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ABSTRACT
We present results from imaging of the radio filaments in the southern giant lobe of Centau-
rus A using data from GMRT observations at 325 and 235 MHz, andoutcomes from filament
modelling. The observations reveal a rich filamentary structure, largely matching the morphol-
ogy at 1.4 GHz. We find no clear connection of the filaments to the jet. We seek to constrain
the nature and origin of thevertexandvortexfilaments associated with the lobe and their role
in high-energy particle acceleration. We deduce that thesefilaments are at most mildly over-
pressured with respect to the global lobe plasma showing no evidence of large-scale efficient
Fermi I-type particle acceleration, and persist for∼ 2− 3Myr. We demonstrate that the dwarf
galaxy KK 196 (AM 1318–444) cannot account for the features,and that surface plasma insta-
bilities, the internal sausage mode and radiative instabilities are highly unlikely. An internal
tearing instability and the kink mode are allowed within theobservational and growth time
constraints and could develop in parallel on different physical scales. We interpret the origin
of thevertexandvortexfilaments in terms of weak shocks from transonic MHD turbulence or
from a moderately recent jet activity of the parent AGN, or aninterplay of both.

Key words: galaxies: individual (Centaurus A) – galaxies: jets – instabilities – radio contin-
uum: galaxies – techniques: image processing – turbulence.

1 INTRODUCTION

From studies of both high- and low-power radio galaxies over
the past three decades, considerable observational evidence has
emerged for inhomogeneous, filamentary lobes, e.g., CygnusA
(Perley et al. 1984), 3C 310 (van Breugel & Fomalont 1984), Her-
cules A (Dreher & Feigelson 1984; Gizani & Leahy 2003), For-
nax A (Fomalont et al. 1989), Pictor A (Perley et al. 1997), 3C353
(Swain et al. 1998), M 87 (Owen et al. 2000; Forman et al. 2007),
NGC 193 (Laing et al. 2011), B2 0755+37 (Laing et al. 2011), with

⋆ E-mail: sarka@astro.ru.nl

the bulk of the observations being conducted with the Very Large
Array (VLA) in the GHz regime. The filamentarity has implica-
tions for the internal structure of the lobes. However, no consensus
exists on whether the magnetic field in the lobes has a low filling
factor and electrons are uniformly distributed, or the electron popu-
lation tracks the magnetic field enhancements closely. Positionally
varying magnetic field strength was claimed for lobes of a number
of Fanaroff-Riley class II (FR II) (Fanaroff & Riley 1974) sources
(e.g. Hardcastle & Croston 2005; Goodger et al. 2008), in contrast
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2 Sarka Wykes et al.

Figure 1. Combined ATCA and Parkes 1.4 GHz continuum image at60 × 40 arcsec angular resolution of the southern giant lobe of Centaurus A, indicat-
ing thevertexandvortexfilaments and the position of the dwarf galaxy KK 196. The radio galaxy core and the inner lobes are beyond the north edge of
the image. The artefact protruding to the northern part of the giant lobe originates from the bright inner lobes. The artefact centred on RA13h23m04.2s,
DEC−44◦52′33.3′′ is the background quasar PKS 1320–446 at a redshift ofz ∼ 1.95, the artefact on RA13h18m30.02s, DEC−46◦20′35.2′′ the
background quasar MRC 1315–460 (PMN J1318–4620) ofz ∼ 1.12 and the artefact on RA13h19m21.59s, DEC−44◦36′46.7′′ the background source
MRC 1316–443. Adapted from Feain et al. (2011).

with the western giant lobe of the source Fornax A1, for which a po-
sitionally varying electron energy spectrum is favoured (Seta et al.
2011).

Filamentary structure does not necessarily imply turbulence,
but magnetohydrodynamical (MHD) turbulence implies filamen-
tary structure in synchrotron emission (e.g. Eilek 1989; Hardcastle
2013; Wykes et al. 2013). MHD turbulence amplifies and trans-
ports magnetic fields which in turn control lobe viscosity, con-
ductivity and resistivity, as well as the acceleration and propaga-
tion of cosmic rays (e.g. Lee et al. 2003; Jones et al. 2011). The
presence of turbulence might in some cases be akin to a develop-
ment of plasma instabilities. Various types of instabilities, promot-
ing growth of filament-like features, could develop inside or on the
surface of a radio lobe. Hydrodynamical (HD) instabilities, such
as Kelvin-Helmholtz (KH), Rayleigh-Taylor (RT) and Richtmyer-
Meshkov (RM) are relevant since they can lead to flow patternsthat
naturally filament and can amplify ambient magnetic fields (e.g.
Jun & Norman 1995; Ryu et al. 2000). MHD instabilities such as

1 Morphologically, Fornax A is FR II class by the original
(Fanaroff & Riley 1974) definition; in terms of luminosity, it is on
the boundary FR I/FR II.

the resistive tearing instability, the sausage mode and thekink mode
are also apposite, as are radiative instabilities.

Utilising the Australia Telescope Compact Array (ATCA) and
the 64m Parkes telescope for imaging at 1.4 GHz with49 arcsec
angular resolution, Feain et al. (2011) have discovered intricate
filamentary features associated with the northern and southern
giant lobes of Centaurus A (Fig. 1). Centaurus A is the nearest
(3.8±0.1 Mpc; Harris et al. 2010)2 Fanaroff-Riley class I (FR I)
radio galaxy, hosted by the massive elliptical galaxy NGC 5128.
Due to its luminosity and proximity, Centaurus A is an outstand-
ing testbed for models of jet energetics, particle acceleration, and
the evolution of low-power radio galaxies in general. Centaurus A’s
northern jet (angular size∼ 4.0 arcmin) and its immediate sur-
roundings, the bright inner lobes (∼ 5.5 arcmin each) and the
northern middle lobe (∼ 33 arcmin) have been extensively stud-
ied (e.g. Tingay et al. 1998; Morganti et al. 1999; Hardcastle et al.
2003; Kraft et al. 2003; Hardcastle et al. 2006; Croston et al. 2009;
Kraft et al. 2009; Müller et al. 2011; Neff et al. 2014; Israelet al.,
in preparation). However, Centaurus A’s proximity to Earthhas
hampered for a long time comprehensive investigations of its gi-

2 At that distance,1arcmin corresponds to1.1 kpc.
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Origin of filaments in Centaurus A 3

ant (i.e. outer) lobes (∼ 4.3◦ each), whose substructure has been
mapped only recently in the aforementioned work by Feain et al.
(2011).

Topics of great current interest are the ages of the giant lobes
and the lobe particle content and pressure. Hardcastle et al. (2009)
and Yang et al. (2012) have determined radiative ages of Cen-
taurus A’s giant lobes: the former obtaining∼ 30Myr based on
synchrotron ageing fitting the single-injection Jaffe-Perola model
(Jaffe & Perola 1973), the latter. 80Myr reasoning that ages sig-
nificantly larger than a few tens of Myr are not consistent with the
observations of gamma-ray inverse-Compton emission. The above
values would imply that the giant lobe front ends expand at re-
spectively∼ 0.030 and& 0.011c, i.e. faster than Centaurus A’s
inner lobes (∼ 0.009c, Croston et al. 2009), in discord with ex-
pectations. The dynamical age calculations by Wykes et al. (2013)
give ∼ 560Myr based on buoyancy arguments, and the estimates
by Eilek (2014) give∼ 500Myr−1.5Gyr relying on dynamical
models of the growth of the giant lobes. Giant lobe thermal elec-
tron content evaluations also show an inconsistent picture: ne,th ∼
1× 10−4 cm−3 gauged independently from X-ray and radio obser-
vations (Stawarz et al. 2013; O’Sullivan et al. 2013) versusne,th ∼
5.4 × 10−9 cm−3 based on entrainment calculations (Wykes et al.
2013). The preceding value, which is similar to the thermal con-
tent of the Centaurus A intragroup medium,nth ∼ 1× 10−4 cm−3

(O’Sullivan et al. 2013; Eilek 2014), would make Centaurus Aex-
ceptional among lobed radio sources, which normally show cavities
associated with the lobe (e.g. Bîrzan et al. 2004; Wise et al.2007;
Cavagnolo et al. 2010) implying that the internal densitiesof the
lobes are below those of the intragroup/intracluster medium. Giant
lobe pressure estimates vary frompth ∼ 8.0 × 10−14 dyn cm−2

(Stawarz et al. 2013; O’Sullivan et al. 2013; Stefan et al. 2013) and
pth ∼ 9.0 × 10−14 dyn cm−2 (Fraija 2014) which are close to the
minimum pressure of the lobes, topth ∼ 3.2 × 10−13 dyn cm−2

(Eilek 2014) andpth ∼ 1.5×10−12 dyn cm−2 (Wykes et al. 2013).
Hardcastle et al. (2009), O’Sullivan et al. (2009), O’Sullivan

(2011), Wykes et al. (2013) and Eilek (2014) have considered
MHD turbulence in Centaurus A’s giant lobes. Wykes et al. (2013)
have argued for mildly sub-Alfvénic turbulence in those lobes
which allows for the existence of relatively long-lived filaments3.
A detailed description of the ensemble of the filaments has
been offered by Feain et al. (2011), and Stawarz et al. (2013)and
Wykes et al. (2013) have drawn some attention to the prominent
filamentary features in the southern giant lobe, thevertexand the
vortex (see Figs. 1 – 4), whose nature and origin are as yet ill-
constrained. Thevertex (Largest Angular Size, LAS,∼ 34 kpc),
at ∼ 2◦ from the core and∼ 0.5◦ from the position of the back-
ground point source PKS 1320–446, is slightly curved and shows
variations in surface brightness. Thevortex (LAS ∼ 53 kpc), at
about∼ 2.5◦ from the core and lying immediately interior to the
western part of the lobe, has been likened (Feain et al. 2011)to the
mushroom-shaped structure seen in the eastern giant lobe ofthe
FR I radio source M 87 (Owen et al. 2000). Feain et al. (2011) have
proposed a number of explanations to be origin of the filaments in
Centaurus A: thevertexandvortexmight derive from an enhanced
jet activity, from KH instabilities at the lobe-intragroupinterface, or
from the passage of the dwarf irregular galaxy KK 196 (AM 1318–

3 MHD simulations (e.g. Jones et al. 2011) indicate that this is also true
for trans-Alfvénic and mildly super-Alfvénic turbulence.Filaments last
roughly an eddy turnover time for the scale of the eddies thatstretch them.

444), a Centaurus group member at3.98 ± 0.29Mpc (Jerjen et al.
2000; Karachentsev et al. 2007), through the lobe.

To gain more insight into physical processes occuring in ra-
dio galaxies’s lobes, it is essential to have access to multifrequency
observations, including very-low frequency bands. We havecho-
sen to use the Giant Metrewave Radio Telescope (GMRT) to study
the properties of thevertexand vortexfilaments at 325, 235 and
150 MHz. At these frequencies, the field of view of the GMRT is
large enough to fit the combinedvertex–vortexregion in one or two
pointings. The combination of short and long baselines (ranging
from ∼ 100m up to∼ 25 km) enables the detection of, and sepa-
ration between, large structures of the angular size of the filaments
and compact radio sources along the same line of sight. The GMRT
has no baselines that sample the largest scales of radio emission
from the giant lobes, which are therefore naturally surpressed. Be-
sides the intrinsic delicacies of handling low-frequency radio data
and imaging diffuse, extended radio emission, processing these ob-
servations is particularly challenging. As observed from GMRT, the
vertexandvortexfilaments are at low elevation (always< 26◦),
which impacts on theuv-coverage and ionospheric air mass in an
unfavourable way. Also, the large brightness of the background
quasar PKS 1320–446 and of Centaurus A’s inner lobes (e.g. Fig. 1)
can cause serious dynamic range (DR) limitations in the entire im-
age.

The remainder of the paper is organized as follows. Section 2
describes the GMRT observations and data reduction. In Section 3,
we present the new GMRT images and combine the GMRT data
with those of the ATCA at higher frequencies with the aim of estab-
lishing spectral indices of thevertexandvortexfilaments. We dis-
cuss filament pressure, ageing and particle acceleration constraints,
and expound upon turbulence properties on different scalesof the
giant lobes in Section 4. We then test various scenarios for the ori-
gin of thevertexandvortexand show that these structures are most
likely not unique among the lobe filaments and are plausibly identi-
fied with weak shocks in transonic MHD turbulence. The key find-
ings are summarised in Section 5.

Throughout the paper, we use J 2000.0 coordinates, and define
the energy spectral indicesα in the senseSν ∝ ν−α.

2 OBSERVATIONS AND DATA REDUCTION

GMRT observations of thevertexandvortexfilaments at 325, 235
and 150 MHz were carried out in 2012 May and 2013 February
(project codes 22_038 and 23_060). Due to the low elevation of the
target, observations were limited to< 5 hours per night, requiring
a total of8 nights. A journal of these observations is given in Ta-
ble 1. Visibilities for two polarizations (RR and LL) were recorded
in spectral line mode to enable narrow-band RFI excision andpre-
vent bandwidth smearing. For calibration purposes we observed
two standard calibrators: 3C 286 as the (primary) flux density and
bandpass calibrator, observed for20min at the start and/or end of
each run, and 3C 283 as the (secondary) phase calibrator, observed
for 5min every50min. During observations, the standard GMRT
pointing error correction model was applied on both targets, as well
as 3C 286.

The data4 reduction was conducted usingAIPS (version

4 Long Time Accumulation (LTA) – the native data format from the GMRT
correlator – were written out to FITS format and imported into Astronom-
ical Image Processing System (AIPS) and Common Astronomy Software
Applications (CASA).

c© 2014 RAS, MNRAS000, 1–17



4 Sarka Wykes et al.

Table 1.Journal of GMRT observations.

Observing dates Central obs. freq. Primary beam Time on target Working antennas Integration time Bandwidth Freq. channels
(MHz) (arcmin) (vertex, vortex) (h) (total number) (s) (MHz)

27− 28 May 2012 323 81 3.7, 4.0 29, 27 4 33.3 256
24− 27 Feb2013 234 114 8.4, 8.1 28, 28 8 16.7 256
22− 23 Feb2013 148 186 8.2 29 8 16.7 256

31DEC12; Greisen 2003), the Python-based extensionSPAM

(Intema et al. 2009; Intema 2014), and theclean imaging task
in CASA (version4.1.0; McMullin et al. 2007) to create the fi-
nal low-resolution maps.SPAM was used to correct for (direction-
dependent) ionospheric phase corruptions, which can be a domi-
nant source of error at sub-GHz frequencies. Overall, ionospheric
conditions were relatively quiet during all observing nights, as
judged from the slowly varying gain phases. For all observations,
except 2012 May 28, flux and bandpass calibration were derived
from 3C 286, adopting the modified Perley–Taylor flux model as
described by Intema et al. (2011). For this, we excluded the short-
est (central square) baselines, and performed some manual flagging
of obviously bad antennas/times/polarizations based on gain cali-
bration tables. Calibration results were then applied to the target
field data. In the 2012 May 28 observation, a combination of fac-
tors rendered the data on 3C 286 unusable. In this case, we have
used 3C 283 as primary calibrator, adopting a 325 MHz flux den-
sity of 23.3 Jy (as derived from the 2012 May 27 observations).
To account for uncertainties in the flux scale transfer from 3C 286
to 3C 283, and for the absence of the pointing error correction for
3C 283, we adopt an additional10 percent uncertainty in the flux
scale of thevorteximage at 325 MHz. To reduce the target field data
volume, the RR and LL polarizations (Conway & Kronberg 1969)
were combined into StokesI , every8−10 channels were averaged
to form25−30 wider frequency channels, and time resolution was
averaged down to16 seconds.

2.1 Calibration and imaging of compact emission

The target field data was initially calibrated and imaged at ‘high
resolution only’ by excluding visibilities from the inner1 kλ of
theuv-plane and choosing a weighting scheme between robust and
uniform (robust = −1 in the AIPS convention). With this ap-
proach, we can obtain good gain calibrations for all antennas with-
out having to deal with the large-scale emission immediately. In-
deed, the same calibration can be used later to image the large-scale
emission (see Section 2.2). Each target field was initially phase-
calibrated against a simple∼ 10 point source model derived from
the SUMSS 843 MHz catalogue (Mauch et al. 2003), followed by
wide-field (facet-based) imaging and CLEAN deconvolution.In all
imaging, we automatically put tight CLEAN boxes encompassing
emission peaks (above five times the central noise level) to guide
the deconvolution and suppress CLEAN bias. Within the CLEAN
boxes, emission was CLEANed down to twice the central noise
level. Extra facets were added at the locations of known bright out-
lier sources within4 primary beam radii. This was followed by
two rounds of phase-only self-calibration, and one round ofampli-
tude and phase self-calibration. In between rounds, bad data was

removed by flagging spurious points in the gain calibration tables
and residual visibility amplitudes.

Self-calibration was followed by two rounds of (SPAM) iono-
spheric calibration and imaging. This includes peeling (Noordam
2004) of10− 20 of the brightest sources. The latter was most use-
ful to reduce the DR-limiting effects of the point source PKS1320–
446. Outside the main beam, we found that at 325 MHz the GMRT
primary beam strongly attenuated the inner lobes of Centaurus A,
and also the background FR I radio galaxy PKS B1318–434, so
that they do not put any DR limitations on our image quality. At
235 MHz, the inner lobes caused slight ripples across our image,
but these were reduced by peeling. At 150 MHz, the inner lobes
strongly affected the entire field of view, rendering the image inu-
tile for our purpose of detecting faint diffuse emission. Many at-
tempts (including peeling) to improve this failed. We will disregard
the 150 MHz observations in what follows. Table 2 lists the proper-
ties of the final high-resolution images.

2.2 Imaging of large-scale emission

With gain calibration sorted out during the high-resolution imag-
ing, we have explored several ways of imaging the highly-resolved
diffuse components that are embedded in the southern giant lobe
of Centaurus A. To maximize our signal-to-noise on thevertexand
vortex, we converged on a method in which we used theCASA im-
ager taskclean in mosaicking mode, simultaneously imaging and
CLEAN-ing all visibilities of the two pointings into one final image
per frequency. We were restrained in the use of multi-scale decon-
volution, because it is as yet unsupported in mosaicking mode.

Before importing the visibilities intoCASA, we have pre-
subtracted (inAIPS/ SPAM) the CLEAN components (of> 5 times
the background rms noise) of all point sources found in the com-
pact emission image from the visibility data sets, while temporar-
ily applying the appropriate direction-dependent gain calibrations.
Furthermore, sinceSPAM functionality is not yet available inCASA,
we have used a single gain table to calibrate each data set, namely
the one corresponding to the field centre. This lack of direction-
dependent ionospheric calibration seems to have limited effect
while imaging using solely the shortest baselines.

For imaging the diffuse emission, we used a Gaussian weight
taper, suppressing visibilities from baselines longer than 2.5 kλ.
The few visibilities from baselines shorter than150 λ were ex-
cluded during imaging to (i) remove strong ripples coming from
the very few high-amplitude visibilities that sense (but completely
undersample) the largest-scale structures, and (ii) roughly match
our data to the ATCA interferometric data that is part of the study
by Feain et al. (2011), and which is also used in our analysis.

The final GMRT low-resolution images (Fig. 2, middle and
right panel) have a DR (defined here as the ratio of peak flux to the

c© 2014 RAS, MNRAS000, 1–17
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Table 2.Properties of GMRT maps per region and frequency.

Image Central obs. freq. Angular resolution Position angleCentral rms noise
(MHz) (arcsec) (degree) (mJy beam−1)

vertexhigh-resolution 323 16.3× 6.9 10.7 0.30
vortexhigh-resolution 323 15.9× 6.9 11.6 0.23
vertexhigh-resolution 234 22.5× 9.0 0.6 0.80
vortexhigh-resolution 234 23.0× 9.6 −0.5 0.76
vertex/vortexhigh-resolution 148 42.1× 12.6 −9.3 3.78
vertex/vortexlow-resolution 323 66.5× 38.0 17.4 3.8
vertex/vortexlow-resolution 234 60.2× 41.3 −5.1 10.8

Note. Rms values corrected forTsys .

off-source rms away from the image centre) of102 : 1. We deter-
mine the rms noise level (1σ) in those images as∼ 3.8mJy beam−1

(325 MHz) and∼ 10.8mJy beam−1 (235 MHz) (see Table 2).

2.3 Flux density levels

Large-scale radio emission that is resolved out by the GMRT in-
terferometer, but is still registered by individual GMRT antennas,
enters the system as sky noise, routinely expressed as sky tempera-
tureTsky. At low radio frequencies, the sky noise can make a sig-
nificant contribution to the total system temperatureTsys, which
also includes receiver noise, ground radiation and potentially other,
smaller caches of noise. GMRT observations are by default not cor-
rected for variations inTsys when moving the telescope across the
sky (e.g. Tasse et al. 2007; Sirothia 2009; Intema et al. 2011). This
causes a target field flux scale errorTsys,target/Tsys,fluxcal when
transferring the gain calibration from flux calibrator to target field.

In our case, the large-scale emission of the southern giant lobe
of Centaurus A is filling most (or all) of our target fields of view
at all observing frequencies, resulting in considerably higher sky
temperatures than in the field of our calibrators 3C 286 and 3C283,
leading to large flux scale errors. For correcting the resulting flux
scale error of our target fields we rely on the model discussedes-
sentially by Sirothia (2009), with frequency dependence also incor-
porated. The resultantTsys values, which are based on the duration
of our observations, are codified in Table 3. Instantaneous values of
Tsky andTreceiver independently are not meaningful for our pur-
pose and were not computed. All gain ratios and correction factors
were calculated with regard to our flux density calibrator 3C286.
The errors on the flux correction factors amount to∼ 4 percent.
Note that systematics in calibration while imaging will dominate
the flux density calibration at these frequencies with the GMRT
which are in the range∼ 10− 12 percent. Thus, the total error on
the flux density is∼ 15 percent.

Since the final 325 MHz and 235 MHz low-resolution images
have been produced with visibility data from both pointingscom-
bined, we assign single flux correction factors per frequency. Based
on Table 3, we adopt respectively1.93 at 325 MHz and2.04 at
235 MHz.

2.4 1.4 GHz image processing

An overview of the ATCA and Parkes observations and imaging
of the giant lobes at 1.4 GHz can be found in Feain et al. (2009,
2011). We have used avertex/vortexATCA data subset from the

Table 3. Flux scale corrections, based onTsys estimates in the context of
the model described by Sirothia (2009).

Pointing Tsys Flux correction factor
(K)

3C 286 at 323 MHz 123.57 1.0
3C 286 at 234 MHz 222.96 1.0
3C 283 at 323 MHz 129.28 1.05
3C 283 at 234 MHz 235.17 1.05
Vertexat 323 MHz 248.78 2.01
Vertexat 234 MHz 469.93 2.11

Vortexat 323 MHz 227.07 1.84
Vortexat 234 MHz 437.15 1.96
Vertex/vortexat 325 MHz 239.68 1.93
Vertex/vortexat 235 MHz 455.56 2.04

Note. TheTsys values are based on a model for our duration of the observations.

above work and subtracted the background sources from the image
plane using the source extraction toolPYBDSM5. This map is used
later in the article for spectral index extraction (Sections 3.1 and
3.2) and turbulence modelling (Section 4.2.2).

3 RESULTS

3.1 Radio morphology and filament flux densities

As is apparent from Fig. 2, thevertex, vortexand other bright fila-
ments maintain their coherence over the frequency range 1.4GHz –
235 MHz, i.e., the 1.4 GHz emission appears spatially closely asso-
ciated with the emission at 325 – 235 MHz. Given the better sam-
pling of large-scale structures at low frequencies, auxiliary fila-
mentary structure could have been revealed by our observations, if
present. We find some additional filamentary features but no clear
indication in the GMRT images for thevertex/vortex and other
features being connected to the core/jet. The topology of the fil-
amentary mesh is unexplored; however, thevertexfilament seems
twisted, bright at what may be intersections, and its northern part
appears to be built up of two segments which themselves poten-
tially contain substructure in form of approximately parallel threads

5 http://dl.dropboxusercontent.com/u/1948170/html/index.html

c© 2014 RAS, MNRAS000, 1–17
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Figure 2. From left to right: ATCA 1.4 GHz, GMRT 325 MHz and GMRT 235 MHz continuum maps of the large-scale emission in thevertexandvortex
fields. The beam size is indicated by the ellipse in the bottomleft-hand corner. The rms noise of the GMRT images is given inTable 2.

Table 4.Measured flux density, largest angular size and diameter (over the minor axis) of thevertexandvortexfilaments at 1.4 GHz and at 325 and 235 MHz.

Filament S1.4GHz S325MHz S235MHz LAS Diameter
(Jy) (Jy) (Jy) (arcmin) (arcmin)

Vertex 1.25± 0.15 4.90± 0.24 4.61 ± 0.73 31 7
Vortex 0.72± 0.14 2.60± 0.40 3.05 ± 0.60 58 4

Note. Flux density corrected for background.

(most clearly visible in Fig. 3). At all available frequencies, thevor-
texmorphology resembles a fleshy fungus; the eastern ‘cap of the
mushroom’s head’ is displaced by about4arcmin to the south as
we go to lower frequencies. Pronounced in the 325 MHz image
(Fig. 2, middle panel) is a short bow-like filament north-east of
the vertex, which is ‘behind’ the interferometric rings caused by
the PKS 1320–446 source in the 1.4 GHz image (Fig. 2, left panel).
Fainter, but still well discernible (in Fig. 2 left and middle, and
Fig. 3) is a pipe-like filament close to and west of thevertex.

We have measured thevertexandvortexflux densities from
FITS files making use ofDS96 and the Funtools7 library and defin-
ing rectangular regions encompassing the filaments (see Figs. 3 and
4): 2 regions of respectively 5217 and 5828 pixels for thevertex,
and 9 regions (to account for its curvature, and for a slightly dif-
ferent position of its south-east part as a function of frequency) for
respectively 2310, 1519, 504, 912, 819, 800, 3956, 4268 and 8320
pixels for thevortex (on a synthesised beam area of 28.65 pixels
at 325 MHz and 28.20 pixels at 235 MHz). Equally-sized rectan-
gular regions were used elsewhere on the maps, well away from
obvious outliers (positive and negative) and from edge-effects, for

6 https://hea-www.harvard.edu/RD/ds9/site/Home.html
7 https://www.cfa.harvard.edu/∼john/funtools

background determination for which we effected15 trials. We han-
dled the standard deviation of the background values to estimate
the error on the source regions.

Table 4 lists the final, background-correctedvertexand vor-
tex flux densities. The 1.4 GHz value is an order of magnitude
less than the flux density of these filaments quoted in Feain etal.
(2011); however, there they represent the combined ATCA+Parkes
flux densities at 1.4 GHz and are not background subtracted.

3.2 Filament spectral index

We have utilised our GMRT 325 – 235 MHz radio continuum im-
ages and the existing ATCA 1.4 GHz continuum image to deter-
mine the spectral index. To this end, we have matched the shortest
baselines, and have disregarded visibilities from baselines shorter
than0.15 kλ. We have fitted power laws in frequency to the flux
densities and errors in Table 4 augmented with the errors on the
calibration in the GMRT data, minimizingχ2. From our analysis,
the resultant best-fitting spectral indices areα = 0.81± 0.10 (ver-
tex) andα = 0.83 ± 0.16 (vortex).

Given the large errors on the spectral index for the entirety
of the individual filaments, we cannot determine variationsof the
spectral index along them (i.e., a spectral index analysis for fila-
ment subregions would be meaningless).

c© 2014 RAS, MNRAS000, 1–17



Origin of filaments in Centaurus A 7

Figure 3. GMRT 325 MHz map of thevertexfilament with spectral extrac-
tion regions used for Table 4 overlaid. The scale is in Jy beam−1.

Figure 4. GMRT 325 MHz map of thevortexfilament with spectral extrac-
tion regions used for Table 4 overlaid. The scale is in Jy beam−1.

4 INTERPRETATION

4.1 Vertex and vortex: the nature

A detailed radio spectral energy distribution (SED) analysis can
provide lower limits on the ages of the filaments and clues about
the filament’s nature and origin. The radio SED of distinct fila-
ments in a handful of lobes where such measurements are acces-
sible shows a slightly flatter spectrum compared to that of the gen-
eral lobe plasma, e.g.α8.4GHz

1.3GHz ∼ 1.1 vs. α8.4GHz
1.3GHz ∼ 1.6 in the

FR I/II source Hercules A (Gizani & Leahy 1999), which might in-
dicate either more recent particle acceleration or magnetic field en-
hancement at the filament (Tribble 1994). More specifically,the
spectral indices of the ring-like filaments in Hercules A obtained
by spectral tomography (Gizani & Leahy 2003) are in the range
α8.4GHz
4.8GHz ∼ 0.70−1.15, and at lower GHz-frequencies in the range

α4.8GHz
1.3GHz ∼ 0.70 − 0.90, with a general trend of flatter spectral in-

dices at lower frequencies. Thearc filament in the western lobe of
Hercules A, comparable in morphology and orientation to thever-

tex andvortex, shows a significantly steeper index than any other
filamentary feature in Hercules A’s lobes:α8.4GHz

4.8GHz = 0.90 ± 0.05
andα4.8GHz

1.3GHz = 1.14 ± 0.04 (see their table 5): this is surprising
if it is associated with a recently shocked region. Given that Her-
cules A is probably in a driving phase, more useful comparisons
with Centaurus A might include FR I sources such as Hydra A and
3C 310, or the source Fornax A. However, no spectral index mea-
surements of individual filaments within the lobe volume of these
sources (and any other FR I or FR I/II radio galaxy) are yet at hand.

Centaurus A’s integrated southern giant lobe diffuse emission
shows a spectral indexα5.0GHz

1.4GHz = 0.55 ± 0.02 andα1.4GHz
408MHz =

0.47 ± 0.06 (Hardcastle et al. 2009) andα1.4GHz
118MHz = 0.63 ± 0.01

(McKinley et al. 2013) in the region of thevertex. Around the lo-
cation of thevortex, the measured spectral indices areα5.0GHz

1.4GHz =
0.71 ± 0.05 andα1.4GHz

408MHz = 0.62 ± 0.12 (Hardcastle et al. 2009)
and α1.4GHz

118MHz = 0.65 ± 0.01 (McKinley et al. 2013) although
this region does not encompass thevortex in its entirety. Various
authors (Feain et al. 2011; Stawarz et al. 2013; Stefan et al.2013;
Wykes et al. 2013; Eilek 2014) have modelled (parts of) the giant
lobes as recently undergoing particle re-acceleration; this idea is
congruous with the rather flat spectral indices of the globallobe
plasma. An important point is that the spectral indices thatwe mea-
sure for the filaments (Section 3.2) are not significantly flatter than
these lobe spectral indices; instead, they are steeper (90 percent
confidence level) than or similar to (given the relatively large er-
rors on the GMRT flux densities) the global lobe plasma values
measured by McKinley et al. (2013). This places constraintson the
possible character of the filaments that we discuss in more detail in
Sections 4.1.2 and 4.1.3.

A number of theoretical works have suggested that a cor-
relation betweenB-field and particle density may be weak,
essentially becauseB-field fluctuations relate to Alfvénic tur-
bulence which does not compress the plasma, and also on
grounds of the so-called ‘reconnection diffusion’ which violates
the flux-freezing condition (see for more in-depth discussions,
e.g., Passot & Vázquez-Semadeni 2003; Cho & Lazarian 2003;
Santos-Lima 2010). This is supported by X-ray observationsof
radio lobes (e.g. Pictor A, Hardcastle & Croston 2005; 3C 353,
Goodger et al. 2008) where the inverse-Compton emission does
not follow the pattern seen in radio-synchrotron emission from the
lobes. We discuss the possible behaviour of the magnetic field in
the filaments in Sections 4.1.1 and 4.1.3.

It has thus far been unclear whether thevertexandvortexfil-
aments are overpressured as argued for M 87 (Hines et al. 1989;
Forman et al. 2007) and for Pictor A (Perley et al. 1997), or inpres-
sure equilibrium with the medium within which they are embed-
ded. The large pressure jump factors associated with thevertex
and vortex (p2/p1 ∼ 30 for the vertexand∼ 240 for the vor-
tex for the heat capacity ratio ofγ = 5/3, andp2/p1 ∼ 15 for
the vertexand∼ 80 for the vortex for γ = 4/3) presented by
Feain et al. (2011) on grounds of an idealised case of an initially
spherical cocoon collapsing into a torus after a passage of astrong
shock, would point towards large filament overpressure, andthere-
fore to fairly flat filament spectral indices if these are set by par-
ticle acceleration. Forp2/p1 ∼ 30 and p2/p1 ∼ 240 pressure
ratios andγ = 5/3, the Mach number (M) from the Rankine-
Hugoniot jump relations is respectivelyM ∼ 4.9 andM ∼ 13.9;
for p2/p1 ∼ 15 andp2/p1 ∼ 80 pressure ratios andγ = 4/3, it
is respectivelyM ∼ 3.6 andM ∼ 8.4. However, it is not clear
whether such large overpressure factors are consistent with the ra-
dio observations. We will elaborate on pressure considerations in
Sections 4.1.1 and 4.2.1.

c© 2014 RAS, MNRAS000, 1–17



8 Sarka Wykes et al.

4.1.1 Filament pressure

In this section we consider the pressure in the filaments and its
implications for their dynamics.

Since the radio emission from thevertexand vortex is syn-
chrotron radiation, we can calculate the pressure of these filaments
from their flux densities and estimated volumes if we make some
assumptions about the relative energy densities inB-field, elec-
trons, and non-radiating particles. Ideally, we would use the lowest
radio frequency at our disposal for the flux density measurement,
i.e., 150 MHz, to minimize the effect of any age-related steepen-
ing in the electron spectrum. However, because the 150 MHz data
have defied imaging attempts (see Section 2.1) and the 235 MHz
data possess a relatively large error on the flux, we resort tothe
flux densities at 325 MHz. We estimate the volumes of thevertex
andvortex, treating them as cylinders with lengthl = 48 kpc and
radiusr = 3.2 kpc (vertex) andl = 105 kpc andr = 1.8 kpc (vor-
tex), to be respectivelyV ∼ 4.5× 1067 andV ∼ 3.1× 1067 cm3.

One possible approach is to determine the minimum en-
ergy in the lobes and filaments. To do this we adopt the
Myers & Spangler (1985) minimum-electron-energy model and
perform the minimum-energy calculations numerically using the
code of Hardcastle et al. (1998). This yields for thevertex an
equipartitionB-field strength ofB ∼ 2.4µG and a minimum
pressure ofpmin = 2UB/3 ∼ 1.5 × 10−13 dyn cm−2 while
for the vortex we find an equipartition field2.2µG andpmin ∼
1.3× 10−13 dyn cm−2. Compared to the global minimum pressure
of the lobes ofpmin ∼ 4.5× 10−14 dyn cm−2 (based on results by
Hardcastle et al. 2009 building as well on the Myers & Spangler
1985 formalism), these are a factor∼ 3 higher8. Such an overpres-
sure could be identified with weak shocks,M ∼ 1.7 (vertex) and
M ∼ 1.6 (vortex), from the Rankine-Hugoniot jump relations.

However, in the model by Wykes et al. (2013), the giant
lobes are clearly not in minimum pressure; the dominant pressure
component is provided by thermal material, withpth ∼ 1.5 ×
10−12 dyn cm−2, with the pressures due to relativistic electrons
andB-field being much lower. In this situation it is not clear what
we should assume for the pressures in the various componentsin
the filaments. We consider one possible limiting case, in which the
thermal and relativistic electron pressures remain constant in the
filaments while theB-field strength increases to provide the ob-
served increase in synchrotron emissivity. We find that, by keeping
the relativistic electron number densityne,rel fixed, theB-field has
to increase by a factor∼ 6.5 (vertex) and factor∼ 6.0 (vortex)
with respect to the ambientB-field (for which we adopted0.9µG
from Abdo et al. 2010), to produce the radio-bright filaments. We
obtainUB+e ∼ 1.7 × 10−12 dyn cm−2 and thuspB+e ∼ 5.8 ×
10−13 dyn cm−2 (vertex), andUB+e ∼ 1.2 × 10−12 dyn cm−2

and thuspB+e ∼ 3.9 × 10−13 dyn cm−2 (vortex). In this case,
the filaments would be only mildly overpressured (a factor∼ 1.3)
with respect to the medium in the giant lobes, which translates to
M ∼ 1.0. (We note that as this is a limiting case, the overpressure
factor could be even lower than this if both electron andB-field
energy densities are varied to produce the filament emissivity.)

The B-field estimated above, although strong compared to
the field estimated from inverse-Compton observations in the gi-
ant lobes as a whole (Abdo et al. 2010), is not energetically dom-
inant: with a thermal pressure ofpth ∼ 1.5 × 10−12 dyn cm−2

8 For a sheet-like filament, the volume would be smaller; the emissivity
would then have to be larger to produce the flux density (whichis fixed), so
pmin would increase, but only by a relatively small factor.

(Wykes et al. 2013), the filaments would beB-field dominated for
a filament strengthB & 6µG. However, this conclusion depends
strongly on our assumption about the thermal pressure in thegiant
lobes. Withpth ∼ 3.2×10−13 dyn cm−2 (Eilek 2014), they would
already beB-field dominated forB & 3µG. In the less likely
case of giant lobe pressure close to the minimum pressure, theB-
field limit would be lower. If theB-fields are amplified through
turbulence, a hard upper bound to the strength of the filament
B-field could be placed in terms of a balance between Maxwell
and Reynolds stresses (i.e. balance between the magnetic tension
and turbulence stresses, which is the saturation regime), leading to
B2/(8π) = 0.5ρv2t , with ρ the mass density andvt the turbulent
speed. We have no means of independently calculatingvt (see also
the remarks in Section 4.2.2), hence we cannot obtain a maximum
attainableB-field of the filament via this route.

The above results are inconsistent with the cocoon collapsing
scenario suggested by Feain et al. (2011), which impliedM ≫ 1.7
(see the foregoing section); furthermore, the results makemodels
relying on high-energy particle acceleration by the Fermi Imecha-
nism in the giant lobes (as per, e.g., Pe’er & Loeb 2012 and Fraija
2014) unlikely (see also Section 4.1.2).

4.1.2 Particle confinement and ageing

As noted in Section 4.1, we find a somewhat steeper spectrum in
the filaments than in the global lobe plasma. The steeper index is
hard to explain in any model, but if it is real, it rules out models in
which the excess emissivity in the filament region is relatedto (any
type of) particle acceleration. Instead we need to considermodels
in which the electrons in the filaments have cooled more rapidly
than those in the giant lobes. Probably the only viable excess-loss
scenario involves particles confined in the filaments and so ageing
faster (Tribble 1993); hence in this section we consider whether
confinement in the filaments can take place for relevant timescales.

To see whether electrons of the required energies (in the
middle of the available observing frequencies of 235 MHz to
2.2 GHz (T. Shimwell, private communication, for the latter), i.e.
∼ 1.2GHz) stay confined in thevertexfilament, we estimate the
diffusion time:

τdiff ≃ ξ r2/rg,e c , (1)

whereξ is a fudge factor for which we useξ ∼ 10 (see Wykes et al.
2013 and references therein). Assuming theB-field is parallel to
the long axis of the filament (see Section 4.2.3), and taking the
vertex radiusr ∼ 3.2 kpc, B ∼ 5µG and electron gyroradius
rg,e corresponding to the above energy ofγ ∼ 9 × 103, we get
τdiff ∼ 330Tyr. So for cross-field diffusion9, the electrons could
remain in the filaments for a long time relative to the loss timescale.
Note however that we assume that the filaments have field aligned
along their length everywhere so as to imply cross-field diffusion
for motion perpendicular to the filament. If we also assume effec-
tive pitch angle scattering, then the electrons can stream along the
length of the filaments (and, presumably, off the end) on a timescale
l/c ∼ 0.1Myr, which is much shorter than the loss timescale;
moreover, unaged electrons must stream in at the same rate10. If
there is some component of the field perpendicular to the filament

9 There is potential for field line wandering and other mechanisms enhanc-
ing somewhat particle diffusion; our estimate might be considered a hard
upper bound on the diffusion time.
10 In the presence of MHD turbulence, isolation of energetic particles and
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long axis, then the timescale to move along the filament can become
longer, but the timescale to move across it becomes shorter.So the
confinement timescale is likely to be in the range∼ 0.1Myr –
300Tyr, and for a substantial fraction of that rangein situ losses
may be significant, thus allowing the electrons in the filaments to
be more aged than those around them. However, we emphasize that
the lifetime of the filaments themselves places a hard upper bound
on the possible excess ageing of electrons trapped in them. We re-
turn to this point in the following section.

4.1.3 Spectral ages

We now attempt to put constraints on the spectral (radiative) ages of
the electrons in the filaments. Previously, Hardcastle et al. (2009)
derived a synchrotron age of24 ± 1Myr for Centaurus A’s south-
ern giant lobe region around thevertexand 29 ± 1Myr for the
region around thevortex. It is clear that, naively, the steep spectra
of the filaments would imply spectral ages older than those ofthe
lobes, which is hard to understand, as noted in the previous sec-
tion. In this section we explore whether excess-loss modelsof the
sort described above can quantitatively explain the observed fila-
ment spectra. We use an injection index of0.5 to be consistent with
Hardcastle et al. (2009)11.

In this type of model we need to consider twoB-fields:
Bpresent, i.e. the field that the electrons are currently in, andBage,
i.e. the one that they have undergone most of their ageing in (see in
this context the preceding section).Bage is an emission-weighted
average of all theB-fields the electron has been in since accelera-
tion; it is possible for it to be lower, equal to or higher thanBpresent,
depending on the stage of the filament evolution. For a fixed break
frequency, the synchrotron age is

tsync ∝
B

1/2
present

B2
age +B2

CMB

, (2)

whereBCMB is the equivalent magnetic field strength giving the
cosmic microwave background (CMB) energy density, and repre-
sents inverse-Compton losses. IfBpresent > Bage, e.g. if the elec-
trons had spent most of their radiative lifetimes in a low-field re-
gion, this would make the filament spectral age exceed the spectral
age of the lobe by an even larger factor. If we increaseBage (rel-
ative to the rest of the lobe) we can in principle obtain a filament
spectral age below that of the lobe; however,Bage has to increase
substantially because its equipartition value is significantly below
BCMB (which is about3.3µG). In practice, though, a high value
of Bage could only be maintained on a timescale comparable to
the dynamical lifetime of the filament, which we estimate (see Sec-
tion 4.2.2) to be at most 3 Myr. Forcing the spectral age to be as
low as this requires extreme values ofBage: fixing Bpresent to its
maximum plausible value of5.5µG (see Section 4.1.1) we obtain
Bage ∼ 30µG, and even withBpresent ∼ 0.9µG as in the giant
lobes at present (i.e. allowing an increase in the electron number
density to produce the observed increased emissivity of thefila-
ments) we requireBage ∼ 18µG. TheseB-field strengths seem
very high. Assuming that electrons are confined in the filament as
discussed above, one can envisage a ‘squeezed state’ followed by

thus streaming of electrons at the speed of light over kpc-scale distances is
unlikely, therefore the quoted value should be considered ahard lower limit.
11 It is plausible that the injection index is slightly steeper(as indicated
for FR I sources by, e.g., Young et al. 2005; Laing & Bridle 2013); the exact
value of the injection index does not have a strong effect on our conclusions.

a ‘relaxed state’ (i.e. recoil), then during the squeeze theelectrons
in the filament are ageing faster; so when the system relaxes back
to the ambientB-field strength, the electrons in the filament are
‘older’ than the electrons around them, and exhibit a steeper spec-
trum. However, in this picture very high magnetic fields musthave
been present at the peak of the squeezing.

We conclude that there is no very convincing explanation of
the steep spectra of the filaments, if it is real, in the range of mod-
els we have considered. We emphasize that, because of the lack of
a broad frequency range, our spectral age fit is not very robust, and
more data are needed to confirm our picture. In addition, we have
assumed a single electron population in the lobes. There could, in
fact, be a second electron population (not to be confused with ‘sec-
ondary electrons’ from proton-proton or proton-photon collisions),
from two or more episodes of jet activity with some time in be-
tween for radiative/adiabatic losses; this would elevate the emission
at the low-frequency end of the range and might be made visible in
the filaments by elevatedB-field strengths there. However, there
is hardly any spectral evidence for this second population either in
Centaurus A itself or in other FR I and FR II sources, and so we
regard this explanation as speculative without confirmation from
low-frequency observations of the giant lobes.

4.1.4 Magnetic twist?

Both the ATCA 1.4 GHz and the low-frequency GMRT images
seem to indicate a twisting of thevertexfilament. In a flux tube
with a quasi-cylindrical geometry and with axial fieldBz and az-
imuthal fieldBφ, the amount of twist of a field line follows from
the relation dx/Bz = r dφ/Bφ along a given field line. If the ra-
dius of the tube isr and its lengthl, the total amount of twist of a
field line at the edge of the tube is obtained from (e.g. Priest1994)

∆φ =
l Bφ(r)

r Bz

. (3)

We have observational constraints on the filament length andwidth
(see Table 4 and Section 4.1.1). If the twist is∼ 2π, as seems from
the available radio images, and hence the length over which the
twist exists is∼ 31 kpc, then the ratioBφ/Bz ∼ 0.5. We will
return to this in Section 4.2.3.

In the simple case, where the cylindrical filament carries a
constant current density over its cross section and for constantBz,
the static MHD equilibrium gives the gas pressure on the tube’s
axis asp (r = 0) = p (r) + B2

φ(r)/4π. From this and Equation 3
follows that the observed amount of twist∆φ constrainsBφ, and
thereby the pressure difference: usingBφ ∼ (r∆φ/l)Bz we can
write

∆p

p
=

(r∆φ/l)2

1 + (r∆φ/l)2
B2

4πp
. (4)

Thus, if the twisting scenario is correct, forplasmaβ =
p/(B2/8π) ∼ 1 (as is likely for the brightest filaments, see Sec-
tion 4.1.1) andr∆φ/l ∼ 0.5, and assuming thatBz is constant
inside and at the edge of the filament, thevertexcannot be com-
pressed by a large factor and hence not greatly overpressured (i.e.
compatible with strong shocks) with respect to the interfilament
plasma.

4.2 Vertex and vortex: the origin

In this section we put forward, as the most attractive origins of the
vertexandvortex(i) temporary enhancements of the activity of the
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extant or extinct jet leading to squeezing of the plasma in the south-
ern giant lobe, and (ii) internal MHD turbulence. Feain et al. (2011)
have likewise suggested jet activity, and additionally (iii) surface
instabilities related to turbulence and (iv) the passage ofthe dwarf
galaxy KK 196 through the lobe. We perform a ‘sanity check’ ofthe
turbulent properties of the giant lobes, and we investigatewhether
the lobe plasma is prone to a development of HD and MHD insta-
bilities.

4.2.1 Jet activity

The idea that thevertexandvortexfilaments might originate from
an episode (or episodes) of (increased) jet activity and possibly rep-
resent weak shocks arises from, jointly, their 1.4 GHz and 325 –
235 MHz morphology12 and their orientation (see also Feain et al.
2011). Thevertexandvortexmay connect to the jet/core (as appears
in the radio continuum images of, e.g., M 87; but note that weak,
propagating shocks from the jet/core do not inevitably connect to
it) whereas turbulence-induced filaments are not expected to be an-
chored (to one another or anything else). At 1.4 GHz, 325 MHz
and 235 MHz, no connection to the current jet has been observed.
For a filament age of about2 − 3Myr (see Section 4.2.2) it is
not obvious that the filaments could originate from direct activ-
ity of the current jet if we believe its physical age (discussed by
Wykes et al. 2013) is∼ 2Myr. If the filaments result from varia-
tions in the core/jet activity and represent subsequent outbursts, the
brighter of these, thevertex, ought to be spectrally and dynamically
younger than thevortex, since it is smaller in size and positioned
closer to the core. Arguments involving filament diameter incases
where the filaments appear as (half) rings have been used to com-
pare filament ages in Hercules A and 3C 310 (Morrison & Sadun
1996). In the scenario in which thevertex and vortex filaments
originate from a relatively recent (enhanced) direct jet activity, it
would seem natural for them to exhibit a ‘leading edge’ and a ‘trail-
ing edge’, but this is not seen at either 1.4 GHz or the GMRT fre-
quencies. In this scenario, and if the cooling time of the electrons
were short enough, we would also expect to see a spectral gradi-
ent along a path from upstream to downstream, which is not seen
either. In any case, it is not plausible that Centaurus A’s jet (cur-
rent jet power∼ 1× 1043 erg s−1, pre-existing jet power probably
∼ 1 − 5 × 1043 erg s−1; see Wykes et al. 2013) would produce
these filaments as either terminal shocks or as a bow shock, inthis
source. We additionally note that angular momentum from thejet
rotation on small scales may add left-over rotational component to
the lobes on large scales and possibly help to explain a twisting of
thevertex; however the spectral index gradient would then unlikely
be as clear cut for this filament.

If the filaments are slightly higher pressure than the surround-
ings and are energetically plasma-dominated (rather thanB-field
dominated), they expand with a velocityvexp ≃ (∆p/ρ)1/2, where
∆p = pint − pext is the difference between the filament and
external pressure andρ is the mass density (taken to be similar
inside and outside the filament). For a filament widthd the ex-
pansion timescale istexp = d/vexp ≃ (p/∆p)1/2(d/cs), with
cs =

√

γkT/µmH the adiabatic sound speed. In what follows we
assume∆p/p = O(1), so that the expansion time scale satisfies
texp ≃ tcs, the sound crossing time, and we estimate the timescale

12 The morphology alone can easily be generated in simulationsof
isotropic turbulence.

for expansion considering the timescale for sound to cross (the
shortest dimension of) the structures:

tcs = d/cs . (5)

Using the heat capacity ratioγ = 5/3, the mean particle mass
µ = 0.62 and the lower limit on the lobe temperature of1.6×108 K
(Wykes et al. 2013), we obtaincs & 1.9× 108 cm s−1 (& 0.006c).
Using the lobe temperature of2× 1012 K, derived by Wykes et al.
(2013) based on entrainment modelling and pressure constraints
for the lobes13, we can set an upper limit on the sound speed
using the relativistic expressioncs = c/

√
3 which yieldscs .

1.7 × 1010 cm s−1 (. 0.577c). This gives us, taking the projected
width of thevertexfilament of6.4 kpc, a timescale for its expan-
sion in the rangetcs ∼ 37 kyr – 3.3Myr. For thevortexfilament
projected width of 3.6 kpc, we obtain a timescale for expansion in
the rangetcs ∼ 21 kyr – 1.9Myr. The derived timescales are pos-
sible to reconcile with the notion that these filaments, if plasma-
dominated and mildly overpressured, are driven directly bya pre-
existing jet given the limit on the age of the current jet of∼ 2Myr
(see Wykes et al. 2013 and references therein).

If the filaments were more strongly overpressured (for ex-
ample, if they are magnetically dominated as discussed in Sec-
tion 4.1.1) then the expansion speeds would be faster than the ex-
ternal sound speed and the timescales estimated above wouldbe
correspondingly reduced. However, our overall conclusionis that it
is marginally possible for weakly overpressured filaments to have
been produced directly by the last vestiges of former jet activity in
the giant lobes.

4.2.2 Internal MHD turbulence

Simulations (e.g. Clarke 1993; Lee et al. 2003; Tregillis etal.
2004; Schekochihin et al. 2004; Falceta-Gonçalves et al. 2010;
Jones et al. 2011; TenBarge & Howes 2013; Hardcastle 2013) have
shown that magnetic filaments develop naturally as a consequence
of MHD turbulence. Thevertex, vortexand also the fainter, ribbon-
like filaments in the southern giant lobe of Centaurus A are rem-
iniscent of the outcomes of such simulations, and we conjecture
that their origin could be due to the turbulent motions in thelobe,
presumably driven by current or recently terminated14 jet activ-
ity (Wykes et al. 2013). Turbulence folds and stretches theB-
field, leading to its amplification (dynamo action) and a spatially
intermittentB-field distribution. Filaments develop with lengths
of order of the largest eddies and transverse dimensions possi-
bly as small as the viscous dissipation scale.B-fields coming via
the turbulent dynamo concentrate into such structures. From the
Jones et al. MHD simulations, the filaments are likely represent-
ing flux features stretched around the larger eddies in the tur-
bulence. Even if the global helicity vanishes, some local ‘helic-
ity’ might be present that could instigate filament twisting. Weak
shocks with a Mach numberM ∼ 2 are evident in density im-
ages from two-dimensional HD simulations (e.g. Lee et al. 2003),
and Eilek (2014) alluded to the existence of transonic flows,and

13 We have confirmed by considering the thermal bremsstrahlungemissiv-
ity of the giant lobes in the model of Wykes et al. that theINTEGRALupper
limits on photon counts from the giant lobes presented by Beckmann et al.
(2011) are at least two orders of magnitude above the predictions of the
model for any lobe temperature.
14 For a giant lobe disconnected from the energy supply, the timescale for
decay of turbulence, with the parameters derived by Wykes etal. (2013), is
of order 6 Myr.
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hence weak shocks, augmenting locally the Alfvénic turbulence, in
Centaurus A’s giant lobes.

Filaments persist about an eddy turnover time for the scale
of the eddies that stretch them; filament longevity goes asλ2/3,
which builds upon the Kolmogorov kinetic energy scaling (E(k) ∝
k−5/3, wherek = 2π/λ is the wavenumber): velocityvλ associ-
ated with scaleλ compares to that on the driving scale (i.e. outer
turbulence scale)vλmax as

vλ ≃ vλmax (λ/λmax)
1/3 , (6)

with λmax the eddy size on the driving scale. However, the Kol-
mogorov scaling is not exactly in play when targeting the driv-
ing scale as processes on that scale take longer than on the iner-
tial range, and so the filament longevity invokingλmax might be
considered a lower limit. To establish the eddy turnover time on
the driving scale we use the turbulent speedvt (i.e. vλmax) from
Wykes et al. (2013),vt ∼ 1.9 × 109 cm s−1, and a driving scale
of 60 kpc (i.e. about a mid-value from their range30 − 100 kpc);
this gives∼ 3.1Myr. Taking thevertex’ and vortex’ LAS (respec-
tively 34 and53 kpc, see Section 1 and Table 4) as a scale below
λmax and employing Equation 6, then the speed at these scales is
vλ=34kpc ∼ 1.6 × 109 cm s−1 andvλ=53kpc ∼ 1.8 × 109 cm s−1

and consequently their longevity, or ‘turbulent age’, is respectively
∼ 2.1 and∼ 2.8Myr.

We can test the turbulence-generated model by considering
the power spectrum of structure in the lobe, since a given magnetic
field power spectrum will give rise to a characteristic powerspec-
trum of projected synchrotron emissivity (e.g. Eilek 1989)if we as-
sume that the variations in electron energy density are small. Taking
the two-dimensional Fourier transform of the 1.4 GHz synchrotron
emission (as the 1.4 GHz image is the most sensitive available to
us) and averaging its amplitude in radial bins to find the power on
each spatial scale in the manner described by Hardcastle (2013) we
find that the power spectrum on the scales of the lobe that can be re-
liably measured (i.e. smaller than the largest scale of the lobe itself
and larger than the resolution) is flatter than expected froma Kol-
mogorov spectrum for theB-field but there is no particulara priori
reason to expect such a spectrum in real MHD turbulence; on the
other hand, despite the subtraction of point sources from the image
(see Section 2.4) there is still a large amount of spurious small-scale
structure which will affect the measured power spectrum. Overall,
we can say that the turbulence model passes this consistencycheck,
in the sense that the structure in the lobes does appear to have a
power spectrum consistent with a power law; in particular, there
is no evidence that thevertexandvortexare formed in a different
way from the other filaments in the lobes, as would be providedby,
e.g., a deviation from a power law on scales comparable to those
structures.

It is difficult to put (independent) quantitative limits on the
fundamental parameters of fully developed turbulence, such as the
turbulent speedvt at the driving scale15, or the kinematic viscosity
ν and the corresponding viscous dissipation scaleλν , in an envi-
ronment such as Centaurus A’s lobes. The rarefaction and high tem-
perature of the lobe plasma (in the model described by Wykes et al.
2013) imply that binary (Coulomb) collisions between ions (mainly
protons) and/or electrons are too infrequent to be physically rele-
vant. This makes the conventional collisional estimate forthe kine-
matic viscosity of the formν ≃ v2th,i τscat,i/3 ≃ v2th,i/(3 νscat,i),

15 Wykes et al.’s (2013) estimate ofvt is based on the condition that a
turbulent dynamo can reach energy equipartition,UB ∼ Ut.

with vth,i = (3kTi/mi)
1/2 the ion thermal velocity,τscat,i the ion-

ion Coulomb collision time andνscat,i the collisional frequency16 ,
equally inappropriate. To illustrate: the collisional mean free path
for proton-proton collisions in a Maxwellian plasma of tempera-
ture T is of orderλmfp,i ≃ vth,i τscat,i. With a lower limit on
the lobe temperature of1.6 × 108 K and a thermal proton number
densitynp,th ∼ 5.4 × 10−9 cm−3 (Wykes et al. 2013), and thus
τscat,i ∼ 1.4 × 1020 s,λmfp,i & 9Gpc, i.e. larger than the source
size.

However, collective processes, in particular gyro-resonant in-
teractions between protons and MHD waves or low-level MHD tur-
bulence, likely produce an effective mean free path much smaller
than the above estimate (see also, e.g., Schekochihin & Cowley
2006; Lazarian & Beresnyak 2006; Santos-Lima 2014). In the sim-
plest model, with a low level of isotropic MHD turbulence with
magnetic amplitudeδB, pitch angle scattering by MHD waves (e.g.
Wentzel 1974) restricts the mean free path along a large-scale mag-
netic fieldB0 to λmfp,‖ ≃ rg,i/(δB/B0)

2 with rg,i = vth,i/Ωi

the gyroradius of thermal ions andΩi = ZeB0/(mi c) the ion gy-
rofrequency.

There is some evidence that the power spectrum
of MHD turbulence retains the Kolmogorov slope (e.g.
Goldreich & Sridhar 1995; Goldstein et al. 1995; Cho & Lazarian
2003; Kim & Ryu 2005; Kowal et al. 2007; Gaspari & Churazov
2013; Cho & Lazarian 2014), with a flattening towards the driving
scale. However, the ‘knee’ (i.e. the transition from the flat-spectrum
range to the Kolmogorov slope) is not well constrained. Observa-
tions provide a turbulence levelδB/B0 on the largest expanses,
for which one generally adopts the fiducial valueδB/B0 ∼ 1
(e.g. O’Sullivan et al. 2009). A crude estimate of turbulence levels
on small scales can be obtained by scaling down from the driving
scale to a dimension that we determine invoking the relations
δB/B0 ∝ λ ≃ (λ/λmax)

1/3 andλmfp,‖ ≃ rg,i/(δB/B0)
2, and

assumingB0 similar on both scales. The mean free path derived in
this way gives an upper limit on the true value since the magnetic
field power spectrum may flatten towards the largest scales.
Working from the driving scale ofλmax = 60 kpc as above we
arrive atλmfp,‖ . r

3/5
g,i λ

2/5
max . 3.4 × 1015 cm (. 1 × 10−3 pc);

such a proton effective mean free path is fairly below the size of
the resolved fine structure in Centaurus A’s giant lobes. At this
scale, the derived turbulence level isδB/B0 . 2.6 × 10−3. This
leads to an effective viscosity where large-scale motions (on scales
significantly larger thanλmfp,‖) with velocity v are dissipated
with a dissipation rate per unit volumėε. If scattering is weak
(νscat,i ≪ Ωi), the dissipation is mostly due to compression and
motion along the magnetic field, taken to be thez-direction:

ε̇ = nimiνeff

(

∂vz
∂z

− 1

3
∇ · v

)2

, (7)

see, e.g., Kaufman (1960) and Braginskii (1965). The above as-
sumes the effective collision timeτscat,i ≃ λmfp,‖/vth,i ≃
1/(Ωi (δB/B0)

2). Note that the dissipation rate scales asε̇ ∝
nimiνeff v2t (λ)/λ

2 with λ the turbulent scale andvt(λ) the tur-
bulent speed at that scale; this scaling withvt andλ is the same as
for ordinary (collisional) viscosity.

The purpose of the next three steps is to compute the scales

16 The ion-ion collisional frequency is (e.g. Braginskii 1965) νscat,i =

4π1/2Z4nie
4lnΛ/(3m

1/2
i

k3/2T
3/2
i

), wherelnΛ is the Coulomb loga-

rithm in whichΛ = 4πniλ
3
D
/3, andλD = (kT/4πnie

2)1/2 is the Debye
length.
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at which the turbulent cascade dissipates: the viscous cutoff that
marks the end of the HD structure evolution, and the resistive cut-
off that marks the end of the MHD architecture, to finally obtain
a crude estimate of the current sheet dimension likely associated
with the resistive scale. This allows us to constrain the growth time
of the tearing mode.

In a simple Krook collision model (Bhatnagar et al. 1954)
with parallel scattering mean free pathλmfp,‖ and thermal velocity
vth,i, the effective kinematic viscosity entering Equation 7 is

νeff ≃ vth,i λmfp,‖ / 15 . (8)

Adopting T = 1.6 × 108 K, B = 0.9µG and δB/B0 =
2.6 × 10−3, we getνeff ∼ 4.5 × 1022 cm2 s−1; this is consider-
ably smaller than the kinematic viscosity based on Coulomb col-
lisions. Using such effective viscosity, the Reynolds number is,
adopting the driving scale and turbulent speed figures as above,
Re= λmax vt/νeff ∼ 7.7× 109 , which implies that a Kolmogorov
cascade breaks off atλν ≃ λmax/Re3/4 ∼ 7.1 × 1015 cm
(∼ 2 × 10−3 pc). Thus, in principle, a turbulent cascade could be
set up from kpc to sub-pc scales comparable toλmfp,‖, assuming
T , B andδB/B0 levels as above.

The magnetic diffusivity due to electron scattering with scat-
tering timeτscat,e, ηm = c2/4πσ, with σ = ne e

2τscat,e/me the
electrical conductivity, is expected to be≪ νeff for typical param-
eters. In this situation magnetic dynamo action is allowed at scales
≪ the dissipation scale of the large-scale kinetic turbulence (e.g.
Tobias et al. 2011). An actual computation ofηm is hampered by
the same problem as calculating the effective viscosity: the theory
of Coulomb collisions, in this case for the current-carrying elec-
trons, does not apply as the electron mean free path is comparable
to the source size. We parametrize this uncertainty by expressing
all parameters in terms of the (unknown) electron scattering mean
free pathλmfp,e in the turbulent medium. For thermal electrons, the
scattering time isτscat,e ≃ λmfp,e/(kT/me)

1/2 and the magnetic
diffusivity becomes

ηm =
(c/ωpe)

2

τscat,e
, (9)

where c/ωpe is the electron skin depth andωpe =
(4πnee

2/me)
1/2 the electron plasma frequency.

The magnetic Reynolds number Rem for large-scale fields is
based on the magnetic diffusivity (as above)ηm = c2/4πσ, with
hereσ = ω2

peτscat,e/4π the conductivity of the plasma. Using for
the scattering time the anomalous (i.e. turbulence-induced) value
τscat,e ≃ λmfp,‖/vth,e with the bulk of the electrons (since they
carry the current), we haverg,e = rg,i(me/mi)

1/2 ∼ 5.4×108 cm
(∼ 2× 10−10 pc) andτscat,e = τscat,i(me/mi)

1/2 ∼ 9.4× 103 s.
ForB = 0.9µG andδB/B0 = 2.6× 10−3, this yields an anoma-
lous conductivityσ ∼ 1.3× 104 s−1. The specific magnetic diffu-
sivity is thenηm ∼ 5.6 × 1015 cm2 s−1 which is smaller than the
effective kinematic (ion) viscosity. This means that the magnetic
Prandtl number Prm, defined as Prm ≡ νeff/ηm ∼ 8.1 × 106, is
large; therefore magnetic turbulence can be maintained well be-
low the viscous dissipation scaleλν . However, the character of
the turbulence is different on those scales, since (both fast and
slow) magnetosonic fluctuations are damped, velocity fluctuations
are supposedly far sub-Alfvénic and theB-field lines are mostly
‘shuffled’. Relatingλν to the magnetic Prandtl number, one finds
the resistive dissipation scale,λη =Pr−1/2

m λν ∼ 2.5 × 1012 cm
(∼ 8 × 10−7 pc). This is well below any observable scale, but we
will re-appeal to the resistive cutoff in Section 4.2.3 in the context
of the tearing mode.

4.2.3 (Surface) instabilities

We do not as yet have a tight observational constraint on whether
thevertexand/orvortexfilaments are surface features or are fully
embedded in the lobe. An origin as magnetic flux ropes created
by surface instabilities, such as KH or RT, is therefore somewhat
appealing. Feain et al. (2011) have suggested the KH instability to
be at the origin of some of the filamentary features in the south-
ern lobe, albeit without detailed arguments or support frommod-
elling. Wykes et al. (2013) and Eilek (2014) have argued thatthe
giant lobes are in an approximate pressure balance with their sur-
roundings (a prerequisite for the KH instability to operate) and we
further verify whether the KH instability could develop by consid-
ering its growth time (e.g. Chandrasekhar 1961):

tKH =
[

(ρl + ρg)
2

k2ρl ρg v2l−g

]1/2

, (10)

wherek is the wavenumber,ρl andρg the giant lobe and intragroup
plasma mass densities andvl−g the velocity of the lobe flow rela-
tive to the intragroup flow. Taking 5 kpc for the scale (that is, the
mean filament thickness, see Table 4) and thus∼ 4.1×10−22 cm−1

for the wavenumber,1.1 × 10−8 cm−3 (Wykes et al. 2013) and
1×10−4 cm−3 (O’Sullivan et al. 2013; Eilek 2014) for respectively
the total lobe and intragroup densities, and the buoyancy velocity
of 4.9 × 107 cm s−1 (∼ 0.002c) (Wykes et al. 2013) for the lobe
flow speed (while setting the intragroup speed to zero), we obtain
a growth rate of∼ 4.1 × 10−9 yr−1. From this it follows that the
growth time is of ordertKH ∼ 240Myr, which makes the origin of
the vertex/vortexas a KH instability improbable. If, however, the
interior plasma is moving faster than the buoyancy speed at which
we propose the giant lobes are rising and/or the thermal particle
content of the lobe is higher than assumed here, the growth time
will be smaller and an explanation in terms of KH instabilityless
restrictive. In the limit thatnth ∼ 1 × 10−4 cm−3 (Stawarz et al.
2013; O’Sullivan et al. 2013), the KH growth time is∼ 3.4Myr. In
any case, the origin as a surface KH instability may be ruled out ob-
servationally given the fact that we do not see perturbations at the
(projected) edges of the lobes with sizes comparable to thevertex
or vortex.

The RT instability is driven by buoyancy in a stratified plasma
and requires heavy material on top of lighter matter. It is not clear
that the effect of RT (‘fingers’ of external medium intrudinginto the
lobes) could give rise to structures resembling thevertexor vortex.

The RM instability is analogous to the RT mode. It requires
low-density material intruding impulsively into a higher-density
matter, or vice versa, producing voids in the former case andspike-
like features in the latter. The RM instability is probably more rel-
evant for very young lobes; we have no clear indication at such
RM-like features in the available radio images of the filaments, and
we do not expect strong shocks at the distance from the core ofthe
vertex/vortexfilaments in the giant lobes (see, e.g., Sections 4.1.1
and 4.2.1).

The tearing instability develops due to small non-zero resistiv-
ity in high-current regions withB-field reversals. The primary re-
quirement for this instability to be triggered is a thin field-reversal
layer (the geometry as in magnetic reconnection), which could
occur at the lobe/intragroup medium interface and probablyalso
inside the lobes. We can legitimately consider anomalous resis-
tivity, i.e. resistivity arising from particle-wave interactions (see,
e.g., Laval et al. 1966; Melrose 1994 and references therein; Sec-
tion 4.2.2). We can adopt an extreme upper limit on the anoma-
lous collision rate (following Hines et al. 1989 in their treatment of
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the tearing mode possibly associated with lobe filaments in M87)
which is the electron plasma frequencyωpe = (4π ne e

2/me)
1/2,

and so the collision rate isνscat,e . ωpe/2π. This gives us an up-
per limit on the resistivity:η . 2c2/ωpe. A lower bound on the
growth time for the tearing mode then reads (Hines et al. 1989)

tTM &
(2π ωpe)

3/5 a8/5

(c3 vA)2/5
, (11)

in whicha denotes the width of the current sheet andvA the Alfvén
speed. We usevA = 2.4× 109 cm s−1 (∼ 0.081c) and the thermal
electron contentne,th = 5.4 × 10−9 cm−3 (Wykes et al. 2013) as
an approximation to the total electron number density (it isthe full
plasma which carries the waves). The width of the current sheet
is not well known, yet an obvious hard lower limit is the electron
gyroradius which is for our adopted conditions in the giant lobes
rg,e ∼ 5.4 × 108 cm (∼ 2 × 10−10 pc). Probably the most realis-
tic estimate of the current sheet width17 is the resistive dissipation
scale of the turbulence that we have estimated in Section 4.2.2 to
beλη ∼ 2.5× 1012 cm (∼ 8× 10−7 pc). This givestTM & 6.3 h,
which obviously falls well within both the dynamical and spectral
ages of the lobes, and also within the turbulent ages of the individ-
ualvertexandvortexfilaments (derived in Section 4.2.2). The resis-
tive tearing mode is generally suppressed in high Re number media;
however, the eddy turnover time at the tearing scale (∼ 0.2 yr) is
longer than the lower limit on the tearing instability growth time,
hence the tearing is presumably not suppressed by this route. The
topological consequences of the tearing instability are tiny closed
B-field loops in 2D simulations and long magnetised filaments in
3D. Thus, while the tearing instability may be associated with the
vertexandvortexfilaments, it would be expected to show a non-
vertex/vortex morphology and to appear on unobservable scales
within them.

Various authors considered radiative instabilities, which arise
as a result of runaway cooling, in radio galaxies’ lobes: syn-
chrotron cooling, if relativistic electrons dominate the pressure
(Hines et al. 1989; de Gouveia dal Pino & Opher 1989; Bodo et al.
1990; Rossi et al. 1993), or thermal bremsstrahlung cooling, if ther-
mal plasma dominates (Hines et al. 1989; Bodo et al. 1990). To
deal with the synchrotron instability, we consider relativistic elec-
trons with a distribution of energiesne,rel(Ee) = N0 E

−p
e between

Ee,min andEe,max, whereN0 is the normalisation of the electron
energy spectrum andp is the electron spectral index. The growth
time of the synchrotron instability, with also the inverse-Compton
component included, can be written as the total electron energy di-
vided by the total electron energy loss rate:

tsync =

∫ Ee,max

Ee,min
ne,rel(Ee)Ee dEe

C
∫ Ee,max

Ee,min
ne,rel(Ee)E2

e dt
, (12)

whereC is a constant such that for an electron dEe/dt = −CE2
e ,

and it represents both synchrotron and inverse-Compton losses:
C = 4σT (UBage + UCMB)/(3m

2
e c

3), whereσT denotes the
Thomson cross section,UBage the energy density in agedB-field
(as in Section 4.1.3) andUCMB the energy density in CMB pho-
tons (see also Hardcastle 2013). WithB = 0.9µG, p = 2,

17 In the presence of MHD turbulence, a single stochastic magnetic recon-
nection region is associated with a multitude of such current sheets (e.g.
Lazarian & Vishniac 1999). Magnetic reconnection and weak shocks asso-
ciated with the filaments could locally boost the Alfvénic particle accelera-
tion likely operating throughout the lobes (Eilek 2014).

andEe,min = 5MeV andEe,max = 100GeV (which we have
invoked in calculations of the filaments and the giant lobes)as
energy cutoffs, the instability growth time becomes∼ 110Myr.
This exceeds the turbulent ages of the individual filaments as well
the spectral ages of the lobes. The synchrotron instabilitymay
be also excluded on grounds of the likely dominance of non-
radiating particle pressure in the lobes (Wykes et al. 2013 for Cen-
taurus A; e.g. Croston & Hardcastle 2014 for other FR I sources).
The growth time of the thermal bremsstrahlung instability goes as
(e.g. Karzas & Latter 1961)

tth−br = 1.8× 1011
T 1/2

ne,th ḡff
, (13)

whereT is the lobe temperature and̄gff the temperature-averaged
Gaunt factor. Other thermal energy and emissivity parameters are
absorbed into the numerical prefactor. Using the range of temper-
atures1.6 × 108 to 2.0 × 1012 K andne,th = 5.4 × 10−9 cm−3

as above, and settinḡgff = 10 (Karzas & Latter 1961), we obtain
a growth time range∼ 1.3 − 99.6Pyr which is much larger than
the Hubble time. Even if the thermal density were as high as1 ×
10−4 cm−3 and temperature as low as5.8 × 106 K (Stawarz et al.
2013), the thermal bremsstrahlung instability would stillexceed the
Hubble time, as expected. This makes a development of radiative
instabilities in the giant lobes unrealistic.

The current-driven instabilities (CDI) do not as much address
the question of the origin of the filaments but rather the question
what happens to them once formed; we will treat two such instabil-
ities below.

The sausage instability, formally an axisymmetricm = 0
mode in a cylindrical magnetised plasma column (pinch), occurs
when the azimuthal fieldBφ becomes too strong. In that case a
sausage-like series of bulges and compressions in the tube radius
grow; the exact growth rate of this mode depends on the field
geometry both inside the pinch and in the surrounding medium.
Filaments in other radio lobes, where measured, usually show a rel-
atively high degree of linear polarization, implying the presence of
significant axial fieldBz (e.g. Pictor A, Perley et al. 1997; 3C 310,
van Breugel & Fomalont 1984; MG 0248+0641, Conner et al.
1998; Hercules A, Dreher & Feigelson 1984; Saxton et al. 2002;
Gizani & Leahy 2003). Also, the Junkes et al. (1993) polarization
images of Centaurus A seem to showE-field vectors perpendicular
to thez-axis of the filaments (albeit the resolution of these maps
is not very high). This makes the sausage instability as a means
of affecting the vertex/vortex shape rather unlikely; moreover,
inspecting in more detail the radio images, thevertexand vortex
morphology does not well match the morphology as expected for
the sausage mode.

The kink instability (m = 1 mode) eventuates when a plasma
column moves more-or-less as a whole, and its axis is deformed
into a sinusoidal or helical shape. Analogously to the sausage
mode, an exact determination of growth rates and the stability crite-
rion depends on the detailed properties of the magnetic fieldinside
and outside the pinch; the presence of an azimuthal field is destabil-
ising. The instability develops when the magnetic twist∆φ exceeds
a critical value18 (Lundquist 1951; Hood & Priest 1979, 1981;
Kliem et al. 2004). The evolution of the kink instability hasbeen
investigated by, e.g., Begelman (1998) and Haynes et al. (2008),
and Srivastava et al. (2010) have provided observational evidence

18 Hood & Priest (1981) derived a critical value of 2.49π. However, this
outcome is model-dependent and cannot be considered universally.
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for them = 1 mode in the solar corona. The growth time of the
kink instability can be approximated as (e.g. Bateman 1978)

tm=1 =
r

vA

[

1

k2 r2 − (Bφ(r)/Bz)2

]1/2

, (14)

wherek is again the wavenumber,r is the flux tube radius and
Bφ(r) the azimuthal field at the pinch surface (i.e. the edge of
the filament). In the available radio images, the kink mode is
mostly matched by thevertexmorphology, hence we will calcu-
late the growth time for this particular filament. We consider the
northern part of thevertexwhich seems to show a turn over >1
wavelength (see Figs. 2 and 3). Thevertexradius is (at the widest
point) 3.6 kpc; as before, we adoptk = 4.1 × 10−22 cm−1 and
vA = 2.4 × 109 cm s−1, andBφ/Bz ∼ 0.5 (from Section 4.1.4).
This results in a growth time of∼ 32 kyr. This is, as for the tearing
mode, within both the dynamical and spectral ages of the lobes and
also within the turbulent ages of thevertexand vortexfilaments.
A co-temporary development of the kink and the tearing mode,on
disparate scales, is possible. Thus, the kink instability is likely to be
operating: not destroying thevertexfilament, just making it appear
kinked.

4.2.4 Dwarf galaxy KK 196 (AM 1318–444)

We consider explanation (iv) in Section 4.2 the least likelygiven
the low mass of the dwarf irregular galaxy KK 196, its low rel-
ative velocity to NGC 5128, a combination of high temperature
and low particle density of the giant lobe plasma, and thever-
tex and vortex morphology; moreover, we would expect a single
wake. We first test this assertion by performing a simple check for
a galaxy to have aBondi-Hoyle wake: the accretion radiusRacc

should be larger than its size. The accretion radius is givenby
Racc = 2GMgal/(v

2
gal+c2s ), whereMgal andvgal are the mass and

the velocity of the traversing galaxy, andcs the local speed of sound
(Bondi 1952; Sakelliou 2000). Adopting15 arcsec as KK 196’s an-
gular radius (Jerjen et al. 2000) we infer∼ 1.8 × 1021 cm for its
physical size.

The total baryonic mass of KK 196 is6 5.9 × 107 M⊙

(based on the results from Jerjen et al. 2000 and Warren et al.
2007), and its relative radial velocity to NGC 5128 is approximately
189 km s−1, so we estimate a relative 3D velocity ofvgal ∼ 189×√
3 ∼ 327 km s−1 (∼ 0.001c). Note that Crnojevíc et al. (2012)

derive KK 196’s total baryonic mass as5.1−7.2×107 M⊙ based on
its B-band luminosity, a stellar mass-to-light ratio1 < M/L < 2
and the measured H I mass, and as6.9 − 8.2 × 107 M⊙ based on
KK 196’s star formation history and the measured H I mass. The
baryonic mass is thus well constrained and within5−8×107 M⊙.

Assessing the non-baryonic dark matter (DM) mass fraction
in dwarf irregular galaxies is difficult because the rotation curves
are generally hard to measure, the H I rotation velocities increase
only very slowly as a function of galactocentric distance and peak
typically at an amplitude not much larger than the turbulentmo-
tion of the gas. From a few known cases (see Côté et al. 2000) fol-
lows that the DM mass is of the same order as the stellar mass.
For KK 196 this translates into a total massMtot of 4.5 × 107 <
Mstellar+Mgas+MDM < 7.3×107 M⊙. Note that the dwarf irreg-
ular ESO 444-G084 in the Côté et al. sample has a luminosity com-
parable to KK 196 and itsMDM/Mlum value atR25 (radius at the
25th mag/arcsec2 surface brightness) is0.3−0.5. Thus, with the es-
timate given above we are likely to slightly overestimate KK196’s
total mass. However, they also quoteMDM/Mlum = 10−12.9 for
ESO 444-G084 atRmax. If the comparison between KK 196 and

ESO 444-G084 holds out to that larger radius then the total mass of
KK 196 is of the order ofMtot ∼ 5×108 M⊙

19. This value is also
consistent withMtot = Mdyn = 1 − 4 × 108 M⊙, whereMdyn

is the dynamical mass, inferred from Eder & Schombert (2000)
adoptingMB = −12.16 and a colourB − I = 1.5 (i.e. total
I-band luminosity of−13.66) for KK 196.

In the non-relativistic limit and assumingT > 1.6 × 108 K
(Wykes et al. 2013), the local sound speed in the giant lobes reaches
& 1.9 × 108 cm s−1 (& 0.006c; see also Section 4.2.1) and con-
sequentlyRacc . 3.6 × 1018 cm. Hence, the accretion radius is
at least3 orders of magnitude smaller than KK196’s size and no
Bondi-Hoyle wake is expected. If the internal sound speed inthe
lobes is relativistic (as is required in any scenario where there is
stochastic acceleration of ultra-high energy cosmic rays)then the
dwarf galaxy has even less effect.

Another possible manifestation of the galaxy-lobe interaction
is a bow shock in front of the traversing galaxy and associated strip-
ping of the galaxy ISM: then the filaments may be associated with
a ram pressure-induced wake. This however requires KK 196’sve-
locity to be in excess of the intralobe sound speed which is not
the case (see above). Still a moderate gas stripping could occur
from KK 196 in the absence of a bow shock: the non-detection of
H I (Banks et al. 1999) makes gas removal from KK 196 at some
point in the past plausible. However, this stripped-off H I gas is not
likely to organize itself into filaments of the morphology ofthever-
tex/vortexinside the giant lobes, and the H I nature is ruled out by
the ATCA and our GMRT continuum observations.

As it has propagated, the current or former jet could have im-
pacted on the dwarf galaxy KK 196 with thevertex/vortexfilaments
as a result, but in objects where we actually see a jet interacting
with a galaxy (Evans et al. 2008), the results seem rather different,
therefore we do not consider this scenario realistic. Moreover, this
stripped-off H I-enriched gas would likewise not appear in the radio
continuum images of the lobes.

5 SUMMARY AND CONCLUSIONS

We have presented new, high-dynamic range GMRT observations
at 325 and 235 MHz of parts of the southern giant lobe of Cen-
taurus A, and have modelled the origin of the filamentary structure
associated with the lobe. The key results of this paper are asfol-
lows:

1. The detection at 325 and 235 MHz, with comparable res-
olution to the 1.4 GHz ATCA images, confirms the reality of the
vertexandvortexfilaments associated with the southern giant lobe.
The spatial extent of thevertexand vortexnearly coincides with
their morphology at 1.4 GHz, reinforcing their synchrotronorigin.
Thevertexshows fine substructure and appears twisted. Thevertex
and vortex fields demonstrate surplus filamentary features, how-
ever, we find no clear connection at 325 –235 MHz of the filaments
to the extant or extinct jet.

2. Combining the ATCA and GMRT data, and restricting the
range of baselines to0.15− 2.5 kλ, we have inferred a spectral in-
dexα = 0.81±0.10 for thevertexfilament andα = 0.83±0.16 for

19 For dwarf galaxies, a significant increase in non-baryonic DM is com-
mon. TheR25 radius is roughly the size of the stellar component of the
galaxy. However, the H I-based rotation curves tend to flatten out onliest
further out (e.g. Warren et al. 2006), hence there might be a vast amount of
non-baryonic DM in these systems beyond their optical radii(see also, e.g.,
Simon & Geha 2007).
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thevortex. This is marginally steeper than the spectral index of the
general Centaurus A lobe plasma, and we discuss this in termsof
an excess-loss scenario with particle confinement in the filaments.
Our spectral fitting implies spectral ages that are difficultto rec-
oncile with the ‘turbulent ages’ (i.e. the longevity of the filaments
stretched by the turbulent eddies) of∼ 2− 3Myr without invoking
very high magnetic field strengths.

3. Our minimum pressure analysis for the filaments reveals
1.5 × 10−13 dyn cm−2 (vertex) and1.3 × 10−13 dyn cm−2 (vor-
tex) which is a factor∼ 3 higher than the minimum global pressure
of the lobes. Such an overpressure could be identified with weak
shocks (Mach numberM ∼ 1.7). Synchrotron emissivity ratios
result in a pressure jump of about1.3, compatible with expansion
at the sound speed. No efficient Fermi I-type particle acceleration
is expected for such slow expansions, and it also makes a spheri-
cal cocoon collapsing scenario withM ≫ 1.7 in the giant lobes
untenable.

4. Scaling down from the driving scale in the giant lobes witha
presumable turbulence level ofδB/B0 ∼ 1, we derive a turbulence
level δB/B0 & 3 × 10−3 at∼ 10−3 pc. The viscous scale in the
giant lobes is clearly considerably smaller than that derived from
Coulomb scattering. From our calculated low value of the specific
magnetic diffusivity, and therefore a large magnetic Prandtl num-
ber, we deduce that the MHD turbulence extends well below the
viscous dissipation scale, with the resistive dissipationscale of or-
der10−6 pc. This sets the width of the current sheet of the tearing
mode.

5. We have considered several mechanisms that may generate
the filaments in the southern giant lobe. We have shown that the
dwarf irregular galaxy KK 196 (AM 1318–444) can be excluded as
the origin of thevertex/vortexfilaments, principally on grounds of
its low relative velocity and mass, and on the morphology of the
vertex/vortex. Our turbulence power spectrum modelling does not
support different origin of thevertexand/orvortex from the other
filaments in the lobe. The Kelvin-Helmholtz instability provoked at
the lobe-intragroup interface is ruled out based on its growth time
and observational constraints. The Rayleigh-Taylor and Richtmyer-
Meshkov instabilities are highly unlikely to account for the ver-
tex/vortex within the available observational constraints. Of the
MHD instabilities, the tearing mode is supported by its growth
time which lies conveniently within both the dynamical and spec-
tral ages of the lobes and also within our derived turbulent ages of
the vertex/vortex. The filaments are inconceivably affected by the
sausage instability given the presumable presence of an axial B-
field in thevertex/vortexwhich suppresses its growth. To the con-
trary, the kink instabilityis supported by a presence of such axial
field, moreover, the existence of the kink instability is anticipated
based on the filament radio morphology and on the growth time
which is again sufficiently within the dynamical and spectral ages
of the lobes and within the turbulent ages of thevertex/vortex. The
radiative instabilities are ruled out based on their growthtimes. We
lean towards thevertexandvortexfilaments originating from in-
tralobe MHD turbulence or from last stages of the activity ofthe
pre-existing jet, or an interplay of both.

There are several aspects that remain to be explored. The mag-
netic field direction and a possible variability of the spectral in-
dex along the filaments may be revealed by observations with the
ATCA-CABB at GHz frequencies. With an instantaneous field of
view of 30 deg2 between 700 and 1800 MHz and20 times higher
spatial resolution in comparison to the current ATCA and GMRT
images, the Australian SKA Pathfinder (ASKAP) will be the ideal
facility for further investigations of the origin of the filaments, in-

cluding the faint edge-like features, thewisps. In a future paper
we will report onXMM-Newtonobservations designed to constrain
the magnetic field strength of the individual filaments. Reproduc-
ing the complex morphology of thevertexwill be a challenge for
future MHD simulations.
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