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3
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%



H I ABSORPTION 69

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.
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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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B2 sample
(radio loud)

Sauron sample
(radio quiet)

HIPASS sub−sample
(radio quiet)

B2 sample
(radio loud)

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.
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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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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.




