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5
Neutral hydrogen around the

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

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

5.1 Introduction

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

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

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

5.2 Observations

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

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

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

5.3 Radio continuum

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

∗for H0 = 71 Mpc km s−1, this puts NGC 612 at a distance of 125 Mpc and 1 arcsec = 0.6 kpc



RADIO CONTINUUM 141

Figure 5.1: uv-coverage of the combined 750C and EW214 data.

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

NGC 612

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

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

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

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

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

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

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

5.4.1 HI environment

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

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

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

NGC 612

NGC 619

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

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

5.4.2 HI absorption

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

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

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

5.6 Discussion
5.6.1 Origin of the HI

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

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

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

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

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

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

5.6.3 Comparison with B2 sources

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

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

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

5.6.4 HYMORS

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

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