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ABSTRACT

We present multifrequency radio observations of two wethkn episodic FR Il radio galaxies
(JO116-4722 and J11582621) and a detailed investigation of the life-cycle of edis radio
galaxies from their spectral and radiative properties. @ioing our previous work with the
presentresults, we either constrain or place very gooddiami the active and quiescent phases
of a small sample of episodic FR Il radio galaxies. The doratf the quiescent phase can
be as small as the hotspot fading time of the previous epjsotkas high as a few tens of
Myr; however, for none of the sources in our sample is it ckosthe duration of the active
phase of the previous episode. We also find that for many @jgisadio galaxies, the nucleus
is variable at radio wavelengths. For our small sample ofigogfic radio galaxies, we find 4
to have strongly variable cores, a much larger proportiam il generally found in samples
of normal FRI radio galaxies. Studies with larger sampléi$ e required to establish a
statistical association between core variability andeglitsradio activity.
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1 INTRODUCTION

The Jet Formation Activity (JFA) in radio galaxies is knowm t
be episodic in nature. After the cessation of a given episade
JFA of a radio galaxy, when another episode starts with the fo
mation of a new pair of jets propagating through the cocootema
rial left behind by the previous activity, the radio galasykinown

as an Episodic Radio Galaxy (ERG). Bdtanaroff-Railey type

I (FR1) and type Il (FRII) radio galaxies (Fanaroff & Rai-

ley 1974)show episodic JFA. Some of the most conspicuous FR I
ERGs have been extensively studied in the radio (e.g. byeSeho
makers et al. 2000a, Schoenmakers et al. 2000b; Konar €iG8; 2
Saikia et al. 2006; Jamrozy et al. 2007; Saikia et al. 200hako
et al. 2012). Among the prominent FR| ERGs are CenA (Burns,
Feigelson & Schreier 1983; Clarke, Burns & Norman 1992), Aler
(Gizani & Leahy 2003) and 3C 388 (Burns, Schwendeman & White
1983; Roettiger et al. 1994). In each episode, a pair of jeds p
duces a pair of lobes. If we observe a single pair of lobes ader
galaxy, it may be called a Single-Double Radio Galaxy (SDRG)
if we observe two pairs of lobes in a radio galaxy, it is cusaom
ily called a Double-Double Radio Galaxy (DDRG: Schoenmsaker
et al. 2000b); similarly, if three pairs of lobes are obsdni¢ is
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christened a Triple-Double Radio Galaxy (TDRG, Brocksopal.e
2007; Hota et al. 2011). We confine ourselves to the episaglic b
haviour of FR Il radio galaxies (where compact hotspots asn}
in this paper.

Although episodic jet formation has been unanimously ac-
cepted as the model for the origin of the inner double(s) oRGI3
and TDRGs, there are two plausible models in the literatext
plain how the inner doubles assume the structure they havael
first of these models (hereafter the ‘classical FR Il mogl#fig in-
ner lobes are formed in the same way as the SDRGs and outer
doubles of DDRGs are formed, i.e., by the back-flowing reisti
tic plasma injected at the hotspots; in the second modeieéffier
the ‘bow shock model’) the inner doubles are created by the re
acceleration of the outer cocoon particles at the bow shoreated
by the almost ballistically moving jet heads (Brocksopple2@07,
2011; Safouris et al. 2008).

The inner doubles often seem to have very elongated lobes in-
flated on the two opposite sides with backflow-like strucpresent
in the contour maps (Konar et al. 2006; Safouris et al. 2008).
many cases, it is quite clear that the structure of the inoleed
has quite different aspect ratio to that of the outer doufdeg.,
J1453+3308: Konar et al., 2006; J1548216: Safouris et al. 2008;
J0116-4722: Saripalli et al. 2002). Other details in detailed stru
ture are also seen; for example, in some of the inner lobgs tke
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inner northern lobe of J14533308 (Konar et al. 2006), no com-
pact hotspot is observed in sub-arcsec resolution, withetheead
showing a wedge-shaped structure instead. Using mutjiséacy
data, Safouris et al. (2008) found that there is not muclatian of
the two-point spectral index along the lobe axis of the irhau-
ble of J1548-3216. The strong variation of two-point spectral in-
dex along the lobe axis (i.e., the steepening of spectraixificom
the hotspots towards the tails of the lobes) is taken in nbRR4A
sources to be strong evidence for backflowing jet materiaédihe
absence of variation of spectral index along the lobe axmyirtihat
the hotspots in the inner lobes are moving faster than thaydvo
in SDRG? This faster hotspot motion would mean that all the lo
plasma has been deposited in a shorter time (say in a®éwr)
along the lobe axis by the backflow process, thus explairtieg t
absence of strong variation of spectral index along the &otie of
the inner lobes.

A faster hotspot speed for the inner doubles is qualitativel
quite consistent in the ‘classical FRII model’ with the tens outer
cocoon material through which the inner doubles must pratgag
However, problems arise when we think of the momentum balanc
equation at the hotspot and try to connect that with the bawkfl
formation. The faster the hotspot speed, the weaker shattieo
backflow. This can be seen qualitatively by comparing twoesxe
cases. When the hotspot velocity is zero, all the jet mateoim-
ing out of the jet will impinge on the ambient medium and flow
backward with very high backflow velocity, provided it is ¢iored
in the lateral direction within a certain radius around tbegxis.
On the other hand, when the hotspot velocity is the same gstthe
bulk velocity, then the jet is ballistic and essentially Bbmatter is
injected into the cocoon, hence there is no backflow. So nithea
seen that the greater the hotspot velocity, the less is tloeiaihof
jet matter injected into the cocoon for a given jet power, hedce
the backflow velocity will be lower. In fact, though, we seaitth
the inner lobes extend all the way back to the core in somescase
e.g. for the southern inner lobes of J1453+3308 (Konar @08i6),
presenting a problem for this simple model. To solve thibfm
Kaiser et al. (2000) have proposed that thermal materiabjested
into the outer lobes of DDRGs during their growth and quiasce
phases, and that the inner lobes actually propagate thiodghser
medium than would be expected purely from a consideratidheof
synchrotron-emitting plasma. However, there is as yet rectliev-
idence of this thermal material in the lobes.

If, on the other hand, the jet is ballistic, then the jet hedtl w
drive a bow shock in the ambient medium, and this motivates th
‘bow shock model’, in which the bow shock driven by the ballis
tic or almost ballistic jets of an inner double propagatihgptigh
the cocoon material of the outer lobes gives rise to the streof
the inner double by re-accelerating the relativistic jotet of outer
cocoon (Brocksopp et al., 2007; 2011). This bow-shock malel
consistent with the simulation done by Clarke & Burns (198hp
showed that the jets propagate almost ballistically thihoting old
lobe and do not form any significant lobes embedded in the ma-
terial of the outer lobes. Though for B0925+420 (Brocksopp e
al. 2007), J1453+3308 and J1835+6204 (Brocksopp et al.)2011
the inner doubles were found to be consistent with the baveish
model, Safouris et al. (2008) ruled out any detection of bloacks
exterior to the inner double of PKS B1545-321. It is quiteupla
sible that either of the two models, namely classical FR Ideio
and bow shock model, of the inner double may be required to ex-
plain the dynamics and structure of the inner doubles, di#ipgn
upon the inner jet power and the matter density of the outer co
coon (this will be discussed in detail by Konar & Hardcasite,

preparation). When compact hotspots are observed, thsicahs
FR Il model should be valid, while the absence of hotspotsih b
sides of the inner double can be explained by the absencd of je
termination shock and the presence of bow shock. HoweveraiKo
& Hardcastle (in preparation) recently found that the itit in-
dex of inner and outer doubles for most of the aligned DDR@s ar
similar. This result cannot be explained in terms of the lshwoek
model. So we would expect that both the classical FR Il modél a
the bow-shock model may need to be employed simultaneoassly t
fully describe the dynamics and the structure of the innerbtis.
Brocksopp et al. (2011) showed, through their work on J13388
and J1835+6204, that if the bow-shock model is to be validHer
inner double, then there is no compelling need for the thegas
ingestion, as proposed by Kaiser et al. (2000), from the antbi
medium into the outer lobes for the confinement of the innleeo

It is clear from the above discussion that the study of DDRGs
is very important to understand the dynamics of FRII jets|IFR
lobes, the interaction between jet and ambient medium aed th
interaction between the thermal matter (in ambient mediang)
non-thermal matter (in outer lobes). In this paper we presen
detailed radio study with the Giant Meterwave Radio Telpsco
(GMRT) and Very Large Array (VLA) of two well known DDRGs,
J0116-4722 and J1158+2621. All the results obtained in this pa-
per will be employed in our forthcoming paper that will prese
the XMM-Newton X-ray observational results and a detail study
on the dynamics of these two sources (Konar et al., in preg). W
present observations and data reduction in Section 2, mered-
tional results in Section 3, our spectral ageing analysg&eiction 4,
discussion in Section 5 and concluding remarks in Section 6.

The cosmological parameters that we uses Hie = 71
km st Mpc™t, Qu = 0.27 and Qe = 0.73 (Spergel et al.
2003). The redshifts are 0.146101 (Danziger & Goss 1983) for
J0116-4722 and 0.112075 (SDSS DR, as provided by NED) for
J1158+2621 respectively. In this cosmology, 1 arcsec spards
to 2.530 kpc for the source J0118722, situated at a luminosity
distance D, = 685.4 Mpc. The physical sizes (from peak to peak)
of the inner and outer doubles of this source-aré60 and~ 1447
kpc respectively. For J1158+2621, 1 arcsec correspondsDiid 2
kpc and its luminosity distance I8, = 514.0 Mpc. The physical
sizes of the inner and outer doubles of this source~arE38 and
~ 483 kpc respectively.

2 OBSERVATIONS AND DATA REDUCTION

The GMRT data with the project code (10CKa01) are our own ob-
servations and the remainder are public data from the GMRIT an
VLA archives. The observing log of both GMRT and VLA data is
given in TabldL.

2.1 GMRT observations and data reduction

All our GMRT observations were done in the continuum mode at
150, 325, 610 and 1280-MHz band in the standard manner. Flux
density calibrators were observed for about 10-15 min ithnesaan
either in the beginning, or at the end, or in both the begigp@ind
end, depending upon the situation. Phase calibrators viserved

by ~ 4 — 5 min in each scan. The scans of observations of a target-
source were interspersed with the phase calibrator scames.oD
3C48, 3C147 and 3C286 was observed as a flux density calibrato
Observations of each target source were done in a full-egighun

of approximately 9 hours including calibration overheattks given
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Table 1.Observing log of the DDRG J011&4722 and J1158+2621: Column 1 shows the source name; coliamds 3 show the name of the telescope, and
the array configuration (only for the VLA observations);woh 4 shows the frequency of the observatiwith the standard band name within parentheses

if it exists; while bandwidth and on-source integration time of obséowatare listed in columns 5 and 6; the date of the obsenatoa listed in column 7;
finally column 8 lists the project code of each data set.

Source Teles- Array Obs. Bandwidth ~ On source Obs. Date  &roje

cope Conf. Freq. used for observing code
mapping time
(MHz) (MHz) (min)

1) 2 3) 4 (5) (6) ™ ®

J0116-4722 GMRT 333.75 (P) 12.50 242 13-MAR-2008 13JMa0l
GMRTf 618.75 12.50 253 06-MAR-2008 13JMa01
GMRTT 1287.88 (L) 12.50 249 26-NOV-2009 1074

J1158+2621 GMRT 153.28 5.06 360 11-AUG-2006 10CKa01
GMRT 240.25 5.00 307 17-JUL-2006  10CKaO1
GMRT 331.88 (P) 12.50 270 15-JUN-2006  10CKa01
GMRT 150.25 6.25 160 31-MAY-2006  10CKaOl1l
GMRT 332.50 (P) 12.50 300 16-JUN-2006  10CKa01
GMRT 617.50 12.50 80 13-MAY-2006  10CKa01l
GMRT 1287.50 (L) 12.50 340 22-JUN-2006  10CKa01
VLA D 4860.10 (C)  100.00 14 27-JUN-2008  AM954
VLA DnC  4860.10 (C) 100.00 7 19-JUN-2008 AS943
VLA DnC  4860.10(C) 100.00 15 24-OCT-2005 AL663
VLA A 8439.90 (X)  100.00 2 03-MAY-1990 AB568
VLA DnC  8460.10 (X) 100.00 0.8 24-OCT-2005 AL663
VLA A 8460.10 (X)  100.00 0.7 05-APR-1998 AM593
VLA DnC  8460.10 (X) 100.00 4.5 19-JUN-2008 AS943
VLA DnC  22460.1 (K) 100.00 2 24-OCT-2005 AL663
VLA D 22460.1 (K)  100.00 3 06-SEP-2008 AS943
VLA DnC  43339.9(Q) 100.00 4.6 30-OCT-2005 AL663

t: GMRT archival data. The rest of the GMRT data are from our olyservations.

frequency. The on-source observing time varies from 80 Gor3i this is due to the effects of poor resolution at lower freques
(see observing log in Tallé 1). The GMRT data were calibratet! Measuring the flux densities of different regions of thisrseywe
imaged using the NRAO software packade PS in the standard realised that the total flux density of the outer cocoon pkasnihe

way. The flux density calibration are according to the scaRears region of the inner double is a small fraction of both the gnéeed
et al. (1977) in all frequencies. A few rounds of phase-omlf-s flux density as well as the outer double flux density of J115242
calibration were carried out on each data set to correctifilgilty Moreover, that particular region, being at the middle of éméire
phase. No amplitude self-calibration was used. source must contain the oldest plasma of the outer cocoorisand

very likely to have a very steep spectral index1), which means

that the total flux density of that region will be an even lovirerc-
2.2 VLA data and their reduction tion of the integrated flux density and outer double flux digmei
VLA higher frequencies. Therefore, the largest emissigiore of
dominant flux density for J1158+2621 is only 2 arcmin in siz=,
half of the total source size. All of the VLA maps that weredise
for the diffuse emission measurements of J1158+2621 wede ma
from either D-array or DnC-array data which can map stresaf
3 arcmin in size at X band without loss of flux. We conclude that
the VLA flux densities of J1158+2621 at L, C and X band that we
present in the following section should not be significaaffected
by loss of flux due to lack of low spacings in the uv-coveragie
data. However, at frequencies higher than 8.4 GHz, the VLA im
ages will necessarily miss some flux on large scales. Theestior
baseline of the GMRT is 100 m; we can safely map single emissio
regions of dimension- 7 arcmin at 1280 MHz without loss of flux,
and even larger structures at lower frequencies, and soMRT
observations of J1158+2621 should fully sample the source.

All the VLA data we have analysed for this paper are the aathiv
VLA data for the source J1158+2621. The other source has no
high frequency £2 GHz) data. We have analysed the VLA data at
various frequency bands-@.8, 8.4, 22.5 and 43.3 GHz) to image
J1158+2621. All VLA observations are in snapshot mode. Tie o
source observing time varies from-14 min (see Tablg 1). The cal-
ibrator selections and observing procedures and imagmgjaite
similar to what were done for GMRT data (see Seclion 2.1). All
flux densities are on the Baars et al. (1977) scale. A few reund
of phase-only self-calibration were carried out on eacla dat to
correct the visibility phase.

2.3 Short spacings and flux reliability

Our target sources, J011@722 and J1158+2621 have sizes of

~ 9.5 and 4 arcmin respectively. The shortest baseline for the C Given that J01164722 has a size{ 9.5 arcmin) greater than
and D configurations of the VLA is 35 m. Even though most of the 7 arcmin which is the largest dimension of a single emisségion
images of J1158+2621 (Figure 2) seem to show the largesbkize that GMRT can map at L band, the question arises whether our L-
a single emission region to be the entire 4 arcmin sourcetlynos band GMRT image has lost flux density due to low spacings.eSinc
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the bright portion of the emission regions that contributstrof For correctly determining the flux densities of the inner leu

the total flux has sizes not more than the half of the largestlan of J1158+2621 (see Tablé 4), we re-mapped the field at higher

size of the source, the GMRT L band image might be expected frequencies (namely 1287, 4860 and 8460 MHz) with a common

not to lose an appreciable amount of flux in L band image due lower uv-cutoff of 2.8 K, so that we can get rid of the outer dif-

to lack of low spacings. However, because of the low dedbnat fuse emission as far as possible. No appreciable curvaswis-i

of the source GMRT could only observe it at a very low eleva- ible in the spectra of the individual inner lobes and thereniti-

tion angle; theuv coverage is therefore extremely skewed and, in ner double within our observed frequency range. Therefoee,

addition, the GMRT was susceptible to unwanted terressig have fitted power laws to the inner double component flux den-

nals. As a result the quality of the GMRT data for JO14G22 sities of J1158+2621 listed in Talilé 4. The best-fitting polaes

were bad in general, but the L band data were worse than anyfor the total inner double of this source $$.,(v) = (29136.6 +

other band for J01164722, and a good deal of flagging was nec- 6283) x v~ (0-770£0:930) The same for the NW2 and SE2 lobes of

essary, particularly on short baselines. Conservativetyassume  this source arénw2(v) = (16772.6 = 1740) x p~(0-740£0.054)

that there is likely to be missing flux in the GMRT L-band imade ~ andSsga () = (14554.2 & 4535) x v~ (0-821£0.09) ragpactively.

J0116-4722, and so we have not used this image for the detailed In these expressiorfv) is in mJy and is in MHz. The inner dou-

spectral ageing analysis. ble spectrum has been extrapolated down to our lowest aixberv
frequency. The total flux densities of the inner double ab#ier
frequencies are calculated from this fitted power law byapdta-

3 OBSERVATIONAL RESULTS tion, and the errors by propagating the errors of the besigipa-

rameters according to the equation below (see Section Karadr
The radio images are presented in Figlides 1[dnd 2, and the meaet al. 2012).

surements of flux densities and observational parametgesiatis -
frequencies are presented in Talilés 2 [And 3. For convenieace . Sy

have followed the following component designations. Théepu S = \/( ) 0*2% + (S, Inv)?0% @
north-western and south-eastern lobes of J1158+2621 aig-de
nated NW1 and SE1 lobes respectively; and for the inner north
western and south-eastern lobes of the same source areatesig
NW2 and SE2 lobes respectively. NW1&2 indicates NW1+NW2
and SE1&2 indicates SE1+SE2. For JO1¥F22, we designate
the outer northern and southern lobes as N1 and S1 lobesrespe
tively. Similarly, inner northern and southern lobes ame &2 and

S2 lobes respectively.

In the 150-MHz image of J1158+2621 the inner and the outer
doubles are not resolved. The inner lobes of both the sounces
high-resolution images seem to have edge-brightenedtstas;
resembling normal FR Il radio lobes in morphology. Howetkee,
outer lobes have plateaux of surface brightness towardiss ftire
ends in higher-resolution images. We see a peak of emissibie a
outer end of each outer lobe in low-resolution images. These
presumably the locations of the hotspots when the outercesur
were active, and we refer to these locations, which do notmewat
morphological criteria for being hotspots, as ‘warm spots’

Flux densities that were measured directly by us from the
FITS maps (either made by us or from the survey) withAh®S
task TVSTAT are assumed to have absolute flux calibration errors
of 5 per cent at 1400, 4860 and 8460 MHz (VLA), 7 per cent at
1287 and 610 MHz (GMRT) and 15 per cent at 332, 240 and 153
MHz (GMRT). Flux densities collected from the literature ars-
sumed to have the errors quoted in the literature. Other fmsitly
values, which were not directly measured from the FITS maps b
estimated by various means, have been assigned errormitesdr
by propagating errors from the errors of directly measunedden-
sities.

So

where S(v) is the flux density in mJy at a given frequeneyjn

MHz. Sy is the normalisation of the power law. aad, ando., are
1o error of the normalisatiorfy, and spectral indexy respectively.
The unit ofos, is also mJy.

For the source J01164722, our GMRT L-band data are af-
fected by Radio Frequency Interference (RFI) and have aeskew
uv coverage because of its low declination, as noted above- (S
tion[2.3). Lower-frequency GMRT data have too poor resohuti
for the inner double to be mapped without any contaminatiomf
the diffuse emission of the outer lobes. There are no daiglafite-
guencies except at 1376 and 2496 MHz, which are Australie-Tel
scope National Facility (ATNF) data published by Saripatlial.
(2002). Therefore, for the inner double of JOXK722, we have
assumed that the spectrum of the total inner double is a plawer
with o = 0.70 £ 0.10 (Saripalli et al. 2002) and normalization of
(260 £ 13) x (1376)-70%0-00) mJy at 1376 MHz (Saripalli et al.
2002). The flux densities of the total inner double at all ofine-
guencies have been calculated from this power law and tloeserr
have been calculated from Equatidn 1.

In order to estimate the flux densities of the total outer dou-
bles, we subtracted the flux densities of the total inner tsudnd
the cores from the integrated flux densities. The specteihgglP
model (Jaffe & Perola 1973) has been fitted to the flux dessitie
the outer doubles. The fitted spectra of inner and outer éstdule
shown in Figure§]3. All the flux density measurements (lttes
values as well as our measurements) of integrated, outdslelou
and inner double are listed in Tab[ds 5 &hd 6.

The spectra of different components of the sources are pre-
sented in Figuregl3. The clearly visible steepening in tleztsp
of both the integrated source and the outer doubles at thehig
3.1 Constraining radio spectra frequency end is interpreted as due to radiative losseshwhie

. _discuss in Sectionl 4.
Our flux density measurements are supplemented by flux densi-

ties from the literature to constrain the radio spectra ffecént
components of these sources. The flux densities (with grofrs
various components (integrated, inner double and outebldpu
of J0116-4722 and J1158+2621 are listed in Talilés 5[@nd 6 re- The core positions are RA: @116m 25,00, DEC:—47° 22 41'50
spectively. The detail procedure that we have followed tost@in and RA: 1h 58m 19:98, DEC:+26° 21’ 1409 for J0116-4722

the radio spectra are described in detail by Konar et al. 01  and J1158+2621 respectively. Our measurements of radie cor

3.2 Theradio cores
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RIGHT ASCENSION (J2000)
Grey scale flux range= 0.08 90.00 mJy/beam
Cont peak flux = 2.1779E-01 Jy/beam
Levs = 5.000E-03 Jy/beam * (1, 2, 4, 8, 16)
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Figure 1. GMRT images of J01164722 are shown. The exact frequency of observations is git/ére top of each image. The peak flux density, grey scale
level, 1st contour and the contour levels are all given abtiteom of each image. Upper left panel: Outer northern Ialmper right panel: Core, and inner
and outer southern lobes. Lower left panel: 618-MHz imagevér right panel: 334-MHz image.
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Table 2. The observational parameters and flux densities of the @Mterand S1) and inner (N2 and S2) lobes of J014822 are listed in this table.
Flux values of the core component of the source are given litleT& Column 1: frequency of observations in MHz, with thieeleG representing GMRT
observations; columns-24: the major and minor axes of the restored beam in arcsedspdsition angle (PA) in degrees; column 5: the rms noiseJg m
beant!; column 6: the integrated flux density of the source in mJigrmms 7, 10 and 13: component designation where N1 and Sdatedihe northern and
southern components of the outer double, N2 and S2 nortimefs@uthern components of the inner double, and C the corpaoent; columns 8 and 9, 11

and 12, 14 and 15: the peak and total flux densities of the coers in mJy beam! and mJy respectively.

Freq. Beam size rms S Cp Sy St Cp Sy St Cp Sy St

MHz ” ” ° mdy mly mly mdy mJy mly mly mly
/b /b /b /b

1) 2 (3) 4) (5) ® @ (8) 9 (@) @1 (12) (13) (14) (15)

G333.75 23.63 11.71 25 1.05 10080 N1 98.8 4058 N2 29 86 S1@S2+ 218 5961

G618.75 10.42 4.30 356 0.17 5022 N1 9.44 1915 N2 3.35 41 S1@S2+ 30 3060

G1287.50 8.01 4.34 6.4 0.05 1520 N1 2.96 464 N2 < 0.51% S1+S2+C 12 1021

@: three sigma limit.

Table 3. The observational parameters and flux densities of the (N1 and SE1) and inner (NW2 and SE2) lobes of J1158+262listeel lin this table.
Flux values of the core component of the source are givenhifel& Column 1: frequency of observations in MHz, with thiteleG or V representing either
GMRT or VLA observations; columns-24: the major and minor axes of the restored beam in arcsedsapdsition angle (PA) in degrees; column 5: the rms
noise in mJy beam!; column 6: the integrated flux density of the source in mJyrested by specifying an area around the source; columns,7,3land
16: component designation where NW1 and SE1 indicate thberorand southern components of the outer double, NW2 a@dt&Forthern and southern
components of the inner double; columns 8 and 9, 11 and 12pd4%, 17 and 18: the peak and total flux densities of the cosmgsrin mJy beam! and

mJy respectively.

Freq. Beam size rms S Cp Sy St Cp Sy St Cp Sy St Cp Sy St

MHz ” ” ° mJy mly mly mJy mly  mly mly mdy mJy mly
/b /b /b /b /b

1) 2 (3 4) (5) ® @ (8) 9 (10 (1) @12 13 (14) (15) (16) (17)  (18)

G153.25 28.80 22.07 63 10.10 9869 NW1&2 564 4360 Nw2 SE1&2 514081 S2

G332.50 9.74 7.91 44 0.54 4197 NW1&2 115 2208 NW2 SE1&2 78 197852

G617.50 7.14 5.66 315 0.79 3309 NW1&2 68 1770 NW2 SE1&2 45 153252

G1287.50 2.94 2.59 75 0.080 1238 NW1&2 17 669 Nw2 SE1&2 16 5712 S

V4860.10" 14.55 9.01 301 0.024 293 NW1&2 23 154 Nw2 SE1&2 12 132 S2

V4860.10 14.62 4.68 278 0.043 296 NW1&2 16 156 Nw2 SE1&2 10 133 S2

v8460.10 8.60 2.85 281 0.060 126 Nw1 1.32 49 NW2 7.81 22 SE1 1.65 44 S2 4 498.65

V8460.10° 9.55 8.37 17 0.23 157 NW1 4.55 61 Nw2 12.62 20 SE1 4.98 60 S2 5.98.44

V22460.10° 4.00 2.75 319 0.24 21 NwW2 2.37 9.37 S2 1.23 3.18

@: The project code of the data is AM95% The project code of the data is AS943.The project code of the data is AL663.

Table 4.The flux densities of the inner double of J1158+2621 from oeasurements. A common lower cut-off of 2.8 k\ has been applied to the data sets
to image the inner double without any contamination fromdliise emission of the outer double. The data at frequeritiat are flagged with an asterisk
are used to constrain the power law spectrum of the innerldotlibe description of the table is as follows: column 1: éreacy of observations; columns 2-4:
major axis, minor axis and position angle of the syntheskzsin; columns 5, 7 and 9: total flux density of the inner do@blthout the core), flux density of
the inner SE lobe and that of the inner NW lobe; columns 6, 8landhe errors of the flux densities; column 11: project cadb® data used.

Freg. Beam size ng; —c Err SsE2 Err SNWw2 Err  Project
(MHz) ° (mJy) (mdy) (mdy) (mJy) (mJy) (mJy) code

v @ ® @ 0 (6) (GO ()] 9) (100 (11
617.5 4.89 390 311 195 10 72 50 123 8.6 c
12875 285 245 72 124 6.5 41 3.0 83 6.0 c
4860.F 12.81 6.01 287 45 1.7 13 0.7 32 1.6 d
8460.F 7.51 249 280 295 1.1 9 04 20.5 1.0 e
22460.1 509 458 332 125 0.5 35 02 9 0.5 f

*: The spectra have been constrained with these data poilytsasrihe quality of the 617- and 22460-MHz data is not goazligh (see Figurgl 2). However,
the inner double flux densities at those two frequencies @msistent with the extrapolation of the spectra constchfnem the three data points indicated by

asterisks.
c: 10CKa01, d: AS943+AM954+AL663, e: AS943+AM593+AL663BBE68, f: AL663+AS943
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J1158+2621 GMRT 153.25 MHz J1158+2621 GMRT 332.50 MHz
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Figure 2. Full resolution radio images of J1158+3224 are shown. Téguency of observation and the telescope name (with progete for the VLA data)
are given at the top of each image. The peak flux density, grag $evel, 1st contour and the contour levels are all giteheabottom of each image.

positions match within~2 arcsec with those given by Jones & values in order to reduce any possible contamination from di
McAdam (1992) and Healey et al. (2007) for JO+¥522 and fuse emission. Errors are calculated by quadratically addig
J1158+2621 respectively. The core flux densities of ourcgmur  the flux measurement errors and theJMFI T errors . The fidu-
are presented in Tablé 7 for both the sourdése values of the cial values of flux measurement errors are assumed to be 5 per
core flux have been estimated from two-dimensional Gaussian  cent for VLA data and 7 per cent for GMRT data.

fits by Al PS task JMFI T. The core flux densities are all peak Given that the core variability of DDRGs has been reported
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Figure 2 — continued

in the literature by Konar et al. (2006), Jamrozy et al. (3087d
Konar et al. (2012), it is worth inspecting the core varidpifor

and K band, the core flux densities vary up to a factordt. For

(shown in filled circle in the top panel of Figuté 4) clearlyosls

the variability of the core over a10 yr time scale. The 334 and
these DDRGs also. The core variability of J1158+2621 is prom 610-MHz core flux densities of J01181722 are poor resolution
nently seen at C, X and K band (bottom panel of Fiddre 4). At X measurements; hence, these are contaminated by diffusafidx
we cannot judge the strength of the variability at theseueeq

the source J0116-4722, the L band data from ATNF and GMRT cies from our present observations. Konar et al. (2006) ana+ J
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Table 5. The flux densities, from our measurements as well as fromitirature, of different components (integrated, innerkdewand outer double) of
J0116-4722 are compiled in this table. Column 1: frequency of oleéns in MHz; columns 2, 5 and 8: component designationeasribed in Sectionl 3
with ‘Int’ indicating the integrated flux density of the se@et columns 3, 6 and 9: flux density; columns 4, 7 and 10: the enrflux density and column 11:

reference to the integrated flux density and error.

Frequency = Component St Error  Component St Error  Component St err.  Reference
MHz mJy mJy mJy mJy mJy mJy
@ @ (©) 4) ©®) (6) @) ®) 9 @10 (11
80.00 Int 34986 3400 N1+S1 33081 3542 1
151.50 Int 22238 2224 N1+S1 21020 2241 2
333.75 Int 10080 1512 N1+S1 9379 1516 3
408.00 Int 11742 1174 N1+S1 11133 1177 1,4
618.75 Int 5022 351 N1+S1 4565 354 3
843.00 Int 4485 224 N1+S1 4119 226 5
1287.50 Int 1520 106 N1+S1 3
1376.00 Int 2900 145 N2+S2 260 13 2640 146 6
1410.00 Int 2308 231 N1+S1 2052 231 1,4
2496.00 Int 1600 80 N2+S2 1¥0 85 N1+S1 1429 81 6
2700.00 Int 708 29 N1+S1 544 32 7,4
5000.00 Int 280 22 N1+S1 175 26 7,4
8400.00 Int 71 30 N1+S1 8,4

«: The power law spectrum of the total inner double (withoet ¢bre) has been constrained from these two flux densiti¢s Bager cent error) from
Saripalli et al. (2002). We assume that the inner double veeplaw between 80 and 8400 MHz (with,,; = 0.7 + 0.1), since we observe the same trend
in the inner doubles of other DDRGs. The flux density of thaltwiner double at any other frequency between 80 and 8400 Midbeen estimated from

the extrapolation of this power law (see Secfiod 3.1).

t: There seems to be loss of flux density in the diffuse outezdadb this measurements, as this flux density falls on thejestation of the power law
spectrum of total inner double. So, this point has not beed usthe outer double spectrum.

1: While compared with the flux densities of all other frequeacwe noticed that there is indeed loss of flux density irdiffase outer lobes. Besides,
because of the severe effects of RFI on the data the N2-labadtdeen detected. So, this point has not been used in deitggrthe inner and outer double

spectra, as discussed in the text (Sedfioh 2.3).

@: The original flux density value was on the CKL scale (see Gonwellermann & Long, 1963). Baars et al. (1977) give a scpfactor of 1.029 in their
Table 7 to convert into the scale of Baars et al. We have nfieltithe original flux density by this scaling factor to gesthalue.

b: The original flux density was on the CKL scale. So, we havetipligd the original flux density with 1.129 as given in Baatsal. (1977) to get this value.
¢: The original flux density was on the CKL scale. So, we havetiplidd the original flux density with 1.099 as given in Baatsl. (1977).

d: The original measurements were made using the Parkesiigji telescope at 2.7 and 5.0 GHz (Wright, Savage & Bol@#v)L However, Wall, Wright
& Bolton (1976), stated that ‘The scale factor for flux deyisitas determined by comparing the apparent flux density fgarl A with the adopted values of
23.5and 13.0 Jy at 2700 and 5009 MHz respectively. Table Gaf8et al. (1977) quoted that the flux densities for Hydra@2@B) are 23.7 Jy at 2700
MHz and 13.5 Jy at 5000 MHz. So, we have multiplied the 2700zMIHix densities by 1.0085 and 5000-MHz flux density by 1.0288anvert them into

the scale of Baars et al.

€: This measurement was made using the Parkes single-déisttople at 8.4 GHz. As flux calibrators Virgo A and Hydra A wesediwith flux density of
45.0 and 8.4 Jy respectively at 8.4 GHz. According to thepaiyial equations given by Baars et al. (1977) the flux desssitf Virgo A and Hydra A at 8400
MHz are 46.33 and 8.43 Jy respectively. So the conversidoriato Baars et al.’s scale at 8.4 GHz are 1.0296 and 1.0086tamed from Virgo A and
Hydra A respectively. So, we have multiplied the originakfilensity by the mean factor of 1.0166 to convert the 8.4-Gtizdensity to the scale of Baars

etal.
References The references are to the total flux densities.

1: Bolton, Gardner & Mackey (1964) 2: Udaya-Shankar et &0@) (This flux density measurement is with the Mauritius iBd@lescope). 3: This paper. 4:
Wright, Otrupcek (1990): Parkes Catalogue. 5: Bock, Larggagiler (1999): Sydney University Molonglo Sky Survey. 6rifgalli, Subrahmanyan,
Udaya-Shankar (2002). 7: Wright, Savage & Bolton (1977W8&ight et al. (1991).

rozy et al. (2007) also have shown that the restarting raaliaxies
J1453+3308 and 4C 29.30 have prominent core variabilitgake
of J1453+3308, the core at X band varies up to a facter®fand
the core of 4C 29.30 at C band varies up to a factor8f Liuzzo
et al. (2009) detected a 15 yr old VLBI/milliarcsec scale knio
near the core of 4C 29.30 and suggested that the large ampli-
tude radio-core variability between 1990 and 2005, as repted
by Jamrozy et al. (2007), is associated with the ejection ohis
knot from the central engine. This suggests that jet power aa
vary by ejection of such blobs from the central engine, lead-
ing to core variability in arcsec scale measurements. In a re
cent study by Konar et al. (2012), no appreciable variabiliy
has been observed in the DDRG J1835+6204 over 2 yr time

scale. So, many, but not all, of the DDRGs that we have stud-
ied (see Tabld B) have variable cores. We have defined a frac-
tional change of a quantity f. as a ratio of core flux densities
between two epochs. The ratio has been taken such that the ra-
tio is always> 1. If multiple epochs of observations exists, then
the frequency band and the two epochs have been chosen such
that f. is maximum (see TabldB). In our definition,f. = 1
corresponds to non variable core for any source. We have also
defined time scale of variability ¢,) as the shortest time over
which the variability has been detected with the available b-
servations of the variable core (In principlet, could have been
smaller than what we have estimated here, had there been ob-
servations at even smaller time intervals.) and the time sda of
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Table 6. The same as in Tab[é 5, but for the source J1158+2621.

Frequency = Component St  Error  Component Sy Error  Component St err.  Reference
MHz mJdy mJy mJy mJy mJdy mJy and
comment
(€ @ (©)) 4 ®) (6) 0 ®) 9 @10 1y
22.00 Int 38000 4000 NW1+SE1 35304 4050 1
26.30 Int 37555 8120 NW1+SE1 35205 8139 2
80.00 Int 13962 2290 NW1+SE1 12964 2304 3
153.25 Int 9869 1480 NW1+SE1 9264 1488 4
160.00 Int 6438 773 NW1+SE1 5853 788 5
332.50 Int 4197 630 NW1+SE1 3864 637 4
617.50 Int 3309 232 NW2+SE2 195 10 NWI1+SE1l 3114 232 4
635.00 Int 3105 159 NW1+SE1 2902 169 6
1287.50 Int 1238 87 NW2+SE2 124 6.5 NWI1+SE1L 1114 87 4
1400.00 Int 1027 51 NVSS
1400.00 Int 1098 100 7
1400.00 Int 1047 59 8
1400.00 Int(avg) 1057 42 NW1+SE1 947 54 9
1410.00 Int 900 128 NW1+SE1 790 132 10
2700.00 Int 550 26 NW1+SE1 484 34 11
4830.00 Int 296 41 NW1+SE1 254 43 12
4850.00 Int 311 32 NW1+SE1 269 35 13
4860.10 Int-c 289 15 NW2+SE2 46 1.7 NWI+SE1l 244 15 4
8460.10 Int-c 147 7.4 NW2+SE2 2956 1.1 NWI1+SE1l 118 7.5 4
22460.10 NW2+SE2  12.5 0.5 4

+: The power-law spectrum of the total inner double (withdet ¢ore) has bee
frequency. The flux density of the total inner double at amebfrequency has
t: These two flux density values for the total inner doubledallthe extrapolati
points marked by asterisks. So, even if we were to use thesdata points alo
double, the free parameters have similar best fit values.

n constrained by a least-squares fit to thseadd extrapolated to the lowest
been estimated from the fitted power lasvgsetio 3.11).

on of the best-fitting power-law spectagnstrained from the three data

ng with those three in constraining the pdave spectrum of the inner

@: The flux measurements are from the map made with multiple ¥tghival data sets with project codes AS943, AM954 and AL663
b: The flux measurements are from the map made with multiple dtohival data sets with project codes AS943, AM593, AL668 AB568.
¢: The flux measurements are from the map made with multiple dtghival data sets with project codes AL663 and AS943.

References and commentsThe references are to the total flux densities.

NVSS: NRAO VLA Sky Survey. 5 per cent error in integrated fluastbeen assumed.

1: Both flux density and error values are from Roger, CostaBtéwart (1986).

original flux density (and error as well) as quoted by Viner &cEon (1975) to

2: A factor of 1.015 (from Kuhr et al., 19885 been multiplied by the
bring it to the scale of Baars et al. (1977).I% original flux density has

been multiplied by a factor of 1.074 (from Kiihr et al., 1984 pring it to the scale of Baars et al. (1977). The flux dengitiyie is quoted in the Culgoora-2
catalogue (Slee & Higgins, 1975) and Culgoora-3 (Slee, L9e error is estimated to be 16.4 per cent from the recigengdy Slee (1977) and Slee &
Higgins (1975). 4: We have made radio images and measurdllixes from the FITS images. The data are either from our @atiens or from the archive.
5: The original flux density was multiplied by a factor of 1.(flom Kiihr et al., 1981) to bring it to the scale of Baars e{&977). The flux density value is
quoted in the Culgoora-3 catalogue (Slee, 1977). The ea®bken estimated to bel2 per cent from the recipe given by Slee (1977). 6: The caldiox
density has been multiplied by a factor of 1.035 (from Kithale 1981) to bring it to the scale of Baars et al. (1977)xFlansity value is available in PKS90

catalogue (Wright & Otrupcek, 1990) has been estimated ffemecipe given
error is the flux density limit of the survey. 8: The flux depsihd error is from
above 3 1400-MHz fluxes. 10: The flux is available in PKS90logtze (Wright

by Willis (1975). 7: The flux density is fronhité & Becker (1992). The
Condon & Broderick (1985). 9: The integthflux is the average of the
& Otrupcek, 1990). The error has been estithtdebe 128 mJy from the

recipe given by Ekers (1969). density value is availableKi$80 catalogue (Wright & Otrupcek, 1990). from the recipeegiby Savage et al. (1977). 12:
The flux density value is from Langston et al., (1990). Thereis the flux density limit of the survey. 13: The flux densiblue is from Becker et al. (1991).

The error has been estimated to-be32 mJy from the recipe given by Becker

non-variability (¢,.) as the longest time span over which mul-
tiple observations have been done and no variability has bee
detected for non-variable cores (to be borne in mind that the
non-variable cores may be variable on much longer timescas.
We have tabulatedf., t,, tn, in Table[8.

Is this degree of variability telling us something about tiae
ture of the DDRG phenomenon? We begin by noting that our targe
sources are not radio loud quasars, but radio galaxies.r8icap
to the unification scheme (and assuming that they are ndmew-
radio galaxies) we are likely to observe them at relativelsgé
(> 45°) angles to the line of sight. Therefore the intrinsic timasc
of variability of the cores should not be greatly shorteneaur

etal. (1991).

observations by the effects of relativistic beaming. Systiic stud-
ies of core variability in radio galaxies are relativelygaA high-
resolution radio study of 17 3CRR radio galaxies by Hardeast
et al. (1997) found only two objects (3C 79 and 4C 14.11) teehav
cores which varied detectably in radio flux at 8.4 GHz over32
yrs, and of these one is a broad-line radio galaxy (low-lwsity
quasar) and the other a low-excitation radio galaxy thatccoe
viewed at any angle to the line of sight. Similarly, Gilbettat.
(2004) and Mullin, Hardcastle & Riley (2006) report, respesy,

at most 4/27 and 3/32 of their higher8CRR sources, some of
which are quasars or broad-line objects, to have significaati-
able cores on timescales of years, although as the main fafcus
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Figure 3. Spectra of different components of DDRGs J0116-£22 (Up-
per panel) and J1158+2621 (lower panel). The open squareseainte-
grated flux densities. Our measurements and the flux densityalues
from the literature that seem to be reliable have been plottd and used
for constraining spectra. The filled cicles are the flux densies of the
outer doubles. The open triangles are the inner-double flux ensities
(core subtracted). The dotted lines are the power laws fittedb the flux
densities of the inner doubles, which are extrapolated to vg low fre-
guencies to enable the reader to compare its strength with i inte-
grated source strength. The dot dashed curves are the JP moldfis to
the flux density points (filled circles) of the outer doublesThe best fit
injection spectral indices of inner doubles are).7 4 0.1 for J0116-4722
and 0.770 4 0.03 for J1158+2621. The squares and circles are almost
overlapping, as the flux densities of the inner doubles are safl com-
pared to those of the integrated ones. For the outer double$ié best fit
values (with one sigma errors) of the parameters of the speel age-
ing JP model area;,j = 0.61879-072 and vy, = 2.42125% GHz for

70.?65 70.22
J0116-4722, andhy,; = 0.7887100 and v, = 16.811512 GHz for

J1158+2621.

these papers was the correction of variability to allow ingg
from multi-epoch data they may have missed lower-levelak

ity. Turning to objects perhaps more similar to our DDRGshia
radio study of giant radio galaxies by Konar et al. (2006,800
only one giant radio galaxy (J0819+756) has been detectdd wi
a variable core, and Ishwara-Chandra & Saikia (1999) also re
ported that the core of the giant radio galaxies, namely NG&C 3
and NGC 6251, did not show variability on timescales of atddut
and 2 yr respectively. Thus the detection of variability 7 4f
the DDRG in Tablé8 is qualitatively noteworthy, and indeéat s
tistically significant on a binomial test at around thelevel if we
take the rate of variability seen in the 3CRR objects (at mosR
per cent) as the null hypothesis level. We tentatively sagtiet
the variability is related to relatively large changes ia jbt power
(and therefore presumably the accretion rate) at the babe (¥ts,
which might be connected to the larger-amplitude varigbitin
longer timescales that drives the episodic nature of ourcesu If
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Figure 4. Core flux density vs. epoch of observation has beerqgtted to
demonstrate the core variability. The data are from Table[T Top panel:
This plot is for the source J0116-4722. Filled circles ploted in this panel
are the L band data from ATNF and GMRT. Bottom panel: This plot
is for the source J1158+2621. The filled square is the GMRT L bad
datum. The filled diamond is the VLA Q band datum. The open cirdes
are the VLA C band data. The open triangles are the VLA X band dda.
The open diamonds are the VLA K band data.

this is connected to accretion rate, increased variabbditypDRG
should be seen in other wavebands, e.g. the X-ray. Furthiesin
tigations of larger samples are required to investigate ifgue in
more detail.

While interpreting the core variability from our data, we
should bear in mind that the samples from Hardcastle et al.
(1997), Gilbert et al. (2004) and Mullin et al. (2006) were dlat
8 GHz and were observed typically 4 times over 2-3 years. Our
DDRGs have more total observations over a wider frequency
range and in some cases a longer time baseline. Whether this
makes the higher fraction of DDRGs to be observed with vari-
able core is not clear.

4 SPECTRAL AGEING ANALYSIS

According to the standard dynamical model of FR Il radio gials,
the relativistic plasma, after being accelerated at theguis flows
backwards towards the core. As we know, the leptonge(€) in
the lobes of radio galaxies radiate by the synchrotron moead
by inverse-Compton scattering against the CMB photonsreFhe
fore, those particles lose energy; this phenomenon isccedidia-
tive ageing or spectral ageing. The spectral age is definddeas
time elapsed since the radiating particles were last aatef In
order to determine the spectral age in different parts oldbes,
we apply the Jaffe-Perola model (hereafter JP model, sée &af
Perola 1973) which describes the time-evolution of the siwiis
spectrum from particles with an initial power-law energgtdbu-
tion characterised by injection spectral index.(). In applying
this model, our assumptions are that (i) the radiating glediafter
entering the lobes are not re-accelerated, but radiateheiayn-
chrotron process and inverse-Compton scattering ag&iestiB
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Table 7. Flux densities of the radio cores of J1158+2621 and116-4722. Column designations are as follows. Column 1: sourceame, column
2: telescope of observations, column 3: project code of theath, column 4: date of observations, column 5: Frequency ofliservations, column 6:
resolution of the image, column 7: core flux density and colum 8: error of the core flux density.

Source Telescope Project Date of obs.  Freq. Resolution Flux Error
code T ox7, deg density
MHz mJy mJy
(€ @) (©)) @ (6) @) ®)
J0116-4722 GMRT 17074 26-NOV-2009 1287.9 08:04.3,6.4 7.2 0.5
GMRT 13JMa01  06-MAR-2008 618.8 09®4.0,356 10.8 0.8
GMRT 13JMa01 13-MAR-2008 333.8 1%®7.8,28 185 2.8
ATNF SSU2002 Jan-Apr-1999  1376.0 10:09.1, 11 11.0 0.6
ATNF SSU2002 Jan-Apr-1999  2496.0 04:404.1, 15 11.7 0.6
J1158+2621  GMRT 10CKa01 22-JUN-2006  1287.5 6d04.4, 45 3.3 0.2
VLA AS943 19-JUN-2008  4860.1 18:02.6,279 3.8 0.2
VLA AM954 27-JUN-2008  4860.1 11x%05.2,302 3.8 0.2
VLA AL663 24-OCT-2005 4860.1 15x04.1,291 35 0.2
VLA AB568 03-MAY-1990  8439.9 00.800.2, 41 5.0 0.2
VLA AL663 24-OCT-2005 8460.1 09:608.4, 17 45 0.4
VLA AM593 05-APR-1998  8460.1 005700.7, 45 2.8 0.2
VLA AS943 19-JUN-2008  8460.1 08:602.8,281 4.6 0.2
VLA AL663 24-OCT-2005 22460.1 04%02.8,319 7.1 0.4
VLA AS943 06-SEP-2008 22460.1 03%02.9,345 4.2 0.2
VLA AL663 30-OCT-2005 43339.9 01:901.3,300 7.0 0.4

f: These are the observations made by Saripalli, Subrahmaayidaya-Shankara (2002).

Table 8. Core variability results. Column 1 lists the name ofthe source and the alternative name within parentheses. Cainn 2 says whether the
core has been detected observationally or not. Column 3 sayghether the detected core has been found to be variable or netithin the entire time
span of existing observations. Column 4 lists the time scaleof variability and non-valriability ( ¢, and 5., see the text for definition) along with the
symbols L, C and X within the parentheses representing the #quency band in whicht,, or ¢,., has been estimated. Column 5 lists the factof. (see
the text for definition) along with the frequency band and thetime interval (in yr, this time interval and ¢, are not necessarily the same) between two
observations, that are used to estimatg., in parentheses. Column 6 lists the references for the varility information.

Source (Alt. name) Detection Variability ¢4 (tn) fe (band, time) Reference
(Yes/No) (Yes/No) (yr)

(€] (@] (3) 4 ®) (6)
J0041+3224 (B2 0039+32) No 1
J0116-4722 (PKS0114-47) Yes Yes 10 (L) 1.53 + 0.13 (L,10) p
J0840+2949 (4C 29.30) Yes Yes 0.5(L) 8.04 £+ 0.57 (C,20) 2
J1158+2621 (4C +26.35) Yes Yes 3(X) 1.67 £ 0.13 (K,3) p
J1453+3308 (4C +33.33) Yes Yes 0.5 (X) 1.72 £ 0.12 (X,0.5) 3
J1548-3216 (PKS 1545-321) Yes No 6(C) 1.02 + 0.03 (C,6) 4
J1835+6204 (B 1834+620) Yes flo 2 (X) 1.19 +£ 0.10 (X,2) 1

T The core of this source can be called mildly variable provied there is no systematic error in the data. In our previous paer Konar et al. (2012), this core has been stated to be non viable.
Reference: 1: Konar et al. (2012). p: this paper. 2: Jamroay. €2008). 3: Konar et al. (2006). 4: Machalski et al. (2010

photons, (ii) the blob of plasma in each strip (limited by com- amount of time is elapsed, the synchrotron spectra deveaiopva-
mon resolution) is injected in a small time interval comphbte ture at higher frequency part. This curvature is charasgerby a
the age of the radio galaxy, so that the entire plasma of p stri spectral break frequency. The spectral break frequengy above
can be assumed to have been injected in a single shot, @ii¢th  which the radio spectrum steepens from the injected powerisa
is no mixing of back-flowing plasma between two adjacenpstri  related to the spectral age and the magnetic field strengibgh

of lobes, (iv) the magnetic field lines are completely tadghad

. . - - 1/2
the field strength at each part of the lobe is at equipartiveine, Trad = 50.3— B 5 {vpe(1 + z)}*1/2 Myr, @)
which remains constant in time, (v) the particles injected ithe B? + Béyp
lobe havera polnstant power-law energy spectrum with an ifgdgx whereBcws = 0.318(1+2)? is the magnetic field strength equiv-
(ainj = —5—, whereaiy; is the power law index of the syn-  gjent to the CMB energy density3 and Bous are expressed in
chrotron spectrum) over the entire active phase of the soaind units of nT, whilews,, is in GHz.
(vi) the particles get isotropized in pitch angle with thméiscale We have carried out a detailed spectral ageing analysis of
of isotropization much smaller than the radiative lifetinfrieom J1158+2621 using our multifrequency radio data. Due to ik |
our assumption (v), the initial spectrum of any blob of lokesma of good quality data we could not perform such a detailedtsplec

(any strip, in our case) has a power law spectrum. After sefffc  4qeing analysis for J01164722; however, for this source, we have



made a crude estimate of the spectral age. The results aressiesl
in the following two subsections.

4.1 Spectral age of J11582621

We have followed exactly the same procedure as describednakK

et al. (2012) to constraini,; andwy,, and estimate the magnetic
field. We first fitted the JP model to the integrated flux deesiti
of the lobes, obtaining a best-fitting value @f,; = 0.7881)0%%

for the entire outer double fitted to the data from Tadble 6. Wémt
convolved the total-intensity maps made by us at multiggdien-
cies to a common angular resolution of 14&61.56 arcsec, before
splitting into a number of strips separated approximatslythe
common resolution element (with which all the maps were con-
volved) along the axis of the source, and the spectrum of sizigh
has been determine@he best fit spectra of some of the strips of
the outer lobes are shown in FigurébWe have used the maps at
332,617, 1287, 4860 and 8460 MHz to constrain the spectizeof t
strips with the fixed value ofin; = 0.788. Then using SYNAGE'

(a spectral-ageing model fitting package, Murgia 1996), weech
constraineds,, hence the spectral age from the Equafiibn 2. While
interpreting the spectral ageing results, we are fully anafrthe
caveats related to the spectral ageing analysis which dieemin
Konar et al. (2012) in detail.

The value of Bnin and spectral age of each strip of
J1158+2621 are listed in Tatle]10. These spectral ages fef-dif
ent strips as a function of distance from the hotspots artteplon
Figure[8. As expected, the synchrotron age for both the doibers
increases with distance from the edges (warm spots) of theslo
We have fitted a polynomial to every age-distance plot toagxtr
late the curve to the position of the core. The value of thgmml
mial at the position of the core gives the expected speambathe
outer lobes. Since in this DDRG, there is diffuse relatigiptasma
of the outer lobes all the way back to the core, it makes semse t
determine the spectral age by this extrapolation methodco
not constrain the spectral age of the plasma near the camnrefy
the outer lobes due to (i) the presence of the inner lobesiguhai
signal to noise ratio at low frequencies and non detectiatiffifse
plasma at higher frequency images due to limited sensitiVine
spectral ages of the strips of the two lobes of J1158+262(iaece
in Table10. The extrapolated spectral ages, which we wilkiter
hereafter as true spectral ages, of the outer lobes of J2628+are
135 and 92 Myr for NW1 and SE1 lobes respectively. For therinne
double of this source, the spectrum has no curvature up #622.
GHz. Since the radio spectrum of the inner double is prattica
straight (see Figuffd 3), we cannot determine the synchrdtreak
frequency and the spectral age for the inner double. Howewer
have determined the upper limit of spectral age of the innebte
with the assumption that the break frequencies are grd@arthe
highest observed frequency which is 22.46 GHz in this case. O
estimation of minimum energy field yieldBmin = 1.56 £+ 0.02
nT. So, the spectral age of inner double of J1158+2621 isxdive
tinna S 4.9 Myr. We also have determined the lower limit of age by
assuming that the jet-head will advance with no faster spieal
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out of which, we have found that the GMRT L-band image has
loss of diffuse flux (Sectioh 213) so that we were unable tothee
L-band data. We were thus left with images only at two frequen
cies, which is insufficient for a detailed spectral ageinglgsis of

the lobes. However, we could still constrain the spectranefto-

tal outer double and the total inner double with the data fthen
literature supplemented by our new observations. We colslol a
estimate both upper and lower limits of the ages of both iamer
outer doubles. The observed spectra of the outer doublé fiiité
spectral ageing model are presented in Fiflire 3. The besidi¢ v

of aiynj Of the outer lobes, which have been constrained from the
total spectrum of the outer double, is 0.8£872. Thew,,, as ob-
tained from the spectral ageing fit to the observed spectifuotal
outer double is 2.42 GHz. This break frequency will give ames-

tion of spectral age of the outer double, which will definjtbe an
underestimation of the source age due to the fact that tketiop

of fresh plasma had been accumulated in the outer lobes 6oma |
time; and thereby the age corresponding to 2.42 GHz willesass

a lower limit of the age of the outer double of JO114722. We
have used the averaged magnetic field determined from the spe
trum of the entire outer double, which 460.27+0.03 nT. So, the
spectral age correspondingug, = 2.42 GHz is~64 Myr. There-
fore, the lower limit of the age of the outer double can be give
bY touta 64 + tiey Myr = 66.4 Myr, astje; = 2.4 Myr (here

tjet is the time taken by the last ejected jet material to travahfr
the central engine to the hotspot). However, this is not g geod
constraint on the age of the outer double. To get a reasoaglele

of the outer double we have assumed a nominal average speed of
the hotspots to be-0.01¢. S0fouta 5236 Myr. So, the age of the
outer double is given b§6.4 Stowa S236 Myr. The warm-spots
have relatively fresher plasma than the rest of the partseoiobes,

so the age estimated from the spectrum of the total outerleoub
can be treated as an upper limit of the ages of the warm-sjpots o
the outer lobes. Thus we git. 564 Myr. For the inner double of
this DDRG, we have reliable flux densities only at two frequen
cies (Saripalli et al., 2002). The images at those freqesneiere
mapped with same uv cutoff and similar uv coverage. In GMRT
low frequency images, inner doubles are quite contaminatéd

the diffuse emission because of more diffuse emission amdde-
olution at frequencies. Moreover, the GMRT data have skewed
coverage and the data are RFI affected. The inner northeentas

not been detected in our GMRT L band image because of the bad
data. There is no high resolution image or flux values for the i
ner double in the literature at frequencies higher than 248#.
Therefore, we have constrained the power law spectrum dnittes
double of J0116 4722 with only two data points. Given the results
related to the inner doubles of other DDRGs published in oet p
vious work (Konar et al., 2006; Jamrozy et al., 2007; and Kona
et al., 2012), we can assume that the spectrum of the innddelou
0f J0116-4722 is a power law from very low frequency to at least
8.4 GHz, as we have never observed break frequency below 8.4
GHz for any inner double (see Konar et al. 2012 for J0041+3224
and J1835+6204, and this paper for J1158+2621). So, we ean as
sume that the break frequency of the inner double of JoUT@2

~ 0.5¢ (Konar et al. 2006; Schoenmakers et al. 2000a; Safouris et is 28.460 GHz. Our estimated magnetic field for the inner double

al. 2008). Therefore, the limits of the age of the inner deut
J1158+2621 can be written 88 Stinna S 4.9 Myr.

4.2 Spectral age of J01164722

Complete spectral ageing analysis was not possible fosthisce
due to the lack of good data. We have images at only 3 freqegnci

is 0.48+0.05 nT which yield an upper limit of the spectral age of
the inner double of J01164722 to be~28 Myr corresponding to
a lower limit of v, of 8.46 GHz. As in the case of J1158+2621,
we assumed the upper limit of the hotspot speed of JO#T&2 to
be0.5¢, that gives us the kinematic age©0.91 Myr which is the
lower limit of the age of the inner double of J0114722. There-
fore, the age of the inner double of J0114722 can be given by
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1 StinnaS 28 Myr, which is not a very good constraint; neverthe-
less, we can use this to constrain the duration of the achigsgof
the previous episode and the quiescent phase (see Jdction 5)

5 DISCUSSION

The outer lobes of both the DDRGs do not have any compact
hotspots, but the inner lobes do have compact hotspots attbe
ends of the lobes. From the widely accepted dynamical maidels
FR Il radio galaxies, the lack of hotspots in outer lobes sstgithat

the lobes are no longer fed by the jets. Therefore, theses lale
the relics of the previous episode of JFA. Since the inneedaiio
have compact hotspots, they are still fed by the newly forjaedn

the current episode of JFA. The different values of the spkages
(135 and 92 Myr for NW and SE lobes respectively) of two outer
lobes of J1158+2621 are most probably due to the differesriggn
loss/gain processes other than synchrotron and inversgto
losses (e.g., adiabatic expansion loss and particle relexetion),
that are/were at work in the outer lobes. This essentialfgests

the asymmetry on two different sides of a source. Similasiyna-
metric ages in other DDRGs have been reported by Konar et al.
(2012). Assuming that both the jets started and stoppedltsimu
neously, the meaningful spectral age of a RG should thexdfer

an average of the spectral ages of two lobes. The average spectquies = (tws + tjet) — tinna-

tral age of J1158+2621 is 113 Myr, which we consider to be the
age of the outer double of J1158+2621. In the age-distarmte pl
of J1158+2621, we observe a curvature when smooth curves wer
drawn through the points. This curvature in the age distghae
can be produced by the increasing adiabatic loss with theohge
any strip of the lobe plasma. In such a scenario, the closesttip

to the core, the older it is, hence the more adiabatic losstaue
expansion it might have suffered. Alternatively, if the $yoit ad-
vance speed was accelerating (because of the decreasingnamb
medium density) then such a curvature is possible. The senca
curvature may also indicate that the back-flow speed of tbeao
plasma is slowing down as the plasma approaches the conadn p
tice, all these factors are likely to play a role to variouteess in
producing curvature such as we observe.

We have also tried to make an estimation of the timescale for
the quiescent phase of the jet activity in both the DDRGs. The
hotspots created during the active phase of the two outeslbave
now faded and lost their compactness, so that they can now-app
priately be called warm spots. These warm spots are thenmggio
lobes where the jet material was most recently injectedséémese
regions contain plasma which is younger than that in othes
the lobes. So, we expect to find the lowest spectral age ie {has
tions of the outer lobes, as indeed is observed. The quiepbase
is then the time interval between the last jet material b&ijerted
into the outer lobes in the previous episode and the first géral
injected in the inner lobes of the current episode. The fitshjate-
rial injected into the inner lobes is what is now at the tailsgr the
core) of the inner lobes. Since there is not enough resaolitiour
data, for the inner double, we have determined the totaltspac
(instead of the spectrum of the tail portions of two innerelgp
Since the spectra of the inner doubles are straight, we heee b
able to constrain two limits on their spectral ageshis work, we
have been able to estimate the following temporal parameter
which are listed with the definitions.

(i) tinna: the age of the inner double, i.e., the time taken by
the inner jet-head to traverse the distance between the cornd
the present position of the jet head.

(ii) touta: the age of the outer double, i.e., the time taken by
the outer jet-head to traverse the distance between the coend
the present position of the jet head.

(i) tws: the age of the warm spot, i.e., the time elapsed be-
tween the moment when the last jet material was dumped at
the outer warm spot and the moment of observations.

(iv) tjet: the time taken by a given blob of jet material to
travel from the core to the outer hotspot. Since we have as-
sumed that the speed of the jet material is close to the speefl o
light (¢), it is essentially the light travel time between the core
and the outer warm spot.

(V) tactiv: the duration of the active phase of the previous
episode, i.e., the duration over which the central engine v&a
supplying the relativistic jet fluid in the previous episode

(Vi) tquies: the duration of the quiescent phase between the
two episodes, i.e., the time between the stopping of the jetitl
suppy in the previous episode and the restarting of the new je

All the above quantities are averaged over two jets. The-quan
titieS tactiv @ndiquies AN be given by the relations

tactiv = toutd — (tjct + tws)

(©)

and

4)

The ages of the two warm spots of the outer lobes of J1158+2621
are not very different (see Talle]10) and their average 18.7
Myr, which we assume to be the ages of both the warm-spots. The
limits of the spectral ages of inner double of J1158+262Igamen

by 0.5Stinna S4.9 Myr andtouq = 113 Myr. Assuming that the
jet material moves at a speed close to that of light, we estima
tier = 0.79 Myr (the total size of the outer double is 483 kpc)

for J1158+2621. So, from Equatibh 3, we get;, = 101.5 Myr.
Now, keeping in mind that we have limits for thg,,a, we get
(from Equatior#) the limits of théquics of J1158+2621, which

is given by 6.6 StquiesS11.0 Myr. From this study we conclude
that the quiescent phase of the AGN-jet activity of J115&426
between~6.5 per cent and 10.8 per cent of the duration of active
phase of the previous episode of JFA. The case of JO4T@2 is
different, as we do not know definite values for the ages dieeit
the inner double or outer double, nor do we know definite \&lue
of the ages of the outer warm spots. We have limits for agedl of a
components of J01164722. However, we knowe, = 2.4 Myr
(total size of the outer double 1447 kpc) for this source. From
Sectio 4P, we already knoty. < 64 Myr and 1 StinnaS 28 Myr
and66 Stoura S 236 Myr. S0,tactiv S 170 Myr, and the duration of
quiescent phase of J0118722 can be given by.4 StquiesS 65.4
Myr. From our present data, we cannot get better constraimts
tactiv andtquies-

5.1 Active phase and quiescent phase

We have tabulated various quantities for well-studied DBRG
Table[9. From the best studied sources from our previous work
as well as from the present paper, it seems that the durafion o
quiescent phase is always smaller than the duration of ttieeac
phase (see Tabld 9). Moreover, the duration of quiescersepisa
never much more thar50 per cent of that of active phase of those
sources for which we have good estimation (or limits) of thead

tion of active and quiescent phases. Because of the purerfawe
spectra of the inner doubles within our observed frequeange,
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Figure 5. The best fit spectra of the first two strips of northen (upper panels) and southern (lower panels) outer lobes 0fl158+2621. Each panel is
an output of SYNAGE. While fitting, the value of a;,,; was kept fixed at 0.788. The best fit values of all the parametsrof all the strips are tabulated
in Table[I0.

we could place only limits to the ages of the inner double®r&h 200
fore, we have been able to place only limits on the duration of
the quiescent phase. Further work related to modellingefriher 150 |

SE1 lobe NW1 lobe

double dynamics is required to constrain reliable agesdrahan

limits on ages) which would improve the estimates of thessag
However, it is already clear that the quiescent phase camdre s
with respect to the active phase. While there is a clear Sefeef- ,
fect operating in this sample (we do not observe sourcesweit o & .

100 +

Spectral age (Myr)

N [Ch
long quiescent phases as DDRG, because their outer lobesdad &b o O.g
the point where they are not detectable) this observativartiee- E—— o0 o 00 v
less puts constraints on models of the duty cycle and on theena Distance from the core (po)
of JFA in radio galaxies. Figure 6. Radiative age of the relativistic particles of the stripshef outer

lobes of J1158+2621, plotted against the distance fromatlie icore.

6 SUMMARY AND CONCLUDING REMARKS
mated duration of the quiescent phase of J1158+2621 is giyen
6.6 StquiesS 11.0 Myr. The duration of active phase.tiv =101.5

(i) The average spectral age of the outer lobes of J1158+2621 Myr. From this study we can see that the quiescent phase of an
is ~113 Myr. The limits of the spectral ages of the inner dou- AGN-jet activity of J1158+2621 lies between 6 per cent and
ble of J1158+2621 are given Y5 StinnaS 4.9 Myr. The esti- ~ 11 per cent of the active phase of the first episode of JFA. For

The main results of this paper can be summarized as follows.
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Table 9. Ageing properties of DDRG from this paper and the literatdiiee column description is as follows. Column 1: J2000 nafrteesource, column
2: alternative names of the source, column 3: redshift osthece, column 4: size of the outer double, column 5: spemye of the outer double, column 6:
limits of the age of the inner double, column 7: travel timetaf last ejected jet material from the central engine to thtisgot, column 8: spectral age of the
last injected plasma at the hotspot of the outer double hwolf: duration of the active phase of the JFA, column 10: ¢amaif the quiescent phase of the
JFA, column 11: duration of quiescent phase as a percenfabe active phase of the JFA, column 12: reference to thetispemye and other parameters of
the source.

t oo
S4Utes 5 100%  Ref

Source Alt. name z Size  toutd tinnd tiet tws tactiv tquies Tootin

J2000 name (kpc) (Myr) (Myr) (Myr) (Myr) (Myr) (Myr)

(€] 2 (©)) 4 ®  © (] (8) 9 (10) (11) (12)
J0041+3224 B20039+32 0.45 969 26 0-33.30 1.58 4.44 20 0#5.7 3.5-285 1
J0116-4722 PKS0114-47 0.146101 1447 6136 1.00-28.00 2.40 < 64 1.4—-65.4 p
J0840+2949 4C29.30 0.064715 639 > 200 0.12—33.00 2.08 < 100 2.0—-102.0 2
J1158+2621 4C +26.35 0.112075 483 113 0-8090 0.79 10.70 101.5 6-611.0 6.5-10.8 p
J1453+3308 4C+33.33 0.248174 1297 60 0-5226 2.12 19.50 38.4 12-421.1 32.3-55.0 3
J1548-3216 PKS 1545-321 0.1082 961 74 0:34.67 1.57 29.20 43.1 0.05-29.2 0.01-67.7 4
J1835+6204 B 1834+620 0.5194 1379 22 =325 2.25 1.00 17.5 (1421)* 1.0-6.6 5.7-37.7 1
J1211+7419 4CT74.17.01 0.1070 845 0.01-0.83 5

T If the lower limit of the duration of quiescent phase is lesan the jet quenching timg; s ~ 5 X 10* yr, then we have replaced the lower limit Byx 10* yr; because the new jet has to start at least
after the jet quenching time to be observationally clagbidie a new episode.

*: There are limits of the active phase which are different lncmless than an order of magnitude. So, we have taken thagevef those limits as the duration of active phase.

£: This is not determined by spectral ageing method but by assuing the fiducial values of the parameters and using the lightravel time arguement. See Marecki (2012) for detail. So, ta value of
tquies determined by other method is well within the range of what wehave obtained for our sample References are as follows: 1: Konar et al. 2012, p: this p@pdamrozy et al. 2007, 3: Konar et al.
2006, 4: Machalski et al. 2016; Marecki 2012.

nucleus is variable in the radio wavelength. For our smatipga
of 7 episodic radio galaxies, 4 have been detected with blaria
core, which is a significantly larger fraction than is seenanmal
FRII radio galaxies. The variability in the core of ERGs may b
due to instabilities in the accretion rate which may be cotettto
the episodic nature of these objects. A statistical study avbigger
sample will be important to test the generality of these tugions.

Table 10. Results of JP model calculations of J1158+3224 wiih; =
0.78810-038  Column 1: identification of the strip; column 2: the projtt
distance of the strip-centre from the radio core; columnh@: ireak fre-
quency in GHz; column 4: the reducgd value of the fit; column 5: mini-
mum energy magnetic field in nT; column 6: the resulting syotbn age
of the particles in the given strip.

Strip Dist.  vp, X2.q  Bumin Trad
kpc GHz nT Myr
NW1-lobe
NW1-01  237.8 42.3579%%. . 089 050:0.05  12.8172 74 ACKNOWLEDGMENTS
. +18.16 +4.26 . . . ) .
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NW1-05 1209 4.45T9 1% 2016 046005  41.87154% ul comments an suggestionsive than € stan o e. I,an
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SE1-lobe . ble. The Giant Meterwave Radio Telescope is a nationalifiacil
+46.53 +16.5 . . .
SEL-01 2297 91'08158%& 616 051005 8-6011.11 or operated by the National Centre for Radio Astrophysics ef th
SELOZ 1975 ALEO_zps 039 04005 12635, 4 Tata Institute of Fundamental Research. The National RAgio
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