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ABSTRACT

Giant radio galaxies (GRGs), with extended structures reaching hundreds of kpc, are among the most spectacular examples
ejection of relativistic plasma from supermassive black holes. In this work, third of a series, we present Low-Frequency Array
(LOFAR) images at 144 MHz, collected in the framework of the LOFAR Two-metre Sky Survey Data Release 2 (LoTSS DR2),
for nine sources extracted from our sample of hard X-ray-selected GRGs (HXGRGs, i.dNff&@®RAL/Imager on-Board

the INTEGRALSatellite andSwift/Burst Alert Telescope cataloguessé20 keV). Thanks to the resolution and sensitivity of
LoTSS, we could probe the complex morphology of these GRGs, unveiling cases with diffuse (Mpc-scale) remnant emission,
presence of faint off-axis wings, or a misaligned inner jet. In particular, for one source (B2-3%84, we could clearly detect
a~300 kpc wide off-axis emission, in addition to an inner jet whose orientation is not aligned with the lobes axis. For another
source (J1153.9+5848), a structure consistent with jet precession was revealed, appearing as an X-shaped morphology with re
lobes having an extension larger than the present ones, and with a different axis orientation. From an environment analysis, w
found two sources showing an overdensity of cosmological neighbours, and a correspondent association with a galaxy cluste
from catalogues. Finally, a comparison with radio-selected GRGs from LoTSS DR1 suggested that, on average, HXGRGs cal
grow to larger extents. These results highlight the importance of deep low-frequency observations to probe the evolution of radic
galaxies, and ultimately estimate the duty cycle of their jets.

Key words. galaxies: active —galaxies: jets — galaxies: nuclei—galaxies: Seyfert—radio continuum: galaxies — X-rays: galaxies.

of their kinematics or plasma radiative losses, dating the ancient
L INTRODUCTION lobes as structures formed during tens, if not hundreds, of Myr (see
Giant radio galaxies (GRGs; Willis, Strom & Wilsoi974) are  e.g. Mack et al1998; Hunik & Jamrozy016; Cantwell et al. 2020),
among the most extreme manifestations of the accretion/ejectioreventually becoming remnant radio structures (Hurley-Walker et al.
processes on supermassive black holes. During 10 Myr time- 2015; Brienza et alR016). With such a long activity period, GRGs
scale evolution (Machalski, Chyzy & Jamro2004; Jamrozy et al.  are the ideal testbed to study the duration of the radio phase in AGN,
2008), they produce jets of plasma extending hundreds of kpc awaynd its duty cycle. Indeed, several examples of GRGs with recurrent
from their active galactic nucleus (AGN) core. Their projected linear radio activity have been found by different authors (Konar et al.
size, comprised between a conventional threshold of 0.7 Mpc and®004; Orti et al.2015; Hunik & Jamrozy2016; Bruni et al2020),

a maximum of 4.69 Mpc to date (Machalski et 2008), implies  either in the form of two symmetric pairs of lobes with respect to the
that their jets are able to probe the intergalactic medium, at spatiahctive nucleus (termed double—double radio galaxy; Schoenmakers
scales comparable with galaxy clusters. In the past decades, severatial.2000), or an X-shaped morphology (misaligned double—double;
authors performed detailed studies of the age of GRGs, on the basiS8heung2007; Saripalli et al2013) possibly linked to a change in
jet axis, or the presence of a young radio source in the core at
odds with the age inferred from the Mpc-scale lobes (Bruni et al.

* E-mail: gabriele.bruni@inat.it 2019).
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With the advent of the new generation low-frequency surveys the2 RADIO DATA
number of known GRGs has dramatically increased, populating the
parameter space of GRGs. This suggests that their abundance had LOFAR
been underestimated so far, mainly because of the limited sensitivit
to extended emission of the previous generation radio survey:
(Delhaize et al2021). In particular, Low-Frequency Array (LOFAR;
van Haarlem et al2013), with its unique sensitivity to extended

steep-spectrum structures and a typical resolution of 6 arcsec in thcovere d an area of 424 deip the Hobby-Eberly Telescope Dark

MHz domain, is the ideal instrument to study these complex andEnergy Experiment (HETDEX) spring field, between right ascension

'O; ;‘;rtfggeaf{'hg:tgzsﬁl gﬁ’egfc'g‘éeseib ttlr\‘”et eg;]'z\fv'gnstf:;m Sp'zi?:%m) 10M5M00° to 15'30700° and declination (Dec.) 48000 to
9 9 g y P sp 7°0000, reaching a median sensitivity of 7dly beam* at 6 arcsec

and therefore its emission is brighter and more easily detected at low . . : . )

: . angular resolution. LoTSS DR2 (Shimwell et al., in preparation) will
frequencies. In the framework of the LOFAR surveys key SCIENCE tter additional coverage on two fields centred at a Galactic latitude of
project, single objects (Shulevski et aD19; Cantwell et al. 2020) 9

h . .
and samples of GRGs (Dabhade e28R0a; Stuardi et a2020) have 0 ar_1d 13,fora t_otal_of 5700 defy and p_rocessed with an |mprqved .

. . : : version of the pipeline. Among the nine sources analysed in this

been studied with unprecedented detail, allowing to extend the census - . .

. : work, only one (J1238:#45349) is located in the HETDEX region,

to hundreds of sources. As a whole, morphological studies at low

frequencies, through synthesis imaging with radio interferometersand therefore was already published as part of the LTSS DR1, while

: . . - “the remaining eight are located in the sky region covered by the DR2,
can help understanding the plasma dynamics. This information o P

. . . and are presented here for the first time. All data sets used in this
can then be used to investigate the duty cycle of the radio phase .
in AGN work have been processed by the Survey KSP team using the standard

In the past few years, the Giant RAdio galaxies and their dutyDRZ approach (Shimwell et al., in preparation). This includes the use

CyclE (GRACE} project has targeted GRGs selected by cross-Of an upgraded version of the LOTSS dlrgctl_o_n dependent pipeline
: ; (Tasse et al2018,2020), which leads to significant improvements
correlating hard X-ray catalogues 20 keV) fromSwift/Burst Alert . .
of the final images with respect to the DR1.
Telescope (BAT) andNTEGRAL/Imager on-Board tHETEGRAL To further refine the imaging in the direction of the nine targets, we
Satellite (IBIS) with radio catalogues (the NRAO Very Large Array ging gets,

Sy Surey WSS, Condon t 4096 and e Sydney Unwersty [10°S2020 52l Fst e subacte ot o e vtites o)
Molonglo Sky Survey — SUMSS, Bock, Large & Sadl£999). 9 g get, P

As a first result of this selection, Bassani et &016) found that additional phase and amplitude self-calibration loops in the target

. . ) . __direction, following the same procedure as previous works from
the fraction of GRGS in the parent_ sampl_e of 64 _radlo galax!esthe LoTSS Collaboration (van Weeren et 2020). We then used
were about four times larger than in previous radio-only studies

(~25 per cent versus the classicab per cent from the 3CR Fhese data _sets to produce the final images runningve EAN
i . imager (Offringa et al2014) on the Bologna node of the LOFAR-IT
catalogue, see Ishwara-Chandra & Saik#99, and 8 per cent in . : : . )
- : . infrastructure, fine-tuning different sets of parameters with the goal
the 3CRR sample, see Laing, Riley & Longdi®83). We thus of enhancing the reconstruction of the diffuse and faint emission of
embarked on a multiwavelength study of the 15 GRGs from the 9

Bassani et al. (2016) sample (see Bruni e28R0for the full sample the sources. Final images were obtained with two circular C_Eaussuan
L : . . _restoring beams of 6 and 20 arcsec for each source, to exploit both the
description), aimed at understanding the reason for such a correlatio

In the first paper of this collection, Ursini et a2q18) showed "ull resolution of the array and a tailored large beam to better detect

how the radio luminosity of the lobes and it power are dimmerthe diffuse emission. For both resolutions we used a Briggs weighting
y et p scheme with robust —0.5 and multiscale cleaning (see Offringa &

than what expected fro.m. the x-ray power of the core, SqueStm.gSmirnOVZOl?). Additionally, we applied a Gaussian taper to obtain
a recently restarted activity. This was later on confirmed by Bruni 20 arcsec angular resolution images

et al. (2019,2020), either on the basis of the radio morphology, Table 1 summarizes the final typical rms noise obtained for

gcr)rgor the presence of a recently restarted radio source in the the different images, at both resolutions, and for each source.
' Analogously to Shimwell et al. (2019), and to recent works on GRGs

_In this paper, for the flrst_tlme, we presem LOFAR |mages_of performed with LOTSS data (Dabhade et2020a), we assumed a
nine hard X-ray-selected giant radio galaxies (HXGRGs), aim- . o
conservative error of 20 per cent for the measured flux densities.

ing at characterizing their large-scale morphology and signs of
restarted radio activity. Moreover, we perform a comparison between

HXGRGs and a sample of radio-selected GRGs to investigateTable 1. Summary of LoTSS data presented in this work, with typical rms
systematic differences in their main properties. Recently, Bassan?Oise obtained for the images convolved at 6 and 20 arcsec resolution.

et al. 021) presented an update of the sample, adding eight

¥ve made use of data from the LOFAR Two-metre Sky Survey
s(LoTSS; Shimwell et al2017) Data Release 1 and the upcoming
Data Release 2 (DR1 and DR2 hereafter), carried out at 144 MHz
grequency range 120-168 MHz). LOTSS DR1 (Shimwell e2@1.9)

GRGs plus a candidate source. We present here five GRGs front®!c® rms (g arcsec) rms (2b0 arcsec)
the original sample, plus another four from the catalogue update. (ndy beam) (nJy bean’)
In the following, we adopt the conventioho v for the spectral ~ J0318+684 220 360
indexa, and the same cosmological parameters as in Bassani et all0801.7+4764 130 420
(2016) for consistency, i.edy = 71 km st Mpc~?, Q@ = 0.27, B2 1144+35B 90 180
and, = 0.73. J1153.9+5848 100 160

J1238.4+5349 90 240

J1503.7+6850 150 390

4C +63.22 120 360

Mrk 1498 110 220

4C +34.47 230 760

Ihttps://sites.google.com/inaf.it/grace/
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Table2. Summary of VLA data presented in this work, from our observations
(20A-476) and archives (15B-145).

In Fig. 1 (top panel), we show the LOFAR full resolution image
of the source, with the low-resolution image contours overlaid. The
source morphology is consistent with our Giant Metrewave Radio

Source Code Frequency Beam rms Telescope (GMRT) image at 325 MHz from Bruni et £2020).
(GH2) (arcsec)  (dy beam?) The northern and southern lobes are the brightest components, with
J0318+684 20A-476 3 20 200 the latter having a peak surface brightness of 143 mJy bkam
Mrk 1498 15B-145 6 35¢ 15 60 with respect to 17.3 mJy bearhfor the northern one (at 6 arcsec
resolution). The core is well visible as a compact and bright-spot at
22 VLA the centre of the source, with a peak of 13.1 mJy beaBiffuse, off-

axis emission is present, with a remarkable extension3®&rcmin

For two sources (J0318+684 and Mrk 1498), we could considertowards north-west (NW) ang2.5 arcmin south-east (SE) from the
additional observations from the Karl G. Jansky Very Large Array core (corresponding to 300 and 250 kpc, respectively). Overall, more
(VLA, see Table2). For J0318+-684, Director’s Discretionary Time diffuse emission between core and lobes is visible with respect to our
(DDT) observations were obtained, and performed on 2020 May 24previous GMRT observations. Zoomed images of the lobes and core
(project 20A-476) with the array in C-configuration at 3 GHz. The regions are reported in Fig.(bottom panels). Both the northern and
on-source time was 15 min. For Mrk 1498, we made use of archivalsouthern lobes present a hotspot, typical of the Faranoff-Riley type
data (project 15B-145). Observations at 6 GHz were performed onl!l (FRII) morphology, with an enhanced surface brightness due to the
2015 November 11 in D-configuration, for a total on-source time of interaction of the jet plasma with the intergalactic medium (IGM).

36 min.

Data were reduced with theasa? software (McMullin et al.
2007), running VLA pipeline for initial calibration. Then, target data
were split and imaging performed with theLEAN task, through
two iterations of phase-only self-calibration. For J03884, almost

This is a clear sign of a recent replenishment of plasma, indicating
that the jets are still active or, from kinematic considerations, that
the radio phase fuelling the lobes has stopped a maximui -of
LS/2/vkyr ago, where is the average jet velocity (typicalty0.1c),
and LS is the linear size of the GRG in kpc (1500 kpc). This roughly

40 per cent of the bandwidth was flagged out for the 3 GHzcorrespond to & < 24 Myr. The southern lobe shows a knotty
observations, due to radio frequency interference. A final rms noisestructure in the region closest to the edge (~100 kpc, seelFig.
of 200 Jy beam* was obtained. For Mrk 1498, in order to mitigate bottom right-hand panel). The off-axis extended emission, already
the lack of sensitivity of the VLA to structures larger than 4 arcmin (in highlighted by our GMRT map at 325 MHz from Bruni et &0Q0),

D configuration and at 6 GHz), we made use of the lower 25 per cenis even more evident in the LOFAR image, as expected from the very
of the receiver band only (4-5 GHz), recovering as much as possiblsteep (<—1) spectral index discussed in our previous work.

the extended emission of the target. This resulted in a final rms noise In Fig. 2 (left-hand panel), we show the comparison between

of 60 wly bean?. LOFAR (in colours) and our VLA image (3 GHz, contours), restored
with a matched angular resolution of 20 arcsec: the off-axis emission
3 RESULTS is only partially detected by the VLA (due to its lower sensitivity

to extended structures, and the steep-spectral index), while the

In the following, we present the morphology revealed by LOFAR southern jet/lobe and the core are evident. Analogously to the LOFAR
images for nine HXGRGs extracted from Bassani et 2016) or image, the northern lobe is fainter with respect to the southern one.
Bassani et al.2021). In the figures, the 6 arcsec resolution image The first half of the structure connecting the core to the northern
is plotted in colour scale, while the contours are from the 20 arcsedobe is not detected. Finally, observations at 6 and 10 GHz were
resolution one, unless specified differently. For a few sources, we als§lesigned to image the core region, which was detected as a compact
provide a zoom of the core region. The X_ray position of the core Component. However, the limited resolution and ultraviolet (UV)
from Bruni et al. 2020) or Bassani et al2021) is indicated with a ~ coverage of these short DDT observations did not allow us to resolve
cross. In Tabl&, we report quantities extracted from LOFAR images, the core at the kpc scale, we thus make use of VLASS data for
including updated values for the projected linear sizes (estimatedhis purpose (see below). In Fig.(right-hand panel), we present a
from the angular size between the outermastrehs contours) and ~ zoom into the core region, making use of the Pan-STARR&nd

total flux densities from the LOFAR 20 arcsec resolution images. image (in grey), tracing the host galaxy structure, and VLASS data
(contours), showing the radio emission with better detail than our

VLA observations. Indeed, at an angular resolution ef 3 arcset,
3.1 J0318+684 VLASS contours allow us to see an elongation towards the south-

This is one of the most extended GRGs of our sample (1.5 Mpc;West direction, suggesting an inner jet orientation compatible with
Bassani et al2016). In our previous works, we discussed the the Mpc-scale jet one. The new radio phase, previously identified
discovery of a young radio source (gigahertz-peaked spectrum — cpthrough a GPS, has thus most probably the same jet axis as the older
— source) in the core region, suggesting a recent reactivation of th@Nne- At the redshift of the source, the_ decon_volved size of the radio
jet (Bruni et al.2019), and discussed the X-shaped like morphology c0ré as measured from the VLASS image is 8.9.4 grcse%: at
(Bruni et al.2020). Beyond our proprietary data, in the discussion & Position angle (PA) of-50", corresponding to a projected linear

of this object we considered other data available in the literature SiZ€ Of 1.5x 0.7 kp&. This size is compatible with the one expected
Namely, Very Large Array Sky Survey (VLASS) data at 3 GHz for GPS sources (<1 kpc; O'DeEp98). This is also confirmed by
(first epoch quick-look image; Lacy et £020), and optical images archival Very Long Baseline Array (VLBA) observations at pc-scale

from the Panoramic Survey Telescope and Rapid Response SystefgSolution (Bruni et al., in preparation). _
(Pan-STARRS; Chambers et aD16). In a recent work presenting MeerKAT observations, Cotton et al.

(2020) have shown hydrodynamical backflow in action in a GRG
in common with our sample (PKS 2014-55; see Bruni e2@20),

2https://casa.nrao.edu/ underlying how the host galaxy PA, and thus its interstellar medium,

MNRAS 503, 4681-4699 (2021)
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Table 3. Quantities for the sample of nine HXGRGs presented in this work, including projected linear sizes, total flux densities, and total radio
power, as measured from the LOFAR images at 144 MHz (20 arcsec resolution).

Source RA Dec. z Spatial scale LS Total flux density Total radio power
(J2000) (J2000) (kpc arcset?) (kpc) @y) log(W Hz™1)
J0318+684 03:18:19.1  +68:29:32 0.09 1.659 1620 5.671.13 26.03
J0801.7+4764 08:01:31.9 +47:36:15 0.16 2.729 1260 0.460.09 25.47
B2 1144+35B 11:47:22.3  +35:01:09 0.06 1.144 860 1.460.29 25.08
J1153.9+5848 11:53:23.9 +58:31:41 0.20 3.268 900 0.260.05 25.43
J1238.4+5349 12:38:07.7 +53:25:56 0.35 4.907 950 0.520.10 26.26
J1503.7+6850 15:04:13.1 +68:56:12 0.32 4.622 1230 2.290.46 26.82
4C +63.22 15:23:45.8  +63:39:24 0.20 3.268 790 3.300.66 26.53
Mrk 1498 16:28:03.8 +51:46:30 0.05 0.965 1150 2.600.52 25.16
4C+34.47 17:23:20.6  +34:18:00 0.21 3.395 1120 5.211.04 26.77
Fribam
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Figure1l. Top panel: LOFAR image of the source J0318+684. The colour scale represents the 6 arcsec resolution image, while contours are from the 20 arcsec

one.

Bottom panels: zoom on the northern lobe (left), core region (middle), and southern lobe (right) from the LOFAR image at 6 arcsec resotutisn. Cont

are multiples of the image rms, namelx3ms x (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256). Negative contours are dashed. The beam is shown in the lower left-hand
corner.
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Figure2. J0318+684. Left-hand panel: comparison between LOFAR (144 MHz, in colours) and VLA (3 GHz, in contours) images at a matched resolution of
20 arcsec. The beam is shown in the lower left-hand corner. Right-hand panel: Pan-SitB&RI$Smage of the host galaxy, with VLASS contours superimposed

(2-4 GHz, 3x 2 arcseé angular resolution). Contours are multiples of the image rms, namely®s x (—1, 1, 2, 4, 8, 16, 32, 64, 128, 256). Negative
contours are dashed. The VLASS beam is shown in the lower left-hand corner.

can originate the deflection when they are tilted with respect to the . b

) . . . . L . 0 005 0010 0020 0400 0240
jet axis. From a simple bidimensional Gaussian fit of the optical =

emission from the Pan-STARRS image, we estimated a PA of 0
31° + 7° for the host galaxy major axis, consistent with the one
measured for the southern jet axis34°): this alignment between jet

and host galaxy major axis does not support the mentioned backflow
scenario. Alternatively, Gillone, Capetti & Ros&0(16) showed how

the secondary radio structure of X-shaped radio galaxies is often
oriented towards the minor axis of the host galaxy, proposing that it
originates from the expansion of the radio cocoon in an asymmetric
external medium. This scenario is compatible with the previously =
discussed orientation of the radio and optical counterparts of this = £
source (based on the jet axis and host galaxy major axis orientation,
respectively), suggesting that the diffuse emission perpendicular to

the jet axis could have this origin.

+a7°34' 8
3.2 J0801.74+4764

The LOFAR image presented here (FB). shows a typical FRII
morphology, with the northern lobe brighter than the southern one. ; sz;n:"__" i il fa

The southern lobe presents a brighter region composed of three knots o

at.~2.5 arcmin from the core (marked as A in the figure). A check Figure 3. LOFAR image of the source J0801.74+4764. The colour scale
with Pan-STARRS 'mages does not Show correspondence with anyepresents the 6 arcsec resolutionimage, while contours are from the 20 arcsec
host galaxy, suggesting that these are either real features along thfe_ contours are multiples of the image rms, nametyréns x (—1, 1, 2, 4,

jet, or radio emission from distant galaxies that faint emission is notg, 16, 32, 64, 128, 256). Negative contours are dashed. The cross indicates the
detected in the optical band (see e.g. Baldi e2@l3). The sameis  X-ray position. The 6 arcsec beam is shown in the bottom left-hand corner.
true for the bright-spot westwards of the northern hotspot (marked

as B in the figure) that lies on a region of diffuse emission betweenlarger than the typical maximum angle ofL0° found for blazars,

the core and the jet. Both A and B component have a spectral indedbut still resulting in an asymmetry in jets brightness. Following
adis = —0.914 0.06, calculated between LOFAR and NVSS data, their argument, the northern lobe is the one oriented towards the
as expected for diffuse regions in the lobeszKicz & Jamrozy  observer, while the southern lobe is the receding one. Information
(2012) provided an estimate of the jet inclination angle with respectabout jet axis inclination allows us to provide an improved estimate
to the line of sight, on the basis of the lobes flux density ratio, andof the physical size of the source. The source size as measured
assuming it is due to Doppler boosting: they obtained a value 9f 37 from LOFAR observations, from lobe to lobe, is 440 arcsec, which

MNRAS 503, 4681-4699 (2021)
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Figure4. Top panel: LOFAR images of source B2 11436B. The colour scale represents the 6 arcsec resolution image, while contours are from the 20 arcsec
one. The jet axis connecting the core to component W2 is indicated as a red dashed line, while the axis of the inner jet as an orange dashed line. The LOFAR
6 arcsec beam is shown on the lower left-hand corner. The cross indicates the X-ray position. Bottom left-hand panel: overlay of the LOFAR 2@manssec con

with the Pan-STARR$band image. The position of the nearby galaxy 2MASX J11470784-+3503390 is indicated as a red box. Bottom middle and bottom
right-hand panels: zoom on the core region (LOFAR 6 arcsec contours overlaid to Pan-STARREImage) and on the W1 component (both colours and
contours from LOFAR 6 arcsec image), respectively. The LOFAR 6 arcsec beam is shown on the lower left-hand corner. For all images contourssare multiple
of the image rms, namely 8 rms x (-1, 1, 2, 4, 8, 16, 32, 64, 128). Negative contours are dashed.

translates into a projected linear size of 1.2 Mpc at the redshift ofactivity. The LOFAR image at 20 arcsec resolution (Fg.top

the source. Considering an inclination angle of 8% the jet axis, panel) highlights diffuse, extended emission around the lobes, and,
the deprojected linear size of the source is 2 Mpc. In Appendix B,in particular, southwards of the western one (indicated as W2 in
we report the serendipitous discovery of a radio galaxy in the LoTSSFig. 4). The latter was partially reconstructed by the VLA image
field of this GRG. at 1.4 GHz in Giovannini et al.1099), and tentatively identified

as the Western lobe. The LOFAR image presented here recovers a
larger emission region, both in north—south (NS) and east-west (EW)
3.3 B21144+358 directions, at a frequency a factor of 10 lower. We could estimate
Giovannini et al. {999) and Giovannini, Giroletti & Taylor2007) the spectral index of the W2 region using LOFAR and NVSS data,
performed a detailed study of this source through multiscale observaalthough in the latter only the brightest part is detected (see Bruni
tions, from pc to kpc. In particular, they found discontinuitiesinthe jet et al. 2020): we obtained a value of:{; = —0.924+0.06. This
morphology through VLA observations, suggesting an intermittentis consistent with the value estimated by Giovannini et H90)
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between 1.4 and 5 GHz, of about —1. In the NW sector a radio galaxyradio phase. The contours highlight the presence of bright-spots at
is present (corresponding to object 2MASX J11470#8803390), the end of the tails (named H1 and H2 in Figtop left-hand panel).
moreover at the same redshift as our target (0.06), and partially ~ The axis connecting the peaks at the edges of the structure intercepts
overlapping with its line of sight. Indeed, the host galaxy of our the core region, and has a PA of4°. As a comparison, the axis
target matches with one of the clusters from the Smith efall ?) connecting the main lobes of the source shows a PA-¢f36°.
catalogue (identified with ID 2259 in that work, see Section 4). A Both axes are shown as dashed lines in BigThe fact that the
further galaxy, named SDSS J114733:850230.5, also at the same distance between these two features is larger than the one between
redshift as our GRG, is located north-east of the core and is partiallythe lobes, allows us to reasonably exclude a backflow origin (see
overlapping with the Eastern lobe (see Higoottom left-hand panel).  a similar case in Dennett-Thorpe et 2002). These tails were not
Despite the complexity of the field, the Western lobe of our GRG previously detected in NVSS (see Bassani et2@R1). However,
is well recognizable thanks to the bow shock visible around thethat survey is shallower than the LOFAR observations presented
hotspot (indicated as W1 in Figi, top panel), meaning that the here (the typical rms level of NVSS i80.5 mJy beamt, four times
jet is expanding in a dense environment, and allowing to drawlarger than the one in our LOFAR 20 arcsec resolution image), and
the jet axis back to the core. A zoom on feature W1 is presentedvith a poorer short-baselines coverage (thus a lower sensitivity to
in Fig. 4 (bottom right-hand panel). Similarly to what done for extended structures). Moreover, the expected peak flux density at the
W2, we estimated a spectral indexcgf{; = —0.73+ 0.06 for this NVSS frequency (1.4 GHz), assuming a typical spectral index
component, consistent with the value of about —0.8 estimated by-1.5 for relic plasma, would be a factor of 30 lower than the one in
Giovannini et al. {999) between 1.4 and 5 GHz. The inner region our LOFAR images (decreasing fromlL.5 to~0.05 mJy beamt),
of the source (~50 arcsec, corresponding to a projected linear siz&ying an order of magnitude below the NVSS noise level. We could
of ~60 kpc) is resolved in the 6 arcsec resolution image (seedfig. estimate an upper limit o&377 < —0.52 andadis < —0.75 for
bottom-centre panel), showing a structure with multiple componentsH1 and H2, respectively, given an rms noise of 0.5 mJy béam
a core (the brightest one), coincident with the optical position of thein the corresponding regions of NVSS images. Further tailored
host galaxy, as well as with the X-ray counterpart of the AGN (Bruni observations, covering the MHz to GHz frequency range, could help
et al. 2020), and three knots along the jets. The axis connectingin determining the age of these structures.

these components has a PAof60°, while the one traced between In case the hypothesis of a remnant radio structure is confirmed,
the core and the Western lobe (W1) has a PA6f77° (see top  this could be a genuine case of X-shaped radio galaxy, with a change
panel of Fig.4). With a misalignment between the two ofL7°, a in the radio axis orientation of almost 40This class of sources

counter-clock reorientation of the jet axis on a Myr time-scale canis among the best candidate to host a binary supermassive black
be supposed. Interestingly, an S-shaped morphology of the Easterfmoles (BSBHs) system (Saripalli & Rober#)18). Such a link
jet was shown by the VLA observations at 4.9 GHz presented inbetween empirical evidences of bending jets and the possibility of
Giovannini etal. 1999): thisis typically expected from jet precession a geodetic precession in a binary system of AGN was already pro-
(see Krause et aR019; Horton, Krause & Hardcast2020 and posed decades ago (Begelman, Blandford & Rie330). Recently,
references therein) and would support the reorientation discusse@D hydrodynamic simulations of kpc-scale radio galaxies with a
above. Nevertheless, none of these two axes seem to be aligned wifirecessing jet (Horton et &020) allowed to test the formation of
the hotspot visible in the Eastern lobe. the peculiar morphologies among these objects (e.g. X-shaped and
We can compare this source with a similar case of GRG reportedS-shaped; see Krause et aD19 for a summary). Following the
by Subrahmanyan et al2Q06), and termed fat-double due to the work of those authors, the analogous case of J1453348 could
noticeable transverse extension of the lobes with respect to the lobebe attributable to a jet with a precessing angle-d° that would
core distance (SGRS J0515-8100). Those authors suggested that tfeem an X-shaped morphology on a Myr time-scale with two axes
presence of distorted lobes could originate from an intermittent jetof comparable length. Those authors explain such a jet precession
activity, with multiple axis changes, due to gravitational perturbationsin terms of a BSBHs system, formed during a merger with another
from a companion galaxy. Indeed, the optical counterpart of our targegalaxy. However, alternative explanations have been proposed in the
presents a boxy shape, as pointed out by previous authors (Giovannititerature, including jet axis realignment (Natarajan & Print®98),
et al. 1999), possible aftermath of a merger event. Moreover, theand a precessing accretion disc (Kurosawa & Pr2g@s). High-
correspondence with a galaxy cluster mentioned above suggests thegsolution (pc-scale) radio observations could help to disentangle the
interactions within the cluster members could be ongoing, makingpossible scenarios for this source: in case two radio-emitting black
the jet evolution more complex than the case of an isolated radicholes are present in its core, they could be detected as flat-spectrum
galaxy. Another example of source with a morphology comparablecomponents, analogously to the case of NGC 7674 (Kharb, Lal &
with this GRG was presented by Liu et a20{19). Those authors, Merritt 2017).
through an analysis of X-ray cavities and radio jet axis in 3C 88,
concluded that a jet reorientation during the lastQ’ yr is the
most likely explanation for the observed radio structure. As a whole,
the LOFAR images presented here are consistent with a fat-doubl&his source was included in the GRG catalogue compiled from the
morphology, suggesting either multiple radio phases with differentfirst data release of LoTSS (Dabhade e2@R0a). The full resolution
jet axes, or a jet reorientation on a Myr time-scale. image (Fig.5, bottom left-hand image) shows two lobes in EW
direction and two compact components in the middle. On the one
hand, the easternmost among the latter ones corresponds to the X-
ray position from our previous works, and shows a counterpart in
From the LOFAR 20 arcsec resolution contours of this source fig. the Pan-STARR$band image, and is thus coincident with the host
top left-hand panel) two symmetric tails of faint emission are detectedgalaxy of our GRG (see Figh, bottom right-hand panel). On the
for the first time, towards both the north and south sides with respecbther hand, the western component of the inner couple does not
to the core, and with an extension larger than the one of the ongoingorrespond to any known source in the SIMBAD astronomical data

3.5 J1238.44-5349

3.4 J1153.94-5848
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Figure 5. LOFAR images of sources J1153:9848, J1503.7+6850, and J1238.44+5349. The colour scale represents the 6 arcsec resolution image, while
contours are from the 20 arcsec one. Contours for J14%5848 are the image rms (-3, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, 100, 200, 300, 400, 500),
while for sources J1503.7+6850 and J1238.4+5349 atra®s x (—1, 1, 2, 4, 8, 16, 32, 64, 128, 256). Negative contours are dashed. The 6 arcsec beam is
shown in the lower left-hand corner. Bottom right-hand panel: zoom on the core region of J£23891 with LOFAR contours at 6 arcsec resolution overlaid

to the Pan-STARR$&band image. The cross indicates the X-ray position.

base (Wenger et aR000), and could thus be interpreted as a knot lies on the plane of the sky, with an inclination angle of 8iith
along the jet. Finally, in the 6 arcsec resolution image from LOFAR respect to line of sight. This could suggest that the difference in jets
a curved, symmetric emission is visible between the lobes and thdérightness could be due to a denser medium probed by the northern
core (from the eastern lobe towards north, and from the western lobget (see source Mrk 1498 below for a similar case). An additional
towards south), resembling the typical morphology of a backflow. emission spot (indicated as A in the figure) is visible southward of the
core: itcorresponds to an unidentified optical source in Pan-STARRS,
and should thus not be considered as part of the GRG emission. At
the lower resolution of NVSS it is not resolved from the core. Lara
An asymmetric emission is visible for this source (Fagtop right- et al. R001) presented a VLA image of this source at 1.4 GHz, and
hand panel), with the northern one being brighter than the southerri0 arcsec resolution: the same morphological properties are visible,
one. Kuzmicz & Jamrozy (2012) discussed how this source almostincluding component A that shows a peak flux density of about 6

3.6 J1503.74-6850 (4C +69.18)
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Figure6. LOFAR images of source 4€63.22. Left-hand panel: the colour scale represents the 6 arcsec resolution image, while contours are from the 20 arcsec
one. Right-hand panel: zoom on the core region, both colour scale and contours are drawn from the 6 arcsec resolution image. Contours are maultiples of t
image rms, namely 3 rms x (—1, 1, 2, 4, 8, 16, 32, 64, 128, 256). Negative contours are dashed. The cross indicates the X-ray position. The 6 arcsec beam is
shown in the lower left-hand corner.

mJy beam?, resulting in a spectral indext-4 ~ —0.45. No signs  presents an obscured AGN, with a GPS in its core region (Bruni et al.
of restarted radio activity are evidentin the LOFAR image or previous 2019). Bruni et al. (2020) discussed the morphological properties
ones from the literature, showing a typical FRII morphology. visible in the TGSS map at 150 MHz (25 arcsec resolution), where
basically the core and lobes were detected, while the jet connecting
3.7 4C +63.22 them was nqt present_. The LOFAR image (Hgtop panel) shows

) : for the first time details about the complex structure along the jet,
This source was presented as a tentative X-shaped radio galaxy iwith a bent northern jet, and a branched southern lobe, with several
Bruni et al. 2020), based on the TIFR GMRT Sky Survey (TGSS; knots (see a zoom on this region in Fig bottom right-hand panel).
Intema et al2017) image at 150 MHz, which shows hints of emission A hint of the two southern jet branches was already visible in the
distributed in almost perpendicular direction with respect to the TGSS image, although the lower resolution did not allow to fully
main jet axis. The AGN X-ray position nicely corresponds with distinguish them. The overall source morphology is asymmetric,
the radio core. The nature of the diffuse off-axis emission betweerwith the northern structure having almost twice the extension of the
the lobes and the core was not clearly established at the resolutiogouthern one (11 arcmin versus 7.5 arcmin, from core to hotspot).
of the available image (25 arcsec). The LOFAR image presented similar asymmetry was discussed by Shulevski et al. (2019) for
here (Fig6) offers an improvement in angular resolution by a factor 3C 236, explaining it as a difference in the IGM probed by the two
of ~4, and a factor of~10 in sensitivity, confirming the X-shaped jets. This hypothesis may hold also for Mrk 1498, moreover it could
morphology. None the less, we cannot easily classify the off-axisexplain the enhanced surface brightness and forked morphology of
emission as either remnant lobes from a previous radio phase, dihe southern jet and lobe, as a result of a strong interaction with a
plasma backflow created by the present jets. Indeed, the southerdense medium.
region looks like plasma expanding in the direction from the core Thanks to the enhanced sensitivity of these LOFAR images, it is
region towards to external medium, while the northern one presentgossible to highlight an emission gap between the well-defined core
the typical backflow morphology, with a broadening from the lobe andthe inner edge of the southern jet structure (se& Figttom left-
towards the core. Finally, the optical images available from surveyshand panel). A similar gap is visible between the core and the edge of
are not of sufficient resolution to measure the major axis orientation horthern lobe, although the latter is less defined if compared with the
and test the scenario proposed by Gillone et 2016) previously  previous one. On the southern side, we can measure a separation of
invoked for source J0318+684. Further observations, aiming atbout40 arcsec (corresponding to 38 kpc at the redshift of the source)
studying the plasma aging across these structures, will allow us tdetween the core and the first edge of southern emission region. A
shed light on the evolution of this source. similar gap is visible in archival VLA observations at 5 GHz (35
x 15 arcset resolution, see Figz, bottom left-hand panel). This
is likely due to a collimated jet that in the region near to the core
emits most of its radiation in the propagation direction, and with
This source was the subject of a multiwavelength study bysmall energetic losses due to interaction with the medium, making
Herrandez-Garia et al. 2019), who discussed a possible reactivation it almost undetectable when lying on the plane of the sky. However,
of the nuclear activity following a merger event. Indeed, the sourcethe presence of a GPS in the core of this GRG — as also confirmed by

3.8 Mrk 1498
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Figure 7. LOFAR images of source Mrk 1498. Top panel: the colour scale represents the 6 arcsec resolution image, while contours are from the 20 arcsec
one. The 6 arcsec beam is shown in the lower left-hand corner. The cross indicates the X-ray position. Bottom left-hand panel: overplot of theuvd &t conto

5 GHz from archival observations (35 15 arcset resolution) on the LOFAR 20 arcsec resolution image. The emission gag®kpc between the core and

the edge of the southern emission region, visible with both instruments, is marked in red. The 20 arcsec LOFAR beam is shown in the lower lefthand corne
Bottom right-hand panel: zoom of the LOFAR image at 6 arcsec resolution on the southwestern lobe, with the two branches marked with a red dashed line. Th
6 arcsec beam is shown in the lower left-hand corner. For all images, contours are multiples of the image rms, ramadw3—1, 1, 2, 4, 8, 16, 32, 64,

128). Negative contours are dashed.
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Figure 8. Left-hand panel: LOFAR image of sources 4€34.47. The colour scale represents the 6 arcsec resolution image, while contours are from the

20 arcsec one. The LOFAR 6 arcsec beam is shown in the lower left-hand corner. The cross indicates the X-ray position. Right-hand panel: overlay of the
LOFAR 20 arcsec resolution contours with the Pan-STARRSNd image centred on the brightest cluster galaxy WHL J172312L0558. Contours are

multiples of the image rms, namelyx3rms x (—1, 1, 2, 4, 8, 16, 32, 64, 128, 256). Negative contours are dashed.

the symmetric morphology visible from archival radio images atpc-4 ENVIRONMENT ANALYSIS

scale resolution (Heandez-Gara et al.2019) — seems to suggest . .
. o . In order to evaluate the influence of environment on the morphology
that the radio emission in the core region could be from a phase

disconnected from the one responsible of the Mpc-scale structure of these GRGs, we adopted the same strategy of recent works from
P P " the LOTSS Collaboration (Croston et 2019; Dabhade et &2020a)

to investigate the presence of galaxy clusters potentially associated
with these GRGs. In particular, we considered the following galaxy
3.9 4C +34.47 clusters catalogues: the Gaussian Mixture Brightest Cluster Galaxy

This source presents awell-defined core in the LOFAR image8Fig. (GMBCG) catalogue (Hao et a2010), including 55880 clusters
left-hand panel), previously classified as a GPS (Bruni e2@19).  from the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7)
Both southern and northern lobes have bright and well-defined” the redshift range 0.k< z < 0.55; the Wen et al. 2012)
hotspots, sign of an active fuelling from the jets. The northern jetcatalogue, consisting of 132684 clusters drawn fI’OITI SDSS Data
is not visible, probably due to a Doppler dimming effect, while Réléase 8 (DR8) in the redshift range 0.85z < 0.8; and the
the southern jet shows a knotty structure between the core and theed-sequence matched-filter Probabilistic Percolation (redMaPPer)
lobe. These properties were not revealed at the lower resolution ofatalogue (Rykoff et al2014), also based on SDSS DRS, and
the TGSS image discussed in Bruni et 2020). Hocuk & Barthel ~ Providing more than 25000 clusters in the redshift range 6:08
(2010) first revealed the knotty structure of the southern jetfrom VLA 2 < 0-55. In addition to those works, we considered the Smith et al.
observations at 1.4 GHz and 5 GHz, and also provided an estimatg?912) catalogue, presenting 10 443 groups and clusters from SDSS
of the jet angle to line of sight. On the basis of the jet/counter-jet DR?- ) ) ) .
flux density ratio, and the jet bulk velocity, they infer a jet axis angle ~ SiX out of nine GRGs studied here, while nine among the 23
within 57° from the line of sight. A knotty, discontinuous, jet could be Constituting the whole HXGRGs sample, are included in the footprint
the result of an intermittent activity of the radio core. Another option ©f the mentioned works, not allowing statistical considerations on
could be an alternating recollimation/expansion of the jet, resultingth® full sample. Analogously to Croston et al. (2019), we considered
in an enhanced flux for the collimated components. Alternatively, a@S Crteria for the_ clusters ma_ltchlng a phy5|ca_l d|staq® <1 .
helical jet could produce a similar morphology, with brighter knots MPC at the redshift of our objects, and a maximum difference in
corresponding to regions where the jet orientation is close to the lind®dshift Az < 0.01. In this way, we found an association for two
of sight. In Appendix A, we present an archi@handraimage in sources out of six: B2 1144+35B, matching with one of the clusters
the 0.5-7 keV energy range, were the southern hotspot and a kndfom the Smith et al. 2012) catalogue (identified with ID 2259
are detected. in that work), and 4C+34.47, associated with the galaxy cluster
Finally, we notice that this GRG can be associated with the galaxy"VHL J172313.0+-341558 from the Wen et al. (2012) catalogue. Both
cluster WHL J172313.0+-341558 from the Wen, Han & L2012) sources are included in the subsample of nine GRGs with LoTSS data
catalogue (see Section 4). Fiyright-hand panel) shows the position presented here. The remaining four sources presented here that do

of the GRG relative to the brightest cluster galaxy (BCG), having anot show a match with galaxy clusters are Mrk 1498, J0804764,
7= 01955, J1153.9+5848, and J1238-8349.
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Figure9. Left-hand panel: the SDSS-band image of the inner field around B2 1144+35B (Ahn €2@12). The blue circle marks the position of the central

radio galaxy while the larger dashed black circle corresponds to a distance of 250 kpc computed at its redshift. Red circles mark the location of cosmological
neighbours, i.e. optical galaxies having a redshift difference, with respect to that of the central radio galaxy, less than 0.005 (see M&sxE96pabfor

more details), as well as that of SDSS J114729350438.5 at = 0.05777 lying at~250 kpc and SDSS J114724-5350246.5 with a redshift estimate of
0.05686 at~120 kpc distance, which could belong to the same cosmological structure. B233B4ppears to be the BCG of a galaxy group/cluster. Finally,

we highlight that the closest companion galaxy, SDSS J1147235@108.8 at = 0.06272, located at only7 kpc projected distance is not marked here.
Right-hand panel: the SDS$-band image of the field around 4€34.47 (Ahn et al2012). The blue circle marks the position of the host elliptical galaxy of

4C +34.47 while the larger dashed black circle corresponds to a distance of 1 Mpc computed at the same redshift of the central radio gata@y2(i)e.

and centred on its position. Finally, red circles mark the location of three galaxies, lying within 1 Mpc, and having a redshift difference, with respect to that of
the central radio galaxy, less than 0.005 (known as cosmological neighbours; see Mass&01&,2020b). Their presence clearly indicate that-484.47

belongs to a galaxy group/cluster.

To confirm this result, we performed an environment analysis For 4C+34.47, we found three cosmological neighbours within
adopting the same methods and procedures outlined in Massaro et dl. Mpc distance from the position of the central radio galaxy, all
(2019, 2020a,b). We searched for cosmological neighbours in themarked with red circles in Fi@, right-hand panel. A fourth galaxy
SDSS lying within the 2 Mpc radius computed at the same redshiftatz = 0.20479 lies at 1.12 Mpc in the north-western direction, being
of the central radio galaxy, with all SDSS magnitude flags indicating probably part of the same cosmological structure. With respect to
a galaxy-type object, and having a maximum spectroscopic redshifB2 1144+35B, 4C +34.47 lies at higher redshift and given the
difference Az < 0.005 with respect to that of the central target, number of cosmological neighbours we can certainly claim that also
corresponding to the maximum velocity dispersion in groups andthis radio galaxy is harboured in a galaxy-rich environment (i.e. a
clusters of galaxies (see e.g. Moore, Frenk & WHi®93; Eke  group or a cluster of galaxies).
et al. 2004; Berlind et al2006). We could confirm a cosmological
neighbours overdensities around B2 138%B and 4C+34.47, in
agreement with the results from the cross-match of the mentioned COMPARISON WITH RADIO-SELECTED
catalogues. GRG FROM LOTSS DR1

In the case of B2 114435B, we found nine cosmological

neighbours in addition to SDSS J114720.45+350438.5 at The first selection step of our sample, i.e. the detection in hard X-

. . ray catalogues, introduces a bias towards the high accretion regime
0'05777. Iylng_at~250 kpc and SDSS J1147.24“5350246'5 V.V'th in the core of these GRGs. Indeed, the Eddington ratios of our
a redshift estimate of 0'.05686 atl20 kpc dlstgnce (gee Fig, sources fall in the range 0.01-0.37 (Ursini et24118; Bassani et al.
left-hand _pa_nel). _In partlcul_ar three cosmological nelghbour_s are2021). In principle, this could play a role on the evolution of their
Iocatgd W|th|n_a _cwcula_r rTglon of ?50 Kpc, one of them showing a radio phase, with respect to traditional radio-selected GRG samples.
gic;mln%n(t) :3011'2 :12 %Té?;:sszfcggszDJisli;&;;gﬁojig_s While a dedicated work on the detailed comparison with a control
o or . I T sample of radio-selected GRG is under way, we can here compare
0.06298) at larger distance. A very close companion galaxy, namelythe main properties of our HXGRGs sample with the 239 radio-
SDSS J114722.74350108.8 at = 0.06272 is also located at only selected ones from LoTSS DR1 (Dabhade e@R0a). In Fig10
~7 kpc projected distance (this is not highlighted in F3. The ' '

probability to have this number of cosmological neighbourg at we compare the redshift versus radio power at 144 MHz for the two

. . mpl nel), the radi wer distributions (middl nel,
~ 0.06 is less than a few per cent, as shown in Massaro et aI.Sa pe_s (top pa_ el), the radio po_ € dSt. butio .S ( Qde_ pa_ e
hormalized fractions), and the projected linear sizes distributions

(2019), thus strongly suggesting the presence of a galaxy cluster, . . .
Finally, we highlight that B2 114435B is most probably the BGC (bottom panel, normalized fractions). In addition to the LoTSS DR2

of this galaxy cluster being located-a70 kpc from the centroid of data presented in this work, we also considered the TGSS data (in

e : ) ~ .~ . the same band and at a similar resolution of 25 arcsec) to improve
all positions of all other cosmological neighbours. The distribution g .
of the central region (i.e. within 250 kpc) of all SDSS optical the statistics of our HXGRGs sample. In this way, we could collect
gion {1.e. . P . op the total radio powers at150 GHz for 18 over 23 objects of the
sources, marked with their redshift estimate if present, is shown
in Fig. 9 sample, namely all HXGRGs north of -58ec. except the GRG

candidate SWIFT J0225.8+4-5946, for which a redshift estimate is
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Table 4. Total flux density and radio power at 150 MHz for sources
from the HXGRGs sample with available TGSS data, and not included
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Figure 10. Comparison of the HXGRGs sample with the radio-selected
GRGs from LoTSS DR1 (Dabhade et 2D20a). Top panel: redshift versus
total radio power at 144 MHz; middle panel: total radio power at 144 MHz;

bottom panel: projected linear sizes.

iz DR1
NN HXGRG

3.0 3.5

sample from which they are drawn. Indeed, tREEGRAL/IBIS and
Swift/BAT surveys are of relatively low sensitivity, thus preferably
detecting brighter and nearby objects (typically withelow 0.2—

0.3; see Malizia et al2020). The total radio powers distributions
at 144 MHz (Fig.10, middle panel) are comparable for the two
samples, with HXGRGs spanning the rang&3Q¢’ W Hz 1, well
within the one found for LoTSS DR1 GRGs @£81G*8SW Hz™1). A
Kolmogorov—Smirnov (KS) test on the two distributions results in a
p-value> 10 per cent, not allowing to discard the null hypothesis of a
common parent distribution for the two. Despite the limited statistics
(18 sources), this might indicate that the hard X-ray selection does
notimply a difference in total radio power integrated over a Myr time-
scale activity, although the Eddington ratios of our GRGs fall in the
high tail of the distribution for the radio-selected ones (0.01-0.37,
Ursini et al.2018; Bassani et a021, to be compared with e.g. fig.

8 of Dabhade et aR020b). The projected linear size distributions
are plotted in Fig10 (bottom panel) for 22 HXGRGs versus the
full sample of 239 radio-selected GRGs from LoTSS DR1. The
HXGRGs sample shows, on average, larger values, with a mean value
of 1.15 Mpc versus 1.03 Mpc for the LoTSS DR2 GRGs, although
the linear size range covered by the two samples is similar. A KS test
confirms that the two distributions are distinct, givingp-walue <

5 per cent for the null hypothesis. Nevertheless, animproved statistics
for HXGRGs is necessary to asses this conclusion. If confirmed, this
result would be consistent with the larger fraction of GRG found
by Bassani et al2016) among hard X-ray-selected AGN. A similar
result was also found by Dabhade et 2aD20b), when comparing the
sizes of high-excitation giant radio galaxies (HEGRGSs, i.e. objects
with an efficient accretion similarly to our HXGRGs) with the ones of
low-excitation giant radio galaxies (LEGRGSs): on average, HEGRGs
reach larger extents than LEGRGs (see fig. 7 of their work).

From a morphological point of view, Dabhade et &020a)
report a 5 per cent of double—double GRGs. Among the nine
objects presented here, we do not have any double—-double, but
we can account for two clear cases among the full sample of 23
HXGRGs. This gives a fraction of§* per cent, following Poissonian
statistics (Gehrel4986), consistent within errors with the double—
double fraction for GRGs in LoTSS DR1. Dabhade et 2020a)

still not available. The estimated values from TGSS, for sourcesalso discuss the FRI/FRII and hybrid morphology radio sources
not included in LoTSS DR2, are given in TakleFor the redshift  (HyMoRS) fractions (the latter being sources with a FRI morphology
and linear size, we considered the values presented in Bruni et abn one side and FRII on the other side; Saikia efLl@P6), finding
(2020) and Bassani et al. (2021), available for the full sample excep®0 per cent of FRII, while~2.5 per cent of HyMoRS. Regarding
SWIFT J0225.84+5946 (22 objects in total). our HXGRGs sample, all sources except for one (B2 1144+35B)
As visible in Fig. 10 (top panel), HXGRGs have a redshift are FRII, resulting in a fraction of 9% 5 per cent, again compatible
< 0.4, and lay in the lower envelope of the LoTSS DR1 GRGs. within errors. No cases of HyMoRS are present (as expected for small
This is likely due to the selection criteria of the hard X-ray AGN samples). Nevertheless, those authors do not provide a statistic for
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reoriented/precessing jets, X-shaped morphology, or GPS nuclei, s(Dabhade et aR020a). While the distributions of total radio power
we postpone to a future work a full comparison of the morphological at 144 MHz are consistent, a comparison of the linear sizes for the
properties and restarted radio activity fraction between radio-selectetivo samples suggests that HXGRGs are on average more extended
and hard X-ray-selected GRGs. than radio-selected GRGs, although with a limited statistics. This
Finally, we can compare the environment of the two samples,is in agreement with the findings of Bassani et 2016) about the
although with a limited statistics for HXGRGs. Dabhade et al. parent sample of hard X-ray selected radio galaxies, from which the
(2020a) found that at leastl6 per cent of their GRGs at< 0.55are ~  HXGRGs sample is drawn. Indeed, those authors found that the initial
the BCG of a cluster or group of galaxies. From the analysis of ourselection step would favour discovery of giant-sized radio galaxies,
sample, 2/9 sources are found to be associated with galaxy clustethe latter being almost four times more abundant than in radio-
from catalogues. This gives a fraction of'32 per cent, consistent  selected radio galaxies samples. A comparison of the environments
within errors with what obtained for the LoTSS DR1 GRGs. for the HXGRGs and LoTSS DR1 GRG samples gave similar results
Overall, the comparison of radio power, linear size, and redshiftsfor the two samples, with a comparable fraction of GRG matching
for the two samples suggests that the main effects of the hard Xwith galaxy clusters or groups.
ray selection are: (1) a cut of the redshift distribution, i.e. favouring These results stress how the high resolution and sensitivity at
nearby objects at < 0.4; (2) a slightly larger growth, on average, the low-frequency radio regime offered by LOFAR and the LoTSS
for HXGRGs with respect to radio-selected GRG samples. Nosurveyin particular are key to the understanding of the Myr time-scale
statistically significant difference in total radio power distributions evolution of radio galaxies, and their radio duty cycle. Ultimately,
of HXGRGs with respect to radio-selected GRG is found. this could give significant inputs on the time-scale of the radio-mode
feedback on the host galaxy (Morganti et2013). In the context of
the GRACE project, we are carrying out an European VLBI Network
(EVN) large project from which high-resolution (pc-scale) data will
We presented LOFAR images of nine GRGs selected from hard X-shed light on the inner jet properties of these sources, particularly
ray catalogues, at an angular resolution of 6 arcsec (typical rms othe ones showing a jet precession or reorientation.
150 nJy beanmt?) and 20 arcsec (typical rms of 3QQly beam?),
realized with LOoTSS data. Thanks to the outstanding quality and
dynamic range of LOFAR images, we could probe the complexACK NOWLEDGEMENTS
structure of these sources, identifying for the first time diffuse, The GRACE project acknowledges financial support by INAF-IAPS,
remnant plasma on the Mpc scale, off-axis emission suggesting jein the ‘Bando Nuove Idee 2019’ framework. GB, FP, LB, AM,
reorientation/precession, and in one case an inner jet with a differeniind PU acknowledge financial support under the INTEGRAL ASI-
axis with respect to the one connecting the lobes. In particular, forlNAF agreement 2019-35-HH.0. MB acknowledges support from
one source (B2 1144+35B), we could recover an extended, fainthe ERC-Stg DRANOEL, no 714245. GB and FP acknowledge
emission southwards of one of the lobes at a better resolution WithsupportfromagrantPRIN-INAF SKA-CTA 2016. AB acknowledges
respect to previous works (Giovannini et 4899), allowing us to  support from the VIDI research programme with project number
classify this source as a fat-double. With a morphology consistent39.042.729, which is financed by the Netherlands Organisation for
with a jet realignment, this class of sources is supposed to resul§cientific Research (NWO). AD acknowledges support by the BMBF
from an inner accretion with a perturbed geometry, probably dueverbundforschung under the grant 05A20STA. RIVW acknowledges
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Stern D. et al., 2012)pJ, 753, 30 the Advanced CCD Imaging Spectrometer-S (ACIS-S) chip 3, a few
Stuardi C. etal., 20183pJS, 235, 32 arcminutes angular separation from the aim point, while the northern
Stuardi C. etal., 2020,&A, 638, A48 lobe is in the gap between different chips. However, overlaying radio
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FigureAl. Chandraimage inthe 0.5-7 keV energy range (exposure corrected and with the readout streak removeg34#4Gvith 1.4 GHz radio contours

overlaid in red and those at 150 MHZ obtained from the LOFAR observation shown in cyan. Low-frequency radio contours are drawn starting from the level of

0.002 mJy beam' increasing by a factor of 4, while those at 1.4 GHz start at 0.0001 mJyHeanreasing by a factor of 2 and reach 0.032 mJy bekarfihe
X-ray image is smoothed with a Gaussian kernel of size equal to 7.872 arcsec and pixels have size large as twice native ptesdra(@e. 0.984 arcsec).

It is quite evident the X-ray detection of the counterpart of both the knot s87 and the hotspot s118 and the presence of extended X-ray emissibe between t
position of the radio core of 4&-34.47, lying at the edge of the chip, and the s87 jet knot. All high-energy counterparts of these radio structures are detected at

level of significance higher thars5Gaussian equivalent.
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contours to the X-ray image, we discovered the X-ray counterpartyith a positional uncertainty of around 1.0 arc§do.the LOFAR
of the brightest knot and the hotspot in the southern lobe, at 87mage at 6 arcsec the core is not distinguishable, its position from
and 118 arcsec angular separation from the radio core, respectivelfIRST corresponding to a diffuse, extended emission region between
These radio components are detected in 0.5-7 keV energy range #ie lobes. This results in a plateau of flux density that makes an upper
level of significance greater thaw 85aussian equivalent. limit estimate not feasible. At higher frequencies (3 GHz), the core
Adopting the nomenclature proposed in Massaro, Harris & Che-is visible in the VLASS survey, with a 10detection in a position
ung (2011), we labelled the first radio feature as s87 while the hotspotorrespondent to the one from FIRST. Its flux density, extracted via
as s118. We measured 70 and 48 X-ray photons in the 0.5-7 ke\Gaussian fitting, is of 2.8& 0.43 mJy. This allows us to obtain a
energy range for s87 and s118, respectively. We also claim theirst indication of the spectral index between 1.4 GHz and 3 GHz
detection of extended X-ray emission along the radio axis, in theof « = 1.69, indicating an inverted spectrum typical of AGN core
southern direction, located between the radio core and the knot s82omponents. Nevertheless, the different resolution between the two
with 153 X-ray photons located within the red rectangular region surveys, and the possibility of a variable flux density for the core,
shown in Fig.Al, and correspondent to a detection=cBo level of makes this an approximate estimate only, to be considered with
confidence. caution. The external couple of lobes is visible as well, although
In Fig. A1, we show theChandra0.5-7 keV flux map, exposure only the most compact regions (hotspots), while the internal lobes
corrected and with radio contours overlaid, drawn from the 1.4 GHzare not detected. The fact that the external lobes hotspots are visible
radio map retrieved from the historical archive of the VLANd  at 3 GHz suggests that they have been recently replenished with
shown together with those at 144 MHz one obtained with LOFAR. plasma from the jets, implying that these lobes are the ones linked
The Chandraflux map has been built adopting the same procedureto the ongoing radio phase. In this case, the internal couple of lobes
adopted for the 3CRChandraSnapshot Survey (see e.g. Massaro should be older, or resulting from a lateral expansion of the jet due
et al.2010,2013,2015; Stuardi et aR018; Jimenez-Gallardo et al.  to a lower density of the medium. Further data are anyway needed to
2020for additional details), as well as adopting the&/XIMAGE task test this hypothesis.
of cino. Finally, we highlight that the readout streak, present in  Withinthe FIRST positional error circle, we found only one optical
the Chandraobservation given the relatively high flux of the X-ray source clearly detected in the SDSS Sky image. The source is stellar
nucleus, was also removed in the image shown inA&igaccording  like in the image, and quite dim, with magnitude ranging from
to the standard procedufte. 19.4 inz to 21.5 inu, and is classified as a star in the SDSS
catalogue (Vasconcellos et #2011), as well as in the recently
release of th@ransiting Exoplanet Survey Satell{fEESS) catalogue,
incorporating alsoGaia Data Release 2 (Stassun et 2019).
The source is also reported in th@WISEcatalogue, containing
the positions and fluxes of roughly 2 billion objects observed by
During inspection of the sky region in the LoTSS image of the Wide-field Infrared Survey ExplorgWISE) over the full sky
GRG J0801.7+4764, we found a new radio source that we naméSchlafly, Meisner & Greer2019). Fluxes in W1 and W2 bands
J0802+4711. As evident in the LOFAR image (see Hg), the have been converted into Vega magnitudes following the prescription
source displays two sets of lobes: an internal dimmer one, and agiven in the catalogue: we obtained a W1 and W2 magnitudes of
external brighter one (thus resembling the morphology of a double-15.58 and 14.41, respectively, which provide a W1-W2 colour of
double radio galaxy). No core is visible at this frequency in between1.17, above the line to classify the source as a possible AGN (see
the two set of lobes. The 144 MHz flux density of each individual e.g. Stern et aR012). Finally, we note that an infrared source is also
lobe is reported in TablB1. The source extent is roughly 2 arcmin, reported in theAllWISE catalogue but with a position offset by 3.2
implying a projected linear size smaller than the GRG threshold ofarcsec, and with brighter W1 and W2 magnitudes (difference of 1.2
0.7 Mpc for a redshift up ta = 0.45. The source is detected in the and 0.5 magin W1 and W2, respectively); itis possible that this is the
Faint Images of the Radio Sky at Twenty-cm (FIRST) and VLASS sameunWISEsource discussed above, but better located, and with
surveys, where however only the core and external couple of lobes arglightly different fluxes after co-addition of all publicly available
visible (i.e. the brightest and compact emission in the GHz domain,3-5um WISEimages (and a more sophisticated data analysis).
see FigB1). Finally, the NVSS survey resolves the source into only  In order to estimate the photometric redshift of the source, we
two components, due to the lower angular resolution (45 arcsec)built the optical-infrared spectral energy distribution (SED) by using
corresponding to the extern@ihternal lobes regions. Nevertheless, its optical SDSS magnitudes (g, 1, i, z) and infraredNVISEones
it allows us to estimate a total flux density at 1.4 GHz of 62 mJy. (W1 and W2, see Fig82). We used the 2D code, developed by
The flux density values extracted for the single components in theBaldi et al. (2013) and updated by Baldi et &0(4), to model the
LOFAR, FIRST, and VLASS surveys are reported in TaBle In optical-infrared SED. This code can include in the SED fit: two
the FIRST image, the core is detected at onl§o significance  stellar populations of different ages, a dust component with a single
(0.76 & 0.08 mJy beamt, with an rms of 0.15 mJy bearh), and (or two) temperature blackbody emission(s), and an AGN spectrum
thus it is not reported in the FIRST sources catalogue. Neverthelessyith emission lines. The code searches for the best match between
its position at the centre of a large and complex radio source makethe total (stellat-dust+-AGN) models and the photometric points by
the detection more reliable. The location of this central componentminimizing the appropriate? function (see Baldi et al2013for
is RA (J2000)= 08:02:43.994 and Dec. (J2008)+47:11:37.325  details). The main parameters thapPPreturns are the photometric
redshift and the stellar age of the host. To estimate the uncertainties

APPENDIX B: SERENDIPITOUS DISCOVERY
OF A RADIO GALAXY

6To estimate the position error we have used the empirical expression given
“http://archive.nrao.edu/nvas/ in White et al. 0997); the value we obtain is in agreement with the values
Shttps://cxc.cfa.harvard.edu/ciao/threads/acisreadcorr/ quoted for point sources at the detection limit of the FIRST catalogue.
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FigureB1. Left-hand panel: LOFAR image at 6 arcsec resolution of the newly discovered RG38802. Black contours are from VLASS, and correspond

to rms multiples, namely 0.1& (-3, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30, 40, 50, 100). White contours are from the LOFAR image at 20 arcsec resolution, and
corresponds to® multiples, namely 3ox (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256). The different components are indicated as follows: northern external lobe
(L1); southern external lobe (L2); northern internal lobe (L3); southern internal lobe (L4); and the core (C). The LOFAR 6 arcsec beam is showrein the lo
left-hand corner. Right-hand panel: zoom on the core region, showing an overlay of the Pan-SifB&i@Smage (in grey scale) and VLASS (in contours).
Contours are multiples of the VLASS image rms, namely sms-3, 3, 4, 5, 6, 7, 8, 9, 10). Negative contours are dashed. The VLASS beam is shown in the
lower left-hand corner.

Log 0% [8] ¥ obmarved Bram Table B1. Radio flux densities at 144 MHz for the different source compo-
L% L i L Y = nents of the newly discovered radio galaxy. The last column report the spectral
i @i = | index for the available VLA surveys in the same configuration (FIRST and
B imiaii LEE VLASS), and at similar resolution.
; Landl || ™,
B i y LOFAR FIRST VLASS o,
_ 1 Component (mJy) (mJy) (mJy)
- L}
Core - 0.79+ 0.08 2.88+ 0.43 1.69
d North lobe (int) 54+ 11 <0.45 <0.48 -
—J South lobe (int) 15+ 3 <0.45 <0.48 -
¥ North lobe (ext) 170+ 30 142+ 1.4 8.20+ 1.23 -0.72
South lobe (ext) 276t 50 32.5+ 3.2 16.2+ 2.4 —-0.91

1 F,

J0802+4711 by including a single stellar population and a single
L0 J L0 14 z s dust component, which are necessary to reproduce, respectively,
the optical and infrared part of the SED. The best fit is consistent
with a 0.3 Gyr old stellar population (extinctel, = 0.9). The
FigureB2. Optical-infrared (SDSSAISE) SED of the galaxy JO89271. derived photometric redshift is 0.5 ég' The total radio power at
The photometric points are fit with thes@bfitting code (Baldi et al2013, 1.4 GHz, calculated using the nominal value of the estimated redshift,
2014): a 0.3 Gyr old stellar population is the red (dot-dashed) line, the dusiS Prachz = 5.0x 10?° W Hz™*. Even considering the redshift
blackbody component is the green (dashed) lines, and the total model is thencertainty, this would place the source in the radio-loud regime
green solid line. The resulting photometric redshift of the source is 37 according to Condon (1992), who defines a threshold &TWOHz 1
The wavelengths on the top of the plot correspond to observed wavelengthso distinguish the radio-quiet and radio-loud populations. The angular
while those on the bottom are in the rest frame. size as calculated from the LOFAR 20 arcsec image is 160 arcsec,

which would translate into a projected linear size of 1040 kpc

on the photo-zlerivation, we measure the 99 per cent confidenceconsidering the nominal value of the photometric redshift. This
solutions. We adopt the synthetic stellar templates from Bruzual &would be above the conventional threshold for GRG (700 kpc).
Charlot (2011), with single stellar populations with ages ranging However, considering the large redshift uncertainty, the projected
from 1 Myr to 12.5 Gyr. We also use a dust-screen model for thelinear size could still be as low as 670 kpc. Thus, we cannot consider
extinction normalized with the free paramefgy, and the Calzetti  this object a bona fide GRG until a more precise redshift estimate
et al. (2000) extinction law. We run thes2D code for the SED of  will be available.
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Concluding, we found a possible AGN detected at radio, opti- easily available). For this reason, we plan to perforrBveift/X-
cal, and infrared wavebands, whose nature is still uncertain, andRay Telescope (XRT) observation in the near future. Further radio
cannot be clarified until the source is either detected in X-rays,observations will shed light on this intriguing source.
or spectroscopically classified. Unfortunately, the source has not

been observed at X-ray wavelengths yet, nor it is bright enoughTh_ r has been t ¢ fromeEATEX file prepared by the author.
for an optical spectroscopic follow-up with small telescopes (more Is paper has been typeset fromgX/IATEX file prepared by the author.
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