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ABSTRACT

Context. Giant Radio Galaxies (GRGs) are the largest single structures in the Universe. Exhibiting extended radio morphology, their
projected sizes range from 0.7 Mpc up to 4.9 Mpc. LOFAR has opened a new window on the discovery and investigation of GRGs
and, despite the hundreds that are today known, their main growth catalyst is still debated.

Aims. One natural explanation for the exceptional size of GRGs is their old age. In this context, hard X-ray selected GRGs show
evidence of restarting activity, with the giant radio lobes being mostly disconnected from the nuclear source, if any. In this paper, we
present the serendipitous discovery of a distant (z = 0.629), medium X-ray selected GRG in the Bodtes field.

Methods. High-quality, deep Chandra and LOFAR data allow a robust study of the connection between the nucleus and the lobes, at
a larger redshift so far inaccessible to coded-mask hard X-ray instruments.

Results. The radio morphology of the GRG presented in this work does not show evidence for restarted activity, and the nuclear
radio core spectrum does not appear to be GPS-like. On the other hand, the X-ray properties of the new GRG are perfectly consistent
with the ones previously studied with Swift/BAT and INTEGRAL at lower redshift. In particular, the bolometric luminosity measured
from the X-ray spectrum is a factor of six larger than the one derived from the radio lobes, although the large uncertainties make them
formally consistent at 1o-. Finally, the moderately dense environment around the GRG, traced by the spatial distribution of galaxies,
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1. Introduction

Giant Radio Galaxies (GRGs) are the biggest single structures
in the Universe. They are conventionally defined as extragalactic
radio sources whose projected linear size on the sky is larger
than 0.7 Mpc.

Although well known for decades (e.g., Willis et al. 1974),
these spectacular objects have recently significantly grown in
number thanks to sensitive low frequency radio surveys, such
as the LOFAR (van Haarlem et al. 2013) Two-metre Sky Survey

= = (LoTSS; Shimwell et al. 2017). With hundreds of GRGs now
= discovered (Dabhade et al. 2020b), the main drivers of their large
'>2 spatial growth have begun to be investigated on a statistical ba-
sis. The reason why GRGs are able to reach such sizes is not yet
a clear. The current possible physical explanations for the excep-
tional size of GRGs are (1) they could be very old radio galaxies,
giving their lobes enough time to expand in the circum-galactic
medium, (2) they could have incredibly efficient and collimated
relativistic jets, or (3) perhaps there is a sufficiently low-density
environment around the GRG that allows the jets and lobes to
propagate and expand almost freely.

Recent studies have found increasing evidence that the envi-
ronment of a GRG does not play a significant role in its growth,
and that underdense environments are not necessarily required to
grow a radio galaxy to giant size; in fact, Dabhade et al. (2020b)
found that ~ 10% of LOFAR GRGs reside in clusters, which
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supports recent findings that the growth of GRGs is not primarily driven by underdense environments.

are dense environments (see also Tang et al. 2020); furthermore,
Lan & Prochaska (2020) explored the position of ~ 100 GRGs
in the cosmic web and their satellites properties, finding con-
sistency with the results for optically and radio selected control
samples matched in luminosity and color. This is in contrast to
regular radio galaxies, for which the environment does have an
effect on their properties (e.g., Croston et al. 2019; Massaro et al.
2020; Moravec et al. 2020). Interestingly, while the environmen-
tal factor appears to be negligible, evidence has been recently
found that selecting GRGs in the hard X-ray band could provide
meaningful insights about their origin. For instance, Ursini et al.
(2018) focused on a sample of local (z < 0.24) hard X-ray se-
lected GRGs (Bassani et al. 2016, 2020) finding that their nuclei
are powered by radiatively efficient accretion, and that their nu-
clear X-ray luminosity is larger than the jet power derived from
the lobes, hinting to an old lobes/restarted nuclear activity sce-
nario. Such a scenario has been further supported by Bruni et al.
(2020), that found morphological evidence that the vast majority
of hard X-ray selected GRGs could be restarting their nuclear
activity, their giant radio lobes being the relics of past accretion
episodes.

Given these interesting recent results, studying the X-ray
properties of GRGs in softer bands becomes important, as the
hard X-ray selected ones are intrinsically the brightest of the
population at any redshift and may show a different behavior

Article number, page 1 of 8



A&A proofs: manuscript no. grg

Fig. 1. Top left. LOFAR 150 MHz (Tasse et al. 2020) cutout of the GRG, where the white ellipse labels the beam size of the instrument. The inset
shows the optical composite grz DECaLS (Dey et al. 2019) DR8 image, with the white circle marking 100 projected kpc from the galaxy. Top
right. Chandra 0.5-7 keV (Masini et al. 2020) cutout of the GRG, spatially rebinned with a 4 x 4 pixel scale, with the white LOFAR contours
overlaid. The X-ray image demonstrates that the core is clearly detected, unlike the lobes and hotspots. The inset shows a zoom-in on the core, with
a native Chandra pixel scale. The dashed white circle in the inset labels the PSF size encircling ~ 90% of the counts. Hence, the X-ray emission is
consistent with being point-like. Botfom row. Radio cutouts. In all the images, the white ellipses label the beam size of the instrument. From left to
right, GMRT 150 MHz (Williams et al. 2013), VLA 325 MHz (Coppejans et al. 2015), GMRT 608 MHz (Coppejans et al. 2016), WSRT 1.4 GHz
(de Vries et al. 2002). While all the three components (core and lobes/hotspots) are detected at 608 MHz and 1.4 GHz, only the lobes are detected
by GMRT at 150 MHz and the whole GRG is undetected by VLA at 325 MHz.

with respect to their lower (X-ray) luminosity counterparts. Fur-
thermore, investigating GRGs in softer X-ray bands could pro-
vide a better statistical estimate of their number at higher red-
shifts.

Here, we report the serendipitous discovery of a new distant
GRG in the NOAO Deep-Wide Field Survey Bodétes field (Jan-
nuzi & Dey 1999). Thanks to field wide area (~ 9.3 deg2) and su-
perb multi-wavelength coverage, it has a great potential for dis-
covery, enhanced by the recent addition of LOFAR observations
at 150 MHz (Williams et al. 2016; Retana-Montenegro et al.
2018; Tasse et al. 2020) and deep Chandra coverage (Masini
et al. 2020). Despite being previously detected in the shallow
Chandra XBOOTES survey with just 5 photons (Murray et al.
2005; Kenter et al. 2005), the nuclear source (also known as
CXOXB J143009.84351957 - J1430 hereafter) is now firmly de-
tected with 74 counts over the 0.5 — 7 keV band, and coincides
with the geometric center of a spectacular radio structure, ex-
tended for ~ 4/, seen in the LOFAR image at 150 MHz (Figure
1). Given its spectroscopic redshift (z = 0.629, Kochanek et al.

Article number, page 2 of 8

2012), J1430’s extension reaches ~ 1.66 Mpc. As pointed out
above, the Chandra detection allows us to probe a lower X-ray
luminosity regime inaccessible at the same redshift with hard
X-ray coded-mask instruments such as Swift/BAT and INTE-
GRAL.

The paper is structured as follows: in Section §2 the radio
properties of the new GRG we discovered are described, while
Section §3 focuses on its X-ray spectral properties. In Section §4
we estimate the bolometric luminosity and the accretion rate of
the AGN using different indicators. Section §5 investigates the
large scale environment around the GRG. In Sections §6 and §7,
the discussion and summary of our findings are presented. In this
work we assume a flat ACDM cosmology with Hy = 69.6 km s~
Mpc~! and Qy = 0.286. Unless otherwise stated, uncertainties
are quoted at 68% of confidence level throughout the paper.
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Table 1. Collective information on the source.

Parameter Value Ref.
R.A. (J2000) 217.541135
DEC. (J2000) 35.332854
z 0.629 (1)
Proj. size (Mpc) ~1.66 4)
log Rx ~-3.6 @)
Core dominance 0.14 £ 0.01 )
SSoL0mAR 0.92+0.17 0%
156.LOFAR 3022+074 (4
f5tLoRaR 27.66+065  (4)
Hsocumr 020+136 (@)
156, GMET 2756565  (4)
50, GMRT 1899 +495 (4
HsvLa <3.06' 4y
35 VLA 1287 +431 (4
3SzL5,VLA 472 +3.78 (4)*
feos MR 0.48 +0.21 @)
508, GMRT 6274087 (4
6SOI§,GMRT 3.98 £0.77 (4)
Hawsrr 0.62 +0.05 )
L WSRT 244 +0.11 )
D EWSRT 2.15+0.10 2)
SsvLa 04+04 (3)°
fsza 0.90 +0.16 (3)
Lisororar (ergs™) 1.52+0.03 x 104 (4)
b ~2 @
Ny (cm™2) 13703 x 107 )
Js (%) 48733 4)
Fx (ergem™s7") ~78X 1074 (4)
Lx (ergs™) 1.3+05x10%  (4)

Notes. All flux densities are given in mJy. The subscripts C, NL, and
SL refer to the core, north lobe and south lobe components, respec-
tively. @ Due to inconsistent radio flux densities presented in the public
catalogs at 150 MHz, we measured them again from the radio images.
() The 30 upper limit over the flux density of the core at 325 MHz is
reported. ® We assumed a 100% uncertainty on this value since it is
missing an uncertainty in the public catalog of Muchovej et al. (2010).
References. (1) Kochanek et al. (2012); (2) de Vries et al. (2002); (3)
Muchovej et al. (2010); (4) This work.

2. The radio properties of J1430

Recent work has shown that the vast majority of hard X-
ray/soft y-ray selected GRGs show either restarted radio mor-
phology, such as double double lobes or x-shaped morphol-
ogy, or Gigahertz-peaked source (GPS) like nuclear radio spec-
tra, which suggest the nuclear emission to be young (Bruni
et al. 2020). In our case, J1430 has been instead detected in the
medium X-ray band with Chandra. Given the wide frequency
coverage of the Bodtes field, J1430 is present in different ra-
dio catalogs, from 150 MHz up to 31 GHz. The available radio
cutouts are shown in the bottom row of Figure 1. The GMRT 150
MHz image (Williams et al. 2013) shows a ~ 3.50 detection of

the northern lobe and a possible hint for the southern lobe, but no
core emission is detected. The VLA 325 MHz image (Coppejans
et al. 2015) shows no detection based on peak flux, but possi-
bly very low surface brightness extended emission. The GMRT
608 MHz image (Coppejans et al. 2016) clearly detects the core
and the hotspots of the lobes; the same holds for the WSRT 1.4
GHz image (de Vries et al. 2002). Recently, new deep LOFAR
data on this field have been released (Tasse et al. 2020), with im-
proved image quality thanks to a direction-dependent calibration
and reaching a RMS level of 30 uJy beam™!, the best so far for
this field (see Figure 10 of Tasse et al. 2020). The total integra-
tion time of 80 hours has been spread over 8 scans of 10 hours
each, covering almost 70 deg? of area observed at full resolution
of 6” x 6”. The exquisite LOFAR image at 150 MHz, shown in
the top left panel of Figure 1, shows prominent lobes with bright
hotspots, as usually happens in FRII (Fanaroff & Riley 1974) ra-
dio galaxies. The hotspots almost symmetrically bracket the ra-
dio core emission, and there is a hint for the radio jets. We notice
that there is some radio diffuse emission in the lobes extending
well beyond the hotspots (~ 332 kpc and ~ 166 kpc beyond the
northern and southern hotspots, respectively), which could trace
an older population of radio-emitting electrons and could repre-
sent the relic of a past emission with very similar jet orientation.
Even if the lobes and the hotspots could be associated to two
different accretion episodes, their temporal separation (few Myr,
assuming the same propagation speed of ~ 0.1¢) would be much
smaller than the age of the last accretion episode. Given its size
D and 1.4 GHz power P, J1430 would lie among the other GRGs
in the well known P — D diagram. In particular, it would be con-
sistent with the evolution of a 10% erg s™! jet after ~ 400 Myr in
the framework of Hardcastle (2018). Furthermore, the recessed
hotspots could also be due to the bending of the jets along our
line of sight if, e.g., J1430 is moving through some dense en-
vironment perpendicularly to the plane of the sky. In summary,
because the hotspots are both > 500 kpc away from the nucleus
already, there is no conclusive morphological evidence for a re-
cently restarted activity. The extended emission dominates the
total radio flux up to at least 1.4 GHz (the core dominance pa-
rameter is 0.14 + 0.01). Its bright low frequency emission re-
sults in a radio slope between 150 MHz and 1.4 GHz (defining
fy o v®) a = —1.09 £ 0.02, consistent with the bulk of the GRGs
population reported by Dabhade et al. (2020b). Furthermore, the
radio core spectrum is rather flat: a log-linear fit to the core data
(green and grey points in Figure 2) between 150 MHz and 31
GHz, assuming that the 5 and 31 GHz fluxes are dominated by
the core and no lobes contribution is present, returns a slope of
@core = 0.01 £0.07.

The general radio properties of J1430 look typical of a
normal-sized FRII, and if the redshift were much lower (z <
0.17)", this object would be classified as a local FRII.

3. The X-ray Properties of J1430

Much information about the physical mechanisms happening in
the vicinity of the AGN can be obtained by studying its X-ray
spectrum. The core of J1430, coincident with the optical posi-
tion of the host galaxy, is detected as part of the Chandra Deep
Wide-Field Survey (Masini et al. 2020) with 74 photons in the
0.5 -7 keV band, corresponding to a significance of ~ 80, while
the hotspots and the lobes are undetected in X-rays. The spec-

! We note that although the spectroscopic redshift of J1430 is not ro-
bust, it is fully consistent with the photometric redshift as derived by
Duncan et al. (2018b), zphor = 0.56 + 0.06.

Article number, page 3 of 8



A&A proofs: manuscript no. grg

- T - T - —
* ¥ LobeN ]
N 4 LobeS -
AN % Total A
AN ® Core
u \
* .
N\
\
N,
\
N
N\,
+ \\
10% * * -
£ + N
> *
ES] *
0
2 t
o
°
[ ]
3 I .
[T
100 - + +‘_
¢ ]
1 1
10° 10!

Observed frequency (GHz)

Fig. 2. Radio spectrum of the GRG, with flux densities measured at
LOFAR 150 MHz (Tasse et al. 2020), VLA 325 MHz (Coppejans et al.
2015), GMRT 608 MHz (Coppejans et al. 2016), WSRT 1.4 GHz (de
Vries et al. 2002), VLA 5 GHz (Muchovej et al. 2010), and SZA 31 GHz
(Muchovej et al. 2010). The green filled circles mark the core data up to
1.4 GHz (the VLA 325 MHz data point being a 30 upper limit), while
the blue diamonds and red squares refer to the southern and northern
lobes, respectively, and have been slightly shifted in frequency to im-
prove the clarity of the plot. The black stars label the total emission
from the three components, fit by a power law of slope ~ —1 (black
dashed line). At higher frequencies (gray circles) the emission is likely
dominated by the core, which shows a flat spectrum across the whole
range of frequencies.

MYTorus

keV2 (Photons cm-2 s-' keV-')

(data-model)/error

e R

1

2
Energy (keV)

Fig. 3. Unfolded spectrum of J1430 with the best-fit MY Torus model.
The solid black line marks the total model, the dashed components are
the transmitted and line components of the MYTorus model, while the
dot-dashed line labels the soft scattered power law. The curvature of the
spectrum below ~ 5 keV implies moderate obscuration.

trum is extracted with the CIAO (Fruscione et al. 2006) v4.12
task specextract and analyzed with XSPEC (Arnaud 1996)
v.12.9.1. The spectrum is rebinned with grppha to have at least
one count per bin, and the Cash statistic (Cash 1979) is adopted
during the fit. The Galactic column density at the position of the
source is Nyga = 1.17 X 10% cm™? (Kalberla et al. 2005).
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When fit with a simple power law absorbed by a Galactic
column density, the photon index is very hard (I' = 0.30 + 0.25),
indicative of the presence of substantial absorption along the line
of sight (or substantial reflection above a few keV). Although
the fit is formally acceptable (CSTAT/dof = 53/66), such a hard
power law is very atypical; given the fact that J1430 is an FR
II, some degree of obscuration along the line of sight may be
expected, and it can reach quite substantial values (e.g., Ny =
10?3 cm™2; Belsole et al. 2006; Evans et al. 2006).

Thus, a more realistic model including photoelectric absorp-
tion and Compton scattering is adopted. We also modeled the
possibility that a small fraction of the primary coronal power
law is scattered into our line of sight, represented by a soft com-
ponent arising below a few keV in the spectrum. The parameters
of such a scattered power law are fixed to the ones of the primary
continuum. The XSPEC implementation of this phenomenolog-
ical model is the following:

Galactic Ny Intrinsic absorbed emission

—_—
Phenom. model = phabs Xx{zwabs X cabs X zpowerlw +
+ const X zpowerlw} (1)

Soft scattered powerlaw

The presence of a scattered power law is required by the
data at 98% confidence level, with a scattered fraction of f; =
3.2*79%, consistently with the values commonly observed in
local obscured Seyferts (e.g., Ricci et al. 2017). The best-fit
(CSTAT/dof = 47/64) photon index is much more reasonable de-
spite the large uncertainty (I' = 2.0 = 0.8), which reflects in the
large uncertainty on the column density (Ng = 1.3f8§ x 10%

cm™2). The two parameters are degenerate, with harder slopes
coupled to lower absorption. When an AGN is obscured by large
amount of gas, a narrow Fe Ka line at 6.4 keV is commonly ob-
served due to fluorescence of Fe atoms in the dusty torus. We
thus added a narrow Gaussian line at 6.4 keV and tested if the
data require its presence, and how significant it would be. Due
to the low photon statistics, the line is not statistically signifi-
cant (CSTAT/dof = 46/63), with an equivalent width (EW) of
EW = 141fﬂ? eV. Similarly, a cold reflection component (i.e.,
pexrav; Magdziarz & Zdziarski 1995) is not required by the data,
leaving the fit statistic unchanged.

To have a better physical description of the X-ray spec-
trum, we check the results obtained with the previous model
with Monte-Carlo based toroidal models commonly adopted in
the literature, such as MYTorus (Murphy & Yaqoob 2009) and
Borus02 (Balokovi¢ et al. 2018). They both assume a smooth
medium (although with different geometry) surrounding a cen-
tral, isotropic source of X-rays, and self-consistently treat ab-
sorption, scattering, and fluorescence. A standard MY Torus
model is implemented in XSPEC as follows:

Galactic Ny Intrinsic emission
MYTorus model = phabs X{zpowerlw X MYTZ +
+ const X MYTS + const X MYTL + const X zpowerlw} (2)

Reprocessed emission Soft scattered powerlaw

A fit with this model (CSTAT/dof = 47/64) returns a photon
index I' = 2.0, although unconstrained (the fit is largely insensi-
tive to its exact value), with Ny = 1.3f8;§ x 105 cm™2, and a soft
power law scattered fraction of f; = 4.8*32%. The best-fit MY-
Torus model is shown in Figure 3. Perfectly consistent results
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are obtained with the Borus02 model, and confirm the picture
provided earlier by the obscured power law model.

In summary, J1430 is heavily obscured with a photon index
that, despite unconstrained, has a best-fit value consistent with
the general, radio quiet, AGN population. A very useful quantity
that can be directly measured from an accurate X-ray spectral
analysis is the intrinsic (i.e. corrected for absorption) X-ray lu-
minosity of the source. The MY Torus model returns an intrinsic
2—10keV flux of Fx ~ 7.8x 107" erg cm=2 57!, implying a rest-
frame, intrinsic 2 — 10 keV luminosity of Lx = 1.3 + 0.5 x 10*
erg s~!. The uncertainties over the luminosity are computed from
the joint photon index and power law normalization uncertain-
ties, following Boorman et al. (2016) and Masini et al. (2019).
The measured X-ray luminosity of J1430 is perfectly consistent
with the other hard X-ray selected GRGs (Ursini et al. 2018):
the higher sensitivity of Chandra allowed to detect and study a
similar object at a larger redshift. The results shown above con-
firm that the nucleus of J1430 is actively accreting; the accretion
rate can be constrained combining the bolometric luminosity of
the system and the black hole mass. We derive them both in the
following Section.

3.1. Radio loudness and jet component in the X-ray
spectrum

Given the measured column density, we expect the optical light
of the AGN to be heavily extincted (this is indeed confirmed by
the results of Section §4.3); thus, the most suitable radio loud-
ness parameter in this case is the one defined by Terashima &
Wilson (2003), which exploits the radio to X-ray ratio: log Rx =
vL,scu./Lx, with a radio-loud threshold set at logRx 2 —4.5.
We use the rest frame, de-absorbed 2 — 10 keV X-ray luminos-
ity to compute the radio loudness, and interpolate the flat radio
core spectrum at the observed frequency of ~ 3 GHz. The ob-
served log Rx ~ —3.6 confirms that J1430 is radio loud: hence,
the unobscured X-ray component arising below few keV could
be attributable to the contribution by a relativistic jet. However,
the number of collected photons is too small to have a robust
detection of a putative jet component. We note that, based on
the observed radio loudness and the relation presented by Miller
et al. (2011), the X-ray excess due to the jet contribution should
be around ~ 50%, albeit with a large uncertainty.

4. Bolometric Luminosity

The total (bolometric) luminosity is one of the most important
quantities that describe an AGN, being a measurement of the
power emitted from the system and directly connecting it to the
accretion mode of the central engine, once the black hole mass
is estimated. To have a thorough view of the accretion state of
our GRG, in this Section we derive its bolometric luminosity
through different, widely used tracers, and combine them with
an estimate of the black hole mass to derive the accretion rate in
Eddington units.

4.1. From X-ray Spectroscopy

It is well known that, in radio-quiet AGNs, the X-ray lumi-
nosity is tightly correlated with its bolometric luminosity (e.g.,
Kelly et al. 2008). Thus, the total luminosity can be easily esti-
mated through a (luminosity-dependent) bolometric correction,
kgo1. The situation is less clear for radio-loud AGNSs, as the jet
can potentially contribute to the X-ray emission. As shown ear-

lier, in our case the quality of the Chandra spectrum is not high
enough to show any evidence for a jet component, and the Chan-
dra’s PSF at the position of the source is too large to disen-
tangle a nuclear component from any kpc-scale extended emis-
sion. Thus, we simply multiply the measured X-ray luminosity
by a bolometric correction to obtain the bolometric luminosity
2. Duras et al. (2020) provide an analytical formula to com-
pute kgo from Ly. The significant intrinsic scatter of the rela-
tion (0.37 dex) has to be taken into account, together with the
uncertainties over the parameters of the relation and those on
the X-ray luminosity itself. To do this, we randomly draw the
parameters of the correlation and of the X-ray luminosity as-
suming a Gaussian probability density function for each of them
with a dispersion given by their uncertainties, and repeat this
procedure 10* times to build a distribution of bolometric correc-
tions keeping into account also the intrinsic scatter. This returns

kpol = 19.0t%(5):§. The final, X-ray derived bolometric luminosity

is LBO],X = kpolLx = 25t?47‘ X 1045 erg s7L.

4.2. From Radio Lobes

Following Ursini et al. (2018) and Bassani et al. (2020), we use
the correlation reported by van Velzen et al. (2015) between the
1.4 GHz luminosity of the lobes and the bolometric luminos-
ity of the AGN. The intrinsic scatter of the correlation is 0.47
dex, which is way larger than the uncertainty over the lobes lu-
minosity at 1.4 GHz. Hence, the final lobes-derived bolometric
luminosity is Lo r = 4.1’:5:(7) x 10% erg s7!.

4.3. From SED fitting

Another widely used method to estimate the bolometric lumi-
nosity and host stellar mass of an AGN is to perform a fit of
its optical-infrared spectral energy distribution (SED), to dis-
entangle the emission of the host galaxy from the emission of
the AGN. We thus collected the available UV, optical and IR
photometry for J1430, for a total of 17 photometric data points
(reported in Table 2), and fed them to the SED fitting package
SED3FIT (Berta et al. 2013). SED3FIT is based on MAGPHYS
(da Cunha et al. 2008) but includes an AGN template based on
the models of Fritz et al. (2006) and Feltre et al. (2012). The
median of 20 iterations, with its 1o~ spread, is shown in Fig-
ure 4. While the cold gas component has a large spread, the
host galaxy and AGN contributions (above a few microns) are
robustly fit. The stellar mass of the host galaxy is found to be

M, = 1.17f8:8$ x 10! M, and the bolometric luminosity of the

AGN is Lo sep = 2.79f8:8§ x 10% erg s7!.

4.4. Bolometric luminosity and accretion rate

The different methods discussed above return fairly consistent
results for the bolometric luminosity. In agreement with previous
results for hard X-ray selected GRGs (e.g., Ursini et al. 2018),
the X-ray-derived bolometric luminosity is larger than the ones
derived with other indicators. However, the significant intrinsic
scatter of the relation used to obtain the X-ray bolometric cor-
rection makes the X-ray, radio, and SED-derived bolometric lu-
minosities all statistically consistent with each other within 1o
Even if the SED fitting returns a bolometric luminosity is signifi-
cantly lower than the other estimates, and this could be due to an

2 As explained in §3.1, an excess-corrected bolometric luminosity can
be estimated lowering the final result by ~ 50%.

Article number, page 5 of 8



A&A proofs: manuscript no. grg

Table 2. Photometry used for the SED fitting.

Telescope/Band Flux (Jy)
Galex/NUV 4.69 +1.94x107°
PanSTARRS/g 6.37 +1.02x 1076
PanSTARRS/r 10.0 £ 0.4 x 10°°
PanSTARRS/i 242 +0.4%x107°
PanSTARRS/z 32.8+1.1x10°°
PanSTARRS]y 394 +1.8x10°°
Spitzer/IRAC Chl 157 +1x107°
Spitzer/IRAC Ch2 126+ 1x107°
Spitzer/IRAC Ch3 140 + 6 x 107°
Spitzer/IRAC Ch4 145 +7 x 107°
Spitzer/MIPS 24um 404 +10x 107°
WISE/W 1 172+ 6x 107°
WISE/W2 143 + 10 x 107°
WISE/W3 <225%x107°
WISE/W4 <152x%x1073

8.85+11.13x 1073
7.16 £ 13.68 x 1073

Herschel/PACS 100um
Herschel/PACS 160um

underestimation of the absorption of the AGN emission, it also
provides a well-constrained host galaxy stellar mass, from which
a black hole mass can be inferred using the well-known scal-
ing relation between the stellar (bulge) and black hole masses
(Héring & Rix 2004): Mgy = 1.9f8:i x 103M,. Of course, we
are implicitly assuming that the host galaxy is a spheroid; this
assumption is justified, given its brightness and optical colors,
typical of elliptical galaxies (Tempel et al. 2011), and that the
majority of radio loud AGNs are hosted by massive, elliptical
galaxies (e.g., Best et al. 2005). As a final note on luminosity,
the poor signal to noise of the AGES optical spectrum of J1430
prevents to have more insights about the AGN bolometric lumi-
nosity from the [OIII] emission line.

The Eddington ratio, which is often used as a proxy for the
accretion rate onto the black hole, can be computed combining
the previously derived bolometric luminosities with the black
hole mass, as Agqq = Lpoi/1.26 x 10°¥(Mgy/M,). Despite the de-
rived Eddington ratios being highly uncertain, they all point to a
source accreting at ~ 1 —10% of the Eddington luminosity. Once
again, J1430 behaves like the other hard X-ray selected GRGs,
which are powered by radiatively efficient accretion (Ursini et al.
2018), the only difference being the absence of convincing ev-
idence of a recently restarted radio activity. Table | reports a
summary of the properties of J1430 discussed so far.

5. Large Scale Environment

Could the environment around GRGs favour their exceptional
growth? This question is starting to be systematically explored,
although no clear and definitive answer exists at the moment.
Early on, it was suggested that GRGs may live in underdense
regions, where the circum-galacitc medium density is lower and
the jets can expand more freely, resulting in a larger size (e.g.,
Mack et al. 1998). However, Dabhade et al. (2020b) suggested
that a non-negligible fraction (~ 10%) of LOFAR-detected
GRGs reside in clusters. Also Tang et al. (2020) found increas-
ing evidence that a sizeable fraction of GRGs could be associated
with the brightest cluster galaxies, hence suggesting that under-
dense environments are not required to grow GRGs. On a similar
note, Lan & Prochaska (2020) found no evidence that both the
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small and large scale environments around GRGs play any role
in their growth.

To investigate the density of J1430’s nearby environment, we
consider all /-band detected galaxies (down to a 5o~ limiting AB
magnitude of 26.0; Brown et al. 2007) within 15” and 44" (cor-
responding to ~ 100 and ~ 300 projected kpc at z = 0.629,
respectively) from J1430 and with a photometric redshift within
0 < zZphot < 1 (see Duncan et al. 2018a,b, for details on the pho-
tometric redshifts). Then, for each redshift satisfying the condi-
tions, we assume a normal probability distribution with a stan-
dard deviation approximated by the width of the photo-z poste-
1ior (00 = (Zmax — Zmin)/2), and pick a random value. We repeat
this procedure for 5000 times and build a normalized photomet-
ric redshift distribution. The same procedure is applied to a ran-
domly chosen X-ray selected group in the Bodotes field, at red-
shift within Az = 0.1 from J1430’s redshift, namely XBS 41 at
7= 0.54% (Vajgel et al. 2014), and to 50 randomly chosen galax-
ies in the same Bodtes field with 0.629 < zphy < 0.631. As seen
in Figure 5, while the peak around the redshift of the group XBS
41 is more significant than the peak around J1430’s redshift, the
50 random galaxies show, on average, flat distributions of their
projected companions. These results suggest that J1430 does not
live in an underdense environment.

6. Discussion

We have investigated both the radio and X-ray properties of
J1430, which resulted consistent with the bulk of the GRG pop-
ulation studied so far in the radio and hard X-ray band, and
we demonstrated that its nucleus is actively accreting at mod-
erate rate through a radiatively efficient accretion disk. More-
over, the bolometric luminosity derived from the X-ray spec-
trum is a factor of six larger than the one derived through the
radio lobes - optical luminosity correlation. These results are
consistent with what has been found for hard X-ray selected
GRGs (Ursini et al. 2018; Bassani et al. 2020). An extensive
multi-wavelength analysis allows to further check whether the
the radio core obeys the fundamental plane of black hole activ-
ity (Merloni et al. 2003), which relates the X-ray and core radio
luminosity to the black hole mass. Considering the X-ray lumi-
nosity and the black hole mass inferred from the host stellar mass
(derived from SED fitting), a core radio luminosity at 5 GHz of
log (Ls prea/€1g s ~ 403 is predicted, with the observed one
being log (Ls obs/erg s~!) ~ 40.5. This further supports that the
nuclear radio and X-ray activities are connected, and still ongo-
ing. Finally, we have shown that the large scale environment of
J1430 is not underdense with respect to other 50 random galaxies
at the same redshift. All these pieces of evidence seem to suggest
that J1430 is rather old and evolved, although with no clear sign
of recent restarting of its nuclear activity, unlike what has been
shown and found for hard X-ray selected GRGs with deep LO-
FAR imaging (e.g., Bruni et al. 2021). When compared with the
whole GRG population of the SAGAN sample (Dabhade et al.
2020a), J1430 is among the highest redshift GRGs known to
date, and the highest redshift GRG in the SAGAN sample with
a radio spectral index between 150 MHz and 1.4 GHz o < —1.
On the same line, it is a factor of 4.4 below the faintest GRG
withing the SAGAN sample at the same redshift. Its black hole
mass (and conversely, its Eddington ratio) is also among the low-
est (highest) of the whole population, but this is not surprising.

3 For the group analysis, we adjust the matching radii to 16” and 477,
which translate to projected distances of ~ 100 and ~ 300 kpc, respec-
tively.
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Fig. 4. Broadband SED of J1430 (red data points), covering ten orders of magnitude in wavelength. The leftmost points are the 2 — 7 keV and
0.5 — 2 keV fluxes from Chandra, respectively, as fitted by the best fit MY Torus model. The range of data points from ~ 0.1 — 100 um have
been fit with SED3FIT 20 times, and the median fit is shown in black, with the colored strips labeling the 68% margins of the distributions for all
the components. The host galaxy component of the fit is shown in orange, the AGN torus contribution is in dashed green, and the star formation
component is in cyan. The SED is typical of an obscured AGN, with the optical light dominated by the host galaxy. Both a reliable measure of the
stellar mass of the host and the bolometric luminosity of the AGN can be inferred from the fit of this portion of the SED. The rightmost data points
show in red the core radio SED, while the gray points encompass the lobes emission.
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Fig. 5. Normalized photometric redshifts distribution, for galaxies with
0 < Zphot < 1 and within ~ 100 (top) and ~ 300 (bottom) projected kpc
from J1430 (blue histogram), for a z ~ 0.54 X-ray selected group (Va-
jegel et al. 2014, XBS41; orange dotted histogram), and for 50 random
galaxies in the Bootes field with 0.629 < zpe < 0.631 (grey dashed
line with 68% spread). The distributions are drawn 5000 times each,
taking into account the uncertainties over each photometric redshift as
explained in the text. While the peak around the redshift of the GRG is
less significant than the group at slightly lower redshift, the distributions
of the 50 random positions demonstrate that J1430 does not live in an
underdense environment, which may instead be slightly overdense.

Indeed, Dabhade et al. (2020a) estimated the black hole masses
using the Mgy — o relation for a small subset of GRGs with
an available measurement of the bulge velocity dispersion from
SDSS optical spectra. As a consequence, the resulting black hole
mass distribution is likely skewed to high masses, given that
robustly measuring the bulge velocity dispersion is easier, the
larger the black hole sphere of influence (and hence its mass).
On the other hand, both its radio power P sgu, ~ 9 X 10%* W
Hz™! and jet power, estimated following Dabhade et al. (2020a)
as Qjer/10°8 W = P1s5o/3x 107 W Hz ™! ~ 3.4x 10 erg s~!, are
perfectly in line with the bulk of the SAGAN sample.

It is important to stress again that the source presented in this
paper has been serendipitously detected visually inspecting the
superposition of the LOFAR data and the Chandra CDWES cat-
alog. Medium or soft X-ray selected GRGs, such as the one in-
vestigated here, are expected to be more abundant than their hard
X-ray selected counterparts: indeed, the hard X-ray selection
probes at any redshift the high end of the luminosity function.
J1430, with the extrapolated 14 — 195 keV and 20 — 100 keV lu-
minosities of Li4_195 ~ 2.2x10** erg s™Land Lyy_100 ~ 1.3x10*
erg s~!, would be a factor of ~ 30 and ~ 80 below the detection
limits of Swift/BAT and INTEGRAL at z ~ 0.6, respectively.
GRGs are indeed likely much more abundant than thought to-
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day” (e.g., Delhaize et al. 2020), being the old tail of the popula-
tion of radio galaxies; a large number of medium X-ray selected
GRGs will make up an important control sample to test whether
the restarted scenario applies to lower luminosity GRGs as well,
and to probe in a comprehensive way their duty cycle®.

7. Conclusions

In this paper we reported on the serendipitous discovery of a
new Giant Radio Galaxy, J1430, which lies in the Booétes field at
z = 0.629. Our conclusions are as follows:

— Its radio properties are in line with the bulk of the GRG pop-
ulation, with the low frequency spectrum dominated by the
extended lobes and bright hotspots. There is no obvious in-
dication that J1430 is a recently restarted GRG like most of
the hard X-ray selected ones previously studied in the litera-
ture, both from the large scale radio morphology and the core
radio spectrum.

— On the other hand, similarly to other hard X-ray selected
GRGs, the nuclear source is bright in X-rays. The X-ray
spectrum is moderately obscured, as expected for typical
FRII radio galaxies. Furthermore, the nucleus of J1430 pre-
cisely sits on the fundamental plane of black hole activity.
The accurate spectral analysis allows to recover an accurate
intrinsic X-ray luminosity. No robust detection of a jet com-
ponent is obtained from the spectral analysis.

— While we find once again that the X-ray-derived bolometric
luminosity is larger than the bolometric luminosity derived
from other methods, the uncertainties involved make them
all broadly consistent with each other. Both the synchrotron
cooling timescale and the position of the source in the P-D
diagram suggest the GRG to be a few hundreds Myr old.

— The number of galaxies around J1430 seems to favour a
slightly overdense environment, further supporting recent
findings that underdense environments are not required to
grow GRGs.

— Building a control sample of GRGs detected by soft X-ray
observatories is crucial to probe the number density, redshift
distribution and restarting behavior displayed by hard X-ray
selected GRGs and to fully investigate their duty cycle.

All our findings point toward J1430 being an aged FR II ra-
dio galaxy. Future work with ever growing samples of GRGs
selected at different frequencies will further elucidate whether
there is a real physical difference between GRGs and smaller ra-
dio galaxies, or if they simply represent the final stage of their
evolution (e.g., Lara et al. 2004).
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