THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 268:31 (25pp), 2023 September

© 2023. The Author(s). Published by the American Astronomical Society.

OPEN ACCESS

https: //doi.org/10.3847 /1538-4365 /ace436

CrossMark
The Multiwavelength Environment of Second Bologna Catalog Sources
A. Paggil’2 , E. Massaro'">**@® , H. Pend-Herazo'>°®, V. Missagliaz"g’7 , A. Jimenez-Gallardo®®, F. Ricci™'°®,
S. Ettori' 2 , G. Giovannini®"? , F. Govoni'* ,R. D. Baldi13 , B. Mingo15 , M. Murgia14 , E. Liuzzo'®'® , and

F. Galati'

D1pamment0 di Fisica, Universita degli Studi di Torino, via Pietro Giuria 1, I-10125 Torino, Italy; alessandro.paggi @unito.it
2 Istituto Nazionale di Fisica Nucleare, Sezione di Torino, via Pietro Giuria 1, I-10125 Torino, Ttaly
INAF—Osservatorio Astrofisico di Torino, via Osservatorio 20, I-10025 Pino Torinese, Italy
Consorzio Interuniversitario per la Fisica Spaziale (CIFS), via Pietro Giuria 1, I-10125 Torino, Italy
> Instituto Nacional de Astrofisica, Optica y Electrénica, Tonantzintla, Puebla 72840, Mexico
GEast Asian Observatory, Hilo, HI 96720, USA
7 Institute of Astrophysics, Foundation for Research and Technology—Hellas, Voutes, 7110 Heraklion, Greece
8 Dipartimento di Fisica e Astronomia, Universita di Bologna, Via Gobetti 93/2, 1-40122 Bologna, Italy
Dlpammento di Matematica e Fisica, Universita Roma Tre, via della Vasca Navale 84, 1-00146 Roma, Italy
INAF—Osservatorio Astronomico di Roma, Via Frascati 33, I-00040 Monte Porzio Catone, Italy
! INAF—Osservatorio di Astrofisica e Scienza dello Spazio di Bologna, via Gobetti 93/3, I-40129 Bologna, Italy
lstltuto Naz1onale di Fisica Nucleare, Sezione di Bologna, viale Berti Pichat 6/2, I-40127 Bologna, Italy
3 INAF—Istituto di Radioastronomia (IRA), Via P. Gobetti 101, I-40129 Bologna, Italy
4 INAF—Osservatorio Astronomico di Cagliari, Via della Scienza 5, I-09047 Selargius, Italy
5 School of Physical Sciences, The Open University, Walton Hall, Milton Keynes, MK7 6AA, UK
© Italian Alma Regional Center (ARC), Via Piero Gobetti 101, I-40129 Bologna, Italy
Received 2023 February 18; revised 2023 June 22; accepted 2023 July 3; published 2023 September 7

Abstract

We present the first results of the Chandra Cool Targets (CCT) survey of the Second Bologna Catalog (B2CAT) of
powerful radio sources, aimed at investigating the extended X-ray emission surrounding these sources. For the first
33 sources observed in the B2CAT CCT survey, we performed both imaging and spectral X-ray analysis,
producing multiband Chandra images, and compared these images with radio observations. To evaluate the
presence of extended emission in the X-rays, we extracted surface flux profiles comparing them with simulated
ACIS point-spread functions. We detected X-ray nuclear emission for 28 sources. In addition, we detected eight
regions of increased X-ray flux originating from radio hot spots or jet knots, and a region of decreased flux,
possibly associated with an X-ray cavity. We performed X-ray spectral analysis for 15 nuclei and found intrinsic
absorption significantly larger than the Galactic values in four of them. We detected significant extended X-ray
emission in five sources, and fitted their spectra with thermal models with gas temperatures ~2 keV. In the case of
B2.1 0742431, the surrounding hot gas is compatible with the intracluster medium of low-luminosity clusters of
galaxies, while the X-ray diffuse emission surrounding the highly disturbed wide-angle-tailed radio galaxy B2.3
2254+35 features a luminosity similar to those of relatively bright galaxy groups, although its temperature is
similar to those of low-luminosity galaxy clusters. These results highlight the power of low-frequency radio
selection, combined with short Chandra snapshot observations, for investigating the properties of X-ray emission

from radio sources.

Unified Astronomy Thesaurus concepts: Active galaxies (17); Galaxy jets (601); Galaxy clusters (584)

Supporting material: figure set

1. Introduction

Diffuse X-ray emission associated with radio sources
extending well beyond their host galaxies up to scales of
hundreds of kiloparsecs has been known and observed since the
first X-ray Uhuru (e.g., Gursky et al. 1971) and Einstein (e.g.,
Jones et al. 1979) missions, and more recently with the XMM-
Newton (e.g., Gobat et al. 2011) and Chandra (e.g., Maselli
et al. 2018) telescopes (see also Fabian et al. 2003; Scharf et al.
2003; Erlund et al. 2006; Evans et al. 2006).

In the last few decades, the Chandra telescope has extensively
studied the X-ray emission of high-redshift radio galaxies, often
used as tracers of galaxy clusters with poor or moderately rich
environments (see, e.g., Worrall 2002; Crawford & Fabian 2003;
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Worrall 2009; Golden-Marx et al. 2021), since extended X-ray
emission from these sources can be due to the thermal radiation
arising from the hot gas trapped by the gravitational attraction of
giant galaxies or permeating the intergalactic medium (see, e.g.,
Fabian et al. 2001; Ineson et al. 2013, 2015).

Alternatively, when the extended X-ray emission in these
sources shows a general alignment with the radio axis and/or is
spatially coincident with radio structures, a significant contrib-
ution to its flux is expected to come from nonthermal processes,
and in particular from inverse Compton (IC) scattering of the
radio-emitting electrons. In radio lobes, the X-ray emission is
generally interpreted as due to the IC scattering of these
electrons on cosmic microwave background (CMB) photons
permeating the radio lobes (IC/CMB; Hoyle 1965; Bergamini
et al. 1967; Okoye 1972, 1973; Harris & Grindlay 1979;
Schwartz et al. 2000; Tavecchio et al. 2000; Meyer et al. 2019;
Breiding et al. 2023), while in radio hot spots the X-ray
emission is believed to be dominated by synchrotron self-
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Compton radiation (Kataoka & Stawarz 2005), that is, the IC
scattering of synchrotron photons by electrons in the radio jets
that emitted the synchrotron photons in the first place
(Hardcastle et al. 2004). Finally, X-ray emission in radio
galaxies on ~100-200 kpc scales can also be significantly
contributed by IC scattering from far-IR photons in galactic
starbursts (Smail et al. 2009, 2012).

To investigate the nature of the extended X-ray emission
surrounding radio sources and study their evolution, in the last
decade we have carried out a Chandra snapshot survey of the
revised Third Cambridge Catalogue (3CR; Bennett 1962; Spinrad
et al. 1985) to obtain X-ray coverage of the entire catalog
(Massaro et al. 2010, 2012, 2015). Through this observational
program, we found X-ray emission associated with radio jets (see,
e.g., Massaro et al. 2009) and hot spots (see, e.g., Massaro et al.
2011; Orienti et al. 2012) as well as diffuse X-ray emission from
hot atmospheres and the intracluster medium (ICM) in galaxy
clusters (see, e.g., Hardcastle et al. 2010, 2012; Dasadia et al.
2016; Ricci et al. 2018; Missaglia et al. 2021), extended X-ray
emission aligned with the radio axis of several moderate- and
high-redshift radio galaxies (see, e.g., Massaro et al. 2013, 2018;
Stuardi et al. 2018; Jimenez-Gallardo et al. 2020, 2021; Paggi
et al. 2021), and extended X-ray emission spatially associated
with optical emission line regions not coincident with radio
structures (Massaro et al. 2009; Balmaverde et al. 2012; Jimenez-
Gallardo et al. 2022).

In this work we present the first results from a Chandra
snapshot survey performed on the Second Bologna Catalog
(B2CAT) of powerful radio sources. The B2CAT (Colla et al.
1970, 1972, 1973; Fanti et al. 1974), listing about 10,000 sources
detected above 0.1Jy (completeness above 0.2 Jy) at 408 MHz
with the Bologna Northern Cross Telescope between 21° and 40°
decl., is well suited for studying the properties of extragalactic
radio sources. As it is a low-frequency radio selected sample, its
selection criteria are unbiased with respect to X-rays and active
galactic nucleus (AGN) viewing angles. This catalog has been the
source of well-studied samples of radio-loud active galaxies (Fanti
et al. 1987), as well as radio-loud quasars (Rogora et al. 1986) and
spiral galaxies (Gioia & Gregorini 1980). The high sensitivity of
the B2CAT with respect to other radio samples, e.g., the 3CR, has
allowed us to study the properties of low-luminosity radio
galaxies, such as Fanaroff—Riley I (FRI; Fanaroff & Riley 1974)
radio galaxies, and the nonthermal properties of spiral galaxies
and low-luminosity quasars.

In addition, the B2CAT spans a wide range of redshift and
radio power, and it is augmented by a vast suite of ground- and
space-based observations at all accessible wavelengths (optical:
Capetti et al. 2002; de Ruiter et al. 2002; radio band between
1.4 and 8 GHz: Fanti et al. 1974; Harris et al. 1980; Padrielli
et al. 1981; Law-Green et al. 1995). This catalog represents an
ideal sample with which to study the X-ray emission arising
from jet knots, hot spots, and nuclei of radio sources; look for
new galaxy clusters via the presence of extended X-ray
emission unrelated to the radio structures (Belsole et al. 2007,
Mannering et al. 2013); and investigate observational evidence
of AGN feedback with the hot gas in galaxies and in groups
and clusters of galaxies (Fabian 2012; Kraft et al. 2012; Mingo
et al. 2017). The B2CAT therefore represents a powerful tool
with which to optimize the Chandra Cool Targets (CCT'")
observing strategy, that is, observations acquired while

17 https:/ /cxc.harvard.edu/proposer/CCTs.html
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the spacecraft performs pointings to avoid overheating
(or excessive cooling) of various observatory subsystems.
The paper is organized as follows. A brief description of the
B2CAT CCT sources observed to date is presented in
Section 2. Chandra data reduction and analysis are presented in
Section 3. Results on individual sources’ imaging and spectral
analysis are presented in Sections 3.1, 3.2, and 3.3, while
Section 4 is devoted to our conclusions. Unless otherwise
stated we adopt cgs units for numerical results and we also
assume a flat cosmology with Hy=69.6kms ' Mpc™!,
Qu=0.286, and 24 = 0.714 (Bennett et al. 2014).

2. Sample Description

In the selection of B2CAT CCT survey targets we started
from B2CAT excluding sources already observed by Chandra.
Taking into account the ecliptic latitude cut (£ > 55°), we then
selected a sample of 3080 sources. We stress that, due to the
serendipitous nature of the CCT program, large samples are
required to perform such observations, and that the proposed
sources will be observed randomly. Finally, for this survey we
applied for snapshot (16 ks) observations, following the same
approach used for the Chandra 3CR survey (Massaro et al.
2010).

The sample of radio sources discussed in this work is
constituted by the first 33 B2CAT targets observed by Chandra
during the CCT survey up to 2023 June. The main properties of
these sources are presented in Table 1. Redshift measurements
are available for only seven sources.

In addition to the newly obtained Chandra data, we collected
multiwavelength radio data for the sources in the sample. In
particular, to investigate the correlation between the diffuse
X-ray emission and the extended radio structures, we collected
74 MHz Karl G. Jansky Very Large Array (VLA) data obtained
through the VLA Low-frequency Sky Survey Redux (VLSSr;
Lane et al. 2014),'® 145 MHz Low Frequency Array (LOFAR;
van Haarlem et al. 2013) observations from the forthcoming
Data Release 2 (DR2) of LoTSS'? processed by the interna-
tional LOFAR collaboration as part of LOFAR Data Release 1
and 2 (Shimwell et al. 2017, 2019, 2022; Tasse et al. 2021),
150 MHz Giant Metrewave Radio Telescope (GMRT) data
obtained from the TIFR GMRT Sky Survey (TGSS; Intema
etal. 2017),”° 1.4 GHz VLA data obtained through the NRAO
VLA Sky Survey (NVSS; Condon et al. 1998), " and 3 GHz
VLA data obtained through the VLA Sky Survey (VLASS;
Lacy et al. 2020).2

In the Appendix we report the complete set of radio images
(see Figure 13) available in the aforementioned surveys for the
B2CAT sources considered here, together with estimates of the
radio flux for different radio structures (see Table Al).

18 yLSSr images cover an area of ~30,530 deg2 with a resolution of 75”, and
an rms of ~0.1 Jy beam ™.

" DR2 v2.2 was run as part of the ddf pipeline (https://github.com/
mhardcastle /ddf-pipeline). LoTSS DR1 consists of images at 6” resolution and
~70 pJy beam ™! sensitivity covering an area of ~400 deg” while the footprint
of DR2 covers an area of approximately 5700 deg®; both surveys were
performed in the northern hemisphere.

20 TGSS images cover an area of ~36,900 degz, and have a resolution of 25"
for decl. >19° and of 25" /cos (decl.—19°) for decl. <19°, with a median rms
of ~3.5 mJy beam™ .

21 NVSS images cover the entire north sky above —40° decl. with a resolution
of 45", and an rms of ~450 yJy beam ™.

22 VLASS images cover an area of ~33,885 deg2 with decl. > —40° with a
resolution of 2”5, with an rms of ~120 uJy beam ' for the single-epoch
observations and of ~70 jJy beam™" for the three combined epochs.
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Table 1
Main Properties of the Radio Sources Investigated in the Present Work
Chandra Clean Radio
Source Name R.A. Decl. z OBSID Exp. Nuclear Fy3_7 ev Nuclear Lo3_7xev  Extended Fp3 3ev  Extended L33 kev Morph. Bin Size  Smoothing
(hh:mm:ss.ss)  (dd:mm:ss.s) (ks) 1o erg em2s7h (erg s7h ao—13 erg cm~2s7h (erg s7h
B2.4 0004421 00:07:26.69  +22:03:23.8 ... 26155 15.9 1955013 0.45+312 FRII 2 4
B2.2 0038+25B 00:41:18.54  +25:49:50.9 ... 27884 14.6 0.05°3%3 <0.06 FRIT 2 3
B2.2 0143424 01:46:28.83  +25:06:04.6 ... 23074 15.3 0.06:5:94 <0.08 FRII 4 4
B2.4 0145422 01:47:49.84  +22:38:55.0 ... 27519 15.9 0.79318 <0.32 FRII 4 3
B2.4 0229423 02:32:20.96  +23:17:24.6 3420 27538 149 5.8170% 6.4793 x 104 0.61503 6.7739 x 10% Compact 2 3
B2.1 0241430 02:44:42.80  +30:20:44.5 .. 26174 15.4 0.05:0%3 0.23*911 FRII 2 6
B2.1 0302431 03:05:23.16  +31:29:42.5 ... 26198 15.9 3.147933 HyMoR 2 8
B2.4 0401423 04:04:51.68  4+24:07:02.3 ... 26199 15.9 0.4279%8 <0.05 FRII 2 5
B2.2 0410+26 04:13:23.64  426:48:47.5 .. 26200 15.9 0.1175:9 0.13%943 Compact 2 5
B2.4 0412423 04:15:12.82  423:47:523 .. 26214 15.9 2697918 0.3910% Lobes 2 5
B2.3 0454435 04:58:07.36  +35:45:463 ... 27589 15.8 8.001033 <0.67 One- 1 3
sided jet
B2.1 0455+32B 04:59:05.74  +32:36:30.0 ... 27590 15.9 0.087504 <0.12 Lobes 2 4
B2.1 0455+32C 04:59:14.08  +32:26:11.4 ... 27591 15.9 0.07:004 <0.11 FRII 2 4
B2.3 0516-+40 05:19:45.53  +40:15:445 . 27750 149 0.04+5:04 <0.25 Compact 4 3
B2.1 0536+33B 05:40:03.88  +33:42:042 .. 22192 15.9 0.2850%7 <0.09 FRII 1 4
B2.1 0549+29 05:52:55.28  +29:33:07.9 ... 26230 15.9 0.655018 0.33+03¢ Lobes 1 3
B2.1 0643+30 06:46:15.48  +30:41:16.0 ... 26263 15.8 0.805019 0.3050:18 Compact 1 3
B2.1 0742+31 07:45:41.63  431:43:10.3  0.461 26264 15.9 21.907930* 17.759% x 104 1.82°04 15704 x 104 FRII 2 8
B2.2 0755+24 07:58:02.75  424:21:58.1  0.502 26265 15.9 0.08%004 79748 x 10% 0.17014 17414 % 104 Lobes 2 5
B2.3 0848+34 08:51:08.44  434:19:204 0.697 27850 14.8 0.099%% 19799 x 10 <0.12 <2.6 x 10% Lobes 2 4
B2.4 0939+22A 09:41:55.62  +21:48:47.8 0.572 26291 157 0.097004 12493 % 104 0.34+013 4.651%° x 104 FRII 2 6
B2.4 1112423 11:15:04.89  +23:25:50.2 ... 26333 15.3 0.06:5:04 <0.12 Compact 2 6
B2.3 1234437 12:36:50.64  +36:55:30.1 .. 27609 15.9 0.134903 <0.22 Lobes 2 3
B2.2 1334427 13:36:41.37  427:03:43.7 3228 27617 15.9 0.92:19 8.8719 x 10% <0.13 <12 x 10% Lobes 2 4
B2.2 1338+27 13:40:29.96  +27:22:146 ... 27618 16.9 <0.09 <0.04 Lobes 4 3
B2.2 1439425 14:42:04.09  +25:03:30.0 .. 27411 15.9 0.14731% Lobes 4 5
B2.4 1512423 15:14:15.01  +23:28:532  0.088 27718 149 0.16:002 31419 % 104 0.1050:08 2,014 x 1041 FRII 2 6
B2.4 2054+22B 20:56:57.55  +22:30:11.7 .. 27821 15.9 0.0690% <0.11 FRII 2 5
B2.2 2104424 21:06:21.19  +24:33:22.7 ... 22170 16.4 3.015913 <0.29 FRII 1 3
B2.2 2133427 21:35:17.61  +27:16:14.1 ... 26149 15.9 0.181912 Lobes 1 6
B2.3 2254435 22:56:46.03  +35:40:56.8 0.114 22193 159 0.10+:04 34714 % 104 6.75708 2.3%02 % 104 WAT 4 6
B2.2 2328+26 23:30:34.44  +27:05:212 ... 26122 15.9 0.1245:04 <0.05 Compact 1 4
B2.3 2334439 23:36:55.64  +40:06:06.5 .. 26342 15.9 <0.05 <0.11 FRI 2 6

Notes. In the table we list the source’s B2CAT name (Source Name), its J2000 coordinates (R.A. and Decl.) and redshift (z), the Chandra OBSID, the net exposure after filtering for time intervals of high background flux
(Clean Exp.), the intrinsic 0.3-7 keV nuclear flux estimated assuming a power-law spectrum with a 1.8 slope (Nuclear F( 3 7 y) and the corresponding nuclear luminosity for sources with available redshift (Nuclear
Lo 37 kev), the intrinsic 0.3-3 keV extended emission flux estimated assuming a thermal spectrum with 2 keV temperature and 0.25 solar abundance (Extended Fy3_3 «ev) and the corresponding extended emission
luminosity for sources with available redshift (Extended Lo 33 kev), the general radio morphology (Radio Morph.), the image pixel size in terms of the native ACIS pixel size (Bin Size), and the o width of the smoothing
Gaussian kernel expressed in image pixels (Smoothing) used in Figures 1, 5, and 10. The flux marked with an asterisk (*) was extracted from a nuclear region affected by significant pileup.
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Figure 1. Chandra ACIS-S flux maps (0.3-3 keV and 0.3-7 keV band images on the left and on the right, respectively). Radio map contours are overlaid in cyan
(LOFAR 145 MHz), white (TGSS 150 MHz), and green (VLASS 3 GHz). The radio contours start at 10 times the rms level, increasing by factors of 2. The complete

figure set (33 images) is available in the online journal.
(The complete figure set (33 images) is available.)

3. Data Analysis

Chandra observations of B2CAT sources were retrieved
from the Chandra Data Archive through the ChaSeR service*®
(see Table 1). They consist of ACIS-S snapshot observations
with nominal exposure time of 16 ks, performed between 2019
April and 2023 June in VFAINT mode. These data have been
analyzed with the Chandra Interactive Analysis of Observa-
tions (CIAO; Fruscione et al. 2006) data analysis system version
4.14 and the Chandra Calibration Database (CALDB) version
4.9.8, adopting standard procedures. The observations were
filtered for time intervals of high background flux exceeding 30
above the average level with the DEFLARE task, to attain the
final exposures listed in Table 1. Field point sources in the
0.3-7keV energy band were detected with the WAVDETECT
task, adopting a J2 sequence of wavelet scales (i.e., 1, 1.41, 2,
2.83, 4, 5.66, 8, 11.31, and 16 pixels) and a false-positive
probability threshold of 107°. Given the relatively short
exposure times and the consequent low statistics, we did not
correct the absolute astrometry of the Chandra ACIS-S images
and did not register them to radio maps, as the typical shift for
Chandra images found during the 3CR Chandra Snapshot
Survey is 0”5 (see, e.g., Massaro et al. 2011; Jimenez-Gallardo
et al. 2020).

We produced broadband (0.3-7 keV), soft-band (0.3-3
keV), and hard-band (3-7 keV) Chandra images centered on
ACIS-S chip 7. We also produced point-spread function (PSF)
maps (with the MKPSFMAP task), effective area corrected
exposure maps, and flux maps (using the FLUX_OBS task; see
Figure 1). The image pixel sizes and the o widths of the
Gaussian kernel used for smoothing are listed in Table 1.

B http://cda.harvard.edu /chaser

3.1. Imaging Analysis

We first proceeded to searching for nuclear detections in the
broad 0.3-7 keV band images. Using the higher-resolution
VLASS data, we defined 2” circular regions coincident with the
core emission as identified in the VLASS images. If source
cores were not clearly detected in the VLASS images, we
tentatively identified as source cores those compact X-ray
regions lying at the center of the radio structures (see
Section 3.2). We evaluated the nuclear X-ray fluxes by making
use of the CIAO SRCFLUX task, which evaluates the PSF
corrections and the detector effective area and response
function at the source location, assuming a power-law spectrum
with a 1.8 slope—as usually observed in AGN nuclear
emission—and taking into account the photoelectric absorption
by the Galactic column density along the line of sight (HI4PI
Collaboration et al. 2016). The nuclear fluxes are listed in
Table 1.

With this procedure, we confirmed nuclear detections for 28
out of 33 sources, with 19 being detected at least at 3o
significance. For seven other sources (B2.2 0143424, B2.1
0241430, B2.1 0455+32B, B2.1 0455+32C, B2.2 0775424,
B2.4 1112423, and B2.4 2054+22B) we obtained a 20
significance detection of nuclear emission, for two sources
(B2.3 0516+40 and B2.2 0038+4-25B) we obtained a marginal
1o significance detection of nuclear emission, and for another
two sources (B2.2 1338+4-27 and B2.3 2334+4-39) we were only
able to put a lo upper limit on the nuclear flux. For the
remaining three sources (B2.1 0302431, B2.2 1439425, and
B2.2 2133+27), since we do not have any clear indication—
neither in radio nor in X-ray data—of the location of the core,
we do not report any nuclear flux estimate. We note that the
brightest nucleus in our sample, B2.1 0742431, is significantly
affected by pileup, as shown in the map obtained with the CIAO
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Figure 2. X-ray 0.3-7 keV nuclear fluxes vs. 3 GHz radio nuclear specific fluxes for the sources for which both estimates are available (see Section 3.1). Upper limits
on X-ray fluxes are represented with triangles pointing down. The red line indicates the linear regression to the logarithmic data that include the highly piled-up source
B2.1 0742+31 (indicated with a red circle), while the light red shaded area represents the 1o uncertainty around the best-fit relation. The blue line and light blue
shaded area represent the linear regression and uncertainty for the logarithmic data that exclude B2.1 0742+31.

task PILEUP_MAP, and therefore the value of 17.7 £0.4 x
10~ ergem 2 s~ reported in Table 1 should be considered as
a lower limit to the real flux (see Section 3.3).

The correlation between AGN nuclear radio and X-ray
emission from the ROSAT All Sky Survey (Voges et al. 1999)
has been observed and discussed in several works (e.g., Worrall
& Birkinshaw 1994; Zuther et al. 2012). To investigate this
correlation in our sample, in Figure 2 we plot the X-ray nuclear
fluxes evaluated above versus the 3 GHz radio nuclear specific
fluxes, evaluated from VLASS maps that show a discernible
nuclear emission (region N in Table A1). Despite the paucity of
the sample, there appears to be a correlation between the
nuclear emission at radio and X-ray frequencies, as evaluated
through hierarchical Bayesian linear regression (Kelly 2007).
In particular, a linear regression of the logarithmic values of
both quantities including the highly piled-up B2.1 0742431
yields a slope of 0.95793% with a correlation coefficient of 0.75
(red line in Figure 2), while excluding it yields a slope of
1.31798 with a correlation coefficient of 0.65 (blue line in
Figure 2), both consistent with previous results on radio-loud
AGNs (e.g., Brinkmann et al. 1997, 2000). We note that the
X-ray fluxes expected from the correlation that excludes B2.1
0742+31 lie at larger values than that evaluated for this source,
reinforcing the point that the X-ray flux evaluated for B2.1
0742+31 should be regarded as a lower limit.

As shown in Figure 1, many sources in the present sample
show hints of diffuse soft X-ray 0.3-3keV band emission
associated with the extended radio structures mapped by the
GMRT and LOFAR images. In order to get a preliminary
characterization of this diffuse emission we evaluated its flux
by making use of the CIAO SRCFLUX task, assuming a thermal
spectrum with 2 keV temperature and 0.25 solar abundance—
as expected from typical ICM emission—and taking again into

account the Galactic photoelectric absorption. The fluxes of the
extended emission are listed in Table 1.

Also the correlation between radio and X-ray diffuse
emission in clusters has been discussed in several studies
(e.g., Parekh et al. 2017; van Weeren et al. 2019). To
investigate this in our sample, in Figure 3 we plot these X-ray
fluxes versus the 145 MHz specific fluxes evaluated from
LOFAR maps from regions of extended radio emission
(regions A and B listed in Table Al). In this case, however,
the correlation between the extended emission at radio and
X-ray frequencies appears very low, with a slope of 0.20793
and a correlation coefficient of 0.26.

To evaluate the significance of this extended emission in
X-rays, we extracted net surface flux profiles in the 0.3-3 keV
band from concentric annuli centered on the radio core
positions, excluding counts from detected sources, and
evaluating the background level from source-free regions of
chip 7. The width of the bins was adaptively determined to
reach a minimum signal-to-noise ratio of 3. In the outer
regions, when this ratio could not be reached, we extended the
bin width to the edges of the ACIS chip.

We then compared these profiles with those extracted from
simulated ACIS PSFs, using the same procedure fully
described in Fabbiano et al. (2020) and briefly summarized
here. The Chandra PSFs were simulated using rays produced
by the Chandra Ray Tracer (ChaRT>*) projected on the image
plane by MARX.” For each observation, we generated the
average from 1000 PSF simulations centered at the coordinates
of the radio or X-ray cores. We then produced images of these
PSFs in the 0.3-3 keV band, and extracted profiles from the

2 hup: //cxc.harvard.edu/ciao/PSFs/chart2/
= http: / /space.mit.edu/CXC/MARX/
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Figure 3. X-ray 0.3-3 keV extended emission fluxes vs. 145 MHz specific fluxes of the extended radio structures (see Section 3.1). Upper limits on X-ray fluxes are
represented with triangles pointing down. The blue line indicates the linear regression to the logarithmic data, while the light blue shaded area represents the 1o

uncertainty around the best-fit relation.

same annuli used for the source images. Finally, the PSF
surface flux profiles were normalized to match the level
obtained in the innermost annulus for the source images.

We found that the 0.3-3 keV soft-band emission is extended
at least at 50 significance beyond 10" for five sources in the
present sample (B2.4 0004+21, B2.1 0302+31, B2.4 0412
+23, B2.1 0742431, and B2.3 2254+-35). Figure 4 shows the
comparison of the net surface flux profiles for these sources
(black dots) and their corresponding PSFs (red dots), and we
see that the former are clearly extended above the latter,
especially for B2.1 0302431 and B2.3 22544-35.

3.2. Individual Sources

In this section, we report X-ray compact features associated
with radio structures of the sources in our sample, while
properties of the extended X-ray emission will be discussed in
Section 3.3. The broadband 0.3—7 keV flux maps of the central
region of each source are presented in Figure 5, with the 3 GHz
VLASS contours from Figure 1 overlaid in black.

3.2.1. B2.4 0004+21

Also known as NVSS J000727+220413, this source shows a
typical Fanaroff-Riley II (FRII; Fanaroff & Riley 1974)
structure, with indication of extended X-ray emission (see
Figure 4). Apart from the bright X-ray nucleus (region 1 in
Figure 5, with a 0.3—7 keV flux of 2073 x 10~ erg cm 257 1;
see Section 3.1), the regions of increased X-ray flux in
correspondence with the radio structures (regions 2 and 3 in
Figure 5) have low (<20) significance with respect to the level
of the diffuse emission at the same radial distance from the
nucleus.

3.2.2. B2.2 0038+25B

This source, also known as PKS 00384255, shows an FRII
radio morphology as mapped by the VLASS image. We do not
have a clear detection of the radio core, although between the
lobes we see a faint region of X-ray emission (region 1 in
Figure 5) with a 0.3-7 keV flux of 573 x 10715 erg cm 2 s~
(see Section 3.1), which we identify as the X-ray nucleus.
There are some hints about this region extending along the
radio axis toward the lobes, but the low statistic prevents us
from drawing further conclusions.

3.2.3. B2.2 0143+24

This source, also known as NVSS J014628+250616, shows
a complex, extended radio morphology in LOFAR images,
while VLASS data indicate a typical FRII structure (see
Figure 1). In Figure 5, region 1 indicates the location of the
possible source nucleus. This region yields an upper limit on
the flux of 675 x 1075 erg cm =2 s7! (see Section 3.1). On
both sides of region 1, along the radio axis, there are two
regions of increased flux in front of the hot spots (regions 2 and
3). The brightest region 2 has 12 broadband counts, and by
sampling the emission at the same radial distance from the
putative nucleus we can conclude that this is marginally
significant at the 30 level.

3.2.4. B2.4 0145+22

This source, known as NVSS J014750+223852, shows in
the VLASS image an FRII structure, without indications of a
clearly detected radio core. In Figure 5, we indicate with region
1 the position of a bright X-ray source between the two radio
jets that we identify as the nucleus, for which we estimated a
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Figure 4. Surface flux profiles for the sources that show evidence of extended X-ray emission in the soft 0.3-3 keV band (see Section 3.1). For each source we present
with black dots the surface flux profiles from the source itself, and with red dots the profiles from the simulated PSF.

possibly connected with a jet knot. This region contains 12
broadband counts, significant at the 40 level above the
emission at the same radial distance from the nucleus.

broadband flux of 8] x 107!* erg cm~2 s~ (see Section 3.1).
On the east side of the nucleus there is a region of increased
X-ray flux co-spatial with the eastern radio jet (region 2),
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Figure 5. Chandra ACIS-S 0.3-7 keV flux maps of the central region of the sources in the present sample. In each panel we overlay in black the 3 GHz VLASS
contours from Figure 1. The black dashed circles mark the regions discussed in detail in Section 3.2. For sources B2.1 0302431, B2.1 0742431, and B2.3 22544-35
the white ellipse shows the extraction region used for the spectral fittings presented in Table 4, while the blue ellipse shows the region of radio emission excluded in
the spectral fittings presented in Table 5. The complete figure set (33 images) is available in the online journal.

(The complete figure set (33 images) is available.)

3.2.5. B2.4 0229+23

At z = 3.420 (Snellen et al. 2002), this source, known as
NVSS J023220+4-231756, shows in the VLASS image a
compact structure, coincident with a bright X-ray source that in
Figure 5 we indicate as region 1. We identify this region as the
source nucleus, for which we estimated the broadband flux of
583 x 107" erg cm 257! (see Section 3.1). No other
significant structures are visible in the broadband Chandra
ACIS-S flux map.

3.2.6. B2.2 0241+30

This source, known as NVSS J0244434-302117, has an FRII
structure, with edge-brightened radio lobes. In Figure 5 region
1 marks the location of the faint X-ray nucleus, coincident with
the radio core, for which we estimated the broadband flux of
53 % 10715 erg cm~2 57! (see Section 3.1). On the southwest
side of the nucleus there is a region of increased X-ray flux
coincident with the southwestern radio lobe (region 2). This
region contains 7 broadband counts, being marginally sig-
nificant at the 30 level above the emission at the same radial
distance from the nucleus.

3.2.7. B2.2 0302+31

This source, also known as NVSS J030524+312928, shows
evidence of significant extended X-ray emission (see Figure 4),
with the western radio lobe showing an FRII edge-brightened
structure, while the eastern lobe appears edge-darkened as in
FRI radio sources. The global radio structure, roughly
connected with the X-ray diffuse emission, can be therefore
classified as a hybrid-morphology radio source (HyMoR;
Gopal-Krishna & Wiita 2000). In addition, the eastern radio
jet appears bent in the southeastern direction, most evidently in
the LOFAR data (see Figure 1), as observed in wide-angle-
tailed radio galaxies (WATs; Owen & Rudnick 1976;
Leahy 1993), which usually coincide with the brightest galaxy
at the center of a cluster (Missaglia et al. 2019). This source
shows no identifiable nuclear emission, either in the radio or in
the X-ray band. In correspondence with the western radio lobe,
there is a region of increased flux (region 1 in Figure 5) that,
with 29 broadband counts, significantly rises above the level of
the surrounding emission at the 5o level.

3.2.8. B2.4 0401+23

This source, known as NVSS J040452-+240656, shows an
edge-brightened FRII structure. Region 1 in Figure 5 marks the
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Table 2

Results of Nuclear Spectral Fits with a Simple Power-law Model (plus Galactic Absorption) for Sources with Enough Counts in Their Nuclear Region

Source Name r Norm. Pileup Frac. c (d.o.f.) Fo3 7 kev
102 em™2s7h ao=1 ergcm- s7h

B2.4 0004421 0331916 0857018 0.88 (456) 2.08%03%
B2.4 0145422 0.5979% 0.67+94! 0.96 (313) 1.074%
B2.4 0229423 1.207919 5.90+06 1.04 (510) 520107
B2.4 0401423 0.67+94] 0.297017 1.01 (329) 0.441954
B2.2 0410426 1.361083 0.157048 1.01 (312) 0.157518
B2.4 0412423 1.78+014 446702 1.08 (450) 2477038
B2.3 0454435 1.53+009 10394101 1.06 (510) 7.04707
B2.1 05364+33B 1.36+031 0.337019 0.98 (331) 0267013
B2.1 0549429 211593 1.3410% 0.94 (343) 0.737939
B2.1 064330 17549021 129793 1.09 (366) 0.8170:3
B2.1 0742+31 2.043%7 55.3973% 0.21 0.95 (675) 27757134
B2.2 1334427 1.84+028 1.551949 1.02 (310) 0.837037
B2.2 2104-+24 1.53+011 4027042 1.06 (470) 2637033
B2.3 2254435 273118 0.401042 1.01 (327) 0.3145%
B2.2 2328426 0.97+107 0.1670:18 0.93 (310) 0.171549

Note. For each source we show the power-law slope (I'), the power-law normalization (Norm.), the pileup fraction estimated with the JDPILEUP model (Pileup Frac.),
the reduced Cash statistics and degrees of freedom, and the intrinsic 0.3—7 keV flux obtained from spectral fitting (F(3_7 kev)-

X-ray nucleus with a flux of 471 x 107" erg cm 257! (see

Section 3.1). Along the radio axis there are two regions of
increased X-ray flux (regions 2 and 3 in Figure 5); however
only region 3 with its 6 broadband counts is marginally
significant at the 30 level above the emission at the same radial
distance from the nucleus.

3.2.9. B2.2 0410+26

This source, also known as NVSS J041323+264916, shows
a rather compact radio structure in both the LOFAR and the
VLASS radio map, where only the core is detected. Region 1
marks the faint X-ray nucleus with an 117§ x
1071 erg em™2 s7! flux (see Section 3.1) in correspondence
with the radio core. No other significant structures are visible in
the broadband Chandra ACIS-S flux map.

3.2.10. B2.4 0412+23

This source, also known as NVSS J041512+234751, shows
a radio structure elongated in the north—south direction, as
shown in the LOFAR and GMRT data. The VLASS image
shows the radio core and the two compact radio lobes. Apart
from the bright X-ray nucleus coincident with the radio core
(labeled region 1 in Figure 5) with a broadband flux of
2713 x 107 erg cm~2 57! (see Section 3.1), B2.4 0412423
has evidence of extended X-ray emission (see Figure 4), with
several regions of extended flux along the radio axis (region 2
in Figure 5), in correspondence with the radio lobes (regions 3
and 4 in Figure 5) and with the western side of the nucleus
(region 5 in Figure 5). These regions however have a low <20
significance with respect to the surrounding emission, with the
exception of region 5, which with 16 broadband counts reaches
a significance of almost 60.

3.2.11. B2.3 0454+35

This source shows an elongated radio structure in the north—
south direction. In particular the GMRT and VLASS data
indicate a bright hot spot in the north and a narrow jet in the

southern direction—possibly a one-sided relativistic jet—that
originates from a bright compact X-ray source (region 1 in
Figure 5) with a broadband flux of 803 x 10~'* erg cm 2 s~!
(see Section 3.1), which we identify as the X-ray nucleus. No
other radio structure (including the northern hot spot) shows
significant X-ray emission.

3.2.12. B2.1 0455+32B

This source, also known as NVSS J045906+323613, shows
a rather compact radio structure in LOFAR and GMRT images.
Its VLASS data instead reveal two compact radio lobes along
the east—west direction. Between these two lobes there is a faint
X-ray source (region 1 in Figure 5) with a broadband flux of
8% x 1075 erg cm 257! (see Section 3.1), possibly the
nucleus of the source. The two radio lobes do not show any
significant X-ray emission.

3.2.13. B2.1 0455+32C

The LOFAR and VLASS images of this source, also known
as NVSS J045913+-322607, show two radio lobes along the
east-west direction, with a hint of an edge-brightened FRII
structure. Between the radio lobes there is a faint X-ray
source (region 1 in Figure 5) with a broadband flux of
774 x 10715 erg cm~2 57! (see Section 3.1), which we identify
as the source nucleus. No other radio structure shows
significant X-ray emission.

3.2.14. B2.3 0516+40

This source (also known as NVSS J051946+401507) shows
a compact radio structure. The nuclear region (marked 1 in
Figure 5) has a faint broadband X-ray flux of
473 x 1075 erg em 2 57! (see Section 3.1). There are two
compact regions of enhanced X-ray emission southwest of the
nucleus (regions 2 and 3 in Figure 5), which, compared to the
level of the diffuse emission at the same radial distance from
the nucleus, have a significance of >30 and >40, respectively.
However, they appear disconnected from the radio structure.
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Figure 6. Nuclear spectral fits presented in Table 2 with a power law plus Galactic absorption model. For each source, in the upper part of the panel, we show the
extracted spectrum with blue crosses and the best-fit model with a blue line, while in the lower part of the panel we show the residuals.
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Table 3
Same as Table 2, but for a Fitting Model that Includes an Additional Absorbing Component, and with a Power-law Slope Fixed to 1.8
Source Name Nitine Norm. Pileup Frac. c (d.o.f.) Fos 7 kev
1022 cm™?) 102 em™2s7h ao=1 erg em2s7h
B2.4 0004+21 2.14193 7954094 0.87 (456) 449403
B2.4 0145+22 5074188 570713} 0.96 (313) 3.157043
B2.4 0229423 24027438 13.847142 1.06 (510) 7.6510:5
B2.4 0401+23 210978 1707948 1.00 (329) 0.95+9%
B2.2 0410+26 <2.29 0.3179% 1.01 (312) 0177508
B2.4 0412423 <0.05 453103 1.08 (450) 2.524342
B2.3 0454435 0217005 1471459 1.07 (510) 8.127039
B2.1 0536+33B 0.63+933 0.667)3% 0.98 (331) 0.375988
B2.1 0549+29 <0.16 1035048 0.94 (343) 0.597999
B2.1 0643430 <0.23 1377938 1.09 (366) 0.797913
B2.1 0742431 <0.02 53.8313:42 0.14 0.95 (675) 29.76: 143
B2.2 1334427 <13.99 1.62793¢ 1.02 (310) 0.88+012
B2.2 2104424 0217597 5807047 1.04 (470) 3.17493
B2.3 2254435 <0.49 0.20+39¢ 1.02 (327) 0.115003
B2.2 2328426 <1.56 0.417532 0.93 (310) 0.2210:04

Note. For each source we show the additional absorbing column density (Nyin), the power-law normalization (Norm.), the pileup fraction estimated with the
JDPILEUP model (Pileup Frac.), the reduced Cash statistics and degrees of freedom, and the intrinsic 0.3—7 keV flux obtained from spectral fitting (F3 7 kev)-

3.2.15. B2.1 0536+33B

This source, known as NVSS J054003+334200, shows an
edge-brightened FRII structure in its VLASS image elongated
in the east-west direction. Region 1 in Figure 5 marks the
X-ray nucleus with a 2977 x 1075 erg cm 257! flux (see
Section 3.1). No other significant structures are visible in the
broadband Chandra ACIS-S flux map.

3.2.16. B2.1 0549+29

VLASS data show for B2.1 0549+29, also known as NVSS
J0552554-293203, a rather compact radio structure, with a core
and two lobes along the east—west direction. In Figure 5 region
1 marks the X-ray nucleus with a 7} x 10~'* erg cm=2 s~!
flux (see Section 3.1). Also in this case, no other significant
structures are visible in the broadband Chandra ACIS-S
flux map.

3.2.17. B2.1 0643+30

The radio structure of this source (also known as NVSS
J064615+4-304123) as imaged by VLASS is compact, showing
only the core emission coincident with the X-ray nucleus
emitting an 8] x 107'% erg cm~2s~! broadband flux (see
Section 3.1), marked in Figure 5 as region 1. Again, the
broadband Chandra ACIS-S flux map shows no other
significant structures.

3.2.18. B2.1 0742+31

This source (also known as NVSS J074542+314252) at a
redshift of 0.461 (Kerr & Lynden-Bell 1986) features an FRII
edge-brightened radio structure as shown in LOFAR and
VLASS data (see Figure 1). This source has the brightest X-ray
nucleus of the present sample (marked region 1 in Figure 5),
with an estimated flux of 21973 x 107 erg cm 2 s™! (see
Section 3.1), and is therefore affected by significant pileup (see
Section 3.3). In addition, B2.1 0742431 shows significant
diffuse X-ray emission (see Figure 4), both along the radio axis

12

and across it, as shown in Figure 5. In particular, there are two
regions of increased X-ray flux, one north of the nucleus
(region 2) and another in correspondence with the southeastern
radio lobe (region 3). Region 2, located north of the nucleus
and connected with the emission surrounding the latter,
contains 17 broadband counts, while region 3 contains 30
broadband counts. Both regions are significant at the 4o level
with respect to the surrounding emission.

3.2.19. B2.2 0755+24

This source (also known as NVSS J075802+242219), at a
redshift of 0.502 (Garon et al. 2019), has a compact radio
structure, where only the radio lobes are visible in VLASS data
(see Figure 1). In Figure 5 we mark as region 1 the location that
we identify as the faint X-ray nucleus, with an estimated
broadband flux of 875 x 10~'5 erg cm~2 s~ (see Section 3.1).
No other significant structures are visible in the broadband
Chandra ACIS-S flux map.

3.2.20. B2.3 0848+34

This source (also known as JO85108+-341925), at a redshift
of 0.697 (Alam et al. 2015), shows a rather compact radio
structure as imaged by LOFAR, with a slight extension toward
the south. The VLASS data reveal a slightly elongated
structure, with two small lobes along the east—west direction.
Between the lobes we see a compact region of increased X-ray
flux (marked 1 in Figure 5) with a broadband X-ray flux of
9™ x 1075 erg cm~2 57! (see Section 3.1), which we identify
as the source nucleus. Besides this nuclear region, there are no
significant structures in the broadband Chandra ACIS-S
flux map.

3.2.21. B2.4 0939+22A

This source (also known as NVSS J094158+-214743), with a
redshift of 0.572 (Saripalli & Roberts 2018), has an FRII radio
structure, as imaged with VLASS, with the radio axis aligned
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Figure 7. Nuclear spectral fits presented in Table 3 with a power-law model with slope fixed to 1.8 plus Galactic absorption, and an additional absorption component.
For each source, in the upper part of the panel we show the extracted spectrum with blue crosses and the best-fit model with a blue line, while in the lower part of the
panel we show the residuals.
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along the northeast—southwest direction. The southwestern
radio lobe is bent in the northwestern direction. The radio
image does not show a clear core, but there is a faint pointlike
region between the two radio lobes (marked as region 1 in
Figure 5) that we identify as the X-ray nucleus, with a
broadband flux of 975 x 1075 erg cm~2 s~ (see Section 3.1).
In addition, there is a region of increased X-ray flux (region 2
in Figure 5) coincident with the northeastern radio lobe. This
region contains 25 broadband counts, and it is therefore highly
significant with respect to the emission at the same radial
distance from the nucleus at the 70 level.

3.2.22. B2.4 1112423

The VLASS data of this source, also known as NVSS
J111505+-232503, only show the radio core, coincident with a
region (marked as region 1 in Figure 5) of faint X-ray flux
63 x 10715 erg cm 2 5! (see Section 3.1) that we identify as
the source nucleus. Besides the nucleus, there are no significant
structures in the broadband Chandra ACIS-S flux map.

3.2.23. B2.3 1234+37

This source, also known as NVSS J123649+365518,
features two radio lobes along the northeast—southwest
direction, as imaged by LOFAR and VLASS. Between the
radio lobes there is a faint X-ray source (region 1 in Figure 5)
with a broadband flux of 1375 x 107% erg cm 25! (see
Section 3.1), which we identify as the source nucleus. No other
radio structure shows significant X-ray emission.
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3.2.24. B2.2 1334+27

At a redshift z = 3.228 (Alam et al. 2015), this source, also
known as NVSS J133641+270401, shows a faint extended
radio structure in its LOFAR image. However, the VLASS data
only reveal two compact radio lobes along the northwest—
southeast direction. Between the radio lobes there is an X-ray
source (region 1 in Figure 5) with a broadband flux of
91 x 10~'* erg cm~2 s~! (see Section 3.1), possibly the X-ray
source nucleus. No other radio structure shows significant
X-ray emission.

3.2.25. B2.2 1338+27

This source, also known as NVSS J134029+272326, shows
two radio hot spots along the northwest—southeast direction, as
imaged by LOFAR, GMRT, and VLASS. Between the radio
lobes there is a faint X-ray source (region 1 in Figure 5) with a
broadband flux of <9 x 10" erg cm %s™' (see Section 3.1),
possibly the X-ray source nucleus. We detected no significant

X-ray emission in correspondence with the radio lobes.

3.2.26. B2.2 1439+25

The VLASS data of this source, also known as NVSS
J1442044-250335, show an FRII radio structure extending
along the north—south direction without revealing the radio
core. No significant X-ray structure is revealed in the
broadband Chandra ACIS-S flux map.
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Table 4
Results of Spectral Fits of the Diffuse X-Ray Emission with a Thermal Plasma Model plus Galactic Absorption
Source Name kT Norm. c (d.o.f) Fo3.7 kev
(keV) (1075 cm™) ao=" ergcm sh
B2.1 0302+31 2454097 21787338 1.02 (640) 253408
B2.1 0742431 1.93703% 40.5577%2 0.96 (607) 1.8170%
B2.3 2254435 247798 58.387478 1.04 (712) 5.34793¢

Note. For each source we show the thermal plasma temperature (k7), the thermal plasma normalization (Norm.), the reduced Cash statistics and degrees of freedom,

and the intrinsic 0.3-7 keV flux obtained from spectral fitting (F3_7 kev)-

Table 5
Results of Spectral Fits of the Diffuse X-Ray Emission with a Thermal Plasma Model (plus Galactic Absorption), excluding the Regions Spatially Associated with
Extended Radio Structures

Source Name kT Norm. ¢ (d.o.f.) Fo3.7 kev
(keV) (1073 ecm ™) 10 Pergem2s7h

B2.1 0302+31 246453 12.817388 0.94 (587) 1.451038

B2.1 0742+31 1937538 10.24721¢ 0.99 (528) 0.48+0:12

B2.3 2254435 2.45703% 3221739 1.02 (648) 2917539

Note. For each source we show the thermal plasma temperature (k7), the thermal plasma normalization (Norm.), the reduced Cash statistics and degrees of freedom,

and the intrinsic 0.3-7 keV flux obtained from spectral fitting (F3_7 kev)-

3.2.27. B2.4 1512+23

This source (also known as NVSS J151414+232711), at a
redshift of 0.088 (Ahn et al. 2012), shows an FRII radio structure
extending along the north—south direction, as imaged by VLASS.
In particular, the southern lobe appears connected to the central
region with a jet-shaped structure, originating from a bright X-ray
compact region (marked 1 in Figure 5) with broadband X-ray flux
of 1672 x 107 erg cm 257! (see Section 3.1), which we
identify as the source nucleus. There are regions of enhanced
X-ray emission in correspondence with the northern lobe (region 2
in Figure 5) and with the southern hot spot (region 3 in Figure 5).
Region 3 has a low <20 significance, while region 2 is significant
at a 40 level with respect to the level of the diffuse emission at the
same radial distance from the nucleus.

3.2.28. B2.4 2054+22B

This source, known as NVSS J205658+222954, shows an
FRII radio structure in VLASS data, with lobes extending
across the east-west direction. A faint region of enhanced
X-ray emission (indicated as region 1 in Figure 5) features a
broadband flux of 675 x 1075 erg cm~2 5! (see Section 3.1),
which we identify as the source nucleus. North of the nucleus
there is another compact region of increased X-ray flux (region
2 in Figure 5) that is significant at the 30 level compared to the
level of the diffuse emission at the same radial distance from
the nucleus. This region, however, does not appear to be clearly
connected with the radio structure.

3.2.29. B2.2 2104+24

This source, known as NVSS J210621+243324, shows an
FRII VLASS radio structure, with a bright X-ray nucleus
(region 1 in Figure 5) emitting a broadband flux of
3072 x 100 ergcm 257! (see Section 3.1). Besides the
nucleus, there are no significant X-ray structures in the
broadband Chandra ACIS-S flux map.
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3.2.30. B2.2 2133+27

The radio structure of this source (known as NVSS J213516
+271626), as imaged by VLASS, does not have a clear shape,
with the radio axis lying along the northwest—southeast
direction, and with no clear radio core detection. There seems
to be a region of increased X-ray flux in correspondence with
the northwestern radio lobe (indicated as region 1 in Figure 5),
but its significance with respect to the surrounding emission is
only at the 20 level.

3.2.31. B2.3 2254+35

This source (also known as NVSS J225645+4-354127), at a
redshift of 0.114 (Bilicki et al. 2014), has a complex radio
and X-ray morphology. The VLASS data reveal the location
of the radio core and an edge-darkened FRI structure, with a
jet extending toward the northern direction, and another
extending toward the eastern direction. The latter jet, in
particular, appears bent in the southeastern direction at larger
radii, as even more evident in the large-scale LOFAR data
(see Figure 1), revealing a WAT morphology. Region 1 in
Figure 5 is coincident with the radio core, and emits a
broadband X-ray flux of 107 x 1075 ergem 25! (see
Section 3.1). The X-ray emission is clearly extended (see
Figure 4) and shows a complex morphology with two regions
of decreased flux (marked 2 and 3 in Figure 5) that look like
X-ray cavities. Region 2, however, is less luminous than the
emission at the same radial distance from the nucleus, only at
the 20 level, while for region 3 this significance increases to
the ~40 level.

3.2.32. B2.2 2328+26

The radio structure of this source (known as NVSS J233032
+270614) as mapped by VLASS appears slightly elongated in
the northeast—southwest direction. The region marked 1 in
Figure 5 indicates the pointlike source that we identify as the
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Figure 9. Spectral fits of the extended X-ray emission (excluding the regions connected with extended radio structures) presented in Table 5 with a model including a
thermal plasma plus Galactic absorption. For each source, in the upper part of the panel we show the extracted spectrum with blue crosses and the best-fit model with a

blue line, while in the lower part of the panel we show the residuals.

X-ray nucleus, with a broadband flux of 12704 x
1075 erg cm™2 57! (see Section 3.1). This is the only
significant X-ray feature revealed in the broadband Chandra

ACIS-S flux map.

3.2.33. B2.3 2334+39

The VLASS data of this source, also known as NVSS
J233655+400546, only reveal the location of the radio core
and that of the lobes, aligned along the northwest—southeast
direction. The LOFAR data (see Figure 1), on the other hand,
indicate an FRI edge-darkened radio morphology, with the
southeastern lobe bending toward the northeastern direction,
and the northwestern lobe bending toward the southeastern
direction. The region marked 1 in Figure 5 indicates the faint
pointlike source that we identify as the X -ray nucleus, with a
broadband flux <5 x 107 ° ergcm 257! (see Section 3.1).
There are no other significant X-ray features in the broadband
Chandra ACIS-S flux map.

3.3. Spectral Analysis

To characterize in more detail the sources in the present
sample, we performed a spectral analysis of their nuclear
emission. We extracted nuclear spectra in a 2” circular region
centered at the coordinates of the radio or X-ray core, while
background spectra were extracted in source-free regions as
close as possible to the nuclear extraction region to avoid
vignetting effects at the CCD edge, but far enough to exclude
contamination from eventual diffuse emission. We produced
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auxiliary response files and spectral response matrices for both
the nuclear and background spectra, applying for the former
point-source aperture corrections (as appropriate for pointlike
sources). Spectral fitting was performed in the 0.3-7keV
energy range with the SHERPA application (Freeman et al.
2001).

Due to the low counts, we performed the spectral fits by
modeling the background spectra using the prescription given
by Markevitch et al. (2003), that is, a model comprising a
thermal plasma component (MEKAL; Kaastra 1992) with solar
abundances and a power law. We modeled the nuclear spectra
with a power-law (POWERLAW) model, including photoelectric
absorption (XSTBABS) by the Galactic column density along
the line of sight (HI4PI Collaboration et al. 2016). In addition,
for the source B2.1 0742431 we included the JDPILEUP model
(Davis 2001) to account for the ACIS-S detector pileup. The
spectra were binned to obtain a minimum of 1 count per bin,
making use of the Cash statistic (Paggi et al. 2021).

Following this procedure we were able to extract and fit
nuclear spectra for 15 sources. The results of these fits are
presented in Table 2 and in Figure 6. Uncertainties correspond
to the 1o confidence level for one interesting parameter. We
note that in many spectra we detect very few counts below
1keV, as a result of the degrading Chandra effective area at
low energies. We see that the intrinsic fluxes estimated from
these spectral fits are compatible with those evaluated with
SRCFLUX (see Section 3.1), with the exception of that for B2.1
07424-31—for which the JDPILEUP model estimates a pileup
fraction of ~20%, compatible with the value obtained from the
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Figure 10. Hard-band 3-7 keV Chandra ACIS-S flux maps for sources in the present sample that show evidence of extended X-ray emission (see Section 3.1). The

VLASS 3 GHz contours overlaid in green are the same ones from Figure 1.

Figure 11. Pan-STARRS (Chambers et al. 2016) rp; filter image of B2.1 0742
+31, with overlaid in blue the 150 MHz TGSS contours from Figure 1. Black
crosses indicate, in addition to the galaxy hosting the radio source, field sources
with redshift measurements close to that of B2.1 0742431 (0.461). The redshift
value is indicated next to each cross.
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pileup map. In addition, we notice that, while in a number of
sources we find slopes I' ~ 1.5-2.0—compatible with what is
observed in similar sources (Hardcastle et al. 2006, 2009;
Mingo et al. 2014)—in others the spectral fit yields particularly
flat slopes, indicating the possible presence of significant
intrinsic absorption.

To investigate the presence of intrinsic absorption, we
repeated the spectral fitting of the nuclear spectra freezing the
power-law slope to 1.8 and considering an additional
absorption component (XSZTBABS) at the source redshift or,
if this measurement was not available, at redshift zero. The
results of these fits are presented in Table 3 and in Figure 7. For
most of the sources we are only able to put upper limits on the
intrinsic absorption column, or find values compatible with the
Galactic ones. For the sources B2.4 0004+21, B2.4 0145+212,
and B2.4 0401423, we find intrinsic absorbing columns
~10%% ¢cm ™2, while for the source B2.4 0229423 we find an
additional absorbing column of ~10%* cm™2, all significantly
larger than the Galactic values.

As discussed in Section 3.1, we have five sources that show
evidence of significant extended emission in the soft 0.3-3 keV
band (see Figure 4). We extracted source spectra in large
elliptical regions that encompass the whole extended emission
visible in the flux maps (see Figure 1), excluding detected point
sources as well as the 2” nuclear regions. Background spectra
were extracted in the same source-free regions used for the
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nuclear spectral fitting. In this case, we produced spectral
response matrices weighted by the count distribution within the
aperture (as appropriate for extended sources).

We used the same procedure adopted for the nuclear spectral
fitting, that is, modeling the background spectra and using the
Cash statistics, with the spectra binned to obtain a minimum of
1 count per bin. The sources B2.4 0004+21 and B2.4 0412+23
did not yield enough counts to allow a reasonable fit, and were
therefore excluded from the following analysis. To fit the
spectra of the extended emission we used a model com?rising
the Galactic absorption and a thermal plasma (XSAPEC?®) with
0.25 solar abundance (as expected from typical ICM emission).
The redshift of the thermal plasma was set at the value of the
source redshift or, if this measurement was not available, at
redshift zero.

The results of these fits are presented in Table 4 and in
Figure 8. Again, uncertainties correspond to the 1o confidence
level for one interesting parameter. We obtain reasonable best-
fit temperatures between 1.9 and 2.5 keV. The diffuse emission
surrounding these sources, however, can be a combination of
thermal emission from hot gas of the ICM and IC/CMB. To
minimize contamination from such nonthermal emission, we
repeated the spectral extraction excluding the regions of
extended radio emission shown in Figure 1. The results of
these fits are presented in Table 5 and in Figure 9. The
temperature values obtained in this way are similar to those
obtained previously (although with larger uncertainties),
suggesting that in these sources the contribution from
nonthermal IC/CMB emission could be subdominant with
respect to the thermal radiation arising from the ICM. Since the
presence of IC/CMB may be revealed by significant X-ray
emission above 2 keV (Mernier et al. 2023), we produced
3-7 keV hard-band flux images for the five sources that show
evidence of significant extended emission and present them in
Figure 10, with the radio contours drawn at 3 GHz overlaid in
green. We see that the only source showing significant X-ray
emission in this band in correspondence with the extended
radio structures is B2.1 0302+31. In particular the hard-band
emission in the eastern and western radio lobes is detected at
2.40 and 3.30 significance. Although this is suggestive of the
presence of nonthermal IC/CMB emission in this source, the
low statistics do not allow us to draw firm conclusions.

The detection of this extended X-ray emission in any case
suggests the presence of an ICM, indicating that these sources
may belong to groups or clusters of galaxies. In the case of B2.1
07424-31, this is reinforced by the presence in the source field of
five additional galaxies at a redshift close to that of the galaxy
hosting B2.1 07424-31 (see Figure 11), that is, with a maximum
redshift separation Az = 0.005 (i.e., ~1500kms™") corresp-
onding to the maximum velocity dispersion observed in groups
and clusters of galaxies (see, e.g., Moore et al. 1993; Eke et al.
2004; Berlind et al. 2006). We therefore compared the properties
of the hot gas surrounding these radio sources with those
observed in groups and clusters of galaxies. In particular, we
were interested in the hot gas X-ray luminosity versus
temperature correlation (Mulchaey 2000). Since we had redshift
estimates only for B2.1 0742+31 and B2.3 2254435, we
restricted our analysis to these two sources. In Figure 12 we
compare the temperature (k7) and X-ray bolometric luminosity
Ly of the thermal gas surrounding B2.1 07424-31 and B2.3 2254

% https: / /heasarc.gsfc.nasa.gov /xanadu/xspec/manual /XSmodel Apec.html
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Figure 12. X-ray luminosity (Lx) vs. temperature (k7) of the X-ray-emitting
plasma in groups (black squares) and clusters (black circles) of galaxies
(Mulchaey 2000). Group data are from Xue & Wu (2000) and Helsdon &
Ponman (2000), while data of clusters are from Wu et al. (1999). The X-ray
luminosities have been rescaled to the cosmology adopted in the present
analysis. In this figure we represent with red and blue circles the properties of
the X-ray-emitting gas surrounding B2.1 0742431 and B2.3 2254+35,
respectively. Full colored circles indicate the results from the spectra extracted
from the whole diffuse X-ray emission, while empty colored circles indicate the
results from the spectra extracted from the regions that exclude the extended
radio structures.

+35 with those of groups and clusters of galaxies from Figure 6
of Mulchaey (2000), where the X-ray luminosities have been
rescaled to the cosmology adopted in the present analysis.

We see that, while the X-ray emission of B2.1 0742+31 is
compatible with the ICM emission of low-luminosity clusters
of galaxies, the X-ray diffuse emission surrounding the highly
disturbed WAT B2.3 2254435 lies somehow at the edge of the
Lx—kT relation, with a luminosity similar to those of bright
groups of galaxies, and a temperature similar to those of low-
luminosity clusters of galaxies, possibly due to the disturbed
nature of the gas surrounding this WAT.

Finally, we estimated the mass of the X-ray-emitting gas in
B2.1 0742+31 and B2.3 2254+35 from the spectral fits. From
the normalization of the XSAPEC models (i.e., their emission
measure or EM), we can evaluate the gas proton density 7,
Assuming a uniform particle density in the emitting region, we
have a proton density

14 2 2
np:\/lo EM n 47 D>(1 + 27 "
1%

where D, is the angular distance of the source, V is the emitting
region volume, and 1 = 0.82 is the ratio of the proton density to
the electron density in a fully ionized plasma. We can estimate
the total gas mass as Mg, = pm,nV, where m,, is the atomic
mass, no = n,(1 4+ 1/n) is the total gas density, and ;= 0.6 is
the mean molecular weight (Ettori et al. 2013).

To estimate the volumes we modeled the projected emission
regions as ellipses with semimajor and semiminor axes R and r,
respectively, encompassing the diffuse X-ray and radio
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emission. Then, we modeled the emitting regions as ellipsoids
with volume V = 4/3 7Rr* (when excluding the radio emission
region, the volume would be the difference between the X-ray
and radio emission region volumes; see Figure 1).

Taking into account the uncertainties on the best-fit parameters
and the different spectral extraction regions (that is, regions
including or excluding the extended radio structures), we estimate
My =2.6-9.1 x 10 Mg and Mg, =0.9-14 x 10> Mg for
B2.1 07424-31 and B2.3 22544-35, respectively, typical of rich
groups (see, e.g., Mulchaey 2000).

4. Summary and Conclusions

In this work we have analyzed the first 33 Chandra ACIS
observations obtained through the CCT snapshot campaign on
the Second Bologna Catalog of radio sources. The X-ray data
have been compared with the 145 MHz LOFAR, 150 MHz
GMRT, and 3GHz VLASS data, to study the connection
between the X-ray and radio emission in radio galaxies. The
main results of this analysis can be summarized as follows:

1. We detected X-ray nuclear emission for 28 of the 33
sources. In particular, 19 nuclei were detected at least at
30 significance, 7 were detected at 20 significance, and 2
were detected with a 1o marginal significance. For two
other sources we were only able to put an upper limit on
the nuclear flux, and for the remaining three sources we
do not report any nuclear flux estimate, since we do not
have any clear indication of the location of their core.

2. We found a mild correlation between the X-ray and radio
nuclear fluxes, while the flux of diffuse X-ray emission
does not appear to correlate with the radio flux of the
extended radio structures.

3. Comparing the X-ray surface flux profiles of the sources
with those of simulated PSFs, we detected extended
emission with a minimum 50 significance level beyond
10” from the nucleus in five sources.

4. We detected eight regions of increased X-ray flux in
correspondence with radio hot spots or jet knots at a
minimum significance level of 3o, two of which above a
50 level of significance. In B2.3 2254435 we were able
to detect a region of decreased flux, possibly associated
with an X-ray cavity, at a 4o level of significance.

5. We performed an X-ray spectral analysis for 15 nuclei
with a power-law model, and found for the nuclei of B2.4
0004421, B2.4 0145422, and B2.4 0401+23 significant
intrinsic absorption Ny jp ~ 10?? cmfz, and for B2.4
0229423 Niginc~ 102 cm 2,

6. We performed an X-ray spectral analysis of the diffuse
emission surrounding three sources, finding temperatures
of the hot plasma ~2 keV. There is some hint of X-ray
emission above 3 keV in correspondence with the radio
lobes in B2.1 0302+31, which may suggest the presence
of IC/CMB in this source. The low statistics however do
not allow us to draw firm conclusions.

7. For two of these sources, B2.1 0742+31 and B2.3 2254
+35, we compared the properties of the X-ray-emitting gas
with those of the ICM surrounding clusters and groups of
galaxies. While the hot gas surrounding B2.1 0742431 is
compatible with the ICM of low-luminosity clusters of
galaxies, the X-ray diffuse emission surrounding the highly
disturbed WAT B2.3 225435 features a luminosity similar
to those of the ICM of bright groups of galaxies, while
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having a temperature similar to those of the ICM of low-
luminosity clusters of galaxies. The mass of these X-ray-
emitting plasmas is of the order of ~10'> M, similar to
those observed in the ICM of rich groups.

These first results on the B2CAT CCT survey show that low-
frequency radio selection, combined with short X-ray snapshot
observations, is a powerful tool for optimizing the “fill-in”
observing strategy of several X-ray telescopes. In particular,
this proves to be particularly effective with the Chandra
observatory, since for XMM-Newton such short observations
tend to be scheduled at the end of its orbits, which are
dominated by high particle background.
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Appendix
Radio Maps

In this appendix we report the available radio images for the
sources considered in this work, that is, the 74 MHz VLSSr,
145 MHz LOFAR, 150MHz TGSS, 1.4GHz NVSS, and
3 GHz VLASS maps. The radio maps for each source are
presented in Figure A1, where we overplot on the maps white
dashed ellipses indicating the different radio structures,
generally the two radio lobes (indicated with A and B) and
radio core (indicated with N). When no radio structure is
discernible, only one ellipse (indicated with A) marks the bulk
emission. In Table A1 we report the specific flux estimates (in
mly) for the various structures observed in the radio maps. For
each specific flux estimate we report an error that includes both
the statistical and the systematic uncertainty, the latter ranging
between 10% and 15% of the specific flux (e.g., Lane et al.
2014; Intema et al. 2017; Sabater et al. 2021; Krezinger et al.
2020).
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Figure Al. Radio maps for the sources considered in the present work. The white ellipses indicate the discernible radio structures, while the green ellipses on the

lower left of each panel represent the FWHM restoring beam.

(The complete figure set (33 images) is available.)
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Table A1
Specific Flux Estimates for the Radio Structures Indicated in Figure 13
Source Name Fr4 mn, Fias My Fis0 My Fi40n, F3 cu.
(mly) (mJy) (mly) (mJy) (mly)
A B A B N A B N A B A B N
B2.4 9472 £ 1579 3196 £320 1798 £ 180 4824 £ 731 815+ 83 270 +£41  125+£20
0004+21
B2.2 12,086 + 1981 4933 +£494 2981 + 298 5585 + 852 639 + 65 127+20 87+14
0038
+25B
B2.2 4137 + 844 896 £ 91 684 £+ 69 992 + 153 679 + 105 187 £ 20 49 +8 34+6
0143+24
B2.4 2796 + 580 562 + 57 1155 £ 116 459 + 75 1107 £ 173 82+9 195 £ 20 61 £10 116 £ 19
0145+22
B2.4 514 +£242 469 + 48 571 +93 459 + 47 277 £ 42
0229+23
B2.1 6123 + 1120 1229 + 124 2111 +£212 709 + 111 1345 + 207 173 £ 18 22+4 38+6 2+1
0241+30
B2.1 3435 £+ 698 850 + 86 856 + 87 1679 + 260 373 £ 38 60 £ 10 83+ 13
0302+31
B2.4 2529 + 587 1179 £ 118 371 £37 868 £ 134 297 + 48 198 £+ 21 66 £+ 10 2043 241
0401+23
B2.2 8379 £+ 1477 5335 + 534 5286 + 800 529 + 54 188 +£29
0410+26
B2.4 2566 £ 577 797 £ 80 1622 + 163 502 + 81 787 £ 123 276 +£29 23+4 96 £+ 15 366
0412+23
B2.3 1108 £+ 509 418 +70 251 +£48 97 £ 11 66 +7 25+4 2445 9+2
0454+35
B2.1 2185 + 542 1355 + 139 1639 + 256 346 £+ 36 73 £ 11 98 £ 15
0455
+32B
B2.1 5326 + 1019 857 £ 88 1460 + 149 3140 £ 482 561 + 57 112+17  171+26
0455
+32C
B2.3 1246 + 382 1325 £ 133 1700 + 262 265 +28 123+ 19
0516440
B2.1 1141 £ 390 282 £29 535 £54 1129 £ 178 192 £20 34+6 S1+8 5+1
0536
+33B
B2.1 1590 + 446 1039 + 105 1453 + 229 218 £23 50+ 8 57+9
0549+29
B2.1 570 + 216 870 £ 144 869 £ 88 581 + 88
0643+30
B2.1 7098 £ 1168 5018 + 859 3718 £373 1818 £182 325433 3728 £569 1702 4+263 450+£72 6424165 475+£48 221 +£35 1424+24 696 £ 105
0742+31
B2.2 1239 + 364 824 £ 83 1003 + 159 206 £ 22 53+8 44 +£7
0755+24
B2.3 2861 + 567 2105 £ 211 341 £35 77+ 12 81+ 12
0848+34
1754 + 404 207 £ 21 810 + 81 1126 + 175 207 £22 22+4 82+13

tequydes €707 ‘(ddgy) 1€:897 ‘SAMNAS INTWATIANS TVNINO[ TVIISAHIOULSY HH,

‘Te 12 133eq
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Table Al
(Continued)
Source Name Fr4 Mz Fia5 muz Fi50 miz Fi4a6n. Fs3 6n,
(mly) (mJy) (mly) (mJy) (mly)
A B N A B N A B A B A B N
B2.4
0939
+22A
B24 2447 + 547 1652 £+ 166 1448 4+ 224 375+ 39 199 + 30
1112423
B2.3 9736 4+ 1662 3184 £319 2480 + 248 6700 £+ 102 923 £ 94 262 +40 161 £25
1234437
B2.2 2732 + 584 2086 + 209 257 £ 26 1390 + 217 188 + 20 24+ 4 59+9
1334+27
B2.2 2695 + 588 683 + 69 2206 + 222 355 +59 1139 £ 176 51+6 120 £ 13 19+3 49 £8
1338427
B2.2 655 + 230 1074 £+ 309 403 + 41 755 £ 76 319 £ 59 707 £ 118 73+ 8 132+ 14 40 £7 70 + 12
1439425
B24 1280 + 424 319 £33 365 + 37 261 + 45 278 + 48 241 + 25 58+ 10 60 + 10 341
1512423
B24 1928 + 485 1238 + 196 194 + 21 47 £8 46 £7
2054
+22B
B2.2 6928 + 1232 2112 +217 794 + 84 3466 + 532 501 £51 144 £ 22 50+8 17+3
2104424
B2.2 3760 + 744 1746 + 179 1447 + 224 281 + 29 72+ 12 47 £8
2133427
B2.3 5701 £+ 1138 1304 £ 131 1911 £ 193 852 + 140 1182 4+ 202 492 + 51 78 £ 13 117 +£19 2+1
2254435
B2.2 2860 £ 650 1790 + 179 1508 + 235 413 £42 210 + 32
2328426
B2.3 2747 £ 592 917 £ 94 697 £ 72 119+ 12 815+ 130 719 £ 117 469 £+ 48 102 + 18 76 + 14 942
2334439

Notes. In particular, F74 vy, represents the VLSSr flux, Fi4s mp, the LOFAR flux, Fiso mp, the TGSS flux, F; 4 gu, the NVSS flux, and F3 gu, the VLASS flux. The quoted errors include both the statistical and the
systematic uncertainty.
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