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ABSTRACT

We present results from imaging of the radio filaments in thelsern giant lobe of Centau-
rus A using data from GMRT observations at 325 and 235 MHz caridomes from filament
modelling. The observations reveal a rich filamentary $tmg; largely matching the morphol-
ogy at 1.4 GHz. We find no clear connection of the filaments ¢éoj¢h We seek to constrain
the nature and origin of theertexandvortexfilaments associated with the lobe and their role
in high-energy particle acceleration. We deduce that tfiesaents are at most mildly over-
pressured with respect to the global lobe plasma showingideice of large-scale efficient
FermiI-type particle acceleration, and persistfo2 — 3 Myr. We demonstrate that the dwarf
galaxy KK 196 (AM 1318-444) cannot account for the featuaesl that surface plasma insta-
bilities, the internal sausage mode and radiative instasilare highly unlikely. An internal
tearing instability and the kink mode are allowed within titeservational and growth time
constraints and could develop in parallel on different jdgiscales. We interpret the origin
of thevertexandvortexfilaments in terms of weak shocks from transonic MHD turboéeor
from a moderately recent jet activity of the parent AGN, oirgerplay of both.

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

1 INTRODUCTION the bulk of the observations being conducted with the Vemgea
Array (VLA) in the GHz regime. The filamentarity has implica-
tions for the internal structure of the lobes. However, nesemsus
exists on whether the magnetic field in the lobes has a lowmdilli
factor and electrons are uniformly distributed, or the etetpopu-
lation tracks the magnetic field enhancements closelytiBoally
varying magnetic field strength was claimed for lobes of a lpeim
of Fanaroff-Riley class Il (FR Il)(Fanaroff & Riley 1974) swes
(e.g. Hardcastle & Croston 2005; Goodger et al. 2008), irirash

From studies of both high- and low-power radio galaxies over
the past three decades, considerable observational eeicwas
emerged for inhomogeneous, filamentary lobes, e.g., Cyljnus
(Perley et al. 1984), 3C 310 (van Breugel & Fomzlont 1984)-He
cules A (Dreher & Feigelson 1984; Gizani & Leahy 2003), For-
nax A (Fomalont et al. 1939), Pictor A (Perley etial. 1997) 353
(Swain et all 1998), M 87_(Owen etlal. 2000; Forman €t al. 2007)
NGC 193 (Laing et al. 2011), B2 0755+37 (Laing et al. 2011}hwi
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Figure 1. Combined ATCA and Parkes 1.4 GHz continuum imagé(atx 40 arcsec angular resolution of the southern giant lobe of &leuas A, indicat-

ing the vertexand vortex filaments and the position of the dwarf galaxy KK 196. The oagilaxy core and the inner lobes are beyond the north edge of
the image. The artefact protruding to the northern part efgtant lobe originates from the bright inner lobes. Thefactecentred on RA3223™04.28,
DEC—44°52’33.3" is the background quasar PKS 1320-446 at a redshift ef 1.95, the artefact on RA3"18™30.02%, DEC—46°20'35.2” the
background quasar MRC 1315-460 (PMN J1318-4620) ef 1.12 and the artefact on RA3219™21.59%, DEC—44°36/46.7" the background source

MRC 1316-443. Adapted frol Feain et al. (2011).

with the western giant lobe of the source Fornfxfar which a po-
sitionally varying electron energy spectrum is favou
2011).

Filamentary structure does not necessarily imply turbzéen
but magnetohydrodynamical (MHD) turbulence implies filame
tary structure in synchrotron emission (¢.g. Ellek 1989ddastle
[2013;| Wykes et al. 2013). MHD turbulence amplifies and trans-
ports magnetic fields which in turn control lobe viscositgne
ductivity and resistivity, as well as the acceleration anocbpga-
tion of cosmic rays (e.d. Lee etlal. 2003; Jones et al. [2014&. T
presence of turbulence might in some cases be akin to a gevelo
ment of plasma instabilities. Various types of instalshti promot-
ing growth of filament-like features, could develop insiden the
surface of a radio lobe. Hydrodynamical (HD) instabilitissich
as Kelvin-Helmholtz (KH), Rayleigh-Taylor (RT) and Richyer-
Meshkov (RM) are relevant since they can lead to flow pattirats
naturally filament and can amplify ambient magnetic fieldsg.(e

lJun & NormaH 1995; Ryu et £l. 2000). MHD instabilities such as

L Morphologically, FornaxA is FRIl class by the original
(Fanaroff & Riley [1974) definition; in terms of luminosityt is on
the boundary FRI/FRII.

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

Utilising the Australia Telescope Compact Array (ATCA) and
the 64 m Parkes telescope for imaging at 1.4 GHz witharcsec
angular resolution,_Feain et/al. (2011) have discoveredcate
filamentary features associated with the northern and eouth
giant lobes of CentaurusA (F[d.1). Centaurus A is the neares
(3.8+ 0.1 Mpc; [Harris et dil_201B) Fanaroff-Riley class! (FR1)
radio galaxy, hosted by the massive elliptical galaxy NG2%1
Due to its luminosity and proximity, Centaurus A is an outsta
ing testbed for models of jet energetics, particle accé@raand
the evolution of low-power radio galaxies in general. Cania 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 el al. 1999; Hardesstlal.
2003} Kraft et al. 2003; Hardcastle etlal. 2006; Croston 2G09;
Kraft et all 2009; Miiller et al. 2011; Neff et'al. 2014; Isr@¢lal.,
in preparation). However, Centaurus A's proximity to Earhs
hampered for a long time comprehensive investigationssofiit

2 At that distance] arcmin corresponds tb.1 kpc.



ant (i.e. outer) lobes~ 4.3° each), whose substructure has been
mapped only recently in the aforementioned work by Feailet a
(2011).

Topics of great current interest are the ages of the giamisiob
and the lobe particle content and pressure. Hardcastle (210819)

and|Yang et al.| (2012) have determined radiative ages of Cen-

taurus A's giant lobes: the former obtaining 30 Myr based on
synchrotron ageing fitting the single-injection Jaffed*@model
(Jaffe & Perola 1973), the lattgf 80 Myr reasoning that ages sig-
nificantly larger than a few tens of Myr are not consistentwtfite
observations of gamma-ray inverse-Compton emission. bheea
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 &l. 2009), in discord with ex-
pectations. The dynamical age calculations by Wykes|ePall¥)
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444), a Centaurus group membeBdi8 + 0.29 Mpc (Jerjen et all.
2000 Karachentsev etlal. 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 fragtiency
observations, including very-low frequency bands. We hetve
sen to use the Giant Metrewave Radio Telescope (GMRT) ty stud
the properties of theertexand vortexfilaments at 325, 235 and
150 MHz. At these frequencies, the field of view of the GMRT is
large enough to fit the combinegrtex—vortexregion in one or two
pointings. The combination of short and long baselinesgdiran
from ~ 100 m up to~ 25 km) enables the detection of, and sepa-
ration between, large structures of the angular size of Buaénts
and compact radio sources along the same line of sight. ThRIGM
has no baselines that sample the largest scales of radigiemis
from the giant lobes, which are therefore naturally surgedsBe-

give ~ 560 Myr based on buoyancy arguments, and the estimates sides the intrinsic delicacies of handling low-frequenaglio data

by [Eilek (2014) give~ 500 Myr—1.5 Gyr relying on dynamical
models of the growth of the giant lobes. Giant lobe thermat-el
tron content evaluations also show an inconsistent piciurg, ~
1 x 10~* cm~ gauged independently from X-ray and radio obser-
vations (Stawarz et al. 2013; O’Sullivan et al. 2013) versus, ~
5.4 x 10~° cm~3 based on entrainment calculations (Wykes ét al.
2013). The preceding value, which is similar to the thernuai-c
tent of the Centaurus A intragroup medium;, ~ 1 x 10~*cm—3
(O’Sullivan et al| 2013; Eilek 2014), would make Centaurus@
ceptional among lobed radio sources, which normally shaitiea
associated with the lobe (elg. Birzan et al. 2004; Wise| 047 ;
Cavagnolo et al. 2010) implying that the internal densitéshe
lobes are below those of the intragroup/intracluster medi@iant
lobe pressure estimates vary frgm, ~ 8.0 x 10~ ** dyn cm 2
(Stawarz et al. 2013; O'Sullivan etlal. 2013; Stefan &t al.:@nd
pen ~ 9.0 x 107" dyn cmi~? (Fraijal 2014) which are close to the
minimum pressure of the lobes, g, ~ 3.2 x 10~ 3 dyn cm 2
(Eilekl2014) angpe, ~ 1.5x 1072 dyn cm 2 (Wykes et al. 2013).
Hardcastle et al! (2009), O’Sullivan et al. (2009), O'Sulh
(2011), \Wykes et al.| (2013) and Eilek (2014) have considered
MHD turbulence in Centaurus A's giant lobes. Wykes et|al1G20
have argued for mildly sub-Alfvénic turbulence in those dsb
which allows for the existence of relatively long-lived filents].
A detailed description of the ensemble of the filaments has
been offered by Feain etlal. (2011), and Stawarzlet al. (28t8)
Wykes et al. [(2013) have drawn some attention to the prorhinen
filamentary features in the southern giant lobe, theexand the
vortex (see Fige11H4), whose nature and origin are as yet ill-
constrained. Therertex (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 andvsho
variations in surface brightness. Thertex (LAS ~ 53kpc), at
about~ 2.5° from the core and lying immediately interior to the
western part of the lobe, has been likeried (Feainlet al. 201the
mushroom-shaped structure seen in the eastern giant lothes of
FR I radio source M 87 (Owen etlal. 2000). Feain et al. (201¢¢ha
proposed a number of explanations to be origin of the filamint
Centaurus A: theertexandvortexmight derive from an enhanced
jet activity, from KH instabilities at the lobe-intragrougterface, or
from the passage of the dwarf irregular galaxy KK 196 (AM 1318

3 MHD simulations (e.g._Jones et al. 2011) indicate that thialso true
for trans-Alfvénic and mildly super-Alfvénic turbulenc€&ilaments last
roughly an eddy turnover time for the scale of the eddiesstratch them.

and imaging diffuse, extended radio emission, processieggt ob-
servations is particularly challenging. As observed fromRT, the
vertexand vortexfilaments are at low elevation (always 26°),
which impacts on theww-coverage and ionospheric air mass in an
unfavourable way. Also, the large brightness of the baakggo
guasar PKS 1320-446 and of Centaurus A's inner lobes (eydlFi
can cause serious dynamic range (DR) limitations in theeirti-
age.

The remainder of the paper is organized as follows. Selction 2
describes the GMRT observations and data reduction. Inds&t
we present the new GMRT images and combine the GMRT data
with those of the ATCA at higher frequencies with the aim dabs
lishing spectral indices of theertexandvortexfilaments. We dis-
cuss filament pressure, ageing and particle acceleratiwstraints,
and expound upon turbulence properties on different scdlése
giant lobes in Sectidd 4. We then test various scenariohéooti-
gin of thevertexandvortexand show that these structures are most
likely not unique among the lobe filaments and are plausteyti-
fied with weak shocks in transonic MHD turbulence. The key-find
ings are summarised in Sect[dn 5.

Throughout the paper, we use J 2000.0 coordinates, and define
the energy spectral indicesin the sense, oc v~ .

2 OBSERVATIONS AND DATA REDUCTION

GMRT observations of theertexandvortexfilaments 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 elevafitimeo
target, observations were limited ¢0 5 hours per night, requiring
a total of8 nights. A journal of these observations is given in Ta-
ble[d. Visibilities for two polarizations (RR and LL) werec@ded
in spectral line mode to enable narrow-band RFI excisioned
vent bandwidth smearing. For calibration purposes we obser
two standard calibrators: 3C 286 as the (primary) flux dgresid
bandpass calibrator, observed fitrmin at the start and/or end of
each run, and 3C 283 as the (secondary) phase calibrateryvels
for 5min every50 min. During observations, the standard GMRT
pointing error correction model was applied on both targetsvell
as 3C 286.

The dat reduction was conducted usingiPs (version

4 Long Time Accumulation (LTA) — the native data format frone BMRT
correlator — were written out to FITS format and importeaiAstronom-
ical Image Processing Systemi$s) and Common Astronomy Software
Applications CASA).
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Table 1.Journal of GMRT observations.

Observing dates Central obs. freq.  Primary beam  Time oettarg  Working antennas  Integration time  Bandwidth ~ Freq. chén
(MHz) (arcmin) (rertex vortey (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 extens&wam
(Intema et all_2009; Interma 2014), and théean imaging task

in CASA (version4.1.0;|McMullin et all |2007) to create the fi-
nal low-resolution mapssPAM was used to correct for (direction-
dependent) ionospheric phase corruptions, which can berg do
nant source of error at sub-GHz frequencies. Overall, iphesc
conditions were relatively quiet during all observing rghas
judged from the slowly varying gain phases. For all obséonat
except 2012 May 28, flux and bandpass calibration were dkrive
from 3C 286, adopting the modified Perley—Taylor flux model as
described by Intema etlal. (2011). For this, we excluded hiogts
est (central square) baselines, and performed some maaygiity

of obviously bad antennas/times/polarizations based onai-
bration tables. Calibration results were then applied &ottrget
field data. In the 2012 May 28 observation, a combination of fa

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

Self-calibration was followed by two rounds cfKam) iono-
spheric calibration and imaging. This includes peelingdidam
2004) of10 — 20 of the brightest sources. The latter was most use-
ful to reduce the DR-limiting effects of the point source PX320—
446. Outside the main beam, we found that at 325 MHz the GMRT
primary beam strongly attenuated the inner lobes of Ceunsafyy
and also the background FRI radio galaxy PKSB1318-434, so
that they do not put any DR limitations on our image quality. A
235 MHz, the inner lobes caused slight ripples across ougémna
but these were reduced by peeling. At 150 MHz, the inner lobes
strongly affected the entire field of view, rendering the gmanu-
tile for our purpose of detecting faint diffuse emission.iylat-
tempts (including peeling) to improve this failed. We wiitegard

tors rendered the data on 3C 286 unusable. In this case, vee hav the 150 MHz observations in what follows. Table 2 lists theger-

used 3C 283 as primary calibrator, adopting a 325 MHz flux den-

sity of 23.3Jy (as derived from the 2012 May 27 observations).
To account for uncertainties in the flux scale transfer fra286

to 3C 283, and for the absence of the pointing error corredbo

3C 283, we adopt an additional 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 Stokds every8 — 10 channels were averaged
to form 25 — 30 wider frequency channels, and time resolution was
averaged down td6 seconds.

2.1 Calibration and imaging of compact emission

The target field data was initially calibrated and imagedhayh
resolution only’ by excluding visibilities from the innark\ of

ties of the final high-resolution images.

2.2 Imaging of large-scale emission

With gain calibration sorted out during the high-resolntimag-
ing, we have explored several ways of imaging the highlylresi
diffuse components that are embedded in the southern gibat |
of Centaurus A. To maximize our signal-to-noise onvtkeexand
vortex we converged on a method in which we useddhsA im-
ager taskc1ean in mosaicking mode, simultaneously imaging and
CLEAN-ing all visibilities of the two pointings into one fihamage
per frequency. We were restrained in the use of multi-sced®-
volution, because it is as yet unsupported in mosaickingenod
Before importing the visibilities intacAsA, we have pre-
subtracted (imiPs/ spPAM) the CLEAN components (of 5 times
the background rms noise) of all point sources found in tha-co

theuv-plane and choosing a weighting scheme between robust andpact emission image from the visibility data sets, while penar-

uniform (robust = —1 in the AIPS convention). With this ap-
proach, we can obtain good gain calibrations for all antenwvith-

out having to deal with the large-scale emission immedjatat
deed, the same calibration can be used later to image tlteesaaie
emission (see Sectibn2.2). Each target field was initiatigse-
calibrated against a simpte 10 point source model derived from
the SUMSS 843 MHz catalogue (Mauch et al. 2003), followed by
wide-field (facet-based) imaging and CLEAN deconvolutiorall
imaging, we automatically put tight CLEAN boxes encompagsi
emission peaks (above five times the central noise levelligeg
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 knowrhbogt-
lier sources withind primary beam radii. This was followed by
two rounds of phase-only self-calibration, and one rounaropli-
tude and phase self-calibration. In between rounds, baal was

ily applying the appropriate direction-dependent gairbcations.
Furthermore, sincePAM functionality is not yet available inAsA,
we have used a single gain table to calibrate each data se¢lyna
the one corresponding to the field centre. This lack of diveet
dependent ionospheric calibration seems to have limitéectef
while imaging using solely the shortest baselines.

For imaging the diffuse emission, we used a Gaussian weight
taper, suppressing visibilities from baselines longentha k.
The few visibilities from baselines shorter thaf0 A were ex-
cluded during imaging to (i) remove strong ripples comingnir
the very few high-amplitude visibilities that sense (butngpetely
undersample) the largest-scale structures, and (ii) tguglatch
our data to the ATCA interferometric data that is part of thelg
by|Feain et al. (2011), and which is also used in our analysis.

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



Table 2. Properties of GMRT maps per region and frequency.
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Image Central obs. freq.  Angular resolution  Position angl€entral rms noise
(MHz) (arcsec) (degree) (mJy bearh)

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

Note. Rms values corrected iy s.

off-source rms away from the image centre)lof : 1. We deter-
mine the rms noise level §) in those images as 3.8 mJy bearm!
(325 MHz) and~ 10.8 mJy beam* (235 MHz) (see Tablg2).

2.3 Flux density levels

Large-scale radio emission that is resolved out by the GMRT i
terferometer, but is still registered by individual GMRTt@mas,
enters the system as sky noise, routinely expressed asraggte-
ture Ty, At low radio frequencies, the sky noise can make a sig-
nificant contribution to the total system temperat(tgs, which
also includes receiver noise, ground radiation and patiytither,
smaller caches of noise. GMRT observations are by defauttore
rected for variations iffs,s when moving the telescope across the
sky (e.gl Tasse et al. 2007; Sirothia 2009; Intema et al./R(tis
causes a target field flux scale erffifs carget /Tsys,Auxcal When
transferring the gain calibration from flux calibrator toget field.

In our case, the large-scale emission of the southern gibgt |
of Centaurus A is filling most (or all) of our target fields olew
at all observing frequencies, resulting in considerabiyhbr sky
temperatures than in the field of our calibrators 3C 286 ana&&;
leading to large flux scale errors. For correcting the resyiiux
scale error of our target fields we rely on the model discussed
sentially by Sirothia (2009), with frequency dependense alcor-
porated. The resultafit, values, which are based on the duration
of our observations, are codified in Table 3. Instantanealieg of
Teky andTreceiver independently are not meaningful for our pur-
pose and were not computed. All gain ratios and correctiotofa
were calculated with regard to our flux density calibrator2B6.
The errors on the flux correction factors amountto4 percent.
Note that systematics in calibration while imaging will doate
the flux density calibration at these frequencies with theRaM
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 pointiragsn-
bined, we assign single flux correction factors per frequeBased
on TabldB, we adopt respectively93 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 &rtexvortex ATCA data subset from the

Table 3. Flux scale corrections, based @hys 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
Vertexvortexat 325 MHz  239.68  1.93
Vertexvortexat 235 MHz ~ 455.56  2.04

Note. TheTsy s values are based on a model for our duration of the obsengatio

above work and subtracted the background sources from tgeim
plane using the source extraction tesBDsMI. This map is used
later in the article for spectral index extraction (Sec#i8dl and
[3:2) and turbulence modelling (Section412.2).

3 RESULTS
3.1 Radio morphology and filament flux densities

As is apparent from Fif] 2, theertex vortexand other bright fila-
ments maintain their coherence over the frequency rangeHz4-
235MHz, i.e., the 1.4 GHz emission appears spatially cjossso-
ciated with the emission at 325 —-235 MHz. Given the better-sam
pling of large-scale structures at low frequencies, aamilifila-
mentary structure could have been revealed by our obsengatif
present. We find some additional filamentary features butiesr c
indication in the GMRT images for theertexvortex and other
features being connected to the core/jet. The topology effith
amentary mesh is unexplored; however, vieetexfilament seems
twisted, bright at what may be intersections, and its northpart
appears to be built up of two segments which themselves poten
tially contain substructure in form of approximately péebthreads

5 lhttp://dl.dropboxusercontent .com/u/1948170/html/index.html
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Figure 2. From left to right: ATCA 1.4 GHz, GMRT 325 MHz and GMRT 235 MHpmtinuum maps of the large-scale emission in\beexand vortex
fields. The beam size is indicated by the ellipse in the botedtrhand corner. The rms noise of the GMRT images is giveTainle2.

Table 4. Measured flux density, largest angular size and diameter ¢be minor axis) of theertexandvortexfilaments at 1.4 GHz and at 325 and 235 MHz.

Filament S1.4CHz S325 MHz S235 MHz LAS Diameter
Qy) Jy) y) (arcmin)  (arcmin)

Vertex 1.25+0.15 4.90+0.24 4.61+0.73 31 7

Vortex 0.72+0.14 260+£040 3.05+0.60 58 4

Note. Flux density corrected for background.

(most clearly visible in Fig.13). At all available frequeasj thevor-

background determination for which we effectégtrials. We han-

texmorphology resembles a fleshy fungus; the eastern ‘cap of the dled the standard deviation of the background values tonesti

mushroom’s head’ is displaced by abaidrcmin 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 northteas
the vertex which is ‘behind’ the interferometric rings caused by
the PKS 1320-446 source in the 1.4 GHz image (Fig. 2, leftlpane
Fainter, but still well discernible (in Figl2 left and migddland
Fig.[3) is a pipe-like filament close to and west of tlegtex

We have measured theertexand vortex flux densities from
FITS files making use absd and the Funtodﬂ;library and defin-
ing rectangular regions encompassing the filaments (seé3and
[@): 2 regions of respectively 5217 and 5828 pixels for tbetex
and 9 regions (to account for its curvature, and for a skgtii-
ferent position of its south-east part as a function of fezgy) for
respectively 2310, 1519, 504, 912, 819, 800, 3956, 4268 3ad 8
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

the error on the source regions.

Tabld4 lists the final, background-correcteertexand vor-
tex flux densities. The 1.4 GHz value is an order of magnitude
less than the flux density of these filaments quot et
@); however, there they represent the combined ATCAdRa
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 theestior
baselines, and have disregarded visibilities from basslshorter
than0.15 kA. We have fitted power laws in frequency to the flux
densities and errors in Talile 4 augmented with the erroren t
calibration in the GMRT data, minimizing?. From our analysis,

gular regions were used elsewhere on the maps, well away fromthe resultant best-fitting spectral indices are- 0.81 4 0.10 (ver-

obvious outliers (positive and negative) and from edgeet$, for

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

teX) anda = 0.83 £ 0.16 (vortex).

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



30.0 23:00.0 © 30.0 22:00.0 300 21:00.0 30.0 13:20:00.0 30.0  19:00.0

0.01

-0.0057 -0.0012 0.0023 0.0052 0.0078 0.012 0.014 0.016

Figure 3. GMRT 325 MHz map of thevertexfilament with spectral extrac-
tion regions used for Tadl@ 4 overlaid. The scale is in Jy bem

(=}
=
=
&
Ll
n
i

3E).0_ 21:&)0‘0 300 1320:00.0 30.0 19:00.0 18:3
|

-0.0034 -0.00053 0.0017 0.0036 0.0052 0.0067

0.0081 0.0093 0.011

Figure 4. GMRT 325 MHz map of thevortexfilament with spectral extrac-
tion regions used for Taté 4 overlaid. The scale is in Jy behm

4 INTERPRETATION
4.1 Vertex and vortex: the nature

A detailed radio spectral energy distribution (SED) anialysn
provide lower limits on the ages of the filaments and cluesiabo
the filament's nature and origin. The radio SED of distinc-fil
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texandvortex shows a significantly steeper index than any other
filamentary feature in Hercules A's lobesi s SH2 = 0.90 + 0.05
andat§SH2 = 1.14 4+ 0.04 (see their table 5): this is surprising
if it is associated with a recently shocked region. Given ther-
cules A is probably in a driving phase, more useful compasso
with Centaurus A might include FR | 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 fuége
sources (and any other FR | or FR I/l radio galaxy) are yegath
Centaurus A's integrated southern giant lobe diffuse eoniss
shows a spectral index3-$ SH2 = 0.55 + 0.02 and 5552,
0.47 + 0.06 (Hardcastle et al. 2009) and £ $H2, = 0.63 £ 0.01
(McKinley et al.l 201B) in the region of theertex Around the lo-
cation of thevortex the measured spectral indices arg) Sz

0.71 £ 0.05 and ok Sz,

4 GHz _—
= 0.62 &+ 0.12 (Hardcastle et al. 2009)
and o115 §iit,

0.65 + 0.01 (McKinley et al.|2013) although
this region does not encompass thatexin its entirety. Various
authors|(Feain et al. 2011; Stawarz et al. 2013; Stefan @0AM;
Wykes et all 2013; Eilek 2014) have modelled (parts of) ttangi
lobes as recently undergoing particle re-acceleratias;ittea is
congruous with the rather flat spectral indices of the gldblaé
plasma. An important point is that the spectral indicesweatnea-
sure for the filaments (SectibnB.2) are not significantlytdtathan
these lobe spectral indices; instead, they are ste®@pepdrcent
confidence level) than or similar to (given the relativelygka er-
rors on the GMRT flux densities) the global lobe plasma values
measured by McKinley et al. (2013). This places constraintthe
possible character of the filaments that we discuss in mdegl e
Section§4.1]2 arld 4.1.3.

A number of theoretical works have suggested that a cor-
relation betweenB-field and particle density may be weak,
essentially becausé-field fluctuations relate to Alfvénic tur-
bulence which does not compress the plasma, and also on
grounds of the so-called ‘reconnection diffusion’ whictoletes
the flux-freezing condition (see for more in-depth discoissj
e.g., | Passot & Vazquez-Semadeni 2003; Cho & Lazarian | 2003;
Santos-Lime 2010). This is supported by X-ray observatiohs
radio lobes (e.g. Pictor A, Hardcastle & Croston 2005; 3G 353
Goodger et dl. 2008) where the inverse-Compton emissios doe
not follow the pattern seen in radio-synchrotron emissiomfthe
lobes. We discuss the possible behaviour of the magnetit ifiel
the filaments in Sectiofs4.1.1 dnd 411.3.

It has thus far been unclear whether ttegtexandvortexfil-
aments are overpressured as argued for M 87 (Hineslet al; 1989
Forman et &l. 2007) and for Pictor A (Perley et al. 1997), qrizs-
sure equilibrium with the medium within which they are embed
ded. The large pressure jump factors associated withvéniex
andvortex (p2/p1 ~ 30 for the vertexand ~ 240 for the vor-
tex for the heat capacity ratio of = 5/3, andp2/p1 ~ 15 for
the vertexand ~ 80 for the vortexfor v = 4/3) presented by

ments in a handful of lobes where such measurements are- accesFeain et al.[(2011) on grounds of an idealised case of amligiti

sible shows a slightly flatter spectrum compared to that @in-
eral lobe plasma, e.@S3SH2 ~ 1.1 vs. o458 ~ 1.6 in the
FR /1l source Hercules A (Gizani & Leahy 1999), which might i
dicate either more recent particle acceleration or magfietd en-
hancement at the filament (Tribble 1994). More specificahg,
spectral indices of the ring-like filaments in Hercules Aaibed

by spectral tomography (Gizani & Leahy 2003) are in the range
af a8z L 0.70—1.15, and at lower GHz-frequencies in the range
atsShz L 0.70 — 0.90, with a general trend of flatter spectral in-
dices at lower frequencies. Tlaec filament in the western lobe of
Hercules A, comparable in morphology and orientation tovire

spherical cocoon collapsing into a torus after a passagesiwbag
shock, would point towards large filament overpressure theik-
fore to fairly flat filament spectral indices if these are sgtplr-
ticle acceleration. Fopz/p1 ~ 30 andp2/p1 ~ 240 pressure
ratios andy = 5/3, the Mach number A1) from the Rankine-
Hugoniot jump relations is respectivelyt ~ 4.9 and M ~ 13.9;
for p2/p1 ~ 15 andpz/p1 ~ 80 pressure ratios ang = 4/3, it
is respectivelyM ~ 3.6 and M ~ 8.4. However, it is not clear
whether such large overpressure factors are consistemthgtra-
dio observations. We will elaborate on pressure considerstin

Section§4.1]1 arfld 4.2.1.
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4.1.1 Filament pressure

In this section we consider the pressure in the filaments &nd i
implications for their dynamics.

Since the radio emission from thertexand vortexis syn-
chrotron radiation, we can calculate the pressure of thizsednts
from their flux densities and estimated volumes if we makeesom
assumptions about the relative energy densitie®ifield, elec-
trons, and non-radiating particles. Ideally, we would ueelbowest
radio frequency at our disposal for the flux density measergm
i.e., 150 MHz, to minimize the effect of any age-related géze
ing in the electron spectrum. However, because the 150 Mitz da

have defied imaging attempts (see Sedfioh 2.1) and the 235 MHz

data possess a relatively large error on the flux, we resdtieo
flux densities at 325 MHz. We estimate the volumes ofuteeex
andvortex treating them as cylinders with length= 48 kpc and
radiusr = 3.2 kpc (vertey and! = 105 kpc andr = 1.8 kpc (vor-
tex), to be respectively’ ~ 4.5 x 10°7 andV ~ 3.1 x 107 cm?.
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 gsthe
code of| Hardcastle etall (1998). This yields for thertex an
equipartition B-field strength of B ~ 2.4 uG and a minimum
pressure Ofpmin = 2Up/3 ~ 1.5 x 1073 dyncn? while
for the vortexwe find an equipartition fiel@.2 uG andpmin ~
1.3 x 10~ '3 dyn cm™2. Compared to the global minimum pressure
of the lobes Ofpmin ~ 4.5 x 107 ** dyn cni? (based on results by
Hardcastle et al. 2009 building as well on the Myers & Spangle
1985 formalism), these are a facter3 highe. Such an overpres-
sure could be identified with weak shoclésf ~ 1.7 (vertey and
M ~ 1.6 (vortey, from the Rankine-Hugoniot jump relations.
However, in the model by Wykes etal. (2013), the giant
lobes are clearly not in minimum pressure; the dominantsores
component is provided by thermal material, with, ~ 1.5 x
1072 dyncm 2, with the pressures due to relativistic electrons
and B-field being much lower. In this situation it is not clear what
we should assume for the pressures in the various compoiments
the filaments. We consider one possible limiting case, irctvitie
thermal and relativistic electron pressures remain conhstathe
filaments while theB-field strength increases to provide the ob-
served increase in synchrotron emissivity. We find that, dsping
the relativistic electron number density . fixed, the B-field has
to increase by a factor 6.5 (vertey and factor~ 6.0 (vortex
with respect to the ambie®-field (for which we adopte®.9 ©G
from|Abdo et all 2010), to produce the radio-bright filamehte
obtainUp . ~ 1.7 x 1072 dyncm 2 and thusppie ~ 5.8 x
107 ¥ dyncm 2 (verte®), andUpie ~ 1.2 x 1072 dyncm?
and thuspgie ~ 3.9 x 1073 dyncm 2 (vortey. In this case,
the filaments would be only mildly overpressured (a faetot.3)
with respect to the medium in the giant lobes, which traeslab

(Wykes et all. 2013), the filaments would Befield dominated for

a filament strengtlB > 6 uG. However, this conclusion depends
strongly on our assumption about the thermal pressure igitire
lobes. Withpy, ~ 3.2 x 10713 dyn cn2 (Eilekl2014), they would
already beB-field dominated forB 2 3 uG. In the less likely
case of giant lobe pressure close to the minimum presswed;-th
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 magn&tiorte
and turbulence stresses, which is the saturation regieegirig to
B?/(87) = 0.5pv2, with p the mass density and the turbulent
speed. We have no means of independently calculatiigee also
the remarks in Sectign4.2.2), hence we cannot obtain a mamim
attainableB-field of the filament via this route.

The above results are inconsistent with the cocoon coligpsi
scenario suggested by Feain €tlal. (2011), which impli¢ds 1.7
(see the foregoing section); furthermore, the results nmatxdels
relying on high-energy particle acceleration by the Fermecha-
nism in the giant lobes (as per, elg., Pe'er & Lloeb 2012 aniaFra
2014) unlikely (see also Sectiobn411.2).

4.1.2 Particle confinement and ageing

As noted in Section4l1, we find a somewhat steeper spectrum in
the filaments than in the global lobe plasma. The steepexiisde
hard to explain in any model, but if it is real, it rules out netlin
which the excess emissivity in the filament region is relate@ny

type of) particle acceleration. Instead we need to consiumtels

in which the electrons in the filaments have cooled more hapid
than those in the giant lobes. Probably the only viable extess
scenario involves particles confined in the filaments andgsing
faster (Tribble 1993); hence in this section we considerthdre
confinement in the filaments can take place for relevant tales.

To see whether electrons of the required energies (in the
middle of the available observing frequencies of 235MHz to
2.2 GHz (T. Shimwell, private communication, for the la)tere.
~ 1.2 GHz) stay confined in theertexfilament, we estimate the
diffusion time:

@)

where¢ is a fudge factor for which we uge~ 10 (see Wykes et al.
2013 and references therein). Assuming Bield is parallel to
the long axis of the filament (see Secfion4.2.3), and takieg t
vertexradiusr ~ 3.2kpc, B ~ 5uG and electron gyroradius
rg.c COrresponding to the above energypof~ 9 x 10%, we get
Taie ~ 330 Tyr. So for cross-field diffusidh the electrons could
remain in the filaments for a long time relative to the losstcale.
Note however that we assume that the filaments have fieldeglign
along their length everywhere so as to imply cross-fieldudiffin

Tdiff = 5*1"2/7’&C c,

M ~ 1.0. (We note that as this is a limiting case, the overpressure for motion perpendicular to the filament. If we also assunfiecef

factor could be even lower than this if both electron dsdield
energy densities are varied to produce the filament emig3ivi

The B-field estimated above, although strong compared to
the field estimated from inverse-Compton observations éndih
ant lobes as a whole (Abdo et al. 2010), is not energeticalin-d
inant: with a thermal pressure of, ~ 1.5 x 1072 dyn cm 2

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

tive pitch angle scattering, then the electrons can strdangahe
length of the filaments (and, presumably, off the end) on astale
l/c ~ 0.1Myr, which is much shorter than the loss timescale;
moreover, unaged electrons must stream in at the sanfiel.rifte
there is some component of the field perpendicular to the éifam

9 There is potential for field line wandering and other mecérasi enhanc-
ing somewhat particle diffusion; our estimate might be aered a hard
upper bound on the diffusion time.

10 1n the presence of MHD turbulence, isolation of energetitigias and



long axis, then the timescale to move along the filament caorbe
longer, but the timescale to move across it becomes sh8aehe
confinement timescale is likely to be in the range 0.1 Myr—

300 Tyr, and for a substantial fraction of that ranigesitu losses
may be significant, thus allowing the electrons in the filataea

be more aged than those around them. However, we emphaaize th
the lifetime of the filaments themselves places a hard uppendd

on the possible excess ageing of electrons trapped in themeW
turn to this point in the following section.

4.1.3 Spectral ages

We now attempt to put constraints on the spectral (radiggiges of
the electrons in the filaments. Previously, Hardcastle/gRal09)
derived a synchrotron age @& + 1 Myr for Centaurus A's south-
ern giant lobe region around theertexand 29 + 1 Myr for the
region around th&ortex It is clear that, naively, the steep spectra
of the filaments would imply spectral ages older than thosthef
lobes, which is hard to understand, as noted in the previeas s
tion. In this section we explore whether excess-loss manfetise
sort described above can quantitatively explain the oleskfila-
ment spectra. We use an injection index)df to be consistent with
Hardcastle et all (20@.

In this type of model we need to consider two-fields:
Biresent, 1.€. the field that the electrons are currently in, @hg.,
i.e. the one that they have undergone most of their ageirgpmif
this context the preceding sectiolJ.g. is an emission-weighted
average of all théB-fields the electron has been in since accelera-
tion; itis possible for it to be lower, equal to or higher thBgcsent ,
depending on the stage of the filament evolution. For a fixedlr
frequency, the synchrotron age is

Bl/2

present

@)

where Bcwvp is the equivalent magnetic field strength giving the
cosmic microwave background (CMB) energy density, anderepr
sents inverse-Compton lossesBfresent > Bage, €.9. if the elec-
trons had spent most of their radiative lifetimes in a loviefies-
gion, this would make the filament spectral age exceed therspe
age of the lobe by an even larger factor. If we incre&sg. (rel-
ative to the rest of the lobe) we can in principle obtain a féain
spectral age below that of the lobe; howewBf,. has to increase
substantially because its equipartition value is signifilyabelow
Bcewup (wWhich is about3.3 1G). 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 estimates(Sec-
tion[4.2.2) to be at most 3 Myr. Forcing the spectral age tose a
low as this requires extreme values Bf.: fixing Bpresent tO its
maximum plausible value df.5 uG (see Sectidn4.1.1) we obtain
Bage ~ 30 G, and even withBpresent ~ 0.9 4G as in the giant
lobes at present (i.e. allowing an increase in the electronber
density to produce the observed increased emissivity ofitae
ments) we requirdB.g. ~ 18 uG. TheseB-field strengths seem
very high. Assuming that electrons are confined in the filarasn
discussed above, one can envisage a ‘squeezed state’ddlloy

thus streaming of electrons at the speed of light over kpesdistances is
unlikely, therefore the quoted value should be consideteata@lower limit.

11 |t is plausible that the injection index is slightly steegas indicated
for FR | sources by, e.d.. Young etjal. 2005: Laing & Bridle 2Pthe exact
value of the injection index does not have a strong effectusrtonclusions.
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a ‘relaxed state’ (i.e. recoil), then during the squeezeetbetrons
in the filament are ageing faster; so when the system relaa@s b
to the ambientB-field strength, the electrons in the filament are
‘older’ than the electrons around them, and exhibit a stespec-
trum. However, in this picture very high magnetic fields mheste
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 rarfgaad-
els we have considered. We emphasize that, because of kheflac
a broad frequency range, our spectral age fit is not very tpand
more data are needed to confirm our picture. In addition, we ha
assumed a single electron population in the lobes. Therel ciou
fact, be a second electron population (not to be confusdu‘set-
ondary electrons’ from proton-proton or proton-photorlismns),
from two or more episodes of jet activity with some time in be-
tween for radiative/adiabatic losses; this would eleviagesmission
at the low-frequency end of the range and might be made eigibl
the filaments by elevate®-field strengths there. However, there
is hardly any spectral evidence for this second populatitireein
Centaurus A itself or in other FR1 and FRII sources, and so we
regard this explanation as speculative without confirnmafiom
low-frequency observations of the giant lobes.

4.1.4 Magnetic twist?

Both the ATCA 1.4GHz and the low-frequency GMRT images
seem to indicate a twisting of theertexfilament. In a flux tube
with a quasi-cylindrical geometry and with axial fiel$, and az-
imuthal field By, the amount of twist of a field line follows from
the relation @/B, = rd¢/B, along a given field line. If the ra-
dius of the tube ig' and its lengthl, the total amount of twist of a
field line at the edge of the tube is obtained from (e.g. Pdi8St)
l B¢(T)
B, ©
We have observational constraints on the filament lengtiwadith
(see TablEM and Sectibn411.1). If the twistim, as seems from
the available radio images, and hence the length over wihieh t
twist exists is~ 31kpc, then the ratiaBs/B, ~ 0.5. We will
return to this in Sectidn4.2.3.

In the simple case, where the cylindrical filament carries a
constant current density over its cross section and fortaahs,,
the static MHD equilibrium gives the gas pressure on the'sube
axis asp (r = 0) = p(r) + B3 (r)/4x. From this and Equatidd 3
follows that the observed amount of twidlp constrainsB,, and
thereby the pressure difference: usiBg ~ (r A¢/l)B, we can
write

Ap _ _(rAe/)?  B?

P 1+ (rAg/1)? dmp

Thus, if the twisting scenario is correct, fqslasmag
p/(B?/87) ~ 1 (as is likely for the brightest filaments, see Sec-
tion4.11) andr A¢/l ~ 0.5, and assuming thaB, is constant
inside and at the edge of the filament, th@texcannot be com-
pressed by a large factor and hence not greatly overpres§iuze
compatible with strong shocks) with respect to the interfédat
plasma.

Ag =

4)

4.2 \Vertex and vortex: the origin

In this section we put forward, as the most attractive osgihthe
vertexandvortex(i) temporary enhancements of the activity of the
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extant or extinct jet leading to squeezing of the plasmaérsthuth-

ern giantlobe, and (ii) internal MHD turbulence. Feain e(2011)
have likewise suggested jet activity, and additionalli) urface
instabilities related to turbulence and (iv) the passaghetwarf
galaxy KK 196 through the lobe. We perform a ‘sanity checkhef
turbulent properties of the giant lobes, and we investigdtether

the lobe plasma is prone to a development of HD and MHD insta-
bilities.

4.2.1 Jet activity

The idea that th@ertexandvortexfilaments might originate from
an episode (or episodes) of (increased) jet activity andiplysrep-
resent weak shocks arises from, jointly, their 1.4 GHz an8-32
235 MHz morpholog@ 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 thatkwea
propagating shocks from the jet/core do not inevitably emhro

it) whereas turbulence-induced filaments are not expeotbd ain-
chored (to one another or anything else). At 1.4 GHz, 325 MHz
and 235 MHz, no connection to the current jet has been observe
For a filament age of abot — 3Myr (see Section4.2]2) it is
not obvious that the filaments could originate from diredivac

ity of the current jet if we believe its physical age (disasdy
Wykes et all 2013) isv 2 Myr. If the filaments result from varia-
tions in the core/jet activity and represent subsequettunsts, the
brighter of these, theertex ought to be spectrally and dynamically
younger than theortex since it is smaller in size and positioned
closer to the core. Arguments involving filament diametetdses
where the filaments appear as (half) rings have been usedrto co
pare filament ages in Hercules A and 3C 310 (Morrison & Sadun
1996). In the scenario in which theertex and vortex filaments
originate from a relatively recent (enhanced) direct jdivéy, it
would seem natural for them to exhibit a ‘leading edge’ antiaal-

ing edge’, but this is not seen at either 1.4 GHz or the GMRT fre
guencies. In this scenario, and if the cooling time of thetetss
were short enough, we would also expect to see a spectrat grad
ent along a path from upstream to downstream, which is nat see
either. In any case, it is not plausible that Centaurus Aggar-
rent jet power~ 1 x 10*® ergs™ !, pre-existing jet power probably
~ 1—5x 10" ergs!; see Wykes et al. 2013) would produce
these filaments as either terminal shocks or as a bow shottkisin
source. We additionally note that angular momentum fromj¢he
rotation on small scales may add left-over rotational conep to

the lobes on large scales and possibly help to explain aibgisf
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 surdeu
ings and are energetically plasma-dominated (rather Bydield
dominated), they expand with a velocity,, ~ (Ap/p)'/?, where
Ap = pint — pext IS the difference between the filament and
external pressure and is the mass density (taken to be similar
inside and outside the filament). For a filament widtlthe ex-
pansion timescale i, = d/vexp ~ (p/Ap)Y/%(d/cs), with
¢s = \/vkT /umu the adiabatic sound speed. In what follows we
assumeAp/p = O(1), so that the expansion time scale satisfies
texp ~ tes, the sound crossing time, and we estimate the timescale

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

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

tes = d/cs . (5)

Using the heat capacity ratip = 5/3, the mean particle mass
p = 0.62 and the lower limit on the lobe temperatureld x 103 K
(Wykes et al. 2013), we obtain > 1.9 x 10®cms ™! (> 0.006c).
Using the lobe temperature 2fx 10'2 K, derived by Wykes et al.
(2013) based on entrainment modelling and pressure cantstra
for the lobeSd, we can set an upper limit on the sound speed
using the relativistic expression = c¢/+/3 which yieldscs <
1.7 x 10"%cms™! (< 0.577¢). This gives us, taking the projected
width of the vertexfilament of6.4 kpc, a timescale for its expan-
sion in the rangé.s ~ 37kyr — 3.3 Myr. For thevortexfilament
projected width of 3.6 kpc, we obtain a timescale for expaman
the rangéetcs ~ 21 kyr — 1.9 Myr. The derived timescales are pos-
sible to reconcile with the notion that these filaments, i#spha-
dominated and mildly overpressured, are driven directhalpre-
existing jet given the limit on the age of the current jetoR Myr
(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 @ Se
tion[4:1.1) then the expansion speeds would be faster tfeaxh
ternal sound speed and the timescales estimated above Weuld
correspondingly reduced. However, our overall conclugdhat it
is marginally possible for weakly overpressured filameatbave
been produced directly by the last vestiges of former javiggin
the giant lobes.

4.2.2 Internal MHD turbulence

Simulations (e.gl_Clarke 1993; Lee et al. 2003; Tregillialet
2004; | Schekochihin et al. 2004; Falceta-Goncalveslet al020
Jones et al. 2011; TenBarge & Howes 2013; Hardcastle 2018) ha
shown that magnetic filaments develop naturally as a coesegu
of MHD turbulence. Thevertex vortexand also the fainter, ribbon-
like filaments in the southern giant lobe of Centaurus A are-re
iniscent of the outcomes of such simulations, and we camject
that their origin could be due to the turbulent motions in ltftee,
presumably driven by current or recently termin%ﬂet activ-

ity (Wykes et al.l 2013). Turbulence folds and stretches Bie
field, leading to its amplification (dynamo action) and a gt
intermittent B-field distribution. Filaments develop with lengths
of order of the largest eddies and transverse dimensionsi-pos
bly as small as the viscous dissipation scdefields coming via
the turbulent dynamo concentrate into such structureanRhe
Jones et al. MHD simulations, the filaments are likely repnés
ing flux features stretched around the larger eddies in the tu
bulence. Even if the global helicity vanishes, some localith
ity’ might be present that could instigate filament twistivgeak
shocks with a Mach numbekt ~ 2 are evident in density im-
ages from two-dimensional HD simulations (e.9. Lee &t ab30
and| Eilek (2014) alluded to the existence of transonic flcavel

13 We have confirmed by considering the thermal bremsstratdunigsiv-
ity of the giant lobes in the model of Wykes et al. that INFEGRALupper
limits on photon counts from the giant lobes presented bkBenn et al.
(2011) are at least two orders of magnitude above the predscbf the
model for any lobe temperature.

14 For a giant lobe disconnected from the energy supply, thestirale for
decay of turbulence, with the parameters derived by Wvkef ¢2013), is
of order 6 Myr.



hence weak shocks, augmenting locally the Alfvénic tunbcde 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\%s,
which builds upon the Kolmogorov kinetic energy scalifigf k) o
k—5/3, wherek = 2w /X is the wavenumber): velocity, associ-
ated with scale\ compares to that on the driving scale (i.e. outer
turbulence scal@)ymax as

U & Uxmax (A/)\max)l/3 3

(6)

with Amax the eddy size on the driving scale. However, the Kol-
mogorov scaling is not exactly in play when targeting thev-dri
ing scale as processes on that scale take longer than onehe in
tial range, and so the filament longevity invokiig,.. might be
considered a lower limit. To establish the eddy turnoveretiom

the driving scale we use the turbulent speedi.e. vamax) from
Wykes et al.|(2013)y, ~ 1.9 x 10°cms™!, and a driving scale

of 60 kpc (i.e. about a mid-value from their rangé — 100 kpc);

this gives~ 3.1 Myr. Taking thevertex and vorteX LAS (respec-
tively 34 and53kpc, see Sectidd 1 and Table 4) as a scale below

Amax and employing Equatidd 6, then the speed at these scales is

Vr=34kpe ~ 1.6 x 10° cms™! andva=saipe ~ 1.8 x 10° cms™*
and consequently their longevity, or ‘turbulent age’, ispectively
~ 2.1 and~ 2.8 Myr.
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with v, ; = (3KT3/mi)/? the ion thermal veloCityrscas, i the ion-
ion Coulomb collision time andscat,; the collisional frequen@],
equally inappropriate. To illustrate: the collisional mefeee path
for proton-proton collisions in a Maxwellian plasma of tesn@-
ture T is of order Amp,i = Uth,i Tscat,i- With @ lower limit on
the lobe temperature daf6 x 10% K and a thermal proton number
densitynpm ~ 5.4 x 107% cm™® (Wykes et all 2013), and thus
Tocat,i ~ 1.4 x 10%° 8, Amgp.i = 9GP, i.e. larger than the source
size.

However, collective processes, in particular gyro-resbima
teractions between protons and MHD waves or low-level MHD tu
bulence, likely produce an effective mean free path muchlema
than the above estimate (see also, €.9.. Schekochihin &eyowl
2006, Lazarian & Beresnyak 2006; Santos-Lima 2014). Inite s
plest model, with a low level of isotropic MHD turbulence tvit
magnetic amplitudé B, pitch angle scattering by MHD waves (e.g.
Wentzel 1974) restricts the mean free path along a large-stag-
netic f|e|dBo to Amfp7” ~ Tg,i/((sB/Bo)z with Tgi = Uth,i/Qi
the gyroradius of thermal ions afitl = ZeBy/(m; ¢) 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 & Laaari
2003;[Kim & Ryu120056; Kowal et al. 2007; Gaspari & Churgzov

We can test the turbulence-generated model by considering2013; Cho & Lazarigh 2014), with a flattening towards theidgv

the power spectrum of structure in the lobe, since a givemetag
field power spectrum will give rise to a characteristic pospec-
trum of projected synchrotron emissivity (e.9. Eilek 1989)e as-
sume that the variations in electron energy density arelsfiaking
the two-dimensional Fourier transform of the 1.4 GHz syotion
emission (as the 1.4 GHz image is the most sensitive avaikabl
us) and averaging its amplitude in radial bins to find the poove
each spatial scale in the manner described by Hardcasti&) 2
find that the power spectrum on the scales of the lobe thateasb
liably measured (i.e. smaller than the largest scale ofdbe itself
and larger than the resolution) is flatter than expected fdfol-
mogorov spectrum for th8-field but there is no particular priori
reason to expect such a spectrum in real MHD turbulence; ®n th
other hand, despite the subtraction of point sources frenmnttage
(see Section214) there is still a large amount of spuriousdissaale
structure which will affect the measured power spectrumer@l,
we can say that the turbulence model passes this consisteacy,

in the sense that the structure in the lobes does appear ¢oshav
power spectrum consistent with a power law; in particulagre

is no evidence that theertexandvortexare formed in a different
way from the other filaments in the lobes, as would be provided
e.g., a deviation from a power law on scales comparable teetho
structures.

It is difficult to put (independent) quantitative limits ohet
fundamental parameters of fully developed turbulenceh siscthe
turbulent speed; at the driving scalBl, or the kinematic viscosity
v and the corresponding viscous dissipation séglein an envi-
ronment such as Centaurus A's lobes. The rarefaction amdéig-
perature of the lobe plasma (in the model described by Wyikak e
2013) imply that binary (Coulomb) collisions between ioms{nly
protons) and/or electrons are too infrequent to be phygicale-
vant. This makes the conventional collisional estimateHerkine-
matic viscosity of the formv o~ v}, ; Tecat,i/3 = vi, 5/(3 Vecat.i),

15 Wykes et al’s (2013) estimate of is based on the condition that a
turbulent dynamo can reach energy equipartiton, ~ Us.

scale. However, the ‘knee’ (i.e. the transition from the-fipectrum
range to the Kolmogorov slope) is not well constrained. @lzse
tions provide a turbulence levélB/B, on the largest expanses,
for which one generally adopts the fiducial valé&/By ~ 1
(e.g..O'Sullivan et al. 2009). A crude estimate of turbuketevels
on small scales can be obtained by scaling down from thendyivi
scale to a dimension that we determine invoking the relation
6B/Bo o< A = (A Amax)"® andAmsp,| =~ 7g.i/(6B/Bo)?, and
assumingBy similar on both scales. The mean free path derived in
this way gives an upper limit on the true value since the mégne
field power spectrum may flatten towards the largest scales.
Working from the driving scale oAmax = 60kpc as above we
arrive athmg, | < rg/f A5 <34 %x10%cem (€1 x 1073 pe);
such a proton effective mean free path is fairly below the sifz
the resolved fine structure in Centaurus A's giant lobes. g t
scale, the derived turbulence leveliB/By < 2.6 x 1073, This
leads to an effective viscosity where large-scale motionss¢ales
significantly larger than\s, ) with velocity v are dissipated
with a dissipation rate per unit volume If scattering is weak
(Vscat,i < i), the dissipation is mostly due to compression and
motion along the magnetic field, taken to be thdirection:
ov, 1 2
9z §V~V) ’ ™
see, e.g., Kaufman (1960) ahd Braginskii (1965). The absve a
sumes the effective collision tiM&cat; =~ Ampp,|/Vhi =~
1/(S% (B/Bo)?). Note that the dissipation rate scaleséasx
nimives v2(\)/A? with X the turbulent scale and,()\) the tur-
bulent speed at that scale; this scaling wittand \ is the same as
for ordinary (collisional) viscosity.

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

€ = NiMilest (

16 The ion-ion collisional frequency is (e.g. Braginskii 196%cat,i =
47r1/224nie41nA/(3mi1/2kS/QTiS/z), wherelnA is the Coulomb loga-
rithm in whichA = 47n; A3 /3, andAp = (kT'/47n;e?)'/? is the Debye
length.
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at which the turbulent cascade dissipates: the viscousfdhtt
marks the end of the HD structure evolution, and the resistit-
off that marks the end of the MHD architecture, to finally obta
a crude estimate of the current sheet dimension likely éssat
with the resistive scale. This allows us to constrain thewjndime
of the tearing mode.

In a simple Krook collision model (Bhatnagar et al. 1954)
with parallel scattering mean free paths, | and thermal velocity
ven i, the effective kinematic viscosity entering Equafion 7 is

®)

Adopting T = 1.6 x 10°K, B = 0.9uG andéB/By =
2.6 x 1073, we getveg ~ 4.5 x 10?2 cm? s71; this is consider-
ably smaller than the kinematic viscosity based on Coulooib ¢
lisions. Using such effective viscosity, the Reynolds nemts,
adopting the driving scale and turbulent speed figures aseabo
Re= Amax Ut /Vert ~ 7.7 x 10°, which implies that a Kolmogorov
cascade breaks off @&, ~ Amax/Re®* ~ 7.1 x 10 cm
(~ 2 x 107® pc). Thus, in principle, a turbulent cascade could be
set up from kpc to sub-pc scales comparable i@, ;, assuming
T, B anddB/ By levels as above.

The magnetic diffusivity due to electron scattering witltsc
tering timeTscat,e, Pm = 02/471'0, with ¢ = ne eQTscat,e/me the
electrical conductivity, is expected to k& v.g for typical param-
eters. In this situation magnetic dynamo action is allowtstales
< the dissipation scale of the large-scale kinetic turbugefecg.
Tobias et all 2011). An actual computationgf is hampered by
the same problem as calculating the effective viscosiwythieory
of Coulomb collisions, in this case for the current-cargyiec-
trons, does not apply as the electron mean free path is caivipar
to the source size. We parametrize this uncertainty by esprg
all parameters in terms of the (unknown) electron scatjemean
free pathAmsp e in the turbulent medium. For thermal electrons, the
scattering time iSwcat.c ™~ Amfp.o/(KT/m.)*/? and the magnetic
diffusivity becomes

(efoope)?

Tscat,e

Veff =~ Uth,i )\mpr,H /15 .

Mm = (9)
where c/wpe is the electron skin depth andv,e =
(4mnee? /me)/? the electron plasma frequency.

The magnetic Reynolds number Réor large-scale fields is
based on the magnetic diffusivity (as abovg) = ¢*/4rc, with
herec = wgcrscat,e/zm the conductivity of the plasma. Using for
the scattering time the anomalous (i.e. turbulence-indjugelue
Tscat,e ™ Amip,||/Vsh,e With the bulk of the electrons (since they
carry the current), we have . = 74 i(me/mi)*/? ~ 5.4x10% cm
(~ 2 x 1071 pc) andrscat,e = Tscat,i(e/mi)*/? ~ 9.4 x 10° s.
For B = 0.9 uG and§ B/By = 2.6 x 103, this yields an anoma-
lous conductivityo ~ 1.3 x 10 s7. The specific magnetic diffu-
sivity is thenn, ~ 5.6 x 10'° cm? s which is smaller than the
effective kinematic (ion) viscosity. This means that thegmetic
Prandtl number Ry, defined as Rf = veg/nm ~ 8.1 x 10°, is
large; therefore magnetic turbulence can be maintained heel
low the viscous dissipation scabe,. However, the character of
the turbulence is different on those scales, since (bothdad
slow) magnetosonic fluctuations are damped, velocity fatains
are supposedly far sub-Alfvénic and tliefield lines are mostly
‘shuffled’. Relating), to the magnetic Prandtl number, one finds
the resistive dissipation scalg, =Pr,'/?)\, ~ 2.5 x 10'2cm
(~ 8 x 1077 pc). This is well below any observable scale, but we
will re-appeal to the resistive cutoff in Sectfon4]2.3 ie ttontext
of the tearing mode.

4.2.3 (Surface) instabilities

We do not as yet have a tight observational constraint onvehnet
the vertexand/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 sehz
appealing. Feain et al. (2011) have suggested the KH iisyetioi

be at the origin of some of the filamentary features in thetsout
ern lobe, albeit without detailed arguments or support frood-
elling. \Wykes et al.|(2013) and Eilek (2014) have argued that
giant lobes are in an approximate pressure balance withgbei
roundings (a prerequisite for the KH instability to opejatad we
further verify whether the KH instability could develop bgresid-
ering its growth time (e.g. Chandrasekhar 1961):

1/2
|

wherek is the wavenumbep; andp, the giant lobe and intragroup
plasma mass densities and . the velocity of the lobe flow rela-
tive to the intragroup flow. Taking 5 kpc for the scale (thattie
mean filament thickness, see TdBle 4) and thus1x 1022 cm ™!
for the wavenumber]l.1 x 10~ cm~3 (Wykes et al/ 2013) and
1x10~*cm™3 (Q’Sullivan et all 2013; Eilek 2014) for respectively
the total lobe and intragroup densities, and the buoyanicine
of 4.9 x 107 cms™* (~ 0.002¢) (Wykes et all 2013) for the lobe
flow speed (while setting the intragroup speed to zero), vaiob
a growth rate of~ 4.1 x 10~° yr~'. From this it follows that the
growth time is of ordetkn ~ 240 Myr, which makes the origin of
the vertexvortexas a KH instability improbable. If, however, the
interior plasma is moving faster than the buoyancy speechathw
we propose the giant lobes are rising and/or the thermaicfgart
content of the lobe is higher than assumed here, the growih ti
will be smaller and an explanation in terms of KH instabiliégs
restrictive. In the limit thatyy, ~ 1 x 10~* cm™3 (Stawarz et al.
2013; O’Sullivan et al. 201.3), the KH growth time4s 3.4 Myr. In
any case, the origin as a surface KH instability may be rutgab-
servationally given the fact that we do not see perturbatairthe
(projected) edges of the lobes with sizes comparable toehex
or vortex

The RT instability is driven by buoyancy in a stratified plasm
and requires heavy material on top of lighter matter. It isaiear
that the effect of RT (‘fingers’ of external medium intrudiimgo the
lobes) could give rise to structures resemblinguaeexor vortex

The RM instability is analogous to the RT mode. It requires
low-density material intruding impulsively into a highdensity
matter, or vice versa, producing voids in the former casespiic-
like features in the latter. The RM instability is probablyra rel-
evant for very young lobes; we have no clear indication ahsuc
RM-like features in the available radio images of the filatagand
we do not expect strong shocks at the distance from the cdheof
vertextvortexfilaments in the giant lobes (see, e.g., Secfionsk.1.1
and4.2.1).

The tearing instability develops due to small non-zercstési
ity in high-current regions wittB-field reversals. The primary re-
quirement for this instability to be triggered is a thin figkl/ersal
layer (the geometry as in magnetic reconnection), whicHdcou
occur at the lobe/intragroup medium interface and probalsp
inside the lobes. We can legitimately consider anomalosis+e
tivity, i.e. resistivity arising from particle-wave ini&ections (see,
e.g., Laval et gl. 1966; Melrose 1994 and references theBaio-
tion[4.2.2). We can adopt an extreme upper limit on the anoma-
lous collision rate (following Hines et al. 1989 in theirdtenent of

(o1 + Pg)2

tky = [ (10)
k2p1 pg v,



the tearing mode possibly associated with lobe filaments 8¥YM
which is the electron plasma frequengy. = (47 ne e?/me)"/?,

and so the collision rate i&cat,e < wpe/27. This gives us an up-
per limit on the resistivityn; < 2¢?/wpe. A lower bound on the
growth time for the tearing mode then reads (Hines gt al.|1989

P . K
~ T (Boa)2s

in which a denotes the width of the current sheet andhe Alfvén
speed. We usea = 2.4 x 10° cms™! (~ 0.081¢) and the thermal
electron content, i, = 5.4 x 107 cm™® (Wykes et all 2013) as
an approximation to the total electron number density (itésfull
plasma which carries the waves). The width of the currenetshe
is not well known, yet an obvious hard lower limit is the etect
gyroradius which is for our adopted conditions in the giaftels
rge ~ 5.4 x 105 cm (~ 2 x 107'° pc). Probably the most realis-
tic estimate of the current sheet widthis the resistive dissipation
scale of the turbulence that we have estimated in Sdctio? 42
be\, ~ 2.5 x 102 cm (~ 8 x 1077 pc). This givegy = 6.3 h,
which obviously falls well within both the dynamical and spal
ages of the lobes, and also within the turbulent ages of theid

ual vertexandvortexfilaments (derived in Sectién4.2.2). The resis-
tive tearing mode is generally suppressed in high Re numbdian
however, the eddy turnover time at the tearing scaled(2 yr) is
longer than the lower limit on the tearing instability grémtime,
hence the tearing is presumably not suppressed by this. D¢
topological consequences of the tearing instability ang tlosed
B-field loops in 2D simulations and long magnetised filaments i
3D. Thus, while the tearing instability may be associatett wie
vertexand vortexfilaments, it would be expected to show a non-
vertexvortex morphology and to appear on unobservable scales
within them.

Various authors considered radiative instabilities, Wtacise
as a result of runaway cooling, in radio galaxies’ lobes:-syn
chrotron cooling, if relativistic electrons dominate theegsure
(Hines et al. 1989; de Gouveia dal Pino & Opher 1989; Bodolet al
1990; Rossi et al. 1993), or thermal bremsstrahlung cogpilfitiger-
mal plasma dominates (Hines eiflal. 1939; Bodo et al. 11990). To
deal with the synchrotron instability, we consider relistic elec-
trons with a distribution of energies. .. (F.) = No E; ? between
Ee,min and Ee max, WhereNy is the normalisation of the electron
energy spectrum anglis the electron spectral index. The growth
time of the synchrotron instability, with also the inveiGempton
component included, can be written as the total electrorggrei-
vided by the total electron energy loss rate:

(11)

Ee max
fEe ;m:; nc,rcl(Ee) E.dFE.
tSyl’lC = YEe max ? (12)
C [ neval (Ee) B2 dt
whereC is a constant such that for an electrafi.gd: = —CE2,

and it represents both synchrotron and inverse-Comptoses$os
C 407 (Upage + Ucms)/(3m?2 ¢), where ot denotes the
Thomson cross sectiob]z.g. the energy density in agefl-field
(as in Section4.1]13) anticvs the energy density in CMB pho-
tons (see also_Hardcasile 2013). With = 09uG, p = 2,

17 In the presence of MHD turbulence, a single stochastic ntagrezon-

nection region is associated with a multitude of such cursbreets (e.g.
Lazarian & Vishniac 1999). Magnetic reconnection and wdalcks asso-
ciated with the filaments could locally boost the Alfvéniatide accelera-
tion likely operating throughout the lobes (Ellek 2014).
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and Fe min = 5MeV and Ee max = 100 GeV (which we have
invoked in calculations of the filaments and the giant lobes)
energy cutoffs, the instability growth time becomes110 Myr.
This exceeds the turbulent ages of the individual filamestaeall

the spectral ages of the lobes. The synchrotron instabitiay

be also excluded on grounds of the likely dominance of non-
radiating particle pressure in the lobes (Wykes &t al. 20t &En-
taurus A; e.g._Croston & Hardcasile 2014 for other FR 1 sa)ice
The growth time of the thermal bremsstrahlung instabilibgg as
(e.g.Karzas & Latter 1961)

T1/2

tn_br = 1.8 x 10! S
Ne,th gF

(13)
whereT is the lobe temperature argg the temperature-averaged
Gaunt factor. Other thermal energy and emissivity pararaetee
absorbed into the numerical prefactor. Using the rangempés-
aturesl.6 x 10 t0 2.0 x 10** K andne.tn = 5.4 x 10~ %cm™3
as above, and setting: = 10 (Karzas & Latter 1961), we obtain
a growth time range- 1.3 — 99.6 Pyr which is much larger than
the Hubble time. Even if the thermal density were as high as
10~* cm™3 and temperature as low &s8 x 10° K (Stawarz et al.
2013), the thermal bremsstrahlung instability would stiteed the
Hubble time, as expected. This makes a development of nagliat
instabilities in the giant lobes unrealistic.

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

The sausage instability, formally an axisymmetric = 0
mode in a cylindrical magnetised plasma column (pinch)uoc
when the azimuthal field3, becomes too strong. In that case a
sausage-like series of bulges and compressions in the adesr
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 shel-
atively high degree of linear polarization, implying thegence of
significant axial fieldB, (e.g. Pictor A| Perley et &l. 1997; 3C 310,
van Breugel & Fomalont| 1934; MG 0248+0641, Conner ét al.
1998; Hercules A,_Dreher & Feigelson _1984; Saxton it al. 12002
Gizani & Leahyl 2003). Also, the Junkes et al. (1993) poldiiza
images of Centaurus A seem to shéifield vectors perpendicular
to the z-axis of the filaments (albeit the resolution of these maps
is not very high). This makes the sausage instability as anmea
of affecting the vertexvortex shape rather unlikely; moreover,
inspecting in more detail the radio images, thertexand vortex
morphology does not well match the morphology as expected fo
the sausage mode.

The kink instability (» = 1 mode) eventuates when a plasma
column moves more-or-less as a whole, and its axis is defbrme
into a sinusoidal or helical shape. Analogously to the sgeisa
mode, an exact determination of growth rates and the siabilte-
rion depends on the detailed properties of the magneticifiside
and outside the pinch; the presence of an azimuthal fieldsiabdi-
ising. The instability develops when the magnetic twhgt exceeds
a critical valuBY (Lundquist/ 1951{ Hood & Priest 1979, 1981;
Kliem et al. 2004). The evolution of the kink instability hbeen
investigated by, e.g., Begelman (1998) and Haynes| et ab&(20
and| Srivastava et al. (2010) have provided observatiorideeue

18 |Hood & Priest [(1981) derived a critical value of 24%However, this
outcome is model-dependent and cannot be considered sailyer
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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)

r 1 1/2
o L)

where k is again the wavenumber, is the flux tube radius and
By (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 theertexmorphology, hence we will calcu-
late the growth time for this particular filament. We consitlee
northern part of thevertexwhich seems to show a turn over >1
wavelength (see Fidsl. 2 ahtl 3). Thertexradius is (at the widest
point) 3.6 kpc; as before, we adopt= 4.1 x 10~*?cm™! and

va = 2.4 x 10°cms™, andB, /B, ~ 0.5 (from SectiohZ.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 theslabe
also within the turbulent ages of thertexand vortex filaments.

A co-temporary development of the kink and the tearing mode,
disparate scales, is possible. Thus, the kink instabditikely to be
operating: not destroying theertexfilament, just making it appear
kinked.

(14)

tm=1 =

4.2.4 Dwarf galaxy KK 196 (AM 1318-444)

We consider explanation (iv) in Section¥4.2 the least likgilyen
the low mass of the dwarf irregular galaxy KK 196, its low rel-
ative velocity to NGC5128, a combination of high temperatur
and low particle density of the giant lobe plasma, and ihe
tex and vortex morphology; moreover, we would expect a single
wake. We first test this assertion by performing a simple kliec
a galaxy to have 8ondi-Hoyle wakethe accretion radiusacc
should be larger than its size. The accretion radius is giwen
Race = 2GMga1/ (v}, +c3), whereM,,) andv,,, are the mass and
the velocity of the traversing galaxy, angthe local speed of sound
(Bondil1952] Sakelliol 2000). Adopting arcsec as KK 196’s an-
gular radius|(Jerjen et al. 2000) we infer 1.8 x 102! cm for its
physical size.

The total baryonic mass of KK196 i 5.9 x 10" Mg

ESO 444-G084 holds out to that larger radius then the totabrof
KK 196 is of the order of\/io; ~ 5 x 10° M@. This value is also
consistent withMior = Mayn = 1 — 4 x 10® Mg, where Mgy,
is the dynamical mass, inferred fram_Eder & Schombert (2000)
adoptingMp = —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 assumirif > 1.6 x 108K
(Wykes et all. 2013), the local sound speed in the giant lodsshes
> 1.9 x 108cms™* (> 0.006¢; see also Sectién4.2.1) and con-
sequentlyR... < 3.6 x 10'® 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 speethén
lobes is relativistic (as is required in any scenario wheerd is
stochastic acceleration of ultra-high energy cosmic réysh the
dwarf galaxy has even less effect.

Another possible manifestation of the galaxy-lobe intéoac
is a bow shock in front of the traversing galaxy and assodistiep-
ping of the galaxy ISM: then the filaments may be associatdi wi
a ram pressure-induced wake. This however requires KK 26’s
locity to be in excess of the intralobe sound speed which ts no
the case (see above). Still a moderate gas stripping cowdr oc
from KK 196 in the absence of a bow shock: the non-detection of
H1 (Banks et all 1999) makes gas removal from KK 196 at some
point in the past plausible. However, this stripped-off Fkds not
likely to organize itself into filaments of the morphologytbéver-
texvortexinside the giant lobes, and the H 1 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 thiertexvortexfilaments
as a result, but in objects where we actually see a jet irtiatac
with a galaxy |(Evans et &l. 2008), the results seem rathtardiit,
therefore we do not consider this scenario realistic. Megeahis
stripped-off H I-enriched gas would likewise not appeahiatadio
continuum images of the lobes.

5 SUMMARY AND CONCLUSIONS

(based on the results from Jerjen etlal. 2000 and Warren et al. We have presented new, high-dynamic range GMRT obsergation

2007), and its relative radial velocity to NGC 5128 is apjmtately

189kms !, so we estimate a relative 3D velocity@f,; ~ 189 x

V3 ~ 327kms™! (~ 0.001c). Note thal Crnojexi et al. (2012)

derive KK 196's total baryonic mass s —7.2x10” M, based on

its B-band luminosity, a stellar mass-to-light ratio< M/L < 2

and the measured H| mass, andas— 8.2 x 107 M based on

KK 196's star formation history and the measured H| mass. The

baryonic mass is thus well constrained and within8 x 10" M.
Assessing the non-baryonic dark matter (DM) mass fraction

in dwarf irregular galaxies is difficult because the rotatourves

are generally hard to measure, the H1 rotation velocitiesease

only very slowly as a function of galactocentric distancd arak

typically at an amplitude not much larger than the turbuleot

tion of the gas. From a few known cases (see Cotélet all 2080) fo

lows that the DM mass is of the same order as the stellar mass.

For KK 196 this translates into a total mak&.: of 4.5 x 107 <
Mtettar+Mgas+Mpn < 7.3x107 M. Note that the dwarf irreg-
ular ESO 444-G084 in the Coté et al. sample has a luminosity co
parable to KK 196 and itd/pm /Mium Value atRy5 (radius at the
25th mag/arcsécsurface brightness) i53—0.5. Thus, with the es-
timate given above we are likely to slightly overestimate ¥96’s
total mass. However, they also qudti v / Mium = 10 —12.9 for
ESO 444-G084 aRmax. If the comparison between KK 196 and

at 325 and 235 MHz of parts of the southern giant lobe of Cen-
taurus A, and have modelled the origin of the filamentarycstme
associated with the lobe. The key results of this paper afelas
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 theertexand vortexnearly coincides with
their morphology at 1.4 GHz, reinforcing their synchrotingin.
Thevertexshows fine substructure and appears twisted.vVE&Ex
and vortex fields demonstrate surplus filamentary features, how-
ever, we find no clear connection at 325 -235 MHz of the filasment
to the extant or extinct jet.

2. Combining the ATCA and GMRT data, and restricting the
range of baselines 15 — 2.5 kA, we have inferred a spectral in-
dexa = 0.8140.10 for thevertexfilament anch = 0.834-0.16 for

19 For dwarf galaxies, a significant increase in non-baryoriit i® com-
mon. TheRz5 radius is roughly the size of the stellar component of the
galaxy. However, the H I-based rotation curves tend to flattet onliest
further out (e.g. Warren etlal. 2006), hence there might kesaamount of
non-baryonic DM in these systems beyond their optical r(@éi also, e.g.,
Simon & Geha 2007).



thevortex This is marginally steeper than the spectral index of the
general Centaurus A lobe plasma, and we discuss this in tefms
an excess-loss scenario with particle confinement in thenéirgs.
Our spectral fitting implies spectral ages that are diffitoltec-
oncile with the ‘turbulent ages’ (i.e. the longevity of thiafnents
stretched by the turbulent eddies)-of2 — 3 Myr without invoking
very high magnetic field strengths.

3. Our minimum pressure analysis for the filaments reveals
1.5 x 107" dyncm? (vertey and1.3 x 10~'* dyncn? (vor-
texX) which is a factor~ 3 higher than the minimum global pressure
of the lobes. Such an overpressure could be identified witikwe
shocks (Mach numbeM ~ 1.7). Synchrotron emissivity ratios
result in a pressure jump of abouB3, compatible with expansion
at the sound speed. No efficient Fermil-type particle acagtmn
is expected for such slow expansions, and it also makes aisphe
cal cocoon collapsing scenario wittt > 1.7 in the giant lobes
untenable.

4. Scaling down from the driving scale in the giant lobes aith
presumable turbulence level®B /By ~ 1, we derive a turbulence
level 6B/By > 3 x 107% at~ 10~% pc. The viscous scale in the
giant lobes is clearly considerably smaller than that @éerifrom
Coulomb scattering. From our calculated low value of thecijoe
magnetic diffusivity, and therefore a large magnetic Ptlamgm-
ber, we deduce that the MHD turbulence extends well below the
viscous dissipation scale, with the resistive dissipasicale of or-
der107 pc. This sets the width of the current sheet of the tearing
mode.
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cluding the faint edge-like features, thasps In a future paper
we will report onXMM-Newtornobservations designed to constrain
the magnetic field strength of the individual filaments. Rejoic-
ing the complex morphology of theertexwill be a challenge for
future MHD simulations.

ACKNOWLEDGMENTS

We thank the staff of the GMRT who have made these observa-
tions possible. GMRT is run by the National Centre for Rad® A
trophysics of the Tata Institute of Fundamental Researhts -
search has made use of the NASA/IPAC Extragalactic Database
(NED) which is operated by the Jet Propulsion Laborator{if@a

nia Institute of Technology, under contract with the NasibAero-
nautics and Space Administration. We are indebted to StHéro
for providing the GMRT flux correction factors. SW thanks ilek,
P.Biermann, C.Elenbaas, P.Prasad, |. Feain, J. Bray, Bddgr

J. Croston, L. Houben, F.lsrael, F.Owen and J.P. Leahy for- st
ulating discussions, and an anonymous referee for a canstru
tive report. TWJ gratefully acknowledges support from N$&ng
AST1211595 and NASA grant NNX09AH78G.

REFERENCES

5. We have considered several mechanisms that may generate Abdo A. A. etal. (Fermi-LAT Collaboration), 2010, Scien@28,

the filaments in the southern giant lobe. We have shown tleat th
dwarf irregular galaxy KK 196 (AM 1318-444) can be excluded a
the origin of thevertexvortexfilaments, principally on grounds of
its low relative velocity and mass, and on the morphologyhef t
vertexvortex Our turbulence power spectrum modelling does not
support different origin of theertexand/orvortexfrom the other
filaments in the lobe. The Kelvin-Helmholtz instability paked at
the lobe-intragroup interface is ruled out based on its gnawne
and observational constraints. The Rayleigh-Taylor amtifRiyer-
Meshkov instabilities are highly unlikely to account forether-
texvortex within the available observational constraints. Of the
MHD instabilities, the tearing mode is supported by its giow
time which lies conveniently within both the dynamical apes

tral ages of the lobes and also within our derived turbulgesaof
the vertexvortex The filaments are inconceivably affected by the
sausage instability given the presumable presence of ah Bxi
field in thevertexvortexwhich 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 isicipated
based on the filament radio morphology and on the growth time
which is again sufficiently within the dynamical and spelcages

of the lobes and within the turbulent ages of tlegtexvortex The
radiative instabilities are ruled out based on their grativites. We
lean towards therertexand vortexfilaments originating from in-
tralobe MHD turbulence or from last stages of the activityttod
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 spalktn-
dex along the filaments may be revealed by observations téth t
ATCA-CABB at GHz frequencies. With an instantaneous field of
view of 30 ded between 700 and 1800 MHz ard times higher
spatial resolution in comparison to the current ATCA and GMR
images, the Australian SKA Pathfinder (ASKAP) will be theatle
facility for further investigations of the origin of the fit@ents, in-

725

Banks G. D. et al., 1999, ApJ, 524, 612

Bateman G., 1978, MHD Instabilities. Cambridge, MIT Press

Beckmann V., Jean P., Lulski P., Soldi S., Terrier R., 2011,
A&A, 531, A70

Begelman M. C., 1998, ApJ, 493, 291

Bhatnagar P. L., Gross E. P., Krook M., 1954, Phys. Rev., 94, 5

Birzan L., Rafferty D. A., McNamara B. R., Wise M. W., Nulsen
P.E. J., 2004, ApJ, 607, 800

Bodo G., Ferrari A., Massaglia S., Trussoni E., 1990, MNRAS,
244,530

Bondi H., 1952, MNRAS, 112, 195

Braginskii S. 1., 1965, Rev. Plasma Phys., 1, 205

Cavagnolo K. W., McNamara B. R., Nulsen P. E. J., Carilli G. L.
Jones C., Birzan L., 2010, ApJ, 720, 1066

Chandrasekhar S., 1961, Hydrodynamic and hydromagnetic st
bility. Oxford University Press

Cho J., Lazarian A., 2003, MNRAS, 345, 325

Cho J., Lazarian A., 2014, ApJ, 780, 30

Clarke D. A., 1993, in Lecture Notes in Physics, Heidelberg
Springer Verlag, Vol. 421, 243, Jets in Extragalactic Radio
Sources, ed. H.-J. Roser and K. Meisenheimer

Conner S. R. etal., 1998, AJ, 115, 37

Conway R. G., Kronberg P. P., 1969, MNRAS, 142, 11

Cété S., Carignan C., Freeman K. C., 2000, AJ, 120, 3027

Crnojevt D., Grebel E. K., Cole A. A., 2012, A&A, 541, A131

Croston J. H., Hardcastle M. J., 2014, MNRAS, 438, 3310

Croston J. H. et al., 2009, MNRAS, 395, 1999

de Gouveia Dal Pino E. M., Opher R., 1989, ApJ, 342, 686

Dreher J. W., Feigelson E. D., 1984, Nature, 308, 43

Eder J. A, Schombert J. M., 2000, ApJS, 131, 47

Eilek J. A., 1989, AJ, 98, 244

Eilek J. A., 2014, New J. Phys., 16, 045001

Evans D. A. et al., 2008, ApJ, 675, 1057



16  Sarka Wykes et al.

Falceta-Gongalves D., de Gouveia Dal Pino E. M., Gallagher J
S., Lazarian A., 2010, ApJ, 708, L57

Fanaroff B. L., Riley J. M., 1974, MNRAS, 167, 31P

Feain I. J. etal., 2009, ApJ, 707, 114

Feain . J. etal., 2011, ApJ, 740, 17

Fomalont E. B., Ebneter K. A., van Breugel W. J. M., Ekers R. D.
1989, ApJ, 346, L17

Forman W. et al., 2007, ApJ, 665, 1057

Fraija N., 2014, ApJ, 783, 44

Gaspari M., Churazov E., 2013, A&A, 559, A78

Gizani N. A. B., Leahy J. P, 1999, New Astron. Rev., 43, 639

Gizani N. A. B, Leahy J. P,, 2003, MNRAS, 342, 399

Goldreich P., Sridhar S., 1995, ApJ, 438, 763

Goldstein M. L., Roberts D. A., Matthaeus W. H., 1995, AnnvRe
Astron. Astrophys., 33, 283

Goodger J. L., Hardcastle M. J., Croston J. H., Kassim N. &, P
ley R. A, 2008, MNRAS, 386, 337

Greisen E. W., 2003, in Heck A., ed., Information Handling\s:
tronomy - Historical Vistas, Kluwer Academic Publishersyrb
drecht, p. 109

Hardcastle M. J., 2013, MNRAS, 433, 3364

Hardcastle M. J., Croston J. H., 2005, MNRAS, 363, 649

Hardcastle M. J., Birkinshaw M., Worrall D. M., 1998, MNRAS,
294, 615

Hardcastle M. J., Cheung C. C., Feain I. J., Stawarz t., 2009,
MNRAS, 393, 1041

Hardcastle M. J., Kraft R. P., Worrall D. M., 2006, MNRAS, 368
L15

Hardcastle M. J., Worrall D. M., Kraft R. P., Forman W. R., dsn
C., Murray S. S., 2003, ApJ, 593, 169

Harris G. L. H., Rejkuba M., Harris W. E., 2010, PASA, 27, 457

Haynes M., Arber T. D., Verwichte E., 2008, A&A, 479, 235

Hines D. C., Owen F. N., Eilek J. A., 1989, ApJ, 347, 713

Hood A. W., Priest E. R., 1979, Sol. Phys., 64, 303

Hood A. W., Priest E. R., 1981, Geophys. Astrophys. Fluid Dyn
17, 297

Intema H. T., 2014, Proceedings of ‘The Metrewavelength
Sky’ conference, NCRA-TIFR Pune, India, in press, preprint
(arXiv:1402.4889)

Intema H. T., van der Tol S., Cotton W. D., Cohen A. S., van
Bemmel I. M., Réttgering H. J. A., 2009, A&A, 501, 1185

Intema H. T., van Weeren R. J., Réttgering H. J. A., Lal D. V.,
2011, A&A, 535, A38

Jaffe W. J., Perola G. C., 1973, A&A, 26, 423

Jerjen H., Binggeli B., Freeman K. C., 2000, AJ, 119, 593

Jones T. W,, Porter D. H., Ryu D., Cho J., 2011, Mem. Soc. As-
tron. Italiana, 82, 588

Jun B.-l., Norman M. L., 1995, Ap&SS, 233, 267

Junkes N., Haynes R. F., Harnett J. I., Jauncey D. L., 1993AA&
269, 29

Karachentsev I. D. et al., 2007, AJ, 133, 504

Karzas W. J., Latter R., 1961, ApJS, 6, 167

Kaufman A. N., 1960, Phys. Fluids, 3, 610

Kim J., Ryu D., 2005, ApJ, 630, L45

Kliem B., Titov V. S., Torok T., 2004, A&A, 413, L23

Kowal G., Lazarian A., Beresnyak A., 2007, ApJ, 658, 423

Kraft R. P., Vazquez S. E., Forman W. R., Jones C., Murray S. S.
Hardcastle M. J., Worrall D. M., Churazov E., 2003, ApJ, 592,
129

Kraft R. P. et al., 2009, ApJ, 698, 2036

Laing R. A., Bridle A. H., 2013, MNRAS, 432, 1114

Laing R. A., Guidetti D., Bridle A. H., Parma, P., Bondi M.,20
MNRAS, 417, 2789

Laval G., Pellat R., Vuillemin M., 1966, Proc. Conf. Plasntg/f.
Controlled Nucl. Fus., 2, 259

Lazarian A., Beresnyak A., 2006, MNRAS, 373, 1195

Lazarian A., Vishniac E. T., 1999, ApJ, 517, 700

Lee H., Ryu D., Kim J., Jones T. W., Balsara D., 2003, ApJ, 594,
627

Lundquist, S., 1951, Phys. Rev., 83, 307

McKinley B. et al., 2013, MNRAS, 436, 1286

McMullin J. P., Waters B., Schiebel D., Young W., Golap K.,
2007, in Astronomical Data Analysis Software and Systems
XVI, ASP Conference Series, 376, 127, eds. R. A. Shaw, F. Hill
and D. J. Bell

Mauch T., Murphy T., Buttery H. J., Curran J., Hunstead R. W.,
Piestrzynski B., Robertson J. G., Sadler E. M., 2003, MNRAS,
342, 1117

Melrose D. B., 1994, ApJS, 90, 623

Morganti R., Killeen N. E. B., Ekers R. D., Oosterloo T. A. 959
MNRAS, 307, 750

Morrison P., Sadun A., 1996, MNRAS, 278, 265

Miller C. et al., 2011, A&A, 530, L11

Myers S. T., Spangler S. R., 1985, ApJ, 291, 52

Neff S. G., Eilek J. A., Owen F. N., GALEX Science Team, 2014,
AAS Meeting Abstracts, 223, 150.36

Noordam J. E., 2004, in Society of Photo-Optical Instruraent
tion Engineers (SPIE) Conference Series, Vol. 5489, Spoiet
Photo-Optical Instrumentation Engineers (SPIE) Confezede-
ries, ed. J. M. Oschmann, Jr., 817-825

O'Sullivan S., 2011, in American Institute of Physics Caefece
Series, Vol. 1367, American Institute of Physics Confeec8e-
ries, ed. H. Sagawa, Y. Kawasaki, T. Sako, M. Takeda & Y.
Tsunesada, 76-81

O'Sullivan S., Reville B., Taylor A. M., 2009, MNRAS, 400, 24

O'Sullivan S. P. et al., 2013, ApJ, 764, 162

Owen F. N., Eilek J. A., Kassim N. E., 2000, ApJ, 543, 611

Passot T., Vazquez-Semadeni E., 2003, A&A, 398, 845

Pe’er A., Loeb A., 2012, J. Cosmol. Astropart. Phys., 3, 7

Perley R. A., Dreher J. W., Cowan J. J., 1984, ApJ, 285, L35

Perley R. A., Roser H.-J., Meisenheimer K., 1997, A&A, 328, 1

Priest E. R., 1994, in Lecture Notes in Physics, Berlin Smin
Verlag, Plasma Astrophysics, ed. A. O. Benz & T. J.-L. Cour-
voisier, 1-112

Rossi P., Bodo G., Massaglia S., Ferrari A., 1993, ApJ, 412, 1

Ryu D., Jones T. W., Frank A., ApJ, 545, 475

Sakelliou I., 2000, MNRAS, 318, 1164

Santos-Lima R., de Gouveia Dal Pino E. M., Kowal G., Falceta-
Gongalves D., Lazarian A., Nakwacki M. S., 2014, ApJ, 781,
84

Santos-Lima R., Lazarian A., de Gouveia Dal Pino E. M., Cho J.
2010, ApJ, 714, 442

Saxton C. J., Bicknell G. V., Sutherland R. S., 2002, ApJ,,579
176

Schekochihin A. A., Cowley S. C., 2006, Phys. Plasmas, 13,
056501

Schekochihin A. A., Cowley S. C., Taylor S. F., Maron J. L.,
McWilliams J. C., 2004, ApJ, 612, 276

Seta H., Tashiro M. S., Isobe N., 2011, in IAU Symposium, Vol.
275, I1AU Symposium, ed. G. E. Romero, R. A. Sunyaev, T. Bel-
loni, 184-185

Simon J. D., Geha M., 2007, ApJ, 670, 313

Sirothia S. K., 2009, MNRAS, 398, 853


http://arxiv.org/abs/1402.4889

Srivastava A. K., Zaqgarashvili T. V., Kumar P., Khodachemhko
L., 2010, ApJ, 715, 292

Stawarz t. et al., 2013, ApJ, 766, 48

Stefan . |. et al., 2013, MNRAS, 432, 1285

Swain M. R., Bridle A. H., Baum S. A., 1998, ApJ, 507, L29

Tasse C., Rottgering H. J. A, Best P. N., Cohen A. S., Pierre M
Wilman R., 2007, A&A, 471, 1105

TenBarge J. M., Howes G. G., 2013, ApJL, 771, L27

Tingay S. J. et al., 1998, AJ, 115, 960

Tobias S. M., Cattaneo F., Boldyrev S., 2011, preprint
(arXiv:1103.3133)

Tregillis I. J., Jones T. W., Ryu D., 2004, ApJ, 601, 778

Tribble P. C., 1993, MNRAS, 261, 57

Tribble P. C., 1994, MNRAS, 269, 110

van Breugel W., Fomalont E. B., 1984, ApJ, 282, L55

Warren B. E., Jerjen H., Koribalski B. S., 2006, AJ, 131, 2056

Warren B. E., Jerjen H., Koribalski B. S., 2007, AJ, 134, 1849

Wentzel D. G., 1974, Ann. Rev. Astron. Astrophys., 12, 71

Wise M. W., McNamara B. R., Nulsen P. E. J., Houck J. C., David
L. P, 2007, ApJ, 659, 1153

Wykes S. et al., 2013, A&A, 558, A19

Yang R.-Z., Sahakyan N., de Ona Wilhelmi E., Aharonian F.,
Rieger F., 2012, A&A, 542, A19

Young A., Rudnick L., Katz D., DeLaney T., Kassim N. E., Mak-
ishima K., 2005, ApJ, 626, 748

This paper has been typeset fromgXmMATEX file prepared by the
author.

Origin of filaments in Centaurus A 17


http://arxiv.org/abs/1103.3138

	1 Introduction
	2 Observations and data reduction
	2.1 Calibration and imaging of compact emission
	2.2 Imaging of large-scale emission
	2.3 Flux density levels
	2.4 1.4GHz image processing

	3 Results
	3.1 Radio morphology and filament flux densities
	3.2 Filament spectral index

	4 Interpretation
	4.1 Vertex and vortex: the nature
	4.2 Vertex and vortex: the origin

	5 Summary and Conclusions

