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1 INTRODUCTION

1.1 Radio galaxies

arXiv:1509.06757v1 [astro-ph.GA] 22 Sep 2015

2School of Physics, Astronomy and Mathematics, Univer$igjeotfordshire, College Lane, Hatfield, Hertfordshire AL9AB, UK
3School of Physics and Astronomy, University of Southam@onthampton SO17 1BJ, UK,
4|nstitute of Continuing Education, University of Cambrigidladingley Hall, Madingley, CB23 8AQ, UK

ABSTRACT

Recent investigations have shown that many parameters ssungtions made in the
application of spectral ageing models to FR-II radio gadaxie.g. injection index, uniform
magnetic field, non-negligible cross-lobe age variationay not be as reliable as previously
thought. In this paper we use new VLA observations, whicthvatpectral curvature at GHz
frequencies to be determined in much greater detail tharpf@sously been possible, to
investigate two cluster-centre radio galaxies, 3C438 a@283 We find that for both sources
the injection index is much steeper than the values traditlp assumed, consistent with our
previous findings. We suggest that the Tribble model of spkeeing provides the most
convincing description when both goodness-of-fit and ptallsi plausibility are considered,
but show that even with greatly improved coverage at GHzueegies, a disparity exists in
cluster-centre FR-IIs when spectral ages are compareds$e ithetermined from a dynamical
viewpoint. We find for 3C438 that although the observatiokdate the lobes are expanding,
its energetics suggest that the radiating particles anchetegfield at equipartition cannot
provide the necessary pressure to support the lobes, sitnilather cluster-centre source
such as Cygnus A. We confirm that small scale, cross-lobe agations are likely to be
common in FR-II sources and should be properly accounted/f@an undertaking spectral
ageing studies. Contrary to the assumption of some presgingses, we also show that 3C28
is an FR-II (rather than FR-1) source, and suggest that itdstriikely a relic system with the
central engine being turned off between 6 and 9 Myrs ago.
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of the underlying dynamics and energetics of these poweaflib
sources remain a mystery.

FR-Il radio galaxies generally consist of three large scale

Powerful Fanaroff & Riley [(1974) class | (FR-I) and Il (FRH-II  structures: jets, lobes and hotspots. The jets of FR-lisrele

radio galaxies can have a significant impact on the environ- tivistic and are thought to be the mechanism for transpgnira-
ment in which they reside, with structure that can extendnfro  terial from the central active galactic nucleus (AGN) to @rtima-

tens of kiloparsecs (Birkinshaw etlal., 1981: Alexander &hg, tion shock, usually located at the extremities of the saufdes

11987; Konar et al.. 2006: Machalski ef al.. 2009) to megagmars  shock forms a compact region of synchrotron emission, known

(Mullin et all,[2006] Marscher & Jorstad, 2011) in size. Thé-a  as the hotspot, and is generally thought to be the dominaat lo
ity of these radio loud active galaxies to provide the reeplien- tion of particle acceleration within these sources. As thesgot
ergy input to suppress star formation in models of galaxyugian moves away from the nucleus (Burch, 1977, 1979; Winterlet al.
through AGN feedback (Croton etlal., 2006; Bower etlal., 3006 [1980: Meisenheimer et’al.. 1989), the previously accesdratr-

has therefore proved popular in explaining the observepepties ticles are left behind (possibly with some back flow of mate-
of stellar populations in massive ellipticals. Howeverpmaspects  rial) but continue to radiate via the synchrotron processcivh

are then observed as the lobes which give FR-IIs their clterac
istic morphology (e.g._Schelier, 1974; Begelman & Cioffi, 9:98
Kaiser & Alexander, 1997; Krause et al., 2012). As thesedatre

* E-mail: jeremy.harwood@physics.org in direct contact with the external medium, if we are to detee
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Table 1.List of target sources and galaxy properties

Name IAU Name Redshift 178 MHz 5 GHz Core Spectral Index LAS zeSi
Flux (Jy) Flux (mJy)  (178to 750 MHz)  (arcsec)  (kpc)

3C438 J2153377 0.290 48.7 7.1 0.88 22.6 98.3

3C28 J0053-261 0.195 17.8 < 0.2 1.06 45.6 148

‘Name’ and ‘IAU Name’ list the 3C and IAU names of the galaxi&s discussed in this paper. ‘Spectral
Index’ lists the low frequency spectral index between 17836 MHz, ‘LAS’ the largest angular size of the
source and ‘Size’ its largest physical size. The ‘Redshitt78 MHz Flux’, ‘6 GHz Core Flux’, ‘Spectral

Index’
(http://3crr.extragalactic.info/cgi/database).

how these powerful radio sources affect the evolution cdgak as
a whole, then we must understand their dynamics, energatids
ultimately the total energy they transfer to their envirami

1.2 Spectral ageing

In theory, for an electron which is emitting via the synchoatpro-
cess in a fixed magnetic field, the energy losses scale as

_FE
~ dE/dt

This leads to a preferential cooling of higher energy etewdrand,
in the absence of any further particle acceleration, presliacspec-
trum which becomes increasingly curved over time. Thusefec-

tron energy distribution initially described by a power law

N(E) = NoE™° 2)

x1/E « 1/v° 1)

we find at later times that

N(E,0,t) = NoE°(1 — ErE) °? (3)

, ‘LAS’ and ‘Size’ column values are taken directlyofn the 3CRR databas m983)

spectral ageing are, at least in some cases, less reli@netbvi-
ously thought.

The first of these potentially incorrect assumptions was tha
the model parameter which describes the observed spectfum o
the initial power law electron energy distribution (theeicljion in-

which is directly related to by

0—1
Qinj = —2 (4)

is traditionally assumed to have values of around 0.5 to et

on theoretical arguments (e.g. Blandford & Ostfliker, 195&) ob-
servations of hotspots (el.g. Meisenheimer et al..[1989lGdral.,
M). However, our previous investigation suggests fioatthe
two sources studied, the injection index:i9.8 in both cases. The
increased low-frequency energy content that this implis im-
plications for both the spectral ages of powerful radio gjalsand
their energetics, so it is key that we determine if these rligsliare
robust and if they are common to the FR-II population as a ehol

The second issue, first discusse996), was ardispa

where B+ are the model dependent losses which are a function of ity between the spectral ages and those determined fromaadyn

the pitch angle of the electrons to the magnetic figldnd time

cal view point. One potential solution to this problem wagplace

since acceleration (see Harwood et all, 2013 for a detailed dis- tighter constraints on the curvature of the lobe spectruowever,

cussion). This time dependent process, known as a spegtiaica

our study showed that even with greatly improved samplinfgan

has become a common method for determining the age of sourcesquency space, this disparity still remains. In order to Iresthis

radiating via the synchrotron process.

The ability of spectral ageing models to describe the ewrissi

from the lobes of radio galaxies, particularly their alilib pro-

vide the intrinsic age of a source, has long been a topic cétéeb

(e.gLALexandgL&Lﬂah\&JQBMﬂgk_&ALed\MMMt
[1997{Blundell & Rawlindd. 2000); however, the techniquaains

issue, it is important to determine whether this age diffeeeis
found in all galaxies, or if it is confined to FR-IIs in certagmvi-
ronments.

The final problem directly related to the work described ith
this paper is determining which model of spectral ageing des
scribes the spectrum of the sources, both in terms of goeetvfefit

a commonly used tool in the analysis of both low- and high- and in their physical interpretation. We discuss the varlmmdels

power radio galaxies (e.g. Jamrozy etlal., 2005; Kharb!¢2a08;

of spectral ageing further in Sectibn 2}4.2 (also

Orru et al.,| 2010{_de Gasperin et al., 2012; Heesenl et al.4)201

2013) but note here that the most commonly applied modeleﬂ sp

Work to develop more advanced ageing models that better de-tral ageing proposed by Jaffe & Pefdla (1973) (the JP mosléei

scribe the observed emission continues to this day (THki€83;

quently in conflict with that of Kardashel (1962) and Pachgiic

Komissarov & Gubanov, 1994; Machalski et al., 2009; Hartdéas
@) but testing of spectral ageing models against the eaerg
ation of radio interferometers that allow us to obtain mughter
constraints remains largely unexplored.

(1970) (the KP model). The JP model is often preferred due to
its physical plausibility but often provides a worse gocshief-

fit than the less physically realistic KP model, and is what we
also find in our 2013 study. We therefore tested the more tecen

Our previous work|(Harwood et al., 2013) has given the first Tribble model of spectral ageing (Tribble, 1993; Hardess2013;

insights into the spectral structure of FR-Il radio galaxien
small spatial scales and provided the methods requiredldw al
the detailed spectral study of these sources now that tmagds
bandwidth observations are available. Whilst this ingzgton
found that spectral ageing has at least some basis in réalippw-
erful radio sources, it has also become apparent that matteof
previously held assumptions made in the application of rnsoae

[Harwood et all, 2013) which accounts for a more complex descr
tion of the magnetic field within the lobes. We found that thizdel

was both able to provide a comparable goodness-of-fit to #he K
model and to retain the physical plausibility of the JP mold@ne

is to determine the impact of powerful radio galaxies onrtke
vironment then resolving these outstanding issues anddebiese
new models in a range of environments in order to be able to re-
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Figure 1. Combined A, B and C configuration radio map of 3C438 (left) Brehd C configuration radio map of 3C28 (right) between 4 andHg2.Gmaged
using multiscale CLEAN andASA nterms = 2 to a central frequency of 6 GHz (see Segfioh 2.2dtaild). The off-source RMS of the combined maps is
8uJy beant! and4;.Jy beant! for 3C438 and 3C28 respectively. The restoring beams afedh8 0.99 arcsec for 3C438 and 3C28 respectively and are

indicated in the bottom left corner of each image.

liably determine a sources age, hence total power outputits/e
lifetime, is a vital step.

1.3 Outstanding questions

In order to determine new, reliable parameters and modedpex-
tral ageing, we must first investigate whether our previond-fi
ings (Harwood et all, 2013) are intrinsic to a wide range oflIFR
sources in differing environments, a result of being sbid poorly
constrained in frequency space, or simply outliers in aemwtise
expected distribution. Within this paper we therefore expapon
our initial sample using truly broad bandwidth observagiofitwo
cluster-centre radio galaxies to address 4 primary questio

(i) What are the dynamics and energetics of FR-1l sourceswwhe
tightly constrained by broad bandwidth data?

(i) Which model of spectral ageing provides the best descri
tion of cluster-centre FR-IIs?

(i) Is the injection index of cluster-centre FR-IIs flats &ad
previously been assumed, or steep?

(iv) Does the well known dynamical versus spectral age dispa
ity still exist in cluster-core FR-IIs?

Sectior 2 gives details of target selection, data reductiuh
the spectral analysis methods used. In Sedfion 3 we present o
results and Sectidd 4 discusses the implications for ouentiun-
derstanding of FR-II radio galaxies. Throughout this paperon-
cordance model in whicily = 71 km s™* Mpc™', Q,, = 0.27
andQ, = 0.73 is used|(Spergel et al., 2003).

2 DATA REDUCTION AND SPECTRAL ANALYSIS
2.1 Target selection and observations

As curvature due to spectral ageing becomes most easilywbse
able above a few GHz (Alexander & Leahy, 1987; Alexander,
1987; [ Carilliet al., 1991] Perley, Roser & Meisenheime®91;
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Hardcastle & Looney, 2001), the resolution obtained with karl

G. Jansky Very Large Array (VLA) at C-band frequencies (4.0-
8.0 GHz) made it the natural choice for the required obsimst
Using the 3CRR sample (Laing, Riley & Longair, 1983) of well-
studied FR-Il sources as reference, we selected our teasgets to
ensure that they were both well sampled by the shortestibasel
at the highest C-band frequencies, while still maintairdmgason-
able resolution at the lowest frequencies. We therefotectsd the
largest angular size (LAS) of the sources on the skiy o5 < 50
arcsec at a redshift of < 0.5. We also imposed a spectral index
cut-off for the integrated spectrum af > 0.8, where0.8 is the av-
erage of the 3CRR sample. This ensures that the targetkatge li
to show significant spectral ageing rather than being veongo
nearby sources, selected due to the small apparent size bA&
cut.

From the eight sources that satisfied these criteria in 3CRR,
we excluded the peculiar sources 3C171 and 3C305, where the
radio structure plausibly results from strong interactiath cold
gas within the host galaxy (Hardcastle etial., 2010), and44271
which is likely to be a relic system. 17.5 hours of observiimget
was awarded which was suitable for observation of 2 of the re-
maining 5 sources in the required configurations. We thesefplit
the time equally between 3C438 and 3C28, both of which reside
in cluster-centre environments. Details of the genergb@riies of
these sources are given in Table 1.

In order to ensure that all known compact and diffuse emissio
was sampled, observations were made using the A, B and C array
configurations. As 3C28 lacks any compact structure on st
are sampled by the A configuration array, only B and C were used
in the final images. At the time of observation the maximumdsan
width capability of the VLA was 2 GHz as the 3-bit samplers ever
not available; we therefore used two 2 GHz observations\e gi
full frequency coverage between 4 and 8 GHz.

2.2 Datareduction

The data were downloaded from the NRAO archive and reduced
usingCASA in the standard manner as described indhsA cook-



4 J.J.Harwood et al.

bool and the online tutorial for narrow-field, C-band observasio
B. As multiple images were required for our analysis rathanth
just a single broadband data cube, each of the 32 125-MH#rapec
windows was individually calibrated.

The structures of 3C438 and 3C28 differ significantly, hence
different imaging strategies were required to obtain thénog
radio maps. For 3C438, the A-configuration data were firdt sel
calibrated in phase only and CLEANed to convergence. ThemA co
figuration images were then used as a model to cross-calitivat
B-configuration observations. The A and B configurationdata

were then combined and imaged, and these images in turn were

used to cross-calibrate the C configuration data. As 3C28 doe
contain compact structure, it was not possible to apply éineesthe
cross-calibration method used for 3C438. Instead, the BCacwh-
figurationuv data were combined and a standard self-calibration
performed in phase only. The radio maps of both sources were p
duced using the multi-scale clean algorithm MSCLEMW
[2008] Rau & Cornwell, 2011) at scales of 0, 5, 15 and 45 times th
cell size, where the cell size was set to one fifth of the beam si
In order for a detailed spectral analysis to be performegbénam-

Table 2. Summary of imaging parameters

Source  Parameter CASA Name Value Units
3C438  Polarization STOKES |
Image Size  IMSIZE 4096 4096 Pixels
Weighting ROBUST -0.5
Cell Size CELL 0.084 0.084  Arcsec
Beam size RESTORINGBEAM 0.42 0.42 Arcsec
Multiscale MULTISCALE [0, 5,15,45] Pixels
3C28 Polarization STOKES |
Image Size  IMSIZE 6144 6144 Pixels
Weighting ROBUST 1
Cell Size CELL 0.42 0.42 Arcsec
Beam size RESTORINGBEAM 2121 Arcsec
Multiscale MULTISCALE [0, 5,15,45] Pixels

‘Parameter’ refers to the imaging parameter used in makirrgdio maps
within this chapter. tAsA Name'’ refers to thecAsA parameter taking the
value stated in the ‘Values’ column.

eters of each image must be matched, so the beam size of the finaflux by a spectral index value fitted over the observed baridiwid

images was set to that of the lowest frequency data. We eadlud
the two lowest spectral windows for both sources (for reasts-
cussed in Sectidn 2.3) and so image at the resolution of thesko
frequency used in the analysis, rather than the lowest émecyuob-
served. A summary of parameters used for the imaging destrib
in this section is shown in Tablé 2.

As the observations described so far were taken for each arra
configuration in a single pointing we can be confident thay tire
inherently well aligned. However in order to correct for simsub
pixel variations in position, Gaussians were fitted to thrida@ore
for 3C438 and to a point source close to 3C28 (where the radio
core is not clearly visible in all images) USiI@ASAVIEWER. A
reference pixel was then decided upon and each map aligivegl us
theAlrd] OGEOM task.

In order to extend our frequency coverage the combined VLA /
MERLIN L-band data of 3C438 presented|by Treichel &t al. 1300
and data for 3C28 from the atlas of DRAGNs (Leahy, Bridle &
Stronﬁ), which are of comparable resolution to the C-band obser-
vations, were also obtained. These data were already atdibto
a high standard, hence only regridding to J2000 coordinages
imaging to match the parameters of Table 2 and alignment as de
scribed above was required.

To check the impact of any residual alignment errors, Gaus-
sians were again fitted to the aligned maps. We find the stdndar
deviation in the alignment between maps to be only 0.007Igixe
and so misalignments are unlikely to make any significantrdmn
tion to the uncertainty in the fitting of models to the oldesgions
of plasma.

Additional images were also created using the full bandwidt
centred at a frequency of 6 GHz. As, for the combined datdtset,
flux changes significantly over the bandwidth, the data meistiit-
ably scaled in order to produce a realistic image of the souiée
therefore used theasa multi-frequency synthesis (MFS) CLEAN
parametenterms = 2 (Rau & Cornwell| 2011) which scales the

L http://casa.nrao.edu/docs/UserMan/UserMan.htm

2 http://casaguides.nrao.edu/index.php?title=EV&&mWidebandTutorial
_SN2010FZ

3 http://www.aips.nrao.edu/index.shtml

4 http://www.jb.man.ac.uk/atlas/

The resulting images are shown in Figlite 1.

2.3 Data quality

From the 32 VLA spectral windows between 4 and 8 GHz, we
found that 28 had good quality data in all array configuratitor
both 3C438 and 3C28. Of the remaining four, the spectral win-
dow at 6.10 GHz (SPW 17) was of extremely poor quality in all
configurations and was therefore excluded from our analysis
4.02 GHz (SPW 0), heavy flagging of RFI was required in allyarra
configurations leading to poor data quality and so this image
excluded from further analysis. The observations at 4.14686
GHz (SPW 1 and 19 respectively) are of reasonable qualitgigu
nificant RFI was present in the B and C configuration data. @hes
two frequencies were therefore excluded from the speatedyais,
but included in the making of the combined image shown in Fig-
ure[d. As these problems are common to both sources, we sugges
that they are most likely due to an instrumental issue atithe of
observation. It is also worth noting that the low flux den4itgle’
observed in the northern lobe of 3C438 is also seen in the atla
DRAGNSs and in observations madelby Hardcastle et al. (1997) a
so is likely to be physical in origin, rather than an imagimnggtact.
Within the field of view of our observations of 3C28 an-
other large, bright, extended radio source was also sqreoalsly
observed. Unfortunately, due to being located at the edgbeof
JVLA's primary beam and with no well matched L-band datalavai
able, we are unable to perform a full spectral analysis. Hewe
we are still able to provide some insight into the source&ppr-
ties and therefore provide a brief analysis of this pecud@rrce in
AppendixA.

2.4 Spectral analysis

For the analysis of our sources we have used the Broadband Ra-
dio Astronomy Toold (BRATS) software package which provides a
wide range of spectral analysis and spectral age modelfiiiols.

The basic usage and functionality ®RATS has been discussed in

5 http://www.askanastronomer.co.uk/brats

(© 0000 RAS, MNRASD00, 000—-000
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dEtai previously [(Harwood et al., 2013) and in thRATS cook- Table 3. Summary of image noise by frequency
boolf] and so we do not provide an in depth discussion here. We
instead give a brief summary of the fitting performed and high

Iig.ht.nevxll features which hgve been added to the software sedl u Frequency Off-sourig438 On-source Off-sou::erS On-source
within this paper over previous works. (GHz) (uJy/beam)  Jy/beam) fJy/beam)  (Jy/beam)
1.42 70.6 212 - -
2.4.1 Region selection 1.46 - - 75.3 226
4.33 34.1 102 16.6 49.8
A region fully encompassing the source (but excluding thee)co 4.45 335 101 15.8 47.4
was defined usings9, along with a background region for de- 4.58 35.6 107 16.3 48.9
termining the off-source thermal noise. To test the impdahe 4.71 34.1 102 16.2 48.6
strong emission in 3C438 coincident with the assumed looaif 4.84 33.8 101 14.4 43.2
the jet on the model parameters and fits, a second region s@s al 4.97 32.1 96.4 14.4 43.2
created with this area excluded. Initial source detectias when 5.07 38.8 116 155 46.5
performed, for which &o cut-off was used based on this RMS 5.20 33.5 100 14.2 42.6
value. We adopt the same practice used by Harwood et al.[{2013 5.33 82.2 101 14.7 44.1
. . . 5.45 30.9 96.7 151 45.3
and apply an on-source multiplier of 3 times this value ferdeter- 558 28.8 9.7 15.0 45.0
mination of statistical values and region selection to aotéor the 571 28.7 86.4 14.6 43.8
increased RMS noise due to the increased uncertainty in ttk m 5.84 28.7 86.0 15.4 46.2
elling of the extended emission. As each VLA image is takehiwi 5.97 31.6 94.8 16.2 48.6
a single pointing, one can be confident that the relative filiba- 6.03 36.0 108 11.9 35.7
tion error between images is small. We therefore take thecflx 6.29 25.8 77.3 9.77 29.3
ibration error to be 1 per cent for the VLA images between 4 and 6.54 25.7 77.0 9.63 28.9
8 GHz. As the L-band observations were made with MERLIN and 6.67 27.6 82.9 10.6 31.8
the old VLA system, the flux calibration error relative to ¥ieA is 6.80 25.5 77.6 9.39 28.2
. . . 6.93 26.3 79.0 9.40 28.2
not immediately clear. We therefore take a conservativaevaf the
. . 7.03 29.6 88.8 10.2 30.6
standard absolute flux calibration error value for VLA L-Hawb- 716 239 717 912 274
servations of 5 per cent. To reduce the impact of the supiiqros 7.29 23.8 71.3 9.31 27.9
of spectra on our results (Harwood et al., 2013; Stroele2@l4), 7.1 239 718 952 28.6
and as these data are of good quality, in the analysis tHat®I 7.54 25.7 77.1 9.85 29.6
we considered each source on a pixel by pixel basis. A sumafary 7.67 24.8 74.5 9.54 28.6
the values chosen for the region selection is shown in Table 4 7.80 23.8 71.4 9.76 29.3
7.93 24.7 74.2 9.45 28.4
2.4.2 Model fitting and parameter determination ‘Frequency’ refers to the frequency of the map, ‘Off-souRMS’ refers to

) . . RMS noise measured over a large region well away from thecsoand
We have tested the broad bandwidth data described abovesagai on.source RMS' the noise used for region selection andstitat as per

three single-injection models of spectral ageing. The twastm Sectio Z4.
common models used to describe emission from the lobes of
FR-1I galaxies are those proposed 1962) and
[Pacholczyk[(1970) (the KP model) and lby Jaffe & Pérbla (1973)

(the JP model). These models, which have been widely dis- electrons are free-streaming, the spectrum can be modsiliede
cussed elsewhere (elg. Leahy, 1991; Blundell & Rawlihg§120 i : X

. . . . ting the standard JP losses over a Maxwell-Boltzmartrituis

[Harwood et all, 2013), differ only in their treatment of thep an- grating _ ‘ _ )
gle of electrons with )respect to);he magnetic field. The IEP ehod Honn field energy density. We have previously detaileddppli-
cation of this model to similar FR-1I sourceés (Harwood ef2013)

assumes the angle of any given electron is fixed over its traglia . . . . .
g 9 suggesting that it may provide a solution to an outstandinglpm

lifetime, compared to the JP model which uses a time averaged here i the KP model id bett dife
value. This time averaging leads to an exponential cut-offfigh WhEre Ih many cases the modet provides a betier goodhess-o
fit than the more physically realistic JP model.

frequencies, compared to the KP model which is comparatfie . .
q P b We have made the standard assumption that the magnetic

due to there being a supply of high energy electrons at sriiaH p . . . S
angles which are capable of radiating at higher frequencies field (or in the case of the Tribble model, mean magnetic field)

The third model tested is that proposed 993) is in equipartition, which we calculate using tseNCH code of
which attempts to account for a spatially non-uniform maigne Hardcastle. Birkinshaw & Worrall (1958). We took the minimu

field. Both the KP and JP models assume a fixed magnetic field 2" maximum electron Lorentz factor to he= 10 andy =
strength but this is unlikely to be physically realistic.€MMribble 1 x 10" respectively. To determine the best fitting injection index

models therefore attempt to account for the magnetic fielatsire wedrllag/fe uz(éﬁggm dft')n?'mi:;;()n;n;a;fd bge(t:v;geztw%ni - ?'5 f
by assuming it to be Gaussian random and allowing electrmns t andl.Utor and betwe andl.o for atintervais ot
diffuse across regions of varying field strendth. Hardea&D1’ 0.1. A second run was then performed around the minimum with

has recently shown that in the weak field, high diffusion aaisere a smaller step size @f.01. The resulting values were then plotted
and the minimum injection index found. Final model fittingtbé

sources was then performeddrRATS using the derived values. The
6 http://www.askanastronomer.co.uk/brats/bratscook it statistical values for each model were recorded and spegeing,
7 http://ds9.si.edu x? and error maps were then exported ready for further analysis

(© 0000 RAS, MNRASDOQ, 000-000
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Table 4. Summary of adaptive region parameters

Table 5. Best fitting injection indices and magnetic field strengths

Parameter Value  Units Description

Signal to noise 1 SNR (pixel to pixel)

Search area 1 Pixéls Max. search area

On-source noise 3 On-source noise multiplier
Hot pixel limit 20 Percent  Max. pixel variation

Map variations -1 Maximum map variation (off)

‘Value' refers to the values applied withBRATS for the corresponding ‘Pa-
rameter’. The ‘Description’ column provides further ditadf the value
meaning. Note that a signal to noise of 1 is still subject ® % cutoff
and the on-source noise multiplier.

2.4.3 Uncertainty calculation

One key feature which has been applied to the data over pi®vio
investigations is the inclusion of improved uncertainticakations.
During the fitting proces8RATS performs a search over a large
range of potential spectral ages allowing te curve as a func-
tion of age to be determine@mm) shows thattheerror

of such a minimization is given by a deviation &fy? = 1 from
the minimumy? value. These errors were therefore calculated dur-
ing the fitting process, mapped as a function of position, thed
exported for further analysis. A similar error calculativas also
performed to providéo errors for the injection index values. How-
ever, as here one uses the sunydbver all regions for each injec-
tion index to determine the minimum value, they are over Wieid

by a factor of the beam area. Assuming the injection indexpis a
proximately constant across any given source, the injeétidex
errors are therefore determined by finding wharg? = 1 for the
correctedy” values such that2,,, = x?/Apcam WhereAyeq,, is

Source Model Injection Error Magnetic Field
Index + - Strength (nT)
3C438 JP 0.84 0.01 0.01 4.02
KP 0.78 0.01 0.01 3.65
Tribble 0.82 0.01 0.01 3.89
3C438 JP 0.80 0.01 0.01 3.77
(No Jet) KP 0.72 0.01 0.02 3.34
Tribble 0.77 0.01 0.01 3.60
3C28 JP 121 0.01 0.01 1.35
KP 1.12 0.02 0.02 1.12
Tribble 1.17 0.02 0.01 1.22

Best fitting injection indices for 3C438 and 3C28 and magnéield
strengths. ‘No Jet’ indicates the best fitting injectiondrdsalues where
emission coincident with the assumed location of the jek@ueled (Sec-
tion[ZZ1 and3]1). Errors are determined using the metbfidsni (1976)
detailed in Sectioh 2.4.3.

valid for fractional errors<10 per cent and so is well within the
uncertainties used within this paper.

3 RESULTS
3.1 Model Parameters

The plot of x? values for varying injection indices are shown
in Figure[2 where one can see that for both sources the minima
are model-dependent and occur over a range of values (Thble 5
This is in contrast to our earlier results on other FR-II sesr

(Harwood et dl.,_2013) where we used the same method of deter-

the beam area. These methods provide a much more robust erromining the injection index but found that all models minieizto

estimate than in previous studies and are applied throughau
paper.

2.4.4 Spectral index fitting

An additional improvement t®@RATS is the enhanced handling
of spectral index fits. As the uncertainty on the flux measure-
ments of radio observations varies between images, olismrsa
and telescopes, the assumption of constant errors useddnycasd
least-squares fit is often not validRATS therefore now includes
a weighted least-squares option for spectral index detextioin.
This function fits a linear regression in log space of the dzath
form y(c,x) = co + c1z but, instead of assuming uniform errors,
uses the GSL ‘wlinear’ and ‘lineaest’ functionBl to minimize the
weighted sum of squared residuals such that when fitting db-
servations

X2 =Y wilyi — (co + e1i))? ®)
i=1

where the weights are given y = 1/07 ando; is the error on a
given flux measurement. Note that as fitting is performedgpnldmy
space, the fractional errors on the measurements must besema
that one can assume they remain approximately symmetria whe
transformed to natural log space. In general, this assomps

8 https://www.gnu.org/software/gsl/manual/htmbde/Linear-
regression.html#Linear-regression

the same value. The most likely cause of this differenceasute
of truly broad bandwidth observations, providing 29 datin{so
over the frequency space compared to the maximum of 9 used
by Harwood et dI.[(2013). As the curvature at GHz frequenisies
more tightly constrained, one is able to differentiate estwmuch
smaller variations in the models which in turn leads to aatarn in
the derived injection index values; the observed model nidgece
is thus not entirely unexpected.

Regardless of the model used, one thing which is immediately
clear is that the injection index of both sources remairspgethan
the traditionally assumed values @b to 0.6. This is particularly
prominent in 3C28 where the injection index is found to beveen
1.12+5:52 (KP) and 1.245:9% (JP), up to double the previously as-
sumed values. Although not as dramatic as those seen in 8@&28,
injection index of 3C438 is also found to be relatively stedth
values ranging between 02852 (KP) and 0.84-3:9 (JP) when
the whole source is considered. However, unlike 3C28 orethos
sources investigated by Harwood et al. (2013), 3C438 haghtori
emission coincident with the assumed location of the jeg{fe1)
which complicates the determination of the injection index

The jets of FR-IIs are still poorly understood and it is there
fore not clear whether the plasma responsible for this éamiss
due to reaccleration of lobe material at a jet-lobe boundarif it
is accelerated internally within the jet itself. In eith@se, there is
no a priori reason to believe that the observed jet emission should
be well described by a spectral ageing model. We therefare ra
a second minimization with the jet excluded from considerat
From Figurd P and Tabld 5, one can clearly see that with thexjet
cluded a minimum occurs at a decreased injection index ofdet
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Figure 2. x2 values for 3C438 including the jet emission (top left), extihg the jet emission (top right), and 3C28 (bottom) foryirg injection index values
using the JP, KP and Tribble models of spectral ageing. Daitdspare taken at intervals of 0.1 between 0.5 and 1.0 foB8@¢hd 0.5 and 1.5 for 3C28, with
intervals of 0.01 around the minimum values. The data aefittith natural cubic splines. As all points lie on the fittg@diree they are excluded for clarity.

The best fitting injection index values are shown in Téble 5.

0.72+5-8% (KP) and 0.8&:3-31 (JP). At first glance, this reduction
in injection index is counter-intuitive as these brighticeg are
thought to be due to freshly accelerated plasma and so shonid
tain the flattest spectrum emission. However, we see fromr&lig
that a large fraction of the emission has a spectral index of 1.
As these jet regions are also described by the ageing mazlala (
if incorrectly) as having a low spectral age (see Sedtioha®h@
Figure[4) they are not subject to additional curvature at fav
gquencies and maintain their steep, power law spectra drithie
injection index to higher values. Given the non-negligiefiect of
the jet on the injection index, we perform all subsequentyaig
with the jet regions both included and excluded.

For both sources, we use the best fitting injection index val-

ues of Tabl¢1 for the final model fitting and determinationhaf t
equipartition magnetic field strength as detailed in SedHdf.2,
with an initial electron energy power law index &= 2avin; + 1.

We find a magnetic field strength in the range3dad5 nT (KP) to
4.02 nT (JP) for 3C4383.34 nT (KP) t03.77 nT (JP) for 3C438
where the jet has been excluded dnt nT (KP) to1.35 nT (JP)

for 3C28. These magnetic field strengths, summarised inef&pl
are used for all subsequent analysis.

(© 0000 RAS, MNRASDOQ, 000-000

3.2 Spectral age and model comparison
3.2.1 3C438

Figures[% and]5 show the spectral agé,and error values as a
function of position for the JP, KP and Tribble models for 384
We see that, even when the obvious variations due to thegegar
nored, significant cross-lobe age variations exist in a reanan-
sistent with the findings of Harwood et al. (2013). Low agéaeg
in the northern and southern lobes are coincident with thspots
as one would expect, with older regions of plasma residingest
to the core and the main spectral features remaining indigmen
of model type. With the jet regions excluded (Figlle 5) wetbaé
the spatial distribution of ages mirrors that of the full szmias ex-
pected. From Tablg 7 one sees that for all models the specfesl
have increased in the case where the jet is not considerei the
steeper injection indices and lower magnetic field stresngth

A particularly interesting spectral feature which is olveer
in Figured4 andl5 is the low age region at the edge of the south-
ern lobe. It is not immediately obvious why particle accatiem
should be occurring over such an extended region of the spsioc
further testing is required. We therefore ugathts and the L- and
X-band presented Hy Treichel ef al. (2001), reimaged at ard2
sec resolution, to produce a two point spectral index magureit
shows the resultant image zoomed to the southern lobe. dgdtho
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Table 6. Model Fitting Results

Source Model  Mean? Meanxf,ed Confidence Bins Rejected Median
<68 68-90 90-95 95-99 >099 Confidence
3C438 JP 47.17 1.75 2229 1214 498 1203 4108 Yes >99
KP 45.87 1.70 2416 1228 546 1175 3887 Yes > 99
Tribble 46.85 1.74 2256 1237 513 1196 4050 Yes > 99
3C438 JP 45.05 1.67 1779 1019 449 956 2930 Yes >99
(No Jet) KP 43.16 1.60 2013 1053 472 932 2663 Yes  >99
Tribble 44.42 1.65 1828 1053 448 951 2853 Yes > 99
3C28 JP 34.45 1.42 1688 307 126 164 644 No < 68
KP 35.04 1.17 1711 280 90 164 684 No < 68
Tribble 34.41 1.27 1705 300 108 162 654 No < 68

‘Model’ refers to the spectral ageing model fitted to the éaristed in the ‘Source’ column. Meag? lists the average® over the entire source with an
equivalent reduced value shown in the ‘Megfled’ column. ‘Confidence Bins’ lists the number of regions forigththeir x2 values falls with the stated
confidence range. ‘Rejected’ lists whether the goodnedi-f the source as a whole can be rejected and ‘Median Card@ehe confidence level at which

the model can or cannot be rejected.

Speactral Index 1
—_—— r r T

ef
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24"
T
1

T L 4

-O L L 1 1 L L 1 L
QﬁhSSWSEFE} 52%5 524 5283 5232 527 5280 51%9
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Figure 3. Spectral index map of emission coincident with the assuioeat |
tion of the jet in 3C438. The spectral index fitting is perfedrbetween 1.4
and 7.9 GHz using the weighted least-squares method deddritSection

223

a small region of low spectral index is observed, there isstrdit
lack of the extended flat spectrum emission which one would ex
pect if significant particle acceleration was occurringe XA maps
also provide some insight into this spectral feature. Thallsanea
of flat spectrum / low age seen in both the spectral index ard ag
ing maps is a very poor fit, with the remainder of this regiovihg

incident with the assumed location of the jet. As was disediss
Sectior 3.1, there is no reason to believe that it should Bedee
scribed by a spectral ageing model; however, it does pravigtzod
proxy for changes in the steepness of this emission’s gpactin
the southern lobe, changes in the spectrum are observedréd-be
atively smooth with an increase in brightness and flatteoirtpe
spectrum occurring as the jet passes into the observed ok e
sion. At this same location, a change in direction of therjeission

is also seen to occur. In the northern lobe, the observedisseon
remains straight along its length, but is seen to be ‘knattigh
sharp changes in the spectrum. The errors associated wgh th-
gions (Figuré®) are higher than those for the surroundiagmé;
however, from they> maps one can see that the bright regions of
jet emission are well fitted by spectral ageing models, bataar
poor fit in lower flux regions. This is perhaps not surprisirsg i&
the accelerated particles take the form of a power law, it bél
well described by a spectral ageing model of zero age, résgsd
of any subsequent processes. We discuss this jet emissiberfu
in SectioiZ4.p.

Although the distribution of ages is consistent with wha¢ on
would expect from spectral ageing, the goodness-of-fit @ftiod-
els tested is far less clear. From Figlire 4 one can see thavé¢hall
x? values are fairly consistent over the lobe emission ranbing
tweeny2. ueeqa ~ 1 and 5 (excluding the southern edge described
above). The northern lobe provides a noticeably better fitgared
to the southern lobe, which may give a hint towards the cafise o
these highy? values; we discuss this point further in Sec{ion 4.6.
The northern hotspot is also poorly fitted by all 3 models @fcsp
tral ageing, a feature which was also common in the sourees4in
tigated by Harwood et al. (2013). The two southern hotspotsad
show these high values qf but they are much weaker than their
northern counterpart. From Taljlk 6 we find that for the gossine

higherx? values compared to the source as a whole. From Figure of-fit of the 3 models, KP provides the best fitting model, the J
[T one can see a sharp gradient in flux on which this edge lies andmodel providing a noticeably poorer model of the source ded t

it is likely that this low age region is due to the sharp edgé¢hef
lobe. We therefore consider the spectral ages derived repre-
sent the true age of the plasma within this elongated regiothe
remainder of this paper.

In addition to the lobes, 3C438 has significant emission co-

Tribble model providing an intermediate goodness-of-fiwdver,
all 3 models are rejected at the 99 per cent significance hvgien
the overall consistency of the fit to the lobes is a somewhatrisd
ing result. We discuss the possible cause of these systaihati
high x? values further in Sectidn 4.6.
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Table 7.Lobe Advance Speeds

Source Model Lobe  Max Age + - Distance Speed + -
(Myrs) (kpc) 1072 v/c)
3C438 JP North 3.00 0.05 0.08 30.45 3.313 0.052 0.088
KP North 4.35 0.40 0.29 30.45 2.285 0.210 0.152
Tribble  North 3.61 0.10 0.07 30.45 2.753 0.076  0.053
JP South 3.00 0.05 0.08 25.45 2.769 0.046 0.074
KP South 4.35 0.40 0.29 25.45 1.909 0.176 0.127
Tribble  South 3.61 0.10 0.07 25.45 2.301 0.064 0.045
3C438 JP North 3.36 0.07 0.07 30.45 2.958 0.062 0.062
(No Jet) KP North 5.50 0.95 0.41 30.45 1.807 0.312 0.135
Tribble  North 4.19 0.10 0.10 30.45 2.372 0.057 0.057
JP South 3.36 0.07 0.07 25.45 2.472 0.052 0.052
KP South 5.50 0.95 041 25.45 1.510 0.261 0.113
Tribble  South 4.19 0.10 0.10 25.45 1.982 0.047 0.047
3C28 JP North 12.42 0.44 0.44 59.63 1.567 0.056 0.056
KP North 18.38 1.10 0.84 59.63 1.059 0.063 0.048
Tribble  North 16.82 0.65 0.64 59.63 1.157 0.045 0.044
JP South 12.42 0.44 0.44 62.86 1.652 0.059 0.059
KP South 18.38 1.10 0.84 62.86 1.116 0.067 0.051
Tribble  South 16.82 0.65 0.64 62.86 1.220 0.047 0.046

‘Model’ is the spectral ageing model fitted to the targeelisin the ‘Source’ column. ‘Max Age’ is the maximum age of tleresponding ‘Lobe’ in Myrs.
‘Distance’ gives the separation between the oldest agedlatign in the lobe and the hotspot in kpc (note this is noessarily the length of the lobe itself).
‘Speed' lists the derived advance speed as a fraction ofiedsof light as detailed in SectibnB.3. Note that the lobvaack speeds of 3C28 contain additional

significant uncertainties as detailed in Section$ 3.3&nd 4.

3.2.2 3C28

Figure[T shows the spectral age’ and error values as a func-
tion of position for the JP, KP and Tribble models for 3C28.il&/h
the general distribution of ages is what one would expectafor
FR-1l source (i.e. a gradient in age from the tip to the coYe.

x? values we found for the hotspots of 3C300 and 3C436 in our
previous work [(Harwood et al., 2013). From Table 6 we find that
the goodness-of-fit of the 3 models follows the same sequasice
3C438 with the KP model providing the best fit, the JP modei pro
viding a noticeably poorer fit and the Tribble model proviglizn
intermediate goodness-of-fit. However, in contrast to éselits for

again see two zero age regions located at the edge of theesourc 3C438, all of the models provide a good description of theplesd

where no obvious source of particle acceleration is preJémgse
non-physical, low age regions have now been observed irRall F
galaxies since the method’s development and are therefaly |
an unavoidable consequence of fitting on such small spatid¢s
in such high dynamic range sources. However, as we are plymar
concerned in this paper with the general spatial distritoubif ages,
overall goodness-of-fit, and the oldest regions of plashesd non-
physical regions have a minimal impact on the analysis andlae
sion drawn and so are excluded from subsequent analysis.
Comparing Figurd]7 to the spatial distribution of ages in
3C438 itis evident that the gradient of ages is far smootaeking
any compact structure or jet interaction. There are als@woalge
regions normally indicative of particle acceleration,lwjtoungest

spectrum as a whole with none of the 3 models being rejected at
even the 68 per cent confidence level.

3.3 Lobe Speeds

To determine the characteristic advance speed of the lobasse

the standard method employed by Alexander & Leahy (1987), as
in our previous study (Harwood et|al., 2013). Assuming anteda
population accelerated at the hotspot, the advance spéled lobe

can be given byiobe = dhs/toia, Wherevio. is the characteristic
lobe speedd,, s is the distance to the current location of the hotspot
andt,;q is the age of the oldest region of plasma. Note that for

age region of the source on the order of between 6 (JP) and P (KP the sources presented within this paper we use the termdidtsp

Myrs with a maximum age of approximately 12 (JP) and 18 (KP)
Myrs. Comparing the spectral ages to the flux map of Fiflire 1,
this is perhaps not too surprising for the northern lobe whey
compact structure is observed; however, the southern loh@ios
what has so far been assumed to be an active (albeit wealpohots
This lack of obvious low age, particle acceleration regisres sig-
nificant difference compared to 3C438 and those sourcesestud
by IHarwood et al.[(2013) and may have implications for our cur
rent understanding of 3C28'’s current position in its radatycle.
We discuss this further in Sectibn #.5.

From thex? maps of Figur€]7 we see that 3C28 is well fit-
ted across the majority of the source with redug€dbetween 1
and 2. One particularly interesting feature is the highregions
in the northern lobe peaking &L, ...q ~ 8, similar to the high

refer to the regions of bright emission at the end of the riabes,
although we acknowledge that this does not fit the strict difin
laid out by, for examplé, Leahy etlal. (1997).

The advance speeds for both sources are shown in [Table 7.
For 3C438 and using the best fitting injection index we find @n a
vance speed of between 2.29 (KP) and 3.31 (dR) 2 c for the
northern lobe and 1.90 (KP) and 2.77 (3P)0~ 2 ¢ for the south-
ern lobe. These values decrease slightly where the jet isded to
between 1.81 (KP) and 2.96 (JR)Y0~2 ¢ for the northern lobe and
1.51 (KP) and 2.47 (JP) 10~ 2 ¢ for the southern lobe. These ages
fall well within the expected range compared to previousligtsiof
similar sources (e.g. Alexander & Leahy, 1987).

For 3C28 we derive lobe advance speeds slower than those
found in 3C438 with values between 1.06 (KP) and 1.57 (JP)

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 5. Spectral ageing map (left), correspondipg map (middle) and error map (right) of 3C438 with emissiomcient with the assumed location of
the jet excluded and overlaid with 7.9 GHz flux contours. Asraldels follow the same spatial distribution of ages shawRigure 4, only the JP model fit is
shown here for conciseness. The best fitting injection irgiean in Tabld is used with the maximum spectral ages of atiets given in TablE]7.

%1072 ¢ for the northern lobe and 1.12 (KP) and 1.65 (JR) > servations, Harwood etlal. (2013) have shown that, for at leeo

cfor the southern lobe. Whilst these values appear reaseoabi- sources, model parameters such as the injection index,arata
pared to previous studies of FR-1l sources, the method ussgdm assumptions such as negligible cross-lobe age variataoedess
this case be significantly underestimating the lobe advapeed. reliable than previously thought. These findings, combinéd an
The lack of compact emission and, perhaps most signifigdatly uncertainty as to which spectral ageing model best descebas-

age emission in 3C28 mean that bdth andt,;q are uncertain. In sion from the lobes of FR-1I galaxies and the well known s efs
the northern lobe, the distinct lack of a hotspot means thtre dynamical age disparity (Eilek, 1996: Harwood €tlal., 20h®ans

mining the exact location of the initial particle accel@atis dif- that if spectral ageing is to remain a valid tool for the irtigegtion
ficult; however, given some compact structure typical of ot of such sources, it is vital that the cause of these problemwell
is observed in the southern lobe (Figlite 1) the assumptiatrttie understood. In this paper, we have presented results whitief

sites of particle acceleration in 3C28 are located neariphef the expand on the sample presented by Harwoodlet al. (2013) @nd, f
lobes (determined here by the peak flux), as is observed imée the first time, tightly constrain curvature at frequenciésadew

jority of FR-Il sources, is not unreasonable. Thereforelsthihe GHz using truly broad bandwidth observations. In the foltayv
value ofdys is uncertain, it is unlikely to change the advance speed sections we relate these new results to previous findingdesad
by a large amount. cuss how this changes our overall understanding of radiaxgal

The validity oft,;4 may have a much larger impact on the de- dynamics.
rived speeds of 3C28. All of the characteristic advancedpeen-
sidered so far (3C438, Alexander & Leahy, 1987, Harwood et al
) have been for sources which are currently active avaad
ing through the external medium. However, the lack of olbsgrv
low age emission (Figuid 7) means that this may not be the caseOne of the key findings 6f Harwood et al. (2013) was the dewati
for 3C28. Under the assumption that the source is no longer ac of the injection index from previously assumed values ofuach
tive, the time variable for determining the advance speedies 0.510 0.6. It is again clear from the results presented iti@®8.1
told = tmaz — tmin Wheretp,q, andt,:, are the maximum and  that this discrepancy remains, with values ranging betwk&a
minimum observed spectral ages respectively, increabimghar- (KP) and 0.84 (JP) for 3C438 and between 1.12 (KP) and 1.21 (JP
acteristic advance speed of 3C28 during the active phasédoya for 3C28. It was noted in Secti¢n 3.1 that for 3C438, at leastes

4.1 Injection index

of around 2. We discuss the possibility of 3C28 being no loage of this difference is likely to result from the inclusion afhéssion
tive and the implications of this further in Sectionl4.5. coincident with the strongly interacting jets. There isa@riori

reason to believe this emission will be well fitted by modeis o
spectral ageing and so could be forcing the derived injadtie

dex to steeper values; however, from Tdlle 5 we see that eien w
the jet removed the injection index remains0.7 for all models
Over the last 40 years, models of spectral ageing have becomeand so cannot alone bring these values back into agreement.

a commonly used tool in determining the age, hence dynamics, The very steep injection index of up to 1.21 for the JP model
of powerful FR-II galaxies. However, as was discussed in-Sec of 3C28 presents an even bigger challenge to explain. The mos
tion[1.2, the validity of a number of assumptions used in fhe a  straightforward physical interpretation of such a steggciion in-
plication of these models has recently been called into topres dex is that the jet of 3C28 terminates, or terminated, in § werak
When more tightly constrained by modern, broad bandwidth ob shock. Assuming a simple, non-relativistic hydrodynarngteck

4 DISCUSSION
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Figure 6. Two-point spectral index map createdBRATS of the southern
lobe of 3C438 between 1.4 and 8 GHz. The data used is thatrpeesby
Treichel et a .1), reimaged at 0.42 arcsec resolution.

in which the magnetic field of the jet fluid is wéhkhe injection
index can be related to the Mach number by (Blandford & Eicher

1987)
M= 20in; + 3
Q(Xinj -1

(6)

which for 3C28 gives a Mach number of between 1.95 (JP) and

particularly at lower frequencies. While this may provideng ex-
planation of the very steep injection index observed in 3@28n
FiguredY an]8 and Tallé 6 we see that the models do provide a
good overall description of the source and are thereforigelplto
account for the full discrepancy.

These findings therefore appear to reinforce the idea that
steeper than expected injection indices are widesprei@l find-
ings from spectral studies of similar FR-Il sources using-lo
frequency (50 - 160 MHz) LOFAR observations (Harwood et. al.
in prep) also show that these steeper injection indiceslaseroed
at low energies where negligible losses mean that the spéatr
dex of a source should be close to the injection index. Gihen t
lack of strong, distinct hotspots in our observations (amere-
fore presumably weak jets), the steep injection indices vea-m
sure are physically plausible in models such as those pebéy
Konar & Hardcastle! (2013) which suggest that jet power igfie
mary factor in determining a source’s injection index. Hoare
although we can be confident the injection index values @lbser
are intrinsic to the source, rather than a systematic offisetphys-
ical interpretation of why such a disparity exists requif@sher
investigation to determine conclusively.

4.2 The jets of 3C438

As emission coincident with the location of the jets is okabte
in 3C438, the bias they may cause to the overall study of the lo
emission must be considered. Comparing the statistics &
for 3C438, we find that for the best fitting KP model when the jet
is included, approximately 42 per cent of the fits are repbette>
99 percent confidence, and without the jet only around 37 @etr ¢
of model fits are rejected at this level. Conversely, only 26gent
of the regions show a good fit at tke68 percent confidence level,
compared to 28 per cent when the jet is removed. It therefore a
pears that the inclusion of the jet may give rise to at leasteso
poorly fitted regions of the source, but at a level which camxe
plain the rejection of the models as a whole. We discuss thidain
rejection further rejection in Sectign 4.6.

The observed jet emission also provides the opportunity to

2.05 (KP). While this is much weaker than the shock expected consider the dynamics of the jets themselves. As noted itiddec

from the historically typical injection index value of;,,; = 0.6

(M = 4.6), lower Mach numbers are not without precedent. For
example, a study 09) who used high reswiuti
measurements of hotspots to determine the injection irfdexd
values ranging betweem;,; = 0.52 and1.11 for there sample,
corresponding to a Mach number of between 2 and 10.

An alternative explanation is the reliability of the minirak
tion method used to determine the injection index. TestsioR s
ulated data (e.d. Stroe ef al., 2014) have shown thatthenin-
imization used is robust and provides a significant improzmem
over previous methods such as the use of the spectral indax me
sured in particle acceleration regions; however, whils thethod
is able to use all observed emission in determination of rifexi
tion index, rather than just that a small zero age regionadtsi-
racy becomes increasingly model dependent as the fradtigeal
plasma increases. The lack of low age emission could therék®
influencing the result if the model is not sufficiently coasted,

9 In reality, the hotspot may be a relativistic hydrodynamimek of a
highly magnetised jet fluid_(Kirk et Al 2000: Konar & Hardt&,[201B),
but these assumptions should provide a sufficiently acewaaproximation
for our purposes.

[, brightening occurs in both the northern and southemge-
incident with the location where it enters the lobe. One ibss
explanation of such features is therefore an interactitwésen the
lobe material and the jet itself. The exact cause of such tendo-
tion is unclear, but it could plausibly be due to either lobetenial
being reaccelerated at the jet-lobe boundary, or the offisethnu-
lence within the jet resulting in localised shock acceleratThe
observed (spatial) curvature in the jet found in the southebe
may possibly be evidence of this interaction; however, duthé
presence of two low spectral age hotspots-like structuee éc-
tive and one relic, Figurés 4 a , We suggest that, assuming an
FR-Il type jet, the cause is more likely due to transverseenwnt
of the jet between these two regions.

An alternative possibility is that the jets are more likesbo
found in FR-Is with the lobes being formed upstream of theipar
cle acceleration regions, similar to the intermediate ARsburce
Hydra A. There is some evidence to support this in the sonther
lobe where we observe a flat spectral index (Fiflire 3) andcalgev-

10" Note that these hotspot-like structures are also obsenvEiyure ®, but
are less obvious due to the colour scale being set such asptioasiee the
artefacts discussed in Sectlonl3.2.
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shown; JP model (top), KP model (middle) and Tribble modetttim) using the best fitting injection index given in Teble 5
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emission with a slight gradient away from the core (Fiduireich
could plausibly be an FR-I type acceleration region resibba$or
forming the lobes; however, emission from the northerngetsthot
display this form of structure and is more ’'knot-like’ with & dis-
tinct separation between these regions and the low ageiemists
the end of the lobe where particle acceleration must alsacbero
ring. Itis therefore harder to reconcile the northern lolith & FR-I
type jet. Itis possible that the jets are asymmetric, assenked in
hybrid morphology sources (HYMORS) (Gopal-Krishna & Wiita
M), but this would require intrinsically dissimilargeenviron-
ments and/or acceleration mechanisms to conspire to fobeslo
that are similar in terms of both morphology and the distidiuof
ages and is therefore unlikely.

While the majority of the observed jet emission appears (at
least in projection) to be embedded within the lobe matetiwed
regions closest to the core extend well beyond the visikientof
the lobes and so cannot be interacting with the lobe plashmajéels
must therefore be interacting with their external envirenmwith
the observed emission being caused either by instabilitigsn
the jet and the onset of turbulence (similar to that with tieima-
terial discussed above), or through a more direct intevacich
as the entrainment of thermal plasma. The morphology anct spe
trum of these jets alone do not allow us to determine whiche$¢
two possibilities is the underlying cause of the emission Wwhen
combined with the ageing analysis and source dynamicssiscu
below, does allow us to provide potentially interestingghss into
the underlying physics off 3C438. We discuss this and itempot
tial impact on outstanding questions in the context of therces
dynamics further in Sectidn 4.3.

4.3 The age and dynamics of 3C438

One of the primary concerns raised in the discussion of sgect
ageing is the well known discrepancy between a source’srditna
cal and spectral age (elg. Ellek, 1096; Blundell & Rawliig00).
Thanks to X-ray investigations by Kraft et dl. (2007), theigom-

ment in which 3C438 resides is well known and so we are able to
constrain the dynamical ade. Kraft et al. (2007) find thattheter

in which 3C438 is located has a core radius of approximatély 3
arc seconds, so that the source resides entirely withiniarreg
approximately constant density. The dynamics of the radioce

are thus particularly simple (e@@bm)

1/5
Lza(g) /5
P

where L is the length of the jet() is the jet powerp is the envi-
ronment densityt is the time the source has been active arid
a dimensionless constant. We can estimaby assuming that the
expansion of the source is ballistic, and thus relativigiit scales
smaller than the characteristic scale defined by [Falle 1991

zc:,/% ®)

(here we assume a relativistic jet where the effective masgsigl
Q/c2). Then at some timé& we havedL/dt = c andty = I./c,
which allows us to findz = 5/3. In practice the dynamics at the
transition between the two phases will be more complicated t
this, but the simple analysis should give an approximatelyect
value ofa. From the observations bf Kraft et dl. (2007) the density
can be estimated as= 5.7 x 10~ **kg m*. To estimat&) we use
the relationship I9), normalized asd#sed by
[Hardcastle et all (20D7), which givés = 1.3 x 10*° W, and we

@)

takeL = 50 kpc. Note that. = 30 pc, soL > [., and the analysis
of Falle applies. Finally we have

5/3 1/3

_(L AN
(@) e
Although the value of Q is very uncertain (see

Hardcastle & Krause| 2013) the dependence @nis weak,

so this is reasonably robust, amdis significantly greater than
the observed spectral age. We have assumed the source is in
the plane of the sky: any projection effects will make and
thereforet¢ larger. A large disparity between the spectral and
dynamical ages therefore appears to exist, similar to the¢wed
by|Harwood et &l.[(2013) even when tighter constraints aaequl

on the spectral curvature at GHz frequencies by the truladro
bandwidth observations. This age difference is in contimshe
suggestion by Blundell & Rawlings (2000) who propose that it
is possible to reconcile the dynamical age of sources witts ag
< 10 Myrs. However, for this to apply it is a requirement that the
evolution of the magnetic field over the lifetime of the sauis
well approximated by the spectral ageing model, which mayro
the case for 3C438. Although it is not possible to trace tiseohy

of the magnetic field the uncertainty introduced to a low anece

is likely to be small compared to those in older radio lobesilg/
better approximating the magnetic field may therefore plagla

in resolving the age disparity it is unlikely to be the onlgrsficant
factor in resolving this problem.

With the advance speeds determined and the external environ
ment well known, a Mach number can also be derived. The sound
speed of the medium through which the lobes are advancing is
given by csouna = /vkT/m wherey = 5/3 is the adiabatic
index, m = 0.5m, is the mass of the particles afdis the gas
temperature, which in turn one can use to derive the Mach num-
ber by the standard equatidd = v/csound- . )
find that the cluster environment in which 3C438 resides hgasa
temperature 010.7 keV (region 2 of Kraft et 8ll, 2007), hence us-
ing the advance speeds listed in Table 7, we find Mach numbers
of between 3.7 [2.9] (KP) and 5.4 [4.8] (JP) for the northexipe,
and 3.1 [2.5] (KP) and 4.5 [4.0] (JP) for the southern lobe nehe
the values in square brackets denote the values with thenist e
sion excluded. This implies that the lobes are overpredswith
respect to the external medium and expanding supersoniédll
these high Mach numbers one would expect to observe a strong
shock at the advancing edge of the lobes; however, in sucgha hi
temperature environment such a shock is unlikely to be obbés.

The dynamical ages provide a significantly lower advancedpé
around3000 km s™*, equivalent to Machs 1.6. This means that in
both cases the lobes are overpressured although, if thenigala
ages are correct, there is no expectation of a strong shottleat
leading edge of the lobes.

An additional way we can investigate the lobe pressures
of 3C438 is through its energetics. From tegNCH code of
Hardcastle et al.| (1998) (used in Sectlon 2.4.2 to deterrttiee
magnetic field strength), we find the total energy densityefach
radio lobe is betweed.88 x 10~ *? (KP, excluding jet) and.28 x
10~ (JP, including jet) J m*, with a subsequent internal pres-
sure, given byP = U/3 whereU is the total energy density, of
2.96 and4.28 x10~'? Pa. The gas pressure of the external medium
can also be derived by the standard equation= nkT where
n & 2.2no is the number density of particles. Using the gas tem-
perature ofl0.7 keV and number density of protons &t x 102
cm 3 presented 07), we derive the pressuresof th

external medium to be.3 x 10~ '° Pa. These calculations therefore
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imply that the lobes aranderpressuredby over an order of mag-
nitude. Such underpressures have also been measured larsimi
sources such as Cygnus A that are found in rich cluster emviro
ment (e.gl_Hardcastle & Crosian, 2010), although the dixrey

is usually smaller making 3C438 the most underpressuredl FR-
source known to date.

One possible explanation for this difference is the ungasta
in the X-ray measurements. Schellenberger et al. (2015 s,
particularly at high energies, there is a difference betwbe tem-
peratures measured by Chandra (use 20a¥) an
XMM, although it is not yet clear which of these instrumergs i
correct. Assuming the lower XMM value and the offset between
the two instruments reduces the temperature to 10 keV (figure
of [Schellenberger et hl. (2015)) we find that the pressure sl
duces tol.2 x 107'° Pa, so remains significantly underpressured
(we would require a temperature of only around 1 keV to brirey t
lobes back in to pressure balance). It is therefore highlikeiy
that instrumental effects alone can resolve this issue.

A more physical explanation for the disparity is that thedob
energy density is dominated by non-radiating particles.was
discussed in Sectidn_ 4.2, the most plausible cause of thagstr
emission coincident with the jets is due to an interactiothlhe
external environment. Such an interaction leads to theilpitigs
that thermal matter is being entrained, similar to what @utght
to occur in FR-I type radio galaxies (elg. Perucho & Marfi02;
.8). As the jets of FR-1l galaxies must renfeadgnly
relativistic out to large distances, entrainment is thaughbe low
in most cases (e.91); however, 3C438 does muiagis
the strong, compact hotspots that are typical of FR-II gakaxf
for 3C438 the cause of these weak hotspots is due to a réyative
slow moving jet, then conditions would be favourable forraim-

increases the spectral age of 3C4384tO Myrs. Therefore, while
departure from equipartition provides a possible explandor the

disparity between the spectral and dynamical ages, it ig&elgl

alone to provide the solution to the underpressured lob8€488.

Determining the cause of such disparities will be vital fotufe

studies if we are to understand the dynamics and energéticsse

sources.

4.4 The classification of 3C28

While 3C438 presents a morphology typical of many archétypa
FR-IIs, 3C28 has historically been much more difficult tossiéy.
While currently classified in the 3CRR catalogue as an FRdll,
non-standard morphology and lack of strong hotspots mesrirth
vestigations have both historically (€.a. Macklin, 1988irg et al.,
11983; Hardcastle et Al., 1999; Chiaberge ét al., 1999) arehtly
(e.g.|Donato et all, 2004: Balmaverde €t lal., 2006) deemezB3C
to be an FR-I; a classification which also persists in majtmoas
nomical databases (e.g. the NASA Extragalactic Dat;a.sAs
within this paper we present both the most sensitive, higblte
tion images at GHz frequencies of 3C28 to date, along witlHer
first time detailed information about the source’s spectomsmall
spatial scales, we briefly consider which of these classifica is
correct.

While at low resolutions the unusual morphology of 3C28 un-
derstandably causes problems in terms of classificatiom ffig-
ure[d we see that when well resolved the source’s overall habrp
ogy closely resembles that of an FR-II. The double lobe airec
displays significant edge brightening with only a thin jeboidge
observable near the centre of the source and although ttigenor
lobe lacks any compact structure, the southern lobe cantelivat

ment to occur. In such a scenario, the assumed minimum energycjosely resembles a hotspot, albeit a weak one. The spétiaid

condition would no longer apply, significantly altering tsgectral
ages and pressures derived for the source. Such presspeg-dis
ities are also observed in other sources where materiahisspl
bly being entrained (e.g. the intermediate FR-I/1l sourgeltd A,
Hardcastle & Croston, 2010) and so may be relatively common i
lobes sources with weak jets. A slow moving jet is also ablerte
vide a natural solution with respect to the observed inélattron
energy distribution as, assumihg.; < 10, a steep injection index
is to be expectelﬂﬂ?g

Another possible explanation comes from investigationé-at
ray energies which have shown that the magnetic field stheofgt
many FR-Il sources is not in equipartition as has been sogar a
sumed 05). Values range from betweenr@3 a
1.3 Beg, with the median around 0.B., which could be caus-
ing our determination of the internal lobe pressure to beetesti-
mated. Using the JP model with the jet included (where treiat
pressure is highest) and assuming the minimum value aBQ,3f
I.5), we find that the lobes remain undespred
by an order of magnitude, with the pressure increasing tp bog
x107!" Pa.

We also know that a maximum spectral age occurs wBen
Bews/V3 (Harwood et all, 2013) wheBea g = 0.318(14-2)3
nT is the equivalent magnetic field strength of the C'&ﬁ@he
[1991) which, at the redshift of 3C438, occurs wher= 0.31 B.,.
This is close to the value used to derive the maximum pressute

11 Note that this does not explicitly exclude the possibilifyadast jet for
which a steep injection index can also be produced (Konar &lestle,

2013)

bution of spectral age shown in Figurk 7 also supports thel FR-
case, with the gradient of ages increasing towards the cairggb
indicative that the particles were accelerated at the tifheflobe,
rather than close to the core region as is observed in FRrtssu
We are therefore confident that the FR-II classification Wiies
been assumed throughout this paper is robust.

4.5 Where in the radio lifecycle is 3C28?

While as discussed in the previous section the distribudf@spec-

tral ages are as expected for an FR-II galaxy, they also emise
interesting question: where exactly in the radio lifecyis|&8C28?
Intuitively, one would expect the distribution to be arradgsuch
that zero or low age emission is observed in or close regibpare

ticle acceleration which then ages with distance from thisgut,

as is seen in 3C438 (Figuté 4) and in those sources studied by
[Harwood et al.[(2013). However, for 3C28 this is not the cask a
we observe the minimum age to be on the order of around 6 to 9
Myrs (FigureT). One possible explanation for this is the bora-

tion of a relatively weak shock and the unavoidable consecpief
measuring emission from a range of plasma ages along thefline
sight. This superposition of spectra is usually assumee toelgli-
gible but if emission along the line of sight to the hotspgiasticu-

larly significant it may dominate and cause no low age redgioih®
observed. While this provides a plausible explanationtfentorth-

ern lobe where all of the observed emission is highly diffube
presence of the bright compact structure in the southeenrdkes

12 https://ined.ipac.caltech.edu/

(© 0000 RAS, MNRASD00, 000—-000



this an unlikely scenario. Emission from the southern hattslpm-
inates the total flux of the region and therefore, assumimgent
particle acceleration observed in superposition with otégions
of plasma, should still display a reduced age relative tostire
rounding plasma, even if that age is non-zero. The smooth-dis
bution of spectral ages across both diffuse and compaattsteu
therefore suggests an alternative scenario.

While the ‘jet-like’ emission close to the centre of the smur
has previously led to the belief that 3C28 is currently agtihe
lack of a radio (Figur&ll) or X-ray core_(Hardcastle etlalQ&@0
supports the idea that the central AGN is turned off, whidvates
a natural explanation for the observed smooth spatiailoigion of
spectral ages. Once the central engine becomes inactivfesmhtly
accelerated particles are no longer supplied via the htgspite
overall brightness of the lobes will begin to fade due to bath
diative and adiabatic loses. As adiabatic losses are imdigpe of
frequency only the brightness of the observed emissiorfestaid
and not the curvature within its spectrum. If therefore tdéaa
batic losses remain low in the region of the (now inactivelspot,
one will observe relatively bright, compact structure fisatighly
curved such as is found in the southern lobe of 3C28. We there-
fore suggest that 3C28 is currently inactive with the AGNihgv
shut down between 6 and 9 Myrs ago, and the ‘jet-like’ emissio
close to the centre of the source being a result of a bridgéasim
to those observed in the relaxed double 3C4 wen
[1991;[Hardcastle ethl., 1997), or jet interaction duringevious
episode of AGN activity.

4.6 Model comparison

Determining which, if any, model of spectral ageing bestdéss
the observed emission from FR-IIs is a key step in producétig r
able ages for these sources. The model fits of 3C28 providé goo
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emission in the northern lobe is generally well describedhzy
spectral ageing models compared to its southern countevparh
overall has much highey? values. The worst fitting regions of ex-
tended emission in the southern lobe appear to be locatecéet
the two hotspots and close to the path of the jet. As the jet and
hotspot sweep across the lobe between the two areas, feestdis
erated particles will become mixed with older regions ofspia.
This mixed electron population will not be well described thg
single injection models used within this paper and we tlueeef
suggest this to be the primary cause of poor model fits, raliaer
any inherent problem with the models themselves. Detailedar-
ical modelling of spectral ages in radio galaxy lobes maylile &
reproduce such effects in the future.

An additional point which must be addressed is; which of the
three models tested provides the best description of trmsees
and is such a model physically realistic? From Téble 6 we Isae t
for both 3C438 and 3C28, the KP model provides the best gescri
tion of the observed spectra, but an environment in whiclpitoh
angle remains fixed (the characteristic feature of the KPet)od
requires a set of finely tuned parameters and therefore qesvi
a less likely physical interpretation. Whilst historigafiources in
which the KP model provides the best description are not amthe
of (e.g.m.@l), they were in general thoughbe the
exception. However, we find that when considered on smatiadpa
scales, all of the FR-II sources tested both within this papel
by/Harwood et &l.(2013) show that the KP models provides a sys
tematically better fit than the more physically plausiblend&del,
suggesting this may be common in the majority of sourceseet
mining whether these results are due to intrinsically fixichpan-
gles, or if improved time-averaged pitch angle models aygired,
is key to the ability of spectral ageing in providing a morewac
rate description of the spectra of FR-Il sources in the futlihe
Tribble model is able to provide (at least to some extent) an a

agreement with the observed spectrum with none of the models Swer to this problem, giving the physical realism of the JRieto

being rejected at the 68 per cent confidence level (Tabledy: h
ever, the goodness-of-fit for 3C438 fares much worse. Gitien t
fairly typical morphology and spectral age distribution382438,
one would expect the three models of spectral ageing testbd t
well fitted to the observations but are all instead rejectetiea99
per cent confidence level. As was discussed in Seffidn 4.8-emi
sion coincident with the jet may cause some bias towardsehigh
x? values but is unable to fully account for the model rejection

Evidence of another cause of this poor goodness-of-fit fies i
the northern hotspot region, where strong emission is gbddyut
the models are poorly fitted. One potential cause of this if-a d
fering injection index in the hotspot and the lobes, as has tod-
served in other FR-I sources (e.g. Hardcastle & Lobhey 1200
particle acceleration occurs over an extended region rétiae at
a single point, the lobe emission may be best described bsi¢ice
tron distribution as it leaves the hotspot, rather than antbtspot
itself where turbulence and the mixing of electron popolagiis
likely to be high. The hotspots in the southern lobes do regldy
such a reduction in the goodness-of-fit, but given this eniss
much weaker than its northern counterpart, this is perhapsur-
prising. High resolution studies designed to better urtdadsthe
workings of FR-II hotspots may therefore be required if onghes
to eventually determine a framework for highly reliabletailed
models of spectral ageing.

Although jet and hotspot emission are likely to cause some
bias to highyx? values, insight into the underlying reason for
the overall model rejection can also be found by comparirgy th
goodness-of-fit between the two lobes of 3C438. The extended

(© 0000 RAS, MNRASDOQ, 000-000

an improved goodness-of-fit and a more advanced descripfion
the magnetic fields within the lobes. However, it is cleanfrihese
results that if we are to begin eliminating spectral ageiragiets
at a statistically significant level, one must be both wethpked in
frequency space, so as to tightly constrain model paras)eted
fitting performed over very wide frequency range where trecsp
tral variations between the 3 models are significant.

5 CONCLUSIONS

In this paper we have presented a spectral ageing study of two
cluster-centre FR-II sources, 3C438 and 3C28. Using bread-b
width VLA observations to tightly constrain spectral curv@ at
GHz frequencies, we have investigated their dynamics aed-en
getics and determined which model of spectral ageing pesvilde
best description of these sources. We have looked at wheitper
nificant cross-lobe variations are likely to be common in pdul
radio sources and if the high injection indices found in ore-p
vious work (Harwood et all, 20/13) are still observed whehttig
constrained by full bandwidth observations. We have ingattd
whether emission from the jet of 3C438 affects spectral ragei
analysis and test whether the well known dynamical verses-sp
tral age disparity still exist in cluster-core FR-IIs. Theykpoints
made within this paper are as follows:

(i) We find that the injection index of both sources are higher
than previously assumed, consistent with those found in our
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previous investigations.

(ii) Jet emission causes a bias towards steeper injectidexin
values but, even for the strong jet emission observed in 8C43
does not account for large difference between the commonly
assumed values and those found within this paper.

(i) Significant cross-lobe age variations are again obesein
the lobes of 3C438. We suggest that these variations are amoom
feature of FR-II sources and so should be considered chréful
all future studies.

(iv) We suggest that Tribble model currently provides thesmo
convincing description when both goodness-of-fit and ptalsi
plausibility are considered for both 3C438 and 3C28.

(v) We derive a Mach number for the lobes of 3C438 of
between 3.1 and 5.4 (1.6 for the dynamical age), implying tha
the radio lobes are overpressured with respect to the aftern
medium. However, the source energetics suggest that theired
particles and magnetic field at equipartition cannot actéamrthe
necessary pressure to support the lobes, similar to whasesreed
in other rich cluster sources (e.g. Cygnus A). A discrepaoicy
approximately an order of magnitude makes 3C438 the most
underpressured FR-1l source known to date.

(vi) We find that even when tightly constrained at GHz fre-
guencies, an order of magnitude disparity between the igpectd
dynamical ages remains. We show that for 3C438, both departu
from equipartition and the presence of non-radiating pladi
arising from the entrainment of thermal material are botle ab
provide a possible solution to this problem.

(vii) We confirm that 3C28 is an FR-II, rather than an FR-I as
reported in some previous investigations, based on its hodogy
and spectrum at high resolution.

(viil) We suggest that 3C28 is a relic source with the central
AGN turning off around 6 to 9 Myrs ago.

We therefore confirm that many of the assumptions which
are made in relation to spectral ageing models should béutigre
reevaluated. The underlying physical reason for theseadisgs,
such as the high injection indices, remains an open questiich
will be addressed in the near future by low-frequency studieaa-
dio lobes and of hotspots in FR-IIs (e.g. Harwood et al., ieppr
We conclude that if one is to determine reliable intrinsiesgand
hence the total power of these sources, then it is vital Heste out-
standing questions are resolved and, possibly, new modatshw
better account for our expanding knowledge of these soudees
rived.
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APPENDIX A: J00560226+2627287: A TAILED SOURCE IN
THE FIELD OF 3C28

Within the field of view of our observations another largdghbt,
extended radio source located arcminutes{750 kpc projected)
north east of 3C28 was also serendipitously observed (EiAd).
Unfortunately due to being located at the edge of the JVLA's p
mary beam and with no well matched L-band data availablereve a
unable to perform a full spectral analysis; however, we tllable

to provide some insight into the source’s properties. As soiurce

is located well away from the phase centre, in order to determ
reliable flux values a correction for primary beam atterarativas
required. Each image was therefore corrected uskga’s IMPB-
COR task. As for the IVLAB,rimary =~ 45/v (WhereBprimary

is in arc minutes and is in GHz), at higher frequencies the source
is located very close to the edge of the primary beam with some
regions falling outside of the corrected image. We therefestrict
our analysis to a frequency range of between 4 and 6 GHz taensu
all of the source is fully encompassed. Integrated flux \@iuere
obtained usingcAsA from which we derive a spectral index be-
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Table Al. Integrated flux for J005603+262717

Frequency RMS Integrated Flux =+
(GHz) (wJy) (mJy) (mJy)
4.33 33.6 95.4 1.0
4.45 36.3 93.2 0.9
4.58 37.3 91.9 0.9
4.71 32.8 89.8 0.9
4.84 35.5 87.7 0.9
4.97 34.5 84.9 0.9
5.07 38.9 83.9 0.8
5.20 33.4 81.3 0.8
5.33 38.9 78.8 0.8
5.45 38.1 77.5 0.8
5.58 39.7 74.7 0.7
5.71 36.2 72.8 0.7
5.84 38.9 715 0.7
5.97 43.3 71.0 0.7

Integrated fluxes for J005603+262717 between 4 and 6 GHz.RW&
noise is taken from the image after primary beam correctiorg region
away from but representative of the source. The spectrakiad determined
by a least-squares fit to the values listed above is 0.98.

tween 4.3 and 6.0 GHz ef = 0.98 using a standard least-squares
fit. The integrated flux values and their associated unceitsiare
shown in Tabl&AlL.

The host galaxy of this source has previously been identified
as 2MASX J00560226+262728% (= 0.191399) and is associ-
ated with Abell 115, the same cluster of which 3C28 is a mem-
ber (Beers et al., 198B; Zabludoff ef al., 1990). From Fiflve
see that the source contains four major components; a campac
core in the north west, a pair of jet-like structures whichntie
nate at bright lobes, and two diffuse tails which, in the plaf
the sky, run parallel to the lobes of 3C28. At first sight, therm
phology resembles that of a narrow angle tailed radio galsaT;
e.g.L.O'Dea & Owen|_1986; O'Dea etldl., 1987). NATs are nearly
always found in rich clusters and thought to be a result of peas-
sure bending the jet and lobes as they move through the lungrac
ter medium (ICM), forming their characteristic narrow il his
was also the conclusion reached in a previous low-resolutidio
study of this source by Gregorini & Bondi (1989); howeverttet
end of the northern tail we also see diffuse emission peipand
lar to the main structures which is hard to explain in the ewnt
of a NAT as, in the rest frame of the source, it would lie in the
flow of material in the external medium. This diffuse featuras
also observed by Gregorini & Bondi (1989) and so we can be con-
fident that this emission is real, rather than an imagingasteThe
most plausible explanation is therefore that the sourcesigad a
wide-angle tail radio galaxy (WAT; e.q. Owen & Rudrick, 1976
IHardcastle & Sakellidu, 2004) seen in projection.

Similar to NATs, WATs are also observed to reside in rich
cluster environments close to the core region, but are thtotay
be moving more slowly through the ICM resulting in a less pro-
nounced bending of their jets and lobes. Gregorini & Bon&Bd)
derive a velocity of the host galaxy with respect to the mdaster
velocity of 2400 km s!, much faster than the velocity e£100
km s~! expected for WATSs; however, the minimum physical sepa-
ration between this source and 3C28 (located at the cent&xbelf
115) is~750 kpc (this is really a lower limit as the redshifts sug-
gests the potential WAT is significantly closer than 3C28jisTar
away from the centre, the source almost certainly residasawer

density environment than those WATS observed close to tretai
core, which would allow jets to remain only moderately dittd
at these high velocities.

Another characteristic feature of WATs is that they have so
far all been observed to be hosted by massive ellipticalxgesa
From measurements made by the 2MASS survey of the host galaxy
(Skrutskie et dl.._2006), we see that both the potential WA# a
3C28 (which is known to reside in a massive cD galaxy) have K-
band magnitudes of around 13.5, suggesting that the WATS$ ho
galaxy is also similarly massive. This suggests that whilsTsV
have a preference to form in cluster cores due to the abuedainc
massive elliptical galaxies, it is not a strict requireméntrther in-
vestigation is required to substantiate this claim but dvtes at
least some tentative evidence that WATSs in fast moving, ivass
galaxies further away from the core are also possible givercor-
rect environment.

One further piece of evidence that supports the WAT classifi-
cation comes from our radio luminosity measurements. WAEs a
thought to be a subtype of FR-II or transitional FR-I/Il ragjalax-
ies. Assuming the spectral index given above and the flux uneas
ments of Tabl&AN, we find a 178 MHz luminosity &fx 10%° W
Hz~!, which lies above the FR-I/Il break (Owen & Ledidw, 1094).
With the northern lobe angled towards the observer, one ksan a
naturally explain the observed sharp turn in the diffusession at
the end of the northern lobe, the asymmetry between the two je
like structures, and the northern jet's increased flux degmdose
to the core (due to beaming) through simple geometry. Weether
fore conclude that the source is most likely a WAT hosted Isy fa
moving, massive elliptical galaxy in the cluster Abell 115.
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