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ABSTRACT

We present Australia Telescope Compact Array (ATCA) radio observations of the giant radio galaxy
J0116—473 at 12 and 22 cm wavelengths in total intensity and polarization. The images clearly reveal a
bright inner-double structure within more extended edge-brightened lobe emission. The lack of hot spots
at the ends of the outer lobes, the strong core, and the inner-double structure with its edge-brightened
morphology lead us to suggest that this giant radio galaxy is undergoing renewed nuclear activity:
J0116—473 appears to be a striking example of a radio galaxy in which a young double source is evolv-
ing within older lobe material. We also report the detection of a megaparsec-long linear feature that is
oriented perpendicular to the radio axis and has a high fractional polarization.

Subject headings: galaxies: individual (JO116 —473) — galaxies: jets — radio continuum: galaxies

1. INTRODUCTION

The concept of episodic activity in radio galaxies, with
each phase manifesting itself as an extended radio structure,
was inherent in the models suggested for sources with X-
shaped structures and powerful radio galaxies with wings
(Leahy & Williams 1984). Restarting beams following an
interruption in nuclear activity was again suggested as a
cause for source structures that appeared to have partial
jets (Bridle, Perley, & Henriksen 1986). This idea gained
support from the observations of 3C 388 by Roettiger et al.
(1994), in which the lobe spectral-index distribution
revealed two distinct regions. Observational indications
coupled with simulations of the development of extended
radio structures have suggested that episodic activity may
play an important role in the evolution of at least some
categories of radio sources (Baum et al. 1990; Clarke &
Burns 1991).

In a study of the morphologies of a sample of giant radio
galaxies, Subrahmanyan, Saripalli, & Hunstead (1996) drew
attention to a variety of morphological features that were
suggestive of interrupted nuclear activity. Recently, the
Westerbork Northern Sky Survey (WENSS) discovered
several giant radio galaxies exhibiting double-double mor-
phologies that have been attributed to renewed nuclear
activity (Schoenmakers et al. 2000b), and the study is indic-
ative of a higher incidence rate of such inner doubles among
large radio galaxies. As a consequence, systematic studies of
the role of episodic nuclear activity are possible for the
category of giant radio galaxies. The relatively long time-
scales (~ 10® yr; Komissarov & Gubanov 1994) over which
radio lobes remain visible after the central activity that
energizes them stops makes synchrotron lobes useful indi-
cators of any past activity phases in radio galaxies.

Such studies have interesting implications for the fuelling
of the central engine and the conditions under which a
renewal of nuclear activity may occur. Moreover, these
studies may address the question of the role of such recur-
rent activity in the attainment of the extraordinary sizes in
the giant radio sources.

J0116 —473 was previously imaged as part of a study of
the morphologies in radio galaxies of megaparsec dimen-
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sions (Subrahmanyan et al. 1996). This object was noted as
exhibiting unusual characteristics: a lack of hot spots in a
source that had properties consistent with FR II type
(Fanaroff & Riley 1974) radio galaxies and an elongated
structure extending along a direction perpendicular to the
jets. It was hypothesized that the morphological features in
this giant radio galaxy—and indeed some others in the
sample—might be a manifestation of recurrent nuclear
activity. Subrahmanyan et al. (1996) concluded that the
large sizes of giant radio galaxies may be a result of a
restarting of their central engines in multiple phases of
activity along roughly similar directions.

We are currently following up on our earlier hypothesis
with case studies of the giant sources that showed evidence
of recurrence in activity. In this paper, we present higher
dynamic range Australia Telescope Compact Array
(ATCA; see special issue of the Journal of Electrical and
Electronics Engineering, Australia, Vol. 12, No. 2, 1992)
images of J0116—473 in total intensity and polarization.
The ATCA observations presented here provide new evi-
dence for a restarting of activity in this giant source. In the
next section we describe our observations. In later sections
we discuss the role of recurrence in the creation of the
unusual morphological features in this source. We postpone
comparison of the source features and parameters with
other sources exhibiting similar inner-double structures to a
later paper.

2. OBSERVATIONS AND IMAGING

JO116—473 has an angular size of about 12, and it was
observed with ATCA at 12 and 22 cm wavelengths in
several array configurations in order to image a range of
angular-scale structures from a few arcseconds to several
arcminutes. Observations were made during 1999 January—
April in an extended 6.0C 6 km array, a 1.5C 1.5 km array, a
750C 750 m array, and a compact 375 m array. Full Earth-
rotation synthesis observations over 12 hr were made in
each of the configurations in order to cover the visibility
domain with the east-west array. Visibilities at 22 and 12 cm
wavelength were recorded simultaneously in two bands of
128 MHz each, centered at 1384 and 2496 MHz. Full polar-
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ization measurements were recorded in order to image the
source in Stokes I, Q, and U. The continuum band was
covered in 16 independent channels.

The flux-density scale was bootstrapped to B1934 —638,
whose flux density was adopted to be 14.9 and 11.14 Jy at
1384 and 2496 M Hz, respectively. The data were calibrated,
imaged, and deconvolved using standard procedures and
the MIRIAD software routines. To avoid bandwidth-
smearing effects in the wide-field images made with the wide
continuum bands, images were constructed using the
bandpass-calibrated multifrequency channel data adopting
bandwidth synthesis techniques. Images were deconvolved
using the Clark (1980) algorithm with the Cornwell (1983)
modification to suppress CLEAN instabilities. At least two
iterations of phase self-calibration were performed; the visi-
bility amplitudes were not self-calibrated.

3. THE SOURCE COMPONENTS AND
PHYSICAL PARAMETERS

In Figure 1 we show a total-intensity image of
J0116—473 at 22 cm, made with a beam of FWHM 1072
x 971. The giant radio galaxy is seen to have (1) two large,
diffuse, edge-brightened lobes that do not show any hot
spots at the ends, and (2) what appears to be another double
source, smaller in size and sharing the same radio core,
whose lobes have a much higher brightness. A peculiar
elongated structure is also seen extending nearly a mega-
parsec in a direction perpendicular to the radio axis and
intersecting the radio axis just south of the core. The source
is seen to have a similar morphology at 12 cm.
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F16. 1..—J0116—473 at 1376 MHz, made with a beam 1072 x 971 at a
P.A. of 11°. In this and in all following radio images, the FWHM size of the
synthesized beam is indicated by the filled ellipse at the bottom right
corner of the image; all images have been corrected for the attenuation due
to the primary beam. Contours are at 0.2 mJy beam ™! times —1, 1, 2, 3, 4,
6,8,12,16,24,32,48, 64,96, and 128.

J0116 —473 has a total-flux density of 2.9 Jy at 1376 MHz
and 1.6 Jy at 2496 MHz. The overall spectral index is 0.93
(we define the spectral index « by the relation S, ~ v™%)
between these two frequencies. The source is at a redshift of
0.146 (Danziger, Goss, & Frater 1978), and the total radio
luminosity at 1376 MHz is 2.2 x 10?¢ W Hz™! (herein we
adopt cosmological parameters H, = 65 km s~! Mpc™!,
Q,, =03, and Q, = 0.7). The largest angular size is 125,
and we infer the linear size to be 2.1 Mpc.

The radio images detect a radio core with a flux density
of 11 mJy at 1376 MHz and with a flat spectral index,
computed between 1376 and 2496 MHz, of —0.1.

3.1. Outer Lobes of JO116 —473

The total radio power of JO116 —473 places it in the cate-
gory of powerful radio galaxies; however, the outer lobes
lack compact hot spots. In their place, we can recognize
only diffuse warm spots toward the lobe ends.

Both the outer diffuse lobes (hereafter we refer to the
northern and southern outer lobes as N1 and S1; the corre-
sponding inner lobes are called N2 and S2) appear relaxed,
although they are seen to be well bounded as inferred from
the bunching of the contours at the edges over much of the
lobes. The sharp outer boundaries are indicative of a con-
finement of the synchrotron plasma by the external inter-
galactic medium (IGM).

The intensity distribution of linearly polarized emission
at 22 cm, with a beam of 12” FWHM, is shown in Figure 2
as a gray-scale representation, with contours overlaid. The
electric field polarization vectors are also overlaid, with the

16 [ T T T T T a

18

20

22

DEC (J2000)

24"

26 -

—47°28" -

1" 16™50°

RA (J2000)

F1G. 2—Linear polarization of the 22 cm radio continuum from
J0116—473 at a resolution of 12". The gray-scale and contour images are
of the intensity of the linear polarization: contours are at 0.2 mJy beam !
times 1, 2, 4, 8, 16, and 32. The electric field vectors are displayed; the
vector lengths represent fractional polarization using a scale of 2.7% = 1".
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vector lengths proportional to the fractional polarization.
From the orientations of the polarization vectors at 12 and
22 cm, we have derived the distribution of rotation measure
(RM) over the source: values of RM are small and have a
mean of 3 rad m ™2, with a 1 ¢ spread of 4 rad m 2 (see Fig.
3). It can be noted here that the observed difference in the
orientations of the polarization vectors at 12 and 22 cm are
small; therefore, we have assumed that our RM values
inferred from the two-frequency polarization images do not
suffer from nn ambiguities. The vector orientations in
Figure 2 have been corrected for the derived Faraday
rotation.

The fractional polarization is enhanced along most of the
outer boundaries of both lobes, and the projected magnetic
field lines are circumferentially oriented along these bound-
aries: the polarization properties are suggestive of an order-
ing of the field owing to a compression of the lobe plasma
along the outer boundaries. Fractional polarization in the
range 20%—-30% is measured over most of the two outer
lobes, with values exceeding 50% along the lobe bound-
aries. We observe significantly more structure in both the
outer lobes in polarized intensity as compared to that in
total intensity. The dips in polarized intensity in the vicinity
of the intensely polarized regions in N1 and S1 are likely to
be due to beam depolarization, because the E-vectors on
either side of these dips show large differences in their posi-
tion angles.

The image of polarized intensity at 12 cm is very similar
to that at 22 cm; we computed the distribution of the depo-
larization ratio over the source as a ratio of the fractional
polarizations at 22 and 12 cm. No regions of the source
appear to have noticeable depolarization at a resolution of
12”, and we also do not see any depolarization asymmetry:
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F1G. 3.—Distribution of RM over J0116—473. The RM is computed
using 12” FWHM resolution images of the polarization at 2496 and 1376
MHz, and is shown using gray scale in the range —3 to 10 rad m~2
Contours representing the total intensity image at 1376 MHz, with 12"
FWHM resolution, are overlaid; contours are at 2 mJy beam ! times 0.5,

1,2,3,4,5,6,7,and 8.
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on the average, the fractional polarization at 22 cm is within
5% of that at 12 cm in both lobes. The lack of evidence for
internal Faraday rotation and depolarization asymmetry in
JO0116—473 is consistent with similar findings for other
giant radio galaxies (Willis & O’Dea 1990; Lara et al. 1999).

It can be noted here that the morphology in the northern
lobe appears to indicate that the diffuse warm-spot region
at its outer end was probably fed by a flow that entered the
lobe along the axis defined by the inner double and bent by
almost 90° at the northeastern boundary of the lobe. The
situation may have been similar to those in sources that
show “rim hot spots”: these radio galaxies, which are
several times smaller, have hot spots that are seen along the
rim of a lobe, and the jet is thought to enter along the rim
and bend through a large angle to create a terminal hot spot
at its end (e.g., 3C 135, 3C 192; Leahy et al. 1997). It may be
that we are viewing a relict of a rim-type hot-spot complex
in this giant radio galaxy, and we identify the warm spot as
the position where the beam may have terminated.

The projected magnetic-field distribution inferred from
Figure 2 may provide a clue as to how the beam propagated
in the past. In the northeast regions of the lobe, the B-field
vectors are circumferential and would be parallel to a beam
that propagated into the northern lobe along its eastern rim
and curved to terminate at the location of the peak in pol-
arized and total intensity. A sharp flip in the position angle
of the E-vectors is seen at the location of the peak in going
from northeast to southwest across the diffuse lobe: if the
southwest of the lobe is made of post—-hot-spot material, this
would imply that the field here is oriented perpendicular to
the flow. An interesting feature is a looplike distribution of
the projected B-field over the lobe with reduced polarized
intensity in the central regions toward the southern end.

A decollimated flow, as inferred for the northern lobe, is
uncharacteristic of powerful radio galaxies in which narrow
beams usually feed hot spots at the lobe ends; large—
opening-angle beams are more typical of low-power sources
whose lobes are edge-darkened. It is interesting to ask
whether a decrease in the beam power as the central engine
activity in a powerful radio source ceases is accompanied by
a transition to an FR I type flow.

We observe a large-scale structure in the RM distribution
over the source: as seen in Figure 3, the RM is low in a band
running along the length of the radio galaxy at a position
angle of about —21° and with a width of 2'. In Figure 4, we
display the profile of this RM variation: the image shown in
Figure 3 was rotated counterclockwise through 21° and
binned (averaged) along declination to construct the profile
plot. The profile clearly shows that the mean RM is close to
zero in the 2’ wide band, and values on either side of the
band average around S5rad m ™~ 2.

In sensitive observations of high Galactic latitude fields,
Wieringa et al. (1993), and later Haverkorn, Katgert, & de
Bruyn (2000), reported detection of linear structures in pol-
arized intensity that showed abrupt changes in RM along
directions transverse to the filaments. These bands have
widths and derived RM values similar to the feature we
observe in J0116—473. However, as seen in Figure 3, in
which contours of total intensity are overlaid on the RM
image, there appears to be a correspondence between the
RM and total intensity distributions: in N1 and S1, the
brightness shows a step decrement at the location of the
band with low RM. Moreover, the band with low RM has a
position angle similar to the source axis, although it is not
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F1G. 4—Variation in RM across the source, computed along a P.A. of
—111°, as a function of offset from the position R.A. 0116™20%, decl.
—47°22'30". The image shown in Fig. 3 was rotated counterclockwise
through 21° and binned (averaged) along declination to construct this
profile plot.

symmetric with respect to the radio core position. These
indicate that the RM structure may be intrinsic to the
source and not a foreground galactic feature. If such an
interpretation were correct, it might imply a spatial separa-
tion of entrained thermal plasma in the lobes: the low RM
channel might trace relicts of the beam plasma from past
activity. It can be noted here that there is no corresponding
feature in the distribution of the depolarization ratio;
however, this is understandable, owing to the low values of
RM.

In Figure 5, we show the distribution of the spectral
index, computed between 22 and 12 cm and using images
with 20" FWHM beams, over the entire source. Both outer
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Fi1G. 5—Spectral-index distribution across J0116—473, computed
between 2496 and 1376 MHz using images made with 20" FWHM beams.
The spectral index o is shown using gray scale in the range 0 to 2 and is
defined as S, ~ v™% where S, is the flux density at frequency v. Contours
represent 12 cm total intensity with a beam of 12” FWHM : contours are at
0.4 mJy beam ™! times 1, 2, 4, 8, 16, and 32.
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lobes show a steepening of the spectral index away from the
lobe ends: this is a characteristic feature of the lobes in
powerful radio galaxies and has traditionally been inter-
preted as owing to spectral aging in the cocoon plasma as it
backflows from hot spots toward the central core. However,
in the case of J0116 —473, there are no hot spots at the ends;
therefore, we hypothesize that the outer lobes are probably
relicts of a powerful radio galaxy in which the beams from
the central engine no longer terminate.

The optical field of J0116 —473 does not indicate evi-
dence for significant galaxy overdensity in the vicinity of the
radio source (Subrahmanyan et al. 1996). Because the
diffuse outer lobes are located far from the host galaxy and
in an environment that is poor in galaxy density, we can
expect a relatively low IGM pressure. Subrahmanyan &
Saripalli (1993) used COBE constraints on the Com-
ptonization of the cosmic microwave background radiation
spectrum and concluded that giant radio galaxies were not
thermally confined by the IGM. Using current limits on the
Comptonization y-parameter of | y| < 15 x 10~ (Fixsen et
al. 1996) and assuming that the uniform IGM gas was
ionized by redshift z = 5, we expect any uniform IGM to
have a present-day thermal pressure of at most 1017 dyne
cm ™2, The outer lobes N1 and S1 have peak brightnesses of
about 10 mJy beam™! in 22 cm images made with 10"
FWHM beams, and the synchrotron emission has a spec-
tral index a« ~ 1; assuming that the lobes have a line-of-
sight path length of 0.5 Mpc and making standard
minimum-energy assumptions (Miley 1980), we infer that
the lobe synchrotron plasma has an energy density of at
least 3 x 10713 ergs cm~3. Clearly, the lobes are over-
pressured with respect to the ambient IGM, and consistent
with the indications from the total intensity and polariza-
tion observations discussed above, the lobes—although
relicts—are likely expanding and ram-pressure confined by
the IGM.

The two outer lobes are somewhat dissimilar in structure:
N1 is seen to have a more spherical shape, whereas S1
appears cylindrical or elongated. There is a conspicuous
lack of emission between N1 and the core (except for the
sharply delineated N2), and this is in contrast to the
southern outer lobe S1, in which the lobe emission appears
to extend to the core.

3.2. The Inner Double

A higher resolution image of the inner double, made at 12
cm and with a beam of 474 x 471 FWHM, is shown in
Figure 6. The total-flux density of the inner double, exclud-
ing the core, is 0.26 and 0.17 Jy at 22 and 12 cm, respec-
tively; the inner lobes have an overall spectral index of 0.7,
which is significantly flatter than that of the outer lobes. The
radio luminosity of the inner lobes is 2 x 10> W Hz~ ! at
1376 MHz: the inner double by itself has a luminosity that
is on the dividing line between FR I and FR II sources.

The inner double, in isolation, appears like the two lobes
of a radio galaxy. The two components are both edge-
brightened and colinear with the core. Both are sharply
bounded toward their leading edges, with decreasing
surface brightness away from their ends. The northern lobe
(N2) of the inner double is more diffuse, without hot spots,
and is relatively short in length. In contrast, the southern
inner lobe (S2) is elongated and has a series of emission
peaks along its length: these peaks are not all colinear. In
spite of the striking morphological differences between the
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F16. 6.—Radio image of the inner lobes of J0116 —473 at 2496 MHz
made with a beam 474 x 41 at a P.A. of 15°. The image is displayed using
contours and gray scale; contours are at 0.15 mJy beam ™! times —1, 1, 2,
3,4,6,8, 12, 16, 24, 32, 48, 64, 96, and 128.

northern and southern components of the inner double, the
ends of the components are equidistant from the core: the
inner double has arm lengths that differ by less than 10%,
and the overall linear size of the inner double is 600 kpc.

We have detected a one-sided jet close to the core and
directed toward S2: the jet appears to be directed to the
northern-most peak in S2. The jet is much narrower than
the lobe and emission peaks that constitute S2. The core,
lobe N2, the jet, and the two peaks in lobe S2 that are
closest to the core are all well aligned. However, two sharp
bends are seen to occur in S2 at the locations of the middle
two peaks in the lobe. The jet is unresolved in our 12 cm
image made with a beam of 472 FWHM (Fig. 6), and we
estimate the jet width to be less than 8 kpc; in contrast, the
inner lobes are well resolved and have transverse widths of
about 20”. The detection of the narrow jet is a strong reason
to believe that S2 and N2 are indeed lobes of a restarted
activity and that they are not visible parts of jets trans-
porting energy to the outer lobes S1 and N1. This view is
supported by the increasing transverse widths of N2 and S2
toward the core and the symmetric locations of the outer-
most peaks in N2 and S2 on either side of the core.

If the inner double is a new episode of activity that is
propagating within the older-lobe plasma, the ambient
medium for the inner and outer doubles would be different,
and differences in their interactions with their respective

Vol. 565

ambient media might be reflected in their spectral and
polarization characteristics. The properties of the inner
double and its evolution can then be used as a probe of the
older-lobe plasma in which it is embedded. In J0116—473,
S2 is surrounded by emission from S1, and this provides an
opportunity for examining the evolution of the inner lobes
within the outer cocoon material.

The inner double and outer lobes share the same radio
core, and the axis of the inner double appears aligned with
the axis of beams that fed the outer lobes: we would expect
that S2 is embedded in the cocoon of S1 and that N2 is
either propagating in the IGM or in a low surface bright-
ness southern extension of N1. If we assume cylindrical
symmetry for S1, we can expect that S2 would be embedded
in S1, even if the axes of the outer and inner doubles were
misaligned in three-dimensional space. The lobe separation
symmetry observed in N2 and S2 also argues against large
angles between the axis of the inner double and the plane of
the sky.

The polarization in the emission from the inner double at
12 cm is shown in Figure 7, with a beam of 4" FWHM. Care
was taken to avoid contamination from the diffuse emission
surrounding S2: only visibilities with spatial frequencies
exceeding 3 kA were used in making the image. In N2 and
S2, the projected B-field vectors appear to follow the total-
intensity contours at the leading edges of the lobes, a pro-
perty commonly seen in FR II type radio galaxies. There is
also evidence for a circumferential magnetic field along the
edges of the lobes away from the ends: this is similar to the
behavior seen in the outer double and other FR II type
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F1G. 7—Polarization of the 2496 MHz emission from the inner lobes at
a resolution of 4” FWHM, computed from images of the source made
using only visibilities exceeding 3 kA wavelengths (so that contributions
from the diffuse emission are absent). The polarized intensity in Jy is shown
using gray scale. Contours of total intensity are overlaid; contours are at
0.15 mJy beam™* times 1, 2, 4, 8, 16, 32, and 64. Electric field vector
orientations are shown, with the length representing the fractional pol-
arized intensity using the scale 1” = 13.4%.
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radio galaxies. The fractional polarization is enhanced all
along the edges of N2 and along the eastern edge of S2, and
has values exceeding 50% in these regions; the depolar-
ization ratio computed between 22 and 12 cm over the inner
lobes is unity within the errors. The low polarized intensity
(and fractional polarization) in the western edge of S2 may
be a consequence of beam depolarization, because the E-
vectors sharply change orientation from being circum-
ferential along the edge to being perpendicular to the source
axis away from the edge. In the remainder of the inner lobes,
the fractional polarization is about 20%-30%. The project-
ed B-field away from the lobes edges is oriented perpendicu-
lar to the source axis; however, the jet detected close to the
core has a projected B-field configuration that is oriented
along the jet axis: the arrangement is common in jets in
powerful radio galaxies. The lack of depolarization asym-
metry lends additional support for the inner and outer lobes
both being close to the plane of the sky.

The spectral-index distribution over the inner lobes was
computed from images at 2496 and 1376 MHz, made using
visibilities in the restricted common range 1.7-30 kA, which
were convolved to a final beam of 77 x 575 at a P.A. of 0°.
The spectral-index image is featureless at this resolution
and has a value of about 0.7 over most of N2 and S2. The
spectral-index image was binned along R.A., and the profile
of the average spectral index in declination is shown in
Figure 8. There does not appear to be any significant
spectral-index gradient along either N2 or S2; if anything,
there is marginal indication for a flattening of the spectral
index toward the core in both the lobes. The jet emerging
from the core toward S2 has a spectral index of 0.6.

Both N2 and S2 show uniform RM values close to zero
(Fig. 3). In Figure 9, we show the RM distribution in the
vicinity of S2, where it is seen that the lobe appears to be
surrounded by regions that have a distinctly different value
of RM. The correlation in the spatial distribution of RM
with total intensity points to the possibility that the RM
structure is intrinsic to the source. It is interesting that the
higher RM values avoid the area covered by S2, indicating
greater entrained thermal plasma and/or ordered fields in
the ambient cocoon close to the edge of the advancing inner
lobe.
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FiG. 8.—Spectral-index distribution along the inner lobes of
J0116—473. Images of the inner lobes at 2496 and 1376 MHz were made
using visibilities in the range 1.7-30 kA and convolved to a final beam of
7" x 5'5 at P.A. of 0°. These images were used to compute the spectral-
index distribution that was binned along R.A. to obtain the profile of the
average spectral index along declination: the profile is displayed vs. offset
from decl. —47°22'30".
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F1G. 9.—RM distribution in the vicinity of the southern inner lobe S2.
The RM, at a resolution of 12" FWHM, is shown using gray scale in the
range —6 to 10 rad m 2. Contours of a total intensity image made using a

beam of 9”5 x 7”8 at P.A. of 9° are overlaid; contours are at 1, 2, 4, and 8

mJy beam 1.

To summarize, the inner double has an edge-brightened
morphology, a distinctive feature of powerful FR II type
sources; however, the absence of spectral gradients in the
inner lobes is uncharacteristic of double radio sources. If
spectral gradients along lobes of double radio sources rep-
resent the age of synchrotron plasma, the absence of signifi-
cant gradients in the inner lobes of J0116—473 suggests
that the advance speed of the ends of the source is unusually
high compared to sources growing in any thermal IGM.
This is consistent with the suggestion that lobes advance
within relict cocoons with speeds of (0.2-0.3)c
(Schoenmakers et al. 2000a), which is much greater than the
advance speeds of 0.03¢ inferred for powerful radio galaxies
(Scheuer 1995).

In the restarted jet model of Clarke & Burns (1991), the
new jets are overdense with respect to their ambient
medium and propagate almost ballistically, unable to form
hot spots. In these conditions, circumferential fields and
high degrees of polarization are not expected to be seen
toward the ends of the restarted jets. However, Kaiser,
Schoenmakers, & Roettgering (2000) argue that in giant
radio galaxies, the longer timescales involved allow for suffi-
cient entrainment of ambient material across the contact
discontinuity and into the older cocoon plasma, and this
raises the thermal density to levels adequate for the forma-
tion of hot spots at the ends of the new jets. The circum-
ferential B-field accompanied by high degrees of
polarization seen around the leading ends of N2 and S2
constitutes the typical signature expected of compressed
synchrotron plasma. The observations are indicative of an
evolution for the ends of the inner lobes that is similar to
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that for the outer lobes and for powerful radio galaxies in
which light jets form hot spots upon meeting with a denser
ambient medium. The advance of a restarted jet is also
predicted to result in a bow-shock structure within the older
cocoon plasma with an intensity contrast the same as that
of the structure at its head (Clarke et al. 1992). Our obser-
vations do not reveal any evidence for such a bow-shock
feature in total intensity, similar to the case in other giant
radio galaxies with inner-double structures (Kaiser et al.
2000).

4. RECURRENT ACTIVITY IN J0116—473

The observational evidence presented in the preceding
sections leads us to postulate the following scenario for the
formation of the radio structure: the outer lobes were
formed in an earlier phase of activity in which powerful
beams from the central engine formed hot spots at the ends
of the source and the edge-brightened lobes. That phase of
nuclear activity ceased, and the beams feeding the hot spots
and lobes discontinued. Since then, the hot spots have
relaxed and expanded into the warm spots, and the beam
channels were pinched off. The outer lobes N1 and S1 are
the visible relicts of the past activity phase. The beams were
recently reactivated following the interruption, and these
new beams have formed the inner lobes N2 and S2. The
position angle of the inner double is seen to be the same as
the axis of the beams that formed the outer double, and this
suggests that the reactivated central engine maintained the
axis of ejection. It can be noted here that the warm spot in
the northern lobe is probably not along the axis of the past
activity phase (see § 3.1).

We see that while there are no glaring separation asym-
metries in this radio galaxy for the outer- and inner-double
structures, morphologically there are clear side-to-side
asymmetries and an indication that the asymmetry repeats
over the two activity epochs. Such a similarity in the mor-
phologies of the inner and outer components was also
reported in at least two other giant radio galaxies with
inner-double structures (B1450+333 and 1834+620;
Schoenmakers et al. 2000a). S2 has a cylindrical shape
similar to the southern outer lobe S1; N2 appears more
relaxed and more spherical, as is the case for the northern
outer lobe N1. If one views the inner double as a stage
through which the outer double might have evolved, the
lobe morphology would appear to have been set early in the
evolution. It would be interesting to study the role of the
barlike feature in creating medium differences close to the
host galaxy that might cause the side-to-side asymmetries;
this would require the linear feature to have existed before
the formation of the outer lobes.

The SuperCOSMOS digitization of the United Kingdom
Schmidt Telescope (UKST) red plate OR 18623 has been
used to extract the optical image of the host galaxy and is
shown in Figure 10. Contours of the smoothed image (using
a 2” FWHM Gaussian) have been overlaid after subtracting
the mean sky background. The cross marks the location of
the radio peak as determined from a 4" resolution image of
the core at 2496 MHz. There is seen to be a concentration of
objects within 100 kpc of the host elliptical galaxy. One
object located 15” to the northwest, at a distance of about
50 kpc, is relatively bright and is seen in the red image to be
clearly extended toward, and within the extended envelope
of, the radio galaxy host, suggestive of a possible inter-
action. Optical observations are suggested for substan-

Vol. 565

10"

20"

30"

40"

DEC (J2000)

50"

23'00"

—47°23'10"

RA (J2000)

Fi16. 10—Optical ID for J0116 —473. The red UKST image is dis-
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12%, 16%, 24%, 32%, 48%, 64%, and 96% of the peak. The cross indicates
the location of the radio core at 2496 MHz.

tiating this, as well as looking for any evidence for
episodicity in the host-galaxy properties that might be
related to multiple nuclear activity in this galaxy.

4.1. Activity-Related Timescales

From the lack of any hot spots in N1 and S1, we can
obtain an estimate of the time elapsed since the central
engine activity stopped. Assuming a maximum jet bulk flow
velocity of c, the travel time of the jet material from the core
to the presumed locations of the past hot spots in the outer
lobes is at least 3 x 10° yr. A 1 kpc size hot spot of rela-
tivistic plasma can be expected to disappear in a sound-
crossing timescale of about 10* yr. Because hot spots are
not seen in N1 and S1, we estimate that beams may have
stopped injecting energy into N1 and S1 at least 10 yr ago.

Subsequently, if the outer lobes were overpressured with
respect to the ambient IGM (see § 3.1), N1 and S1 would
have continued to experience expansion losses. Assuming
that the ambient IGM has a density of at most 10 Qg = 10
x 0.019 h~2 (Burles et al. 1999), the outer lobes, which have
internal energy density exceeding 3 x 10713 ergs cm 3,
would have to expand at speeds of at least 0.012¢ in order to
be ram-pressure confined. Expansion by a factor f would
reduce the luminosity by a factor f~“**2? (Leahy 1991):
J0116—473 is currently seen as a powerful radio source,
and if we assume that the 22 cm radio luminosity of the
lobes was at most 1028 W Hz~! when the energy injection
was switched off, we conclude that the relict lobes are
younger than 7 x 107 yr.

The previous activity phase may have stopped at most
7 x 107 yr ago, and if the inner lobes are advancing into
the relict cocoon with a speed of about (0.2-0.3)c
(Schoenmakers et al. 2000a), we estimate that the current
activity phase commenced (3—5) x 10° yr ago.
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5. THE BARLIKE FEATURE

In the southern lobe, we recognize an unusual barlike
feature just south of the core. The bar is sharply bounded
along its northern edge and appears to be a distinct com-
ponent. It has a length of at least 1 Mpc and is oriented
nearly perpendicular to the source axis. As seen in Figure 2,
this feature is the most highly polarized region in the radio
galaxy and appears to have a fractional polarization
exceeding 50%. The projected magnetic field in the bar is
aligned along its length. The radio spectral index of the bar
emission, as computed using our ATCA images at 12 and 22
cm, is steep, with o > 1.3.

Examples of lobes of radio galaxies abruptly cutting off in
sharp, straight edges facing the parent galaxy have been
cited in several radio galaxies (Black et al. 1992; Gopal-
Krishna & Wiita 2000). The lack of emission along a colum-
nar region about the core has been speculated as arising
because of the docking of the backflowing lobe plasma by
an extended disk of cold gas, situated at the center of the
host galaxy, with its axis along the radio axis. These edges,
seen previously in normal-sized powerful radio galaxies,
have extents <100 kpc. In the case of J0116 —473, only one
lobe reveals a sharp, straight edge toward the core, and it is
seen to be nearly a megaparsec in length.

Radio galaxies having such extended features at large
angles to the main source axis are usually recognized as
winged and X-shaped sources. These extended fainter fea-
tures are thought to be remnants of older activity or cavities
in the IGM, excavated during an older activity, into which
newer lobe plasma has flowed (Leahy & Williams 1984).
These sources are considered to have undergone a change in
the direction of ejection over a large angle. If we conjecture
that the linear barlike feature is a remnant of past activity
(prior to the formation of S1 and N1) in the same host
galaxy, the galaxy has since moved ~ 100 kpc, and this
might have taken ~ 10® yr, assuming velocities typical for
galaxies in small groups (Hickson 1997). A relict with this
age may not be expected to be visible, owing to expansion
and radiation losses; however, backflow from S1 may have
rendered the cavity visible by replenishing it.

The bar in J0116 —473 has a high fractional polarization
and B-field oriented along its length. These properties are
also seen in low surface brightness wings of X-shaped
sources (e.g., 0828 +32, 3C 223.1, 3C 403, and 4C 12.03);
however, they are more striking in J0116 —473. If backflow
from the southern outer lobe of J0116 —473 flows into the
relict cavity, as is required to render it visible, the uniform
projected B-field and the high fractional polarization might
be indicating an ordered flow along the bar and possibly a
stretching of the fields as the plasma expands at the end of
the relict channel.

The radio structures seen in J0116—473 are not unlike
those in the X-shaped radio galaxy 4C 12.03 (Leahy &
Perley 1991). In this latter object as well, there are three
distinct structures that may be associated with three suc-
cessive activity phases: an extended double along the main
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axis of the radio source, an inner double along the same
axis, and a fainter barlike feature with straight edges of
almost 800 kpc extent that makes a large angle with the
main axis of the radio galaxy.

In the scenario proffered above for the formation of the
structures in J0116 —473, the required large change in the
ejection axis between the first episode (responsible for the
bar) and the second (responsible for N1 and S1) may have
been produced by an interaction with a sufficiently massive
intruder that realigned the black hole axis (Natarajan &
Pringle 1998). The lack of change in the ejection axis in the
restarting episode, which resulted in the inner lobes N2 and
S2, might have been a result of an interaction involving a
smaller intruder that did not bring with it sufficient angular
momentum to perturb the ejection axis significantly. Alter-
nately, constancy of the ejection axis in restarting episodes
may have been a result of multiple encounters between the
host galaxy and a single intruder (Schoenmakers et al.
2000Db), in which the successive encounters altered the activ-
ity state of the central engine without significantly per-
turbing the black hole axis.

6. SUMMARY

We have presented 12 and 22 cm total-intensity and
polarization ATCA observations of the giant radio galaxy
J0116—473. The observations were carried out with the
purpose of following up on intriguing aspects noted for this
galaxy in an earlier work. Our new higher dynamic range
observations have provided much support for our earlier
hypothesis of interrupted nuclear activity in this source. The
inner-double structure located within the much larger
diffuse lobes is argued to be a pair of new lobes formed as a
result of renewed activity in the core. The observations
show this inner double in detail, revealing its edge-
brightened morphology, its symmetric location about the
core, and a narrow jet.

The 1 Mpc long barlike feature close to the core is seen to
be highly polarized, with fractional polarization as high as
50% all along its length and with projected magnetic field
vectors oriented along its length. We discuss a possible
origin for this feature, suggesting it to be a result of earlier
activity. In addition, we note the presence of two other
unusual features seen in this source, a band of low rotation
measure along the length of the source and a step in the
rotation measure situated toward the southern inner lobe.
We briefly discuss possible causes for these features.

The Australia Telescope is funded by the Commonwealth
of Australia for operation as a National Facility managed
by CSIRO. We thank the referee for useful suggestions that
led to investigation of aspects not presented in the original
version. We acknowledge the use of SuperCOSMOS, an
advanced photographic plate digitizing machine at the
Royal Observatory of Edinburgh, in obtaining the digitized
image of J0116 —473 presented in the paper.
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