others

§The high-energy electrons in these plasma-flows may be accelerated to near-light speeds, in which case rela-
tivistic effects become important.
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FR−I

FR−II

Figure 1.2: The two Fanaroff& Riley types of radio sources.Left: FR-I radio source 3C 31
(see Bridle et al. 1994).Right: FR-II radio source 3C 175 (see Laing & Bridle 2004). (Credit:
A.H. Brigle & R.A. Laing.)

the radio-plasma stretches out to far beyond the optical host galaxy (reaching Mpc-scale dis-
tances in the most extreme cases). Many studies have been devoted to the relation between
compact and extended sources. An excellent review on this topic is given by O’Dea (1998)
and for the remainder of this paragraph we refer to the references given therein. Two scenar-
ios that have been proposed to explain the properties of compact radio sources are theyouth
scenarioand thefrustration scenario. In the youth scenario, compact sources are the young
counterparts of what will become extended radio sources. Inthe frustration scenario, com-
pact radio sources are confined by an ambient, dense ISM. Although the debate has not yet
been settled, currently most of the evidence favours the youth scenario. This is in particular
the case for the powerful Gigahertz Peaked Spectrum (GPS) and Compact Steep Spectrum
(CSS) radio sources¶, which are believed to be the progenitors of extended, powerful radio
sources. This conclusion is mostly based on the similarity in morphology between GPS/CSS
and extended radio sources, on the fact that GPS/CSS sourcesdo not show evidence for old,
diffuse halos of radio emission and on the fact that there is no compelling evidence for large
enough amounts of ISM to frustrate these radio sources. Thisalso agrees with the typical
short lifetimes of GPS and CSS sources (. 105 yr), as derived from spectral ageing argu-
ments and jet advance speeds. However, in particular for theless luminous compact radio
sources (e.g. Low Power Compact, or LPC, sources), the case is much less clear. It is possi-
ble that many of these sources remain compact, either because they cannot bore through the
local ISM, or because their fuelling stops before they manage to grow to galaxy-size scales
(see e.g. Giroletti et al. 2005a). As a final note, we would like to add that there is a group
of radio sources that appears small, not because they are intrinsically compact, but because

¶The GPS and CSS classification (see O’Dea 1998) is commonly usedto describe sources withP1.4GHz & 10
25

W Hz−1, convex radio spectrum and small size (. 1 kpc for GPS sources and between 1 and 20 for CSS sources).
We note, though, that this classification is somewhat arbitrary and often other nomenclature is used to describe fairly
similar classes of objects, such as Steep Spectrum Core (SSC), Compact and Medium Symmetric (CSO and MSO)
and Compact Double (CD) objects.
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they are oriented along our line-of-sight. For these radio sources the core radio emission is
enhanced by relativistic beaming and these sources generally have a flat spectrum. They are
called blazars (high radio power) or BL Lac objects (low radio power). Blazars and BL Lac
objects are beyond the scope of this thesis.

While reading this thesis, it is important to keep in mind thedifference in radio-source prop-
erties. Our project will extend our knowledge about the hostgalaxy properties for different
types of radio sources.

1.3 Triggering the radio source

Recent studies suggest that at least a large fraction of all galaxies contains a central super-
massive black hole (see reviews by Kormendy & Richstone 1995; Kormendy & Gebhardt
2001). However, only a small fraction of the galaxies in the universe has an active galactic
nucleus. Of these, only about15 − 20% contain a radio source (Kellermann et al. 1989).
To power a radio source, a mass accretion rate as little as10−3 − 10−5M⊙ yr−1 may be
sufficient (e.g. van Gorkom et al. 1989). This means that, in principle, a modest galaxy has
potentially enough material to fuel the central black hole for a Hubble time. So why does not
every galaxy have an active nucleus with powerful radio jets?

The answer is partially related to the fact that the materialthat is present in a galaxy
must lose enough angular momentum to be accreted onto the sub-pc scale accretion disk and
eventually disappear in the black hole. Therefore, certainphysical processes are necessary to
remove this angular momentum. One possibility is that perturbations in the galactic potential
stir the gas in a galaxy and enhance cloud-cloud collisions.The resulting loss of angular mo-
mentum transports the gas deeper in the potential well of thegalaxy, until it eventually fuels
the AGN. These gravitational perturbations may be ascribedto tidal interactions by galaxy
encounters (e.g. Lin et al. 1988) or to central bars (Schlosman et al. 1989). Tidal interactions
may enhance accretion on a time scale comparable to the dynamical time scale of the per-
turbed gas in the nuclear region. This might explain why AGN activity is a short (possibly
recurrent) phase, rather than a continuous process, in galaxies evolution. However, since only
a fraction of all AGN also harbour a radio source, an additional physical mechanism may be
necessary to explain the ejection of radio jets. According to Wilson & Colbert (1995), this
mechanism may be related to the black hole spin. They argue that major mergers, and the
subsequent coalescence of roughly equal-sized black holesof the parent galaxies, can pro-
duce a very massive, rapidly spinning black hole, which can be the genesis of powerful radio
sources. From optical observations, Heckman et al. (1986) and Baum et al. (1992) conclude
that signs of major mergers are indeed more frequently observed around powerful FR-II radio
galaxies than around radio-quiet early-type galaxies. However, they also argue that the less
powerful FR-I radio sources could be triggered through other processes, related to, for exam-
ple, the stored rotational energy of the black hole, or the accretion of gas from the galaxy’s
atmosphere or inter-cluster medium. As we will see below, many of these triggering events
will leave their mark also on the host galaxy.

1.3.1 Major mergers

Mergers are often invoked to trigger starburst as well as AGNactivity in galaxies. In the
hierarchical model of galaxy formation, early-type galaxies such as E (elliptical) and S0
galaxies form the end products of merging systems. The overwhelming majority of bright,
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Figure 1.3: The Anten-
nae Galaxies NGC 4038
and NGC 4039 (Hibbard
et al. 2001): the merging
galaxies show large-scale
tidal-tails of HI gas and
stars. The zoom-in shows
the optical light in the
central part of the merging
galaxies. In this image,
star-forming regions are
dark, while dust-lanes are
light (credit: J.Hibbard/
NRAO/AUI/NSF; images
were made with the VLA
and CTIO).

low-z radio sources are hosted by these early-type galaxies, which often still show optical
signatures of the merger event (like optical tails, bridges, shells; Smith & Heckman 1989).
Also for low redshift QSOs‖, Smith et al. (1986) find a trend that the host galaxies of radio-
loud objects tend to be better fitted by elliptical galaxy models, while the radio-quiet hosts
are better fitted by disk galaxies. Moreover, they find some indication that radio-loud hosts
are more likely to have optical peculiarities than radio-quiet hosts. In addition, a growing
number of radio galaxies is found to contain a young or intermediate age stellar population,
indicating that they are post-starburst systems (e.g. Aretxaga et al. 2001; Wills et al. 2002,
2004; Tadhunter et al. 2002, 2005; Raimann et al. 2005; González Delgado et al. 2006). The
same holds for optically selected AGN from the Sloan DigitalSky Survey (SDSS), of which
a significant fraction experienced bursts of star formationin the recent past (Kauffmann et al.
2003).

Since the work of Toomre & Toomre (1972), numerous simulations have helped to clarify
the fate of gas in galaxy mergers. In a major merger event between two gas-rich disk galaxies
(with mass ratio between 1:1 and 1:3), part of the gas is transported to the central region,
while another part is expelled in large structures of low surface brightness (tidal-tails, bridges,
shells, etc.). Due to tidal forces, the gas that is transported to the central region will be subject
to bar formation (Barnes & Hernquist 1996). As such bars form, the gas in the inner half of the
galaxies’ disks will be subjected to strong gravitational torques and lose most of its angular
momentum. This gas may be identified by large amounts of CO that have been detected in
the central region of radio galaxies (e.g. Evans et al. 2005). The strong strong gravitational
torques acting on the central agglomeration of gas will alsotrigger a massive burst of star
formation on kpc-scales (e.g. Mihos & Hernquist 1994, 1996;Springel et al. 2005a). Such
a starburst event has been modelled by Mihos & Hernquist (1994) to have a typical lifetime

‖See footnote in Sect. 1.1 for a definition of QSO.
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of ∼50 Myr and it could give the galaxy the appearance of an Ultra-Luminous Infra-Red
Galaxy for a short period. Much of the gas in the optical host galaxy is either consumed
by the massive starburst, or expelled from the system by strong starburst driven superwinds
(Heckman et al. 1990; Rupke et al. 2002). If some of the gas in the nuclear region continues
to lose angular momentum, it might eventually be deposited in the sub-pc scale region around
the black hole. There it may be able to feed the central black hole, resulting in the triggering of
an AGN. Recent numerical simulations of gas-rich galaxy mergers by Di Matteo et al. (2005),
Springel et al. (2005a) and Hopkins et al. (2005) include black hole growth and feedback. In
these simulations, AGN activity is the outcome from gas thatis deposited onto the central
black hole, until feedback effects terminate the gas supply. While major mergers certainly
are a viable explanation for the occurrence of AGN activity,the exact timing of triggering
the AGN could be related to secondary effects, such as the merging of individual black holes
of the progenitor galaxies (e.g. Wilson & Colbert 1995; Milosavljevic & Merrit 2001; Escala
et al. 2004) or of a black hole with an individual cloud (e.g. Bekki 2000).

The gas in the outer disks of the progenitor galaxies is expelled from the merger system
and may form large-scale tidal features, such as tails, plumes, bridges, etc. A good example of
this are the Antennae Galaxies (Hibbard et al. 2001), shown in Fig. 1.3. Part of the expelled
gas may remain gravitationally bound to the system (provided that the environment is not
too hostile) and will slowly fall back onto the host galaxy. In the meanwhile, the stars in
the progenitor galaxies also rearranged under the strong gravitational forces induced by the
collision. This gives the merger product the appearance of atypical early-type galaxy (see
also numerical simulations by Naab et al. 1999). Hibbard & van Gorkom (1996) studied both
the stellar and the gaseous appearance of a sequence of galaxies involved in different stages of
a major merger. An important fact to consider is that the timescales for the stars to settle after
the merger are much shorter than those required for the large-scale cool gas. This means that,
while in the optical the merger product already gained the primary optical characteristics of
an early-type galaxy (with anr1/4 radial light profile and obeying the Faber-Jackson relation
between luminosity and velocity dispersion), the signatures of the merger event could still
be visible in observations of neutral hydrogen (HI) gas at tens to hundreds of kpc distance
from the galaxy. Models by Barnes (2002) show that within a few galactic orbits (>1 Gyr),
this gas is likely to fall back onto the host galaxy and settleinto a disk- or ring-like structure.
The formation of an early-type galaxy with a large-scale HI disk or ring is therefore a natural
outcome of a major merger between gas-rich galaxies.NGC 5266 (Morganti et al. 1997, see
Fig. 1.4) is a good example of an early-type galaxy that contains such a large-scale HI disk,
which has a diameter of about 200 kpc (which is8× the optical half-light diameter) and an
H I mass of2.4 × 1010M⊙. The overall surface density of this HI gas is too low for violent
star formation to occur. Such tidal HI structures can therefore remain as long-lived remnants
of the merger event. Similar large-scale structures of neutral gas are found in a growing
number of early-type galaxies (Schiminovich et al. 1994, 1995; Veron-Cetty et al. 1995; van
Gorkom & Schiminovich 1997; Sadler et al. 2000; Oosterloo etal. 2001, 2002; Serra et al.
2006; Morganti et al. 2006a; Oosterloo et al. 2006).

1.3.2 Dry mergers

Mergers between two gas-poor early-type galaxies are called dry mergers (e.g. Naab et al.
2006, and references therein). Dry mergers are frequent in the nearby universe (on average
every early-type galaxy has gone through 0.5 - 2 dry mergers sincez = 0.7), and the merger
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NGC 5266

Figure 1.4: from Morganti et al.
(1997). A large-scale disk of neu-
tral hydrogen gas (8× the size of
the optical galaxy) is seen edge-
on around NGC 5266. In the
optical, NGC 5266 has the ap-
pearance of a genuine early-type
galaxy. (Credit: R. Morganti& T.
Oosterloo.)

time scales (150 Myr) are much shorter than those of major mergers between gas-rich sys-
tems (Bell et al. 2006). In many of these dry mergers there will most likely not be enough
gas to trigger massive bursts of star formation or produce large-scale gaseous tidal features.
However, very low amounts of gas might still be sufficient to fuel a radio source (see Sect.
1.3). It has been proposed by Colina & de Juan (1995) that FR-I sources may be triggered in
a merger between two elliptical galaxies with median mass ratio (factor 3 or less).

1.3.3 Cooling flows and cold accretion

An alternative mechanism for feeding an AGN consists of cooling flows (see the review by
Fabian 1994, and references therein). Cooling flows are generally believed to originate from
the hot, inter-galactic medium (IGM). Around a massive galaxy, where this IGM is naturally
densest, the hot gas loses energy through radiation (mostlyX-rays). Here the gas starts to
cool and slowly falls towards the central region of the galaxy. When penetrating all the way
into the nuclear region of the galaxy, these cooling flows mayprovide the fuel for an AGN
and, when the physical conditions are right, possibly also trigger radio jets. This scenario
is particularly appealing for the FR-I sources that are often found in bright ellipticals in the
centre of clusters. Cooling flows have recently been mapped in CO in a number of clusters
(Edge & Frayer 2003; Saloḿe & Combes 2004).

Simulations by Kerěs et al. (2005) show that galaxies can accrete gas from the IGMalong
large filaments, without it being shock-heated. This cold mode of gas accretion is most effec-
tive in low density environments and at high redshifts, and may result in the accumulation of
large amounts of gas withT < 105 K around the host galaxy over a period of many Gyr (see
also the discussion by Serra et al. 2006). If part of this gas can cool even further, it may be
able to reach the cold temperatures of neutral and moleculargas. Simulations by Kaufmann
et al. (2006) and Macciò et al. (2006) suggest that cooling of hot halo gas can resultin the
formation of cold gas disks or polar rings.
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At present there is still a debate about what is the dominant mechanism for feeding AGN and
triggering radio jets. As discussed above, it is possible that different mechanisms are at work
for different types of radio galaxies. In this thesis we investigate this issue in more detail.

1.4 Feedback

Not only are the host galaxy conditions important for triggering the AGN, but there is growing
evidence that the AGN activity in the very nuclear region is important for the evolution of the
host galaxy. Maybe the most convincing evidence that super-massive black holes are related
to the properties of the host galaxy comes from an empirical relation between the mass of
the black hole and the velocity-dispersion of the bulge in which it resides (e.g. Merritt &
Ferrarese 2001, and references therein). This relation suggests that there is some sort of
feedback mechanism that connects the black hole mass with the bulge properties. Silk &
Rees (1998) explore one possible source of feedback in the earliest objects, assumed to be
super-massive black holes that formed before the first epochof star formation. When such a
black hole accretes gas, it starts to radiate as an AGN and this radiation drives out a wind that
acts back on the accretion flow.

Recent simulations by Di Matteo et al. (2005), Springel et al. (2005a) and Hopkins et al.
(2005) include black hole growth and feedback in merger processes. Di Matteo et al. (2005)
show that gas flowing into the nuclear region yields strong accretion for a timescale of roughly
108 yr, after which feedback from the AGN heats the gas and drivesit out of the nuclear
region. This self-regulating nature of the black hole growth explains the observed correla-
tion between black hole mass and host galaxy properties (Di Matteo et al. 2005), as well
as the colour distribution of ellipticals (Springel et al. 2005b). Galaxy merger simulations of
Narayanan et al. (2006) show that embedded AGN can drive significant outflows of molecular
gas.

Observationally, outflows of warm/hot gas (e.g. Heckman et al. 1981; Veilleux et al. 2002;
Kriss 2004, and references therein), emission-line gas (e.g. Tadhunter 1991; Villar-Martı́n
et al. 1999; Tadhunter et al. 2001; Holt et al. 2003; Taylor etal. 2003) and recently also
neutral gas (Morganti et al. 2005; Emonts et al. 2005) are frequently seen in active galaxies in
the nearby universe. Although the exact driving mechanism of these outflows is not always
clear, they could be driven by AGN induced winds (Krolik & Begelman 1986; Balsara &
Krolik 1993; Dopita et al. 2002) or by the interaction of the radio plasma with the ambient
ISM (Oosterloo et al. 2000; Morganti et al. 2004a). An additional driving mechanism could
consists of starburst-induced winds (Heckman et al. 1990) from young stellar populations
that are known to be present in some radio galaxies (see Sect.1.3.1).

Some authors propose that star formation can even be inducedwhen the radio jets in-
teract with the ambient ISM. A good candidate for jet-induced star formation in the nearby
universe is Minkowski’s object (van Breugel et al. 1985b; Croft et al. 2006). At high-z, the
galaxy-scale alignment of UV/optical emission with the radio plasma (e.g. McCarthy et al.
1987; Chambers et al. 1987) might also be related to jet-induced star formation, which would
indicate the importance of the propagating radio plasma forthe properties of the host galaxy.

AGN and radio jet activity are therefore important phases inthe evolution of galaxies
throughout the universe.
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1.5 This thesis
This thesis studies the interplay of gas, star formation andactive nucleus in nearby radio
galaxies. We use different observational techniques to study the link between the host galaxy
and the radio source. The thesis project is focused around the following main topics:

• Are mergers the main mechanism for triggering the radio-AGNactivity in radio galax-
ies, or do other processes need to be considered?

• In case of a merger, what are the timescales involved regarding the triggering of star-
burst and radio-AGN activity?

• Are particular triggering-processes related to the morphological appearance of the ra-
dio source (e.g. FR-I vs. FR-II sources)?

• Does the (re-)distribution of the ISM influence the radio source properties (e.g. com-
pact vs. extended sources)?

• What are the feedback effects of the radio source on the host galaxy?

Investigating these physical processes in nearby radio galaxies – which we can study in great
detail – is also important for high-redshift studies, wheremergers are much more frequent and
where radio sources are generally much stronger. A detailedknowledge about the interplay
between radio source and host galaxy (v.v.) is therefore invaluable for understanding galaxy
evolution throughout the universe.

1.5.1 From small to large scales

Many observational studies have been done on the propertiesof gas and stars in the vicinity
of AGN. With the aid of high-resolution instruments, such asthe Hubble Space Telescope
(HST), and with the use of Very Long Baseline Interferometry (VLBI), the gas, dust and radio
source properties in the direct vicinity of AGN can be tracedon sub-kpc scales (e.g. Ferrarese
et al. 1996; Verdoes Kleijn et al. 1999; O’Dea et al. 2002; Peck & Taylor 2002). These
high-resolution studies are very effective at investigating a direct link between the central
engine and the nuclear and circum-nuclear properties of thedust and gas, which is useful for
studying the details of feeding and feedback processes of the AGN. We will further explore
certain feedback processes in Chapter 6 of this thesis. However, the dynamical timescales of
the dust and gas in the nuclear region are relatively short compared with the timescales of the
physical processes that might be important for triggering the radio source (such as mergers
or cooling flows). This implies that in the nuclear region relic features of such an event may
have already been washed out, while at galactic scales they can still be traced (for example in
the form of tidal debris, accreted cold gas or post-starburst stellar populations).

This thesis therefore aims to investigate the large-scale properties of the host galaxy in
relation to the small-scale physical processes of the central engine. To address the main topics
of this thesis (Sect. 1.5) we use the following observational techniques:

• HI imaging→ long-lived tidal debris from merger events
In case of a merger event, HI gas can leave long-lived signatures of this event (Sect.
1.3.1). If the conditions are good, these HI signatures can remain visible in emission
up to many Gyr after the merger. The spatial and kinematic information about the
distribution of the HI gas makes a rough dating of the merger event possible.
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• Optical spectroscopy→ starburst events
A merger event generally triggers a burst of star-formation(Sect. 1.3.1). Modelling the
spectral energy distribution in optical long-slit spectraof galaxies is a useful technique
to trace and date stellar populations that formed during a starburst event. A study of the
stellar populations is therefore another way to find indications of a past merger event.

• Line studies of neutral and ionised gas→ interplay between radio source and ISM
H I absorption (detected against the radio continuum) and optical emission lines pro-
vide excellent tools to study the kinematics and physical state of the ambient ISM that
surrounds the radio source in the centre of the galaxy. This can be used to compare
the large-scale properties of the ISM with the gas-properties in the central region of the
radio galaxy. It is also an excellent way to study feedback effects that the propagating
radio jets exert on the ISM in the host galaxy.

We compare these studies of the gas and stars with the knowproperties of the radio source
(age, morphology, total luminosity, etc.) in order to investigate possible links between the
large-scale host properties and the central engine.

A few important points to our approach are:

1). A study of tidal HI debris and of the stellar populations in nearby radio galaxies allows
for a reasonable accurate dating of a merger event up to many Gyr after the merger. This is
long after the optical signatures of a merger from the distribution of stars (which gives the
galaxy its characteristic optical morphology) have mostlyvanished (Hibbard & van Gorkom
1996). We are therefore sensitive to much older merger events compared to many optical
(broad-band) studies. But also, if mergers arenot the explanation for the triggering of the
radio source, perhaps we will be able to test this with these observations (if, for example,
minor interactions or cooling flows are important for the triggering of the activity, we might
see evidence for this in the cool gas, but not necessarily in the star formation history). In that
case, the distribution of the ISM and the stellar populations still provide deeper insight in the
formation history of the radio galaxy.

2). While H I emission studies can be used to trace HI at large scales, HI absorption against
the central radio continuum allows us to trace HI down to the very nuclear region. We
combine the information about the neutral ISM at large and small scales to get a complete
picture of the cool gas in the early-type host galaxies of theradio sources.

3). For the first time, acomplete sampleof nearby radio galaxies is observed to look for HI

on large scales. This will give us reliable statistics on theH I properties. We can compare this
with recent studies on HI in radio-quiet early-type galaxies, which allows us to investigate
the occurrence of radio-AGN activity in early-type galaxies. This project will therefore also
add to our knowledge about early-type galaxies in general.

1.6 Thesis outline
Chapter 2gives the story of radio galaxy B2 0648+27. In B2 0648+27 we detect a large-scale
structure of neutral hydrogen gas and a post-starburst stellar population, both indicative of a
past merger event. There appears to be a significant time-delay between the various phases
of activity (merger event, starburst episode and onset of radio-AGN activity) in this system.
B2 0648+27 is an important link between Ultra-Luminous Infra-Red Galaxies (ULIRGs)
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and genuine early-type galaxies. The techniques used to study the formation history of B2
0648+27 are illustrative of our approach to systematicallystudy a whole sample of nearby
radio galaxies in the following chapters.

Chapter 3shows the results of an HI study (both in emission and in absorption) of a com-
plete sample of nearby radio galaxies and their environment. The sample consists of compact
sources and extended FR-I sources. Similar to B2 0648+27, we detect several more radio
galaxies with large-scale HI. These HI structures are likely formed either though a past
merger event or through cold accretion of circum-galactic gas. Most of the HI structures
are apparently old compared to the current phase of radio-AGN activity. We find evidence
for a trend that radio galaxies with massive (MHI & 109M⊙), large-scale HI structures all
have a compact radio source, while extended FR-I sources lack similar amounts of HI. This
suggests that there is a link between the central radio-AGN and the large-scale properties of
the ISM in radio galaxies.

Chapter 4describes the results of a stellar population analysis of the H I-rich radio galaxies
from Chapter 3. The main goal is to trace past starburst events by modelling optical spectra of
these galaxies. This can be used to verify and date a possiblemerger origin of these systems.
Although some of the HI-rich radio galaxies experienced a starburst event in the past several
Gyr, others contain only an old stellar population. This means that there is no clear one-to-
one correspondence between the HI content and the stellar populations in our sample, which
suggests that, while some of the HI-rich radio galaxies have gone through a major merger,
this is not necessarily the case for all of them. We do find a link between the presence of a
young stellar population and the IR luminosity of our radio galaxies.

Chapter 5gives the HI analysis of the southern radio galaxy NGC 612, which contains an
extended, powerful radio source of hybrid FR-I/FR-II morphology. NGC 612 contains large
amounts of neutral hydrogen and intermediate age stellar populations, which are consistent
with the scenario that a major merger formed this system about 1 Gyr ago (although other
scenarios can not be ruled out). In addition, several tails of H I are seen towards three small,
nearby companions and very faint HI debris is detected in the direction of the gas-rich pecu-
liar galaxy NGC 619.

Chapter 6investigates how the central radio-AGN influences the properties of the host galaxy
through feedback-effects. We describe two powerful, nearby radio galaxies that display an
outflow of neutral and ionised gas from the central few kpc of the host galaxy. The outflow
is driven by a jet-ISM interaction and reaches velocities upto∼ 1000 km s−1. The most im-
portant new result is that the neutral gas in the outflows dominates over the outflow of ionised
gas by a factor of about 100, indicating that the role of the neutral gas in feedback effects is
much larger than generally assumed in observational and theoretical studies. The detection
of these jet-driven neutral outflows implies that AGN feedback can be as important in galaxy
evolution as for example the starburst-driven feedback in infra-red bright merger systems.

Chapter 7gives a general overview of the results obtained from this thesis project. The impli-
cation of these results for understanding radio galaxy evolution, as well as for future research
on this topic, are also described.
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Timescales of merger, starburst and

AGN activity in radio galaxy
B2 0648+27

ABSTRACT — In this chapter we use neutral hydrogen (HI) and optical spectro-
scopic observations to compare the timescales of a merger event, starburst episode and
radio-AGN activity in the radio galaxy B2 0648+27. The methods used in thischapter
are illustrative of our approach for studying a larger sample of nearbyradio galaxies in
the following chapters. We detect a large ring-like structure of HI in emission around
the early-type host galaxy of B2 0648+27 (MHI = 8.5 × 109M⊙, diameter = 190 kpc).
Together with the presence of very faint optical tails in this system, we interpret this as the
result of a major merger that occurred& 1.5 Gyr ago. From modelling optical long-slit
spectra we find that a young stellar population of 0.3 Gyr, indicative of a past starburst
event, dominates the stellar light throughout the galaxy. The off-set in timebetween the
merger event and the starburst activity in B2 0648+27 suggests that thestarburst was
triggered in an advanced stage of the merger, which can be explained if the gas-rich pro-
genitor galaxies contained a bulge. Although the exact age of the radio source remains
uncertain, there appears to be a significant time-delay between the merger/starburst event
and the current episode of radio-AGN activity. We also observe an outflow of emission-
line gas in this system, which is likely related to superwinds driven by the starsthat
formed during the starburst event. We argue that the radio galaxy B2 0648+27 is a link
in the evolutionary sequence between Ultra-Luminous Infrared Galaxies(ULIRGs) and
genuine early-type galaxies.

Published as:
Emonts, B.H.C., Morganti, R., Tadhunter, C.N., Holt, J., Oosterloo, T.A., van der Hulst,

J.M.& Wills, K.A., 2006,A&A, 454,125
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2.1 Introduction

Merger events are often invoked as the trigger of the activity in galaxies. Extreme exam-
ples are major merger systems such as Ultra-Luminous Infra-Red Galaxies (ULIRGs), which
owe their extreme infra-red colours to a massive starburst,often in combination with a dust-
enshrouded AGN. In the hierarchical model of galaxy formation, early-type galaxies such as
E and S0 galaxies form the end products of merging systems. The overwhelming majority
of bright, low-z radio sources are hosted by these early-type galaxies, which often still show
optical signatures of the merger event (such as optical tails, bridges, shells; Smith & Heck-
man 1989). In addition, a growing number of radio galaxies isfound to contain a young or
intermediate age stellar population, indicating that theyare post-starbust systems (e.g. Aretx-
aga et al. 2001; Wills et al. 2002, 2004; Tadhunter et al. 2002, 2005; Raimann et al. 2005;
Gonźalez Delgado et al. 2006). The same holds for optically selected AGN from the Sloan
Digital Sky Survey (SDSS), of which a significant fraction experienced bursts of star forma-
tion in the recent past (Kauffmann et al. 2003).

A connection between mergers and galactic scale starburst events has been well estab-
lished and modelled (e.g. Barnes & Hernquist 1991; Barnes & Hernquist 1996; Mihos &
Hernquist 1994, 1996; Springel et al. 2005a; Kapferer et al.2005). Although the models of
Springel et al. (2005a) and Kapferer et al. (2005) predict a connection also between merg-
ers and AGN activity, observationally there remain considerable uncertainties about this, and
in particular about the timing of the events. While some studies do find trends between
merger/interaction events and AGN activity (e.g. Canalizo& Stockton 2001; Wu et al. 1998;
Heckman et al. 1986), others find no such trends (e.g. Grogin et al. 2005; Dunlop et al. 2003;
Lutz et al. 1998). To investigate this further it is worth looking at the “order-of-events” in
individual nearby galaxies that show signs of both merger and starburst activity as well as
AGN activity.

An excellent object to do this in detail is the nearby (z = 0.0412)∗ radio galaxy B2
0648+27.† This galaxy contains a compact radio AGN (logP1.4GHz = 23.7 W Hz−1). The
early-type host galaxy has an elliptical morphology, but deep optical colour images reveal
a low surface brightness envelope and faint plume- or tail-like structures (Heisler & Vader
1994). TheHST image from Capetti et al. (2000) shows a patchy distributionof dust, as well
as what appear to be regions of star formation. Morganti et al. (2003, hereafter Paper I) found
a ring-like structure of HI gas that surrounds the host-galaxy, suggesting a major merger hap-
pened in this system. In this chapter we present the results from new HI data (Sect. 2.3)
as well as a stellar population analysis from new optical spectra (Sect. 2.4). We use these
to study the timescales between the merger event, starburstactivity and onset of radio-AGN
activity in B2 0648+27 and to determine the evolutionary stage of this galaxy.

2.2 Observations

We obtained 3× 12 hours of Westerbork Synthesis Radio Telescope (WSRT) dataon 12 and
15 August 2002 using the 20 MHz band, 512 channels set-up, andon 28 December 2002
using 1024 channels over the 20 MHz band. The data have been reduced using the MIRIAD
software. A data cube was constructed using a robust-Briggs’ weighting equal to 1 (Briggs

∗
H◦ = 71 km s−1 Mpc−1 used throughout this chapter. This puts B2 0648+27 at a distance of 174 Mpc and 1

arcsec = 0.84 kpc.
†In this thesis we use the name B2 0648+27 for both the radio source as well as the galaxy that hosts the source.
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1995), resulting in a 48.1× 24.2 arcsec2 beam (PA 1.0◦), velocity resolution of 35 km s−1

after Hanning smoothing and noise level of 0.14 mJy beam−1. A 0th-moment total intensity
map of this line data (Fig. 2.1) was made by adding all the signal above 4.3σ. In order to
study the HI in absorption (Fig. 2.1 - bottom right) we also constructed auniform weighted
data cube with a 21.7× 10.4 arcsec2 beam (PA 0.0◦), velocity resolution of 35 km s−1 after
Hanning smoothing and noise level of 0.45 mJy beam−1.

Optical long-slit spectra were taken at the William Herschel Telescope (WHT) on 12
January 2004 using the ISIS long-slit spectrograph with the6100Å dichroic, the R300B and
R316R gratings in the blue and red arm and the GG495 blocking filter in the red arm to cut
out second order blue light. This resulted in a wavelength coverage from about 3500 to 8000
Å. The slit had a width of 1.3 arcsec and was aligned along the major axis of the host-galaxy
(PA 43◦). The total integration time was4 × 1200s per arm. The airmass stayed below 1.1
and the seeing varied between 1.8 and 2.3 arcsec during the observations. We used the Image
Reduction and Analysis Facility (IRAF) for a standard reduction of the data (bias subtraction,
flatfielding, wavelength calibration, background subtraction and tilt removal). For the flux
calibration we used 5 standard calibration stars (D191-B2B, Feige 67, PG0216+032, Feige
24 and HD19445). The resulting spectra are aligned within one pixel in the spatial direction.
The accuracy of the wavelength-calibration (using night-skylines) is within 0.6Å, and the
λ-resolution of the spectra is∼ 5Å. The accuracy of the relative flux calibration is within
6%. Due to slit-losses when observing the flux-calibration stars we could not normalise
the spectrum better than within a factor of 2. We note that this does not affect the stellar
population analysis of Sect. 2.4.1, but it does introduce a factor of 2 uncertainty in the total
stellar mass estimates derived from the spectra in Sect. 2.4.2. Subsequently, we used the
Starlink package FIGARO to correct the spectra for galacticextinction (E(B−V ) = 0.077)‡

and to de-redshift the spectra to rest-wavelengths. For theanalysis of the spectra we used
DIPSO (Starlink) and IDL (Section 2.4).

2.3 Neutral hydrogen: the merger event

Figure 2.1 (left) shows a total intensity HI map of our new data. The HI gas forms a ring-
like structure with a total mass of 8.5×109M⊙ and diameter of 190 kpc. Given the deeper
observations it is not surprising that this mass is somewhathigher than the mass detected in
Paper I (for our used value ofH0). The HI structure is asymmetric. The highest concentration
of H I gas is found in the eastern part of the structure, with a surface density of 1.7M⊙ pc−2.
The surface density threshold to trigger star formation in disk galaxies is predicted to be
higher by a factor of a few (e.g. Martin & Kennicutt 2001), therefore the overall surface
density of the HI in B2 0648+27 will be too low for large-scale star formation to occur. As a
result, most of the HI may stay around for a very long time.

The PV-diagram in Fig. 2.1 (middle right) shows that the HI ring is not yet fully settled.
The systemic velocity of B2 0648+27 (12 345± 46 km s−1, as we will derive in Sect. 2.5
from optical emission-lines), coincides with the velocityof H I detected in absorption (see
below). Within the error it also agrees with the central velocity of the HI emission structure
when we take into account the full range in velocity covered by the HI. This includes HI

emission detected out to a velocity of aboutv = 12 540 km s−1, which is located in the inner
region, just south-west of the optical host galaxy (Fig. 2.1- top right). The extended HI-gas

‡Based on results from the NASA/IPAC Extragalactic Database(NED).
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Figure 2.1: Left: Total intensity HI-emission map (contours) constructed from our ro-
bust +1 weighted data cube of B2 0648+27 and a nearby gas-richcompanion to the north
(J0651+2734 - see Sect. 2.3.1) overlaid onto an optical DSS image (grey-scale). Contour
levels are 0.22, 0.36, 0.52, 0.71, 0.95, 1.2, 1.5, 1.8, 2.1×1020 cm−2. Right (middle):
Position-Velocity (PV) plot of the HI in the ring-like structure taken along the solid line
in the left plot. Contour levels are in grey -0.25, -0.40, -0.55 and in black 0.32, 0.48, 0.68,
0.90, 1.15, 1.45 mJy beam−1. Right (top): total intensity map of the HI emission gas with
velocity v> 12 500 km s−1(contours: 1.4, 2.4, 2.7×1019 cm−2) overlaid on an optical DSS
image (grey-scale).Right (bottom):H I absorption profile (uniform weighting) against the
central unresolved radio continuum. The systemic velocitytraced by optical emission-lines
(see Sect. 2.5) is also plotted.
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on the south-western side has a velocity closer tovsys than the extended HI in the north-east.
This complex distribution of the HI indicates that the HI is still in the process of settling
into a regular rotating ring. We argue that the HI gas in the inner region (withv > 12 500
km s−1) is part of the large-scale HI structure, with HI gas stretching from the optical host
galaxy and curling around the system. This explanation would agree with faint optical tails
found by Heisler & Vader (1994) in the inner part of the system.

The total amount of HI in and around the host galaxy of B2 0648+27 is unusually large
for an early-type galaxy. It is comparable to a few times the HI content of the Milky Way.
The large mass as well as the extended distribution of the HI structure around B2 0648+27
suggests that it formed during a major merger event, which included at least one (and possibly
two) gas-rich galaxies (more details of this merger event are discussed in Sect. 2.7). A major
merger event between gas-rich disk-galaxies can create large tails of HI (e.g. Hibbard &
Mihos 1995; Hibbard & van Gorkom 1996; Hibbard et al. 2001). The gas in these tails
can, if the environment is not too hostile, fall back onto thehost galaxy and form a disk- or
ring-like structure (Barnes 2002). The HI gas will need a few galactic orbits time to fully
settle. Apparently, B2 0648+27 is in the evolutionary stagewhere tidal HI gas is falling back
towards the host galaxy, but has not yet had time to settle into a regular rotating ring.

To get a lower limit for the age of the merger event we assume that the gas needed at
least half an orbit to fall back into the observed morphology. Assuming (from Fig. 2.1) an
orbital radius of 95 kpc and velocity of the gas of 200 km s−1, we estimate that the first
encounter between the merging galaxies was at least 1.5 Gyr ago. This age of the merger
event is in agreement with the simulations of Barnes (2002),in which expelled gas during a
merger event needs a similar timescale to fall back onto the galaxy. It also provides enough
time for the host galaxy to gain the optical morphology of a genuine early-type galaxy (e.g.
Hibbard & van Gorkom 1996).

As already discussed in Paper I, in the central region of B2 0648+27 we detect HI in
absorption against the unresolved compact radio source (Fig. 2.1 bottom right). From a
continuum image (see Fig. 3.1), constructed using the line-free channels in our data, we
derive a continuum flux of about 156 mJy beam−1, the same as Fanti et al. (1987) found
in VLA data at 1.4 GHz. The absorption in our uniform weighteddata has a peak of about
-1.15 mJy beam−1 and a FWHM of about 210 km s−1. We note, however, that part of the
absorption line could be filled-in with HI emission that is in the same beam. The resulting
optical depth is about 0.74% and the corresponding column densityNHI ∼ 2.8× 1020 cm−2

(assumingTspin = 100K).

2.3.1 HI companions

We detect in HI a total of 17 galaxies in the field of B2 0648+27. Of these, 10 have not
previously been catalogued.§ Figure 2.2 shows the spatial distribution of the HI-detected
galaxies. All but one of these HI-detected galaxies also have a faint optical counterpart
that is visible in the DSS image of this region (the only HI-detection for which an optical
counterpart is not obvious is#16). Table 2.1 gives a full list of the HI-detected galaxies. In
order to facilitate comparing the radial velocities of these galaxies, the galaxies are listed and
numbered according to their velocity relative to B2 0648+27(∆v).

It is notable that, although the region is HI rich, B2 0648+27 appears to lie not in the

§Based on results from the NASA/IPAC Extragalactic Database(NED).
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Table 2.1: HI rich galaxies in the field of B2 0648+27. Col. 1 gives the number assigned to the galaxy (see also Fig. 2.2) - ordering is in
accordance with increasing∆v. Col. 2 gives the name. In case the galaxy has not been previously catalogued, the name is in accordance
with the nomenclature of some of the companions from Paper I;in case the galaxy has been previously catalogued the reference is given in
Col. 3. The next columns give the R.A. and Dec of the galaxy, the distance to B2 0648+27, the velocity, the velocity difference w.r.t. B2
0648+27 and the total HI mass (corrected for the primary beam of the WSRT).

# Name Ref. R.A. Dec d v ∆v MHI

(kpc) (km s−1) (km s−1) (×109M⊙)
1 J0653+2711 06h53m14.3s 27◦11’19” 1163 12372 27 1.7
2 J06503620+2721048 1 06h50m36.2s 27◦21’05” 1032 12372 27 0.6
3 J0650+2718 06h50m32.1s 27◦18’59” 1113 12452 107 1.7
4 J0651+2734 06h51m58.6s 27◦34’43” 362 12158 -187 0.8
5 J0651+2711 06h51m53.3s 27◦11’12” 844 11998 -347 0.2
6 J0652+2719 2 06h52m45.4s 27◦19’28” 639 11635 -710 0.8
7 J06524794+2709527 1,2 06h52m47.9s 27◦09’53” 1040 11538 -807 3.3
8 J06525577+2721577 1,2 06h52m55.7s 27◦21’58” 667 11131 -1214 20
9 J0651+2709 06h51m45.3s 27◦09’42” 934 11096 -1249 1.5
10 J06520150+2707228 1 06h52m01.5s 27◦07’23” 1032 11078 -1267 17
11 J0652+2735 06h52m43.1s 27◦35’24” 604 11061 -1284 1.4
12 J0652+2728 06h52m21.3s 27◦28’16” 215 11016 -1329 7.1
13 J06532036+2716413 1 06h53m20.3s 27◦16’41” 1042 10462 -1883 3.1
14 J0652+2731 06h52m44.3s 27◦31’18” 507 10356 -1989 0.5
15 UGC 03585 06h53m33.8s 27◦18’32” 1132 10339 -2006 8.6
16 J0653+2717 06h53m11.1s 27◦17’14” 940 10251 -2094 0.7
17 J06522492+2719452 1 06h52m24.9s 27◦19’45” 475 10251 -2094 0.4

References:[1] 2MASX (2 Micron All Sky Survey Extended objects); [2] Morganti et al. (2003, Paper I)
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Figure 2.2: H I-detected galaxies in the field of B2 0648+27. The observations were centred
on B2 0648+27. This total intensity map is different from theone of Fig. 2.1 in the sense that
it has been constructed by adding all the signal above 5σ in at least two consecutive channels
in our robust +1 weighted line-data cube. Numbers are given in order of∆v and correspond
to numbers in Table 2.1. Contour levels are: 0.33, 0.58, 0.83, 1.1, 1.3, 1.6, 1.8, 2.3, 2.8, 3.3,
3.8, 4.3, 4.8× 1020 cm−2 (the zoom-in of B2 0648+27 has as lowest contours 0.17, 0.38×

1020 cm−2 to illustrate more clearly the ring-like structure).
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Figure 2.3: Optical spectrum of the nuclear region of radio galaxy B2 0648+27 and of the
region 3.2 arcsec NE of the nucleus. For both regions the usedaperture is 2.8 arcsec. The
dichroic, which splits the blue from the red spectrum, was placed around 6000̊A. In this
small region around 6000̊A the flux calibration is not reliable.

centre, but towards the outskirt of this ensemble of HI-detected galaxies. Most of these
galaxies lie east and south of B2 0648+27, and most systems have a radial velocity that is
lower than that of B2 0648+27. The fact that no X-ray source has been detected near B2
0648+27 in the ROSAT X-Ray All-Sky Survey also suggests thatB2 0648+27 is not located
in the central region of a rich cluster. We can, therefore, conclude that B2 0648+27 is located
in a field environment with gas-rich galaxies that are mostlysituated relatively far away.

The companion J0651+2734 (#4) is a relatively nearby companion, both in radial veloc-
ity and spatial distance. The total HI mass of J0651+2734 isMHI = 8×108M⊙. J0651+2734
appears to show a faint extension of HI gas towards B2 0648+27 (visible in Fig. 2.1), but
additional data are necessary to confirm this.

2.4 Optical spectra: the starburst event

Optical spectra of B2 0648+27 are extracted at three places along the slit, which was aligned
along the major axis of the host galaxy. The locations are on the nucleus and in regions 3.2
arcsec (2.7 kpc) NE and SW of the nucleus, with an aperture of 2.8 arcsec for each region.
Figure 2.3 shows the spectrum of B2 0648+27 in the nuclear andNE region. The spectra
look remarkably similar in the different regions (the spectrum in the SW region looks almost
identical to the NE-spectrum).

Despite the fact that B2 0648+27 is an early-type galaxy, thespectra display strong
Balmer absorption lines and an UV-excess shortward of the 4000Å-break. The strong Balmer
absorption lines and Balmer break are characteristic of a dominant contribution from a young
or intermediate age stellar population (it is unlikely thatthe AGN-component has a large
contribution to the UV-excess, as we will discuss in Sect. 2.4.1).

In order to study in detail the stellar populations in the host galaxy of B2 0648+27, we
model the continuum spectral energy distribution (SED) of the optical spectra in the three
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Figure 2.4: Optical spectrum of the nuclear region of B2 0648+27 (black dotted line). The
black solid line shown the best fit to the spectrum, consisting of both a 12.5 Gyr old stellar
population and a 0.3 Gyr young stellar population model withan applied reddening ofE(B−

V ) = 0.3 (grey lines). In this case we subtracted a nebular continuumthat was also diluted
by reddeningE(B − V ) = 0.3. The histogram at the bottom of the plot shows the residuals
of the fit.

regions, taking into account both stellar and AGN-related continuum components (see also
Tadhunter et al. 2002, 2005; Wills et al. 2002, 2004). This ispreferred above using absorption
line indices at face-value, because most of the age sensitive diagnostic absorption lines are
affected by emission-line contamination (an exception is CaII K). Subsequently, we will
make a more detailed comparison between the data and the models by investigating in detail
the age sensitive CaII K and Balmer absorption lines in order to constrain our result even
better.

2.4.1 Continuum modelling

For the modelling of the spectra of B2 0648+27, stellar population models of Bruzual &
Charlot (2003) are used. These are based on Salpeter IMF and solar metallicity, instantaneous
starbursts. Figure 2.4 clarifies the procedure used. We use aχ2 minimisation technique to fit
combinations of a 12.5 Gyr old stellar population (OSP) and ayoung stellar population (YSP)
to the observed spectrum. YSP template spectra with a range in age from 0.01 to 9 Gyr are
used for this. We compare the total flux of the combined OSP andYSP model spectrum with
the observed flux in wavelength-bins along the spectrum. A normalising bin was chosen in
the wavelength range 4720 - 4820Å. We are not able to a priori determine the reddening
using Hα /Hβ in the host galaxy of B2 0648+27, because the Hβ absorption due to a YSP
appears to be significant in this system, which dilutes the Hβ emission line. Apart from Hα ,
the other Balmer lines are too weak to be used. In the modelling this is dealt with by leaving
the reddening as a free parameter in the YSP template spectra. The Seaton (1979) reddening
law was used to redden the YSP template spectra. For theχ2 fitting we assume an error of
±6% in each wavelength bin, in agreement with the uncertainty inthe flux calibration. Note
that, since the flux calibration errors are not likely to be independent between the various
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wavelength bins, we can merely use the reducedχ2 values as an indication of the region of
parameter space for which the modelling provides good results, rather than derive accurate
statistical properties of the fitting procedure itself. Forthat we also need to inspect the model-
fit to our spectra visually.

In the region shortward of 4000̊A the spectrum could be diluted by UV-excess due to
nebular continuum (see e.g. Dickson et al. 1995, and references therein) and AGN related
effects (see discussion in Tadhunter et al. 2002). To investigate the role of the AGN, we
also model the spectra including a power-law component. To correct for the nebular contin-
uum, we use the Starlink software FIGARO to generate a nebular continuum, comprising the
blended higher Balmer series (>H8) together with a theoretical nebular continuum (a combi-
nation of free-free emission, free-bound recombination and two-photon continua), which we
subtract from the observed spectra. For normalisation we use the observed Hα emission-line.
The Hα emission-line in our nuclear spectrum is best fitted with a two-component Gaussian
line-profile (see also Sect. 2.5). Therefore separate nebular continua are generated with the
same redshift and line width as the two components. Because we do not a priori know the
reddening in the host galaxy of B2 0648+27, we consider different cases of attenuation of
this nebular continuum. We note that the most extreme cases -maximum nebular continuum
subtraction (i.e. no attenuation applied) and no nebular continuum subtraction (i.e. assuming
very large attenuation) - do not significantly alter our mainresults.

Nuclear region

Figure 2.4 shows the best fit to the overall spectrum in the nuclear region. This best fit
consists of a two-population fit of both a 12.5 Gyr OSP and a 0.3Gyr YSP with reddening
E(B − V ) = 0.3 (see also Table 2.2). In Fig. 2.5 theχ2 results are given for the fitting
procedure across the whole range of parameters for age and reddening of the YSP. It is clear
that the lowestχ2 results nicely converge around age = 0.3 Gyr andE(B − V ) = 0.3.
However, on the basis of the SED modelling alone we cannot rule out any results for which
χ2 < 1. Model-fits for whichχ2 > 1 systematically contain residuals larger than 6% across
several wavelength bins (i.e. larger than our flux calibration errors), and therefore we can rule
out this range of model parameters.

To further refine the stellar population properties we visually inspect the different model-
fits in the region around the 4000̊A break, where the important age-indicator CaII K (e.g.
Tadhunter et al. 2005) and the age-sensitive Balmer lines (e.g. Gonźalez Delgado et al. 1999)
are also located. Although the Balmer lines are likely contaminated by emission-line infilling,
CaII K should be a relatively ’clean’ age-indicator. The zoom-inof Fig. 2.6 shows our best
χ2-fit model, with age = 0.3 Gyr andE(B − V ) = 0.3 for the YSP. Despite the fact that the
fit is not perfect (due to inaccuracy in the flux-calibration and emission-line contamination
in the cores of the Balmer lines), this model nevertheless provides a good fit to the CaII K,
Balmer and G-band features. We visually inspected the line fitting in the region around the
4000Å break also for the other model templates for whichχ2 < 1. Although some of these
fits are also satisfactory (given the uncertainties in our used method - see Sect. 2.4.3), the fit
degrades quickly for increasingχ2 results. Based on these results we argue that it is sufficient
to model the spectrum of the nuclear region with a single post-starburst YSP of age 0.3±0.1
Gyr and reddeningE(B − V ) = 0.3 ± 0.1 superimposed onto a 12.5 Gyr OSP. Figure 2.5
and Table 2.2 show that in the nuclear region this post-starburst stellar population contributes
about 82% of the visible light in the slit, corresponding to about 25% of the total stellar mass.
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Figure 2.5: χ2 results(left) and% of the starlight coming from the YSP(right) across the
whole range of parameters for age and reddening of the YSP in the nuclear region. Contour
levels are: ’reducedχ2’: 0.45, 0.6, 1.0, 2.0, 4.0, 7.0, 10.0, 15.0, 20.0; ’reducedχ2 (zoom)’:
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Figure 2.6: Zoom-in of figure 2.4; detailed fits to the nuclear spectrum inthe region of the
age sensitive CaII K and Balmer lines. The dotted line is the observed spectrum,the solid
line represents the best fit model (12.5 Gyr OSP + 0.3 Gyr YSP with E(B − V ) = 0.3).
The reason that the fit is not perfect is mainly due to flux-calibration errors and emission-line
contamination in the Balmer lines.
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Figure 2.7: χ2 results of in the NE(left) and SW(right) aperture across the whole range of
parameters for age and reddening of the YSP. Contour levels for both NE and SW aperture
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Figure 2.8: Detailed fits to the off-nuclear spectra in the region of the age sensitive CaII K
and Balmer lines. The dotted line is the observed spectrum, the solid line represents the best
fit model (12.5 Gyr OSP + 0.4 Gyr YSP withE(B − V ) = 0).
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Table 2.2: Properties of the YSP for the different spectra. The values are obtained from the
normalising bin in our SED modelling (4720-4820Å).

Spectrum ageysp E(B − V ) lightysp massysp χ2

(Gyr) (%) (%)

Nucleus 0.3+0.1
−0.1 0.3+0.1

−0.1 82+11
−26 25+26

−20 0.45+0.41

NE 0.4+0.2
−0.1 0+0.1 74+12

−7 10+13
−4 0.29+0.22

−0.01

SW 0.4+0.2
−0.1 0+0.1 75+13

−6 10+15
−4 0.34+0.21

−0.04

Off-nuclear regions

We also fit the Spectral Energy Distribution in the aperturesNE and SW of the nucleus.
We assume that the nebular continuum is not significant in theanalysis of these off-nuclear
regions. Here the emission lines are much weaker than in the nuclear region, where the
nebular continuum subtraction did not significantly affectour results anyway.

Results of the model-fitting in the off-nuclear regions are given in Table 2.2. In both the
NE and the SW region, the best fit consists of a combination of the 12.5 Gyr OSP and a YSP
of age between 0.3 and 0.4 Gyr withE(B−V ) = 0. Figure 2.7 shows that for the off-nuclear
regions theχ2 results converge to this unique solution. For similar reasons as for the nuclear
region, we can discard any fit for whichχ2 > 1.

From visual inspection of the region around the 4000Å break and the age-sensitive CaII K
and Balmer lines (Fig. 2.8) we conclude that the fits in the range age = 0.4+0.2

−0.1 with E(B −

V ) = 0+0.1 give satisfactory results, and that we can safely discard any models outside
this range. Therefore, within the uncertainty of the SED modelling, the YSP in the off-
nuclear regions has an age similar to that of the YSP in nuclear region. Table 2.2 shows that
the young, post-starburst stellar population contributesto a significant fraction of the total
stellar light and mass also in the off-nuclear regions. Reddening of the YSP is much more
pronounced in the nuclear region than in the off-nuclear regions. However, we can not make
a general statement about the reddening in B2 0648+27 based on these three regions alone,
since Capetti et al. (2000) observed the dust distribution in B2 0648+27 to be patchy.

Effect of power-law component

Since B2 0648+27 has an active nucleus, we also tried to fit thenuclear spectrum with a
power-law component (with varying slope) in addition to thefit of the old + (reddened) young
stellar populations. The optical AGN in B2 0648+27 is not likely to be very strong, at least
not in the direct light, since no optical point-source was detected in the HST image of Capetti
et al. (2000). Scattered quasar light is likely correlated with the strength of the emission lines
(Tadhunter et al. 2002), and in that sense in particular the off-nuclear regions make clear that
this cannot be a major contribution either.

When we include a weak power-law component in our SED modelling, this does not
provide significantly better results. We therefore do not expect that light from the AGN has a
major impact on our results.
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Table 2.3: Absolute mass of the old and young stellar population in the various regions.

Region OSP mass YSP mass
(M⊙) (M⊙)

Nucleus (0.9 - 4.3)× 1010 (0.3 - 1.0)× 1010

NE (4.1 - 8.4)× 109 (0.5 - 1.2)× 109

SW (3.9 - 8.5)× 109 (0.5 - 1.3)× 109

Total (1.8 - 2.6)× 1011 (2.9 - 5.9)× 1010

2.4.2 Stellar masses

Table 2.3 gives the absolute mass of the OSP and YSP in the three regions that we investi-
gated. The masses are calculated from the flux of the YSP and OSP at 4770Å (the centralλ of
our normalising bin; see also Table 2.2). The YSP and OSP flux (taking into account redden-
ing effects from Table 2.2) are scaled to stellar masses using the template spectra of Bruzual
& Charlot (2003). The uncertainty in the stellar mass estimates is based on uncertainties from
the SED modelling (Table 2.2).

Because there is an additional uncertainty of a factor of 2 inthe stellar mass estimates
in the various regions (due to slit-losses during the observations; Sect. 2.2) and because
these regions occupy only a small area of the entire galaxy (2.6 kpc2 each), we also estimate
the total stellar mass in the galaxy using the photometric B-band magnitude of B2 0648+27
(mB = 13.98; de Vaucouleurs et al. 1991). We use our results from Table 2.2 and the
spectral synthesis results of Charlot et al. (1996) to make the total mass estimates in Table
2.3, although we note that our mass estimate is based on the derived values of the stellar
populations in three small regions and that the stellar population parameters could be different
at other locations.

As can be seen from Table 2.3, the mass of young stars in B2 0648+27 is high for a galaxy
that has been classified as early-type. The starburst event that formed these young stars 0.3
Gyr ago has most likely been the result of a major merger (e.g.Mihos & Hernquist 1994,
1996; Springel et al. 2005a), which is in agreement with our HI study. Apparently there is
a significant time-delay between the initial encounter (as dated by the HI analysis) and the
onset of the starburst event. We will discuss this in more detail in Sect. 2.7.

2.4.3 Uncertainties in our method

Of course there is a degree of uncertainty introduced by observational errors (such as flux
calibration) and by the assumed parameters of the synthesismodels that we used in our fitting
procedure (duration of the starburst, the assumed SalpeterIMF and metallicity).

Uncertainties in the flux calibration could be the reason that in particular in the red part
of the spectrum the fit is not perfect. However, we do not expect that this will significantly
change our results, since our visual inspection of the detailed fits in the blue part of the
spectrum (around 4000̊A) is in excellent agreement with the reducedχ2 results.

For a detailed discussion of the uncertainties in the assumed parameters of the synthesis
models we refer to Tadhunter et al. (2002). As discussed in Tadhunter et al., the major
uncertainty in these model parameters is the assumed shape of the IMF. This may lead to
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Figure 2.9: [O III ]λ4959/λ5007 in the central region (aperture 1.2 arcsec). The profile is fitted
by two doublet-components.

uncertainties of a factor 2-3 in the total mass estimates in Table 2.3 (on top of the factor of 2
due to observational inaccuracies; Sect. 2.2). We do not expect significant sub- or super-solar
abundances, since the progenitor systems were most likely gas-rich disk galaxies. Moreover,
Sarzi et al. (2005) recently investigated the effect of metallicity on a SED fitting technique for
the bulge-regions of nearby galaxies. They conclude that substituting the solar for 2.5× solar
metallicity YSP template spectra does not change the results for age and light percentage
of the YSP dramatically. The most significant effect is that super-solar metallicities can
mimic additional reddening, in which case our solar-abundance models might overestimate
the derivedE(B − V ). Finally, following Tadhunter et al. (2002), the predictedage of the
YSP should at least be a firm lower limit of the age of the starburst event, also if the star
formation occurred over a certain period instead of an instantaneous burst. We would like to
note that our modelling technique (consisting of a combination of an old plus a single young
stellar population) is insensitive to multiple bursts of star formation. Nevertheless, from the
excellent fit that we obtain to the spectra of B2 0648+27, we argue that any contribution from
periods of star formation other than the one that occurred 0.3 Gyr ago is likely to be only
minor. In particular, the light contribution of a very recent starburst (<0.3 Gyr ago) would
be relatively strong. We can therefore safely conclude thatthe most recent period of intense
starformation in B2 0648+27 was 0.3 Gyr ago, although more subtle bursts or periods of
star formation (in particular much longer ago) cannot be ruled out completely with our used
method.

2.5 Emission-line gas
Emission lines of ionised gas are seen out to a radius of about5 kpc (6 arcsec) from the
nucleus. The fit of the [OIII ]λ4959/λ5007 doublet line requires two Gaussian components
(a “narrow” and a “broad” one) in the central region (Fig. 2.9). In Fig. 2.10 we trace
the kinematics of these two components. Figure 2.10A shows that the broad component is
detected out to about 2.5 kpc on either side of the nucleus (beyond that the noise gets too high
to reliably fit a broad component). The broad component is therefore clearly resolved. The
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Figure 2.10: Plotted against the spatial off-set from the nucleus are: A -velocity of the nar-
row (squares) and broad (circles) component w.r.t. the systemic velocity; B - velocity shift
(∆v) between the narrow and broad component; C - FWHM of the narrowand broad com-
ponent; D - line flux of the broad and narrow component (×10−15 erg s−1 cm−2). The data
points are taken across apertures of 1.2 arcsec. The velocity widths are corrected for instru-
mental broadening. The errors represent uncertainties in fitting the Gaussian components,
and for plot A also the inaccuracy of the wavelength calibration. vsys is determined to be the
centre of the position-velocity curve of the narrow component gas (plot A).

rotation pattern of the narrow and broad component are very similar and the broad component
is blueshifted with a fairly constant velocity shift of about 300 km s−1 w.r.t. the narrow
component (Fig. 2.10B). The FWHM of the broad component reaches about1400 km s−1 at
the nucleus (Fig. 2.10C). It is difficult to explain such a velocity dispersion by gravitational
motion of the ionised gas. We therefore argue that the narrowcomponent emission-line gas
traces the rotational pattern of the galaxy and the broad component most likely represents an
outflow of ionised gas from the host galaxy of B2 0648+27.

We estimate the systemic velocity of B2 0648+27 to bevsys = 12 345 ± 46 km s−1,
which is the centre of the position-velocity curve of the narrow component gas. The error
in vsys consist of uncertainties in theλ-calibration and in determining the central velocity of
the position-velocity curve. Within the errors, our derived value forvsys is in agreement with
previous optical measurements. The rotation of the narrow component emission-line gas is



RADIO CONTINUUM : THE RADIO-AGN ACTIVITY 37

in the same direction as the large-scale HI structure, although the optical emission-line gas is
only detected within the central beam of our HI observations.

The outflowing gas is blueshifted and therefore moving towards us. Given the fact that
the radio source is compact and the optical AGN quite weak, weargue that the current AGN-
activity alone can not be responsible for the observed outflow. A likely driving mechanism
for the outflow of ionised gas is a starburst driven superwind(e.g. Heckman et al. 1990),
produced by the YSP in B2 0648+27. In that case substantial dust-obscuration is necessary
to explain why we do not detect a redshifted wing to the emission-line profile as a result of
outflowing gas on the opposite side of the galaxy. Although the reddening that we find from
our SED modelling (both in the nuclear and in the off-nuclearregions) is probably not enough
to explain such an obscuration, more dust might still be located deep inside the galaxy along
our line-of-sight, which is difficult to trace with our SED modelling technique if the detected
starlight is dominated by an overlaying YSP that is not that heavily obscured.

2.6 Radio continuum: the radio-AGN activity

A detailed study of the radio source B2 0648+27 has been done by Giroletti et al. (2005a). B2
0648+27 is a compact radio source, about 1 kpc in size, with a double lobed structure at sub-
arcsec scale, as already observed at 8 GHz in Paper I. From an estimate of the radio spectral
break frequency from total flux density measurements, Giroletti et al. (2005a) estimate that
the minimum age of this radio source is 9.9× 105 years.

This does not rule out the possibility that there have been previous periods of radio-AGN
activity. Also, Blundell & Rawlings (2000) have argued thatspectral break frequency mea-
surements may not always reflect the true age of radio sources, because of erroneous approx-
imation of the magnetic field strength and continuous replenishment of energetic electrons.
In this respect, the most extended double radio sources may be much older (0.1 - 1 Gyr) than
predicted by traditional spectral ageing arguments. However, for compact radio sources with
lifetimes much shorter than the observable radiative lifetimes of synchrotron-emitting parti-
cles (few× 107 yr), spectral age estimates should be much more reliable andcomparable to
ages estimated from advance speeds of the radio plasma.

Based on advance speeds, studies by e.g. Gugliucci et al. (2005) show that the typical age
of Compact Symmetric Objects (CSOs) is at most a few thousandyears. Of course we have
to be careful to compare B2 0648+27 with these CSO sources, because, according to Giroletti
et al. (2005a), B2 0648+27 is a Low Power Compact (LPC) with non-relativistic jets.

Nevertheless, despite the uncertainty in the exact age of the radio source, it is likely
that at least the current phase of radio-AGN activity in B2 0648+27 started long after the
merger/starburst event.

2.7 Discussion

In the recent history of the nearby radio galaxy B2 0648+27 wedistinguish three periods of
enhanced activity:

• Major merger:& 1.5 Gyr ago→ H I

• Starburst event:∼ 0.3 Gyr ago→ optical spectra

• Radio-AGN activity:& 0.001 Gyr ago→ radio continuum
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The question arises to what extent these events are related.First we examine the relation
between the merger event and the starburst episode, which has been well modelled by, for
example, Mihos & Hernquist (1994, 1996). Their simulationsshow that the structure of the
merging galaxies, more so than the orbital geometry, determines the nature of the starburst
event. In an encounter between pure disk galaxies a prominent bar is formed during the first
passage, which drives a rapid inflow of gas into the central region. The resulting high gas
densities trigger a starburst, which dies out even before the galaxies finally merge. If the
progenitor galaxies contain a bulge, they do not form a bar during their first encounter. Only
when the galaxies finally merge,> 1 Gyr after the first encounter, a powerful starburst is
triggered. The case of B2 0648+27, which is an advanced merger that late in its lifetime
experienced a starburst event, can be explained if the progenitor galaxies contained a bulge.

The current period of radio-AGN activity apparently followed long after the starburst
episode. The merger-simulations of Springel et al. (2005a), that also include black-hole (BH)
accretion and feedback, suggest that the AGN is likely obscured during the initial stage of the
starburst. It only becomes visible at a later stage, when delayed AGN feedback mechanisms
remove dense layers of gas around it. Although B2 0648+27 could be confined for a certain
amount of time (as suggested by Giroletti et al. 2005a), the apparent time-lag between the
starburst episode and current period of radio-AGN activityis nevertheless large, and it is not
at all evident that this can be explained by the models of Springel et al. (2005a).

So what could explain the apparent delay between the merger/starburst event and the
triggering of the current phase of radio-AGN activity? Beside the fact that mergers are a
good way of depositing gas in the central regions of radio galaxies (e.g. Barnes & Hernquist
1991; Barnes & Hernquist 1996; Barnes 2002), it might take a significant amount of time -
and processes that are not yet well understood - to remove enough angular momentum of the
gas so that it can be transported down to the sub-pc region of the central BH. Alternatively,
the onset of the radio-AGN activity could be related to properties of the central engine itself,
such as the required timescale for the coalescence of individual BHs in merging galaxies (e.g.
Escala et al. 2004; Milosavljevic & Merrit 2001; Wilson & Colbert 1995).

It is worth to point out that there are other examples of radiogalaxies in which a significant
time-delay was found between a starburst event and the onsetof the radio-AGN activity
(Tadhunter et al. 2005). Also, based on CO results in radio galaxies, a substantial delay
between the start of the merger event and the triggering of the radio jets has been proposed
by Evans et al. (1999a,b). In addition to this, in Chapter 3, we presented HI results on
a complete sample of nearby radio galaxies. There we discussseveral other examples of
compact radio sources that contain large-scale HI structures, possibly as a result of a major
merger event that happened more than a Gyr ago. If a merger origin is confirmed, then also
for these sources there is a large time-delay between the merger and the current phase of
radio-AGN activity.

2.7.1 The “missing link”

Finally, we address the question to what extent B2 0648+27 isrelated to on the one hand
systems in major merger, like Ultra Luminous Infra-Red Galaxies (ULIRGs) and on the other
hand normal ellipticals. In Paper I already an evolutionarysequence was presented, in which
B2 0648+27 is a proposed link between both classes of objects. From our new data, the
timescales that we derive for the merger and starburst eventin B2 0648+27 are in agreement
with this evolutionary scenario.
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Table 2.4: Bolometric luminosity of the nuclear YSP (acrossλ-range0 − 30, 000 Å), the
total luminosity of this nuclear YSP absorbed by the dust (assumingE(B − V ) = 0.3), and
the observed total far-IR luminosity of B2 0648+27.

Lbol YSP Labsorbed LFIR

(L⊙) (L⊙) (L⊙)
Nucleus (0.8 - 2.8)× 1010 (0.5 - 1.9)× 1010 1.9× 1011

max.

min.

LIRG

ULIRG

Figure 2.11: The evolution with age ofLbol of the YSP in the nuclear region, based on the
used template spectra. The minimum and maximum luminosity curves are shown (based on
Table 2.4). We also plot the limiting luminosities for Luminous Infra-Red Galaxies (LIRG)
and Ultra Luminous Infra-Red Galaxies (ULIRG) (see Sanders& Mirabel 1996) in caseLbol

would be entirely re-radiated in the far-IR.

B2 0648+27 also has a relatively high far IR-luminosity (LFIR ∼ 1.9 × 1011L⊙; Maz-
zarella et al. 1993). Could this FIR-luminosity be due to re-radiated starlight from the ob-
scured YSP? To answer this question we use the same approach as Tadhunter et al. (2002). In
Table 2.4 we give the bolometric luminosity of the YSP in the nuclear region, where we de-
rived the largest dust obscuration in our SED modelling.Lbol has been determined from the
Bruzual & Charlot (2003) template spectra scaled to our derived parameters of the YSP (Ta-
ble 2.3). Table 2.4 also gives the amount of light absorbed bydust, assumingE(B−V ) = 0.3
(Table 2.2). From Table 2.4 we see that the amount of absorbedlight from the YSP in the nu-
clear region of B2 0648+27, when re-radiated in the far-IR, can account for a small fraction of
the total far-IR luminosity of B2 0648+27 (also note that some nuclear light may have missed
the slit, because the seeing was significantly larger than the slit-width; Sect. 2.2). Despite the
uncertainties in our derived values, it is likely that thereis some additional dust-heating by
recent star formation or by the AGN that we do not pick up with the SED modelling.

Using the spectral synthesis models we can also predict how luminous the YSP would
have been in the past. Figure 2.11 shows the evolution of the bolometric luminosity of the
YSP in the nuclear region. With the assumption that the starburst in its early stage was already
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largely obscured by dust in the nuclear region, and most of the starlight was absorbed by this
dust and re-radiated into the FIR, this should provide a goodestimate of the FIR luminosity
of B2 0648+27 at that epoch (note thatLFIR could have been higher in the past if dust
obscuration in B2 0648+27 was not limited to the nuclear region). From Fig. 2.11 we argue
that 0.3 Gyr ago B2 0648+27 had the appearance of an (Ultra-) Luminous Infra-Red Galaxy.

Currently B2 0648+27 has passed its ULIRG-phase. The properties of the YSP, the FIR-
luminosity, the starburst-driven outflow of ionised gas andthe HI structure are relics of the
violent recent past of this galaxy. In the current phase of its lifetime the galaxy also dis-
plays radio-AGN activity, although this period of AGN activity likely started long after the
merger event. Regarding the total stellar mass of the YSP andthe far infra-red properties,
B2 0648+27 resembles two other radio galaxies (3C 293 and 3C 305 - see also Chapter 6)
studied by Tadhunter et al. (2002). These two radio galaxiesare also in a post-ULIRG phase
of their evolution, and a possible time-lag between the starburst event and at least the current
period of radio-jet activity has been suggested.

The host galaxy of B2 0648+27 resembles a so-called E+A galaxy. E+A galaxies have
spectral signatures of an elliptical galaxy as well as strong Balmer absorption lines due to
young stars, but they lack [OII ] emission from ongoing star formation. This last point, how-
ever, is difficult to verify for B2 0648+27, since it is uncertain whether the characteristic [OII ]
and [OIII ] emission-lines are created solely by the AGN, or if some low-level stellar-related
component could still be present. Chang et al. (2001) presented HI observations of five E+A
galaxies. One of them contains3.5 × 109h−2M⊙ of H I, revealing that also this system has
undergone a galaxy-galaxy interaction, similar to the caseof B2 0648+27.

The ultimate fate of B2 0648+27 is that it will most likely endas a genuine early-type
galaxy. In contrast to the stellar population content, the spatial light-distribution of the optical
galaxy already resembles that of an early-type system (Heisler & Vader 1994). The low
surface density, large-scale HI structure will likely survive for a very long time. Ultimately,
B2 0648+27 will have the appearance of other genuine early-type galaxies that contain a
large HI disk-like structure. An example is NGC 5266, in which star formation is occurring
at a much reduced rate and no AGN activity has been detected (Morganti et al. 1997). Other
examples of HI-rich early-type galaxies, many of which could be products of a past merger
event, are given by van van Gorkom & Schiminovich (1997), Sadler et al. (2000), Oosterloo
et al. (2001, 2002, 2006), Serra et al. (2006) and Morganti etal. (2006a).

2.8 Conclusions
We detect 8.5×109 M⊙ of H I in a large ring-like structure of 190 kpc around the radio galaxy
B2 0648+27. We also find that the light from the host galaxy is dominated by a post-starburst
stellar population. The extended HI-structure and post-starburst stellar population are the
result of a major merger event. There appears to be a significant time-delay between the
merger/starburst event and the current episode of radio-AGN activity.

From the derived properties of the merger and starburst event we conclude that B2 0648+27
represents an important link in the evolutionary sequence between ULIRGs and normal early-
type galaxies. More research is necessary to further investigate the role of the AGN activity
in this respect. The relative proximity of B2 0648+27 allowsa detailed study of the physi-
cal processes that occur in this system, which is important for high-z studies, where major
mergers are much more common.
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Neutral hydrogen in a complete
sample of nearby radio galaxies

ABSTRACT — In this chapter we give the results of an HI study of a complete
sample of nearby radio galaxies. From the 22 radio galaxies that we observed, 6 clearly
show large-scale HI emission (another 2 show tentative HI detections). The HI in these
radio galaxies is mainly distributed in large disk- or ring-like structures with sizes between
16 and 190 kpc and masses between7 × 107 and2 × 1010M⊙. These disk/ring-like
structures have regular kinematics, although a varying degree of asymmetry is still visible
in the various structures. The formation of these disks/rings started several Gyr ago, either
through major mergers or through cold accretion of circum-galactic gas. There is a large
time-lag between the start of the formation process and the onset of the current phase
of radio-AGN activity. The overall properties of the HI in our sample of radio galaxies
(detection rate, mass, morphology) are similar to the HI properties of radio-quiet early-
type galaxies. This suggests that radio-AGN activity may be a short phase that occurs at
some point during the lifetime of most (all?) early-type galaxies. A striking result from
our H I imaging is that we find a segregation in large-scale HI content between compact
sources and extended FR-I sources, in the sense that large-scale, massive (& 109M⊙) H I

structures are only found around host galaxies with a compact radio source, while none
of the extended FR-I sources in our sample show similar amounts of HI. H I absorption
results show that some FR-I sources do contain HI, albeit much lower amounts.

Partially published as:
Emonts, B.H.C., Morganti, R., Oosterloo, T.A., van der Hulst, J.M.,

v. Moorsel, G.& Tadhunter, C.N. 2006,A&A Letters, accepted.
+ conference proceedings [6,7,12,13]
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3.1 Introduction

As we already discussed in Chapter 1, mergers are often invoked to trigger AGN activity. B2
0648+27 (Chapter 2) is a clear case of a radio galaxy where a major merger did occur, but
where the current phase of radio-AGN activity started very late in the lifetime of the merger
event. Since it is impossible to make a general statement about the relation between mergers
and AGN activity based on just a single case, studies of largesamples are necessary.

Numerous studies have already been performed on this issue,but so far no consensus
has been reached whether or not mergers are responsible for the AGN activity. While some
studies do find evidence for a relation between mergers and AGN activity (Heckman et al.
1986; Wu et al. 1998; Canalizo & Stockton 2001), others find nosuch evidence (Lutz et al.
1998; Dunlop et al. 2003; Grogin et al. 2005). Most of the studies aimed at investigating
peculiarities, such as tidal debris or nearby companions, are based on optical broad-band
imaging of the starlight in the host galaxy. However, the host galaxy can acquire the primary
photometric properties of an early-type galaxy on timescales of. 1 Gyr (Hibbard & van
Gorkom 1996). Optical broad-band studies could be insensitive to old (& 1 Gyr) merger
events, like the one that occurred in B2 0648+27. Also, some of the studies on the merger-
AGN connection are based on samples that were pre-selected on the properties of the host
galaxy (like infra-red luminosity). While this provides information about the occurrence of
AGN activity in (ongoing) merger systems, it does not necessarily reveal anything about the
generalpresence of merger features in galaxies with an AGN. These two limitations could,
at least to a large degree, explain the apparent discrepancyin the results of studies on the
merger-AGN connection.

For radio-AGN, another important thing to consider is the nature of different types of
radio sources. From an optical study of the host galaxies of powerful radio sources, Heckman
et al. (1986) and Baum et al. (1992) argue that merger features are much more common
around edge-brightened FR-II sources than around the less powerful, lobe-dominated FR-I
sources and radio-quiet ellipticals.∗ They therefore argue thatdifferent typesof radio galaxies
might have a different formation history. In contrast to thepowerful FR-II sources, Heckman
et al. propose that the less powerful FR-I sources might be powered by processes involving
the stored rotation energy of the black-hole or the accretion of the intra-cluster or circum-
galactic medium.

As part of this thesis project we use observations of neutralhydrogen (HI) to investigate
the long-term formation history of a complete sample of nearby radio galaxies. As explained
in Chapter 1 (Sect. 1.3.1), HI gas can leave large-scale relic features of a past merger event
over timescales of many Gyr, therefore much longer than optical photometric signatures of
the merger are generally maintained. Moreover, the kinematic information that is obtained
with H I observations can provide an important tool to investigate how settled the gas is and
therefore how old the merger is. On the other hand, if the radio galaxy did not experience
a merger event, but is, for example, powered by minor galaxy interactions or through the
accretion of gas from the inter-galactic medium (see Sect. 1.3.3), it might be possible to find
traces of these events in HI.

In this chapter we present the HI results for our complete sample of nearby radio galaxies.
Beside the properties of the HI gas, we will also discuss the properties of the radio sources
and the host galaxies in relation to the HI. The aim is to investigate the formation history

∗See Chapter 1 for a short summary about both FR-types.
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of these radio galaxies in relation to the presence of radio-AGN activity. In this respect, we
will also compare our results with studies of large-scale HI around radio-quiet early-type
galaxies.

Throughout this chapter we use a Hubble Constant (H0) of 71 km s−1 Mpc−1.

3.2 The sample
Our main sample consists of 20 northern radio galaxies from the B2-catalogue (Colla et al.
1970) with redshifts up toz = 0.04. The B2-catalogue has a flux limit ofF408MHz & 0.2 Jy.
Our sample iscomplete, with the restriction that we left out sources in dense cluster envi-
ronments (since here merger features are likely wiped out onrelatively short timescales) and
BL-Lac objects (radio sources pointing along our line-of-sight, for which it is difficult to de-
termine certain intrinsic properties, such as size and morphology). Three more sources were
excluded from our initial sample; two because of time constraints during the observations
(B2 1317+33 and B2 1422+26) and one because of bad quality of the data (B2 1658+30) .
However, we do not expect that this will significantly alter our main results. The complete
sample consists of both compact and FR-I type (Fanaroff & Riley 1974) radio sources. To
extend the number of compact sources in our sample, we observed two more radio galaxies
with a compact source: B2 1557+26, a radio galaxy from the B2 catalogue withz = 0.0442
and therefore just outside the redshift range of our complete sample, and NGC 3894, a com-
pact radio source that is comparable in power to our B2 samplesources. We would like to
stress that these two radio sources, although similar in properties to the other sources, are not
part of our complete sample, and are therefore left out of thestatistical analysis of our sample
discussed later on in this Chapter. In total we observed 9 compact (< 15 kpc) sources and 13
extended (> 15 kpc) FR-I sources. The sources have a radio power of 21.5< log (P1.4 GHz)
< 25.0 and are hosted byearly-type galaxies (E and S0). Table 3.1 lists the properties of the
radio galaxies in our sample.†

We note that there areno powerful, edge-brightened FR-II (Fanaroff & Riley 1974)
sources in our sample. FR-II sources are generally observed at higherz, and no FR-II source
that meets the criteria for the selection of our sample is present in the B2 catalogue. Given
the fact that the sensitivity of HI emission studies drops asD2 (with D the distance to the
galaxy), detailed HI emission studies of FR-II sources are difficult with the current-day in-
struments.‡

3.3 Observations
Observations of our sample sources were made during variousobserving runs in the period
Nov. 2002 - Feb. 2005 with the Very Large Array (VLA) in C-configuration and the West-
erbork Synthesis Radio Telescope (WSRT). Our aim was to get asgood as possible a homo-
geneous HI data set of our sample sources. The C-configuration of the VLAwas chosen to
optimise the observations for sensitivity to detect both extended HI emission as well as HI
absorption against the radio continuum. The beam of the WSRT matches that of the VLA-C
array well. For the WSRT we used a 20 MHz band with 1024 channels; for the VLA-C we

†In this thesis we use the B2 name of our sample sources for both the radio source as well as the galaxy that hosts
the source.

‡Nevertheless, following the results from this thesis, we recently started a new HI study that also includes a
sample of FR-II sources (see also Chapter 7).
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Source z D Optical MV S(60µm) S(100µm) logP1.4GHz (ref.) LS (ref.) Type
B2 name other name (Mpc) Morphology (mJy) (mJy) (W/Hz) (kpc) source
0034+25 0.0318 134 E -21.4 <153 <378 23.4 (3) 200 (5,10) FR-I
0055+30 NGC 315 0.0165 60 E -22.4 363±17 586±74 24.2 (6) 1200 (11) FR-I
0104+32 3C31 0.0169 71 S0 -21.3 444±21 1720±57 24.0 (7) 484 (10) FR-I
0206+35 0.0377 159 - -21.9 <126 <284 24.8 (2) 69.9 (2,10) FR-I
0222+36 0.0334 141 E -21.5 <126 <315 23.7 (4) 4.8 (5) C
0258+35 NGC 1167 0.0165 70 S0 -21.0 177±47 <441 24.0 (4) 1.4 (12) C
0326+39 0.0243 103 - -21.2 <140 <410 24.2 (7) 202 (10) FR-I
0331+39 0.0206 87 E -21.7 <140 <410 23.9 (2) 29.1 (2,10) FR-I
0648+27 0.0412 174 S0 -22.5 2758±57 2419±57 23.7 (4) 1.3 (14) C
0722+30 0.0189 81 S/S0 -19.8 3190±21 5141±57 23.0 (4) 13.9 (2,10) C
0924+30 0.0253 107 - -21.2 <126 <315 23.8 (7) 435 (10) FR-I
1040+31 0.036 152 - -20.8 <195 <473 24.3 (2) 40.3 (2,10) FR-I
1108+27 NGC 3563 0.0331 140 S0 - - - 23.3 (2) 1085 (10) FR-I
1122+39 NGC 3665 0.0069 29 S0 -22.1 1813±47 7014±116 22.0 (5) 10.7 (2,10) C
1217+29 NGC 4278 0.0022 14.91 E -19.5 618±21 2041±57 22.2 (6) 0.009 (13) C
1321+31 NGC 5127 0.016 68 E pec -20.8 <140 <347 23.9 (7) 246 (10) FR-I
1322+36 NGC 5141 0.0174 73 S0 -20.8 <153 <378 23.7 (2) 19.1 (2,10) FR-I
1447+27 0.0306 129 S0 -20.7 <112 <284 23.6 (6) <2.3 (3) C
1658+30 4C 30.31 0.0344 145 E -20.2 <112 <252 24.2 (3) 114 (5,10) FR-I
2116+26 NGC 7052 0.0156 66 E -21.2 538±17 1276±57 22.7 (2) 291 (10) FR-I
2229+39 3C 449 0.0181 76 - -20.9 186±42 1029±137 24.4 (9) 473 (10) FR-I

1557+26 0.0442 187 E -21.4 <126 <315 23.1 (2) ∼2 (2) C
- NGC 3894 0.0108 46 E -21.7 140±59 480±158 23.0 (6) 1.6 C

Notes – The distance D (col. 4) to the radio galaxy and the linear size of the radio source (LS – col. 11) have been determined from the redshift (z – col.
2) andH0 = 71 km s−1 Mpc−1 (unless otherwise indicated). Redshifts and optical morphology are based on results from the NASA/IPAC Extragalactic
Database (NED).MV and IRAS fluxes (columns 6 - 8) are from Impey & Gregorini (1993, and refs. therein).Refs: 1.Jensen et al. (2003),2. Parma et al.
(1986),3. de Ruiter et al. (1986),4. Fanti et al. (1986),5. Fanti et al. (1987),6. White & Becker (1992),7. Ekers et al. (1981),8. Schilizzi et al. (1983),9.
Laing & Peacock (1980),10. this thesis,11. Morganti et al. (2006b),12. Giroletti et al. (2005a),13. Wilkinson et al. (1998),14. Morganti et al. (2003).
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used a 6.25 MHz band with 64 channels. These set-ups were chosen in order to cover a range
in velocity space that is large enough to contain extended emission and leave enough line-free
channels to get a good continuum subtraction. Table 3.2 gives the details of the observations.

For four of the radio galaxies we obtained WSRT observations during service time.
Service-time observations at the WSRT are done during gaps inthe allocated-time schedule
and are shorter in duration than the full 12h cycle (typically about 7h). For this reason, their
uv-coverage is generally not ideal and the fan-beam is in most cases very elongated (which
degrades the spatial resolution). Nevertheless, the quality of these observations is sufficient
to search for HI emission in these systems. In fact, for the radio galaxies with both VLA-C
data and WSRT service data, the WSRT service data turned out to be the most sensitive for
detecting faint, extended HI emission. This is mainly due to the much larger bandwidth and
number of channels of the WSRT, resulting in a more reliable continuum subtraction. In the
remainder of this chapter we therefore use the WSRT service data wherever applicable. The
VLA-C data on 23th April 2004 were of too bad quality to be usedand we discarded them in
our analysis (hence we excluded B2 1658+30 from our sample).

For the reduction and analysis of the data we used the MIRIAD software. For the visu-
alisation of the reduced data we used the KARMA software. After flagging bad parts of the
data, we calibrated the data. We used a primary calibrator, observed before and after the run,
to calibrate the bandpass, phase and flux of the source. For the VLA observations we also
observed a phase calibrator close to the source on the sky every 30-45 minutes, in order to
improve the calibration accuracy.

Continuum images of our data were constructed by fitting a first or second order polyno-
mial to the channels without emission- or absorption-lines. The fits were performed on the
uv-data (’uvlin’). These data were subsequently Fourier transformed to the image domain
(’invert’) and then cleaned to remove the beam-pattern (’clean + restor’). In some cases self-
calibration was necessary to improve the quality of the continuum image (in particular for
diffuse and extended sources observed with the WSRT). Because our data are mainly used
to study the HI emission- and absorption-lines, they do not have the optimal sensitivity for
studying the radio continuum. We show the continuum images of our sample sources in Fig.
3.1 as a reference for the radio continuum structure§. Detailed continuum images of these
sources are available in the literature and they are in agreement with our results (e.g. Fanti
et al. 1987, and references therein). Most of our continuum images have been constructed
with a uniform weighting, in order to obtain the highest possible resolution; a few images of
the more extended sources were made using robust weighting to clarify the diffuse continuum
emission (a detailed explanation about the different weighting schemes is discussed below).
In a number of data-sets there are strong point-sources far away from the phase-tracking cen-
tre. To minimise aberration effects (which introduce sidelobes in the line-cubes, which can
not be cleaned out) we subtracted the model components of these point-sources (obtained
during the cleaning process of the continuum image) from thedata in the uv-plane.

From the resulting uv-data we obtained line-cubes by subtracting the continuum in the
uv-plane (by fitting a first or second order polynomial to the line-free channels), Fourier-
transforming this uv-data to the image-plane and cleaning bright emission- and absorption-
line feature in the cubes (the ones that are undoubtedly real). We constructed data cubes
with different weighting-schemes in order to maximise our sensitivity for various emis-

§To clarify the source structure, for a few sources we show theVLA-C continuum images despite the fact that
we used WSRT service observations to search for HI.
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sion/absorption features. In uniform weighting, the data are sampled in a way that optimises
the beam pattern for the lowest sidelobe effects. This puts higher weight on the long baselines
and lower weight on the short baselines, which makes uniformweighting less sensitive to ex-
tended emission of low surface brightness. Natural weighting gives a constant weight to all
baselines, which minimises the noise, making the data suited to look for faint and extended
emission. Unfortunately, the sidelobes may cause spuriouseffects that degrade the quality of
the image. A compromise between both weighting schemes can be obtained through various
degrees of robust weighting (see Briggs 1995). Our analysisof H I absorption (Sect. 3.5) was
mainly done on uniform weighted data cubes, while for the HI emission study (Sect. 3.4)
we used robust or natural weighted cubes. The data properties of the cubes and their applied
weighting are given in Table 3.3.

Since we are interested in total intensity measurements of HI and polarisation is not
expected to be important in this respect, the observations have been done in the standard 2-
polarisation mode for line observations. This included forthe WSRT the linear polarisations
xx and yy and for the VLA the circular polarisations rr and ll.Total intensity data are created
from both polarisations combined. However, in case of an uncertain detection, the data were
split in order to check whether the signal was present the cubes of either polarisation. In a
similar procedure, the data were also split in time to make separate data cubes of the first and
of the second half of the observing run. We mention in the textwhenever we applied these
procedures to test the validity of a tentative detection.

A 0th-moment total intensity map of the line-data was made bysumming all the data
above (and below for absorption) a certain cut-off level. This cut-off level was determined at
a few× the noise-level, the exact value depending on the noise properties of the individual
data-cubes. In some cases where the signal was very weak, it was only taken into account
when it appeared in at least two consecutive channels (to do this we had to construct the
moment map with the Groningen Image Processing System - GIPSY). For the total-intensity
map of B2 0722+30 and for the maps in Sect 3A we used a mask (constructed from smoothing
the data cube both spatially and in velocity and clipping at afew× the noise level) to extract
as much emission as possible in the original data-cube. Thisenhances the amount of signal
that is gained, but one has to be careful with including noisein the lowest brightness parts of
the images (Emonts 2001).
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Table 3.2: Observations

B2 Source Observatory Date Int. time
(dd/mm/yy) (hrs)

0034+25 VLA-C 24/04/04 3.2
0055+30 WSRTa 30/06/00+05/09/01 21
0104+32 VLA-C 22/12/02 3.2
0206+35 VLA-C 24/04/04 3.8

WSRT-S 29/08/04 7.0
0222+36 VLA-C 23/04/04 3.9

WSRT 22/11/04 12.0
0258+35 VLA-C 23/12/02 3.1

WSRT-S 26/02/04 7.0
0326+39 VLA-C 19/04/04 3.2
0331+39 VLA-C 23+24/04/04 3.8

WSRT-S 19/08/04 6.1
0648+27 WSRT 12+25/08/02 3 × 12
0722+30 VLA-C 23/12/02 3.1
0924+30 WSRT 07/08/04 8.7
1040+31 VLA-C 23/04/04 4.0

WSRT-S 31/07/04 7.3
1108+27 VLA-C 31/03/04 3.7
1122+39 VLA-C 20/04/04 2.0
1217+29 WSRTb 04/02/04 4 × 12
1321+31 VLA-C 02/11/02 2.9
1322+36 VLA-C 02/11/02 3.0
1447+27 WSRT 10/04/04 12.0
1658+30 VLA-C 23/04/04 3.2
2116+26 WSRT 28/08/00 9.5
2229+39 VLA-C 21/12/02 3.2

WSRT 20/02/05 10.1

1557+26 WSRT 09/04/04 12.0
NGC 3894 WSRT 01/02/04 12.0

Notes – WSRT-S are WSRT observations obtained during service time.
References:a). Morganti et al. (2006b); b). Morganti et al. (2006a)
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Table 3.3: Data properties

Continuum Line – Uniform Line – Robust/Natural
Source Peak Flux Core Flux Total Flux Noise Beam (pa) Robust- Noise Beam (pa) ∆v
B2 name (mJy/bm) (mJy/bm) (mJy) (mJy/bm) (arcsec2) (◦) ness (mJy/bm) (arcsec2) (◦) km/s
0034+25 15.5 15.5 91 0.45 12.2 × 11.1 (66.7) +2 0.29 18.8 × 15.9 (-70.4) 20.6
0055+30a - - +0.5 0.21 35 × 18 (-5) 36
0104+32 263.7 205.0 5083 0.27 13.4 × 10.8 (-39.2) +2 0.20 18.8 × 18.1 (-40.5) 24.6
0206+35 397.0 397.0 1245 0.72 30.8 × 9.1 (12.1) +2 0.42 57.4 × 20.3 (11.2) 16.5
0222+36 190.5 190.5 191 0.64 17.3 × 11.9 (-1.4) +2 0.38 38.7 × 27.2 (-0.5) 16.5
0258+35 1819.7 1819.7 1820 0.98 52.0 × 18.1 (-25.5) +2 0.31 61.2 × 25.3 (-22.3) 16.5
0326+39 76.5 70.7 441 0.78 13.9 × 10.3 (-57.8) +2 0.29 18.4 × 15.8 (-70.1) 20.6
0331+39 647.4 647.4 822 0.79 34.5 × 8.7 (5.3) +2 0.51 60.7 × 18.5 (4.9) 16.5
0648+27 155.2 155.2 155 0.41 25.5 × 11.2 (-0.4) +1 0.14 48.1 × 24.2 (1.0) 16.5
0722+30 85.7 85.7 143 0.29 11.9 × 10.6 (2.8) +2 0.19 19.0 × 17.5 (-24.5) 20.6
0924+30 4.8 - 121 0.51 25.1 × 8.6 (10.2) +1 0.42 50.7 × 19.0 (10.2) 16.5
1040+31 323.6 311.8 737 1.18 29.8 × 9.7 (19.0) +2 0.52 60.5 × 24.1 (20.7) 16.5
1108+27 69.8 50.0 149 0.47 13.4 × 11.1 (-41.8) +2 0.31 19.5 × 19.0 (88.8) 20.6
1122+39 22.4 20.7 108 0.79 15.0 × 10.5 (-62.8) +2 0.50 21.7 × 17.7 (-81.3) 20.6
1217+29b - - - - - 0 0.37 28 × 14 (11) 16
1321+31 26.2 24.6 957 0.36 11.5 × 11.3 (-25.6) +2 0.28 16.5 × 16.0 (-57.3) 20.6
1322+36 223.3 196.9 880 0.30 13.3 × 12.5 (-72.8) +0.5 0.26 15.1 × 14.3 (-86.6) 20.6
1447+27 69.0 69.0 69 0.70 34.4 × 13.6 (-1.9) +2 0.41 61.6 × 24.6 (-0.9) 16.5
2116+26 87.9 87.9 303 0.55 29.7 × 10.5 (-2.4) +2 0.38 65.9 × 24.7 (-2.3) 16.5
2229+39 170.3 68.4 3279 0.55 20.6 × 11.0 (-7.5) +2 0.38 48.1 × 26.9 (-6.3) 16.5

1557+26 31.6 31.6 32 0.64 23.9 × 11.8 (-0.3) +1 0.39 43.9 × 20.7 (-0.1) 16.5
NGC 3894 434.6 434.6 435 0.71 13.2 × 11.5 (0.4) +2 0.48 46.1 × 41.3 (0.0) 8.2

Notes – References: a). Morganti et al. (2006b); b). Morganti et al. (2006a)
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Figure 3.1: B2 0334+25& B2 0055+30– Left: radio continuum map of B2 0334+25 (con-
tours) overlaid on optical DSS image (grey-scale). Contourlevels: 0.65, 0.95, 1.25, 2.5, 4.0,
7.0 mJy beam−1. Right: radio continuum map of B2 0055+30 (contours) from Morganti
et al. (2006b). Contour levels: from 1 to 600 mJy beam−1 (increasing with factor 1.5).

Figure 3.1: – continued:B2 0104+32& B2 0206+35– Left: radio continuum map of B2
0104+32 (contours) overlaid on optical DSS image (grey-scale). Contour levels: 1.2, 3.0,
5.0, 7.0, 15, 25, 50, 100, 200 mJy beam−1. Right: radio continuum map from VLA-C data
of B2 0206+35 (contours) overlaid on optical DSS image (grey-scale). Contour levels: 60,
100, 140, 200, 280, 380 mJy beam−1.
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Figure 3.1: – continued:B2 0222+36& B2 0258+35– Left: radio continuum map from the
WSRT data of B2 0222+36 (contours) overlaid on optical DSS image (grey-scale). Contour
levels: from 15 to 95% (in steps of 20%) of peak intensity.Right: radio continuum map
from the VLA-C data of B2 0258+35 (contours) overlaid on optical DSS image (grey-scale).
Contour levels: from 10 to 90% (in steps of 20%) of peak intensity.

Figure 3.1: – continued:B2 0326+39– Radio continuum map of B2 0326+39 (contours)
overlaid on optical DSS image (grey-scale). Contour levels: 2.4, 4.4, 6.4, 8.4, 20, 40, 60 mJy
beam−1.
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Figure 3.1: – continued:B2 0331+39& B2 0648+27– Left: radio continuum map from the
VLA-C data of B2 0331+39 (contours) overlaid on optical DSS image (grey-scale). Contour
levels: 200, 360, 480 mJy beam−1. Right: radio continuum map of B2 0648+27 (contours)
overlaid on optical DSS image (grey-scale). Contour levels: from 10 to 90% (in steps of
20%) of peak intensity.

Figure 3.1: – continued:B2 0722+30– Radio continuum map of B2 0722+30 (right con-
tours) and MRK 1201 (left contours) overlaid on optical DSS image (grey-scale). Contour
levels: 1.0, 3.0, 10, 30, 55, 80 mJy beam−1.
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Figure 3.1: – continued:B2 0924+30& B2 1040+31– Left: radio continuum map of B2
0924+30 (contours) overlaid on optical DSS image (grey-scale). Contour levels: 1.5, 2.3, 3.1,
3.9, 10, 25, 45 mJy beam−1. B2 0924+30 is a relic radio source, with no continuum visible at
the location of the host galaxy (the bright elliptical galaxy in the centre of the radio structure).
The strong radio continuum point-source in the south-west is an unrelated background object.
Right: radio continuum map from VLA-C data of B2 1040+31 (contours)overlaid on optical
DSS image (grey-scale). Contour levels: 2.0, 10, 40, 90, 130, 145 mJy beam−1.

Figure 3.1: – continued:B2 1108+27– Radio continuum map of B2 1108+27 (contours)
overlaid on optical DSS image (grey-scale). Contour levels: grey: -0.50; black: 0.50, 0.75,
1.0, 2.0, 4.0, 15, 50 mJy beam−1.
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Figure 3.1: – continued:B2 1122+39& B2 1321+31– Left: radio continuum map of B2
1122+39 (contours) overlaid on optical DSS image (grey-scale). Contour levels: 1.6, 4.5, 10,
20 mJy beam−1. Right: radio continuum map from VLA-C data of B2 1321+31 (contours)
overlaid on optical DSS image (grey-scale). Contour levels: 0.8, 1.5, 2.5, 3.5, 5.0, 6.5, 9.0,
12, 18, 25 mJy beam−1.

Figure 3.1: – continued:B2 1322+36& B2 1447+27– Left: radio continuum map of B2
1322+36 (contours) overlaid on optical DSS image (grey-scale). Contour levels: from 10
to 94% (in steps of 14%) of peak intensity.Right: radio continuum map of B2 1447+27
(contours) overlaid on optical DSS image (grey-scale). Contour levels: from 10 to 90% (in
steps of 20%) of peak intensity. The radio source east of B2 1447+27 is likely related to
another galaxy.
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Figure 3.1: – continued:B2 2116+26& B2 2229+39– Left: radio continuum map of B2
2116+26 (contours) overlaid on optical DSS image (grey-scale). Contour levels: 2.5, 4.0,
7.0, 13, 25, 50, 75 mJy beam−1. Middle & right: radio continuum map from WSRT data of
B2 2229+39 (contours) overlaid on optical DSS image (grey-scale). Contour levels: 1.0, 2.0,
4.5, 8.0, 15, 30, 60, 90, 140 mJy beam−1.

Background object

B2 1557+26

NGC 3894

Figure 3.1: – continued:B2 1557+26& NGC 3894 – Left: radio continuum map of B2
1557+26 (contours) overlaid on optical DSS image (grey-scale). Contour levels: 10, 20, 30,
50, 80, 110 mJy beam−1. The strong point-source west of the radio galaxy is an unrelated
background object.Right: radio continuum map of NGC 3894 (contours) overlaid on optical
DSS image (grey-scale). Contour levels: 100, 200, 300, 400 mJy beam−1.
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3.4 HI emission
We detect HI in emission in six of our radio galaxies (B2 0258+35, B2 0648+27, B2 0722+30,
B2 1217+29, B2 1322+36 and NGC 3894) plus a tentative detections in two galaxies (B2
0206+35 and B2 2116+26). The total intensity images of the HI structures (if not previously
published) are shown in Figs. 3.2 - 3.8 and their properties are listed in Table 3.5. The total
mass of the HI structures detected in emission (Table 3.4) is determined by:

M(H I)

M⊙
= 2.36 · 105

× D2 (Mpc) ×
∑

S (Jy) × ∆v (km s−1), (3.1)

whereD is the distance to the galaxy (Table 3.1),
∑

S the total flux of the HI emission and
∆v the channel separation.

For three of the radio galaxies (B2 0258+35, B2 0648+27 and NGC 3894) the HI structure
is >100 kpc in size and contains an HI mass comparable to that of the Milky Way or more.¶

It is interesting that such large amounts of HI are found around early-type galaxies: we will
discuss this further in Sect. 3.6.4. For the other HI detections the total HI mass found in
emission is somewhat lower and comparable to the conservative upper limits that we derive
for the non-detections. These upper limits are estimated assuming a potential 3σ detection
smoothed across a velocity range of 400 km s−1 (therefore resembling the large-scale HI

structures that we detect):

Mupper

M⊙
= 2.36 · 105

× D2
× S3σ × ∆V ×

√

400 km/s

∆V
, (3.2)

whereS3σ is the 3σ noise level per channel (in Jy, from the robust/natural weighted data -
see Table 3.3),D (in Mpc) the distance to the galaxy and∆V the channel width (in km s−1).

We will first describe in detail the individual objects with detected HI emission, followed
by the general properties of the sample as a whole.

3.4.1 Individual objects

B2 0258+35:The HI around B2 0258+35 is distributed in a disk that shows regularrotation
out to a radius of about 80 kpc. This is in agreement with results from 5 MHz WSRT data
by Noordermeer et al. (2005). Our 20 MHz HI data shows a slight asymmetry of the HI gas
towards the outer western part of the otherwise settled disk. This asymmetry might indicate
the presence of a warp, or it may be caused by gravitational effects from either a past merger
event, or from a more recent interaction, e.g. with one of thetwo nearby companions detected
in H I (Fig. 3.2). The total HI mass in the disk is1.8 × 1010M⊙, equivalent to3.6× the HI

mass of the Milky Way. The host galaxy is classified as S0, although very faint optical spiral
arms have been detected by Noordermeer et al. (2005). Regardless whether the HI disk has
been formed from a major merger event or assembled in a more steady accretion process (see
Sect. 3.6.1 for a detailed discussion), the regular kinematics of the gas imply that the disk
must be old (at least several Gyr – see Sect. 1.3). The radio source in this galaxy has been
classified as Compact Steep Spectrum (CSS) by Sanghera et al.(1995). From spectral age
arguments, Giroletti et al. (2005a) estimated the age of theradio source to be 9×105 yr. They
also find indications that the radio plasma is strongly interacting with the surrounding ISM.

¶
MHI, MW = 5 × 10

9
M⊙ (Henderson et al. 1982).
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Table 3.4: H I emission and absorption properties

Source H I H I mass H I τ NHI

emission (×108M⊙) absorption (%) ×1020 cm−2

B2 0034+25 - <3.4 - <9.1 <16
B2 0055+30 broada - <0.64 X 1 2.5

narrowa 5 4.5
B2 0104+32 - <0.71 - <0.3 <0.6
B2 0206+35 T 0.36 - <0.5 <1.0
B2 0222+36 - <4.3 - <1.0 <1.8
B2 0258+35 X 180 X 0.23 1.2
B2 0326+39 - <2.0 - <3.1 <5.6
B2 0331+39 - <2.2 - <0.4 <0.7
B2 0648+27 X 85 X 0.74 2.8
B2 0722+30 X 2.3 X 6.4 29
B2 0924+30 - <2.8 - <38 <69
B2 1040+31 - <6.9 - <1.1 <2.0
B2 1108+27 - <3.9 - <2.0 <3.7
B2 1122+39 - <0.27 - <11 <20
B2 1217+29b,c X 7.4 -
B2 1321+31 nuc. - <0.84 X 5.5 4.9

lobe 25 36
B2 1322+36 X 0.69 X 1.3 3.0
B2 1447+27 - <3.9 X 0.87 2.9
B2 2116+26 T 0.30 - <1.9 <3.4
B2 2229+39 - <1.3 - <1.0 <1.8

B2 1557+26 - <7.8 - <6.2 <11
NGC 3894 X 22 X 4.1 14

Notes – The two tentative detection are marked “T”.
References:a). Morganti et al. (2006b); b). Raimond et al. (1981); c). Morganti et al.
(2006a)
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Figure 3.2: B2 0258+35– Left: 0th moment total intensity map (natural weighting) of the
H I emission around B2 0258+35 (contours) overlaid onto optical DSS image (grey-scale).
Contour levels range from 0.34 to 3.0 in steps of0.44× 1020 cm−2. Right: Position-velocity
(PV) plots along the lines parallel to the major axis of the HI disk, as indicated in the left
plot. Contour levels: 1.0, 2.0, 3.5, 5.0 (black); -1.5, -3.0(grey) mJy beam−1. Note: at
the position of the central beam the HI is detected in absorption. In Sect. 3.5.1 we show
the absorption profile of a uniform weighted data-set of B2 0258+35. For bandpass-related
issues, the natural weighted data presented here is not ideal for mapping the HI absorption,
therefore the HI absorption in the middle-right plot should be taken with care.

sysV

Figure 3.3: B2 0648+27– Left: 0th moment total intensity map of the HI emission around
B2 0648+27 (contours) overlaid onto optical DSS image (grey-scale). Contour levels: 0.22,
0.36, 0.52, 0.71, 0.95, 1.2, 1.5, 1.8, 2.1×1020 cm−2. Right: Position-velocity plot along the
major axis of the HI disk, as indicated in the left plot. Contour levels: -0.25, -0.40, -0.55
(grey); 0.32, 0.48, 0.68, 0.90, 1.15, 1.45 (black) mJy beam−1.
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B2 0722+30

MRK 1201

Figure 3.4: B2 0722+30– Left: 0th moment total intensity map of the HI emission around
B2 0722+30 and in its environment (contours) overlaid onto optical DSS image (grey-scale).
Contours: 0.67, 1.3, 1.8, 2.3, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0×1020 cm−2. Middle: zoom-in on B2
0722+30.Right: PV plot along the major axis of the HI disk, as indicated in the middle plot.
Contours: -0.5 -1.4 -2.4 -3.4 -4.4 (grey); 0.5 0.7 0.9 1.1 1.3(black) mJy beam−1.

B2 0648+27:This galaxy has been studied in great detail in Chapter 2. In summary, the HI

is distributed in a large (190 kpc in diameter) and massive (MHI = 8.5 × 109M⊙) ring-like
structure. The distribution and kinematics of the HI gas, together with the presence of faint
tails in deep optical imaging (Heisler & Vader 1994) and the detection of a galaxy-scale post-
starburst young stellar population, imply that this galaxyformed from a major merger event
that happened& 1.5 Gyr ago. The radio source is compact, with a minimum estimated age
of only about 1 Myr (Giroletti et al. 2005a). The current phase of radio-AGN activity has
started late in the lifetime of the merger (we will discuss this further in Sect. 3.6.2).

B2 0722+30: The host galaxy of B2 0722+30 is often classified as either S0 or S. If the latter
is the case, B2 0722+30 is the only clear example of a spiral galaxy in our sample. The HI
disk in this system appears to follow the stellar disk (part of the H I disk is seen in absorption
and therefore not visible in the total intensity image of Fig. 3.4). The position-velocity plot of
Fig. 3.4 (right) shows that the HI disk is in regular rotation (this is also clear from the chan-
nel maps that are presented in Sect. 3A.1). The HI disk has a faint extension to the north,
in the direction where there is also a faint optical plume visible in the DSS image (indicated
with an arrow in Fig. 3.4 - middle). Further out to the north (dec 29◦59’) there appears to
be more faint HI emission, but new observations are necessary to confirm this. In the direct
environment of B2 0722+30 we detect an HI rich (MHI ≈ 3.8× 109 M⊙) triple system that is
in heavy interaction. One of the galaxies involved in this interaction has a weak, unresolved
radio source (MRK 1201). We will discuss the environment in detail in Sect. 3A.1.
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Figure 3.5: B2 1322+36– Left: 0th moment total intensity map of the HI emission around
B2 1322+36 (contours) overlaid onto optical DSS image (grey-scale). Contour levels: 1.7,
2.3, 2.8 (black)×1020 cm−2; absorption (white) at 17, 45, 70, 95% of peak absorption.
Contours of the radio source are shown in grey (see also Fig. 3.1). Right: Position-velocity
plots along the two lines indicated in the left plot. The firstPV-plot shows the extended
absorption; the second includes the brightest blob of HI emission. Contour levels: -0.55,
-0.80, -1.2, -1.6, -2.0 (grey); 0.55, 0.80, 1.0 (black) mJy beam−1.

B2 1217+29:H I observations of this compact radio source are published by Raimond et al.
(1981) and more recently by Morganti et al. (2006a). They detect an HI disk with regular
rotation, although the gas is not co-planar with the rotation of the inner optical galaxy and
shows non-circular motions in the central region. Morgantiet al. (2006a) show that deep HI
imaging reveals two faint tails of HI gas on either side of the disk. The disk-like morphology
of the HI gas in B2 1217+29 resembles that of B2 0258+27, but the total HI size and mass
is much less for the former. As for B2 0258+35, the radio source of B2 1217+29 is also
compact, but two orders of magnitude less powerful (Table 3.1).

B2 1322+36:Radio galaxy B2 1322+36 shows two “blobs” of HI emission in the direction
of a nearby companion galaxy (NGC 5142). We confirmed these blobs to be present in both
polarisations, as well as in the first and last half of the observations. As can be seen from Fig.
3.5, the HI absorption is also slightly extended in the same direction against the extended ra-
dio lobes. This suggests that the emission and the absorption are part of the same large-scale
structure. No optical counterpart is detected at the location of the HI emission. Therefore,
we argue that the HI structure is likely a tidal-tail or -bridge, or a stream of cool gas.

NGC 3894: The HI around NGC 3894 is distributed in a large (105 kpc in diameter) and
regular rotating structure. The PV plot (Fig. 3.6 - right) shows that the gas is distributed in a
ring-like structure (viewed edge-on), rather than a disk (which can be derived from the lack of
gas with a steep velocity gradient in the inner region). The nature and origin of this ring-like
structure will be discussed in Sect. 3.6.1. As will be discussed in detail in Sect. 3A.1, NGC
3894 is located in an environment of several nearby HI-rich galaxies, and a faint tidal-tail
appears to connect to an HI-rich companion 226 kpc toward the north-east. NGC 3894 is one
of the two galaxies with a compact radio source observed in addition to our complete sample.
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Figure 3.6: NGC 3894– Left: 0th moment total intensity map of HI emission around NGC
3894 and in its environment (contours) overlaid onto optical DSS image (grey-scale). Contour
levels: 0.17, 0.49, 0.87, 1.7, 3.2, 4.6 (black)×1020 cm−2; absorption (white) at 4, 43, 87%
of peak absorption.Top right: Position-velocity plot along the line indicated in the leftplot.
Contour levels: -1.0, -5.0, -10, -14 (grey); 1.0, 2.0, 3.0, 4.5, 6.5 (black) mJy beam−1.

B2 0206+35:A “blob” of H I emission is seen just north of the host galaxy. The total mass
of this H I is 3.6× 107M⊙. The signal is a 5σ detection (natural weighting), but the emission
is only visible in a single channel. We nevertheless mark it as a “tentative” detection, because
the emission is detected in both polarisations, as well as inboth the first and the last 2 hours
of the observations. New observations are necessary to confirm this tentative HI emission.
As we will see in Sect. 3A.1, a large HI tail is detected in a galaxy in the field of B2 0206+35.

B2 2116+26:Two blobs of HI are detected around B2 2116+26 (Fig. 3.8 -left). The emis-
sion in the two blobs is detected across several channels (Fig. 3.8 -right). The total HI mass
in these blobs is3.0 × 107M⊙. The emission resembles HI detections in other data sets
that are associated with nearby optical companion galaxies(see e.g. B2 0258+35; Fig. 3.2).
However, in the DSS image of B2 2116+26 there are no apparent optical counterparts of these
H I “blobs”. It is therefore uncertain whether this HI emission is associated with companions
that are too weak in the optical to be visible in the DSS image,or if it is directly related to B2
2116+29. In the latter case it might represent tidal debris similar to the case of B2 1322+36
(Fig. 3.5). We therefore mark this detection as a “tentative” H I feature associated with B2
2116+26. New observations are necessary to determine the nature of this emission.

In the remainder of this chapter we leave the two tentative detections out of our analysis.
Instead we derive a conservative upper limit for large-scale HI around these two sources that
is significantly higher than the mass of the tentative, compact blobs of emission in Figs. 3.7
and 3.8.
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Figure 3.7: B2 0206+35– 0th moment total intensity map of the tentative HI emission
around B2 0206+35 (contours) overlaid onto optical DSS image (grey-scale). Contour levels:
0.26, 0.27, 0.29, 0.33, 0.35×1020 cm−2.

v = 4917 km/s

v = 4951 km/s v = 4968 km/s

v = 4934 km/s

B2 2116+26

Figure 3.8: B2 2116+26– Left: 0th moment total intensity map of the HI emission around
B2 2116+26 (contours) overlaid onto optical DSS image (grey-scale). Contour levels: 0.25,
0.30, 0.41, 0.45×1020 cm−2. Right: Channel maps that contain the HI emission. Contour
levels: 0.75, 1.0 mJy beam−1.

3.4.2 Sample properties

We have performed HI imaging of a complete sample of nearby radio galaxies. In this Section
we mention a number of interesting results that we derive from our sample as a whole.

We unambiguously detect HI emission in 6 of the 22 sample galaxies. When taking into
account only the complete sample (so without B2 1557+25 and NGC 3894; Sect. 3.2), our
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Table 3.5: HI around radio galaxies.Given is the name, the NGC number, the total HI mass
detected in emission, the diameter of the HI structure (or distance to the host galaxy for B2
1322+36), the peak in HI surface density, the relative HI content and the morphology of the
H I structure (D = disk, R = ring, B = “blob”).

# B2 Name NGC MHI DHI ΣHI MHI/LV Mor.
(M⊙) (kpc) (M⊙/pc2) (M⊙/L⊙) H I

1 0258+35 1167 1.8×1010 160 2.7 0.84 D
2 0648+27a - 8.5×109 190 1.7 0.099 R
3 0722+30 - 2.3×108 15 4.1 0.021 D
4 1217+29b,c 4278 7.4×108 34 - 0.14 D
5 1322+36 5141 6.9×107 20 3.7 0.0039 B
6 - 3894 2.2×109 105 3.8 0.054 R

References:a). Emonts et al. (2006); b). Raimond et al. (1981); c). Morganti et al. (2006a)

detection rate is 25%. Despite the effort that we made to obtain a homogeneous set of H I

data, the range in sensitivity of our observations is nevertheless significant and in a number
of cases we derive upper mass-limits for non-detections that are more conservative than a few
of our H I-detections. The highest upper limits that we derive areMHI ∼ 7 × 108M⊙. The
percentage of radio galaxies in our complete sample withMHI & 7 × 108M⊙ is 15%. In
Sect. 3.6.4 we will compare our HI-detection rate with that of early-type galaxies that were
not selected on their radio properties.

For five of the six HI-detected radio galaxies, the large-scale HI is distributed in a fairly
regular rotating disk- or ring-like structure, although a varying degree of asymmetry is still
visible in these structures. This result is striking in light of one of the initial goals of this
thesis, namely to investigate whether the radio-AGN activity can be related to merger events
(Chapter 1). As discussed in Sect. 1.3.1, in case of an ongoing major merger one expects
to trace tidal gaseous debris in the form of tidal tails, plumes or bridges. The fact that (ex-
cept for B2 1322+36) we observe large amounts of HI with regular kinematics implies that
either we are either dealing with old mergers (where the gas has had the time to settle), or
the HI structures have been formed through other processes (see Sect. 3.6.1 for a detailed
discussion).

Table 3.5 givesMH I/LV for our H I detected radio galaxies. The large spread inMH I/LV

for these galaxies (ranging from 0.004 to 0.8M⊙/L⊙) is consistent with a large spread of
MH I/LB found by Knapp et al. (1985) for elliptical galaxies, although the value of 0.84 for
B2 0258+35 is also typical for spiral galaxies (in absence ofgood B-band photometry of our
sample sources we had to rely on the V-band magnitudes). The large spread inMH I/LB for
elliptical galaxies compared to spiral galaxies has led Knapp et al. (1985) to conclude that the
H I gas in ellipticals is decoupled from the stars and has an external origin.

Figure 3.9 shows histograms of the distribution of both the HI detections and non detec-
tions regarding the optical morphological class and absolute visual magnitude (MV) of the
host galaxy, as well as the total power (P1.4GHz) of the radio source. Although we have to be
careful with our small-number statistics, there is no apparent bias in detecting HI regarding
these various observables. We stress again, however, that the sample consists only of com-
pact and FR-I sources – the more powerful, edge-brightened FR-II-type radio galaxies did not
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Figure 3.9: Histogram of the HI-emission detections in our sample regarding the total power
of the radio source at 1.4 GHz(top left), MV (top right)and morphological type(bottom)of
the host galaxy. (Values are taken from Tables 3.1 and 3.1.)

make it into our sample, because they exist at higherz.
Maybe the most intriguing result from our HI study is that galaxies with large amounts

of H I (MHI & 109M⊙) extended HI all have a compact radio source, while none of the
host galaxies of the more extended FR-I type radio sources shows similar amounts of HI.
This is illustrated in Fig. 3.10, where we plot the total massof H I detected in emission
against the linear size of the radio sources. When applying a statistical Mann-Whitney U-
Test on our detections plus upper limits, the group of compact (<15 kpc) sources differs in
H I mass content from the group of the extended (>15 kpc) sources at the 95% significance
level (even when leaving NGC 3894 and B2 1557+26 out of the statistics). This indicates that
there is a seggregation in large-scale HI content between compact sources and extended FR-I
sources, which suggests thatthere is a physical link between the properties of the central radio
source and the large-scale properties of the ISM. A detailed discussion about this observed
segregation is given in Sect. 3.6.3.

In Fig. 3.11 the 60 and 100µm infra-red flux of our radio galaxies is plotted against the
total H I mass detected in emission in these systems. The values for S(60µm) and S(100µm)
are taken from Impey & Gregorini (1993, and references therein). Although there is no
clear correlation between large-scale HI mass content and infra-red flux, five of the six radio
galaxies with HI detected in emission are also detected at 60µm (the non-detection at 60µm is
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Figure 3.10: Total H I mass detected in emission plotted against the linear size ofthe radio
sources. In case of non-detection a tight upper limit (3σ across 400 km s−1) is given. The
numbers correspond to the sources as they are given in Table 3.5.
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Figure 3.11: Total H I mass detected in emission plotted against the 60µm (left) and 100µm
(right) IRAS flux. The arrows represent upper limits. The numbers correspond to the sources
as they are given in Table 3.5.

B2 1322+36). Two of them (B2 0648+27 and B2 0722+30) are even the brightest IR sources
in the entire sample. The 60µm flux is expected to trace warm dust that could predominantly
be heated by young stars (e.g. Sanders & Mirabel 1996). In Chapter 4 we will investigate the
stellar populations in these HI-rich systems and compare this with the IR-properties.
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3.5 HI absorption
H I is detected in absorption against the radio continuum for 8 of the 22 sample sources. For
all these detections, an absorption profile is visible in thebeam that covers the central region
of the galaxy. These central HI absorption profiles are shown in Fig. 3.12. For 7 of the 8
sources this central absorption is unresolved. Only for B2 1322+36 the absorption is slightly
extended against the resolved radio continuum (this can be seen in Fig. 3.5). In addition,
two of the sources (B2 0055+30 and B2 1321+31) contain a second absorption profile that is
likely related to HI gas far from the nucleus. The individual cases will be discussed in detail
in Sect. 3.5.1.

Table 3.4 gives the optical depth and column density of the HI gas derived for the HI
absorption systems. The optical depth (τ ) is calculated from:

e−τ = 1 −
Sabs

Scont
, (3.3)

whereSabs is the peak flux of the absorption andScont the flux of the underlying radio
continuum. Subsequently, the HI column density (NHI) is given by:

NHI (cm−2) = 1.8216 · 1018
× Tspin ×

∫

τ(v) dv, (3.4)

wherev is the velocity andTspin the typical spin temperature of the HI gas, assumed to be
100K. The radio sources against which HI absorption is detected are likely to have a complex
structure at the VLBI-scales. The HI column densities in our observations are derived assum-
ing a covering factor of 1 for the gas that overlies these radio sources. For non-detections an
upper limit is calculated assuming a potential 3σ detection (uniform weighting) spread over
100 km s−1.

3.5.1 Individual objects

B2 0055+30:As can be seen in Fig. 3.12, in B2 0055+30 there are two absorption features
(a broad and a narrow one). According to Morganti et al. (2006b) these features are both
unresolved against the central beam, up to VLA A-array resolution of∼ 1 arcsec. The broad
component is detected near the systemic velocity of the galaxy (Trager et al. 2000), while the
narrow component is redshifted by about 460 km s−1. Morganti et al. (2006b) favour the idea
that the broad component is associated with a circum-nuclear disk/ring of neutral gas, while
the narrow component most likely represents an HI cloud at larger distance from the centre
(possibly tidal debris).

B2 0258+35: The column density of the HI gas detected in absorption in B2 0258+35 is
the lowest absorption-detection in our sample. This is possible because B2 0258+35 has by
far the largest peak radio-flux of all the sources in our sample (Table 3.3), which makes this
source by far the most sensitive for detecting HI in absorption. When extrapolating the de-
rived column density to mass surface density, this surface density is only a factor 2-3 lower
than the peak surface density of the large-scale HI emission (Table 3.5). Also, the width of
the absorption profile agrees with the velocity gradient that the HI emission-line disk should
have in the central beam (Fig. 3.2). It is therefore likely that the gas that causes the HI ab-
sorption is part of the large-scale HI disk. Alternatively, the HI absorption may arise from
gas that lies deeper in the nuclear region of the galaxy.
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B2 0648+27:details of the HI absorption in B2 0648+27 are already discussed in Chapter
2. The absorption could represent either part of the large-scale HI structure, or gas deeper in
the nuclear region of the galaxy.

B2 0722+30: the HI absorption profile in B2 0722+30 is part of the extended HI disk that
is observed edge-on (Fig. 3.4). Since a substantial part of the HI disk appears in absorption
against the radio source, rather than in emission, the HI mass of the gas disk is somewhat
higher than the estimate in Table 3.5, which was derived solely from the HI emission.

B2 1321+31:an unresolved absorption feature is detected against the radio continuum in the
central region of B2 1321+31. The velocity of this central absorption feature is slightly red-
shifted with respect to the systemic velocity derived from optical emission lines as given in
NED. Beside the absorption against the central region, a similar absorption feature is detected
against the bright outer lobe of the radio plasma, roughly 100 kpc from the nucleus (see Fig
3.13). As can be seen in Table 3.4, the column densities of theH I gas in front of the radio
lobe isNHI ∼ 3.6×1021 cm−2 (Tspin = 100K). Moreover, the outer absorption appears be be
confined within a single beam. Near the location of this outerabsorption, there is no galaxy
visible in optical DSS images. The nature of this HI gas therefore remains uncertain. We will
speculate about the nature of this absorption in Sect. 3.5.3, where we will also mention two
other radio sources that have a similar absorption. We note that the peak of the absorption,
both in the central region and against the outer lobe, is onlyjust above the 3σ level. The
fact that the absorption features appears in both polarisations and in both the first and last
1.5 hours of the observations suggests that they are real. Nevertheless, new observations are
highly desired before drawing firm conclusions about the HI absorption in B2 1321+31.

B2 1322+36:the HI absorption in B2 1322+36 is marginally resolved against theradio lobes
in the direction of the “blobs” of HI emission that are found north-east of this galaxy. The
column density of the HI absorption (Table 3.4) is very similar to the peak column density
seen in emission (Fig. 3.5). This strongly suggests that both the HI emission and HI absorp-
tion features are part of the same, large-scale structure. This structure could well be either a
tail or a stream of cold gas, which at other locations would have a too low surface density to
be detected.

B2 1447+27: the detection of HI absorption in this system is very marginal, and only de-
tected in a data cube with robust or natural weighting. For a uniform weighted cube the signal
disappears in the noise. The radio source itself is unresolved. If confirmed, B2 1447+27 is
another galaxy with a compact radio sources in which HI is detected. It is not clear whether
this absorption represents gas in the nuclear region or at larger scales. In the latter case, the
surface density is too low to be visible in emission.

NGC 3894: the HI absorption against the unresolved radio source in NGC 3894 has a clear
double-peaked pattern. The velocity of this gas also agreeswith the rotation of the large-scale
H I ring (Fig. 3.6). We therefore argue that much of the gas that creates the HI absorption
could be part of the large-scale HI ring that surrounds NGC 3894. The double-peaked pattern
of the absorption is due to a complex structure of the radio source at scales smaller than the
resolution of our observations (Peck & Taylor 1998).
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Figure 3.12: Central HI absorption profile of B2 0055+30 (from Morganti et al. 2006b,–
left) and B2 0258+35(right). The velocities are given in optical definition. The bar indicates
the systemic velocity traced with optical emission lines. Values of vsys are taken from NED
(unless otherwise indicated in the text).

Figure 3.12: – continued:B2 0648+27(left) and B2 0722+30(right)
.

Figure 3.12: – continued:B2 1321+31(left) and B2 1322+36(right)
.
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Figure 3.12: – continued:B2 1447+27(left) and NGC 3894(right)
.

Figure 3.13: H I absorption profile of B2 1321+31 against the outer western radio lobe.

3.5.2 Sample properties

H I is detected in absorption against the radio continuum for 8 of the 22 sample sources. In
many cases the HI absorption features could be part of the large-scale HI structures found in
emission (as described in the individual notes of Sect. 3.5.1). Alternatively, the HI absorption
may also trace HI in the very central region (e.g. infalling or outflowing gas,or a nuclear
disk or torus).

When taking into account only the complete sample (so withoutB2 1557+25 and NGC
3894), our detection rate of HI absorption is 35%. This detection rate is comparable to
detection rates observed by van Gorkom et al. (1989) (who studied a sample of nearby radio
sources with a compact core) and by Vermeulen et al. (2003) (who studied compact radio
sources atz ≤ 0.85). For the compact and FR-I sources separately, the detection rates of our
complete sample are 57% and 21% respectively. Our detection rate of extended FR-I sources
is slightly higher than that derived by Morganti et al. (2001), who detect HI absorption in
10% of FR-I sources from the 2-Jy sample of radio sources (Wall & Peacock1985). Our
detection rate of compact sources is in very good agreement with the detection rate of54%
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that Pihlstr̈om et al. (2003) derive for a large sample of Gigahertz PeakedSpectrum (GPS)
and Compact Steep Spectrum (CSS) sources.‖ Pihlstr̈om et al. also detect an anti-correlation
between the projected linear size of these sub-galactic scale radio sources and the HI column
density. This anti-correlation is attributed to the different linear size of GPS and CSS sources
rather than a difference in distribution of the cool ISM. Since the HI absorption most likely
comes from the location where the radio continuum is strongest, the GSP and CSS sources
both trace different parts of the ISM (which could have a similar distribution for both types
of sources). Our segregation between HI content and source size on the large scales (Sect.
3.4.2) is therefore different from the effect described by Pihlström et al. (2003).

All the galaxies in our sample that are detected in emission also show HI in absorption.
The only exception is B2 1217+29, for which Raimond et al. (1981) argue that no absorption
can be seen. HI absorption is also detected against the compact radio source B2 1447+27. In
addition, HI absorption is seen in two extended FR-I sources: B2 0055+30 and B2 1321+31.
These two sources do not show HI emission features. However, the HI absorption in these
two extended sources is complex, consisting of a central component near the systemic ve-
locity of the system plus a second component that is either redshifted (for B2 0055+30) or
visible against the outer lobe (for B2 1321+31). This suggests that HI gas can be present also
at large scale around extended FR-I sources, albeit much lower amounts than the large-scale
H I structures that we find in emission around some of our compactsources.

The absorption in our sample sources is either centred around the systemic velocity (as
traced by optical emission lines), or redshifted with respect to it. No blueshifted absorption
is found. First of all, we have to note that the systemic velocity that we used is in most
cases based on values taken from NED, which have a large uncertainty. Nevertheless, our
results are in good agreement with results by van Gorkom et al. (1989), who also detect some
redshifted HI absorption, but no blueshifted HI in their sample of compact radio sources.
Van Gorkom et al. argue that this demonstrates the infall of HI into the inner region of some
radio galaxies. The fact that we do not find any blueshifted HI absorption features is in
contrast with results from a complete sample of FR-I and FR-II sources studied by Morganti
et al. (2001), who find both redshifted as well as blueshift HI absorption systems (although
we have to note that our number statistics are small). Vermeulen et al. (2003) even find that
in many compact sources up toz = 0.85, H I absorption is substantially blueshifted (up to
1420 km s−1 from vsys). However, the compact sources in their sample have a higherradio
power than the sources in our sample. Possibly, interactions between the radio jets and the
ISM could be more important in these powerful compact sources than in the lower power
cases in our sample, resulting in the outflow of HI in the sample of Vermeulen et al. (2003).

Figure 3.14 shows that there is – in contract to the HI emission results – no apparent
trend visible between radio source size and the presence of HI absorption. We would like
to note, however, that for HI to be detected in absorption against the radio continuum, not
only the column density of the gas is important, but also the strength of the radio source
and the geometry of the HI gas. These are important selection effects that influence our H I

absorption results, while they are not relevant for detecting H I in emission.

‖see Sect. 1.2 for a description of GPS and CSS radio sources.
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Figure 3.14: Column density of HI-absorption in our sample sources plotted against the
radio source size. The circles represent absorption detected against the central region. The
squares represent the narrow, redshifted absorption in B2 0055+30 and the absorption against
the outer radio lobe of B2 1321+31. Upper limits are based on apotential detection with a
3σ peak (uniform weighting; Table 3.3) and a FWHM of 100 km s−1.

3.5.3 Absorption against the outer lobe

As we saw in Figure 3.13, B2 1321+31 is the only radio galaxy inour sample that shows
H I in absorption far beyond the optical host galaxy. The occurrence of the absorption near
the location of a bright spot in the radio continuum at the tipof the western radio lobe is
particularly striking. The absorption against the outer lobe of B2 1321+31 resembles two
other cases: 3C 234 (studied by Pihlström 2001) and 3C 433 (studied as part of this thesis
project; see Appendix 3B). These are two extended radio sources with FR-II properties.
For 3C 234 and 3C 433 the HI absorption (withNHI ≈ 3 × 1020 and1.8 × 1020 cm−2

respectively) is seen only against a bright spot at the tip ofone of the radio lobes at a distance
of 227 resp. 60 kpc from the nucleus.

There are two possible explanations for the presence of the outer HI absorption in these
three systems. The first one is that the HI gas is part of a (faint) structure, such as a tidal-tail,
gaseous stream or gas-rich companion galaxy (perhaps not visible in optical DSS images)
that happens to overlay, or be in the path of, the outer part ofthe radio lobes. In that case the
H I structure is too faint to be detected in emission. While this is certainly a good explanation
for the HI absorption in 3C 234 and 3C 433, it is apparently not for B2 1321+31. The large
column density derived from the HI absorption against the outer lobe of B2 1321+31 (Table
3.4), together with the much larger sensitivity for detecting H I in emission compared to the
other two sources (which are much further away), means that large-scale HI with similar
column density should have been detected also in emission. Asecond possibility for the
outer HI absorption in the three galaxies mentioned here is that it corresponds to a region
where the radio plasma interacts with ambient ISM or IGM, similar to the case of the Seyfert
2 galaxy IC 5063 (Oosterloo et al. 2000).
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3.6 Discussion

3.6.1 Origin of the large-scale HI

Four of the radio sources in our sample have& 7× 108M⊙ of large-scale HI associated with
their host galaxy. Two more have evidence for minor amounts of extended HI and another
two have a tentative HI detection. The question arises what is the origin of the HI in these
systems?

Two possible formation mechanisms of the large-scale HI structures have already been
discussed in detail in Sect. 1.3, namelymajor mergersandcold accretion. In case of a major
merger event, Barnes (2002) shows that a large-scale gaseous disk or ring can be assembled
on timescales of& 1 Gyr (see also Sect. 1.3.1). The disks in Barnes’ simulationsresemble
very much the large-scale rings and disks that we observe in HI. In case of cooled IGM that
is accreted onto the host galaxy, Kereš et al. (2005) show that large-scale gaseous disks can
be assembled as well (see also Sect. 1.3.3). This could therefore provide another mechanism
of building up the HI rings and disks that we observe (although we have to note that, to our
knowledge, firm observational evidence for the ongoing formation of large-scale HI disks and
rings around early-type galaxies through the process of cold accretion is currently lacking).
According to Serra et al. (2006), the process of building a gaseous disk of about1010M⊙

through the process of cold accretion could take many Gyr.
It is not likely that the HI disks that we detect have been assembled through the sub-

sequent accretion of small companions (in particular not for the disks withMHI ∼ 109 −

1010M⊙), since in that case either the number of accretion events must have been unphys-
ically large, or the accreted systems must have been so gas-rich that a major merger would
be the result. However, we cannot rule out that the less massive (MHI . few × 108M⊙)
structures could have been assembled through subsequent accretion of small companions.

For B2 0648+27 we already saw in Chapter 2 that a major merger occurred in this system.
For the other HI-rich radio galaxies the exact formation mechanism of the large-scale HI

structures (major merger or cold accretion) is still uncertain with only the HI information
from this Chapter. Nevertheless,regardless of the exact formation mechanism, it is clear that
these HI structures must be old (at least one to several Gyr).We findnoclear evidence in HI
for ongoingmajor mergers in the form of prominent tidal features associated with the radio
galaxies, although some of our radio galaxies are located inan environment where major
interactions are taking place (Sect. 3A). Regarding the regularity of the large-scale HI disks
and rings that we find, one worry might be that the sensitivityof our H I observations is not
ideal for detecting low surface brightness tidal features that are not (yet) settled. If there is
unsettled tidal debris of cold gas around the radio galaxies, it is likely to be more spread
out than the HI disks and rings that we observe. This makes detection of suchunsettled HI

debris more difficult. Greene et al. (2004) show that for decreasing sensitivity to detect HI
in emission, complicated velocity structures in HI tend to wash out and the HI often gets
a more smooth and rotating appearance. Nevertheless, the fact that we observe tail-like HI
structures in the environment of six of our radio galaxies (Sect. 3A) reassures us that we are
sensitive also to tidal HI gas. Also B2 1322+36 is a case where the HI has apparently not
(yet) settled.

A good tool that may help in discriminating between the merger and the cold accretion
scenario is a detailed study of the stellar populations in these radio galaxies (as we did for
B2 0648+27; Chapter 2). As described in Chapter 1, a major merger likely triggers a burst of
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star formation in the host galaxy, whereas cold accretion isa very steady process that is not
expected to trigger a massive, instantaneous starburst. InChapter 4 we will make a detailed
analysis of the stellar populations in our HI-rich radio galaxies in order to investigate the
formation mechanism of these HI structures in more detail.

3.6.2 Onset of the radio-AGN activity

For most of the HI-detected galaxies in our sample, the HI is distributed in a fairly regu-
lar rotating disk- or ring-like structure. Regardless of the formation mechanism of the host
galaxy (be it mergers or cold accretion; Sect. 3.6.1), it is clear that the process that builds up
these rings/disks started a long time ago (at least several Gyr).

The lifetime of radio sources is generally believed to be much less than this. Very ex-
tended FR-I radio sources are believed to be not more than108 years old (Parma et al. 2002).
The ages of compact sources could even be considerably lowerthan this. From an estimate
of the radio spectral break frequency from total flux densitymeasurements, Giroletti et al.
(2005a) estimate that B2 0258+35 and B2 0648+27 have a minimum age of about 1 Myr,
therefore much younger than the age of the large-scale HI rings/disks. Of course this does
not rule out the possibility that there have been previous periods of radio-AGN activity (in
an earlier epoch after the formation of the rings/disks), ofwhich the signatures have already
vanished. Another concern that we already expressed in Sect. 2.6 is that Blundell & Rawl-
ings (2000) have argued that spectral break frequency measurements may not always reflect
the true age of radio sources. However, this effect should not be significant for our compact
radio sources, given that their lifetimes are likely much shorter than the observable radiative
lifetimes of synchrotron-emitting particles (as we already explained in Sect. 2.6). Therefore,
spectral age estimates of these sources should be reliable and comparable to ages estimated
from advance speeds of the radio plasma. Based on advance speeds, studies by for example
Gugliucci et al. (2005) show that the typical age of Compact Symmetric Objects (CSOs) is at
most a few thousand years. We have to be careful though, sinceour compact sources are of
much lower power than typical CSO sources.

Nevertheless, we already concluded for B2 0648+27 in Chapter 2 that at least the current
phase of radio-AGN activity started long after merger eventthat created the large-scale HI

ring in this system. For the other galaxies with a massive HI-ring or -disk (regardless whether
it formed through a merger or through cold accretion), the current phase of radio-AGN activ-
ity must also have started long after the formation of the HI structure. Based on CO results
in radio galaxies, a delay between the merger event and the triggering of the radio source was
also proposed by Evans et al. (1999a). This is also consistent with other recent studies that
involve starburst events in radio galaxies (Tadhunter et al. 2005; Labiano Ortega 2006), as we
will discuss in more detail in Chapter 4.

Beside the fact that mergers are a possible mechanism for bringing gas to the central
region of the galaxy, it is not clear how the gas is transported down to the sub-pc scale region
of the central BH. The actual ignition of the AGN, and in particular the ejection of the radio
jets in radio-loud AGN, might therefore critically depend on other physical processes which
are not yet well understood. Such possible processes might include settling-timescales for
heavily stirred gas after the starburst event, minor mergerevents, tidal perturbations by galaxy
encounters (Lin et al. 1988), central bars (e.g. Schlosman et al. 1989), merging of individual
black holes (e.g. Escala et al. 2004; Milosavljevic & Merrit2001; Wilson & Colbert 1995) or
merging of a black hole with an individual cloud (e.g. Bekki 2000). In this respect it is worth
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to note that for our HI-rich radio galaxies also nearby companions have been detected in
H I, some with tidal HI features (in particular B2 0722+30 and NGC 3894 have very nearby
companions which show tidally disturbed HI gas, as can be seen in more detail in Sect. 3A.1).
A detailed study of the environment of our sample sources is beyond the scope of this thesis
project (for reasons mentioned in Sect. 3A), but it would be worth to further investigate a
possible link between tidal interactions in the immediate vicinity of the radio galaxies and
the onset of radio-AGN activity in these systems.

3.6.3 The ’HI mass - radio size’ segregation

Maybe the most intriguing result in this chapter is the apparent segregation in large-scale HI

mass content between compact and extended radio sources in our sample (Fig. 3.10). Large
amounts of HI (with MHI & 109M⊙) are only observed around host galaxies with acompact
radio source, while none of the host galaxies of the more extended FR-I type radio sources
shows similar amounts of large-scale HI. Another compact radio source from the literature
that is in agreement with this picture is the southern compact radio source PKS B1718-649
(Veron-Cetty et al. 1995). This radio galaxy contains a massive (MHI ∼ 1.5 × 1010M⊙ for
H0 = 71 Mpc km s−1), asymmetric HI disk (> 100 kpc in diameter). Veron-Cetty et al.
(1995) argue that the HI disk was likely assembled during a merger event.

As we already mentioned in Sect. 3.4, we stress again that this does not necessarily mean
that the FR-I sources in our sample are completely devoid of HI. Tentative evidence for this
comes from the off-nuclear HI absorption that was found in two extended FR-I sources in
our sample (Sect. 3.5). More solid evidence for this comes from the very nearby FR-I radio
galaxy Centaurus A (which has a radio source with a linear size of 650 kpc). Because Cen A is
very nearby (D = 3.5 Mpc), H I emission studies of this radio galaxy are much more sensitive
than those of our sample sources. Cen A contains a central HI disk (MHI ≈ 4.5 × 108M⊙)
out to a radius of only∼ 7 kpc from the centre (van Gorkom et al. 1990; Schiminovich et al.
1994). In addition, Schiminovich et al. (1994) detected1.5×108M⊙ of H I in extended shells.
In comparison, if the HI features found in Cen A would also exist around our sample sources,
than the disk would be hardly resolved against the central beam (and therefore appear mostly
in absorption against the central radio continuum) and the HI shells would probably be of too
low surface density to be detected at at the redshift of our sample sources.

When applying a statistical Mann-Whitney U-Test on the HI emission detections plus
upper limits in our sample, the group of compact (<15 kpc) sources differs in HI mass
content from the group of the extended (>15 kpc) sources already at the 95% significance
level (even when leaving NGC 3894 out of the statistics). This suggests that for these nearby
radio galaxies there indeed isa segregation in large-scale HI-content between the compact and
the extended FR-I sources. Here we discuss several possible explanations for this segregation:

1. Host-galaxy scenario:The first possibility is that the large-scale HI content and type of
radio source both depend on the properties of the host galaxy.

Regarding the optical morphology, all host galaxies in our sample are classified as early-
type, and large-scale HI structures are found both around S0 as well as E galaxies (Table 3.1).
However, the optical morphology of our galaxies is based on results from the NASA/IPAC
Extragalactic Database (NED). New, deep optical imaging ofour sample sources is necessary
to study in more detail the optical morphology of the host galaxies.
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Regarding the mass of the host galaxies, Kereš et al. (2005) argue that in case the HI

structures have formed through cold accretion, they are likely found around low-mass galax-
ies (although environment may also play a role). Observationally, Schiminovich et al. (1997)
found that around “shell” elliptical galaxies the most settled H I structures are associated with
galaxies with lowestLB. In absence of good B-band photometry, we investigated the absolute
visual magnitude (MV) of our sample sources (Table 3.1). In Fig. 3.9 we saw that there is no
preference for HI to be associated with the dimmest galaxies inMV. In fact, B2 0648+27 is
the brightest galaxy in the sample (although we note that in B2 0648+27 there is clear evi-
dence that the HI ring assembled through a merger event and not through cold accretion). In
addition, the lower-mass galaxies should also have smallerradio sources. Unless the growth
of the source is somehow affected by the cold accreted material, so far there is no indication
why this should be the case..

Therefore, if the host-galaxy scenario is valid, the optical properties of the host galaxy (mor-
phology and/or mass) are crucial for the formation of the HI structures and for the size of the
radio source. Although our current results are not in favourthis scenario, accurate optical
imaging of our radio galaxies is necessary to verify this.

2. Evolutionary scenario: The second possibility is related to the evolution of the radio
sources, in the sense that low-density HI structures are heated or ionised when the radio jets
propagate outward. A clear example of jet-ionisation on large scales is radio galaxy Coma A
(Morganti et al. 2002), where an HI disk (60 kpc in diameter) is partly ionised by radio jets
that are apparently expanding into it. The chance that the radio jets are aligned in the same
plane as a large-scale gaseous disk is small, and it will certainly not be the case for all our
extended radio sources. So can the ISM be ionised also when the jet is not directly expanding
through it? Simulations of powerful radio sources by Bicknell & Sutherland (2006) show that
propagating jets of powerful radio sources can create a quasi-spherical, high pressured bub-
ble of radio plasma, that drives radiative shocks in every direction through the host galaxy’s
ISM. This mechanism - if important also for our FR-I sources - might explain how large-scale
neutral gas structures may have been ionised by extended radio jets/lobes.

If this is the case, we expect to see large, regularly rotating emission-line structures around
these sources. However, extensive emission-line studies (Baum et al. 1988, 1992) show that
large-scale emission-line features - although common around FR-I sources - are not as ex-
tended as the HI rings and disks that we find around some compact radio sources. Despite
the fact that our radio galaxies are not in dense clusters (and therefore are not expected to
have large amounts of hot gas), deep X-ray imaging of our radio galaxies is necessary to
study if gas could have been heated to higher temperatures bythe propagating radio jets.

In light of the cold accretion scenario as a possible formation mechanism of large-scale
H I disks, B̂ırzan et al. (2004) and McNamara et al. (2005) show that expanding X-ray cavi-
ties, produced by powerful radio jets that interact with thehot inter galactic medium (IGM),
can in many cases quench cooling of this hot gas. Recently, Best et al. (2006) argued from
empirical evidence that even moderately powerful radio sources (similar to the FR-I sources
in our sample) can self-regulate the balance between cooling and heating of the hot gas sur-
rounding these systems. These studies show that propagating radio jets may prohibit HI
structures from forming in the first place.



DISCUSSION 75

Therefore, if ionisation/heating of large-scale gas occurs, the propagating radio jets/lobes
must have a major effect on the ISM of the host galaxy. Although jet-ionisation/heating cer-
tainly occurs in some radio galaxies, better models and additional observations are necessary
to further investigate whether this scenario could explainthe lack of HI in the extended FR-I
sources in our sample.

3. Lack-of-growth scenario: The third possibility is that the HI-rich compact radio sources
do not grow into extended sources, either because they are frustrated by ISM in the central
region of the galaxy, or because the fuelling stops before the sources can expand. The four
most compact and most HI-rich radio sources in our sample have been studied in detailby
Giroletti et al. (2005a,b) and Taylor et al. (1998). Interaction with the ambient medium has
been suggested for all these sources. Although it is not clear how much gas is needed to con-
fine a radio source (see e.g. the discussion by Holt et al. 2003), Giroletti et al. argue that for
NGC 4278 and B2 0648+27 the relatively low power of the radio AGN, combined with the
presence of ambient ISM, could result in the small source size. B2 0258+35 and B2 0648+27
have a minimum estimated age of about 1 Myr, arguing against the interpretation that these
sources are very young, and therefore compact. B2 0258+35 displays variable levels of ac-
tivity, suggestive of inefficient fuelling, and is therefore not expected to grow beyond the kpc
scale.

The segregation in large-scale HI content between compact and extended FR-I sources
implies that the lack-of-growth of the radio source in the central kpc should also reflect in the
amounts of HI at larger scales. A good explanation for this is that our HI-rich radio galaxies
formed from a major merger of gas-rich galaxies (as has been shown is the case for B2
0648+27; Chapter 2). As explained in Sect. 1.3.1, during a major merger between comparable
sized disk galaxies, part of the gas is expelled in large-scale tidal features, while another part
is transported into the central kpc-scale region. The latter could be responsible for frustrating
the radio jets. Or perhaps the radio jets drive out substantial amounts of gas from the centre,
terminating the fuelling process (in Chapter 6 we will present evidence that massive jet-
driven outflows occur at least in the more powerful radio galaxies). Alternatively, while the
geometry and the conditions of the encounters appear to be able to form the large-scale HI
structures that we observe, they might not be efficient in channelling substantial amounts of
gas to the the very inner pc-scale region (i.e. the region much smaller than the typical nuclear
starburst region). This could prevent stable fuelling of the AGN and hence large-scale radio
structures do not develop. Perhaps major mergers with different initial conditions (prograde
vs retrograde encounters) or different progenitors (prominent vs small bulges) might channel
more gas to the very inner region and therefore could give rise to large, powerful radio sources
of type FR-II (which, according to Heckman et al. 1986, also originate from mergers).

The extended FR-I sources in our sample could be fed in another way, for example
through minor interactions or through a steady cooling flow (e.g. Fabian 1994), resulting
in a continuous supply of material. Since only a very small amount of gas is necessary to
fuel a radio source (e.g. van Gorkom et al. 1989), another possibility is that FR-I sources are
related to dry mergers between gas-poor elliptical galaxies (e.g. Colina & de Juan 1995)..

Therefore, if the lack-of-growth scenario is valid, our observed relation between radio-source
size and HI mass content must be related to the distribution of the ISM – both at large scales
as well as in the nuclear region.
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3.6.4 Comparison with radio-quiet early-type galaxies

As discussed in Sect. 1.5.1, also around normal early-type galaxies large-scale HI structures
have been imaged (e.g. Schiminovich et al. 1994, 1995; Morganti et al. 1997; van Gorkom &
Schiminovich 1997; Sadler et al. 2000; Oosterloo et al. 2001, 2002; Serra et al. 2006). Many
of these large-scale HI structures have a morphology similar to the structures thatwe find
around our HI-rich radio galaxies. However, these single case studies ofnormal early-type
galaxies are not suited for a more quantitative comparison with our complete sample of radio
loud early-type galaxies.

Recently, Morganti et al. (2006a) and Oosterloo et al. (2006) completed two studies that
were aimed at obtaining quantitative results on the occurrence and the morphology of large-
scale HI in early-type galaxies (not selected on radio loudness). Inthis Section we compare
the results of these two studies with the results that we obtained for our sample of radio loud
early-type galaxies.

HIPASS follow-up sample:The first study (Oosterloo et al. 2006) involves the imaging of
H I in 43 southern early-type galaxies with the Australia Telescope Compact Array (ATCA).
These galaxies form a sub-sample of in total 2552 early-typegalaxies from the RC3 cata-
logue that were observed as part of the HI Parkes All-Sky Survey (HIPASS), a complete
single-dish survey of HI emission in the southern sky (Barnes et al. 2001). The early-type
galaxies followed up with the ATCA were selected on their single-dish HI detection. Follow-
up observations of these galaxies were desired to investigate the actual morphology of the
H I, as well as to establish for some galaxies whether the HI is associated with the early-
type galaxy itself or with nearby galaxies that were confused in the large Parkes-beam (15
arcmin). It is important to stress that, while the HIPASS sample of early-type galaxies is a
complete sample, the follow-up sample is not. The first results on the HIPASS sample give an
H I detection rate in early-type galaxies of5−12%, given a detection limit of a few×109M⊙

(Sadler 2001). This detection rate is based on the unconfused galaxies in HIPASS, therefore
this is a conservative estimate. The HI structures that were imaged in the follow-up study
with the ATCA are mainly large and regular rotating disks (the detection limit of the ATCA
observations is roughly109M⊙).

Sauron sample:The second study (Morganti et al. 2006a) involves 12 early-type galaxies
selected from a larger, representative sample of early-type galaxies observed with SAURON
(an optical integral field spectrograph for the WHT that traces the emission- and absorption-
line gas in the central part of these systems). Due to the proximity of these early-type galaxies,
low detection limits of HI mass (down to a few×106M⊙) could be reached with the WSRT.
The HI detection rate in this sample is 75%. The morphology of the HI is more diverse than
in the HIPASS follow-up sample, with HI morphologies ranging from regular rotating disks
to irregular clouds, tails and complex distributions.

The morphology of the observed HI features in these two samples is remarkably similar
to the morphology of the HI features in our B2 sample of radio loud early-type galaxies.In
all samples, at the high-mass end (MH I > few × 109M⊙) the HI is distributed in large and
regular rotating disk- and ring-like structures. As discussed in Sect. 3.6.1, this means that
these HI structures are old and settled. One of the most interesting results from this chapter
is that clear, large-scale tidal HI features of ongoing major mergers (tails, bridges, etc.) are
lacking, not only for normal early-type galaxies, but also for the radio-loud cases that we stud-
ied in this chapter (see also Sect. 3.6.1). For lower amounts(MH I > few × 106 − 108M⊙),
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Figure 3.15: H I mass plotted against radio power for the early-type galaxies of the various
samples. In case of non-detection the upper limit is plotted. The values of the HIPASS
follow-up and the Sauron sample are taken from Oosterloo et al. (2006) and Morganti et al.
(2006a). For the B2 sample the circles represent the HI detections and the flat arrows the
non-detections; for the HIPASS follow-up and the Sauron sample the triangles represent the
H I detections and the pointed arrows the non-detections. The dividing line between the
various samples is drawn for clarification and does not represent a physical division between
radio-loud and radio-quiet galaxies.

the samples also contain galaxies in which a more irregular HI distribution is detected. The
blobs of HI found in B2 1322+36 and - if confirmed - the two tentative HI detections in
our B2 sample, might represent irregular HI structures similar to those found in the Sauron
sample. In this respect it is worth to note that the sensitivity of the observations is important
for tracing irregular structures, more so than for tracing regular rotating disks. This has been
investigated in more detail by Greene et al. (2004), who showthat in observations of galaxies
at increasing distance, complicated velocity structures in H I tend to wash out.

To compare the HI detection rate in our sample of radio-loud early type galaxies with the
detection rates in the two samples of ’normal’ early-type galaxies (i.e. not selected on radio-
loudness), we plot in Fig. 3.15 the observed HI mass against the power of the radio source
(in case of non-detection the upper limit is given). From Fig. 3.15 it is immediately clear
that the radio galaxies from our complete sample (“B2 sample”) are almost all radio loud
compared to the galaxies in the HIPASS follow-up sample and the Sauron sample (one object
in common between the B2 sample and the Sauron sample is the very nearby radio galaxy
B2 1217+29 or NGC 4278). We argue that the difference in detection rate between the various
samples is likely the result of a difference in sensitivity,rather than a true difference in HI
content between the various samples. 10% of our B2 sources (excluding NGC 3894 and B2
1557+26, because they are not part of the complete sample; Sect. 3.2) have an HI mass
higher thanMHI ≈ 109M⊙ (the detection limit of the HIPASS sample.) This percentageis
very similar to the HIPASS detection rate.∗∗ The sensitivity of the Sauron sample is much
higher than that of both the B2 sample and the HIPASS sample, but only∼ 33 − 50% of the
Sauron galaxies have an HI mass higher thanMHI ≈ few × 108M⊙ (the detection limit of

∗∗Note that the detection rate of the HIPASS sample is based on the complete sample of early-type galaxies from
the HIPASS catalogue and not on the ATCA follow-up study shown in Fig. 3.15.
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our B2 sample). This percentage is slightly higher than the detection rate of our B2 sample,
but we note that the two samples are based on small number statistics.

Thus, as far as we can tell from the limited comparison between the three samples, there
appears to be no significant difference in both HI detection rate and HI morphology be-
tween the radio-quiet and radio-loud early-type galaxies in these samples. For sure, there
is no evidence that our complete B2 sample of radio-loud early-type galaxies has a higher
detection-rate or contains more tidally distorted HI structures than the samples of normal
early-type galaxies. Optical studies of nearby FR-I sources also show that their host galaxies
appear very similar to quiescent early-type galaxies, bothat the tens of kpc scale (e.g. Ledlow
& Owen 1995) as well as as at the hundreds of pc scale in the nuclear region (Verdoes Kleijn
et al. 1999), which agrees well with our results.If confirmed by larger samples, this indicates
that a moderately powerful radio-loud phase is just a short (perhaps recurrent) period that
could occur at some point during the lifetime of many – or evenall? – early-type galaxies.

3.6.5 High-redshift radio galaxies

Compared to the local universe, it is believed that in the distant universe clusters are much
richer in gas, cooling flows may play important roles in the formation of galaxies, major
mergers are more common and radio sources can get very powerful. Powerful radio sources
are often used as beacons to trace massive structures at highredshift (e.g. Venemans 2006).
To investigate the role of galaxy evolution throughout the universe, a detailed knowledge
about the relation between host galaxy and radio source properties is required. In this respect
it is important to compare the properties of the ISM in our nearby radio galaxies (which we
can study in great detail) with the known properties of the ISM in high-redshift radio galaxies.

Around high-redshift (z > 2) radio galaxies quiescent Lyα halos are often seen, some
of which appear to be settled into a rotating disk (e.g. Villar-Mart́ın et al. 2003). The domi-
nant ionisation mechanism for the quiescent Lyα emission halos is quasar photo-ionisation.
Villar-Martı́n et al. (2003) argue that these high-z Lyα halos might be cooling flow halos that
could be related (progenitors?) to giant HI disk-like structures in the nearby universe, like the
ones that we find in our sample of nearby radio galaxies. A study by Rottgering et al. (1995)
revealed for the first time HI absorption in the Lyα emission, indicating the presence of HI

gas in the host galaxy. A more quantitative study of HI absorption in high-redshift radio
galaxies was done by van Ojik et al. (1997), who detected strong H I absorption in the major-
ity of the galaxies’ Lyα halos. They also find a correlation between radio-source size and HI

content in the sense that 90% of the smaller (<50 kpc) radio sources have strong associated
H I absorption, whereas only a minority of the more extended sources contain detectable HI
absorption. Van Ojik et al. prefer the explanation that these small radio sources reside in
dense, possibly (proto) cluster environments, where largeamounts of neutral gas can exist
and where the radio source vigorously interacts with the ambient gaseous medium (although
also other possible scenarios are discussed). Despite the similarity with the H I mass - source
size segregation in our sample of nearby radio galaxies, it is worth to note that our sample
was selectednot to lie in dense clusters (Sect. 3.2).

If indeed these high-z Lyα halos are similar in nature to the HI disks that are found around
nearby early-type galaxies (including the radio galaxies in this Chapter), it is suggestive to
think that the lack of a strong UV-radiation field from an optical AGN in nearby systems
(compared with the bright quasars at high-z) allows the large-scale gas either to remain neu-
tral or to cool to the temperature that it can be observed in HI. It would be worth to pursue
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the comparison between the HI disks and rings in the nearby universe and these Lyα halos
at high-z. In this respect it would also be worth to include the role of the warm emission-line
gas and hot X-ray gas in these systems. This might provide important clues on the role that
the AGN (regarding both the optical quasar light as well as the propagating radio jets) plays
in the evolution of early-type galaxies throughout the universe.

3.7 Conclusions
In this chapter we investigated the HI content of a complete sample of B2 radio galaxies. The
most important conclusion are:

• In 25% of our sample sources we detect large-scale HI in emission with masses be-
tween7 × 107 and2 × 1010 M⊙. The HI properties of our radio galaxies (detection
rate, mass, morphology) appear similar to those of radio-quiet early-type galaxies. This
strongly suggests that radio-AGN activity may be a short phase that occurs at some
point during the lifetime of most early-type galaxies.

• For all the cases withMHI & 7×108M⊙ the HI is distributed in a fairly regular rotating
disk or ring (although a varying degree of asymmetry is stillvisible in these structures).
Without a detailed stellar population analysis, the originof these HI structures is still
ambiguous, but it likely consists of either a past major merger event or cold accretion of
the IGM. Regardless of the exact formation mechanism, the formation of these regular
rotating HI structures must have begun at least several Gyr ago. This means that the
current phase of radio-AGN activity started very late in – ormaybe even long after –
the formation process of these HI structures.

• We find a segregation in large-scale HI content with radio source size. Large-scale HI

emission (withMHI & 109M⊙) is found only around galaxies with a compact radio
source, while none of the extended sources of type FR-I in our sample contain similar
amounts of HI.

• H I absorption results show that some FR-I sources do contain HI, albeit much lower
amounts. Two extended sources show a central HI absorption, plus an additional HI
absorption profile that might be related to large-scale neutral gas.

• A number of radio galaxies in our sample have HI-rich systems in the field that are in
heavy tidal interaction, suggesting that the environment of at least some of our sources
is very active (see Appendix 3A).

In conclusion, despite the fact that some of the radio galaxies are in an active environment
or contain evidence for an old merger event that happened in the past, our HI results do not
show a clear case where there is evidence for an ongoing majormerger. This result is striking
in light of one of the initial goals of this thesis, namely to investigate whether mergers are
related to the radio-AGN activity. Apparently there is either a long time-delay between the
merger event and the onset of the radio-AGN activity, or processes other than mergers are
necessary to ignite the radio-AGN. We would like to note again that our study did not include
the very powerful FR-II radio sources. We will study a few of these later on in this thesis.
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3A H I environment
Almost all the radio galaxies in our sample have galaxies in the surrounding field that are
detected in HI. Most of these HI-detected field galaxies show regular HI kinematics. To
make an accurate study of the environment of our radio galaxies, a full statistical analysis of
these HI-detected galaxies is necessary. This, however, is very time-consuming and not very
accurate for the following reasons:

• Part of our sample has been observed with the broad 20 MHz bandof the WSRT,
effectively covering a velocity range of about 3500 km s−1. Another part of the sample
has been observed with the 6.25 MHz band of the VLA, effectively covering only about
1000 km s−1. This limited bandwidth coverage of the VLA implies that we could not
detect all field galaxies that would have been detected with the WSRT.

• For a fair study of the environment of our radio galaxies alsofield galaxies detected in
the optical (but not in HI) need to be taken into account. To do this accurately could
almost be a thesis project by itself.

• Although we tried to get a homogeneous set of data, the use of different telescopes,
combined with the redshift range of our sample sources (z = 0.002 - 0.04), results in
the fact that the sensitivity limit for HI detections is not entirely uniform across the
sample. A fair number count of faint HI-detected field galaxies is therefore difficult.

For the reasons mentioned above, a statistical study of the HI-environment of our radio galax-
ies lies beyond the scope of this thesis.

3A.1 Heavy interactions in the field of our sample sources

Despite the fact that we do not perform a full quantitative study of the environment, six sam-
ple sources contain field galaxies with distorted HI morphology, indicating that these field
galaxies are in tidal interaction. In Sect. 3.4 we already mentioned that B2 0722+30 and NGC
3894 – which contain a fair amount of large-scale HI themselves – also have a nearby inter-
acting HI-rich system. The same is true for B2 1322+36. One of the “tentative” detections in
Sect. 3.4 (B2 0206+35) also has a nearby system with tidal HI debris. Finally, there are two
non-detections in our sample (B2 1040+31 and B2 2229+39) that also contain a nearby inter-
acting system that is rich in HI. We will describe each of these systems in more details below:

B2 0206+35: We saw in Sect. 3.4 that B2 0206+35 shows a of “blob” of HI just north
of the optical host galaxy. Figure 3A.1 shows a 0-th moment total intensity map of the region
around B2 0206+35. At a distance of 285 kpc south-east of B2 0206+35 there is an HI-rich
galaxy (CGCG 522-122). HI is clearly present at the location of this galaxy, but there is also
a large (192 kpc in extent) and broad tail of HI stretching towards the north. The total HI

mass†† associated with the both CGCG 522-122 and the tail isMHI ∼ 4.7 × 109M⊙. The
H I-tail resembles a tail observed in NGC 4388 (Oosterloo & van Gorkom 2005), where HI is
probably ram-pressure stripped through interaction with ahot halo in the centre of the Virgo
cluster. Since our sample sources were selected not to lie ina cluster, it is uncertain whether a
similar mechanism could explain the HI-tail in CGCG 522-122. Alternatively, the tail might

††The companions described in this Appendix are located relatively far away from the pointing centre of the
observations, therefore the HI masses in this Appendix are corrected for the primary beam of the telescopes.
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Figure 3A.1: Left: 0-th moment total intensity map of HI emission (contours) overlaid on
optical DSS image (grey-scale) in the region around B2 0206+35. Contour levels: 0.33, 0.57,
0.85, 1.1, 1.4, 1.7×1020 cm−2. Right: channel maps of the HI emission (contours) overlaid
onto an optical DSS image (grey-scale) of the nearby galaxy CGCG 522-122 in the field of
B2 0206+35. Contour levels: 1.4, 1.7, 2.0, 2.3 mJy beam−1. The velocity (optical definition)
is indicated in the plots.
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v = 5939 km/s v = 5897 km/s v = 5854 km/s

v = 5811 km/s v = 5768 km/s v = 5725 km/s

Figure 3A.2: Channel maps of the HI emission (contours) overlaid onto optical DSS image
(grey-scale) in the environment of B2 0722+30. Contour levels: -0.60, -1.5, -2.5, -3.5, -4.5
(grey) and 0.56, 0.70, 0.80, 1.0, 1.5, 2.0, 2.5 (black) mJy beam−1. The velocity (optical
definition) is indicated at the bottom of the plots.
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v = 5682 km/s v = 5640 km/s v = 5597 km/s

v = 5554 km/s v = 5511 km/s v = 5468 km/s

Figure 3A.2: – continued

be tidal debris from a past galaxy-galaxy encounter or merger.

B2 0722+30: In Sect. 3.4 we already showed that the direct environment ofB2 0722+30
is very active. At about 36 kpc distance from B2 0722+30 thereis a triple system that is
currently in heavy interaction, as can be seen from the kinematics of the HI gas in Fig. 3A.2.
The total HI mass detected in this triple system is3.8 × 109M⊙. One of the galaxies in
interaction contains a weak, unresolved radio source (MRK 1201; see Fig. 3.1). According
to Dessauges-Zavadsky et al. (2000), MRK 1201 has a Seyfert 2nucleus. This suggest that
the weak radio source likely represents an AGN component rather than a star forming (HII )
region. Although very weak, MRK 1201 is the only radio-AGN inour sample that is de-
tected in a galaxy that is clearly in ongoing interaction with another system. In an HI study
of nearby Seyfert galaxies, Greene et al. (2004) find that Seyfert galaxies often have nearby
companions detected in HI. They also find one case of out seven (NGC 7469) that shows
clear signs of continuing interaction. It would be worth to compare the HI properties of a
larger sample of Seyfert galaxies with our HI study of radio galaxies.

B2 1040+31:Figure 3A.3 shows a 0-th moment total intensity map of the region around B2
1040+31. Figure 3A.3 shows that about 112 resp. 259 kpc towards the north-east there are
two nearby galaxies that contain HI. The outer one of the two is 2MASX J10434317+3133438
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B2 1040+31

Companion 1

Companion 2

Figure 3A.3: 0-th moment total intensity map of HI emission (contours) overlaid on optical
DSS image (grey-scale) of the region around B2 1040+31. Contour levels: 0.29, 0.46, 0.76,
1.1, 1.4×1020 cm−2. In the top plot the optical intensity is scaled to highlightthe high-
surface brightness emission, the bottom plot to highlight the low-surface brightness emission.

(“Companion 1”). Most of the HI is detected against this galaxy (MHI ∼ 1.7 × 109M⊙).
An H I tails seems to stretch towards CGCG 154-042 (“Companion 2”), a galaxy south-west
of Companion 1 (see also Fig. 3A.4). There also appears to be amuch fainter HI associated
with Companion 2 (although new observations are necessary to confirm this). When looking
at an optical DSS image, Companion 2 shows large tidal arms. This is another hint that this
system is tidally disturbed. One of the optical arms stretches towards Companion 1, possibly
following the HI emission. The other optical tail stretches in the directionof B2 1040+31. As
we explained in Section 3.3, we had to use WSRT service observations for this system. Better
data are necessary to accurately map the HI emission and look for HI also in the direction of
B2 1040+31.
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v = 10187 km/s v = 10205 km/s

v = 10222 km/s v = 10240 km/s

v = 10257 km/s v = 10275 km/s

Figure 3A.4: Channel maps of the HI emission (contours) overlaid onto optical DSS image
(grey-scale) of the galaxies in the field of B2 1040+31. Contour levels: 1.1, 1.2, 1.5, 1.8, 2.1
mJy beam−1. The velocity (optical definition) is indicated at the bottom of the plots.

B2 1322+36:Figure 3A.5 (top) shows a 0-th moment total intensity map of apeculiar galaxy
192 kpc west of B2 1322+36. This galaxy (UGC 8440) is a system that is currently in heavy
interaction. This is clear from the optical DSS image and theH I distribution (Fig. 3A.5),
which both show various tails of what appears to be tidal debris. The total HI mass in this
system isMHI ∼ 1.4 × 109M⊙.

B2 2229+39:Figure 3A.6 shows the environment of B2 2229+39 (for clarification, the very
extended FR-I radio source is also plotted). At a distance of roughly 365 kpc south-east of B2
2229+39 there are four galaxies that are detected in HI. The total HI mass associated with
these four companions isMHI ∼ 3.8 × 1010M⊙. There is a prominent tail of HI stretching
from one of them (UGC 12073) in the direction of B2 2229+39 (see also Fig. 3A.7). How-
ever, UGC 12073 is probably located too far from B2 2229+39 tobe directly related to the
radio galaxy.



86 CHAPTER3: H I IN NEARBY RADIO GALAXIES

v = 10293 km/s v = 10310 km/s

v = 10328 km/s v = 10346 km/s

v = 10593 km/s v = 10611 km/s

Figure 3A.4: – continued

B2 NGC 3894: NGC 3894 has a close companion (NGC 3895) in the optical, classified
as SBa by NED. The otherwise regular rotating ring appears distorted in between NGC 3894
and NGC 3895. NGC 3894 also shows a faint tail of HI in the direction of a small companion
galaxy (2MASX J11502385+5937099) that is located 227 kpc towards the north-east. The
other HI-detected galaxies in the field of NGC 3894 have regular HI properties.
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Total
intensity v = 5670 km/s v = 5648 km/s

v = 5627 km/s v = 5606 km/s v = 5584 km/s

v = 5563 km/s v = 5541 km/s v = 5520 km/s

B2 1322+36

Figure 3A.5: Top: 0-th moment total intensity map of HI emission (contours) overlaid on
optical DSS image (grey-scale) of the region west of B2 1322+36. Contour levels: 0.40,
0.67, 1.0, 1.3, 1.7, 2.0×1020 cm−2. Bottom: Channel maps of the HI emission (contours)
overlaid onto optical DSS image (grey-scale) of the nearby galaxy UGC 8440 in the field
of B2 1322+36. Contour levels: 0.77, 0.95, 1.15, 1.30 mJy beam−1. The velocity (optical
definition) is indicated at the bottom of the plots.
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UGC 12073
UGC 12075

CGCG 541−055

??

Deep optical DSS image

HI emission

B2 2229+39

Figure 3A.6: Left: optical DSS image of the region around B2 2229+39. In contours the
FR-I radio source B2 2229+39 is shown for clarification;Right (top): low surface brightness
emission in the optical DSS image in the region of the box indicated in the left image;Right
(bottom):0-th moment total intensity map of HI emission (contours) overlaid on optical DSS
image (grey-scale) of the region around B2 2229+39. Contourlevels: 0.30, 0.60, 1.0, 1.5,
2.2, 3.1, 3.9, 4.8×1020 cm−2.

v = 4443 km/s v = 4477 km/s

v = 4511 km/s v = 4545 km/s

v = 4579 km/s v = 4613 km/s

v = 4240 km/s v = 4274 km/s

Figure 3A.7: Channel maps of the HI emission (contours) overlaid onto optical DSS image
(grey-scale) of the galaxies in the field of B2 2229+39. Contour levels: 1.2, 1.7, 2.3, 3.3, 4.3,
5.3, 6.3, 7.3 mJy beam−1. The velocity (optical definition) is indicated at the bottom of the
plots.
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v = 4647 km/s v = 4681 km/s

v = 4715 km/s v = 4749 km/s

v = 4783 km/s v = 4817 km/s

v = 4851 km/s v = 4885 km/s

Figure 3A.7: – continued

v = 5226 km/s v = 5261 km/s

v = 5295 km/s v = 5329 km/s

v = 5363 km/s v = 5397 km/s

v = 5431 km/s v = 5466 km/s

Figure 3A.7: – continued
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Figure 3A.8: Channel maps of the HI emission (contours) overlaid onto optical DSS image
(grey-scale) of the environment of NGC 3894. Contour levels: -1.2, -2.3, -5.2 -8.7 (white)
and 0.87, 1.2, 1.5, 1.7, 2.3, 3.5, 5.8×1018 cm−2. The velocity (optical definition) is indicated
at the bottom of the plots. The 0-th order total intensity image of the HI emission (top left
plot) is identical to the one in Fig. 3.6
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Figure 3A.8: – continued
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Figure 3A.8: – continued
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3B H I absorption against the lobe of the powerful radio source 3C 433

In this Appendix we shortly describe an HI absorption system that we detected against the
outer lobe of 3C 433, a powerful and peculiar, X-shaped radiosource with a large brightness
asymmetry between the northern and the southern radio lobe,studied in detail by van Breugel
et al. (1983). With single-dish Arecibo observations, Mirabel (1989) discovered HI absorp-
tion in this source. Since 3C 433 has its peak brightness in the radio continuum not at the
location of the nucleus, but at the location of the southern lobe, Mirabel already argued that
the HI absorption was most likely against the southern lobe, tens of kpc from the nucleus.

We obtained HI observations with the VLA in A-configuration in order to verify the exact
location of this HI absorption against the extended radio continuum. The HI observations of
this source where made on July 18th 2002 using the 6.25 MHz band with 128 channels in 1IF
mode. We performed a standard data reduction (similar to theprocedure described in Sect.
3.3) in order to create a uniform weighted continuum image and data cube (beam = 3.9×
3.5; PA = 84.7◦). Subsequently we made a 0th order total intensity map of theH I absorption.
The results are shown in Fig. 3B.1.

From our continuum data we derive the strength of the radio source to beP1.4GHz ∼

3.4 × 1026 W. This source is therefore much stronger than the other radio sources discussed
in this chapter and has a radio power typical of FR-II sources. The redshift of 3C 433 is
z = 0.10, which puts 3C 433 at a distance ofD = 429 Mpc. This is too far away for our
observations to be sensitive to HI emission.

H I absorption is detected against the bright tip of the southern radio lobe, about 60 kpc
from the nucleus. The position-velocity plot in Fig. 3B.1 shows that the HI absorption is
clearly resolved. We derive values for the optical depth andcolumn density (Equations 3.3
and 3.4) ofτ ≈ 2.4% andNHI ≈ 1.8×1020 cm−2 (for Tspin = 100 K). By interpolatingNHI

over the region where the absorption is detected, we estimate that the absorption represents
an HI mass of∼ 5 × 108M⊙.
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   galaxy
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Figure 3B.1: 3C 433 – Left: Total intensity image of the HI absorption (black contours)
superimposed onto the radio continuum (grey contours) and optical image (grey scale) of
3C 433 (black contours: 3, 8, 20, 40, 85% of peak absorption).Middle: Position-velocity
plot of the HI absorption along the line indicated in the left image (contours: 2, 4, 7, 11, 15,
19 mJy beam−1). Right: H I absorption profile of the peak absorption (the velocity is given
in radio definition).
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3B.1 Merger or interaction event

3C 433 is hosted by an early-type galaxy that has two close companions. Although direct
evidence from spectra that these three systems are at the same redshift is currently lacking,
it is very suggestive to think that this triple system is somehow involved in an interaction.
Wills et al. (2002) detect a prominent young stellar population in the host galaxy of 3C 433
(age. 0.1 Gyr), suggesting that this galaxy experienced a starburst in the recent past. An
X-ray source was detected by van Breugel et al. (1983) at the location of 3C 433, which could
point to either an X-ray bright nucleus or a surrounding haloof hot gas. Van Breugel et al.
sketch a scenario in which this radio galaxy has undergone a recent interaction. A sudden
encounter would have resulted in the precession of the radioaxis, which would have given
the radio source its X-shaped appearance. The southern radio lobe could have flared up due
to an interaction with the gaseous medium that was tidally expelled from the parent system
during the interaction.

Our detection of substantial amounts of HI against the southern radio lobe, 60 kpc from
the host galaxy, is in agreement with the picture of van Breugel et al. (1983). If indeed this
system has been involved in a recent merger or interaction and tidal debris south of the galaxy
is responsible for the peculiar radio morphology, it is likely that the detected HI is the cool
component of this tidal debris. In this respect, it is worth noting that just south of the tip of
the southern radio lobe (at the edge of Figure 3B.1) there appears to be another galaxy in the
DSS image, although it is not present in any database. It would be interesting to verify this
apparent galaxy and to get its redshift to see if it could be involved in the interaction.
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Stellar populations in HI-rich radio

galaxies
ABSTRACT — In this chapter we investigate the stellar populations of five HI-rich
radio galaxies (B2 0258+35, B2 0648+27, B2 0722+30, B2 1217+29 and NGC 3894).
The aim is to determine whether or not these HI-rich radio galaxies have a young or in-
termediate age stellar population, indicative of a past starburst event. Wecan use this
knowledge – together with the HI properties – to trace and date possible merger events
in these systems. We find that, while B2 0648+27 contains a 0.3 Gyr young stellar pop-
ulation (Chapter 2), the light in the other four HI-rich radio galaxies is dominated either
by an intermediate age stellar population of several Gyr, or by an old stellarpopulation
(except for optical disk of B2 0722+30, which contains ongoing star formation). This
means that for some of these HI-rich radio galaxies a major merger might have occurred
several Gyr ago, while for others there is no clear evidence that such an event occurred.
We also find a correspondence between the IR luminosity and the presence of a prominent
young or intermediate age stellar population. The young and intermediate age stellar pop-
ulations detected in our radio galaxies could have given the host galaxies the appearance
of an (Ultra) Luminous Infra-Red Galaxies at the first epoch after the starburst.

4.1 Introduction
Young and intermediate age stellar populations are found ina growing number of radio galax-
ies (e.g. Aretxaga et al. 2001; Wills et al. 2002, 2004; Tadhunter et al. 2002, 2005; Raimann
et al. 2005; Gonźalez Delgado et al. 2006). Although the origin of these youngand interme-
diate age stellar populations is not obvious in all cases, they may have formed during (short)
periods of enhanced star formation or starbursts in the formation-process of the early-type
host galaxy. A likely scenario is that galaxy mergers – in thehierarchical formation scenario
the likely mechanism of forming early-type galaxies – produced these starburst events (see
also Sect. 1.3.1). A connection between mergers and galaxy scale starburst events has been
well established and modelled (e.g. Barnes & Hernquist 1991; Barnes & Hernquist 1996;
Mihos & Hernquist 1994, 1996; Springel et al. 2005a; Kapferer et al. 2005).

In this chapter we investigate the stellar populations in five nearby radio galaxies (includ-
ing B2 0648+27 from Chapter 2). These five radio galaxies alsocontain large amounts of
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neutral hydrogen (HI) gas that surrounds the early-type host galaxy. In Chapter 3we dis-
cussed that the origin of these HI structures is still ambiguous, but might be related to a past
merger event (e.g. Barnes 2002). With the stellar population analysis in this chapter we aim
to compare the stellar and HI content in these radio galaxies in order to gain a better insight
in the formation-history of the host galaxy and the time-scales involved in this process. We
can compare this with the current period of radio-AGN activity to investigate in more detail
the triggering of the radio source.

4.2 The sample

Our sample consists of five radio galaxies that contain between a few× 108 - 1010 M⊙ of
large-scale HI (see Chapter 3). Below we shortly summarise the HI characteristics, as well
as the optical and radio properties, of our sample sources:

B2 0258+35 (NGC 1167)contains a large (160 kpc) and regular rotating HI disk ofMHI =
1.8×1010M⊙. The optical host galaxy is often classified as S0.∗ According to Noordermeer
(2006), in the optical there is an exponential disk with veryfaint spiral structure visible. The
radio source is compact.

B2 0648+27contains8.5 × 109M⊙ of H I, distributed in a ring-like structure of 190 kpc
in diameter. B2 0648+27 is classified as S0. Deep optical imaging (Heisler & Vader 1994)
shows tail- and plume-like structures. The radio source is compact. In Chapter 2 we already
made a detailed analysis of the stellar populations in this galaxy, showing that the light of
B2 0648+27 is dominated by a 0.3 Gyr young stellar population. We include B2 0648+2 in
this chapter to complement our optical sample. From the HI and optical morphology of this
system, as well as the presence of a post-starburst young stellar population, we concluded
that B2 0648+27 experienced a major merger event&1.5 Gyr ago (Chapter 2).

B2 0722+30has an HI disk of MHI > 1.5 × 108M⊙ of H I. This disk is only 15 kpc in
diameter. The optical galaxy is often classified as either S0or S. The radio source has a size
of 14 kpc. B2 0722+30 contains an HI-rich environment of interacting galaxies (Appendix
3A).

B2 1217+29 (NGC 4278)has an HI disk of MHI = 7.4 × 108M⊙ (Raimond et al. 1981;
Morganti et al. 2006a). This disk has a diameter of 34 kpc. Thehost galaxy is classified as
E and is located at only 14.9 Mpc distance (Jensen et al. 2003). The radio source is compact
and relatively weak (P1.4GHz ≈ 1022.2).

NGC 3894: has a ring-like HI structure of 105 kpc in diameter andMHI = 2.2 × 109M⊙.
It is classified as E. The radio source is compact.

4.3 Observations

Optical long-slit spectra were taken at the William Herschel Telescope (WHT) on 12 January
2004 using the ISIS long-slit spectrograph with the 6100Å dichroic, the R300B and R316R
gratings in the blue and red arm and the GG495 blocking filter in the red arm to cut out second
order blue light. This resulted in a wavelength coverage from about 3500 to 8000̊A. The slit

∗The optical morphological classification in this Section is based on information from the NASA/IPAC Extra-
galactic Database (NED).
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B2 0648+27

B2 0258+35

NGC 3894

B2 0722+30

B2 1217+29

Figure 4.1: Alignment of the slit for the various observations. The black solid line shows
the position of the slit (length slit = 4 arcmin). For clarification, the black dotted line shows
the direction of the slit-alignment in case the slit only covers the central region of the picture.
The HI is shown in contours. Contour levels are the same as in Chapter 3. The HI map of
B2 1217+29 (NGC 4278) is taken from Morganti et al. (2006a).

had a width of 1.3 arcsec. For B2 0648+27, B2 0258+35 and B2 0722+30 the slit was aligned
along the major axis of the host galaxy. For B2 1217+29 and NGC3894 the slit was aligned
along the parallactic angle of the observations, in order toavoid differential flux losses due
to the relatively low altitude (< 65◦) at which these two observations were done. Figure 4.1
shows the alignment of the slits; Table 4.1 gives a summary ofthe observational parameters.

We used the Image Reduction and Analysis Facility (IRAF) fora standard reduction of
the data (bias subtraction, flatfielding, wavelength calibration, background subtraction and
tilt removal). For the flux calibration we used 5 standard calibration stars (D191-B2B, Feige
67, PG0216+032, Feige 24 and HD19445). The resulting spectra are aligned within one
pixel in the spatial direction. The accuracy of the relativeflux calibration is within 6% (only
in the very red part of the spectrum, beyond 7400Å, the flux calibration errors are up to
10%). Due to slit-losses when observing the flux-calibration stars we could not normalise
the spectrum better than within a factor of 2. We note that this does not affect the stellar
population analysis of Sect. 4.5 (because the relative flux calibration is unaffected), but it
does introduce a factor of 2 uncertainty in the total stellarmass estimates derived from the
spectra (Table 4.3). Subsequently, we used the Starlink package FIGARO to correct the
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Table 4.1: Observational Parameters

B2 0258+35 B2 0648+27 B2 0722+30 B2 1217+29 NGC 3894
1. PA (◦) 64 43 141 279 (par.) 167 (par.)
2. tint blue (s) 7200 4800 6000 3600 2700
3. tint red (s) 7200 4800 6000 3600 2700
4. airmass 1.0 1.0 - 1.1 1.0 1.1 - 1.2 1.2
5. seeing ∼ 2 1.8 - 2.3 1.2 - 1.6 1.3 - 2.4 1.6 - 2.6
6. E(B − V ) 0.184 0.077 0.059 0.029 0.035
7. z 0.0164 0.04118 0.0189 0.0021 0.0109
8. error inz 0.0003 0.00015 0.0002 0.0002 0.0002
9. D (Mpc) 69 174 80 14.9 46

Notes – Row 1 gives the position angle of the slit during the observations, row 2 and 3 the
total integration time of the blue and red part of the spectrum, row 4 the airmass and row 5
the seeing during the observations, row 6 the galactic extinction that we correct the spectra
for (based on results from the NASA/IPAC Extragalactic Database - NED) and row 7 and 8
the estimated redshift + error (that we derived from the emission-lines in the spectra). Row 9
gives the distance to the galaxy, based onz andH◦ = 71 km s−1 Mpc−1 (except for
B2 1217+29, for which D = 14.9 kpc; Jensen et al. 2003).

spectra for galactic extinction and to de-redshift the spectra to rest-wavelengths. For the
analysis of the spectra we used the Starlink package DIPSO for emission-line fitting and the
Interactive Data Language (IDL) for model fitting.

4.4 Optical spectra

Optical spectra of the five radio galaxies were extracted at the location of the nucleus. For
B2 0258+35, B2 0648+27 and B2 0722+30 we also extracted off-nuclear spectra in regions
> 1 kpc from the nucleus along the major axis. The data of B2 1217+29 and NGC 3894 were
not good enough to do this. The extracted spectra are show in Figs. 4.2, 4.3 and 4.4. Details
of the spectra and their exact location along the slit are given in Table 4.2.

In Chapter 2 we already analysed in detail the optical spectra of B2 0648+27. Both the
nuclear and off-nuclear spectra of B2 0648+27 (Fig. 2.3) contain strong Balmer lines and an
UV-excess shortward of the 4000Å-break. From Figures 4.2, 4.3 and 4.4 it is already clear
that the other four HI-rich radio galaxies that we investigate in this chapter do not contain
a young stellar population as prominent as the one in B2 0648+27. Their spectra all lack
strong Balmer absorption and resemble more those of early-type galaxies with older stellar
populations. Nevertheless, a detailed analysis of these spectra is necessary to investigate
whether or not there is a young or intermediate age stellar population present also in these
galaxies.

4.4.1 SED modelling

To investigate in detail the presence of a young or intermediate age stellar population in our
H I-rich radio galaxies, we use the same technique as used for B20648+27 in Chapter 2.
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Table 4.2: Apertures

Spectrum Aperture Dnuc

(arcsec) (kpc) (arcsec) (kpc)
B2 0258+35 NUC 2.0 0.67 - -
B2 0258+35 NE 2.0 0.67 4.0 1.3
B2 0258+35 SW 2.0 0.67 4.0 1.3

B2 0648+27 NUC 2.8 2.4 - -
B2 0648+27 NE 2.8 2.4 3.2 2.7
B2 0648+27 SW 2.8 2.4 3.2 2.7

B2 0722+30 NUC 2.0 0.77 - -
B2 0722+30 SE1 3.2 1.2 4.2 1.6
B2 0722+30 SE2 6.0 2.3 9.2 3.6
B2 0722+30 NW 6.0 2.3 7.2 2.8

B2 1217+29 NUC 8.4 0.61 - -

NGC 3894 NUC 4.4 0.98 - -

Notes – Column 2 gives the size of the aperture both in arcsec and in kpc. The conversion to
kpc is based on the distance D to the galaxy from Table 4.1. Column 3 gives the distance of
the centre of the apertures from the nucleus (assumed to be the brightest peak in the
spectrum).

This technique consists of modelling the continuum Spectral Energy Distribution (SED) of
the optical spectra in the various regions, taking into account both stellar and AGN-related
components (see also Tadhunter et al. 2002, 2005; Wills et al. 2002, 2004). This is preferred
above using absorption line indices at face-value, becausemost of the age sensitive diagnostic
absorption lines could be affected by emission-line contamination in these active galaxies (an
exception is CaII K, which is a relatively ’clean’ absorption line). Subsequently, we will
make a more detailed comparison between the data and the models by investigating in detail
the age-sensitive CaII K and Balmer absorption lines in order to constrain our result even
better (see e.g. Tadhunter et al. 2005).

For the modelling of the observed spectra, stellar population models from Bruzual &
Charlot (2003) are used. These are based on Salpeter IMF and solar metallicity, instanta-
neous starbursts. We use aχ2 minimisation technique to fit combinations of a 12.5 Gyr
old stellar population (OSP) and a young stellar population(YSP) to the observed spectrum.
YSP template spectra across different ages and with variousamounts of reddening are used
for this. The Seaton (1979) reddening law is used to apply thereddening to the template
spectra. The final library of YSP template spectra comprisesYSP models with age 0.01 - 5.0
Gyr and withE(B − V ) = 0.0 - 1.6 (see also Figs. 4.5 and 4.6). We compare the total flux
of the combined OSP and YSP model with the observed flux in wavelength-bins along the
spectrum. A normalising bin was chosen in the wavelength range 4720 - 4820̊A. For theχ2
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Figure 4.2: Nuclear (top) and off-nuclear(bottom) spectra of radio galaxy B2 0258+35.
Details about the apertures are given in Table 4.2. For clarification, the NE-spectrum has
been displaced in the vertical (y) direction in the bottom Figure (in reality the NE spectrum
co-aligns with the SW spectrum).

fitting we assume an error of±6% in each wavelength bin, in agreement with the uncertainty
in the flux calibration. Note that, since the flux calibrationerrors are not likely to be inde-
pendent between the various wavelength bins, we can merely use the reducedχ2 values as
an indication of the region of parameter space for which the modelling provides good results,
rather than derive accurate statistical properties of the fitting procedure itself. For that we
also need to inspect the model-fit to our spectra visually. Asdescribed above, the CaII K (λ
3933Å) and Balmer absorption lines (e.g. Hδ at λ 4102Å), as well as the G-band (λ 4305
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Figure 4.3: Nuclear (top) and off-nuclear(bottom) spectra of radio galaxy B2 0722+30.
Details about the apertures are given in Table 4.2. For clarification, the NW- and SE2-
spectrum have been displaced in the bottom Figure (by addinga constant of 0.15×10−15 resp.
0.35×10−15 erg cm−2 s−1 Å−1 in the y-direction and 75 resp. 150̊A in the x-direction).

Å), in the blue part of the spectrum are excellent features touse for this (although the Balmer
absorption lines could suffer from emission-line infilling).

In the region shortward of 4000̊A the spectra could be diluted by UV-excess due to neb-
ular continuum (see e.g. Dickson et al. 1995, and referencestherein) and AGN related effects
(see discussion in Tadhunter et al. 2002). In Chapter 2 we made a detailed analysis of the
contribution of the nebular continuum to the spectral lightof B2 0648+27 (in particular to
the continuum and higher-order Balmer lines shortward of 4000 Å). We concluded that for
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Figure 4.4: Nuclear spectra of radio galaxy B2 1217+29(top) and NGC 3894(bottom).
Details about the apertures are given in Table 4.2.

the nuclear spectrum of B2 0648+27 the most extreme cases - maximum nebular continuum
subtraction and no nebular continuum subtraction - did not significantly alter our main results
of the continuum modelling. The emission-line equivalent width provides an indication for
the contribution of nebular continuum (Dickson et al. 1995)as well as scattered AGN com-
ponents (see e.g. Tadhunter et al. 2002). The four radio galaxies that we study in this chapter
do not contain emission lines that are stronger than the emission lines in B2 0648+27. We
therefore do not expect that nebular continuum will have a significant contribution to the light
in these other four radio galaxies and no correction for the nebular continuum is applied. In
order to include effects of the central optical AGN, we also investigate fitting an additional
power-law component of the formFλ ∝ λα to the stellar spectra for the various sources.
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Figure 4.5: Template spectra of YSPs with different ages and no reddening (E(B − V ) =
0.0). The age-range from 0.01 - 5.0 Gyr is indicated at the right of the spectra. The right
plot is a zoom-in on the oldest YSP templates. The flux is normalised in such a way that the
integrated luminosity is scaled to 1 M⊙. The template spectrum of 0.01 Gyr has been scaled
down by a factor 2 to clarify the comparison between the spectra.
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Figure 4.6: Template spectra of a 0.1 Gyr YSP with differentE(B − V ) reddening applied
(using the Seaton reddening law). TheE(B − V )-range from 0.0 - 1.6 is indicated at the
right of the spectra. The right plot is a zoom-in on the most reddened YSP templates. The
flux is normalised in such a way that the integrated luminosity is scaled to 1 M⊙.
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4.5 Results

In Table 4.3 we give the best-fit results of the SED modelling for the various sources and
apertures. A detailed analysis of every source is given in the remainder of this Section.

4.5.1 B2 0258+35

Nucleus

First we model the spectrum of the nuclear aperture of B2 0258+27. In Fig. 4.7 we fit a
single old stellar population (OSP) of age 12.5 Gyr to the nuclear spectrum. Although the fit
gives a fairly good result in the blue part of the spectrum around the 4000̊A-break (where the
age-sensitive sensitive CaII K, Hδ and G-band features are located), the fit is not accurate in
the red part of the spectrum. Here the residuals of the model-fit to the spectrum are much
larger than the flux calibration errors (Sect. 4.3). In this Section we investigate whether the
fit can be improved by an additional reddening correction, byadding a power-law component
(due to the presence of an optical AGN), or by adding a young stellar population.
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Figure 4.7: B2 0258+35 NUC– Top: fit of a 12.5 Gyr old stellar population to the nuclear
spectrum of B2 0258+35. The dotted line is the observed spectrum, the grey solid line the
OSP model. The histogram at the bottom of the plot shows the residuals of the model fit to the
observed spectrum.Bottom:zoom-in of the observed spectrum (dotted line) + OSP model fit
(solid line) in the region around the 4000Å-break, including the age sensitive CaII K, Hδ and
G-band features.
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Table 4.3: Best results of the leastχ2 model fitting

Aperture Age OSP Age YSP E(B − V ) AGN-PL Light% Mass% Light% Mass (M⊙) Mass (M⊙)
(Gyr) (Gyr) YSP (α) YSP YSP PL YSP OSP

B2 0258+35 NUC 12.5 Undetermined Undetermined Undetermined
B2 0258+35 NE 12.5 1 - 5 0.0 - 30 - 100 4 - 100 - 0.1 − 1.8 × 109 0 − 2.7 × 109

B2 0258+35 SW 12.5 1 - 5 0.0 - 32 - 100 4 - 100 - 0.1 − 1.8 × 109 0 − 2.6 × 109

B2 0648+27 NUC 12.5 0.3+0.1
−0.1 0.3+0.1

−0.1 - 82+11
−26 25+26

−20 - 0.3 − 1.0 × 1010 0.9 − 4.3 × 1010

B2 0648+27 NE 12.5 0.4+0.2
−0.1 0+0.1 - 74+12

−7 10+13
−4 - 0.5 − 1.2 × 109 4.1 − 8.4 × 109

B2 0648+27 SW 12.5 0.4+0.2
−0.1 0+0.1 - 75+13

−6 10+15
−4 - 0.5 − 1.3 × 109 3.9 − 8.5 × 109

B2 0722+30 NUC 12.5 2.0 0.4+2 - 89 83 - 4.1 × 109 7.3 × 108

B2 0722+30 SE1 2.0 0.1 1.0 - 37 61 - 6.1 × 108 3.1 × 108

B2 0722+30 SE2 2.0 0.1 0.5 - 48 29 - 1.5 × 108 3.3 × 108

B2 0722+30 NW 2.0 0.05 0.7 - 44 32 - 1.9 × 108 3.7 × 108

B2 1217+29 NUC 12.5 - - -1.10 - - 3 - -

NGC 3894 NUC 12.5 (>5 Gyr ∼0.7) - (∼9 ∼34) - (∼ 8.3 × 109
∼ 1.3 × 1010)

Notes – The light% is the relative flux contribution of the YSP in our normalising bin (4720 - 4820Å). PL = power-law component. The mass of the
stellar populations in the various apertures (last 2 columns) is derived from stellar population’s light% of the observed flux at 4800Å - corrected for
reddening - and scaled to the unreddened model template spectra.
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Figure 4.8: B2 0258+35 NUC– Top: fit of a 12.5 Gyr old stellar population + power-law
component (α = 2.3) to the nuclear spectrum of B2 0258+35. The dotted line is theobserved
spectrum, the grey solid lines are the OSP model and power-law component and the black
solid line is the total fit. The histogram at the bottom of the plot shows the residuals of the
model fit to the observed spectrum.Middle: Same spectrum of B2 0258+35 as in top plot, but
with an additional dereddening ofE(B−V ) = 0.1 instead of a power-law applied. The grey
solid line is the fit of a single 12.5 Gyr OSP.Bottom: zoom-in of the dereddened spectrum
(dotted line) and OSP fit in the region around the 4000Å-break, including the age sensitive
CaII K, Hδ and G-band features.
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Figure 4.9: B2 0258+35 NUC– Leastχ2 model fits to the nuclear spectrum of B2 0258+35
including a YSP (age = 0.5 Gyr andE(B − V ) - 1.2). The dotted line is the observed
spectrum, the black solid line is the fitted model and the greysolid lines are the separate
components of the fitted model. The histogram at the bottom ofthe plot shows the residuals
of the model fit to the observed spectrum.

Reddening Correction:If we deredden the nuclear spectrum of B2 0258+35 byE(B −V ) =
0.1 (in addition to the Galactic extinction correction that we already applied - Table 4.1), we
get a good fit in both the red and the blue part of the spectrum, as well as to the CaII K and
Balmer features (Fig. 4.8middle + bottom). This extra reddening term could be due to an
error in the Galactic extinction that we applied, although in that case the error is relatively
large. The extra reddening could also be related to reddening of the OSP in the nuclear region.

Power-law component:Fitting the combination of an OSP + power-law component to the
nuclear spectrum gives a good result (Fig.4.8top). However, the power-law is very red with
α = 2.3. According to Simpson & Rawlings (2000), such a power-law component is not
likely the result of an AGN, unless the AGN is heavily obscured (see Bellamy et al. 2003).

Young Stellar Population:Another possibility is that the nuclear spectrum of B2 0258+35
contains a young or intermediate age stellar population. Toinvestigate the presence of a
young stellar population (YSP)† in B2 0258+35 we fit combinations of a 12.5 Gyr OSP and
a YSP (with age 0.01 - 5.0 Gyr andE(B − V ) = 0.0 - 1.6 Gyr) to the observed spectrum
(as described in detail in Sect. 4.4.1). In Fig. 4.9 (top) we show the fit with the leastχ2

result, comprising of an OSP and a YSP with age = 0.5 Gyr andE(B − V ) = 1.2. Due to
the heavy reddening, the YSP contributes most of its light inthe red part of the spectrum.
Therefore, it is difficult to validate the fit using the features around 4000̊A in the blue part of
the spectrum. This is made more clear in Fig. 4.10. Here we show the leastχ2 results for
the entire parameter space of age and reddening of the YSP component that was fitted to the
spectrum. In general, values for whichχ2 > 0.8 have errors in the fit that are larger than the
uncertainties in the flux calibration, and can therefore be discarded as good fits. However, the
parameter-space for whichχ2 < 0.8 is extended. In Fig.4.11 we show various fits in the blue

†from now on we will use the termYSP for the stellar population models across the age range of 0.01- 5.0 Gyr.
YSP is therefore used for both the truly young as well as the intermediate age stellar populations.
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Figure 4.10: B2 0258+35 NUC– Leastχ2 results of the SED modelling for different age
andE(B − V ) of the YSP. Contour levels are:χ2 - 0.36, 0.37, 0.38, 0.4, 0.42, 0.45, 0.5, 0.6,
0.8, 1.0, 1.5; Light% YSP - 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100; Mass%
YSP - 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100. Different regions for which we examine the
model in detail (Fig. 4.11) are indicated.
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Figure 4.11: B2 0258+35 NUC– Detailed model fit in the region around 4000Å. The num-
bers correspond to the values of age and reddening of the YSP as indicated in Fig. 4.10. The
dotted line is the observed spectrum, the black solid line the fitted model. The bottom right
plot shows the fit of a single 12.5 Gyr OSP + power-law component with α = 2.3.
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Figure 4.12: B2 0258+35 NE– Leastχ2 results of the SED modelling for different age and
E(B − V ) of the YSP. Contour levels are:χ2 - 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1,
1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0, 3.5; Light% YSP - 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60,
70, 80, 90, 100.

part of the spectrum (where the age-sensitive sensitive CaII K, Hδ and G-band features are
located) for values of age andE(B − V ) shown in Fig. 4.10. From these fits it is impossible
to determine the exact age of the YSP. From visual inspectionof the different spectra around
4000Å we argue that the YSP can have an age in the entire range of ourfitted model (0.01 -
5.0 Gyr), as long as the reddening is large enough;E(B − V ) > 1.2 if age< 0.1 Gyr and
E(B−V ) > 0.4 if age> 1 Gyr. Fig.4.11 also shows the fits for a YSP of several Gyr and low
reddening, which light dominates over the light of the 12.5 Gyr OSP (points4 and5). It is
clear that the fit degrades for these models. Therefore, for the nuclear region of B2 0258+35
we can get a good fit if we combine an OSP and a heavily reddened YSP that contributes to
less than 35% of the total stellar light.

The age of this YSP can not be determined accurately for the nuclear region with our used
method. The reason for this is made more clear from Fig. 4.6. Here we plot the template
spectra of a 0.1 Gyr young stellar population with various degrees of reddening.‡ In contrast
to low reddening, for large reddening the stellar population is dominated by light in the red
part of the spectrum, while only a minor fraction of the flux isradiated in the blue part. Since
in particular the spectral features around 4000Å are important for determining the age of
the stellar population, it is difficult to determine the exact age of a heavily reddened YSP
in the nuclear spectrum with our used SED modelling. From Fig. 4.6 it is also clear that
much less flux is observed if a stellar population is heavily reddened. In fact, around 4800Å
(the wavelength of our normalising bin) the flux from a non-reddened stellar population of a

‡For a stellar population of several Gyr the reddening has a similar effect.
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Figure 4.13: B2 0258+35 NE– Detailed leastχ2 model fit in the region around 4000Å.
Shown are the models including YSPs with age 1.0 Gyr and 5.0 Gyr (E(B − V ) = 0.0).
The dotted line is the observed spectrum, the black solid line is the fitted model and the grey
solid lines are the separate components of the fitted model. The histogram at the bottom of
the plots shows the residuals of the model fit to the observed spectrum.
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Figure 4.14: B2 0258+35 SW– Same as Fig. 4.12, but for the SW aperture.

certain mass is a factor of 68 higher than a similar stellar population withE(B − V ) = 1.2.
This means that, even though in the nuclear region only a small fraction of the stellar light
may come from a YSP (compared to the 12.5 Gyr OSP), the total mass of the YSP can still
be large (Table 4.3).

Off-nuclear regions

We also fit the spectrum of B2 0258+35 in two off-nuclear regions, NE and SW of the nucleus
(Fig. 4.2). In the two off-nuclear regions a single 12.5 Gyr OSP fit is not accurate enough,
also not in case this OSP is reddened. In the off-nuclear regions the emission-lines are much
weaker and we do not expect that the optical AGN has a large influence here. We therefore
do not expect a power-law component to be significant and we fitthe off-nuclear regions with
an additional YSP. The results are shown in Figs. 4.12 - 4.15.It is clear that in the off-nuclear
regions the YSP is hardly reddened. The leastχ2 result comes from a YSP with age = 1 Gyr
and no reddening (E(B − V ) = 0.0). However, as can be seen in a detailed analysis of the
blue part, this fit - although acceptable - is certainly not perfect. In fact, visual inspection
of the age-sensitive CaII K feature shows that fits with YSP in the age-range 3.0 - 5.0 Gyr
andE(B − V ) = 0.0 give better results. These fits all haveχ2 . 0.8. Fits for whichχ2 is
significantly larger have residuals larger than the flux calibration errors and can be discarded
as good fits. We also checked the combination of a 12.5 Gyr OSP +YSP of age 6 and 7 Gyr
andE(B − V ) = 0.0; for both these ages of the YSP the fit also degrades. The lightfrom
a YSP with age 3.0 - 5.0 Gyr dominates over the light from the OSP (the contribution of the
light from the YSP to the total light is 70 - 100%). We therefore argue that in the off-nuclear
regions the light is dominated by a non-reddened stellar population of at least one, but most
likely several, Gyr old.
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Figure 4.15: B2 0258+35 SW– Same as Fig. 4.13, but for the SW aperture.



114 CHAPTER4: STELLAR POPULATIONS IN H I-RICH RADIO GALAXIES

Given this result, it is likely that also in the nuclear region a YSP, rather than a power-law
component or reddened OSP, is present. We would like to add that we also tried to fit the
nuclear spectrum with a non-reddened 5.0 Gyr OSP combined with a YSP. However, results
of these fits were worse than for a 12.5 Gyr OSP + YSP fit.

The story of B2 0258+35

The above analysis shows that the stellar light in the off-nuclear regions of B2 0258+35 is
dominated by a stellar population of several Gyr old. For thenuclear region the situation is
more complicated. The spectrum of the nuclear region can be fitted with a reddened OSP,
with an OSP + power law component or with an OSP + YSP component. The latter could
agree with the situation for the off-nuclear regions. However, because this YSP component
in the nuclear region is heavily reddened, we are unable to determine its age.

The most likely scenario for B2 0258+35 is that several Gyr ago this galaxy experienced
a starburst event, as traced from the light in the off-nuclear regions. It is clear that at present
B2 0258+35 contains a much older stellar content than B2 0648+27, for which a more recent
galaxy-scale starburst event of age 0.3 Gyr was found (Chapter 2). This could be in agreement
with the fact that the HI disk in B2 0258+35 appears the be more regular than the HI ring in
B2 0648+27 (Chapter 3). In case a merger event was responsible both for the re-distribution
of the HI as well as for the starburst event in B2 0258+35, the merger happened several Gyr
ago.

4.5.2 B2 0722+30

Nucleus

First we model the spectrum of the nuclear aperture of B2 0722+30. A single 12.5 Gyr OSP
does not provide an accurate fit to the overall SED in the nuclear spectrum. The residuals of

3000 4000 5000 6000 7000 8000
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1•10−16
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Figure 4.16: B2 0722+30 NUC– Nuclear spectrum of B2 0722+30 fitted with a single 12.5
Gyr OSP + power-law component. The dotted line is the observed spectrum, the black solid
line is the fitted model and the grey solid lines are the separate components of the fitted model.
The histogram at the bottom of the plot shows the residuals ofthe model fit to the observed
spectrum.
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Figure 4.17: B2 0722+30 NUC– Leastχ2 results of the SED modelling for different age
andE(B − V ) of the YSP. Contour levels are:χ2 - 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 1.5,
2.0; Light% YSP - 5, 10, 15, 25, 35, 45, 55, 70, 85, 100.

the model-fit to the spectrum are much larger than the flux calibration errors (Sect. 4.3). As
can be seen in Fig.4.16, including a power-law component in addition to the 12.5 Gyr OSP
gives an good result. However, this power-law component hasα = 2.8 and contributes to
about 50% of the light in the red part of the spectrum. A power-law with such a slope and that
powerful is not likely the result of an optical AGN in B2 0722+30, because there is no clear
evidence for a powerful point-source in the HST image of Capetti et al. (2000) and because
(as we will see in Sect. 4.7) the emission lines are characteristic of a LINER rather than a
AGN power-law model. To investigate whether the power-law component could represent an
additional reddening component that we did not take into account, we dereddened the nuclear
spectrum by various amounts. This did not produce a good fit for a single 12.5 Gyr OSP.

We also modelled the nuclear spectrum with a combination of a12.5 Gyr OSP and a
(reddened) YSP. Figure 4.17 show the results of adding a YSP.The solution of this fitting
procedure clearly converges to two different models: including a YSP of age 0.05 Gyr,E(B−

V ) = 1.2 and light percentage = 30% results in reducedχ2 = 0.27, the leastχ2 fit across
our range of parameter space; including a YSP of age 2.0 Gyr,E(B − V ) = 0.4 and light
percentage = 89% gives a leastχ2 solution of 0.52 in this part of the parameter space. These
two model fits are shown in Fig. 4.18. We can break this degeneracy by looking in detail
at the age sensitive absorption features around 4000Å. Figure 4.19 (top) shows that a truely
young and heavily reddened stellar population (age 0.05 GyrandE(B − V ) = 1.2) does
not give a very accurate fit to the age sensitive CaII K line. The asymmetry of the model fit
between the CaII K (at 3933) and CaII H (at 3968) does not reflect the observed features. We
note that narrow CaII K absorption by the interstellar medium might affect the line-strength
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Figure 4.18: B2 0722+30 NUC– Leastχ2 model fits to the nuclear spectrum of B2 0722+30.
The dotted line is the observed spectrum, the black solid line is the fitted model and the grey
solid lines are the separate components of the fitted model. The histogram at the bottom of
the plots shows the residuals of the model fit to the observed spectrum.Top: combination of
a 12.5 Gyr old stellar population (OSP) and a young stellar population (YSP) of age = 0.05
Gyr andE(B − V ) - 1.2. Bottom: combination of a 12.5 Gyr old stellar population (OSP)
and an intermediate age stellar population of age = 2.0 Gyr and E(B − V ) = 0.4.

in the core of the stellar CaII K line (e.g. Pasquini et al. 2000), but we do not expect this
to be large enough to cause the observed asymmetry. The fit of an intermediate age stellar
population with moderate reddening (age 2.0 Gyr andE(B − V ) = 0.4) provides a better
fit to the Calcium lines (Figure 4.19 - bottom), although the fit is still not perfect (this could
be due to a slight difference in resolution between the real and the template spectra). We
nevertheless argue that the latter is the best solution of our SED modelling. The nuclear
spectrum is therefore likely dominated by a 2.0 Gyr YSP with reddeningE(B − V ) = 0.4.

Off-nuclear regions

Along the disk of B2 0722+30 we trace emission-lines out to about 14 arcsec (5.4 kpc) on
either side of the nucleus. In addition to the nuclear spectrum, we therefore extracted spectra
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Figure 4.19: B2 0722+30 NUC– Leastχ2 model fits to the nuclear spectrum of B2 0722+30
in the region around 4000̊A. The dotted line is the observed spectrum, the black solid line the
fitted model.Top: combination of a 12.5 Gyr old stellar population (OSP) and a young stellar
population (YSP) of age = 0.05 Gyr andE(B−V ) - 1.2.Bottom:combination of a 12.5 Gyr
old stellar population (OSP) and an intermediate age stellar population of age = 2.0 Gyr and
E(B − V ) = 0.4.

at various locations along this disk. Figure 4.20 shows the location of these apertures. These
off-nuclear spectra can not be fitted accurately with a single unreddened 12.5 Gyr OSP. As
can be seen in Figs. 4.21 - 4.23 (caseA), when adding a YSP of age∼ 0.05 -0.1 Gyr and
E(B − V ) ≈ 0.4 − 0.7 to the 12.5 Gyr OSP, we get a reasonable fit to the SED in the off-
nuclear spectra. The leastχ2 solution for both regions in the SE converges to about the same
age (0.1 Gyr) and reddening (E(B − V ) = 0.4 − 0.5), and the leastχ2 solution for the NW
region converges to a result that is fairly similar (age = 0.05 Gyr; E(B − V ) = 0.7). Also,
the light% coming from the YSP is&50% for all the three regions. This strongly suggests
that the stellar population is fairly uniform across the disk of B2 0722+30.

When looking in detail at the model fits of caseA (12.5 Gyr OSP + YSP) in the off-
nuclear regions, we see that the model fit is not very accurateto the age-sensitive CaII K line.
This questions the validity of our SED fitting results in these off-nuclear spectra. However,
we saw that the nuclear region is dominated by an intermediate age stellar population of 2.0
Gyr instead of a 12.5 Gyr OSP. We therefore also modelled our off-nuclear spectra with an
unreddened 2.0 Gyr “OSP” combined with a YSP (caseB in Figs. 4.21 - 4.23). Substituting
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NUC

SE1

SE2

NW

Figure 4.20: 2D-spectrum of B2 0722+30 around Hα+[N II ]λλ6548,6583 (contour levels
are between 10 and 90% of the maximum in steps of 5%). On the right the various apertures
that we used for our SED modelling are indicated.

an underlying 12.5 Gyr OSP for a 2.0 Gyr OSP gives a much betterfit to the CaII K line. At
the same time, the leastχ2 solution for the various regions does not change very much. Also
for the caseB modelling the YSP has an age of about 0.05 (NW) - 0.1 (SE1 and SE2) Gyr and
contributes to about 35-55% of the total stellar light. The reddening is slightly higherthan for
the caseA modelling.E(B−V ) is highest in the more central region SE1 (E(B−V ) ≈ 1.0)
and gets lower for the more outer regions (E(B − V ) ≈ 0.7 in NW and≈ 0.5 in SE2).

As a final note we would like to add that we also applied a caseB modelling (2.0 Gyr
OSP + YSP) to the nuclear region. Due to the dominating contribution of the 2.0 Gyr stellar
population (>85% of the total stellar light) this does not provide accurate information about
a possibe YSP also in the nuclear region.

The story of B2 0722+30

The analysis of the spectra of B2 0722+30 shows that there is adominant stellar population
with an age of about 2 Gyr across this system. In particular the light in the nuclear region
almost entirely comes from this intermediate age stellar population. The results from our
SED modelling show that across the disk a 0.05 - 0.1 Gyr YSP population is present on top
of the 2.0 Gyr intermediate age stellar population. Our SED modelling technique assumes
that the stellar populations formed during an instantaneous burst of star formation. As will
be discussed in detail in Sect. 4.6, it is very difficult to determine whether the YSP indeed
formed in a sudden burst of star formation, or during a periodof continuous star-formation.
As we will see in Table 4.4, in the off-nuclear regions (alongthe disk of B2 0722+30) the
emission-line ratios resemble those of star-forming regions. Given that B2 0722+30 has a
prominent disk (both in HI and in the optical), it is likely that the YSP represents continuous
star-formation in this disk.
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Figure 4.21: B2 0722+30 SE1– ModelA is with an unreddened OSP of 12.5 Gyr; model
B with an unreddened OSP of 2.0 Gyr.Top left: leastχ2 results of the SED modelling for
different age andE(B − V ) of the YSP. Contour levels are the same as in Fig. 4.17.Top
right: Detailed leastχ2 model fit in the region around 4000Å. The dotted line is the observed
spectrum, the black solid line the fitted model.Bottom:Leastχ2 model fit to the entire SED.
The dotted line is the observed spectrum, the black solid line the fitted model and the grey
solid lines the separate components of the fitted model. The histogram at the bottom of the
plots shows the residuals of the model fit to the observed spectrum.
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Figure 4.22: B2 0722+30 SE2– same as Fig. 4.21, but for region SE2.
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Figure 4.23: B2 0722+30 NW– same as Fig. 4.21, but for region NW.
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4.5.3 B2 1217+29

For B2 1217+29 (NGC 4278) we only extracted a spectrum in the nuclear region (Sect. 4.4).
Fig. 4.24 shows that fitting a single, unreddened OSP of age 12.5 Gyr already gives a rea-
sonable result, but the total flux is slightly underpredicted in the blue and overpredicted in
the red by this OSP model. Fig. 4.25 shows that the fit can be improved substantially by
adding an additional weak power-law component. The slope ofthe power-law,α = −1.10,
is in agreement with what Zheng & Malkan (1993) find for Seyfert 1 galaxies. Capetti et al.
(2000) find an unresolved nuclear component in HST images. Inthe I-band, the flux density
of this unresolved component is2.4×10−17 erg s−1 cm−2 Å−1 (Capetti et al. 2002), which is
slightly lower than the power-law in our best fit. However, according to Capetti et al. (2000)
there is some diffuse dust in the nuclear region, therefore one has to be careful comparing the
optical flux of the AGN from HST imaging with the flux derived from our indirect method.

A good model is also obtained if we fit a YSP component instead of a power-law. How-
ever, the contribution of a young stellar population of age.1 Gyr would be only very minor
(at most few% in total mass). Only if the age of the YSP is several Gyr, the contribution
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Figure 4.24: B2 1217+29 NUC– Top: fit of a single, unreddened 12.5 Gyr old stellar
population to the nuclear spectrum of B2 1217+29. The dottedline is the observed spectrum,
the solid line the OSP model. The histogram at the bottom of the plot shows the residuals of
the model fit to the observed spectrum.Bottom: zoom-in of the spectrum (dotted line) and
OSP model fit (solid line) in the region around the 4000Å-break, including the age sensitive
CaII K, Hδ and G-band features.
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Figure 4.25: B2 1217+29 NUC– Top: fit of a 12.5 Gyr old stellar population + weak power-
law component (α = −1.10) to the nuclear spectrum of B2 1217+29. The dotted line is the
observed spectrum, the black solid line is the fitted model and the grey solid lines are the
separate components of the fitted model (OSP and power-law).The histogram at the bottom
of the plot shows the residuals of the model fit to the observedspectrum.Bottom: zoom-in
of the spectrum (dotted line) and OSP + PL model fit (solid line) in the region around the
4000Å-break, including the age sensitive CaII K, Hδ and G-band features.

could be more substantial, as gets clear from Fig. 4.26. Figure 4.27 shows in detail the fit of
an OSP + YSP of age = 1 Gyr andE(B − V ) = 0 (the leastχ2 result from our SED fitting
with a YSP). We are unable to determine the exact age of this possible YSP, because its con-
tribution to the total light in the blue part of the spectrum (where the age-sensitive absorption
lines are located) is either only very minor (for ageYSP . 1.0 Gyr) or hard to distinguish
from a 12.5 Gyr OSP (for ageYSP several Gyr).

Concluding, we therefore argue that it is likely that the nuclear spectrum of B2 1217+29
is the result of a single OSP, or at least a very dominating OSP. The fit of a single OSP compo-
nent is improved significantly when adding a second, very weak component. This component
could consist of a very weak young stellar population, or of aweak power-law component
typical for the central AGN. This is impossible to distinguish with our used method. The
spectrum of B2 1217+29 can therefore be modelled without theneed of a young or interme-
diate age stellar population component. This is an interesting result, given that the HI in this
system has a morphology that is very similar to the HI around B2 0258+35 (although the
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Figure 4.26: B2 1217+29 NUC– leastχ2 results of the SED modelling for different age and
E(B − V ) of the YSP. Contour levels are:χ2 - 0.36, 0.37, 0.38, 0.4, 0.42, 0.45, 0.5, 0.6, 0.8,
1.0, 1.5; Light% YSP - 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100; Mass% YSP
- 0.5, 1, 2, 3, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100.

total H I mass is much less in B2 1217+29). The fact that no major starburst happened in B2
1217+29 means that either the HI disk in B2 1217+29 was not assembled through a major
merger event in the past several Gyr, or such a merger event did not trigger a detectable burst
of star formation.

The fact that we only find clear evidence for an OSP in B2 1217+29 is in agreement with
results from Śanchez-Bĺazquez et al. (2006), who derive a similar ’Single Stellar Population
(SSP) equivalent’ age for the stellar content of B2 1217+29 using various absorption-line
indices. Unfortunately, as we already mentioned in Sect. 4.4.1, the strong emission lines in
the other radio galaxies that we studied – likely related (atleast partially) to the presence of
an AGN in these systems – contaminate the age-sensitive absorption lines too much to rely
solely on absorption-line indices to derive the age of the stellar populations in these systems.

4.5.4 NGC 3894

For NGC 3894 we only extracted a spectrum in the nuclear region (Sect. 4.4.1). Fig 4.28
shows that a single 12.5 Gyr OSP gives a good fit to the SED only if there is an additional
power-law component withα = 2.3 and light percentage of∼ 30% in the very red part of
the spectrum. This power-law is not likely due to an obscuredAGN, in particular because
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Figure 4.27: B2 1217+29 NUC– Top: fit of a 12.5 Gyr old stellar population + YSP com-
ponent (age 1.0 Gyr;E(B − V ) = 0.0) to the nuclear spectrum of B2 1217+29. The dotted
line is the observed spectrum, the black solid line is the fitted model and the grey solid lines
are the separate components of the fitted model (OSP and YSP).The histogram at the bottom
of the plot shows the residuals of the model fit to the observedspectrum.Bottom: zoom-in
of the spectrum (dotted line) and model fit (solid line) in theregion around the 4000̊A-break,
including the age sensitive CaII K, Hδ and G-band features.

the emission-lines in this source are relatively weak compared to the other sources (as can be
seen in Fig. 4.4).

The power-law component could reflect an additional reddening component that we did
not take into account. When we deredden the spectrum of NGC 3894 by an additionalE(B−

V ) = 0.1, the spectrum can be fitted perfectly with the single 12.5 GyrOSP model. Since the
value for galactic extinction for NGC 3894 is onlyE(B − V ) = 0.0109 (Table 4.1), we do
not believe that the additional reddening correction is dueto an error in the applied galactic
extinction. If real, this additional reddening is likely due to reddening of the OSP.

We also modelled the spectrum with an additional YSP insteadof a power-law component
or additional dereddening. Fig. 4.29 shows that the best fitting solution of this OSP+YSP
model appears to converge for a YSP with age>5 Gyr (so outside the range of parameters
that we used in our SED modelling), reddeningE(B − V ) ∼ 0.7 and light% ∼ 9% (see also
Fig. 4.30). However, for similar arguments as for the nuclear region of B2 0258+35 (Sect.
4.5.1) we can not completely rule our the presence of a much younger, heavily reddened
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Figure 4.28: NGC 3894 NUC – Top: fit of an unreddened 12.5 Gyr old stellar population +
power-law component (α = 2.3) to the nuclear spectrum of NGC 3894. The dotted line is the
observed spectrum, the grey solid lines are the OSP model andpower-law and the black solid
line is the total fit. The histogram at the bottom of the plot shows the residuals of the model
fit to the observed spectrum.Middle: Same spectrum of NGC 3894 as in top plot, but with
an additional dereddening ofE(B − V ) = 0.1 applied. The solid line is the fit of a single
12.5 Gyr OSP.Bottom: zoom-in of the dereddened spectrum (dotted line) and OSP fit in the
region around the 4000̊A-break, including the age sensitive CaII K, Hδ and G-band features.
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Figure 4.29: NGC 3894 NUC– Top: leastχ2 results of the SED modelling for different age
andE(B − V ) of the YSP. Contour levels are:χ2 - 0.33, 0.34, 0.35, 0.36, 0.38, 0.4, 0.5, 0.6,
0.7, 0.8, 1.0, 1.2, 1.5, 2.0 (0.36, 0.37, 0.38, 0.4, 0.42, 0.45, 0.5, 0.6, 0.8, 1.0, 1.5 for zoom at
bottom); Light% YSP - 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100.

stellar population with our used method. Nevertheless, if such a younger stellar population
would be present, Fig. 4.29 shows that it contributes only a few % to the total light in NGC
3894.

In summary, it is clear that the nuclear spectrum of NGC 3894 can be fitted with a single
reddened OSP. Another possibility is that, besides an unreddened 12.5 Gyr OSP, there is an
intermediate age stellar population present in this system. However, age of this intermediate
age stellar population is most likely>5 Gyr and its contribution to the total stellar mass is
minor. Unfortunately, the quality of the data did not allow us to extract off-nuclear apertures
for this source in order to further investigate these possibilities (like we did for B2 0258+35,
B2 0648+27 and B2 0722+30). Nevertheless, our results implythat the stars in the central
part of NGC 3894 are old and that in the last several Gyr, if at all, there was no major starburst
in this system.

4.6 Uncertainties in our method

Of course there is a degree of uncertainty introduced by observational errors (like flux cal-
ibration) as well as by the assumed parameters of the synthesis models that we used in our
fitting procedure (duration of the starburst, metallicity and the assumed Salpeter IMF).

Uncertainties in the flux calibration (Sect. 4.3) could be the reason that in particular in
the red part of the spectrum the fit is not perfect. However, the deviation of the model fit of
a single, unreddened 12.5 Gyr OSP to the spectra of most of oursources is larger than these
flux calibration errors. We therefore do not expect that uncertainties in the flux calibration
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Figure 4.30: NGC 3894 NUC– Top: fit of a 12.5 Gyr OSP + YSP component (age 5.0 Gyr;
E(B − V ) = 0.7) to the nuclear spectrum of NGC 3894. The dotted line is the observed
spectrum, the black solid line is the fitted model and the greysolid lines are the separate
components of the fitted model (OSP and YSP). The histogram atthe bottom of the plot shows
the residuals of the model fit to the observed spectrum.Bottom: zoom-in of the spectrum
(dotted line) and model fit (solid line) in the region around the 4000̊A-break, including the
age sensitive CaII K, Hδ and G-band features.

change our results significantly. Moreover, our visual inspection of the detailed fits in the
blue part of the spectra (around 4000Å), provides a good check of the validity of the model
fitting, regardless of uncertainties in the flux calibration. As we explained in Section 4.3,
uncertainty in the normalisation of the flux calibration could result in an error of a factor 2 in
the calculation of the total mass of the YSP.

Uncertainties in the used model parameters could have an effect on the derived age, red-
dening and mass of the stellar populations:
(1) Our used models are based on fitting a single, instantaneous starburst event on top of an
old stellar population. It is very well possible that eithermultiple bursts of star formation or
continuous star formation occurred for a certain period. Our modelling technique - consisting
of a combination of an old plus a single young stellar population - is insensitive to multiple
bursts of star formation. Generally, the youngest stars (ifpresent in substantial amounts) have
the most significant contribution to the spectral light (as can be seen from Fig. 4.5). More
subtle bursts or periods of star formation, in particular much longer ago, can not be ruled out
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completely with our used method. Also, as already explainedby Tadhunter et al. (2002), a
period of continuous star formation will result in a bluer spectrum, with a larger UV excess
and smaller Balmer break than an instantaneous starburst. Considering such a star-formation
episode as just a single instantaneous starburst event would underestimate the elapsed time
since the start of the actual star formation process. Therefore, our derived ages for the YSPs
in the various galaxies provide a good lower limit for the actual ages of these young stellar
populations.
(2) The assumed Salpeter IMF is an uncertain factor. From arguments already given by Tad-
hunter et al. (2002, their Section 4.5), this uncertainty could result in under- or overestimating
the total mass of the YSP by a factor of a few (on top of the factor 2 due to the uncertainty in
the normalisation of the absolute flux level).
(3) Regarding the metallicity, we only used template spectra with solar-abundances to fit our
data. In particular in the central bulges (where most of our observed spectra were extracted)
the metallicities could be much higher (e.g. Vila-Costas & Edmunds 1992, and references
therein). Following e.g. Śanchez-Bĺazquez et al. (2006), uncertainty in the metallicity could
cause a serious scatter in the derived SSP (Single Stellar Population)-equivalent age of a stel-
lar population. However, Sarzi et al. (2005) explored in detail the effect of metallicity on the
result of a stellar populations synthesis modelling technique that very much resembles our
method (using multiple components to fit the spectra). They conclude that raising the metal
abundance from solar to 2.5× solar does not change the results dramatically. In fact, when a
YSP is needed in the fit, the ages change by less than 30%. Also the light and mass fraction
do not change significantly for spectra with a significant (& 10%) YSP. We therefore do not
believe that non-solar metallicities will change our basicresults concerning the age and con-
tribution of young and intermediate age stellar populations. On the other hand, super-solar
metallicity models result in redder intrinsic template spectra (see e.g. Fig. 2 of Sarzi et al.
2005). Our assumed solar-metallicity models could therefore overestimateE(B − V ) sig-
nificantly. A super-solar metallicity OSP might even simulate an additional reddening effect
to the spectra (this could perhaps explain the good fit of an OSP to the dereddened nuclear
spectra of B2 0258+35 and NGC 3894 - Sect. 4.5).

Finally, there is the selection effect that our slit only covered a small part of the galaxies.
We therefore only have information about certain small regions in these systems. Locally,
the stellar population and dust properties could vary from place to place within the galaxy
(as is found when comparing the nuclear and off-nuclear regions). However, the similarity of
the results for the various off-nuclear regions in several of the radio galaxies reassures us that
outside the nucleus our derived values for the stellar ages and masses are fairly uniform. The
major uncertainty occurs for the total stellar masses of thevarious populations in theentire
galaxy. This was already discussed in detail for B2 0648+27 (Chapter 2). When looking at
Table 4.3, the total stellar mass in the off-nuclear regionsof B2 0258+35 and B2 0722+30 is
only a few×109M⊙. It is important to keep in mind that the total mass estimatesin Table
4.3 only apply to the small regions under investigation, andthat the total mass of the entire
galaxy - in particular in the off-nuclear regions - is substantially higher.

In summary, we argue that the YSP components that we find from fitting the SED of
our spectra are real, and not the result of observational uncertainties. We also argue that we
have been able to establish a firm minimum age of the YSP in our sample sources. Most
likely there is a significant uncertainty only in the total mass, and in some cases perhaps the
reddening and/or metallicity, of the stellar populations.
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Table 4.4: Apertures

Aperture Hα
Hβ

[O III]

Hβ
[O II]

Hβ
[O II]
[O III]

[N II]

Hα
[S II]

Hα
[O I]

Hα type

B2 0258+35
NUC 4.0 3.7 3.5 1.0 1.8 1.4 0.3 AGN/LINER
NE 1.5 1.2 2.3 1.9 1.3 0.9 - LINER
SW 2.2 1.8 3.7 2.0 1.2 1.1 - LINER

B2 0648+27
NUC 4.5 7.6 0.6 0.08 3.5 0.4 0.09 AGN
NE 3.0 8.3 1.0 0.12 4.8 0.5 0.12 AGN
SW 3.4 8.2 1.3 0.16 3.5 0.4 0.10 AGN

B2 0722+30
NUC 6.9 1.5 3.3 2.2 1.2 0.8 0.14 LINER
SE1 6.1 0.3 0.9 2.6 0.5 0.3 0.04 H II region
SE2 5.0 0.4 1.3 3.2 0.5 0.3 0.06 H II / LINER
NW 4.6 0.8 1.7 2.1 0.6 0.4 0.05 H II / LINER

B2 1217+29
NUC 3.0 1.7 6.3 3.8 1.1 1.3 0.3 LINER

NGC 3894
NUC 2.8 2.6 3.4 1.3 1.6 1.1 - LINER

Notes – Line-ratios are given for the emission-lines Hβ λ4861, Hα λ6563, [O III ]λ5007,
[O II ]λ3727, [N II ]λ6583, [S II ]λ6716+λ6731 and [OI]λ6300. The last row gives the
characteristic type of emission-line object that corresponds to the line-ratios (as gives by
Veilleux & Osterbrock 1987; Baldwin et al. 1981).

4.7 Spectral classification

To get some idea about the ionisation-mechanism that is responsible for the emission-lines in
the spectra of our galaxies, we measure the emission-line ratios in the various spectra. For
most of our spectra, emission-line infilling by stellar-related absorption features (in particular
in the hydrogen lines) can be significant. We therefore subtracted the best-fit model from
our observed spectra to eliminate the underlying stellar continuum and absorption as best as
possible.

For most of the galaxies, the resulting Hα /Hβ ratio is more or less consistent with
the typical value of about 3 in standard hydrogen recombination analysis (e.g Osterbrock
1989). Uncertainties in subtracting the stellar-component and measuring the line-strengths
are likely responsible for the deviations from this typicalvalue. Nevertheless, the measured
Hα /Hβ values are reassuring for the correctness of the best-fit models that we subtracted and
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therefore also for the validity of the other line-ratios in Table 4.4. The only galaxy for which
the measured Hα /Hβ is clearly a bit too high is B2 0722+30. This could be related to the fact
that there is some additional reddening in the spectra that we did not take into account in our
best-fit model. However, we do not expect that this will alterour results significantly, because
we already concluded in Sect. 4.5.2 that the SED of our observed spectra of B2 0722+30 can
not be fitted through a reddened OSP alone, but that a YSP component is required.

Table 4.4 gives the emission-line ratios of the continuum-subtracted spectra and the cor-
responding characteristic spectral classification from diagnostic diagrams of Veilleux & Os-
terbrock (1987) and Baldwin et al. (1981). In particular thediagnostic diagrams of Veilleux
& Osterbrock (1987) contain emission-line ratios of lines that are close together in order to
minimise the effects of reddening. Table 4.4 shows that all five radio sources show emission-
line characteristics of either a LINER or AGN component in the nuclear region. The AGN-
type classification in B2 0648+27, and likely also in the nuclear region of B2 0258+35, is
indicative for the presence of an optical AGN in addition to the radio AGN. The ionisation-
mechanism for the LINER-type emission-line gas in various sources is more uncertain, but it
could also be related to a weak optical AGN, or to shock-heating of the gas by for example
the propagating radio plasma. Optical HST imaging (Capettiet al. 2000; Perlman et al. 2001)
is available for four of the five radio galaxies (to our knowledge, no image with comparable
high resolution is available for B2 0258+35). An unresolvedoptical core (indicative of an op-
tical AGN) has been identified in B2 1217+29. The other sourcehave extensive dust features
that could obscure such a core. The disk of B2 0722+30 shows emission-line characteristics
that resemble those of HII regions. This strengthens the idea raised in Sect. 4.5.2 that there
is ongoing star-formation in the disk of B2 0722+30.

4.8 Discussion

In order to investigate in more detail the relation between mergers, starbursts and the onset
of the radio-AGN activity in our radio galaxies, we need to put the stellar population analysis
of the five sample sources from this chapter in a broader perspective. In this Section we
therefore compare the derived stellar populations with other properties of the radio galaxies
(optical morphology, infra-red luminosity, HI content and radio source lifetime), and we
compare our results with other studies from the literature.

4.8.1 Host galaxy morphology

The first thing that is clear from our stellar population analysis is that the three radio galaxies
with a clear young or intermediate age stellar population (B2 0258+35, B2 0648+27 and B2
0722+30) all are morphologically classified as S0 (Table 3.1). The two radio galaxies (B2
1217+29 and NGC 3894) with only an old stellar population of age 12.5 Gyr (possibly> 5
Gyr for NGC 3894) are both classified as E (based on the NASA Extragalactic Database -
NED). Larger samples with accurate optical morphological classification (e.g. through deep
optical imaging) are necessary to investigate this further.

4.8.2 Infra-red properties

In Chapter 3 we already referred to the infra-red flux of our radio galaxies (Table 3.1). All
five radio galaxies studied in this chapter are detected by IRAS at 60µm.
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The (far)-IR emission in radio galaxies is related to dust that is heated either by a powerful
AGN (Sanders et al. 1989) or by starbursts (Rowan-Robinson 1995; Archibald et al. 2001).
Dust irradiated by stars has a typical temperature around 50K. As a result, galaxies with large
star-formation rates have a peak in their infra-red emission somewhere between 60 and 100
µm (e.g. Sanders & Mirabel 1996). The best way to derive an accurate estimate of the IR
luminosity (LIR) related to star formation from the IRAS data is to apply a model to the
observed IR values in the various IRAS bands (e.g. Mazzarella et al. 1993). For the five
sources in our sample, theLIR values derived in this way by various authors are listed in
Table 4.5.

The most striking result regarding the IR and stellar-properties of our sample sources is
that the two radio galaxies that contain a prominent stellarpopulation younger than one Gyr
(B2 0648+27 and B2 0722+30), areby far the most luminous in the IR– not only with respect
to the HI-rich radio galaxies for which we studied the stellar populations in this Chapter, but
also with respect to the entire sample of 22 radio galaxies that we studied in Chapter 3 (see
Fig. 3.11). In fact, the IR-luminosity of B2 0648+27 and B2 0722+30 resembles those of star
forming Sb and Sc galaxies (Rieke & Lebofsky 1986). The otherH I-rich radio galaxies, for
which we found older stellar populations, have an infra-redluminosity that is in the regime
of what is expected for typical early-type galaxies (LIR . 109L⊙; Rieke & Lebofsky 1986).
This is a clear hint that the infra-red properties of our sample (at least between 60 and 100
µm) are related to the presence of young stars. If this is indeed the case, it would mean that
for the other radio sources in our sample that lack HI (i.e. the ones for which we did no
stellar population analysis), it is not likely that a YSP comparable to that of B2 0648+27 and
B2 0722+30 is present. We note that the relatively high IR-flux of B2 1122+39 in Table 3.1
and Fig. 3.11 is partially due to the selection effect that B21122+39 is relatively nearby.
According to Impey et al. (1990), B2 1122+39 hasLIR = 6.3× 109, which is slightly higher
than that of B2 0258+35. A similar trend between the presenceof a recent starburst and a
high (far) infra-red luminosity in nearby radio galaxies has been observed in previous studies
by Tadhunter et al. (2002, 2005) and Wills et al. (2002, 2004).

Luminous Infra-Red Galaxies (LIRGs:1011 < LIR < 1012L⊙) and Ultra-Luminous
Infra-Red Galaxies (ULIRGs:LIR > 1012L⊙) are generally associated with ongoing major
mergers (e.g. Sanders et al. 1988; Ishida 2004). The IR-luminosity after the last major star-
burst event can therefore be another indicator whether a galaxy has gone through a merger
event and how violent this merger was. In Chapter 2 we predicted the IR appearance of B2
0648+27 right after the last major starburst event (0.3 Gyr ago) by turning back the clock
on the bolometric luminosity of the YSP using spectral synthesis models. We assumed that
the starburst event in its early stage was already largely obscured by dust (which is generally
the case for galaxies withLbol & 1011L⊙; Sanders & Mirabel 1996), and that most of the
starlight was absorbed by this dust and re-radiated into thefar-IR. At that epoch, B2 0648+27
had the appearance of a Luminous or Ultra-Luminous Infra-Red Galaxy (LIRG or ULIRG).

We did the same analysis for the other radio galaxies that we modelled in this chapter.
The results are shown in Table 4.6. Column 1 lists the bolometric luminosity of the YSP that
we find in the various regions.Lbol is estimated from the integrated luminosity of the YSP
measured from our template spectra (across the wavelength range from 0 - 30000̊A), scaled
to the total mass of the YSP given in Table 4.3. Column 2 gives the amount of light from the
YSP at present day that is absorbed by dust, given the derivedvalues ofE(B − V ) in Table
4.3. Column 3 gives the bolometric luminosity that the YSP would have 0.01 Gyr after the
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starburst event. Assuming that in the early stage of the starburst the YSP was enshrouded in
dust and that most of the light of the YSP was absorbed by this dust and re-radiated into the
infra-red, this gives a good approximation of the IR-luminosity at that epoch.

From Table 4.5 and 4.6 it is clear thatLabs can not account for the totalLIR that is ob-
served in our radio galaxies. In other words, the part of the present-day bolometric luminosity
of the YSP that is absorbed and re-radiated by dust in the regions under investigation, can not
account for the total observed IR-luminosity of these galaxies (except for NGC 3894, but
the “YSP” in this system is rather old and highly uncertain; Sect. 4.5.4). However, in Sect.
4.6 we discussed the important selection effect that our spectra cover only small parts of the
galaxies, which could severely underestimate the total stellar mass (which already has a large
uncertainty - Sect. 4.6), and as a result alsoLbol andLabs, in particular in the off-nuclear
regions. Also, as suggested for B2 0648+27 (Chapter 2), there might be dust-enshrouded
stellar populations buried deep in the galaxies, which we donot detect with our used method.
For B2 1217+29 there is no evidence for a post-starburst stellar population. Possibly the
non-thermal radiation from the optical AGN that irradiatesnuclear dust or a torus, could be
responsible for (part of) the IR-emission. The total luminosity of the weak optical AGN that
we used in our SED fit in the region 3500 - 8000Å is roughly 107 L⊙, but an estimate of
the bolometric luminosity of the optical AGN in B2 1217+29 isfar too uncertain to make
any prediction about the AGN-contribution to the observedLIR. Concluding, it is difficult
to determine whether the YSP andE(B − V ) derived from our modelling can fully account
for the IR-luminosity of our radio galaxies. We certainly can not rule out the possibility that
there is additional dust-heating by recent star formation (as is most likely the case in the disk
of B2 0722+30) or by the AGN.

Table 4.6 shows that for the YSPs in our radio galaxies, the estimated bolometric lu-
minosities 0.01 Gyr after the starburst event (LSB) are in the regime of the IR-luminosity of
LIRGs and ULIRGs. For B2 0258+35,LSB is comparable to the low end of the IR-luminosity
of the LIRG population. However,LSB has been determined solely from two off-nuclear
regions. Given the small covering factor outside the nucleus (Sect. 4.6), our method under-
estimates the total mass - and as a result alsoLbol andLSB - of the entire YSP in the galaxy.
Moreover, as we saw in Sect. 4.5.1, the nuclear region of B2 0258+35 may also have a YSP,
but this is impossible to determine with our used method. Table 4.6 therefore gives a firm
lower limit of LSB for B2 0258+35. B2 0648+27 has most likely been a LIRG or ULIRGin
the past (see Chapter 2). For B2 0722+30, most of the estimated LSB is ascribed to the YSP
in the nuclear region, which has an estimated age of 2.0 Gyr (significantly older than the YSP
in the disk). About 2.0 Gyr ago, B2 0722+30 likely had the appearance of a system at the
high end of the LIRG population. Given the fact that the YSP inthe disk likely consists of
ongoing star formation rather than a past starburst event, it does not contribute to the discus-
sion about a past (U)LIRG phase of this galaxy. NGC 3894 can have either a reddened OSP
or an “old YSP” to explain its spectral shape (Sect. 4.5.4). This makes any prediction about
the past IR-properties of this galaxy extremely uncertain.However, despite the fact that at
present NGC 3894 is not very IR-bright (Table 4.5), Table 4.6shows that a possible starburst
event& 5 Gyr ago could have given NGC 3894 the appearance of an ULIRG atthat epoch.
This means that, although the galaxy at present looks like a genuine elliptical, this system
could have experienced a major merger a long time ago.

In summary, all the HI-rich radio galaxies for which we analysed the stellar populations
in this chapter are detected in the infra-red at 60µm. The two sources with the most prominent
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Table 4.5: Infra-red luminosity

Source S(60µm) (1) LIR (Ref.)
(mJy) (L⊙)

B2 0258+35 177±47 2.8 × 109 (2)
B2 0648+27 2758±57 2.3 × 1011 (3)
B2 0722+30 3190±21 5.9 × 1010 (3)
B2 1217+29 618±21 3.4 × 108 † (4)
NGC 3894 140±59 4.3 × 108 † (4)

Notes –† LIR has been adjusted to our assumed distance to the galaxy in Table 3.1).
References:1. Impey & Gregorini (1993), 2. Impey et al. (1990), 3. Mazzarella et al.
(1993), 4. Wrobel et al. (1986).

Table 4.6: Estimated infra-red properties

B2 Galaxy Lbol Labs LSB

0.01 Gyr after SB
0258+35 (off-nuc) (1.1 − 5.3) × 108 - (0.1 − 2.4) × 1011

0648+27 (nuc) (0.8 − 2.8) × 1010 (0.5 − 1.9) × 1010 (0.4 − 1.3) × 1012

0722+30 (nuc) 2.5 × 109 1.9 × 109 5.4 × 1011

0722+30 (disk) (0.8 − 1.8) × 1010 (0.7 − 1.6) × 1010 1.3 × 1011

1217+29 (nuc) - - -
NGC 3894 (nuc) ( 2.5 × 109 ) ( 2.3 × 109 ) ( 1.1 × 1012 )

Notes – the different luminosities in this Table are explained in the text.

young (<1 Gyr) stellar population - B2 0648+27 and B2 0722+30 - are by far the brightest
IR-sources of our entire HI sample of 22 radio galaxies discussed in Chapter 3. Together
with previous studies, this strongly suggests that there isa link between star formation and
IR-luminosity in nearby radio galaxies. Our stellar population analysis shows that the radio
galaxies that we studied – even though not all of them containa prominent and truly young
stellar population – could have gone through a (U)LIRG phaseat some point in history. The
only exception is B2 1217+29, for which no such evidence has been found.

4.8.3 Large-scale HI structures

The five radio galaxies for which we investigated the stellarpopulations in this chapter were
selected on their HI content. The five galaxies all have a large (15 - 190 kpc in diameter),
massive (few×108 − 1010M⊙) and fairly regular rotating disk- or ring-like HI structure that
surrounds the host galaxy. A detailed analysis of these HI structures was given in Chapter 3.
There we concluded that the formation mechanism of these large-scale HI structures is likely
related either to major merger events or to cold accretion ofthe inter-galactic medium. The
information about the stellar populations in these systemscan be important for distinguishing
between both scenario’s. As suggested by several authors (e.g. Barnes & Hernquist 1991;
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Barnes & Hernquist 1996; Mihos & Hernquist 1994, 1996; Springel et al. 2005a; Kapferer
et al. 2005), a major merger event also triggers a burst of star formation (see Sect. 1.3.1 for
more details). A steady accretion of cooled gas is not likelyto trigger a strong starburst event.

From the stellar populations analysis we find evidence for a YSP of age between 0.3 and
5 Gyr in three radio galaxies (plus what appears to be ongoingstar formation in the disk of B2
0722+30). A fourth galaxy (NGC 3894) may contain a ’YSP’ of>5 Gyr old, but this is not
certain from our modelling. The YSP in these galaxies could well be the result of a past major
merger event, given that the estimated IR-luminosity that would have been produced by this
YSP in the epoch directly after the starburst event (when thestarburst was likely enshrouded
by dust) is in the regime for (U)LIRGs. This would agree with the possibility that also the
H I structures were formed as a result of this merger event. The regular kinematics of the
H I suggests that a possible merger event should have occurred more than a (few) Gyr ago
for the different systems, after which the gas had time to settle. This is consistent with the
relatively old ages of the YSPs in these systems. For B2 0648+27 the starburst happened
relatively recently compared to the other cases, thereforea detailed comparison between the
time-scales of the merger event (traced by the HI) and the onset of the starburst activity in
this system could be performed (see Chapter 2). For B2 0648+27 it is clear that there was
a significant time-delay between the initial merger and the triggering of the starburst. For
the other radio galaxies the age of the YSP is more uncertain,and therefore exact timing
arguments regarding the HI morphology and the stellar ages can not be performed in these
systems. Although the age of the intermediate age stellar populations and the morphology
of the HI structures strongly suggest a common origin in these galaxies, further studies are
necessary to verify this.

For one of the radio galaxies in this chapter (B2 1217+29) there is no evidence for the
presence of a prominent stellar population other than the 12.5 Gyr old stellar population
typical of genuine ellipticals. The HI structure in this system nevertheless resembles the
H I structures in the radio galaxies that contain a YSP. This suggests that the HI disk in B2
1217+29 is either very old and assembled together with the early-type host galaxy in the
early universe, or it assembled later in a gentle process, that did not trigger a significant
burst of star formation in this galaxy. Could a major merger under specific conditions (such
as encounter geometry, mass ratio or progenitor morphology) result in a ’gentle’ merger,
in which the gas is re-distributed without being perturbed to a degree that star formation is
triggered? According to Mihos & Hernquist (1994, 1996) galaxy structure (more so than
orbital geometry) plays an important role in regulating thetiming of the starburst activity.
However, to our knowledge, in these and other simulations ofmajor mergers (e.g. Springel
et al. 2005a), a period of moderate to intense star formationis the logical result in all different
cases that have been studied (although in some cases the starburst can occur long after the
initial encounter of the merging galaxies). Possibly the starburst in B2 1217+29 faded away
beyond a limit detectable with our used method. It is intriguing to see that there is a wide
range in age of the stellar populations detected in radio galaxies which have very similar HI
properties. Could there be a merger sequence, in which the starbursts age and fade away,
while large-scale HI structures remain?

Alternatively, the HI disk in B2 1217+29 (and perhaps also in some of the other HI-rich
radio galaxies) may have formed in another way. Possibly, the H I disk formed through a se-
ries of encounters with nearby companions. These companions should have had a mass much
lower than that of B2 1217+29, in order not to trigger a significant starburst event through
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strong gravitational perturbations. These companions should also have been relatively gas-
rich and large amounts of gas should have been stripped off these systems to build up the
7.4 × 108M⊙ H I disk around B2 1217+29. Another possible explanation for this H I disk is
that it formed from the cooling and subsequent accretion of hot halo gas. This cold accretion
scenario (described in Sect. 1.3.3) might be responsible for assembling large-scale HI disks
(Kerěs et al. 2005). A similar scenario might explain the somewhatmore massive HI ring
around NGC 3894, a system for which it is uncertain whether the entire stellar population is
12.5 Gyr old and reddened, or if a starburst event occurred> 5 Gyr ago. Also for B2 0258+35
and B2 0722+30 this alternative formation scenario can not be ruled out.

4.8.4 Starburst vs. radio-AGN activity

The HI-rich radio galaxies that we studied in this chapter all havea compact radio source.
Only B2 0722+30 has a typical FR-I morphology, although the size of this source is only 13.9
kpc (Table 3.1). The four compact radio sources have been studied in detail by Giroletti et al.
(2005a,b) and Taylor et al. (1998). From an estimate of the radio spectral break frequency
from total flux density measurements, Giroletti et al. (2005a) estimate that B2 0258+35 and
B2 0648+27 have a minimum age of about 1 Myr, therefore much younger than the age of
the last major starburst event in these systems – something which is certainly true also for
NGC 3894 in case there was a starburst event> 5 Gyr ago (see also Sect. 3.6.2 for a detailed
discussion about these results).

Since extended FR-I radio sources are generally believed to be not more than108 years old
(Parma et al. 2002), this puts a limit on the age of the radio source in B2 0722+30. Despite the
concerns already expressed in Sect. 3.6.2 on this estimate,it is nevertheless save to say that
also the radio source in B2 0722+30 is much younger than the age of the 2 Gyr intermediate
age stellar population found in this system. This is not necessarily the case with respect to
the very young stellar population in the disk of B2 0722+30, which may have been triggered
coeval with the radio source (although this young stellar population likely represents ongoing
star formation rather than an instantaneous starburst event).

It is likely that, although there may have been previous periods of radio-AGN activity, at
least the current phase of this activity in our HI-rich radio galaxies started long after the last
major starburst event. As we will see in the next Section, this is consistent with other recent
studies.

4.8.5 Other studies

Recent studies show that a young stellar population is detected in a growing number of radio
galaxies (Aretxaga et al. 2001; Tadhunter et al. 2002, 2005;Wills et al. 2002, 2004; Raimann
et al. 2005). In a small sample of nearby FR-I radio sources, Wills et al. (2004) detect a
YSP in the host galaxy in∼ 30% of the cases, comparable to the detection rate found for
more powerful (mainly FR-II and Compact Steep Spectrum) radio sources by Tadhunter et al.
(2002). Their studies were focussed on the nuclear regions of the galaxies. We find strong
evidence for a YSP (. few Gyr) in the nuclear region of two of our five sample sources(B2
0648+27 and B2 0722+30). This corresponds to a detection rate of 40%. Taking into account
the small number statistics, this is in agreement with the studies of Wills et al. (2004) and
Tadhunter et al. (2002),even though the sources in our sample were a priori known to be
gas-rich. If we also take into account the off-nuclear region of B2 0258+35 there is clear
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evidence for a YSP in 60% of our small sample of radio galaxies.
From SED fitting techniques, Tadhunter et al. (2005) argue that the post-starburst stellar

populations that they detect in a number of radio galaxies are relatively old (∼0.5 - 2 Gyr)
compared to the lifetimes of the radio sources. This suggests that, in case of a merger event,
the radio sources in these systems were triggered late in thelifetime of this merger event, in
agreement with what we find for our sample sources. In an ongoing study, Gonźalez Delgado
et al. (2006) compare this with a stellar population analysis in samples of very luminous and
ultra-luminous infra-red galaxies and conclude that in general the radio-AGN phase indeed
follows after the (U)LIRG phase. Recently, Labiano Ortega (2006) also claims that there
is an apparent time-lag between starburst events and the onset of radio-AGN activity in a
sample of Gigahertz Peaked Spectrum (GPS) and Compact SteepSpectrum (CSS) sources.
These types of radio sources are generally believed to be very young radio sources (age 103

- 106 years) that represent the first stages of what may become powerful radio galaxies. The
apparent time-gap between the starburst event and the onsetof the current period of radio-
AGN activity in the lower power radio sources in this chapterresembles the time-delays found
in these previous studies. As already discussed in 3.6.2, these time-delays could be related to
the time needed for gas to lose enough angular momentum to reach the centre of the galaxy
after a tidal interaction (e.g. Lin et al. 1988), or to properties of the central engine itself (such
as the required timescale for the coalescence of individualblack holes in merging galaxies;
e.g. Escala et al. 2004; Milosavljevic & Merrit 2001; Wilson& Colbert 1995).

4.9 Conclusions
Compared to B2 0648+27 (which we analysed in detail in Chapter 2), the other four HI-
rich radio galaxies investigated in this chapter all have significantly older stellar populations.
Only B2 0722+30 appears to have, beside a 2.0 Gyr intermediate age stellar population, also
a truly young stellar population across its disk, likely theresult of continuous star forma-
tion. B2 0648+27 and B2 0722+30 are also the most infra-red luminous radio galaxies in
our complete sample, which suggests that the IR-luminosityof our sample sources is related
to star-formation activity. The light of B2 0258+35 and B2 0722+30 (and maybe also NGC
3894) is dominated by an intermediate age stellar population of several Gyr old. This could
mean that these systems experienced a starburst several Gyrago, which is consistent with the
fact that the HI disks in these systems are fairly old (Chapter 3). In case these HI structures
have been formed through a merger event several Gyr ago, the intermediate age stellar popu-
lation in these systems could also be a product of this mergerevent. The contribution of the
young/intermediate age stellar populations detected in these radio galaxies suggests that the
galaxies could have had the appearance of an (U)LIGR at the epoch of the starburst event.

Regarding the radio-AGN activity, there is likely a significant time-delay between the last
period of starburst activity and the onset of the radio-AGN activity.

B2 1217+29, and maybe also NGC 3894, do not contain a detectable young or interme-
diate age stellar population. This is striking, given the fact that the HI properties of these
systems are remarkably similar to those of the other HI-rich radio galaxies. This suggests
that either major mergers can create HI disks that exist for a very long time, while young
stellar populations fade away or are not triggered in the first place, or that a mechanism other
than a major merger can form large-scale HI disks in radio galaxies.
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5
Neutral hydrogen around the

powerful FR-I/FR-II radio galaxy
NGC 612

ABSTRACT — We detect large-scale HI around the powerful FR-I/FR-II radio
source PKS 0131-36 in host galaxy NGC 612. The HI directly associated with NGC 612
(MHI = 1.4 × 109M⊙) is distributed over 800 km s−1 along the optical disk and dust-
lane. Together with the detection of young stellar populations in NGC 612 (Holtet al.
2006), our HI data are consistent with the scenario that a major merger event formed this
system roughly a Gyr ago (although other scenarios can not be ruled out). Our HI data
also indicate ongoing interactions between NGC 612 and several nearby galaxies in the
form of tidal-tails, that stretch out to three small, nearby companions up to 76 kpc away.
Further out, faint HI gas stretches towards NGC 619, a peculiar and HI-rich system lo-
cated at almost 400 kpc distance from NGC 612. The HI properties of NGC 612 are
discussed with respect to the hybrid morphology of the source as well asin relation to the
compact and FR-I radio sources studied in Chapter 3.

5.1 Introduction

As we already discussed in Chapter 1, mergers and interactions are often invoked to trigger
AGN activity. Studies of the neutral hydrogen gas and stellar populations provide a good tool
to investigate this hypothesis. In Chapter 3 we studied the HI properties of a complete sample
of moderately powerful compact sources and extended FR-I sources. An interesting result
from this study is that, in contrast to several compact sources, the extended FR-I sources in our
sample do not contain large-scale HI. Heckman et al. (1986) argue that optical signatures of
major mergers are much more common around the powerful, edge-darkened FR-II (Fanaroff
& Riley 1974) radio galaxies than around the less powerful, lobe-dominated FR-I sources.

In this chapter we present results on the neutral hydrogen gas around the powerful radio
source PKS 0131-36 in galaxy NGC 612. This radio source is classified by Gopal-Krishna
& Wiita (2000) as a so called HYMORS (HYbrid MOrphology RadioSource). The eastern
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lobe is of type FR-II with a bright hot-spot near its outer edge, while the westernlobe is more
diffuse and of type FR-I (Morganti et al. 1993). The total radio power isP4.8GHz ∼ 1.5×1025

W Hz−1, which is at the border between the typical power of FR-I and FR-II sources (e.g.
Owen & Laing 1989; Owen & White 1991; Ledlow et al. 2002). This is also higher than
the radio power of the compact sources and extended FR-I sources studied in Chapter 3.
The host galaxy NGC 612 is an S0 galaxy atz = 0.0297 (Goss et al. 1980).∗ NGC 612
has a prominent dust-lane along the disk, almost perpendicular to the radio-axis (e.g. Ekers
et al. 1978). Although the continuum colours are typical of an early-type galaxy, there are
unusually strong and narrow absorption features and the 4000-Å break appears to be weaker
than average (Tadhunter et al. 1993). Raimann et al. (2005) and recently Holt et al. (2006,
see Sect. 5.5) have shown that there is a young or intermediate age stellar population present
in this system.

5.2 Observations

The observations of NGC 612 were done with the Australia Telescope Compact Array (ATCA)
for 2 × 12 hrs on 25/26/27 June 2003 using the 750C array-configuration and for 2× 12 hrs
on 10/11 Oct. 2005 using the EW214 array. Combining these two configurations gives a
good uv-coverage (Fig. 5.1), with baselines ranging from 31to 750m for the five antennas
that are useful for imaging in these configurations. The 6th ATCA antenna (“6km antenna”)
was located at a distance of about 5 km from the centre of the rest of the array and was in
operation only during the 750C configuration. For imaging studies we discarded this antenna,
because of the gap in uv-coverage with the other antennas andbecause the long baselines of
this antenna are not very sensitive to HI emission anyway. In Sect. 5.4.2 we describe HI

absorption results including this 6km antenna. All observations were done with the 16 MHz
band with 512 channels and 2 polarisations.

For the data reduction and visualisation we used the MIRIAD and KARMA software.
After flagging and calibration, we used a polynomial fit (firstor second order) to the line-free
channels in order to separate the continuum from the emission-line data in the uv-plane for
each of the four data-sets. The continuum data obtained withthe 750C array (the configura-
tion that provides the highest spatial resolution of the two) were used to create the uniform
weighted continuum image shown in Fig. 5.2 (beam =62.4 × 38.0 arcsec2; PA = 0.9◦). The
combined line-data of all the four runs were used to construct a data-cube with robust weight-
ing +1 (see Briggs 1995). The resulting data cube has a beam of154.25× 89.59 arcsec2 (PA
-1.3◦), a velocity resolution of 26.2 km s−1 (after binning two consecutive channels and sub-
sequently Hanning smoothing the data) and a noise level of 0.7 mJy beam−1. From this data
set a mask was created by smoothing the data spatially by a factor 1.5, applying another Han-
ning smooth in velocity, and subsequently masking out all the signal below 2σ. This mask
was used to extract a 0th-moment total intensity image of thedata cube with a cut-off level at
2.5σ in the regions that were not masked out (Figs. 5.3 and 5.5).

5.3 Radio continuum

Figure 5.2 shows the radio continuum map of PKS 0131-36 (NGC 612) that we constructed
with the high-resolution 750C array-configuration. The mapclearly shows the hybrid mor-

∗for H0 = 71 Mpc km s−1, this puts NGC 612 at a distance of 125 Mpc and 1 arcsec = 0.6 kpc
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Figure 5.1: uv-coverage of the combined 750C and EW214 data.

phology of this source, with the typical FR-II morphology of the eastern lobe (ending in a hot-
spot) and the typical FR-I morphology of the western lobe. Although our line-observations
are not ideal for constructing a continuum image, the resultis nevertheless in good agreement
with the continuum map from Morganti et al. (2003). The totalpower that we derive for this
source isP1.4GHz ∼ 1.5 × 1025 W, which is also in agreement with results from Morganti
et al. (2003).

NGC 612

Figure 5.2: Radio continuum (contours) overlaid onto optical DSS imageof NGC 612 (grey-
scale). Contour levels range from 41 to 468 in steps of 47 mJy beam−1.
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5.4 HI emission

Figure 5.3(middle)shows a 0th-moment total intensity map of the HI gas detected in emis-
sion in NGC 612. The total HI mass in NGC 612 is1.8 × 109M⊙ (see also Fig. 5.7).† Most
of the HI gas is concentrated on top and north of the host galaxy, following the optical disk.
This H I feature has a total extent of 127 kpc. There are also apparenttails of H I stretching
towards three small, nearby companions. This gets more clear from Fig. 5.4, which shows
the channel maps of the HI emission. The companions (indicated with an arrow in the last
plot of Fig. 5.4) are located 37 and 66 kpc north-east and 76 kpc south of NGC 612. Fig-
ure 5.3(right) shows a position-velocity plot of the HI gas along the major axis of the host
galaxy. The HI emission covers a velocity range of about 800 km s−1. This is a large velocity
spread compared with the typical rotation velocity of the large-scale HI disks and rings that
we presented in Chapter 3 (which have∆v . 400 km s−1). Goss et al. (1980) traced optical
emission lines out to a radius of 40 kpc along the direction ofthe dust-lane. The emission-
lines show a flat rotation curve that is centred on a systemic velocity of vsys = 8900 km s−1

and that covers a velocity range of 360 km s−1. The velocity range of the emission-line struc-
ture is therefore significantly smaller than the total velocity range of the HI gas in NGC 612.
Although the bulk of the HI gas appears to form a rotating structure, the large velocityspread,
combined with the tails that are visible towards three nearby companions, suggests that the
H I gas in this system is not fully settled.

The surface density of the HI at the location of the host galaxy is 3.1M⊙pc−2. This is
comparable to the surface density of the HI structures discussed in Chapter 3, and is likely
too low for large-scale star formation to occur (Martin & Kennicutt 2001).

Emission
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7 
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Figure 5.3: Middle: 0th-moment total intensity map of HI gas (contours) overlaid on optical
DSS image (grey-scale). Contour levels: 1.4, 1.8, 2.2, 3.2,4.8, 6.4×1019 cm−2. Left: H I

absorption profile against the central part of the radio galaxy. Right: position-velocity plot of
the HI along the disk of the host galaxy (as indicated in the middle image). Contour levels:
-1.5, -2.2, -2.9, -3.6, -4.3 (grey); 1.5, 2.2, 2.9, 3.6, 4.3 (black) mJy beam−1.

†The HI mass estimate of NGC 612 is determined from the low resolution data in Fig. 5.7
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Figure 5.4: Channel maps of the HI emission in NGC 612. Contour levels are 4.2, 4.8, 5.7,
6.9, 8.4, 9.9×1018 cm−2 (corresponding to 3, 3.5, 4, 5, 6, 7σ). The three small, nearby
companions in the DSS image are indicated with an arrow in thelast frame.

5.4.1 HI environment

Figure 5.5 shows the 0th-moment total intensity map of the environment of NGC 612. At
a distance 397 kpc east of NGC 612 is NGC 619. This galaxy has very peculiar thin arms,
that give the system and “8-shaped” appearance. NGC 619 contains8.9× 109M⊙ of H I (see
also Fig. 5.7). Most of this HI gas is located at the position of the host galaxy. A prominent
tail of H I gas is stretching 219 kpc towards the southwest. This is roughly in the direction of
the nearby spiral galaxy (ESO 353- G 019), which has a systemic velocity comparable to the
velocity of the HI in this region (vsys = 8618 km s−1)‡.

When inspecting the data cube in the XZ plane, we find evidence for additional, but very
faint, H I emission in the region between NGC 612 and NGC 619. This gets clear from Fig.
5.6. Here we show the “channels maps” of this region, plottedin velocity against R.A. Where

‡Based on the NASA/IPAC Extragalactic Database (NED).



144 CHAPTER5: H I IN THE POWERFUL RADIO GALAXY NGC 612

Full resolution

NGC 612

NGC 619

Figure 5.5: 0th-moment total intensity map of the HI emission in the environment of
NGC 612. Contour levels: 1.4, 1.8, 2.2, 3.2, 4.8, 6.4, 8.0, 9.6, 11×1019 cm−2. The ra-
dio source is shown in grey contours (see also Fig. 5.2). The thick arrow indicates the spiral
galaxy ESO 353- G 019.

one normally displays channel maps at different velocities, in this case we cut slices through
the data cube in the Y direction. These consecutive slices each include the integrated signal
across 89.3 arcsec (or 54 kpc) in dec. To clarify the faint emission, the data was smoothed
(FWHM 218.1 × 178.4 arcsec; PA -1.3◦), and an additional Hanning smooth was applied
in velocity. The emission in regions 1 and 2 is directly related to NGC 612 and NGC 619.
The HI tail south-west of NGC 619 is clearly visible in the third frame (arrow). This tail
connects to a faint stream of HI in the direction of NGC 612 (feature “3”, as indicated in
the 6th frame). Figure 5.7 shows a 0th-moment total intensity map made from the smoothed
data by summing all the signal above 3σ in the velocity range of the emission features. In
Fig. 5.7, feature 3 is clearly visible as faint HI emission in between NGC 612 and NGC 619.
From Figs. 5.6 and 5.7 we argue that feature 3 most likely represents some sort of tidal bridge
between both systems.

5.4.2 HI absorption

HI is detected in absorption at the location of the host galaxy.Figure 5.3(left) shows the ab-
sorption profile from the data cube that we used for the emission study (with robust weighting
+1). In this data-cube, the absorption profile is diluted by HI emission. The optical depth of
the absorption feature (measured from the level of the emission) is roughly 7% and FWHM
∼ 100 km s−1, which corresponds to a column density ofNHI ∼ 1.3 × 1021 cm−2 (for
Tspin = 100 K).
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Figure 5.6: Channel maps (velocity plotted versus R.A.) of the smootheddata cube. Every
channel contains the integrated signal across 89.3 arcsec in dec (or 54 kpc). Contour levels:
-1.1, -1.5 (grey); 0.7, 0.9, 1.3, 1.7, 2.2 (black)×1018 cm−2.
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Figure 5.7: 0th-moment total intensity map of HI emission from the low-resolution
smoothed data cube (contours) overlaid on an optical DSS image (grey scale). Contour lev-
els: 0.2, 0.4, 0.7, 1.1, 1.7, 2.3, 3.4, 4.5, 5.7×1019 cm−2. The arrow represents the same
feature as the arrow in Fig. 5.6.
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Figure 5.8: Top: High-resolution continuum image of PKS 0131-36 (NGC 612) including
the 6km antenna. The lowest contours are at 12% of the peak intensity, which is 26.4 mJy
beam−1. Bottom: H I absorption profile detected against the unresolved radio core.

In order to study in more detail the exact location of the absorption, we made a high
resolution data cube using the 750C data plus the 6km antenna(Sect. 5.2). The result is
shown in Fig. 5.8. The high resolution radio continuum map including the 6km antenna
(beam =7.8 × 4.6 arcsec2; PA -1.3◦) misses data from baselines between 750m and about
4km, which results in a large gap in uv-coverage. Because there is no information about
the structure of the source at the spatial scales that correspond to the gap in uv-coverage,
much of the extended continuum emission is resolved out in the resulting high-resolution
continuum image. However, the long baselines of the 6km antenna allow us to trace the
nucleus as an unresolved point-source, which is invisible in the lower resolution continuum
image in Fig. 5.2. By constructing also a uniform weighted data cube (beam =7.8 × 4.6
arcsec2, PA -1.3◦; velocity resolution = 13.2 km s−1), were are able to trace the HI absorption
against the very core of the radio source (Fig. 5.8 - bottom).This absorption has an optical
depth ofτ ∼ 33.5% and FWHM∼ 85 km s−1, which corresponds to a column density of
NHI ∼ 5.2 × 1021 cm−2 (for Tspin = 100 K). This is significantly higher than the column
density derived from the lower-resolution data set withoutthe 6km antenna. It means that
either the HI gas does not cover the radio continuum uniformly in the central part of the
radio galaxy, or that part of the absorption comes from gas that is located in the very central
region near the radio core. The radio continuum surroundingthe core in Fig. 5.8 is too weak
to detect possible absorption coming from the large-scale HI structure.

Against the eastern radio hot-spot, no HI has been detected in absorption down to a 5σ level
of τ ∼ 0.6% (for the robust +1 data).
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5.5 Stellar populations
With the same technique that we used to study the stellar populations in Chapter 4, Holt et al.
(2006) find evidence for an intermediate age stellar population with an age of roughly 1 Gyr
in both the nuclear region and in the stellar disk south of thenucleus. In the northern part
of the disk, Holt et al. (2006) trace a significantly younger stellar population with an age
of a few tenths of a Gyr. The stellar populations could be related to starburst events that
were triggered during a merger or interaction event, which may also have redistributed the
neutral gas (see also Sect. 1.3.1). It is striking that a significantly younger stellar population
is detected towards the north, where we also find HI tails that indicate an ongoing interaction
with two small companion galaxies.

5.6 Discussion
5.6.1 Origin of the HI

The HI gas along the disk of of NGC 612 has a very broad velocity distribution (∆v ∼ 800
km s−1). This broad velocity distribution makes it unlikely that the bulk of the HI gas is
fully settled in a regular rotating disk or ring (as is the case for a number of radio galaxies
from Chapter 3). Since the spatial resolution of our observations is not good enough to
determine the exact morphology of the HI gas, it is impossible to study in detail the formation
history of this system from the HI distribution alone. However, the presence of a young and
intermediate age stellar population throughout the optical host galaxy suggests that starbursts
were triggered in NGC 612 relatively recently. This, together with the large amounts of –
apparently not (yet) fully settled – HI gas in this early-type galaxy, is in agreement with
the scenario that a recent merger occurred in this system, which triggered a burst of star
formation and redistributed the neutral gas (see also Sect.1.3.1). If NGC 612 experienced a
major merger event, the age of the 1 Gyr intermediate age stellar population could be a good
indication of the merger timescales, also to explain the HI structure along the optical disk of
NGC 612: this timescale would be not too long for the HI gas to fully settle, but long enough
for the optical host to obtain its early-type appearance (e.g. Hibbard & van Gorkom 1996).

In the northern part of the optical disk of NGC 612, Holt et al.(2006) trace a significantly
younger stellar population with an age of a few tenths of a Gyr. It is striking that a signifi-
cantly younger stellar population is detected towards the north, where we also find HI tails
that indicate an ongoing interaction with two nearby galaxies. These two nearby galaxies,
plus a third one south of NGC 612, show clear signs of HI that is tidally connected to the
H I around NGC 612. These galaxies are small compared to NGC 612,therefore only minor
interactions are expected between NGC 612 and these companions.

On the other hand, the tidal debris between NGC 612 and NGC 619suggest that a major
merger or interaction might have happened between these roughly equal-sized galaxies. Pos-
sibly the peculiar optical morphology of NGC 619 (with two thin arms that curl back in on
the galaxy) could be a relic of such a major merger event. The presence of faint HI across the
400 kpc that separate NGC 612 and NGC 619 might even suggest that H I gas (∼ 1010M⊙ in
total) was swept all over this region of space by past galaxy encounters.

Finally, as we discussed in Sect. 1.3.3 and 3.6.1, an alternative mechanism for forming
the large-scale HI structure around NGC 612 consists of cold accretion of hot halo gas.
Although there is no clear evidence to either prove or disprove this scenario, it is unlikely
that cold accretion has been the trigger for the starburst event that happened in NGC 612.
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5.6.2 Onset of the radio-AGN activity

From spectral age arguments due to synchrotron losses of relativistic electrons in the radio
plasma, Alexander & Leahy (1987), Leahy et al. (1989) and Liuet al. (1992) estimate that
the ages of powerful FR-II sources are roughly106 − 107 years. This is a factor of5 − 10
smaller than the ages derived for extended FR-I sources (Parma et al. 2002). A real difference
in age between FR-I and FR-II sources is hard to sell in light of the hybrid FR-I/FR-II radio
morphology of PKS 0131-36. According to Parma et al., the difference in age between FR-I
and FR-II sources can also be explained by an erroneous approximationof the magnetic field
or by the mixing of old and young electrons by back-flow in the powerful FR-II sources. Also
Blundell & Rawlings (2000) have argued that spectral break frequency measurements may
not always reflect the true age of radio sources, because of erroneous approximation of the
magnetic field strength and continuous replenishment of energetic electrons. In this respect,
the most extended double radio sources may be much older (0.1- 1 Gyr) than predicted by
traditional spectral ageing arguments.

Given this uncertainty in the ages of extended radio sources, we can not make a prediction
about the exact age of the radio source in NGC 612. It is therefore difficult to compare the
onset of the radio-AGN activity with the ages of the stellar populations and the HI structure
in NGC 612. Having said this, it is possible that the onset of the radio-AGN activity could
be directly related to a major merger event that might have happened one Gyr ago, or to the
ongoing tidal interactions that we see between NGC 612 and the small, nearby companions.

5.6.3 Comparison with B2 sources

NGC 612 clearly contains more HI than the extended FR-I radio galaxies in our complete B2
sample, discussed in Chapter 3. In fact, the HI content resembles that of the HI-rich compact
sources in our B2 sample. This is illustrated in Fig. 5.9, where we plot NGC 612 in the ’mass
vs. radio size’ plot of the B2 sample (Fig. 3.10). The difference in HI content between the
extended FR-I sources in Chapter 3 and the more powerful FR-I/FR-II source in NGC 612 is
certainly not an observational effect, given that the sensitivity of the ATCA data of NGC 612
(Sect. 5.2) is roughly a factor of 2 - 3 lower than the sensitivity of the VLA-C and WSRT
data presented in Chapter 3 (Sect. 3.3).

In contrast to the FR-I radio galaxies, NGC 612 does show evidence in HI for ongoing
interactions and (together with the detection of an intermediate age stellar population) in-
dications for a possible recent major merger event. This is consistent with the hypothesis
addressed by Heckman et al. (1986) that FR-I and FR-II radio sources could be powered in a
different way. Heckman et al. show that the more powerful FR-II sources, more so than FR-I
sources, often have optical evidence that they formed through a recent major merger event
(which may also have triggered the radio source). FR-I sources might be fed through other
processes (for example cooling flows, intrinsic black hole properties or dry mergers). We will
get back to this hypothesis in Chapter 7.

The fact that NGC 612 has HI properties similar to some of the compact sources in
Chapter 3 is intriguing. It might suggest that the compact sources are more closely related
to NGC 612 than to the extended FR-I sources. HI observations of other radio sources with
FR-II properties are necessary to investigate this further.
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Figure 5.9: Total H I mass detected in emission plotted against the linear size ofthe radio
sources. In case of non-detection a tight upper limit (3σ across 400 km s−1) is given. The
circles and upper limits represent the compact and FR-I sources from Chapter 3 (see Table
3.4). The triangle represents NGC 612.

5.6.4 HYMORS

The discussion about a possible connection between the HI content and the FR-II properties
of the radio source PKS 0131-36 in NGC 612 is complicated by the fact that PKS 0131-36
is a clear example of a HYbrid MOrphology Radio Source (HYMORS), with an FR-II jet
on the eastern and a FR-I jet on the western side. The mere existence of HYMORS has led
Gopal-Krishna & Wiita (2000) to argue that the FR-dichotomyis likely related to interactions
between the radio jet and the ambient medium on kpc scales, rather than to intrinsic properties
of the central engine. This scenario suggest that the distribution of the ISM is anisotropic in
the host galaxy, slowing down the radio jet enough to retain the appearance of an FR-I source
only in one of the two jet directions. In NGC 612, the complex kinematics and distribution
of the HI gas suggest that some amount of anisotropy in the ISM is likely, although our
observations lack the spatial resolution to investigate this in detail.

5.7 Conclusions
We detect large-scale HI in the powerful FR-I/FR-II radio galaxy NGC 612. The large ve-
locity distribution of the HI gas, together with the presence of an intermediate age stellar
population in this system, is consistent with the scenario that a major merger formed this sys-
tem about 1 Gyr ago (although other scenarios can not be ruledout). In addition, several tails
of H I are seen towards three small, nearby companions and very faint H I debris is detected
in the direction of the gas-rich peculiar galaxy NGC 619. Regarding the total HI mass con-
tent, NGC 612 resembles more closely the HI-rich compact sources rather than the extended
FR-I sources studied in Chapter 3. The uncertain age of the radio source prevents us from
comparing in detail the HI and stellar properties with the onset of the AGN activity.
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6
Fast outflow of neutral and ionised

gas in 3C 293 and 3C 305

ABSTRACT — In this chapter we use detailed HI absorption and optical emission-
line characteristics to study the ISM in the very central region of two nearby(starburst)
radio galaxies, 3C 293 and 3C 305. This allows us to investigate the importance of feed-
back effects from radio sources on the ambient ISM. By studying HI in absorption against
the central radio source, we detect, for the first time, the presence of fast outflows of neu-
tral gas (with velocities up to∼1000 km s−1) in the central regions of these two radio
galaxies. Using optical long slit emission-line spectra we detect similar outflows also in
the ionised gas. For both radio galaxies the outflow is located in the region of enhanced
radio emission from a distorted radio jet. This strongly suggests that both theneutral and
ionised gas outflow are driven by a jet-ISM interaction. Our studies reveal that, despite
the high energies that must be involved in driving the outflows, only a verysmall fraction
of the outflowing gas (in the order of only a percent) is ionised and the bulk remains,
or becomes again, neutral. This puts serious constraints on the physics of jet-ISM inter-
actions. The observed outflows of neutral gas are comparable, at least at the low end,
to starburst-driven outflows in Ultra-Luminous Infra-Red Galaxies. The importance of
jet-related feedback could therefore be much larger than generally assumed.

Based on publications:
Emonts, B.H.C., Morganti, R., Tadhunter, C.N., Oosterloo,T.A., Holt, J.,

van der Hulst, J.M., 2005MNRAS, 362, 931
Morganti, R., Oosterloo, T.A., Emonts, B.H.C., van der Hulst, J.M., Tadhunter, C.N., 2003

ApJ, 593, 69
Morganti, R., Oosterloo, T.A., Tadhunter, C.N., van Moorsel, G.,

Emonts, B., 2005A&A, 439, 521
+ conference proceedings [8,9,10,11,12]
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6.1 Introduction
Nuclear activity can strongly influence the Interstellar Medium (ISM) in the centre of ac-
tive galaxies. The strong radiation field from the central engine, as well as collimated jets
of radio plasma, affect the ionisation and kinematics of this ISM in a complex way. In ad-
dition, the situation can be further complicated by the presence of starburst-induced winds
(e.g. Heckman et al. 1990, and references therein), associated with young stellar populations
that are known to be present in some radio galaxies (e.g. Aretxaga et al. 2001; Wills et al.
2002, 2004). The feedback mechanisms of AGN and starburst activity are also important in
the evolution of the host galaxies. AGN activity may, for example, regulate the correlation
between the mass of the central black hole and the galaxy’s bulge properties (e.g. Silk & Rees
1998). It is therefore important to carefully study these physical processes and determine to
what extent each of them influences the characteristics of the host galaxies. Nearby radio
galaxies provide excellent opportunities to do this in detail.

An important feature that is observed in a significant fraction of active galaxies is the
presence of outflows of warm and hot gas from the central region (e.g. Heckman et al. 1981;
Veilleux et al. 2002; Kriss 2004, and references therein). In a number of nearby powerful
radio galaxies, asymmetric emission-line profiles provideevidence for outflows of ionised
gas, often with velocities> 103 km s−1 (e.g. Tadhunter 1991; Villar-Martı́n et al. 1999;
Tadhunter et al. 2001; Holt et al. 2003; Taylor et al. 2003). The exact driving mechanisms
for these fast outflows are not always clear, but they could consist of interactions between the
ISM and the propagating radio plasma (like the case of Seyfert galaxy IC 5063; Oosterloo
et al. 2000; Morganti et al. 2004a), AGN induced winds (e.g. Krolik & Begelman 1986;
Balsara & Krolik 1993; Dopita et al. 2002) or starburst-related phenomena (e.g. Heckman
et al. 1990).

The nearby powerful radio galaxies 3C 293 and 3C 305 are excellent cases to study the
outflow mechanisms in great detail. In this chapter we present outflows of both ionised gas
and neutral hydrogen gas in these two nearby radio galaxies.We aim to gain a better under-
standing of the physical process that is responsible for theoutflow and the effect it has on the
ISM of the host galaxy.

6.2 Radio galaxy 3C 293
3C 293 is a powerful (P1.4GHz ∼ 2 × 1025 W Hz−1)∗, edge-brightened Fanaroff & Riley
(1974) type-II radio source with two extended radio lobes (e.g. Bridle et al. 1981, see also
Fig. 6.1). It also has a Steep Spectrum Core that consists of atrue flat-spectrum radio core
and a two-sided inner radio jet structure which is distortedand misaligned with respect to
the outer radio lobes (e.g. Akujor et al. 1996; Beswick et al.2002, see also Fig. 6.1). 3C
293 therefore has different radio source properties than the moderately powerful FR-I and
compact sources studied in Chapter 3. The radio source 3C 293is hosted by the early type
galaxy UGC 8782, which has a complex disk-like morphology with a bridge-tail structure
that extends beyond a possible companion∼ 33 arcsec to the southwest (van Breugel et al.
1984; Heckman et al. 1986; Evans et al. 1999b). The spectroscopic work of Tadhunter et al.
(2005) reveals post-starburst young stellar populations with ages between 0.1 and 2.5 Gyr
throughout the galaxy. 3C 293 has a modest far-IR luminosityof Lfir ∼ 2.3 × 1010 L⊙. The

∗
H◦ = 71 km s−1 Mpc−1 used throughout this chapter. At the redshift of 3C293,z = 0.045, this puts the

galaxy at a distance of 190 Mpc and 1 arcsec = 0.92 kpc.
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galaxy contains extensive filamentary dust lanes (e.g. Martel et al. 1999) and large amounts of
molecular and neutral hydrogen gas in the central few kpc (Baan & Haschick 1981; Haschick
& Baan 1985; Evans et al. 1999b; Beswick et al. 2002, 2004). Given its peculiar optical
morphology and the presence of large amounts of cold gas and young stars, 3C 293 has
often been suggested to have been involved in a gas-rich galaxy-galaxy interaction or merger
event, in which large amounts of gas have been funnelled intothe nuclear region and are now
fuelling the AGN. The presence of a dense ISM, a young stellarpopulation and a distorted
radio morphology make 3C 293 an excellent case to study the interplay between ISM, nuclear
starburst and AGN activity.

6.3 Ionised emission-line gas in 3C 293

135o

VLA−A

Figure 6.1: Position of the slits along 60◦ (major axis host galaxy), 135◦ (outer radio axis)
and 93◦ (inner radio axis). The large-scale image is an overlay of WSRT radio contours (from
our 10 MHz data; Sect. 6.4.1) superposed onto an optical DSS image of 3C 293. Contour
levels WSRT: 4.5, 6.5, 9.0, 13, 18, 25, 35, 50, 70, 95, 130, 170 mJy beam−1. The zoom-in
on the brightest part of the outer western radio lobe (from our VLA A-array data; Sect. 6.4.1)
shows the detailed structure of the outer hot-spot. Contourlevels VLA-A: 3.7 4.5 5.3 6.0 6.7
7.4 8.1 mJy beam−1. The zoom-in on the central region is an overlay of a MERLIN radio
continuum image onto a HST F702W broadband image (overlay from Beswick et al. 2002,
see Sect. 6.3.2 for more details). Contour levels MERLIN: 9,36, 144, 630 mJy beam−1. The
regions C and E0 are the region of the core and the region of bright optical and radio emission
1 arcsec east of the core. These regions are described in detail in Sect. 6.3.2.
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Table 6.1: Observational Parameters
slit integration

date PA width time (s) average seeing
(◦) (”) blue red airmass (”)

5/12/2001 60 1.3 2400 2400 1.085 ∼ 0.8
5/12/2001 135 1.3 1200 1200 1.037 ∼ 0.8
6/18/2003 93 1.03 3600 2400 1.02 ∼ 1.0

6.3.1 Observations

Optical long-slit spectra were taken at the William Herschel Telescope (WHT) on May 12th
2001 (PA 60◦ and 135◦) and in service mode on June 18th 2003 (PA 93◦) using the ISIS
long-slit spectrograph with the 6100Å dichroic, the R300B and R316R gratings at the blue
and red arm and the GG495 blocking filter on the red arm to cut out second order blue light.
This resulted in a wavelength coverage from about 3500 to 8000 Å. The slit was aligned by
eye and centred on the brightest part of the galaxy. The different slit positions are indicated
in Figure 6.1. Table 6.1 gives a summary of the observationalparameters.

We used the Image Reduction and Analysis Facility (IRAF) to reduce the data. A de-
scription of the data reduction of the May 12th 2001 data is already given by Tadhunter et al.
(2005). For the June 18th 2003 data (PA 93◦) the standard calibration (bias subtraction, flat-
fielding and wavelength calibration) was done. We used dome and arc exposures taken at
approximately the same position and time as the source spectra. We took out a significant
tilt of the slit in the spatial direction by applying a 1st order correction using two stars that
were in the slit. With the tilt removed, the spectra are aligned within one pixel. After the
background subtraction the frames were combined and cosmicrays removed. Two standard
stars (BD+26 2606 and BD+33 2642) were used for the flux calibration. The wavelength
calibration was checked for both the 2003 and 2001 data usingnight skylines in spectra that
were reduced without background subtraction. We correctedfor any systematic off-set of the
lines in the different spectra (likely due to flexure in the spectrograph) during the analysis
of the spectra. The resulting accuracy of the wavelength calibration is within 0.1Å for all
the red spectra and 0.4̊A for all the blue spectra, with no obvious systematic errors. The
λ-resolution of the spectra is∼ 4Å.

For the analysis of the spectra, we used the Starlink packageFIGARO to bin consecutive
rows of pixels into a one-dimensional spectrum. In this way,we produced a series of spectra
across the slit. These spectra were further analysed with the Starlink package DIPSO by
fitting Gaussian profiles to the spectral lines. Velocities used in this chapter are heliocentric.

6.3.2 Gas kinematics along the inner radio axis

Extended continuum and emission-lines are detected in all our optical spectra of 3C 293. Fig.
6.2 shows a typical spectrum of 3C 293 in the regions E0 and C (these regions are indicated
in Fig. 6.1 and will be described in detail below). For the analysis of the kinematics of the
gas we will mainly use the [SII ] and [OII ] lines. These are among the stronger emission lines
detected and they do not suffer from absorption features in the underlying continuum, as can
be the case for the stronger Hα line.

In this Section we concentrate on the analysis of the kinematics of the gas along the inner
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Figure 6.2: Spectrum of the regions E0 and C. The spectrum is a composite spectrum of
both the red and the blue spectrum along PA 93◦. The flux is summed over an aperture of 0.8
arcsec. See Section 6.3.4 for more details on these spectra.

radio axis, i.e. PA 93◦. Along this position angle the ionised gas clearly shows themost
complex kinematics. This is illustrated by the 2D spectrum of the Hα+[N II ]λλ6548,6583
region shown in Figure 6.3. In this figure, the locations of the various features detected in the
optical spectrum are compared with features seen in the radio and the HST image. Fig. 6.3
(bottom) shows a MERLIN radio contour map overlaid on an optical HST image of the inner
5 kpc of 3C 293 (figure from Beswick et al. 2002, also shown in Fig. 6.1). The accuracy
of the overlay is within 0.3 arcsec. The HST WFPC2 image was taken with a broadband
F702W filter and includes optical continuum in the wavelength range just below the strong
Hα+[N II ] lines. In Fig. 6.3 (middle) an integrated brightness profile from the HST image
is taken across the region that is covered by the 93◦ slit, as indicated by the dotted region
in the HST image. Fig. 6.3 (top) shows that the different features in the HST image can be
identified in the red part of our 2D-spectrum along PA 93◦. Several regions of interest are
indicated. Region C, when observed in the radio at VLBI resolution (Beswick et al. 2004),
includes the actual core as well as a radio knot about 0.4 arcsec west of the nucleus. Region
E0 is the region of peak intensity in the optical, about 1 arcsec east of the nucleus. This is
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Figure 6.3: Bottom: MERLIN radio contour map overlaid on an optical HST image of the
inner few kpc of 3C 293 (figure from Beswick et al. 2002). Contour levels are 9, 36, 144,
630 mJy beam−1. Middle: Integrated profile from the HST image across the region that is
covered by the 93◦ slit (indicated by the dotted region in the bottom plot).Top: Spectrum
along PA 93◦ (Hα+[N II ]). Contour levels: 0.75, 1.67, 3.4, 6.1× 10−17 erg cm−2s−1Å−1.
The features in the spectrum can be traced in the HST image.

also the region in which the radio continuum peaks. Regions E1 and W1 are regions east and
west of the nucleus just at the edge of where fainter radio continuum is detected. Further out
to the east and west (in regions where so far no radio continuum has been detected) are the
regions E2 and W2.
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Figure 6.4: Spectrum of the [SII ]λλ6716,6731 line (middle; contour levels 0.2, 0.48, 0.72,
1.1, 1.6, 2.5, 3.6, 4.6× 10−17 erg cm−2s−1Å−1). Also shown are the fits to the [SII ] line at
various places along the slit. At most places along the slit we need two components to get a
good fit. The apertures used to make the 1D-spectra that we present here are written in the
bottom-right corner of the plots (note that the plot of region W2 is taken with an aperture of
0.8 arcsec, but a similar spectrum is seen throughout the region W2 as it is indicated in Fig.
6.3).

In Fig. 6.4 we show the 2D-spectrum of the [SII ] doublet. Also shown in Fig. 6.4 are
fits to the [SII ] line at various places along the slit. As mention above, the[S II ] line is used
for the kinematic analysis in order to avoid possible effects of absorption features that may
affect the Hα line. Moreover, the region of the nucleus is more clearly seen in the red part
of the spectrum than in the blue part (due to the higher sensitivity of the ISIS spectrograph
in the red as well as complex extinction across the spectral range due to prominent central
dust-lanes; Martel et al. 1999), which favours the use of [SII ] above [OII ] for the detailed
kinematic analysis presented in this Section.

In Fig. 6.4 we can immediately identify a narrow component inmost of the fits. To
fit the narrow component of the [SII ] doublet we use two Gaussians with equal width and
with wavelength separation constrained, following the physical parameters (corrected for the
redshift of 3C 293) given by Osterbrock (1989). At most places along the slit we need a
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Figure 6.5: Line-fitting results of the [SII ] line in the spectrum along 93◦. In the various plots
the small squares (connected with a dotted line) represent the narrow component of the gas.
The circles represent the broad component. Vertical error bars represent uncertainties in the
fits and in theλ-calibration; horizontal error bars represent the width ofthe used apertures.
The horizontal axis is centred on the nucleus. Plotted against the spatial off-set from the
nucleus are: (a) the velocity of both the narrow and the broadcomponent w.r.t. the systemic
velocity (vsys = 13, 450 ± 35 km s−1; see Section 6.3.2); (b) the velocity shift between the
broad and narrow component (the dotted line, velocity shift= 0, corresponds to the velocity
of the narrow components); (c) the width of the broad component; (d) the [SII ]λ6716+λ6731
line flux (mean value over an aperture of 0.2 arcsec) of both the narrow and broad component.

second, broader component to get a good fit (again this is a doublet component with equal
width and wavelength separation constrained). Various results from the line-fitting of both
components of the [SII ] line in the spectrum along 93◦ are shown in Fig. 6.5. Plotted against
the distance of the features from the nucleus are the velocities of both the narrow and broad
component relative to the systemic velocity of 3C 293, the velocity shift between the narrow
and broad component, and the width of the broad component along the slit. Also shown is
the line flux of both the narrow and broad components. Table 6.2 summarizes the kinematic
information of both components in the different regions.

From Figs. 6.4 and 6.5 and Table 6.2 we can distinguish several features with distinct
gas kinematics. In Fig. 6.5(a), the narrow components (connected with the dashed line)
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Table 6.2: Kinematic information of the various narrow and broad components observed in
the different regions. Given is the FWHM (corrected for instrumental broadening) of the
fit to both components as well as the velocity shift (∆v) between the centre of the broad
component and the centre of the narrow component in each region (negative shift means that
the broad component is blueshifted). Also given is the [SII ]λ6716+λ6731 flux of the various
components (given as the calculated mean flux over an aperture of 2 arcsec). Due to the
faintness of the narrow component across region W2 we could not obtain a single good value
for the width of this narrow component, therefore we left it out of this Table.Note that the
broad component represents different gas features in the different regions (see text).

Region FWHMnarrow FWHMbroad ∆v Fluxnarrow Fluxbroad

(km s−1) (km s−1) (km s−1) (×10−16 erg / s / cm2) (×10−16 erg / s / cm2)

E2 - 664± 27 -202± 22 - 1.00± 0.04
E1 248± 15 687± 80 -114± 48 0.90± 0.10 0.61± 0.12
E0 341± 10 729± 127 -542± 56 4.02± 0.20 1.35± 0.26
C 411± 20 1032± 57 26± 31 3.12± 0.39 5.73± 0.64

W1 112± 55 398± 68 115± 75 0.19± 0.12 0.30± 0.12
W2 - 264± 40 152± 33 - 0.41± 0.09

trace what appears to be a regular rotating feature that we identify with the large scale gas
disk already observed by van Breugel et al. (1984). We will discuss more about this disk in
Section 6.3.3. In the following we briefly discuss the characteristics of the ionised gas in each
region:

• Region C: Region C is the region that includes the nucleus. In region C we need to
include a broad component to get a good fit to the emission lines (Fig. 6.4). This
broad component, however, is strong compared to the broad component at other places
along the slit and it peaks at the same velocity as the narrow component. It therefore
might reflect a more turbulent state of the ionised gas close to the nucleus of the galaxy
or the presence of a circum-nuclear disk. Similar phenomenahave been suggested to
explain a broadening of the deep HI absorption profile in the nuclear region of 3C 293
(Beswick et al. 2002).

At the location of the nucleus, we very accurately determinethe systemic velocity of
3C 293 to bevsys = 13, 450 ± 35 km s−1 or z = 0.04486 ± 0.00012, which is the
redshift of the narrow component in region C. The error has been determined from the
uncertainty in fitting the Gaussian components, from the inaccuracy of the wavelength
calibration and from the uncertainty in the exact position of the nucleus in the optical
spectrum.

• Region E0: Region E0 is the region about 1 kpc east of the nucleus, where both the
optical as well as the radio continuum peak in intensity. In region E0 we detect, in
addition to a narrow component, a broad component of the [SII ] line that is highly
blueshiftedwith respect to the velocity of the narrow component and the systemic ve-
locity of the system. A similar component is seen in the [OII ] line (see Sect. 6.3.3).
The FWHM (full-width at half the maximum intensity) of this component is729±127
km s−1 (corrected for instrumental broadening) and its centre is blueshifted by542±56
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km s−1 w.r.t. the velocity of the narrow component that traces the regular rotating gas
disk (see Figure 6.5). The width of the broad component and the amplitude of the
velocity shift (w.r.t the narrow component) are so large that they can not be due to
gravitational motions of the gas. Thus, we interpret this broad, blueshifted component
as a fast outflow of ionised gas. The exact extent of this outflow - both along the radio
jet as well as perpendicular to it - will be discussed in Section 6.3.5.

• Region E1: Region E1 is the region at the edge of the weak radio emission about 4
kpc east of the nucleus. In region E1 the [SII ] emission line shows a broad component
with FWHM = 708 ± 80 km s−1. In this case, the centre of this broad component is
blueshifted by only114 ± 48 km s−1 w.r.t. the narrow component. Thus, also this
component may represent a gas outflow, although not as pronounced as in region E0.

• Region E2: A very remarkable feature can be seen in region E2 at∼ 7 arcsec east
of the nucleus. In Fig. 6.3 this feature clearly has a “comma”-like shape and the
ionised gas disk seems distorted. This is strengthened by the fact that in region E2
we can not identify the narrow component in the [SII ] line. Instead, we fit a single
broad component in region E2. The FWHM of this feature is664 ± 27 km s−1. When
extrapolating the velocity that the disk would have in region E2 (as traced by the narrow
component in the regions adjacent to E2; see Fig. 6.5-A), thecentre of this broad
component is blueshifted by202 ± 22 km s−1, again indicating the presence of gas
outflow also in this region. In region E2 there is no detectionof radio continuum down
to a limit of 3 mJy beam−1 in radio continuum maps presented by e.g. Bridle et al.
(1981).

• Regions W1& W2: Regions W1 and W2 are the regions west of the nucleus. In re-
gions W1 and W2 the emission-line profile, although very faint,is clearly asymmetric.
By including an additional, broader component we get an excellent fit to the emission-
line profile in this part of the galaxy. The narrow component on the western side nicely
traces the velocity curve of the gas disk, while the broader component isredshifted
with respect to this narrow component. However, the FWHM of the fit to this broader
component in regions W1 and W2 is only398 ± 68 (W1) and264 ± 40 (W2) km s−1.
Furthermore, the shift between the narrow and broad component is only115±75 (W1)
and152 ± 33 (W2) km s−1. This redshifted component is not as pronounced as the
blueshifted component seen on the eastern side of the galaxy. It might, therefore, in-
dicate that only a mild outflow is present on the western side of the galaxy (with gas
moving away from us). Another possibility is that this component might be caused by
line-of-sight effects when we look through the almost edge-on disk of the galaxy. The
asymmetric emission-line profile would then represent the narrow component gas at
various locations in the disk, intercepted by our line-of-sight. With the data available
to us we can not disentangle these two possibilities.

The main result from this first part of the kinematic study of the ionised gas is that there
are a number of locations along the position angle of the inner radio jet where gas outflows
are observed. In addition to this, the most prominent outflowis observed at the location of
the stronger radio continuum (E0). This will be further discussed in Section 6.3.5.
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6.3.3 Extended gas disk

The spectrum taken along PA 60◦ follows the major axis of the galaxy. Therefore we also
analysed the kinematics of the emission-line gas in this direction. Fig. 6.6 show a velocity-
curve of the ionised gas, constructed by fitting Gaussian profiles to the [OII ] line, using
apertures of 0.6 arcsec at various places along the 60◦ slit. Being one of the stronger lines,
[O II ] can be traced out to a larger distance from the centre than other lines. From this diagram
it is clear that the [OII ] emission-line gas follows the kinematics of a regular rotating disk
(also seen by van Breugel et al. 1984). The plot also clearly shows how the blueshifted
component observed in region E0 (the only one included in this slit position) is well separated
from the gravitational motion of the regular rotating disk gas. The total diameter of the gas
disk is 30 kpc, which is larger than the 19 kpc disk already found by van Breugel et al. (1984).
A small difference in slit alignment might explain the slight deviation of our velocity curve
from the one of van Breugel et al. (1984).

We centre the velocity curve on the systemic velocity that wederived in Section 6.3.2
(vsys = 13, 450 ± 35 km s−1). Our value forvsys is in agreement withvsys = 13, 478
km s−1, found with HI absorption at the core by Beswick et al. (2004). The redshiftvelocity
of the disk gas in region E0 is roughly 13,500 km s−1, consistent with the velocity of the
deep, narrow HI absorption that is located against the enhanced radio emission in region E0
(Beswick et al. 2002, 2004) and with CO data (Evans et al. 1999b). From our rotation curve
along PA 60◦ we derive a velocity gradient of∼ 57 km s−1 arcsec−1 in the inner region of
the galaxy. This is consistent with the gradient seen by van Breugel et al. (1984) and the
gradient of∼ 46 km s−1 arcsec−1 from H I absorption studies by Beswick et al. (2002).

Figure 6.6: Position-velocity diagram of the [OII ] line along the major axis of the galaxy
(PA 60◦). The squares trace the narrow component; the circles the broad component in region
E0. Point (0,0) represents the nucleus. The off-set on the horizontal axis is the off-set (in
arcsec) from the nucleus (error± 0.6 arcsec). On the vertical axis the velocity is plotted w.r.t.
the systemic velocity that we derive at the nucleus (vsys=13,450± 35 km s−1; see Section
6.3.2). The vertical error bars represent uncertainties inthe Gaussian fits and inaccuracies in
the wavelength calibration.
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6.3.4 Ionisation and density of the gas

Table 6.3 gives the values of the fluxes of the narrow component of various emission lines
measured in the regions E0 and C in the spectrum along PA 93◦ (see Fig. 6.2). The fluxes
are the total emission-line fluxes, estimated from Gaussianfits, across an aperture of 0.8
arcsec (corresponding to a spatial binning of 4 consecutivepixels in the 2D-spectra) centred
on regions E0 and C.

The line fluxes in Table 6.3 are not corrected for extinction.The ratio Hα/Hβ = 9.5 in
region E0 is about a factor 3 too high when comparing it with the hydrogen recombination
analysis done by Osterbrock (1989). Therefore it is clear that Hβ is strongly affected by
reddening (caused by various dust lanes that cross the innerregion of 3C 293, e.g. Martel
et al. 1999) and/or by underlying Hβ absorption associated with the young stellar population
that Tadhunter et al. (2005) found in this galaxy. Furthermore, the Hα emission line could be
affected by underlying atmospheric absorption. All this makes the analysis of the line ratios
more complicated. Nevertheless, when comparing with diagnostic diagrams (e.g. Baldwin
et al. 1981; Veilleux & Osterbrock 1987; Dopita & Sutherland1995), we can use some of the
lines, which lie close together so that the line ratios are not affected by extinction too much
(e.g. [NII ]/Hα, [S II ]/Hα and [OI]/Hα ratios, together with [OIII ]/Hβ), as good diagnostics
for the classification. Using these diagnostics we can conclude that region E0 in 3C 293 has
a LINER-type (Low Ionisation Nuclear Emission-line Region) spectrum (Heckman 1980).
Thus, the narrow component gas in region E0 is likely either shock ionised or photo-ionised
by the AGN at low ionisation parameter. The line ratios are inconsistent with photo-ionisation
by O and B stars (HII region) or by a strong power-law AGN at high ionisation parameter.

The [OII ] and [SII ] fluxes of the broad component gas associated with the outflowin
region E0 are also listed in Table 6.3. We were not able to makean accurate fit of the broad
component in region E0 to any other line than the strong [OII ] and [SII ] lines. Other lines
also show evidence for a broad component, but due to the underlying continuum and the
limited signal-to-noise (in combination with the complexity of some of the emission lines,
such as [NII ]+Hα) we were not able to get a reliable fit to these broad components.

The emission-line gas in region C (fitted with a single Gaussian component) appears to
have ionisation characteristics similar to the narrow linegas in region E0, although the mea-
sured Hα/Hβ = 15.7 indicates that region C is likely even more affected bydust-extinction
than region E0. In region C the gas is also likely ionised either by shocks or by the AGN at
low ionisation parameter.

Electron densities of the gas can be derived from the [SII ]λ6716/λ6731 ratio (Osterbrock
1989). Fig. 6.7 shows [SII ]λ6716/λ6731 for both the narrow and the broad component in the
various regions along PA 93◦ (the fit is too uncertain across region W2 and therefore we leave
it out of the plot). The broad component represents different features in the various regions
(Section 6.3.2), which might be physically unrelated. Nevertheless, given the relatively large
uncertainties, we do not see any difference in the [SII ] ratio in the various regions. The
weighted mean [SII ]λ6716/λ6731 ratio in Fig. 6.7 is1.23 ± 0.08 for the narrow component
and1.19 ± 0.07 for the broad component (excluding the broad component in region C, that
does not represent an outflow; see Section 6.3.2). This corresponds to densities of about
2± 1× 102 cm−3 for the narrow component and3± 1× 102 cm−3 for the broad component
gas, assumingT = 10, 000 K (since [OIII ]λ4363 is not detected we are not able to derive the
electron temperature of the emission-line gas). Thus, we donot see any significant difference
between the density derived for the narrow and for the broad component gas.
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Table 6.3: Fluxes of the narrow component emission-line gas - relativeto Hβ - across an 0.8
arcsec aperture in regions E0 and C. The Hβ flux is given in erg s−1 cm−2. The errors are
also scaled to the value of the Hβ flux and reflect both the uncertainty of the Gaussian fits as
well as the inaccuracy in determining the continuum level. Also included are the fluxes of the
broad component of the [OII ] and [SII ] gas (scaled to the value of the narrow component) in
region E0.

Region E0 Region C
Element Flux Flux
(narrow comp.) relative to Hβ relative to Hβ

Hβ flux 2.32±0.24×10−16 1.15±0.10×10−16

[O II]λ3727 4.2±0.2 4.9± 0.1
[O III]λ4363 <0.3 -
[O III]λ5007 1.2± 0.2 2.6± 0.1
[O I]λ6300 1.2±0.4 5.2± 0.1
Hα 9.5±0.4 15.7± 0.7
[N II]λ6583 7.7±2.9 20.4± 3.8
[S II]λ6716+λ6731 7.4±0.3 21.9± 0.3
[O II]broad/narrow 0.32±0.05 -
[S II]broad/narrow 0.30±0.05 -

6.3.5 Fast gas outflow in region E0

The fastest outflow of gas is seen in region E0. In this region the emission lines are partic-
ularly strong and they allow some further analysis of the characteristics of this outflow. In
particular we investigate in this Section the spatial extent of the region showing the fast out-
flow and we estimate the mass of the outflowing gas. This information will be used later on
for building a possible scenario about the origin of this outflow.

Spatial extent of the gas outflow in region E0

In Fig. 6.8 we analyse the extent of the region in which we detect the fast outflow. We
do this by tracing the broad, blueshifted component of the [OII ] emission line along the
different position angles (since the [OII ] line is stronger than the [SII ] line it provides a better
indication for the presence of the broad component). The topplots show in contours the HST
F702W image of the central few kpc of 3C 293. The radio continuum of the MERLIN map
(from Beswick et al. 2002) is plotted in grey-scale and clearly shows the knots of enhanced
radio emission in the regions C and E0. The length of the boxesindicates the region in which
the broad, blueshifted component is detected; the width of the boxes corresponds to the width
of the slit. Note that the slit was aligned by eye to cover the brightest region and Fig. 6.8
merely shows the most likely positioning of the slit. The uncertainty in the position of the
nucleus in the spectra around the [OII ] line (the “0”-point for the spatial off-set) is 0.6 arcsec.
Also shown in Fig. 6.8 are the width of the broad and narrow component, the velocity shift
between the two components and the line flux of both components across the region in which
the broad component is detected.

From Fig. 6.8 and the seeing listed in Table 6.1 it is clear that the region in which the
broad, blueshifted component is observed, i.e. the fast-outflow region, is spatially resolved.
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Figure 6.7: [S II ]λ6716/λ6731 of both the narrow emission-line gas component (closed
squares) as well as the broad emission-line gas component (open circles) in the various re-
gions along PA 93◦. Shown are the dotted lines that correspond to densities of 100 and 300
cm−3 (assumingT = 10, 000 K, see Osterbrock 1989) as well as the maximum and mini-
mum value for the [SII ] doublet line ratio that is physically possible (the upper dashed line
corresponds tone ≤ 101 cm−3, the lower dashed line tone ≥ 105 cm−3. The error bars
reflect the uncertainty in fitting the Gaussian components.

Not only is it resolved along the direction of the inner radioaxis (where, moreover, we know
already other regions of gas outflow do exist; see Section 6.3.2), but also perpendicular to it.
The gas outflow is observed in a region of2 × 1.5 kpc2.

Mass of the gas outflow in region E0

The mass of the gas in a line emitting region is related to the Hβ luminosity in that region
by:

Mgas = mp
L(Hβ)

neαeff
HβhνHβ

(6.1)

(see Osterbrock 1989), wherene is the electron density (cm−3), mp the mass of a proton
(kg), L(Hβ) the Hβ luminosity (erg s−1), αeff

Hβ the effective recombination coefficient for
Hβ (cm3 s−1) andhνHβ the energy of an Hβ photon (erg). Assuming that the fast outflow
is spread over an area of2 × 1.5 kpc2 (see above) and accordingly over 1.5 kpc in our line-
of-sight direction, we first estimate the luminosity of the narrow component gas of the disk
in this outflow region to beL(Hβ)narrow = 1.3 × 1040 erg s−1. Here we assume that the
extinction corrected flux (about3× the flux given in Table 6.3, which was measured with a
slit aperture of0.8× 1.03 arcsec2; see Section 6.3.4), uniformly covers the region of outflow.
This is a reasonable assumption, as can be seen from Fig. 6.8 (bottom). To estimate the
mass of the outflowing gas we needL(Hβ ) of the broad component gas. Unfortunately, the
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Figure 6.8: In the top plots contours of the HST F702W image of the inner region of 3C 293
are over-plotted onto a grey-scale plot of the MERLIN radio continuum map (from Beswick
et al. 2002). The dotted line presents the rotation axis of 3C293 through the nucleus. The
boxes indicate the region in which the broad, blueshifted component of the [OII ] emission
line is detected (see text for the accuracy of the position ofthe boxes). In the plots below
that, various observed parameters are plotted. The first plot shows the width of the broad
(circles) and the narrow (squares) component (corrected for instrumental broadening). The
plots below that show the velocity shift between the broad and narrow component. The
bottom plots show the line flux of both the broad (circles) andnarrow (squares) component.
The off-set on the horizontal axis is w.r.t. the nucleus, which we can determine with an
uncertainty of 0.6 arcsec for the [OII ] line. The horizontal bars in the bottom-right corner
of the plots indicate the apertures over which we summed rowsof pixels to extract the 1D-
spectra (note that for the line flux along PA 60◦ and 135◦ we used a 0.4” aperture and a 1.3”
slit width, while for the PA 93◦ the aperture was only 0.2” and slit width 1.03”).
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quality of the data did not allow us to unambiguously fit a broad component to the Hβ line
(see Section 6.3.4). Nevertheless, when assuming that the line ratio Hβ broad/Hβ narrow

∼ 0.3 (similar to what we measured for [OII ] and [SII ]; Table 6.3), we derive for the Hβ
luminosity of the broad componentL(Hβ)broad ≈ 4.3 × 1039 erg s−1. Using the density
derived in Section 6.3.4, we estimate that thetotal mass of the outflowing ionised gas in
region E0 isM ≈ 1 × 105 M⊙. The total ionised gas mass for the narrow component disk
gas in the outflow region isM ≈ 6 × 105 M⊙

With the oversimplified assumption that the gas is locked up in clouds with a derived
density of3 × 102 cm−3 one can make an estimate for the filling factor (Ff ) of these clouds
over the region where we detect the fast outflow:

Ff =
M

nmpV
(6.2)

whereM is the total mass of the outflowing gas,n the density of the gas,mp the mass of a
proton andV the volume of the region where the fast outflow is detected. Using the derived
properties of the gas involved in the fast outflow, Equation 6.2 gives a filling factor of the
outflowing gas ofFf ≈ 3× 10−6. Of course this is a rough estimate, since the distribution of
the gas is unknown, but it is consistent with values derived in other powerful radio galaxies
(van Breugel et al. 1985a, 1986; Heckman et al. 1989; Koekemoer & Bicknell 1998). It shows
that we are dealing with a clumpy medium in the central regionof 3C 293.

6.4 Neutral hydrogen gas in 3C 293

6.4.1 Observations

VLA A-array data

The Very Large Array was used in A-configuration on November 25th 2000 as part of a
larger HI absorption survey, using the 6.25 MHz band with 64 channels.This configuration
is suited to resolve the strong radio core of 3C 293 and look for H I absorption against the
radio continuum. Using a standard spectral-line data reduction, taking only into account the
line-free channels in the continuum subtraction, we resolve the HI absorption against the
central radio continuum. However, this absorption is identical to the HI absorption already
traced by Haschick & Baan (1985) with previous VLA A-array data and therefore we do not
describe it in this thesis. Although our used VLA A-array data is not ideal for creating a
radio continuum map of 3C 293, we nevertheless image, besidethe central resolved radio
continuum, also a bright spot in the continuum of the outer western radio lobe. The VLA-A
map of this is shown in Fig. 6.1. It illustrates the detailed structure of the apparent hot-spot in
the outer western radio lobe of 3C 293. No HI absorption is detected against this outer radio
continuum.

10 MHz WSRT data

In order to study neutral hydrogen gas in emission around 3C 293 we obtained Westerbork
Synthesis Radio Telescope (WSRT) observations on May 7th 2001, using the 10 MHz band.
The goal of this study was to look for possible HI structures that could be reminiscent of a
merger event in 3C 293. In the line data we detect three nearbycompanions of 3C 293 in HI
emission, which we describe in detail in Sect. 6.4.4. However, as we will see in Sect. 6.4.3,
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a very broad and shallow HI absorption fills most of the 10 MHz band. Therefore, there are
not enough line-free channels in the bandpass of this 10 MHz data to perform an accurate
continuum subtraction. As a result, this 10 MHz data is not ideal for looking for very faint
H I emission, in particular not near the strong (∼ 3.8 Jy) radio continuum nuclear region of
3C 293. We do use this 10 MHz WSRT data to make a new continuum image of 3C 293.
The channels containing any deep HI absorption were excluded from the continuum fitting.
We used the MIRIAD software to make the continuum image shownin Figs. 6.1 and 6.10.
The detection level of the radio continuum is limited by a dynamic range of about 500, while
the peak intensity is 3.8 Jy. The beam-size is25.3 × 11.9 arcsec at PA 1.1◦. The total radio
power isP1.4GHz ≈ 2 × 1025 W Hz−1.

20 MHz WSRT data

In order to get a stable bandpass, more WSRT observations of 3C293 were performed at
four epochs (August 2002, December 2002, January 2003 and March 2003) using the new
backend. This new backend allows a broad observing band (20 MHz) with a large number of
channels (1024) so that a wide velocity range is covered (∼ 4000 km s−1) while high velocity
resolution (∼ 4 km s−1) can be maintained. This allows us to perform an accurate continuum
subtraction. We used different central frequencies in the different observations (1359.2 MHz
in the August and December observations, 1361.4 and 1357.9 MHz for the remaining two) to
eliminate systematic errors due to bandpass uncertainties.

Fig. 6.9 shows the stability of the bandpass for the August 2002 data, for which the
observing time was 2 hours in total. The bandpass both in xx and yy is about 1 in 10−4 during
the first hour of the observations, after which the stabilityof the bandpass slowly degrades.
We therefore only use the first hour of the August 2002 data-set. The other observations were
also about one hour in duration. Over this time interval we verified that the bandpass stability
of the system (using a calibrator before and after the observation of 3C 293) is better than 1
in 104 in each observation.

The data were calibrated and reduced using the MIRIAD package. The final r.m.s. noise
in the combined data set is 0.86 mJy beam−1 with a velocity resolution of 9 km s−1 (after
Hanning smoothing). The peak of the continuum emission is∼ 3.8 Jy. The final spectrum is
thermal-noise limited with a spectral dynamic range of about 2 × 10−4.

6.4.2 Neutral hydrogen in the central region

The HI spectrum, obtained from the combination of all 20 MHz data, is shown in Fig. 6.10.
Despite the short duration of our 20 MHz observations, we canverify that all the detected HI
absorption is coming from the central region of the host galaxy, because the fan-beam of the
20 MHz data is perpendicular to the outer radio axis∗. As we saw in Sect. 6.4.1, the inner
region of 3C 293 has a complex inner radio structure. Due to the limited spatial resolution of
the WSRT, we are not able to determine the location of the HI absorption features in our 20
MHz data with respect to the inner radio jets in the central few kpc of 3C 293.

In Fig. 6.11 we show a 6-component Gaussian fit to the HI absorption profile from 1
hour of data taken in January 2003. The narrow, deep components have already been studied
in detail by Haschick & Baan (1985) and Beswick et al. (2002, 2004) with higher spatial

∗Note that the continuum image in Fig. 6.10 is made with the full 12h 10 MHz data, and therefore the PA of the
10 MHz beam is differs from that of the 20 MHz beam.
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Figure 6.9: Bandpass stability of the 20 Mhz data of August 2002. On top the total intensity
spectrum of 3C 293 (without continuum subtraction) is shownover integration times of 30
minutes. Although the absolute flux level decreases by 2.6% during the 2 hour observing
run, the shape of the spectrum is quite stable. This is shown in the bottom plots, which show
that both in XX and YY the bandpass stability is about 1 in 10−4 during the first hour (A/B).
After the first hour in particular the stability in of YY component starts to degrade.



NEUTRAL HYDROGEN GAS IN3C 293 169

12000 12500 13000 13500 14000

Vhel (km s−1)

-30

-20

-10

0

10

S
 (m

Jy
)

1400 km s−1

Vsys

3C 293
H I absorption

90 kpc

WSRT

12000 12500 13000 13500 14000

Vhel (km s−1)

-200

-150

-100

-50

0

S
 (m

Jy
)

1400 km s−1

Vsys

3C 293
H I absorption

70 kpc

Figure 6.10: Right: Continuum image of 3C 293 made with our 10 MHz data (see also Fig.
6.1). Left: H I absorption spectrum detected against the unresolved central radio continuum
using the 20 Mhz band. Indicated is the full width at zero-intensity of the HI outflow and the
systemic velocity as traced by the optical emission lines (Sect. 6.3.3).

resolution. This enabled them to spatially disentangle these (plus several other) components
against the inner radio structure, allowing a much more accurate fit to each component sep-
arately than we can achieve with our WSRT data. Two gas systemsare believed to produce
this relatively narrow part of the HI absorption. One system, at larger radii, likely represents
the neutral counter-part of the large-scale ionised disk that we see in our optical data (Sect.
6.3.3) and of the molecular gas disk detected by Evans et al. (1999b). The second system is
a more inner ring of gas (with a radius of at least 600 pc) rotating around the active nucleus
(Beswick et al. 2002, 2004).

6.4.3 Fast HI outflow

In addition to the strong and relatively narrow HI absorption features, we detect a new, very
broad component. This broad component is also detected in each of the four observations
when analysed separately. This broad component has a full-width at zero intensity (FWZI)
of 1400 km s−1. Our fit in Fig. 6.11 gives a FWHM of 852± 41 km s−1 and central velocity
of 13,156± 24 km s−1. This central velocity is blue-shifted by 345 km s−1 with respect to
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Figure 6.11: Fit to the HI absorption profile against the central region of 3C 293. The left
plot shows a zoom-in on the broad component. The line represents the best fit to the profile.
The residuals to the fit (bottom left) consist of only noise.

the deepest HI absorption, which traces quiescent gas that is likely located in a large-scale
disk (as described above). This broad component has not beendetected by Haschick & Baan
(1985) and Beswick et al. (2002, 2004), because their observations did not have the required
bandwidth to include the entire broad absorption and leave enough line-free channels to make
an accurate continuum subtraction. The broad-band system plus the stability of the WSRT
make the detection of such a broad and shallow feature possible. The disadvantage of the
WSRT is that due to the limited spatial resolution we are not able to determine the exact
location of this HI outflow.

The large velocities associated with the broad HI absorption are very unlikely to be asso-
ciated with gravitational motion and instead indicate a fast gas outflow in the central region.
In fact, the characteristics of the broad, blueshifted HI component look similar to those of
the broad component of the ionised gas that we observed in theoptical spectrum of region
E0 (i.e. the region of the brightest spot in the inner easternradio-jet, about 1 kpc from the
nucleus; Sect. 6.3.2). A comparison between both outflows isshown in Fig. 6.12. Region
E0 therefore appears to be the most likely location for the fast H I outflow. The fact that the
radio continuum is strongest in region E0 further strengthens this conclusion. The observed
outflow of H I can not be associated with the outflow of ionised gas that we see in region E2
(Sect. 6.3.2), since no strong radio continuum is detected in region E2. Moreover, at the res-
olution of the WSRT observations, the outflow would appear notcoincident with the nucleus,
but displaced with respect to it.

The similarity between the characteristics of the HI outflow and the ionised gas outflow in
region E0 suggests that they likely originate from the same driving mechanism.
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Figure 6.12: [O II ] emission line in region E0 and HI absorption profile (inverted) plotted in
one image.

If the broad component of the HI absorption is indeed located against the region E0, we
can derive a conservative estimate of the HI column density. The peak intensity of the bright
radio emission in region E0 in the MERLIN map of Fig. 6.1 is 1.29 Jy. Therefore, the optical
depth that the broad HI absorption feature has if it is located in region E0 isτ = 0.38%.
This corresponds to column densities of the outflowing HI gas of∼ 6×1020 cm−2 assuming
Tspin = 100 K. This value for the column density likely represents a lower limit, as in the
extreme conditions under which these fast outflows occur theTspin is likely (much) higher
(e.g. Bahcall & Ekers 1969; Maloney et al. 1996, see also Sect. 6.6.2).

Assuming that the outflowing HI gas extends over the same region as the fast outflow of
ionised gas, the HI column in front of the radio plasma will extend over∼ 0.75 kpc. The
mean density of the neutral gas involved in the fast outflow will therefore be∼ 0.3 cm−3,
which is comparable to the densities of∼ 0.1 cm−3 that Haschick & Baan (1985) found for
H I clouds that are falling onto the AGN. However, given the verylow filling factor that we
derive for the ionised gas (Section 6.3.5), the neutral gas will most likely also be locked up in
a clumpy medium with locally much higher densities. If the outflowing H I gas extends over
the same region as the fast outflow of ionised gas in region E0 we derive a total HI mass of
MHI ≈ 107 M⊙ involved in the fast outflow. Although uncertainties are large (mainly due
to the uncertainty in the exact location and extent of the HI outflow and due to the unknown
spin temperature of the gas), the bulk of the outflowing gas nevertheless appears to be in a
cold, neutral state and only a minor fraction is ionised.

6.4.4 Companions in HI emission

Using the full 12h 10 MHz WSRT observations we detect three nearby companions of 3C
293 in HI. Fig. 6.13 (top) shows a total intensity plot of the HI gas in these companions.
Optical counterparts for companions 1 and 3 are listed in theliterature (Paturel et al. 2000).
Also companion 2 appears to have an optical counterpart in Fig. 6.13, but this is hard to tell
solely from the DSS image. To our knowledge the redshifts of these companions were up



172 CHAPTER6: FAST OUTFLOW IN 3C 293AND 3C 305

3. 2. 1.

3. 1.

2.

WSRT SW−companion

Figure 6.13: Total intensity map of the HI emission in the environment of 3C 293 (contours)
overlaid on an optical DSS image (grey-scale). Black contours are HI emission; grey con-
tours indicate HI absorption against the central radio continuum (Fig. 6.10). Contour levels
are 0.19, 0.34, 0.48, 0.63, 0.77, 0.97, 1.3, 1.5, 1.8, 2.1×1020 cm−2 – H I absorption at levels:
4, 20, 56, 92% of peak absorption.

to now unknown. Table 6.4 gives the RA and DEC, total HI mass, projected distance to 3C
293 and velocity of the three companions. The presence of three HI companions, all located
within 400 kpc and 300 km s−1, appears similar to e.g. the case of the NGC 3656 group
(Balcells et al. 2001) where a number of HI companions could be gravitationally bound to
the system.

As described in Sect. 6.4.1, given the relatively narrow band of these observations (that
is therefore mostly filled by the broad HI absorption) the quality of the final data-cube is
not ideal for looking for very faint HI emission, in particular near the strong (∼3.8 Jy) radio
continuum nuclear region of 3C 293. New observations will benecessary to investigate the
presence of faint HI emission directly around 3C 293 and its close south-westerncompanion
(VV 5-33-12), towards which the optical disk of 3C 293 seems to extend (e.g. Evans et al.
1999b; van Breugel et al. 1984). 3C 293 has often been suggested to be the result of a gas-
rich (major) merger event. This is indicated by the complex dust-lanes, the presence of large
amounts of dense molecular and neutral gas (Evans et al. 1999b; Beswick et al. 2002) and
by the detection of a young stellar population (Tadhunter etal. 2005). New HI observations
will also allow a search for possible HI signatures of a past merger event in this system (tails,
bridges, disks, etc.).
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Table 6.4: Companions of 3C 293

# RA DEC MHI Distance Velocity
(h:m:s) (◦:’:”) (M ⊙) (kpc) (km s−1)

1 13:52:20 +31:29:00 1.6×109 124 13,416
2 13:52:29 +31:28:11 3.9×108 170 13,300
3 13:52:47 +31:28:57 2.3×108 366 13,147

6.5 Discussion on 3C 293

The HI data and optical long slit spectra presented in this chaptershow complex kinematics
of the neutral and ionised gas in radio galaxy 3C 293. At a number of locations along the
position angle of the inner radio jets we find outflows of ionised gas. The broader and most
blueshifted emission-line component, that we identify with a fast (∼ 1000 km s−1) outflow
of ionised gas, is detected in the region E0, close to the brighter radio emission found along
the jet. This is intriguing and suggests that the presence ofthe radio jet may play a role in
producing the outflow. The total mass of warm gas involved in this fast outflow of ionised
gas is∼ 1 × 105 M⊙. There are more regions in which complex kinematics of the ionised
gas are seen, although less extreme than what we detect in region E0.

In addition to this, one of the most interesting results obtained is the similarity in the
kinematic properties between the ionised gas outflow in region E0 and the outflow of neutral
hydrogen.This suggest that the two outflows are coming from the same region (that would
therefore be about 1 kpc from the nucleus) and that they are likely driven by the same mecha-
nism.The total HI mass of107 M⊙ involved in the outflow shows that most of the outflowing
gas is in its neutral state and that only a small fraction is ionised.

In the following, we will discuss some of the possible mechanisms that can cause such
(off-nuclear) outflows, focusing in particular on the case of region E0, for which detailed
information could be derived from the optical data. Although the scenario of a jet-ISM in-
teraction appears to be the most likely mechanism for the fast outflow in region E0, other
mechanisms are also possible. We also briefly discuss what could be the cause for the milder
outflows observed in other regions across 3C 293.

6.5.1 Driving mechanism for the fast gas outflow in region E0

Here we consider three possible mechanisms to explain the detected gas outflows, in particu-
lar the fast outflow detected in region E0.

• Starburst driven wind:

A possible driving mechanism for the outflow is accelerationof the gas by winds from
young stars. By fitting the Spectral Energy Distribution (SED) at various places in
3C 293, Tadhunter et al. (2005) detected a young/intermediate age stellar population of
0.1 - 2.5 Gyr throughout this galaxy. Although starburst winds can generally produce
outflows up to 1000 km s−1, can easily carry enough energy for an outflow such as the
one observed in 3C 293, and can predominantly shock-ionise the gas (e.g. Heckman
et al. 1990), it is not clear whether a starburst wind can survive over a period of 0.1
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- 2.5 Gyr. Even if this is possible, a wind from this young/intermediate age stellar
population would have to be “fossil” in order to still be visible at present. An outflow
driven by such a fossil wind would no longer be localised to the region E0 where we
see it, but would be many tens of kpc in extent.

It should be noted, however, that bright complexes of UV emission have been found
throughout the disk of 3C 293 (Allen et al. 2002). Some of these complexes could con-
tain young O and B stars, in which case winds from these young stars may contribute
in some regions to the complex kinematics of the gas that we observe. The relatively
poor accuracy of the astrometry between the UV image and the radio data does not
allow us to reliably estimate how these complexes are located with respect to the radio
features. It is worth noting, however, that one of the brighter UV complexes (one with
an intriguingV-shaped morphology) could be located close to region E0.

• AGN radiation:

Krolik & Begelman (1986) and Balsara & Krolik (1993) suggestthat the continuum
from the central engine can cause X-ray heated winds, which contain gas that evapo-
rated off a surrounding torus. Their models show that the flowspeeds of these winds
can reach several hundred km s−1 in the pc-scale region around the AGN. Following
Dopita et al. (2002), also further from the nucleus the nuclear radiation can be respon-
sible, if coupled to dust, for radiation pressure dominatedgas outflows. This idea has
been applied to the case of NGC 1068, where it can explain an outflow of ∼ 700 km
s−1 at about 100 pc from the nucleus. A similar mechanism has beensuggested in
the case of Cygnus A (van Bemmel & Dullemond 2003). In this case, the radiation
from the powerful AGN in this radio galaxy can explain the outflow of ∼ 170 km s−1

observed in the ionisation cone at about 1 kpc from the nucleus.

However, the AGN in the core of 3C 293 appears to be relativelyweak compared with
the objects mentioned above. Although obscuration certainly plays a role, we never-
theless find that the warm gas has a low ionisation state in thecentre of 3C 293. In
particular, the [OIII ]λ5007 line is weak. Alternatively, we can use the far-IR lumi-
nosity and assume that it is all due to re-radiated quasar-light instead of starlight. The
far-IR luminosity of 3C 293,L60µm/L⊙ = 10.08 (Golombek et al. 1988), is at the
lower end of the luminosity for quasars (Neugebauer et al. 1986). This is more than an
order of magnitude lower than for the nucleus of Cygnus A and about a factor 6 lower
than for the nucleus of NGC 1068. It seems, therefore, unlikely that the radiation from
the nucleus of 3C 293 is strong enough to accelerate the gas tothe large velocities ob-
served in region E0. Also in the case of Cygnus A, the much faster (∼1800 km s−1)
outflow that has been detected along the radio axis in the [OIII ] emission lines (Tad-
hunter 1991) is not likely driven by AGN radiation pressure,but more likely explained
as jet-induced.

• Jet-induced outflow:

The fastest outflow of gas is seen∼1 kpc east of the nucleus in a region (E0) where
there is also enhanced radio continuum due to a propagating radio jet. At VLBI-scale
(e.g. Beswick et al. 2004) this radio jet shows a distorted morphology, including several
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bright knots, in particular near region E0. Beswick et al. (2004) argue that the radio
jet in region E0 is approaching and that the continuum emission in this region might
not be related to the fast jet itself, but rather to a low-velocity shear layer surrounding
the jet, possibly created by an interaction between the jet and the ISM. In the central
few kpc of 3C 293 there is a large reservoir of dense, cold gas,including HI clouds
(with individual cloud masses. few times106 M⊙; Haschick & Baan 1985; Beswick
et al. 2002) as well as1.5× 1010 M⊙ of H2 (Evans et al. 1999b). Overall, these results
suggest that the observed fast outflow of gas is caused by an interaction between the
propagating radio jet and this dense ISM. Moreover, the outflow in 3C 293 resembles
cases of jet-related outflows in other nearby powerful radiogalaxies like Cygnus A
(Tadhunter 1991), PKS 2250-41 (Villar-Martı́n et al. 1999), PKS 1549-79 (Tadhunter
et al. 2001), PKS 1345+12 (Holt et al. 2003) and – as we will seein Sect. 6.6 – 3C 305
(Morganti et al. 2005).

The total mass of warm gas involved in the outflow is∼ 1 × 105 M⊙, while the mass
of the outflowing HI gas is∼ 107 M⊙. We can estimate a mass outflow-rate of the
gas, assuming that the outflow is free-floating and sphericalin shape around the radio
knot (we assume that the outflow covers at least 2π steradians as seen from the jet at
the origin of the outflow):

Ṁ ≈ 2πR2
· ρ · Ff · vout · mH, (6.3)

with R the radius of the outflowing spheroid of gas,ρ the volume density andFf the
filling factor of this gas,vout the velocity of the outflowing gas andmH the mass of
an H-atom. For the gas in region E0 that is flowing out at a velocity of 1000 km s−1

in a spherical shell with radiusR = 0.75 kpc we determineṀ ∼ 0.1 M⊙ yr−1

for the ionised gas anḋM ∼ 23 M⊙ yr−1 for the HI gas. Even if the inner radius
of the spheroid of outflowing HI is not larger than the actual size of the radio knot
(rknot=32 pc; Akujor et al. 1996), the HI mass outflow-rate will still be of the order 1
M⊙ yr−1. These outflow rates are conservative estimates, since the spin temperature
of the outflowing gas is most likely higher than the assumed 100 K. The calculated
outflow-rates are nevertheless in agreement with the total mass of the outflow that we
see at present. In case of a steady-state outflow of gas, the outflow must have been
driven for about the past 106 yr in order to get a total outflow ofMHI ∼ 107 M⊙ and
Mion ∼ 105 M⊙. During this time the outflowing gas has reached a distance of∼1 kpc,
which is also in agreement with the size of the region in whichwe detect the outflow.
Akujor et al. (1996) estimate the age of the outer radio structure to be∼ 2.69× 106 yr,
assuming that the jet is moving freely at an advance speed of 0.1c. Their estimate of the
age of the inner radio jet (when due to re-started activity) is∼ 2.95 × 104 yr, although
we note that there must be a large uncertainly in this estimate, given the fact that the
inner radio jet is most likely relativistic (Beswick et al. 2004) and interacting with a
dense ISM. Nevertheless, our best estimate of 106 yr for the age of the outflow implies
that the radio plasma has been in interaction with the gas fora significant fraction of
the total lifetime of the radio source.

A total mass outflow-rate of 23M⊙ yr−1 is at the low end of ouflows from galaxy-scale
stellar winds observed by Rupke et al. (2002) in a sample of Ultra Luminous Infra-red
Galaxies (ULIGs). This indicates that the jet-ISM interaction could be an important
factor in the evolution of 3C 293.
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Details of the jet-ISM interaction

Let us now focus onhow the gas is driven out by the radio jet, taking into account
the energy-budget of the radio plasma. First we consider whether the radio power
measured for 3C 293 is indeed sufficient to produce the observed outflow. The total
power of 3C 293 isP1.4GHz ∼ 2 × 1025 W Hz−1 (Section 6.4.1). Following Bicknell
(2002, and references therein), the rate at which radiatingelectrons are supplied to the
radio lobes is proportional to the energy flux (FE) of the radio plasma, so that:

κν =
Pν

FE
(6.4)

whereκ1.4GHz is normally assumed or derived to be in the order of 10−12 - 10−11 for
radio galaxies on the tens of kpc scale. Assumingκ1.4GHz = 10−12, and assuming
that half of the energy flux is deposited in the eastern and theother half in the western
jet/lobe structure, we expect thatFE is in the order of 1044 erg s−1 for the eastern
jet/lobe structure in 3C 293. From arguments mentioned in the previous Section, it
is uncertain which part of the eastern radio jet/lobe structure is (and has been in the
past) responsible for the fast outflow, and therefore also what the age of the outflow is.
However, following the rough estimate from the previous Section that the outflow has
been driven for about the past 106 yr, the total energy supplied by the radio jet in region
E0 over this period is in the order of a few× 1057 erg. The total kinetic energy of the
outflowing gas in region E0 isEkin = 1

2Mv2 ≈ 1 × 1056 erg. We therefore argue that
the radio plasma in 3C 293 carries enough energy to create thefast outflow in region
E0.

The gas is accelerated by shocks that are created by the interaction between the jet
and the surrounding medium. The gas outflow due to these shocks can be either
momentum- or energy-driven. Let us first consider the momentum-driven case, in
which the acceleration of the gas is caused by the impact of the working surface of
the jet directly on a cloud. This happens when the jet is much lighter than the cloud. In
this case only a small fraction of the jet energy flux is transmitted to the cloud, the rest
is advected with the jet. The momentum-flux (Fp) of a jet is only a small fraction of its
energy-flux (Bicknell 2002):

Fp =
1

c
× FE (relativistic)

Fp =
2

vjet
× FE (non − relativistic),

(6.5)

For 3C 293 we saw thatFE ≈ 1044 erg s−1 for the eastern jet/lobe structure. Beswick
et al. (2004) argue that the inner radio jet is most likely relativistic, thereforeFp ∼

3 × 1033 g cm s−2. We can also derive the total momentum-flux of the outflowing gas
directly from our observations:

Fp′ = Ṁ × v

∼ 6 × 1034
(

Ṁ
10 M⊙ yr−1

)

(

v
1000 km s−1

)

g cm s−2 (6.6)
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Therefore, we argue that it is unlikely that the outflow is entirely momentum-driven.
However, given the uncertainty in the mass-outflow rate (Section 6.5.1), we can not
rule out this possibility.

Alternatively, (part of) the fast outflow in region E0 could be energy-driven by a jet-
induced lobe expansion. In this scenario the gas is swept up and compressed as the
radio jets hollow out a cocoon-like structure (e.g. Capettiet al. 1999; Tadhunter et al.
2001). According to Villar-Mart́ın et al. (1999) outflow velocities& 1000 km s−1 can
more easily be explained if the clouds are entrained in hot, shocked gas that expands out
behindthe bow-shock, similar to the expansion of an interstellar bubble (see also e.g.
Stone & Norman 1992; Dai & Woodward 1994; Klein et al. 1994; O’Dea et al. 2003).
This process has already been suggested for several other radio galaxies (e.g. Villar-
Mart́ın et al. 1999; Best et al. 2000). Such a more gentle energy-driven mechanism
might also be better for explaining the large amounts of neutral gas involved in the
outflow.

Neutral gas involved in the outflow

The fact that only about 1 per cent of the outflowing gas appears to be ionised, while
the rest is in its neutral state, is maybe one of the most intriguing results from this
chapter. The question is how, despite the high energies thatmust be involved in a
jet-ISM interaction, such large amounts of gas stay, or become again, neutral?

The answer may lie within various simulations of jet-cloud interactions. For example,
simulations by Sutherland et al. (2003) show that post-shock gas overtaken by a radio
jet can show complex cooling. In the fractal structure of thegas, dense filaments can
be formed. Taking into account cooling effects, Saxton et al. (2005) and Bicknell
et al. (2003) show that in various jet-ISM interactions intervening clouds can severely
disrupt the radio jet, while at the same time some clouds are accelerated away from
their initial positions by the thrust of the radio jet. Largeclouds, in particular the
ones not directly in the path of the jet, can survive for a longtime after the radio jet
passed. Simulations by Mellema et al. (2002) investigate the fate of a cloud of ionised
gas that is overrun by the lobe of an expanding radio jet. Due to an under-pressure in
the cloud compared to the over-pressured cocoon, shocks start to travel into the cloud
and the cloud is compressed and fragmented. Due to rapid cooling, the bulk of gas
gets locked up in these dense fragments, which can survive for a long time and reach
speeds up to 500 km s−1. The further evolution of these fragments will be dominated
by further acceleration and erosion by the passing flow, as well as gravitational collapse
(which ultimately will result in star formation). Fragile et al. (2004) reach similar
conclusions from their models on jet-induced star formation. They show that in the
interaction of shocks with a radiative cloud, a large fraction of the cloud-gas cools to
low temperatures. The neutral hydrogen gas in the starforming Minkowski’s Object,
for example, may have formed from the initial warm gas as a result of the radiative
cooling triggered by a passing radio jet. The amount of outflowing neutral hydrogen
gas that we find in region E0 in 3C 293 might be explained in a similar way, although
in the simulations by Fragile et al. (2004) the post-shock gas is only accelerated very
slowly.
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In light of the fast outflow of neutral hydrogen gas that we findin 3C 293, it would be
interesting to explore whether, in the above mentioned simulations, at least a significant
part of the dense clouds or fragments can consist of gas that remained or recombined
again into neutral hydrogen gas, and if this gas can reach velocities up to 1000 km s−1

during the lifetime of the radio source.

6.5.2 Outflows in other regions

As explained in Sect. 6.3.2, there are other regions in whichcomplex kinematics of the gas,
possibly related to outflows, are seen. However, the gas kinematics observed in the other
regions are not as extreme as in region E0.

The propagating radio jet, responsible for the fast outflow in region E0 as explained above,
likely carries enough energy to also cause outflows in the regions other than E0. This is
an appealing scenario, in particular since the complex kinematics are observed along the
inner radio axis. The fact that the broad component of the emission-line gas (the component
that represents the ionised gas outflows) is blueshifted w.r.t. the narrow component on the
eastern side and redshifted on the western side (in case the asymmetric emission-line profile
in regions W1 and W2 represents a real outflow and is not the effect of observational line-
of-sight effects, as discussed in Sect. 6.3.2), implies that the radio jet is approaching on the
eastern side and receding on the western side. In region E2 (the other region where we detect
an extreme outflow of emission-line gas) so far no radio continuum has been detected (see
Sect. 6.3.2), although it is the region in between the brightinner radio jet and the bright outer
radio lobe. This could mean that the radio jet is propagatingmore efficiently in this region
and it might suffer from Doppler de-boosting. Something similar likely happens in the region
between the core and the region E0 as observed with very high resolution VLBI imaging
(Beswick et al. 2004). Another possibility is that the innerjet represent re-started activity (as
suggested by Akujor et al. 1996), and the radio continuum in between the inner jet and the
outer lobe has faded away. This last explanation could resemble the case of Centaurus A. As
in 3C 293, also in Centaurus A a so called inner-filament of ionised gas with very complex
kinematics (Morganti et al. 1991) is located outside the inner bright radio lobe (the lobe that
can be considered to be the result of the most recent activity), but about 2 kpc from the much
fainter large-scale jet (Morganti et al. 1999). In the case of Centaurus A it has been proposed
that the large velocities shown by the gas are still created by the strong instabilities produced
by the propagation of the jet in the past (especially in the transition region between the inner
and outer lobe). A similar scenario could apply to the outflowin region E2 in 3C 293.

Using arguments similar to those for region E0, the outflow inregion E2, although it
appears to have broken through the ionised disk of the galaxy, is still not spread widely
enough that it can be explained by a fossil wind from the post-starburst stellar population
found by Tadhunter et al. (2005). Also, from both our opticalspectra as well as the UV-data
from Allen et al. (2002), there is no indication that a substantially younger stellar population
or H II region is present in region E2. Therefore it is not likely that the outflow in region E2
is driven by stellar winds.

An AGN-wind is not likely strong enough to explain the outflowin region E2, since the
outflow seems to be too extreme for that. However, for the outflow in region E1 and in
particular regions W1 and W2 (assuming the outflow is real in these western regions and not
the result of observational line-of-sight effects, as discussed in Sect. 6.3.2) we can not discard
an AGN-wind as the possible driving mechanism with the available data.
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6.6 Radio galaxy 3C 305

3C 305 is a relatively compact radio galaxy (Heckman et al. 1982; Jackson et al. 2003) of only
about 5 arcsec (4 kpc) in size†. On this small scale, 3C 305 has a complex structure, with two
jets forming radio lobes separated by 3.6 arcsec at PA 54◦ (as seen in MERLIN observations;
Jackson et al. 2003) as well as two low-brightness arms extending perpendicular to the radio
axis that have been detected with the VLA (Heckman et al. 1982). In many aspects 3C 305
resembles 3C 293. A review of the radio source properties is given by Jackson et al. (1995),
who describe 3C 305 as a radio source with FR-II or – due to its relatively small size – CSS
properties (although this classification is somewhat ambiguous). 3C 305 has a total power
of P178MHz ∼ 5 × 1025 W Hz−1 (Heckman et al. 1982). The host galaxy of 3C 305 has a
disky optical morphology with faint tidal tails (Heckman etal. 1986), shows a S-shaped dust
lane (de Koff et al. 2000) and contains a prominent young stellar population (Tadhunter et al.
2005). Like 3C 293, also 3C 305 has often been suggested to have formed through a major
merger event.

Deep and relatively narrow HI absorption was detected in the high-resolution observa-
tions done with MERLIN (Jackson et al. 2003). However, recent broad-band Westerbork
Synthesis Radio Telescope (WSRT) observations have revealed that a broad HI absorption
component is also present (Morganti et al. 2005). The spectrum from these data is shown in
Fig. 6.14. The MERLIN observations have a limited bandwidthand insufficient sensitivity
to detect the broad HI absorption component, while at the typical 21cm WSRT resolution of
∼ 13 arcsec, 3C 305 appears spatially unresolved. Thus, deeper high-spatial resolutionand
broader-band observations are needed to locate the region where the broad HI absorption is
occurring. In the following Sections we present new VLA 21cmline data that allow us to
resolve the broad HI absorption found with the WSRT against the radio structure of3C 305.
In order to obtain more complete information about the kinematics of the gas, we have also
investigated the characteristics of the ionised gas using available optical long-slit spectra of
3C 305.

6.6.1 Observations

The HI observations were obtained using the VLA in the A-array configuration on 23 Sept.
2004 with a total integration time on source of 3.8 h. The central frequency used was 1363.8
MHz. This frequency is offset compared to the frequency corresponding to the systemic
velocity of the galaxy, but corresponds to the central velocity of the entire HI absorption de-
tected by the WSRT. This was done in order to make sure that enough continuum would be
available on both sides of the profile. The observations madeuse of the 12 MHz bandwidth
and 64 channels. In order to use this configuration, we observed only one polarisation (1
IF). The velocity resolution obtained is relatively low, only ∼ 40 km s−1 (before Hanning
smoothing), but nevertheless good enough for the detectionof the broad component. The
need for (at least) 12 MHz is clear from the width of the HI profile. The data reduction,
including bandpass calibration and continuum subtraction, was done using both the AIPS
and Miriad packages. A line cube was made using uniform and robust weighting (using ro-
bustness equal to zero). The results presented below have been obtained from the robustness
equal zero data. The beam size is1.2 × 1.0 arcsec atPA = −18.7◦. The noise per channel

†For the analysis of 3C 305 we assumeH◦ = 75 km s−1 Mpc−1. At the redshift of 3C 305 (z = 0.041) this
implies a distance of 167 Mpc, hence 1 arcsec is equivalent to 810 pc.
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Figure 6.14: H I absorption profile obtained with the WSRT with a velocity resolution of
∼ 17 km s−1 (solid line). The profile shows a deep, relatively narrow, absorption and a broad
component that covers more than 1000 km s−1 at zero intensity. The systemic velocity is
also indicated. The long-dashed profile shows the integrated spectrum from the VLA data (at
lower velocity resolution, see text for details). The similarity of the two profiles indicates that
basically all the absorbed flux is recovered in the high-resolution VLA observations.

(after Hanning smoothing) is 0.29 mJy beam−1. From the line-free channels, a continuum
image was made. This image is shown in Fig. 6.15 (r.m.s. noise1.9 mJy beam−1).

For the study of the ionised gas we use available long-slit spectra of 3C 305 obtained with
the ISIS dual-beam spectrograph on the William Herschel Telescope (WHT) on La Palma.
The wavelength range covers 3300 to 7300Å (in the rest frame of 3C 305), the resolution is
3.6Å (or ∼ 165 km s−1 in the red part of the spectrum) and the wavelength calibration has
an accuracy of∼ 1Å (or 50 km s−1 around Hα). A more detailed description of the optical
observations and data reduction is given in Tadhunter et al.(2005).

6.6.2 Neutral gas outflow

In Fig. 6.15 the total intensity of the HI absorption is shown as a grey scale image with
superimposed contours representing the continuum image. The HI absorption is spatially
extended and is detected across the brighter part of the radio source. The most important
result from these observations can be seen in the position-velocity plot of Fig. 6.15, obtained
from a slice passing through the two lobes and the core. The deep and relatively narrow
part of the HI absorption appears coincident with the SW radio lobe, as seen before in the
MERLIN observations of Jackson et al. (2003). However, the broad HI absorption appears to
be located in the region of the bright eastern radio lobe, about 1.6 kpc from the nucleus. This
broad component was not seen in the observations of Jackson et al., who used a narrower
band. The broad absorption is weak. Nevertheless, the comparison between the integrated
H I profile from the VLA and the WSRT data shows a great similarity (Fig. 6.14) indicating
that basically all the absorbed flux is recovered in the high-resolution observations.
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Figure 6.15: Top: Radio continuum image of 3C 305 (contours) overlaid on the integrated
H I absorption (grey scale). Contours: 10 mJy beam−1 to 830 mJy beam−1 in steps of a factor
2. Bottom:Position-velocity plot from a slice passing through the twolobes. Contours:−0.7
to -7.7 mJy beam−1 in steps of 0.7 mJy beam−1. The arrows represents the systemic velocity
and the location of the core.

The narrow, deep component that covers the SW lobe is spatially resolved and shows a
velocity gradient across the lobe. The optical depth of thiscomponent isτ = 0.02, corre-
sponding to a column density ofNHI = 5.4× 1020 cm−2 for Tspin = 100 K. This component
(centred onVhel = 12627 km s−1) was interpreted by Jackson et al. (2003) to be due to the
nuclear dust lane being located in front of the SW radio lobe and the SW radio jet pointing
away from us. The absence of a similar narrow component, in their data, against the NE lobe
was interpreted as this lobe being in front of the dust lane and the NE jet pointing towards us.
Our new observations show that faint HI absorption is detected in the region going from the
nucleus of 3C 305 up to the bright NE radio lobe. Some of this fainter absorption could be
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due to part of the dust-lane being in front of the central and some of the NE radio emission.
The velocity gradient near the core could reflect the rotation of the dust-lane material about
the centre of 3C 305. However, the overall HI absorption spans over such a wide range of
velocities (more than 1000 km s−1) that not all motions can be due to galactic rotation. In
order to investigate this in more detail, we will below compare the velocities of the neutral
hydrogen with those of the ionised gas (see Sect.6.6.3).

The optical depth of the shallow HI absorption is onlyτ ∼ 0.0023 in the region of
the peak of the NE radio lobe and increases along the eastern jet, reachingτ ∼ 0.01 at the
position of the nucleus. The column density of the broad component isNHI ∼ 2×1021 cm−2,
assumingTspin = 1000 K for this component, because the presence of a strong continuum
source near the HI gas, as well as the fact that the gas has likely just passed through a
strong shock, can make the radiative excitation of the HI hyperfine state dominate over the,
usually more important, collisional excitation (see e.g. Bahcall & Ekers 1969). Under these
conditions, the spin temperature is, therefore, likely to be of the order of 1000 K or more.
Using the above mentioned column density, the total HI mass of the outflowing gas can be
estimated. Since the outflowing neutral hydrogen appears tocover the NE lobe, we assume
an outflow region of1 × 1 kpc in size. The resulting mass is about1.3 × 107 M⊙. The size
of the region is an uncertain parameter in this calculation.However, one should also keep in
mind that our observations can not detect HI located behind the radio continuum, therefore
more neutral hydrogen could in principle be present in the region. Thus, the estimated value
should give a realistic value of the HI mass involved in the outflow.

6.6.3 Ionised gas outflow

In order to obtain more complete information about the kinematics of the gas, we have inves-
tigated the characteristics of the ionised gas in 3C 305. Thepresence of extended emission
lines with complex kinematics was already known from the work of Heckman et al. (1982).
The [OIII ] 5007Å region of the new spectra (after the subtraction of the galaxy’s continuum)
along PA 60◦ (the galaxy’s major axis) and along PA 42◦ (the radio axis) is shown in Fig.
6.16. The locations of the peaks of the radio lobes are marked. For comparison, in the bottom
figure, the white contours give the data from the position-velocity slice of the HI absorption
obtained along the same (radio) axis. From both figures it is immediately clear how complex
and kinematically disturbed the ionised gas is in the regionexactly co-spatial with the bright
radio emission, in particular on the eastern side.

The spectrum taken along the major axis of the galaxy (Fig. 6.16 - top) shows - most
clearly outside the region of the radio emission - the signature of the regularly rotating, large-
scale disk of the galaxy, with a velocity width of about 400 kms−1 (see also Heckman et al.
1982). The velocity at the location of the peak of the opticalcontinuum emission, that we
associate with the nucleus, is 12550 km s−1, consistent with the previous measurements of
the systemic velocity of this galaxy (Heckman et al. 1982). In addition to the rotation, on
the eastern side the ionised gas has a broad and asymmetric (mostly blueshifted) component,
while on the western side broad redshifted emission is detected. Given the orientation of
the radio source (as discussed in Sect. 6.6.2), this patternis indicates a radial outflow of the
ionised gas.

In Fig. 6.16 (bottom) the spectrum obtained along the radio axis (PA 42◦) is shown. Also
shown is the HI position-velocity plot, which allows a more consistent comparison between
the kinematics of the neutral hydrogen gas and the ionised gas. Along this position angle,
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major axis

radio axis

Figure 6.16: Top: WHT spectrum of the [OIII ] region of 3C 305 (after the subtraction of
the optical continuum of the galaxy) taken at PA 60◦, i.e. along the galaxy’s major axis (NE
to the left, SW to the right). The two arrows represent the approximate position of the peak
of the radio lobes.Bottom: WHT spectrum of the [OIII ] region of 3C 305 (black contours
and grey-scale) taken at PA 42◦, i.e. along the radio axis. White contours represent the HI

position-velocity plot taken along the radio axis (same as in Fig. 6.15).
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Figure 6.17: Plot showing the centroid and FWHM of double Gaussian fits to the Hα line
from the spectrum taken along the radio axis (PA 42◦, NE to the left, SW to the right). The
dashed lines represent the range of velocities encompassedby the FWHM of each Gaussian
component (corrected for instrumental broadening). The horizontal lines represent the spatial
and velocity ranges covered by the HI absorption. The vertical solid line represents the full
range of radial velocity covered by the WSRT HI profile.

the quiescent, rotating gas is still visible, although witha smaller amplitude, because the
slit is not aligned along the major axis. Also at this position angle, a broad and blueshifted
component of the ionised gas is observed NE of the core, whilein the SW the profiles have
a, somewhat narrower, redshifted wing.

The overlay of the HI position-velocity plot makes clear that the neutral hydrogen seen
in absorption is formed by two components. Some of the HI belongs to the rotating dust-lane
structure. As mentioned above, this is the case for the gas seen against the SW radio lobe and
part of this structure could extend at least to the position of the nucleus and slightly beyond.
Near the NE lobe, the HI profile clearly deviates by almost 500 km s−1 (FWZI) from the
kinematics of the quiescent gas in the galaxy disk - in a similar way as the broad, blueshifted
component of [OIII ].

The interesting result from the comparison in Fig. 6.16 is therefore that the broad,
blueshifted HI is found at the location of maximum disturbance of the ionised gas on the
eastern side. This strongly suggests thatthe two components of the gas are the result of a
gaseous outflow produced by the same mechanism.

In order to make a detailed analysis of the ionised gas outflowand compare it to the HI
outflow, we show in Fig. 6.17 a double Gaussian fit to the Hα line in the inner 8 arcsec.
At all locations two Gaussians are required to provide an adequate fit to each of the lines in
the Hα+[N II ] blend, but it is clear from the plot that the splitting between the two Gaussian
components is particularly extreme at radial distances between 1 and 2 arcseconds NE of
the nucleus. This is, therefore, between the nucleus and thepeak intensity of the NE radio
lobe. In the region coincident with the radio lobe there is noevidence for line splitting in
Hα, but two Gaussians are required to fit the lines, and the broader of the two components
(FWHM∼700 – 800 km s−1) is broader than can be explained by gravitational motions in
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a quiescent disk. Note that the velocity range encompassed by the FWHM of the optical
emission lines in the region of line splitting 0.6 and 1.2 arcseconds to the NE of the nucleus
(∆v ∼ 1100 km s−1) is significantly larger than the range covered by the HI absorption at
the same location (∆v ∼ 500 km s−1), although the direction of the kinematic disturbance
(blueshifted relative to quiescent disk) is the same for both components.

The mass of the ionised gas is directly related to the Hβ luminosity (Sect. 6.3.5) and the
density of the gas can be estimated using standard formula (Osterbrock 1989, see also Sect.
6.3.4). We have estimated this mass in the region of the eastern lobe. ThetotalHβ luminosity
in this region is1.16×1040 erg s−1. The measured value of the Hα/Hβ ratio (∼ 3.6) this close
to the Case B recombination value, suggesting that the Hβ luminosity is relatively unaffected
by dust extinction in this region. From the ratio of the [SII ]λ6716/[SII ]λ6731 lines we derive
an upper limit for the density of 500 cm−2. Using these numbers we derive a lower limit for
the mass of the ionised gas in the region of the eastern radio lobe of2 × 105M⊙. Therefore,
unless the actual density is two orders of magnitude less than our upper limit – improbable
given that the gas has likely been compressed in a fast, radiative shock – this shows that the
mass of gas in the ionised outflow is much less than that in the neutral outflow.

6.6.4 Discussion on 3C 305

The high-resolutionandthe broad-band of new HI observations of the radio galaxy 3C 305
have allowed us to establish that the blueshifted HI component in this galaxy is located in
the region of the NE bright radio lobe. Compared with the velocities of the quiescent gas in
the galaxy disk, this neutral hydrogen is blueshifted up to 500 km s−1. This is an important
result, as it confirms that neutral hydrogen with very disturbed kinematics is observed at kpc
distances from the nucleus. In the case of 3C 305 the most blueshifted component of the HI
absorption is located at 1.6 kpc from the nucleus.

In the first few Sections of this chapter we saw a fast outflow ofboth neutral and ionised
gas in the radio galaxy 3C 293. Through indirect arguments weargued that the outflow of
the neutral gas, like the ionised outflow, is most likely driven by an interaction between the
radio jet and the surrounding (dense) ISM. In the case of 3C 305 the evidence is also clearly in
favour of this explanation. Evidence for the presence of a strong interaction between the radio
plasma and the surrounding interstellar medium was alreadyobtained in the case of 3C 305
from previous optical studies. For example, a dense environment has been suggested to be the
cause of the ’H’ shaped radio morphology. It has been argued,based on the highly disturbed
kinematics and outflowing ionised gas (Heckman et al. 1982) as well as the coincidence of
[FeII ] emission with the knot at the end of the NE radio jet (Jacksonet al. 2003), that the
interaction is particularly strong on the NE side. The broad, blueshifted HI in our study is
found at the location of maximum disturbance of the ionised gas. This, therefore, confirms
that fast outflows of neutral hydrogen can be produced by the interaction between the radio
jet and the surrounding dense medium. The presence of neutral gas in this region indicates
that the gas can cool very efficiently following a strong jet-cloud interaction. Furthermore, it
shows that the clouds are not destroyed by this interaction.This is in agreement with results
obtained from numerical simulations used to investigate cases of jet-induced star formation
by Mellema et al. (2002) and Fragile et al. (2004), as alreadydiscussed in Sect. 6.5.1.

Interestingly, the comparison of the velocities shows thatthe the broad, blueshifted HI
absorption does not encompass the the full range of blueshifted velocities covered by the
ionised gas. To begin with, one should bear in mind that the blueshifted HI is very faint and
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we may be limited by sensitivity in detecting very broad HI absorption at every location (i.e.
even if broader components are present we do not have the sensitivity of detecting them at
locations where the continuum is not as strong as at the peak of the NE lobe). Nevertheless,
there may be some physical reasons for the difference. The numerical simulations of clouds
in radio galaxy cocoons overtaken by a strong shock wave (Mellema et al. 2002) show that
in that scenario the cooling times for the dense fragments can be very short (only a few times
102 years). However, the gas accelerated to the highest velocities is of low density and may
not have had time to cool. Alternatively, the higher-velocity clouds may be destroyed before
they cool.

Another consideration is the geometry of the jet-cloud interaction. This may, for example,
explain why the highest velocities of the ionised gas are observed in the regionbetweenthe
nucleus and the NE radio hot-spot. If the acceleration of thegas is due to a bow-shock at the
location of the hot-spot, most of the acceleration of the gasat that location may happen in the
direction perpendicular to the line of sight. On the other hand, further back along the jet the
observed velocities of the gas are due to the lateral expansion of the lobe (mainly along the
line of sight). Moreover, only the neutral hydrogen locatedin front of the radio source can be
detected, while this is not the case for the ionised gas. Hence, the full kinematics of the HI
may not be observable.

The mass outflow rate of the neutral hydrogen is significant. We can adopt the simple
model used in Heckman (2002) and Rupke et al. (2002) to estimate a mass outflow rate.
Following Heckman (2002):

Ṁ = 30 ·
Ω

4π
·

r∗
1 kpc

·
NH

1021 cm−2
·

v

300 kms−1 M⊙ yr−1 (6.7)

where the mass is flowing into a solid angleΩ at a velocityv from a radiusr∗. Using the
column density derived above (NHI ∼ 2 × 1021 cm−2) and a mean velocity of the outflow
between 200 and 300 km s−1, we obtain a mass outflow rate between 20 and 30M⊙ yr−1 for
the neutral gas if we assume that the outflow covers2π steradians on the sky, and between 5
and 7.5M⊙ yr−1 if we assume that the outflow covers onlyπ/2 steradians.

Thus, the derived outflow rates of the neutral gas are higher than those estimated for the
ionised gas in nearby AGN from UV and X-ray observations (Crenshaw et al. 2003). Like
the HI outflow rate in 3C 293 (Sect. 6.5.1), the HI outflow rate measured in 3C 305 is
comparable, although at the lower end of the distribution, to that found in Ultra Luminous
IR galaxies by Rupke et al. (2002). The outflows observed in those galaxies are related
to starburst-induced superwinds (Heckman et al. 1990) and they have been considered to
have a major impact on the evolution of galaxies because of the feedback effects that these
outflows can have (see e.g. Veilleux et al. 2002; Heckman 2002). Thus, our result shows that
AGN-driven outflows and in particular jet-driven outflows, can have a similar amplitude and,
therefore, can also have a similar impact on the evolution ofgalaxies than starburst driven
outflows. This may support results from numerical simulations (Di Matteo et al. 2005) in
which the energy released by the AGN can quench both star formation and the further growth
of the black hole, thus explaining the relationship betweenthe black hole mass and other
properties of the galaxy. In the case of 3C 305, a significant burst of star formation took place
between 0.4 and 1.5 Gyr ago (Tadhunter et al. 2005). Despite this stellar burst, the medium
surrounding the radio source is still very dense and only theradio jet seems to be able to clear
this gas.
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6.7 Summary

Our H I results have shown,for the first time, the presence of fast outflows of neutral gas
in radio galaxies. The two radio galaxies under study, 3C 293and 3C 305, bear similarities
regarding the nature of these outflows, as well as other properties, such as the presence of a
post-starburst stellar population. Either though indirect (3C 293) or direct (3C 305) arguments
we identified the location of this HI outflow on top of the radio jet rather than the actual
nucleus, which strongly suggests that the outflow is jet-driven. The similarity of the HI
outflows with fast outflows of ionised gas in these systems suggests that both outflows are
driven by the same mechanism. Our studies reveal that, despite the high energies that must
be involved in driving the outflows, only a small fraction of the outflowing gas is ionised and
the bulk remains, or becomes again, neutral. This puts serious constraints on the physics of
jet-ISM interactions. The observed outflows of neutral gas are comparable, at least at the low
end, to starburst-driven outflows in Ultra-Luminous Infra-Red Galaxies. The importance of
jet-related feedback could therefore be much larger than generally assumed.

6.7.1 Other HI absorption studies

Up to date, broad, blueshifted HI absorption, as reported here for 3C 293 and 3C 305, is only
rarely seen. This could well be due to a technical bias. In order to detect broad and shallow
H I absorption, the radio source has to be quite strong while also broad-band (i.e. 16 MHz or
more) observations with very high spectral dynamic range are necessary, conditions that are
not satisfied by most observations available in the literature.

Most Seyfert galaxies are too weak in the radio for detectingbroad, shallow HI absorp-
tion. Nevertheless, two Seyfert galaxies where blueshifted H I was detected are described
by Oosterloo et al. (2000) and Omar et al. (2002). In the case of IC 5063 (Oosterloo et al.
2000), the HI absorption is detected against the extended radio lobe, anda counterpart of this
outflow in optical emission-line gas has been found by Morganti et al. (2004a).

Given their stronger radio emission, radio galaxies are more likely to show outflow com-
ponents in HI absorption. Another example of this is 4C 12.50, for which Morganti et al.
(2004b) found an HI outflow (in addition to the ionised outflow detected by Holt etal. 2003),
that is similar to the one in 3C 293 and 3C 305. In a systematic search with the WSRT, Mor-
ganti et al. (2005) recently found a number of other radio galaxies with HI outflow detected
in absorption. This shows that fast neutral outflows could well be a relatively common, rather
than exceptional, feature in radio galaxies. It is intriguing that 3C 293 and 3C 305, as well as
4C 12.50, are classified as “starburst” radio galaxies, i.e.they show evidence of a relatively
young stellar population component. Such galaxies appear to be among the best candidates
for detecting HI in general (Morganti et al. 2001, based on absorption studies). This might be
due to the richer ISM that characterises radio galaxies in this stage of their evolution, with the
rich ISM possibly resulting from a recent merger. It is then perhaps not surprising that fast
gas outflows are also produced in this rich ISM by the young radio source. More observations
are needed to study how common neutral gas outflows are and whether they are associated
with particular types of radio sources.

6.7.2 High-redshift studies

A tantalising connection can also be made with high-z radio galaxies. Outflow phenomena
have been detected in many high-redshift radio galaxies. The H I outflows in 3C 293 and
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3C 305 may have interesting connections with the detectionsof strong and blueshifted HI
absorbers (column density1018 − 1019.5 cm−2) in the Lyα profiles of high redshift radio
galaxies (see e.g. Wilman et al. 2004, and references therein). A possible way to explain
these is through a highly supersonic jet expanding into the dense medium of a young radio
galaxy, that consequently will be surrounded by an advancing quasi-spherical bow shock, as
investigated in numerical simulation by Krause (2002). Thestudy of the stellar populations
in 3C 293 and 3C 305 suggests that these galaxies could have gone through a gas-rich major
merger (Tadhunter et al. 2005). These radio galaxies may, therefore, represent ideal examples
of nearby objects that have characteristics very similar tothose of typical high redshift radio
galaxies. A detailed study of the physics of fast gas outflowsin nearby galaxies and the con-
ditions for which part of the outflowing gas is neutral, is thus also relevant for understanding
high-z radio galaxies.
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Gas, star formation and active

nucleus: a thesis summary

ABSTRACT —In this thesis we studied the interplay between host galaxy and radio
source in nearby radio galaxies. In every chapter we investigated different topics related
to this issue, using various observational techniques. In this final chapter we combine the
gained results in order to get a complete picture of the questions that we cananswer with
this thesis and of the questions that are raised for future research.

7.1 Results, chapter by chapter
First we will shortly summarise the most important results obtained from each chapter:

Chapter 2: Radio galaxy B2 0648+27

• The early-type host galaxy of B2 0648+27 contains8.5× 109M⊙ of H I, distributed in
a large-scale ring with a diameter of 190 kpc. The optical light throughout the galaxy is
dominated by a post-starburst young stellar population (YSP) of age 0.3 Gyr. Together
with the presence of tidal features in deep optical imaging (Heisler & Vader 1994), this
indicates that this system formed from a major merger event.

• There appears to be a large time-delay between the initial encounter of the progenitor
galaxies and the onset of the starburst activity. This can beexplained if the progenitor
galaxies already contained a bulge.

• There is also a large time-delay between the merger/starburst event and the onset of the
current phase of radio-AGN activity.

• The YSP detected in B2 0648+27 is massive enough to have giventhis system the ap-
pearance of an (Ultra-) Luminous Infra-Red Galaxy at the first epoch after the starburst
event. At present, B2 0648+27 is in an evolutionary stage between an (U)LIRG and a
normal early-type galaxy.
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Chapter 3: HI properties of nearby, non-cluster radio galaxies

• For 25% of the early-type host galaxies in our complete sample of nearby, non-cluster
radio galaxies (compact + FR-I) we detect large-scale HI structures in emission.

• These HI structures are mostly large-scale disk- and ring-like structures, with diam-
eters up to 190 kpc and masses up toMHI = 1.8 × 1010M⊙. These large-scale
disks/rings have regular kinematics, although a varying degree of asymmetry is vis-
ible in these structures.

• The origin of these HI disks/rings is likely related either to major mergers or to cold
accretion of the IGM.

• The large-scale HI disks/rings are old (several Gyr), much older than the current phase
of radio-AGN activity. We do not find clear evidence for ongoing mergers.

• Despite the small-number statistics, the properties (detection rate, morphology and
total mass) of these large-scale HI structures are similar to the properties of large-scale
H I structures around radio-quiet early-type galaxies.

• We find a segregation in large-scale HI mass content between compact sources and
extended FR-I sources in the sense that galaxies with large amounts (& 109M⊙) of
H I detected in emission all have a compact radio source, while none of the extended,
lobe-brightened FR-I sources in our sample contain similar amounts of large-scale H I.

• H I absorption results of our sample sources show that HI can also be present in the
host galaxies of extended FR-I sources, but at much lower amounts than we detect
around the host galaxies of some of our compact sources.

Chapter 4: Stellar populations in our HI-rich radio galaxies

• There is no clear one-to-one correspondence between the stellar populations and the
presence of a large-scale HI disk or ring in our sample galaxies. Some of the HI-
rich radio galaxies show a young (or better: intermediate age) stellar population, while
others contain only an old population.

• In contrast to the young stellar population in B2 0648+27, the young stellar populations
in some of the other HI-rich radio galaxies that we investigated are are typicallya few
Gyr old. This agrees with the old age of the large-scale HI disks/rings in these sources.
Only in the optical disk of B2 0722+30 there appears to be ongoing star formation.

• There is a correspondence between the morphological type ofthe host galaxy and the
presence/absence of a young/intermediate age stellar population. The two true ellip-
ticals in our sample contain an old stellar population, while a younger component is
detected in the three S0s.

• The sources with the youngest stellar populations are the most luminous infra-red
sources in our complete sample.
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• The strength of the young/intermediate age stellar populations that we find in our radio
galaxies suggests that the radio galaxies could have gone through a (U)LIGR phase at
the epoch of the starburst event.

Chapter 5: HI in the powerful FR-I/FR-II radio galaxy NGC 612

• 1.8× 109M⊙ of H I is detected in emission in NGC 612. Most of the gas is distributed
in a rotating structure, although the large velocity distribution suggest that this gas has
not (yet) settled.

• The HI distribution – together with the presence of a young stellarpopulation – is
consistent with the scenario that NGC 612 formed from a majormerger event roughly
1 Gyr ago (although other scenarios can not be ruled out)

• Tails of H I are seen towards three small, nearby companions, indicating ongoing inter-
actions of these three companions with NGC 612.

• Very faint H I debris is detected over a distance of 400 kpc in between NGC 612 and
NGC 619.

Chapter 6: Feedback – jet-driven outflows of neutral and ionised gas

• We detect fast outflows (up to∼1000 km s−1) of neutral and ionised gas in the central
few kpc of two nearby, powerful radio galaxies. The mass of the H I gas that we find in
these outflows is about 100× higher than the mass of the outflowing ionised gas.

• These fast outflows of neutral and ionised gas are likely driven by interaction of the
radio plasma with the surrounding ISM. Despite the high energies that must be involved
in a jet-ISM interaction, much of the outflowing gas remains,or becomes again, neutral.
This puts serious constraints on the models of jet-ISM interactions.

• These newly discovered outflows of neutral gas are, at least at the lower end, compara-
ble to outflows induced by starbursts in ULIRGs. They could therefore be an important
feedback process in galaxy evolution.

7.2 Main topics, main results

Although every chapter gives a number of interesting results related to the gas, the stars or
the active nucleus in nearby radio galaxies, the strength ofthis thesis lies in combining these
results in order to get a more complete story about the evolution of radio galaxies. In Chapter
1 (Sect. 1.5) we defined five main topics related to this thesis. Here we will summarise what
our results contribute to a better understanding of these topics:

Are mergers the main mechanism for triggering the radio-AGNactivity in radio galaxies,
or do other processes need to be considered?

For the moderately powerful compact and FR-I sources that we studied in this thesis, we find
no evidence for ongoing or recent (< 1 Gyr) major merger events. A few of these galaxies
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show indications of an old (& 1 Gyr) merger event, derived from large-scale HI structures
and the presence of a post starburst stellar population (although the only galaxy for which we
unambiguously verified a major merger is B2 0648+27). Two of our radio galaxies contain
a large scale HI disk/ring, but show no evidence that a starburst event occurred in the last
several Gyr. There are also many nearby radio galaxies for which there is no indication of a
past major merger event. Our results suggest that mergers could be related to the occurrence
of radio-AGN activity in some radio galaxies, but not in all (as we will see below, this might
be related to the type of radio source).

In case of a merger, what are the timescales involved regarding the triggering of starburst
and radio-AGN activity?

For the cases where a gas-rich major merger occurred, there is a large time-delay between
on the one hand the merger and starburst event and on the otherhand the onset of the cur-
rent episode of radio-AGN activity. This strongly suggeststhat secondary physical processes
(such as bar formation, mergers of individual black holes, additional tidal perturbations, etc.)
are required to trigger the radio source. The fact that the HI properties of our sample sources
(mass, morphology and detection rate) are consistent with samples of radio-quiet early-type
galaxies, suggests that radio-AGN activity is a short (perhaps recurrent) phase that could oc-
cur at some stage during the lifetime of most (maybe all?) early-type galaxies.

Are particular triggering-processes related to the morphological appearance of the radio
source (e.g. FR-I vs. FR-II sources)?

We find evidence for a trend that galaxies with a large-scale HI disk/ring (in one case,
B2 0648+27, confirmed to have formed from a major merger) all have a compact radio source,
while none of the extended FR-I sources in our sample contain similar amounts of HI. An
H I structure similar to those found around compact sources is also present around the pow-
erful FR-I/FR-II radio galaxy NGC 612. This suggests that, while major mergers might be
important for the triggering of the compact sources, as wellas the FR-I/FR-II source in NGC
612, the extended FR-I sources might be triggered in another way. A similar conclusion was
proposed by Heckman et al. (1986) and Baum et al. (1992), who argued from optical studies
that mergers are important for triggering powerful FR-II radio sources, but that FR-I sources
are likely triggered in an alternative way, for example through the stored rotational energy of
the black-hole, or by a cooling flows. Recently, also Best et al. (2006) discussed feeding of
moderately powerful radio sources through cooling of the IGM, in which feedback controlled
episodic behaviour of the radio sources regulates the balance between cooling and heating of
the gas in these systems.

Does the (re-)distribution of the ISM influence the radio source properties (e.g. compact
vs. extended sources)?

We proposed several possible explanations for the segregation in large-scale HI mass content
between the compact and extended radio sources in our sample. Based on the observational
result in Chapter 3, the most likely explanation for this segregation is either that the radio
jets ionise/heat the gas when they penetrate outward, or that the radio sources in the HI-rich
systems do not grow into extended sources, either because they are frustrated by the ISM, or
because their fuelling is inefficient. In Chapter 5 we show that NGC 612 both has a pow-
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erful, extended FR-I/FR-II radio source, as well as a large-scale HI structure similar to the
H I structures seen around some of our compact sources. This suggests that jet-ionisation is
not a likely scenario for the observed trend, unless the FR-I sources in our sample are much
more efficient in ionising/heating the gas than the more powerful radio source in NGC 612.
Therefore, the segregation in large-scale HI mass content between the compact and extended
radio sources in our sample is most likely related to the distribution of the (neutral) gas, both
at large scales as well as in the central region of the radio galaxies. If a major merger created
the HI-rich systems, possibly enough gas was funnelled into the central region in order to
frustrate the radio source. Alternatively, non-steady fuelling of black hole may have caused
the radio source to be switched off on a relatively short time-scale (or possible switched on
and off recurrently). This could be the result of a complex gas distribution in the central re-
gion (created by the merger event), or of feedback by the AGN itself. As we saw in Chapter
6, powerful radio jets may drive out massive outflows of neutral and ionised gas from the
central region. Although the compact radio sources from Chapter 3 are not as powerful as
the two 3C sources studied in Chapter 6, it is nevertheless thinkable that the compact radio
sources drive away their own gas supply, which turns them offbefore they can grow into
extended sources. If FR-I sources are not triggered by mergers, but fuelled through a process
of steady gas accretion (in which the gas supply is not terminated through feedback effects
on such short time scales), they may have the time to grow far beyond the host galaxy.

What are the feedback effects of the radio source on the host galaxy?

The presence of a (powerful) radio source may have an important influence on the distribu-
tion of the ISM in radio galaxies. In particular in the case ofa merger event, it is likely that
there is a dense ambient ISM deposited in the central region of the galaxy. Feedback effects
from the active galactic nucleus can have a major effect on the distribution of this ISM. Our
results from Chapter 6 show that powerful radio jets can drive out gas from the central region
in much larger amounts than so far expected. This is because most of the outflowing gas is
in its neutral state and only a fraction of it is ionised. Taking into account these newly dis-
covered neutral outflows, outflow rates due to jet-ISM interactions are of an order similar to
stellar-wind driven outflows in starburst galaxies. The role of radio-AGN activity in galaxy
evolution can therefore be much larger than often assumed.

7.3 Future outlook

Although this thesis has contributed to solving a number of fundamental issues related to the
origin and evolution of nearby radio galaxies, there are also a number of questions raised for
further research. Below we list the main questions and we shortly describe how to approach
them in future projects:

• How can large-scale HI disks/rings around early-type galaxies be formed?

Although Barnes (2002) showed that mergers can create large-scale HI disks or rings
around early-type galaxies, it would be worth to investigate the observed HI disks/rings
in more detail. By modelling the observed HI disks/rings that we find in some of our
radio galaxies, it might be possible to gain a better insightin the formation of these
structures, and in particular in the timescales involved. Also, although we concluded
that at least in one case (B2 0648+27) the large-scale HI ring that we observe is the
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result of a past merger event (given also the stellar contentand the presence of very
faint optical tails), this is not apparent for all other cases. It is important to study
in more detail alternative mechanisms that may form large-scale HI disks or rings
around early-type galaxies. For example, it would be worth to investigate in more
detail whether the cold accretion scenario can indeed form very low-temperature HI
structures that display regular rotation, and whether or not star formation is triggered
during this process.

Beside this, it will be essential to study the optical morphology of the early-type host
galaxies in more detail, in order to investigate the presence of optical tidal debris or a
faint stellar disk in these systems. To investigate how longthe HI structures that we
detect may survive, it will be important to see if a low level of star formation (which we
can not detect with our used method) is occurring locally in these disks (for example
by taking UV observations of these HI disks/rings).

• In what sense does the triggering mechanism of FR-I sources differ from that of the
more powerful FR-II sources?

Although we do not find evidence for gas-rich mergers relatedto FR-I sources, our
observations also do not provide evidence for an alternative triggering mechanism. It
would be worth - if possible - to optimise future observations for tracing alternative
triggering mechanisms of these FR-I sources, such as cooling flows, dry mergers or
minor interactions.

It is also necessary to study the more powerful FR-II radio galaxies. In this thesis
we only imaged HI in one radio galaxy with FR-II properties (NGC 612). Although
this source has HI properties different from the FR-I sources that we observed, it is
impossible to draw general conclusions on the study of a single object. The fact that
NGC 612 is has hybrid FR-I/FR-II radio source morphology complicates the compar-
ison even further. On the other hand, also the powerful FR-II radio galaxies 3C 293
and 3C 305 (Chapter 6) have often been suggested to be relatedto a major merger. It
is therefore necessary to image in HI a well defined sample of powerful FR-II sources.

• What is the exact cause of the segregation that we find in large-scale HI mass content
between compact and extended nearby radio sources?

First it will be important to distinguish between the various proposed scenarios for this
segregation. Observations at other wavelengths can be useful in this respect. With op-
tical narrow band imaging we can study the ionised gas, whileX-ray observations can
trace hot gas in and around our radio galaxies. This can be important tools to inves-
tigate the possibility of jet-ionisation or -heating. Deepoptical imaging is necessary
to look for optical peculiarities that could be related to a recent major merger event.
CO observations can be useful to study the molecular gas, which often assembles in
the centre of the galaxy during a gas-rich merger event (and which may also serve as
fuel for starburst and AGN activity). Large amounts of molecular gas might therefore
provide additional evidence of a past merger event and mightalso be important for
frustrating the radio source. A detailed literature study of the available information at
other wavelengths, together with new observations, would be a logical next step for
further investigating our current sample of radio galaxies.
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But more fundamental, does this trend relate only to the sizeof the source, or is it in
fact related to thetypeof radio source? What is for example the case for more powerful
FR-II sources and for powerful compact (GPS and CSS) sources? An extension of our
sample, also with these more powerful radio sources, is necessary to investigate this in
more detail.

• How do the HI properties of radio-loud relate to those of radio-quiet early-type galax-
ies?

Although our HI study revealed no difference in HI properties between the host galax-
ies of radio-loud and radio-quiet early-type galaxies, larger samples with comparable
sensitivity are necessary to derive more accurate statistics in order to verify this result
(see also Sect. 3.6.4).

• How can theory explain the neutral gas outflows?

The large amounts of neutral gas involved in jet-driven outflows that we find in two
3C radio galaxies are not obviously consistent with currenttheoretical models of jet-
ISM interactions. As discussed in detail in Sect. 6.5.1 and 6.6.4, the high energies
involved in jet-cloud interactions are thought to ionise the cloud material as it is being
expelled, although rapid cooling might turn substantial amounts of gas back into its
cold state. However, the magnitude of these predicted outflows of cold gas are much
less extreme than the outflows of neutral gas that we observe.Now similar outflows
are being detected also in other radio galaxies (Morganti etal. 2005), it is necessary to
bring into line observations and theory on jet-ISM interactions. In this light it would
be worth to investigate whether the physics of jet-ISM interactions can be constrained
by our detected outflows of neutral gas.

7.3.1 Ongoing projects

We recently started two new projects, which are aimed at addressing some of the above men-
tioned issues. Here we describe them shortly:

Neutral hydrogen in SDSS radio galaxies

In collaboration with R. Morganti, P. Best, T. Heckman, T. Oosterloo and G. Kauffmann we
are involved in a project to image in HI a sample of well defined types of radio sources (some
of type FR-II) from the Sloan Digital Sky Survey (SDSS). The SDSS has a wealth of optical
data (both imaging and spectroscopy) already available, which can be used to study for ex-
ample the stellar content of these radio galaxies. Observations of these sources have recently
been done with the Westerbork Synthesis Radio Telescope.

Fast neutral outflows in radio galaxies: a major source of feedback in galaxy formation?

In collaboration with C. Tadhunter and R. Morganti we are involved in a project to study the
neutral optical absorption line NaID in nearby radio galaxies. This allows us to look for neu-
tral outflows in radio galaxies, without having to rely on underlying radio continuum (as is
the case for HI absorption). In principle, we can therefore look for neutral outflows in every
radio galaxy and at every location within the galaxy where the optical continuum is strong
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enough. This may provide additional information about the exact driving mechanism of the
outflows. Observations for this project have recently been completed successfully with the
ISIS long-slit spectrograph at the WHT.

A similar study on the NaID line has been done by Rupke et al. (2002) in starburst galax-
ies. We will be able to compare our study of neutral outflows inradio galaxies with the
outflow-studies of Rupke et al. (2002) in order to compare therelative contribution from the
feedback induced by starbursts and that induced by radio sources.

7.3.2 Long-term outlook

Detailed knowledge about the interplay between the radio source and its host galaxy in the
nearby universe (where we can study triggering and feedbackprocesses in great detail), is
vital for understanding radio galaxy evolution at high redshift. Our study of the neutral hy-
drogen gas and stellar populations in nearby radio galaxiescould be useful for future projects
with the next generation radio telescopes, such as the Low Frequency Array (LOFAR), the
Atacama Large Millimeter Array (ALMA) and the Square Kilometre Array (SKA).

LOFAR

The Low Frequency Array (LOFAR), is a new-design radio telescope working in the low-
frequency radio regime (∼ 10 − 240 MHz). LOFAR is being developed in a consortium
led by ASTRON (Netherlands Foundation for Research in Astronomy) and is aimed to start
operations in 2008. One of its main tasks will be to map the neutral hydrogen out to a cosmo-
logical redshift ofz ∼ 11.4. This will be the first instrument to study the neutral hydrogen
gas from which the first stars and galaxies were formed, whichlit up the universe during
the so called epoch of reionisation. Besides this, LOFAR will also be used to look for the
most distant radio sources and to trace HI in absorption against these sources. LOFAR will
therefore give us a better insight in the both the neutral gasand powerful radio sources (and
the interplay between them) in the Early Universe.

ALMA

The Atacama Large Millimeter Array (ALMA), currently underconstruction in the Atacama
desert in Chile, is going to be the forefront instrument for studying cold molecular gas and
dust in the universe. The ALMA array consists of movable dishes that can cover baselines
between 150m and 12km and that have receivers working in the frequency range from 30 to
950 GHz. In its most extensive configuration, the instrumentachieves sub-arcsec resolution.
In its most compact configuration, it is sensitive to detect CO emission in normal galaxies up
to z ∼ 3 within 24 hrs of observations. Once completed in 2011, ALMA may be the perfect
instrument to look for molecular gas in the central regions of large samples of radio galaxies
in order to trace past merger events and to search for possible sites of star formation that may
be embedded deep within these systems.

SKA

The Square Kilometre Array (SKA) is going to be the next generation super radio-telescope
that, besides studying the formation of the Early Universe,will also allow a detailed mapping
of H I emission in a large number of powerful radio galaxies. As already mentioned in Sect.
3.2, the largest disadvantage of imaging neutral hydrogen gas in emission in radio galaxies, is
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that the current day telescopes are sensitive only to study the nearest radio galaxies (because
sensitivity drops asD2, with D the distance to the galaxy). Since radio galaxies are sparsein
the Local Universe, this means that we can only observe a limited sample. In particular the
powerful radio galaxies of type FR-II , which are generally found at higherz, are very limited
in number up to distances for which detailed HI imaging is feasible these days. SKA is going
to be a revolutionary new-technology telescope, with an effective collecting area of 1 km2,
of which about half is concentrated within a central region of 5 km in diameter and the other
half is spread across 150 stations that cover a distance of about 3000 km. This gives the SKA
an unprecedented view (both in sensitivity and in spatial resolution) of HI gas in galaxies up
to z ∼ 1.5. This will allow for a very detailed study of the HI characteristics of all types of
radio galaxies, as well as accurate statistical studies of HI in both radio-loud and radio-quiet
early-type galaxies. At the moment SKA is in its design-study phase, and full operations are
planned for 2019. Once SKA gets on-line, new HI studies will undoubtedly dramatically
change our view of the Universe.

Figure 7.1: Artist impression of the Square Kilometre Array (SKA). In this concept the SKA
consists of planar aperture arrays for the low frequencies combined with small, steerable
dishes for the intermediate and high frequencies. The SKA will consist of multiple stations
(100-200m in diameter) that are spread over 3,000 km and that, together, will have a total
collecting area of 1 km2. Credit: SKA – ASTRON
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RADIO-STELSELSzijn op het eerste gezicht normale sterrenstelsels, totdatje ze gaat be-
kijken met een radiotelescoop. Dan blijkt dat deze sterrenstelsels enorme hoeveelheden

energie, in de vorm van grote bundels radiostraling, de ruimte in stoten. Daarbij wordt vaak
veel gas uit het centrale deel van het sterrenstelsel weggeblazen. De motor die deze activiteit
aandrijft zit in het hart van het radiostelsel, waar zich eensupermassief zwart gat bevindt,
dat door invallende materie wordt gevoed. De oorsprong van radiostelsels wordt vaak ge-
zocht in cosmische botsingen tussen sterrenstelsels, maaris dit wel in alle gevallen de juiste
verklaring?

Sterrenstelsels: bouwstenen van het heelal

De nachtelijke hemel is gevuld met honderden – wanneer het helder is zelf vele duizenden –
sterren. Deze sterren zijn in feite niets anders dan andere ’zonnen’. Wanneer je op een
onbewolte nacht ver weg bent van de lichtvervuiling van de stad, kun je wellicht zelfs onze
’Melkweg’ herkennen. Dit is een vage, witte band die dwars over de hemel loopt. Deze wordt
gevormd doordat de sterren die we met het blote oog kunnen zien een grote schijf vormen
(“sterrenstelsel”), waarin onze zon en planeten(“zonnestelsel”)zich op ongeveer 2/3 van de
rand bevinden. Wanneer we vanaf de Aarde in de richting van het centrum van deze schijf
kijken zien we een grote verdichting aan sterren: de Melkweg.

Nu kunnen we met het blote oog alleen de helderste dan wel dichtstbijzijnde sterren zien.
In werkelijkheid telt ons eigen sterrenstelsel (ook wel Melkwegstelsel genoemd) zo’n hon-
derd miljard sterren. En wanneer we met een telescoop de hemel afspeuren, kunnen we velen
miljarden andere sterrenstelsels waarnemen. Niet alle sterrenstelsels zien er zo uit als ons
Melkwegstelsel. De verscheidenheid die we in de natuur hierop Aarde tegenkomen zien we
ook in het Heelal. Sommige sterrenstelsels hebben een groteschijf van sterrren en gas, waar
heldere spiraalarmen als een wervelwind doorheen lopen, waarin voortdurend nieuwe sterren
gevormd worden(“spiraalstelsels”). Andere sterrenstelsels zijn enorme bolhopen van oude
sterren, waar weinig structuur, gas, of stervorming meer inte bekennen is(“elliptische stel-
sels”). Ook evolutie speelt in het Heelal een belangrijke rol. Zo kunnen bijvoorbeeld kleine
dwergstelselśeén vooréén worden opgeslokt worden door hun grote buren. Ook bestaan
er sterrenstelsels met ongekende activiteit, in de vorm vanuitbarstingen van grootschalige
stervorming, of de aanwezigheid van een’actieve kern’in het centrum, met als motor een su-
permassief zwart gat. Deze laatste groep wordt vaak geassocieerd met cosmische botsingen
tussen sterrenstelsels en staat centraal in dit proefschrift.
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Figuur 1: De witte band die we op een heldere nacht aan de hemel zien – onze ’Melkweg’ –
bestaat uit honderden miljarden sterren die samen een sterrenstelsel vormen. Onze zon iséén
van die sterren en draait, samen met de aarde, rond in een grote schijf op ongeveer 2/3 van
het centrum.

Actieve kern: stralend zwart gat

Recent onderzoek heeft uitgewezen dat een groot deel van alle sterrenstelsels een supermas-
sief zwart gat in het centrum heeft. Ook in de kern van ons eigen Melkwegstelsel bevindt zich
zo’n zwart gat. Een zwart gat is een object waarbij opéén plek zo’n grote massa gevangen
zit dat niets uit zijn zwaartekrachtveld kan ontsnappen, zelfs licht niet. Dit proefschrift gaat
niet zozeer over de theoretische vraag wat een zwart gat precies is, maar het heeft betrekking
op de waarneembare effecten van zwarte gaten – in dit geval van supermassieve zwarte gaten
die zich in het centrum van sterrenstelsels bevinden – en de rol die deze zwarte gaten spelen
in de evolutie van sterrenstelsels.

De totale massa van een zwart gat in het centrum van een sterrenstelsel kan miljoenen tot
zelfs miljarden malen de massa van de zon bedragen. Materie die zich in de nabijheid van
zo’n zwart gat bevindt wordt ingevangen door een zogeheten accretieschijf, die rond het het
zwarte gat draait, en zal uiteindelijk in het zwarte gat verdwijnen. Vlak voordat de materie in
het zwarte gat verdwijnt heeft het door de enorme zwaartekracht van het zwarte gat zo’n hoge
snelheid en temperatuur gekregen dat het fel begint te stralen. We spreken dan van een actieve
kern (“Active Galactic Nucleus”, of AGN). Een AGN straalt over een groot gebied van het
electromagnetische spectrum, van energetische röntgenstraling tot optisch licht. En vaak is er
ook op de langere radiogolflengten straling afkomstig van deAGN. Deze radiostraling wordt
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Figuur 2: Rechts:Schets van een actieve
kern. Het centrale zwarte gat wordt om-
ringd door een accretieschijf van mate-
rie, met daaromheen weer een ring(“to-
rus”) van gas en stof. Vanuit het centrum
schieten aan weerzijden van de acretie-
schijf bundels radiostraling(“radiojets”)
de ruimte in. (Illustratie: CXC/M.Weiss)
Links: Hier is afgebeeld het radiostelsel
NGC 4261, dat radiojets heeft die tot ver
buiten het optische sterrenstelsel reiken.
(Illustratie: NRAO/Caltech.)

doorgaans uitgezonden door twee bundels van geladen deeltjes(“jets”), die aan weerszijden
van de accretieschijf rond het zwarte gat via sterke magnetische velden met zeer hoge snelheid
naar buiten worden gedreven. Als deze radiostraling krachtig genoeg is, dan spreekt men van
een radiostelsel(“Radio Galaxy” - zie bijv. figuur 2). De meest krachtige radiobundels
kunnen zich tot ver buiten het optische stelsel (het gebied waar de sterren zich bevinden)
begeven en tot miljoenen lichtjaren groot worden. Dergelijke radiostructuren kunnen dienen
als bakens om zeer ver weg gelegen sterrenstelsels op te sporen.

Krachtige radiobronnen bevinden zich doorgaans in zogehetenelliptische stelsels(of in
elk geval stelsels met een dominante elliptische structuurin het centrum). Elliptische stel-
sels zijn in feite grote bolhopen van doorgaans oude sterrenen worden vaak gezien als het
eindproduct in de evolutie van sterrenstelsels. Een gangbare theorie is dat elliptische stelsels
kunnen ontstaan doordat sterrenstelsels op elkaar botsen en versmelten(“merger”). Ver-
schillende onderzoeken gesuggereren dat ook AGN-activiteit door dergelijke mergers wordt
veroorzaakt, in de zin dat door de botsing gas naar het centrum wordt getransporteerd, waar-
mee de actieve kern gevoed wordt. Bij ander onderzoek is echter ǵeén direct verband tussen
mergers en AGN-activiteit vastgesteld. In dit proefschrift proberen we het recente verleden
van nabijgelegen radiostelsels in beeld te brengen om een antwoord te krijgen op de vraag
hoe radio-AGN-activiteit in deze sterrenstelsels ontstaat. Bovendien nemen we een kijkje in
het hart van enkele radiostelsels om te zien in hoeverre de actieve kern de evolutie van het
sterrenstelsel vervolgens beinvloedt.

Botsende sterrenstelsels in kaart gebracht

Waterstofgas is het meest voorkomende gas in sterrenstelsels. Met name spiraalstelsels (ster-
renstelsels met een schijf van gas, stof en sterren) bevatten grote hoeveelheden waterstofgas,
waaruit voortdurend jonge sterren worden gevormd. Wanneertwee van dergelijke gasrijke
sterrenstelsels op elkaar botsen en versmelten, wordt dit gas abrupt verstoord (zie figuur 3
en 4). Een deel van het gas kan de ruimte in worden geslingerd in zogeheten getijdestaarten
(“tidal-tails”), die tot ver buiten het optische stelsel kunnen reiken. Een ander deel komt in
het centrum van de merger terecht, waar verdichtingen in hetgas ervoor zorgen dat er bin-
nen korte tijd een groot aantal nieuwe sterren uit dit gas worden gevormd(“starburst”). Een
groot deel van het centrale gas wordt daardoor binnen korte tijd verbruikt in de stervorming
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Figuur 3:
Computersimulatie van
een merger van twee
spiraalstelsels met een su-
permassief zwart gat in het
centrum. De figuur toont de
verschillende stadia in het
process van ontmoeting en
versmelting. Alleen het gas
is getoond in deze illustratie.
(Illustratie: Di Matteo et al.,
Nature, 10 February 2005;
zie ook ZENIT mei 2005.)

of weggeblazen door sterke sterrenwinden. Het gas in de uitgebreide getijdestaarten heeft
vaak een te lage dichtheid om sterren te vormen, en kan daardoor lang blijven bestaan. De
sterren van de twee versmolten sterrenstelsels pakken zichop hun beurt door de onderlinge
zwaartekracht samen totéén nieuw stelsel. Van de twee oorsponkelijke sterrenstelsels blijft
niets meer over en het eindproduct van de merger is vaak een elliptisch sterrenstelsel; een
grote bolhoop van sterren, waarin geen spiraalstructuur meer aanwezig is. Omdat veel gas in
het centrale deel van het stelsel tijdens de starburst-faseis verbruikt of weggeblazen, zal een
dergelijk elliptisch stelsel uiteindelijk niet veel nieuwe sterren meer kunnen vormen en wordt
het daarom vaak beschouwd als een eindproduct in de evolutievan sterrenstelsels.

Er bestaan verschillende manieren om een merger op te sporen, zelfs lang nadat de botsing
heeft plaatsgevonden. Een ervan is het in kaart brengen van het neutraal waterstofgas, ook
wel aangeduid als HI (spreek uit H-́eén). De neutrale waterstofatomen waaruit dit gas is
opgebouwd bestaan uitéén proton met́eén electron dat daar omheen draait. De draairichting
van het electron om zijn as (de “spin”) kan overspringen van een toestand gelijk (“parallel”)
naar een toestand tegengesteld (“anti-parallel”) aan die van het proton. Hierbij komt energie
met een golflengte van 21,106 centimeter vrij. Neutraal waterstofgas zendt dus 21cm-straling
uit in het radiogebied van het elektromagnetische spectrumen kan dus worden waargenomen
met grote radiotelescopen (figuur 6).

Zoals eerder vermeld kan het HI-gas zich tijdens een merger van gasrijke stelsels ver-
spreiden in getijdestaarten en lang blijven bestaan. Na verloop van tijd zal een deel van dit
ijle H I-gas door de zwaartekracht die het nieuw gevormde elliptische stelsel uitoefent lang-
zaam naar dit stelsel terugvallen. Daarbij kan het gas een grote ring of schijf vormen die tot
ver buiten het optische stelsel blijft ronddraaien. Hierbij geldt: hoe langer na de merger, des
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Figuur 4: DeAntennae Galaxies:
lange getijdestaarten van HI-gas
en sterren zijn zichtbaar tot ver
buiten de botsende stelsels. De
inzet laat het optische sterlicht
zien. De twee stelsels zijn nog
afzonderlijk herkenbaar. In de-
ze negatief afbeelding zijn helde-
re stervormingsgebieden donker
en stof-structuren licht afgebeeld.
(Waarnemingen zijn gedaan met
de VLA en CTIO. Illustratie:
J.Hibbard/NRAO/AUI/NSF)

te regelmatiger is het gas verdeeld en des te regelmatiger zal het rond het elliptische stelsel
draaien. Dit hele proces kan miljarden jaren duren. We moeten daarbij aantekenen dat slecht
een klein percentage van de elliptische sterrenstelsels wordt omringd door dergelijke enor-
me gasstructuren, alhoewel recent onderzoek aan het licht heeft gebracht dat het merendeel
van de elliptische stelsels in ieder geval kleinere hoeveelheden HI lijkt te bevatten (mogelijk
ingevangen door botsingen met kleinere stelsels).

Het is erg lastig om dergelijke, weliswaar grote maar ook heel ijle, gasstructuren waar
te nemen. Echter, met grote radio-telescopen in Australië (Australia Telescope Compact
Array), de Verenigde Staten (Very Large Array) en Nederland(Westerbork Synthesis Radio
Telescope) zijn verschillende groepen astronomen er toch in geslaag deze enorme structuren
van waterstofgas rond een aantal elliptische stelsels op tesporen en nauwkeurig in kaart te
brengen. Hieruit kan men afleiden hoe deze elliptische stelsels zijn ontstaan, wat voor stelsels
betrokken waren bij de merger die leidde tot de vorming van het elliptische stelsel, en wanneer
deze merger precies heeft plaatsgevonden (zie het voorbeeld van NGC 5266 in figuur 5).

Een ander manier om de oorsprong van een elliptisch stelsel te achterhalen is door te
kijken naar het zichtbare licht van de sterren. Wanneer we het zichtbare licht van een bepaal-
de ster uiteenrafelen tot een spectrum, kunnen we het type ster bepalen. Het spectrum van
een ster wordt gevormd in de atmosfeer van de ster en is afhankelijk van de daar aanwezige
elementen. Zo is een jonge ster over het algemeen blauw van kleur, heeft hij diepe absorptie-
lijnen van waterstof en helium en is hij rijk aan metalen, terwijl een oude ster vaak een rodere
kleur heeft en metaal-arm is. Wanneer we nu een spectrum van een compleet sterrenstelsel
opnemen, dan krijgen we een opeenstapeling van de spectra van de daarin aanwezige sterren
(zie figuur 7). Door dit gecombineerde spectrum met computermodellen te vergelijken, kun-
nen we vaststellen welke soorten (ofwel “populaties”) sterren zich in het stelsel bevinden en
hoe oud deze sterren zijn. Op deze manier kunnen we dus ook bepalen of er in het recente
verleden van een elliptisch stelsel een starburst ten gevolge van een merger heeft plaatsgevon-
den. Dit geeft ons dus een extra manier om de leeftijd en eigenschappen van de merger, als
ook de eigenschappen van de stelsels die aan deze merger ten grondslag lagen, te achterhalen.



204

NGC 5266

Figuur 5: Sterrenstelsel NGC 5266: in deze negatief afbeelding is hetheldere elliptische
stelsel NGC 5266 te zien in het midden. In grijs is een HI-schijf, gezien vanaf de zijkant,
zichtbaar rondom dit elliptische stelsel. De HI-schijf is waargenomen met de ATCA (figuur
6). De totale omvang van deze HI-schijf is zo’n 650.000 lichtjaar (ofwel 200 kpc) en de totale
massa aan HI-gas bedraagt 24 miljard zonsmassa’s (ofwel een aantal keerde totale HI-massa
van ons Melkwegstelsel). NGC 5266 is gevormd uit een merger van gasrijke sterrenstelsels.
Gezien de redelijk regelmatige verdeling van het HI-gas, moet de merger meer dan een mil-
jard jaar geleden hebben plaatsgevonden. (Illustratie: T.Oosterloo; zie ook Morganti et al.
1997, AJ, 113,937)

De oorsprong van radiostelsels

Als radio-AGN-activiteit inderdaad ontstaat door botsingen van sterrenselsels, dan verwach-
ten we dat ook in radiostelsels de naweeën van deze botsingen te zien zijn. Voor de krachtig-
ste, vaak ver weg gelegen, radiostelsels is dit inderdaad door vescheidene onderzoeksgroepen
al geconstateerd. Maar hoe zit het met de radiostelsels in onze omgeving? Om dat te kunnen
onderzoeken hebben we in 22 nabijgelegen∗ radiostelsels de HI verdeling in kaart gebracht.
Bovendien hebben we van enkele van deze stelsels ook de sterpopulaties bepaald. Daarbij
zijn we tot een opmerkelijke conclusie gekomen. Het blijkt dat de radiostelsels die we beke-
ken hebben als groep qua HI verdelingen niet waarneembaar verschilt van normale elliptische
stelsels (“normaal” in de zin dat ze geen krachtige radiobron bevatten). Net zoals bij normale
elliptische stelsels bevat slechts een klein percentage van onze radiostelsels grote hoeveel-
heden HI. Bovendien bevindt het HI in deze gasrijke radiostelsels zich niet in uitgebreide
getijdestaarten (wat je zou verwachten wanneer er recentelijk een merger heeft plaatsgevon-
den), maar heeft het al de tijd gehad om terug te vallen in enorme ringen of schijven rond
het elliptische stelsel (zie figuur 8 voor een paar voorbeelden hiervan). Dit betekent dat als
er een merger aan deze radiostelsels ten grondslag ligt, deze (net als in de HI-rijke normale

∗’Nabijgelegen’ betekent in dit geval tussen 50 en 600 miljoenlichtjaren bij ons vandaan.
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Figuur 6: De Australia Telescope
Compact Array (ATCA), een rij van ra-
dioschotels in Narrabri, Australië.

elliptische stelsels) al zeker een miljard jaar geleden heeft plaatsgevonden. De levensduur
van een gemiddelde radiobron is vele malen kleiner dan dit, wat onderzoekers afleiden uit
het energieverlies van de radiojets (zelf zeer grote radiobronnen worden vaak niet meer dan
enkele tientallen miljoenen jaren oud). Dit betekent dat deactiviteit in deze gasrijke radio-
stelselsniet gedurende, maar pas laat na de botsingis ontstaan. Hoewel dit gegeven niet
uitsluit dat een merger wellicht nodig is om het benodigde ’voedsel’ te leveren voor de AGN,
lijkt het erop dat het in elk geval heel lang duurt, en dat er wellicht in het centrum van het
stelsel andere fysische processen nodig zijn, om het gas daadwerkelijk in de accretieschijf te
vangen en in het zwarte gat te laten verdwijnen, waardoor de activiteit oplaait. Het feit dat
we wat betreft de HI verdeling geen waarneembaar verschil zien tussen onze radiostelsels en
normale elliptische stelsels zou tevens kunnen betekenen dat radio-AGN-activiteit mogelijk
een verschijnsel is dat tijdens de levensduur van elk elliptisch stelsel gedurende een korte
periode voor kan komen.
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Figuur 7: Typisch spectrum van een sterrenstelsels met zowel een jonge als een oude sterpo-
pulatie. Een aantal absorptielijnen van waterstof en metalen zijn aangegeven.
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NGC 3894B2 0648+27

NGC 1167

Figuur 8: Drie radiostelsels met grote HI-structuren (B2 0648+27, NGC 1167 en NGC
3894), waargenomen met de radiotelescoop in Westerbork. Deoptische stelsels (centrale,
heldere objecten) zijn elliptisch van aard, de HI-structuren (grijs) vormen een grote ring (B2
0648+27 en NGC 3894; gezien vanaf de zijkant) of schijf (NGC 1167; gezien van boven-
af). De radiobron in deze stelsels (niet afgebeeld in deze figuur) is compact en begeeft zich
niet buiten het centrale deel van de optische stelsels. Opvallend is de gelijkenis van deze
radiostelsels met het niet-active elliptische stelsel NGC5266 (figuur 5).

De “missing link” in de evolutie van sterrenstelsels

Laten we een van onze radiostelsels (genaamd B2 0648+27)† eens in detail gaan bekijken.
Ook dit radiostelsel heeft een enorme ring van HI gas rond het optische stelsel draaien (figuur
8). Het optische stelsel zelf heeft op het eerste gezicht alle kenmerken van een elliptisch
stelsel, al is de structuur nog wat verstoord op lang belichte optische opnamen. Zowel de
optische als de HI-structuur van B2 0648+27 geeft aan dat dit stelsel ontstaanis door een
merger van twee gasrijke sterrenstelsels. Het HI-gas dat bij deze botsing de ruimte in werd
geslingerd heeft genoeg tijd gehad om terug te vallen naar het optische stelsel en hier in een
ring rond omheen te gaan draaien. Echter, de HI-ring is nog niet keurig symmetrisch, wat
aangeeft dat het gas nog niet de tijd heeft gehad om volledig tot rust te komen. Hieruit leiden
we af dat de merger zo’n anderhalf miljard jaar geleden moet hebben plaatsgevonden.

Voor dit stelsel hebben we ook de sterpopulaties bepaald. Zeer opmerkelijk is dat het
sterlicht van B2 0648+27 wordt gedomineerd door een zogeheten post-starburstpopulatie
van sterren die ongeveer 300 miljoen jaar oud zijn. Dit is ergongewoon voor een elliptisch
stelsel, dat normaal gesproken wordt gedomineerd door miljarden jaren oude sterpopulaties.
Dit wil zeggen dat er in B2 0648+27 zo’n 300 miljoen jaar geleden (dus in een vergevorderd
stadium van de merger) ineens extreem veel sterren werden geboren. Volgens computermo-
dellen duidt het feit dat de starburst pas in een vergevorderd stadium van de merger heeft
plaatsgevonden erop dat er in de stelsels vóór de botsing naast een gasrijke schijf ook al een

†De naamgeving is als volgt: het stelsels staat vermeld in de 2e Bologna-catalogus van radiostelsels en heeft als
positie aan de hemel een rechte klimming van ongeveer 6 uur 48 min.en een declinatie van ongeveer +27◦
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centrale elliptische component(“bulge”) aanwezig was. De radiobron in B2 0648+27 is erg
compact en reikt niet tot buiten de kern. De leeftijd van de huidige radiobron is niet meer dan
een miljoen jaar, hoewel de kern daarvoor wellicht ook al perioden van radio-AGN-activiteit
heeft gehad. Desalniettemin lijkt het er op dat de radiobronpas erg laat na de merger is
ontstaan en het is, zoals in de vorige paragraaf al vermeld, dus nog maar de vraag of de
radio-AGN-activiteit wel een direct gevolg is van de merger.

B2 0648+27 bevindt zich dus in een ver gevorderd stadium van de merger. Echter, de ei-
genschappen van dit radiostelsel (asymmetrische HI-ring,post-starburst sterpopulatie en een
actieve kern) duiden erop dat B2 0648+27 nog niet is veranderd in een saai, inactief ellip-
tisch sterrenstelsel dat aan het eind van zijn Latijn is. B2 0648+27 vertegenwoordigt daarom
wellicht een belangrijke schakel in de evolutie van sterrenstelsels, tussen aan de ene kant
recente, extreme mergers (zoals“Ultra-Luminous Infra-Red Galaxies”, zo genoemd omdat
deze stelsels worden gekenmerkt door sterke infra-rode straling die met extreme starbursts
gepaard gaat) en aan de andere kant normale elliptische stelsels. Wellicht is het wel heel nor-
maal voor stelsels als B2 0648+27 dat zeéén of meerdere perioden van radio-AGN-activiteit
doorlopen voordat ze definitief tot rust komen.

De evolutie van radiostelsels

Een ander opmerkelijk feit dat we hebben waargenomen is dat de radiostelsels die een enorme
H I-ring of -schijf bevatten allemaal eencompacteradiobron bezitten, waarvan de radiostra-
ling zich niet buiten het optische stelsel (en in de meeste gevallen zelfs niet buiten de kern)
bevindt. Dit in tegenstelling tot de uitgestrekte radiobronnen die we hebben waargenomen
(met radiojets tot ver buiten het optische stelsel), dieniet dergelijke grote HI-structuren ver-
tonen. Het is nog onduidelijk waardoor dit verschil wordt veroorzaakt, maar klaarblijkelijk
is er dus een verband tussen de radiojets en het neutrale waterstofgas. Wellicht heeft de aan-
wezigheid van grote hoeveelheden gas in het centrum van een stelsel (iets wat tijdens een
merger kan zijn ontstaan) invloed op de radiojets, en wordt de radiobron daardoor compact
gehouden. Of andersom, misschien hebben de radiojets invloed op het aanwezige waterstof-
gas, in de zin dat de grote structuren van neutral waterstofgas worden verhit (en daardoor
niet meer zichtbaar zijn op een radiogolflengte van 21 cm) wanneer de radiojets zich een
weg naar buiten banen. Het lijkt er zelfs op dat de uitgestrekte radiobronnen op een andere
manier dan door mergers gevoed worden. Dit doet meteen de vraag rijzen of alle uitgestrekte
H I structuren die we zien rond compact bronnen dan wel gevormd zijn door mergers. Een
andere mogelijkheid is dat in ieder geval sommige van deze structuren niet zijn ontstaan door
galactische botsingen, maar door het afkoelen en langzaam neerdalen van heet gas dat zich in
de ruimte rondom het sterrenstelsel bevindt. Om dergelijkevraagstukken te kunnen oplossen
is nog veel meer onderzoek nodig.

We hebben echter al wel gekeken naar de fysische processen tussen de radiojets en het
omringende gas in het centrum van twee krachtige radiostelsels (3C 293 en 3C 305). Daarbij
zijn we erachter gekomen dat de radiojets grote hoeveelheden (tot tien miljoen zonsmas-
sa’s) gas wegblazen in zogeten“outflows”. Het meest opmerkelijke is dat het overgrote deel
van het gas in de outflows in deze twee radiostelselsneutraalwaterstofgas is. Dit is onver-
wacht, omdat het botsingsproces tussen de jet en het gas met enorme hoeveelheden energie
gepaard gaat, waarbij doorgaans verondersteld wordt dat alhet omringende gas wordt verhit
en gëıoniseerd (’gëıoniseerd’ wil zeggen dat er uit de atomen waaruit het gas bestaat electro-
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nen worden gestoten die vrij rond bewegen). De in de outflows waargenomen aanwezigheid
van grote hoeveelheden koel, neutraal gas (waarbij dus geenelectronen vrij rondbewegen)
stelt daarom strikte eisen aan theoretische modellen die deinteracties tussen de radiojets en
het omringende gas moeten verklaren.

Uit dit en ander onderzoek blijkt verder ook dat, naast de eerder genoemde sterrenwinden,
ook de AGN-activiteit van grote invloed is op de gasvoorziening in het centrale deel van
sterrenstelsels. Aangezien het gas als voedingsbron dientvoor zowel stervorming als ook
voor de activiteit in de kern, wordt op deze manier ook de evolutie van een sterrenstelsel
bëınvloed. Uiteindelijk is het dus mede de actieve kern zelf die zijn eigen voedsel wegblaast.

Figuur 9: Boven: Illustratie van een interactie van de radiojet met het omringende gas. De
radiojet botst op een moleculaire wolk en schokgolven dringen de wolk in. Door de grote
energiëen die hiermee gepaard gaan wordt het gas geı̈oniseerd en breekt de wolk op in kleine
fragmenten. Deze fragmenten worden door het passeren van dejet met grote snelheid naar
buiten gedreven. Door snelle koeling van de fragmenten kan mogelijk een groot deel van het
gas weer terugkeren in zijn neutrale toestand. Dit verklaart wellicht de outflow van neutraal
waterstofgas die we zien in enkele radiostelsels. (Illustratie: ESO; zie Morganti et al.ESO
Messengersept. 2003.)
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Gonźalez Delgado, R. M., Tadhunter, C. N., Pérez, E., et al. 2006, AN, 327, 159
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Kl öckner, H.-R., Baan, W. A., & Garrett, M. A. 2003, Nature, 421, 821

Knapp, G. R., Turner, E. L., & Cunniffe, P. E. 1985, AJ, 90, 454

Koekemoer, A. M. & Bicknell, G. V. 1998, ApJ, 497, 662

Kormendy, J. & Gebhardt, K. 2001, in AIP Conf. Proc. 586: 20thTexas Symposium on
relativistic astrophysics, ed. J. C. Wheeler & H. Martel, 363–+ (astro–ph/0105230)

Kormendy, J. & Richstone, D. 1995, ARA&A, 33, 581

Krause, M. 2002, A&A, 386, L1

Kriss, G. A. 2004, in IAU Symposium, ed. T. Storchi-Bergmann, L. C. Ho, & H. R. Schmitt,
223–228

Krolik, J. H. & Begelman, M. C. 1986, ApJL, 308, L55

Labiano Ortega, A. 2006, Ph.D. Thesis

Laing, R. A. & Bridle, A. H. 2004, MNRAS, 348, 1459

Laing, R. A. & Peacock, J. A. 1980, MNRAS, 190, 903

Leahy, J. P., Muxlow, T. W. B., & Stephens, P. W. 1989, MNRAS, 239, 401

Ledlow, M. J. & Owen, F. N. 1995, AJ, 110, 1959

Ledlow, M. J., Owen, F. N., & Eilek, J. A. 2002, New Astronomy Review, 46, 343

Lin, D. N. C., Pringle, J. E., & Rees, M. J. 1988, ApJ, 328, 103

Liu, R., Pooley, G., & Riley, J. M. 1992, MNRAS, 257, 545

Lutz, D., Spoon, H. W. W., Rigopoulou, D., Moorwood, A. F. M.,& Genzel, R. 1998, ApJ,
505, L103
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van Bemmel, I. M. & Dullemond, C. P. 2003, A&A, 404, 1

van Breugel, W., Filippenko, A. V., Heckman, T., & Miley, G. 1985b, ApJ, 293, 83

van Breugel, W., Heckman, T., Butcher, H., & Miley, G. 1984, ApJ, 277, 82

van Breugel, W., Heckman, T. M., Miley, G. K., & Filippenko, A. V. 1986, ApJ, 311, 58

van Breugel, W., Helfand, D., Balick, B., Heckman, T., & Miley, G. 1983, AJ, 88, 40

van Breugel, W., Miley, G., Heckman, T., Butcher, H., & Bridle, A. 1985a, ApJ, 290, 496

van de Hulst, H. C. 1945, Nederlands Tijdschrift voor Natuurkunde, 11, 201

van Gorkom, J. & Schiminovich, D. 1997, in ASP Conf. Ser. 116:The Nature of Elliptical
Galaxies; 2nd Stromlo Symposium, 310–+

van Gorkom, J. H., Knapp, G. R., Ekers, R. D., et al. 1989, AJ, 97, 708

van Gorkom, J. H., van der Hulst, J. M., Haschick, A. D., & Tubbs, A. D. 1990, AJ, 99, 1781

van Ojik, R., Roettgering, H. J. A., Miley, G. K., & Hunstead,R. W. 1997, A&A, 317, 358

Veilleux, S., Cecil, G., Bland-Hawthorn, J., & Shopbell, P.L. 2002, in Revista Mexicana de
Astronomia y Astrofisica Conference Series, ed. W. J. Henney, W. Steffen, L. Binette, &
A. Raga, 222–229

Veilleux, S. & Osterbrock, D. E. 1987, ApJS, 63, 295

Venemans, B. P. 2006, Astronomische Nachrichten, 327, 196

Verdoes Kleijn, G. A., Baum, S. A., de Zeeuw, P. T., & O’Dea, C.P. 1999, AJ, 118, 2592

Vermeulen, R. C., Pihlström, Y. M., Tschager, W., et al. 2003, A&A, 404, 861

Veron-Cetty, M.-P., Woltjer, L., Ekers, R. D., & Staveley-Smith, L. 1995, A&A, 297, L79+

Vila-Costas, M. B. & Edmunds, M. G. 1992, MNRAS, 259, 121

Villar-Martı́n, M., Tadhunter, C., Morganti, R., Axon, D., & Koekemoer, A. 1999, MNRAS,
307, 24

Villar-Martı́n, M., Vernet, J., di Serego Alighieri, S., et al. 2003, MNRAS, 346, 273

Wall, J. V. & Peacock, J. A. 1985, MNRAS, 216, 173

White, R. L. & Becker, R. H. 1992, ApJS, 79, 331

Wilkinson, P. N., Browne, I. W. A., Patnaik, A. R., Wrobel, J. M., & Sorathia, B. 1998,
MNRAS, 300, 790

Wills, K. A., Morganti, R., Tadhunter, C. N., Robinson, T. G., & Villar-Martin, M. 2004,
MNRAS, 347, 771

Wills, K. A., Tadhunter, C. N., Robinson, T. G., & Morganti, R. 2002, MNRAS, 333, 211

Wilman, R. J., Jarvis, M. J., R̈ottgering, H. J. A., & Binette, L. 2004, MNRAS, 351, 1109

Wilson, A. S. & Colbert, E. J. M. 1995, ApJ, 438, 62

Wrobel, J. M., Neugebauer, G., & Miley, G. K. 1986, ApJL, 310, L11

Wu, H., Zou, Z. L., Xia, X. Y., & Deng, Z. G. 1998, A&AS, 132, 181

Zheng, W. & Malkan, M. A. 1993, ApJ, 415, 517



Publications

Refereed Journal Papers

[1] Large-scale HI in nearby radio galaxies: segregation in neutral gas con-
tent with radio source size
Emonts B.H.C., Morganti R., Oosterloo T.A., van der Hulst J.M.,van Moorsel
G. & Tadhunter C.N., A&A, accepted

[2] Timescales of merger, starburst and AGN activity in radio galaxy B2
0648+27
Emonts B.H.C., Morganti R., Tadhunter, C.N., Holt, J.H., Oosterloo T.A., van
der Hulst J.M.& Wills K.A. 2006, A&A, 454, 125.

[3] A jet-induced outflow of warm gas in 3C 293
Emonts B.H.C., Morganti R., Tadhunter C.N., Oosterloo T.A., Holt J.& van
der Hulst J.M. 2005, MNRAS, 362, 931

[4] The location of the broad HI absorption in 3C 305: clear evidence for
a jet-accelerated neutral outflow
Morganti R., Oosterloo T., Tadhunter C., v. Moorsel G.& Emonts B. 2005,
A&A, 439, 521

[5] Fast Outflow of Neutral Hydrogen in the Radio Galaxy 3C 293
Morganti R., Oosterloo T. A., Emonts B.H.C., van der Hulst J.M.& Tadhunter
C.N. 2003, ApJ, 593, 69

Non-Refereed Papers and Conference Proceedings

[6] The role of neutral hydrogen in radio galaxies
Emonts B., Morganti R., Oosterloo T. 2006, NewAR, in press.



218

[7] Merger-origin of radio galaxies investigated with HI observations
Emonts B.H.C., Morganti R., Oosterloo T.A., van der Hulst J.M.,Tadhunter
C.N., van Moorsel G.& Holt J. 2005, AN, 327, 139

[8] Fast Outflow of Neutral and Ionized Gas from the Radio Galaxy 3C 293
Emonts B.H.C., Morganti R., Oosterloo T.A., Tadhunter C.N.& van der Hulst
J.M. 2005, A.S.P. Conference Series, 331, 353

[9] Fast Outflow of HI in Starburst Radio Galaxy 3C 293
Emonts B., van der Hulst T., Morganti R., Oosterloo T., Tadhunter C., Holt J.
& Wills K. 2004, A.S.P. Conference Series, 320, 96

[10] Fast Outflows of Neutral Hydrogen in Radio Galaxies
Oosterloo T.A., Morganti R., Emonts B.& Tadhunter C.N. 2004, IAU Symp.
222, 353

[11] Gas Outflows in Radio Galaxies
Morganti R., Oosterloo T., Emonts B., Tadhunter C.N.& Holt J. 2004, IAUS,
217, 332

[12] H I on Large and Small Scales in Starburst Radio Galaxies
Morganti R., Oosterloo T., Tadhunter C.N., Emonts B.H.C.,& van Moorsel
G., 2004, A.S.P. Conference Series, 320, 57

[13] Large-scale HI structures and the origin of radio galaxies
Morganti R., Oosterloo T., Tadhunter C.& Emonts B. 2003, NewAR, 47, 273

[14] The Association of Far UV and HI Emission in M81: Photodissocia-
tion as a Tracer for Molecular Hydrogen
Emonts, B., Allen, R.J., Smith, D.A.& van der Kruit, P.C. 2001, Master thesis

Popular Scientific Journal Papers

[15] Oorsprong en evolutie van radio-stelsels(Origin & evolution of radio galaxies)

Emonts B. 2005, ZENIT, September issue
(Dutch popular-scientific magazine for astronomy, climatology & space exploration)



Proposals

Allocated Time as Principal Investigator

[1] H I observations of radio galaxies
Emonts B.H.C., Morganti R., van der Hulst J.M., Oosterloo T.A.,Tadhunter
C.N.,& van Moorsel G.
VERY LARGE ARRAY: AE151
ALLOCATED TIME : 33.5HRS.

[2] Very extended HI gas around nearby compact radio sources
Emonts B.H.C., Morganti R., van der Hulst J.M., Oosterloo T.A.,Tadhunter
C.N.,& van Moorsel G.
WESTERBORKSYNTHESIS RADIO TELESCOPE: R04A031
ALLOCATED TIME : 39 HRS.

[3] Complex HI structures around nearby powerful radio galaxies
Emonts B.H.C., Morganti R., van der Hulst J.M., Oosterloo T.A.,Tadhunter
C.N.,& van Moorsel G.
WESTERBORKSYNTHESIS RADIO TELESCOPE: R05A022
ALLOCATED TIME : 36 HRS.

[4] Neutral Hydrogen and the origin of radio galaxies
Emonts B., Morganti R., Oosterloo T., van der Hulst J.M., Tadhunter C.N.,&
Sadler, E.
AUSTRALIA TELESCOPECOMPACT ARRAY: C1170
ALLOCATED TIME : 56 HRS.

[5] Neutral Hydrogen and the origin of radio galaxies
Emonts B., Morganti R., Oosterloo T., van der Hulst J.M., Tadhunter C.N.,&
Sadler, E.
AUSTRALIA TELESCOPECOMPACT ARRAY: C1382
ALLOCATED TIME : 56 HRS.



220

[6] H I observations to trace the merger-origin of PKS 0131-36
Emonts B., van der Hulst J.M., Morganti R., Oosterloo T., Tadhunter C.N.,
Holt J.& Sadler E.
AUSTRALIA TELESCOPECOMPACT ARRAY: C1497
ALLOCATED TIME : 24 HRS.

[7] Origin and evolution of AGN activity in gas-rich radio galaxies
Emonts B., Morganti R., Wills K.A., Tadhunter C.N., van der Hulst J.M.
WILLIAM HERSCHELTELESCOPE: W03BN005
ALLOCATED TIME : 2 NIGHTS

[8] Fast neutral outflows in radio galaxies: a major source of feedback in
galaxy formation?
Emonts B., Tadhunter C., Morganti R.
WILLIAM HERSCHELTELESCOPE: W06AN015
ALLOCATED TIME : 2 NIGHTS



Dankwoord

So, you made it all the way through my thesis... respect! I hope you enjoyed it as much as I
did. I am very grateful that I got the opportunity to have thisfantastic job for four years, and
I am happy that this thesis is the result. “What a ride, what a view!”
But of course I did not do this project alone...

Raffaella, this was our project. My deepest gratitude goes to your help and guidance. I could
thank you for teaching me the scientific skills needed to become an astronomer, for reminding
me when something needs more focus and when something is goodenough, for learning me
to always keep in mind the ’bigger picture’, for answering mye-mails always within the hour
(any time of the day!), for occasionally reminding me of taking a holiday... but maybe I can
summarise it all by saying that I could not have asked for a better supervisor! Thanks!
Clive, your help and expertise on the optical part of this thesis have made me familiar with
this field of astronomy. Many thanks for that, as well as for sharing your enthusiasm about
astronomy during observing trips and workshops. Also thanks for receiving me as a guest in
Sheffield twice. I am sorry that for bureaucratic reasons I could not put you as a co-supervisor
on this thesis, because to me you are.
Thijs, als mijn promotor nam je altijd de tijd om rustig te gaan zitten en alles te bespreken wat
besproken moest worden. Hartstikke bedankt hiervoor en voor het vertrouwen dat je me gaf
om dit proefschrift tot een goed einde te brengen, zeker gedurende het strakke tijdschema in
de laatste paar maanden, toen de mogelijkheid voor mijn huidige aanstelling zich voordeed.
Tom, bedankt voor je grote bijdrage aan dit proefschrift. De’Tom-test’ blijft de beste manier
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